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Abstract 

Lysozyme structures at six different temperatures in 
the range 95-295 K have been determined using 
X-ray crystallography at a resolution of 1.7 A. The 
crystals at lower temperatures had a 7.4% decrease 
in the unit-cell volume. The volume change was 
discontinuous with the volume being near 238 000 A, 3 
from 295 to 250 K and about 220200 A 3 below 
180 K. The thermal expansion of the protein has 
been analyzed and shows anisotropy, which is corre- 
lated with local atomic packing and secondary- 
structure elements. The lysozyme structure at low 
temperature is nearly the same as that at high tem- 
perature, with only small relative translations and 
rotations of structure elements including a hinge- 
bending rearrangement of two domains. Because of a 
considerable increase of lattice disorder at low tem- 
perature dynamical analysis of internal motion is 
difficult. The analysis of structural and dynamical 
properties of well ordered protein-bound water has 
been carried out. 

Introduction 

Temperature is one of the major state variables 
of thermodynamics and is the easiest to change 
during a crystallographic experiment. To a large 
degree the structural, dynamical and functional 
properties of biopolymers are determined by tem- 
perature. Therefore, temperature dependences of 
structural and dynamical properties of proteins are 
studied by many physical methods. One of the more 
powerful physical methods of generating detailed 
structural information about proteins is X-ray crys- 
tallography. High-resolution X-ray crystallography 
provides a large amount of structural information 
that can be used to understand specific features of 
protein function and activity. The temperature 
dependence of the structure of lysozyme together 
with the analysis of the limited dynamical data is 
described in this paper. The temperature dependence 
of commonly used measures of protein structure 
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such as radius of gyration and accessible surface area 
are also analyzed. 

Detailed low-temperature X-ray diffraction studies 
of the structure and dynamics of myoglobin (Hart- 
mann et al., 1982; Frauenfelder et al., 1987) and 
RNAase (Tilton, Dewan & Petsko, 1992) have been 
carried out. The studies of thermal-expansion pro- 
cesses were carried out, and structural differences as 
a result of temperatures changes were analyzed. One 
of the interesting features was a discontinuity in the 
change of the unit-cell parameters around 200 K. 
This change was associated with structural 
rearrangements in proteins. Anisotropic protein 
expansion accompanied by non-uniform increase of 
atomic mobility was found to be correlated with 
increasing temperature. However, specific features 
and quantitative results were different for the mainly 
a-helical myoglobin and the mainly r-sheet 
RNAase. Moreover, no conclusions were drawn 
about the temperature influence on protein-bound 
water, and RNAase low-temperature studies used 
protein crystals with cryoprotectors, whose influ- 
ences on protein structure and packing are unknown. 

In order to study protein-bound water and to see 
if the conclusions drawn from the studies on 
RNAase and myoglobin were transferable to 
proteins in general, another protein was chosen. 
Lysozyme was chosen partially because high-quality 
large crystals of lysozyme may be grown easily and 
the crystals diffract to high resolution. It was already 
known (Young, Dewan, Thomson & Nave, 1990) 
that lysozyme crystals are suitable candidates for 
low-temperature studies using the shock-freezing 
technique. Lysozyme is well characterized both by 
X-ray crystallography (Blake et al., 1965; Artymiuk 
et al., 1979; Blake, Pulford & Artymiuk, 1983; Kun- 
drot & Richards, 1987; Clarage, Clarage, Phillips, 
Sweet & Caspar, 1992) and by many other methods 
(for review see, McKenzie & White, 1991; Rupley & 
Careri, 1991). In particular, lysozyme has been a 
major model system for studying protein hydration 
(Rupley, Gratton & Careri, 1983; Teeter, 1991). 

The X-ray analysis of structural and dynamical 
properties of lysozyme in the range 95-295 K is 
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described here. The overall influence of the tempera- 
ture both on the protein and strongly bound ordered 
water is explored and discussed. 

Experimental 
Crystal preparation and data collection 

Hen egg-white lysozyme (Sigma, Lot No. 
89F8276) was used without further purification. 
Tetragonal crystals were obtained, as reported pre- 
viously (Steinrauf, 1959), using hanging-drop experi- 
ments with 0.1 M sodium acetate and 5% NaCI 
stock solution (pH =4.7) at room temperature. 
Lysozyme crystals about 0.8 mm in their largest 
dimension were used. For temperatures above 250 K 
the crystals were mounted in a thin glass capillary, 
with excess mother liquid removed. 

Low-temperature studies were planned using both 
cryosolvent and shock freezing, in order to study the 
effects of altered solvents as well as the temperature. 
The preparation of lysozyme crystals with the 
cryoprotector, 2-methyl-2,4-pentanediol (MPD), as 
recommended by Petsko (Petsko, 1975) was tried. 
Two different possibilities were explored, growing 
the protein crystals from a stock solution containing 
small amounts of MPD and a stepped transfer of 
crystals from initial mother liquid to a final solution 
with 70% MPD. It is possible to grow lysozyme 
crystals with MPD concentrations up to 15% at 
room temperature and up to 20% at 278 K. 
Unfortunately, these crystals were not good enough 
for high-resolution crystallography even at room 
temperature. Slow transfers of crystals to MPD- 
containing solutions both at 278 K and room tem- 
perature failed. The crystals usually disintegrated. 

Therefore, the method of shock-freezing (Dewan 
& Tilton, 1987; Hope, 1988, 1990) was used. For all 
low-temperature data sets, crystals were fixed on the 
tip of a thin glass fiber by a ball of epoxy cement. 
The crystal surface was carefully dried with filter 
paper, and the mounted crystal was quickly 
immersed in liquid nitrogen and, some minutes later, 
very quickly mounted on the diffractometer gonio- 
metric head under a cold nitrogen stream (T = 90 K). 
The temperature of the gas stream was slowly 
increased to the required value. The temperature of 
the gas stream near the crystal was checked with 
independent thermocouple prior to data collection to 
ensure that the crystal temperature was correctly 
recorded. Crystals mounted in this manner did not 
develop a coating of frost and diffracted to 1.7/k 
resolution, but they showed an increase in mosaic 
spread. The total contribution of geometrical colli- 
mation, divergence of X-ray beam and real mosaic 
spread of the crystal could reach 1 °. The protein 
crystals were stable and did not show radiation decay 

Table 1. Details of data collection 

Temperature  (K) 
Total No. of 

measured 
reflections 

Completeness 
of data (or > I) 

No. of independent 
reflections (~r > 2) 

Rm.g~ (%) 
a (A) 
c (A) 

95 120 180 250 280 295 
34658 25732 26287 34846 22932 29350 

2.0 A 87.2 88.5 85.9 91.8 80.6 94.3 
1.7 A 75.6 75.3 77.5 83.1 79.8 77.7 

9785 9792 10032 12186 10414 10142 

7.64 7.88 5.45 9.31 5.08 4.58 
76.996 77.008 77.020 79.069 79.244 79.245 
37.132 37.237 37.034 37.826 37.935 37.858 

at low temperatures. The difference in integrated 
reflection intensities before and after measurement of 
full oscillation data sets (nearly one day of radiation 
exposure) did not exceed 5% for both low- or high- 
resolution regions and was probably due to 
systematic errors. When shock-frozen crystals were 
warmed above 200 K, the crystals became opaque, 
diffracted only to 3.5/k resolution and diffraction 
disappeared rapidly. This feature deserves separate 
discussion in connection with possible roles of melt- 
ing of protein-bound water and the emergence of fast 
relaxation processes in hydrated proteins (Doster, 
Cusack & Petry, 1989; Frauenfelder, Parak & 
Young, 1988). 

Data were collected on an Rigaku R-AXIS 2 
diffractometer with an image-plate detector. The 
imaging plate was placed at a distance of 100 mm 
from the lysozyme crystal with a detector angle of 
lff:. An X-ray data set was collected from a single 
crystal upon rotation of 60-8ff (3~40 oscillation 
frames). The range was chosen with an oscillation 
simulation program to ensure maximal coverage of 
reciprocal space. Graphite-monochromatized Cu Ka 
radiation was produced using a fine-focus Rotaflex 
RU-200BH rotating-anode X-ray generator operated 
at 50 kV and 100 mA. The diffractometer was equip- 
ped with a liquid-nitrogen refrigeration fixed-tube 
low-temperature system, which had been mounted in 
a fixed position on the diffractometer above the 
sample and produced a stream of cold nitrogen of 
controlled temperature, surrounded by a warm flow 
to prevent frosting around the sample and the gonio- 
meter head. A high-speed two-dimensional scan 
system was employed for image-plate reading. The 
read data were rapidly transferred to a VAXstation 
3100, which performed the data processing. The 
data-processing software determines crystal orienta- 
tion, integrated intensities, scaling and merging. A 
summary of data collection and processing for all 
samples studied is given in Table 1. To make accur- 
ate and comparable unit-cell measurements the data 
were first collected at room temperature and then the 
detector was not moved. This gave us an accurate 
film-to-crystal distance which was used in the 
temperature-shift experiments. 
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Table 2. Summary of  refinement details 

Temperature (K) 95 120 ! 80 250 280 295 
Final R factor 0.213 0.209 1.99 0.195 0.199 0.191 
R.m.s.d. bonds (,~) 0.016 0.016 0.015 0.014 0.015 0.015 
R.m.s.d. angles (°) 3.08 3.24 2.95 2.85 2.77 3.01 
R.m.s.d. dihedrals (°) 22.8 22.8 22.9 23.7 22.7 23.6 
R.m.s.d. impropers (°) 1.61 1.74 1.51 1.64 1.56 1.62 
Total No. of waters 119 127 122 105 96 99 

in calculation 
No. of waters 

with B > 50 8 22 10 19 17 20 
with B > 60 2 4 1 11 3 2 

No. of protein atoms 5 - -  1 - -  - -  - -  
with B > 50 

Refinement of  protein structure 

The starting model was the lysozyme structure 
refined by Kundrot & Richards (1987) from the 
Protein Data Bank (Bernstein et al., 1977), reference 
number 2LYM. All water molecules were removed 
from the initial model. A rigid-body R-factor mini- 
mization of this model was performed using the 
crystallographic refinement program X-PLOR 
(Br/inger, 1992a). In addition to fitting the crystallo- 
graphic data, intermolecular interactions between 
symmetry-related molecules were taken into account. 
The resulting structure was further refined using 
slow-cooling annealing with the X-PLOR package 
(Br/inger, Krukovskii & Erickson, 1990; Briinger, 
1992a). Initially an overall group temperature factor 
was used. Later in the refinement individual tempera- 
ture factors were used. After the first cycle of simu- 
lated annealing, difference electron-density maps 
with coefficients 2lFof-iFcl and IFol- IFcl were 
used as guides for manual changes in the model and 
the inclusion of solvent molecules using the program 
FRODO (Jones, 1985) on an Evans & Sutherland 
ESV10 computer graphics workstation. Special 
attention was paid to amino acids with long side 
chains. Sometimes they protruded into the solvent 
and occupied electron density from solvent mol- 
ecules, rather than their own. 

A modified annealing protocol was found to be 
most reliable. After the "second cycle of electron- 
density inspection and addition of water molecules to 
the crystal structure, the final slow-cooling algorithm 
was run. Water molecules were weakly fixed to their 
position with harmonic restraints to prevent long- 
range diffusion at high temperature, and the relative 
weight of the X-ray term was increased by 60-80% 
from the ideal one, based on the equal gradient in 
order to ensure better convergence to electron- 
density peaks. After slow-cooling annealing, 3-4 
energy-minimization steps with refinement of 
individual temperature factors were run with a 
steeply decreasing relative weight of the X-ray term 
in order to reach good stereochemistry. At the end of 
this protocol no manual intervention was necessary 
and the electron-density map had no uninterpretable 

features. The 'free-R test' (Briinger, 1992b) was per- 
formed for two structures at 95 and 295 K. In both 
cases the free R factor was no more than 9% higher 
than the resulting R factor. Results of the refine- 
ments are presented in Table 2. All structure- 
refinement calculations and model analysis were per- 
formed on a CONVEX C240 supercomputer.* 

Results and discussion 

Analysis and discussion of low-temperature data is 
divided into three parts. Part I deals with the 
influence of temperature on the protein structure, 
average structural properties and changes in protein 
packing. Part II explores some problems of protein 
dynamics and crystal disorder. Part III presents some 
preliminary results on water structure and behavior. 

I. Structural properties 

Lysozyme crystals used in low-temperature studies 
belong to the tetragonal space group P43212 with a 
single molecule in the asymmetric unit. Unit-cell 
parameters determined for six different temperatures 
are shown in Fig. 1. These show a dramatic influence 
of temperature on the protein crystal. Note the 
difference in scales for the a and c axis changes with 
temperature. The total volume decrease going from 
high to low temperature is about 7.4%, and the 
corresponding volume change is 17600/~3 per unit 
cell. Despite the sparse sampling of data, it is clear 
that the temperature dependence of unit-cell param- 
eters is non-linear and some transition occurs both in 
a and c dimensions of the unit cell in the region 
200-230 K. This change is a direct consequence of 
the phase transition in protein-water systems that 
has been observed in this temperature range and 
connected with changes in structural and dynamical 
properties. The evidence of such a phase transition 
has been provided by many other physical methods 
(Rupley et al., 1983; Frauenfelder et al., 1988; Doster 
et al., 1989; Krupyanskii, Goldanskii, Kurinov & 
Suzdalev, 1990). 

The observed unit-cell volume change is larger 
than the one found for RNAase (4.7%) (Tilton et al., 
1992) and myoglobin (5.2%) (Frauenfelder et al., 
1987). This larger change could be due to a looser 
molecular packing in the unit cell, possibly with a 
smaller number of intermolecular interactions. The 
packing and space group are different than those of 

* Atomic  coord ina tes  and  s t ructure  factors  have been deposi ted 
with the Protein Da ta  Bank,  B rookhaven  Nat iona l  L a b o r a t o r y  
(Reference: I LSA, 1LSB, 1LSC, 1LSD, 1LSE, 1LSF, R I L S A S F ,  
R I L S B S F ,  R I L S C S F ,  R I L S D S F ,  R I L S E S F ,  R I L S F S F ) .  Free 
copies m a y  be ob ta ined  th rough  The  Manag ing  Editor,  In terna-  
t ional Union  o f  Crys ta l lography,  5 Abbey  Square,  Chester  C H I  
2 H U ,  England (Reference: GR0268) .  
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RNAase  and myoglobin,  so that it is dangerous to 
assign a specific cause to this difference in volume 
change. 

The volume change of  the unit cell could be caused 
by the following factors: ( l )  as a result of  usual 
thermal expansion of a substance (protein and 
water); (2) as a result of  changes in intramolecular  
packing and orientation of  protein molecules and (3) 
as a result of a structural transit ions inside the 
protein molecule and of  water rearrangement  around 
protein. It will be shown that all the above factors 
are responsible for the observed unit-cell contraction. 

Structure differences. A direct comparison of  low- 
and high-temperature structures shows that the over- 
all structure of lysozyme remains unchanged with 
f r e e z i n g -  Fig. 2 illustrates relative orientation of 
protein molecule in unit cell at LT and HT.* After 
rigid-body rotation and translat ion both backbones 
are nearly identical. However, there are structural 
differences even between structures which are close 
in temperature. These differences are largest in the 
regions that do not form regular elements of  defined 
secondary structure. Fig. 3 shows a representative 
dependence of root-mean-square deviations in 
atomic coordinates for the lysozyme structures 
refined at 95 and 295 K. All other dependences are 

* L T  - t h e  average was performed on two structures at 95 and 
120 K; HT - the average of 280 and 295 K structures. Difference 
between LT and HT structures are significantly larger than 
between two LT or two HT structures. 
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Fig. 1. Temperature dependences of unit-cell parameters for 
lysozyme crystals: It, a dimension and I-1, c dimension (~,). 

quite similar to this. Fig. 4 illustrates a clear example 
of conformat ional  reorientation of  a large amino  
acid. Trp62 has the same distr ibution of conforma- 
tions at all temperatures above 250 K, with the 
electron density of Cz and Ce atoms poorly defined. 
In the LT structures this t ryptophan was found to be 
more ordered in a different conformation.  

Table 3 presents overall root-mean-square devia- 
tions (r.m.s.d.) for side-chain and main-chain  atoms 
after best fitting (translational and rotation of the 
whole molecules) based on the superpostion of  main-  
chain atoms. The low-temperature structures differ 
insignificantly with r.m.s.d for the main  chain near 
0.25/k, whereas the LT and the HT structures differ 
by about  0.45 A and the r.m.s.d, increase as the 
temperature difference increases. The largest 

~. 129 

Fig. 2. Backbone Ca drawing of lysozyme structure at 95 K (thick 
line) and at 295 K (thin line). The magnitude of the rigid-body 
displacement is clearly illustrated. 

E 0.501 

c/o.ool 
0 ~,0 :40 '60 '80 '1 o o  i 20 

Residue number 
Fig. 3. A representative root-mean-square deviations between two 

lysozyme structure at 95 and 295 K averaged for main-chain 
atoms, after a best fit (including a translation and a rotation of 
whole structure) was performed. All other dependences look 
similar. 
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differences were observed for side chains, and they 
are nearly independent of the temperature, with the 
exception of 280 and 295 K. It is obviously necessary 
to consider the significance of these results. The 
maximum value of errors in the positions of heavy 
atoms was estimated from Luzzati plots (Luzzati, 
1959) to be in the range of 0.2--0.25 A coordinate 
error for all structures. The difference between 
structures obtained with slightly different refinement 
protocols (different weight of X-ray term, unit-cell 
parameters, etc.) was always less than 0.15 A for 
main-chain atoms and about 0.4 A for side-chain 
atoms in accordance with Kuriyan et al. (Kuriyan, 
Karplus & Petso, 1987). 

During the structure comparison, it was very hard 
to find any systematic dependence of side-chain 
behavior connected with the temperature changes. 
Probably such larger r.m.s.d, for side chains were 
caused by adaptation to the new unit cell and by the 
freezing of differing conformations of long side 
chains. Therefore, most attention was paid to the 
behavior of the secondary-structure elements. In the 
protein molecule, seven well defined elements were 
considered: a-helices (residues 4-16, 24-36, 88-101, 
119-124), /3-strands (residues 42--46, 50-54, 57-60), 
the region of 61-87 and the C-terminal region 
124-129. The full difference table is very cum- 
bersome and is not visually informative. The main 
conclusions that were drawn concern anisotropic 

(a) (b) 

Fig. 4. An increase in the ordering of  the protein is seen when the 
temperature is lowered, even though the effective thermal factor 
remains unchanged. The most dramatic example of  this is 
Trp62, which is disordered at room temperature and ordered at 
low temperatures. (a) Electron-density map of  lysozyme struc- 
ture at 295 K. Atomic models of lysozyme are superimposed as 
a thick line (295 K structure) and thin line (95 K structure). (b) 
Electron-density map of  lysozyme structure at 95 K. Atomic 
models of  lysozyme are superimposed as a thick line (95 K 
structure) and thin line (295 K structure). The maps were 
calculated with coefficients 21Fo!- tFcl and phases from the 
calculated structure factors of  the corresponding atomic models. 
Residue Trp62 has been omitted for the calculation of  lFcl. 
Maps were contoured at l tr. 

Table 3. Root-mean-square deviations (A) between 
lysozyme structures at different temperatures 

Upper values correspond to main-chain atoms, lower to side-chain 
atoms excluding ~- and e-atoms. 

Temperature (K) 295 280 250 180 120 95 
295 0.171 0 . 2 9 2  0 . 4 0 4  0 . 4 4 5  0.445 

0.684 0 . 8 8 4  1.019 1,040 i.051 
280 0.296 0.432 0 . 4 5 5  0.473 

0.555 0 . 6 9 1  0 . 7 4 0  0.734 
250 0.374 0 . 3 0 3  0.365 

0.562 0 . 4 7 7  0.566 
180 0.308 0.247 

0.451 0.268 
120 0.235 

0.409 

changes in the position of elements of secondary 
structures with temperature, and that those regions 
in which there are large random deviations between 
structures form loops, turns or termini. Direct com- 
parison of the elements mentioned above is more 
illustrative when, to further reduce errors, the aver- 
aging of low- (95 and 120 K) and high-temperature 
(280 and 295 K) data was carried out (Table 4). All 
secondary elements, with the exception of the 24-36 
helix, are conserved with an r.m.s.d, of less than 
0.2 A for main-chain atoms. However, the angle of 
rotation of each element needed to obtain the best 
superposition after their centres of mass were 
adjusted varies. From Table 4, it is clear that the 
fl-sheet conserves its relative position in the unit cell 
as the temperature changes, while other elements 
need to be rotated by 2.6-3.5 ° . These changes 
strongly support the idea of anisotropic thermal 
expansion of the protein molecule. 

Hinge-bending motion. It is well known that 
lysozyme is a two-domain protein. The cleft, contain- 
ing the active center, lies between two lobes. A 
proposed hinge-bending motion which would be 
related to enzyme function (Janin & Wodak, 1983) 
has been analyzed by theoretical and experimental 
studies. Therefore, an attempt was undertaken to 
find the relative domain movement as a result of 
temperature changes. Two values were estimated: the 
relative distance between the centres of mass of the 
two domains and the difference in the rotation angle 
need to obtain the best superposition of each sepa- 
rate domain to its position in the LT structure. It 
was found that the relative domain separation 
decreased by 0.32 A as the temperature decreased, 
which is nearly the same as the average found for 
other secondary elements. The angles of rotation for 
best-fitting independent domains differ by 1.75 ° . This 
result clearly indicates that the temperature change 
leads to closer proximity of the domains. 

lntermolecular contacts. In addition to the struc- 
tural changes inside the protein, the intermolecular 
crystal contacts were changed. Here a contact is 
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Table 4. Parameters specifying difference in orienta- 
tion between elements of  secondary structure averaged 

for low- and high-temperature structures 

Elements  o f  secondary  s t ructure  

Residues 4-16 24-36 88-101 119-124 fl-sheet 
Rotation 2.6 3.2 3.5 2.9 1.2 
Translation (,~) 2.01 2.01 1.81 1.73 2.02 
R.m.s.d. (,~) 0.14 0.30 0.18 0.15 0.19 

defined as a close distance between nearest non-H 
atoms that belong to different protein molecules. To 
analyze the influence of temperature on protein 
packing, the numbers of all possible intermolecular 
contacts in different shells of contact distances were 
calculated for eight symmetry-related molecules 
(Table 5). The number of contacts less than 3 A is 
nearly independent of the temperature and most 
remain unchanged with temperature. These contacts 
are probably responsible for the maintenance of the 
crystal lattice. All other contacts with distances of up 
to 4.5 A become slightly more numerous at low 
temperatures. Additional stability of a low- 
temperature structure could come from more 
ordered water molecules, which creates additional 
strong water-protein contacts. 

To determine whether the changes in the unit-cell 
dimensions influence protein structure we put the HT 
structure into the LT unit cell. Many energertically 
unfavorable contacts appear with distances less than 
2 A and the number of other contacts increased by a 
factor of two (see Table 5). It was found that the 
majority of these unfavorable contacts came from 
water molecules, so a rearrangement of the water 
structure is required. The protein molecules are 
translated by 1.9 A and rotated by 2.4 ° from the 
room-temperature structure when the low- 
temperature structure is formed. The relative sliding 
and pivoting of the monomers occurs to form a more 
dense packing at low temperature. However some 
unfavorable contacts remain after rigid-body 
adjustment. Finer adjustments of surface side chains 
are needed to fit the low-temperature data. Thus, the 
temperature changes in protein structure appear cor- 
related with the unit-cell modifications, since the 
unit-cell contraction does not lead to considerable 
increases in the number of intermolecular contacts in 
the refined structure. 

Thermal expansion. The thermal contraction of the 
unit cell because of a simple linear thermal expansion 
can be easily estimated. It would lead to nearly linear 
temperature dependence of volume, unlike the 
experimental observations (Fig. 1). The linear ther- 
mal expansion coefficient for lysozyme measured in 
the range 298-323 K lies in the region of 1.35 × 
10 -4K ~ (Bull & Breese, 1973). A 200 K tempera- 
ture difference will result in protein volume changes 

Table 5. Number of intermolecular contacts (distance 
between symmetry-related molecules) in different 

shells as a function of temperature 

T e m p e r a t u r e  (K) 
Distance (A) 95 95* 95 t  120 180 250 280 295 
< 3.0 11 30 70 13 12 11 9 9 
3 3.5 34 52 74 44 31 27 25 28 
3.5 3.75 48 65 59 57 54 41 34 29 
3.75-4.0 73 56 69 67 64 43 42 48 
4.0-4.25 76 73 89 69 71 49 62 67 
4.25 4.5 92 93 114 91 97 71 73 66 

* The  structure for 295 K was inserted in the 95 K unit cell af ter  
ro ta t ion  and translat ion.  

t As at 95 K but  with the initial or ientat ion.  

of 8% with this coefficient. The volume of the unit 
cell is 237 930 A 3 at 295 K, 236 485/k 3 at 250 K and 
220 130 A 3 at 95 K. The corresponding observed 
thermal expansion coefficients are = 0.45 × 10-4 K -  
for 295 to 250 K and - 1 . 2  x 10 -4 K - t  for 295 to 
95 K. It must be noted that the thermal expansion is 
not uniform and, therefore, these coefficients are 
qualitative at best. 

The thermal expansion of the protein can be 
parameterized in terms of the radius of gyration, 
Rg = [((r~- (r i ) )2)]  |'/2. Since the radius of gyration is 
proportional to moment of inertia it gives a rough 
estimation of protein volume. Its values, calculated 
for both main-chain atoms and for all atoms are 
presented in Fig. 5. The radius of gyration decreases 

• • 

14.2 

14.0  

g 
. _  

~ 13.8  
O D O  

. _  

~ rn El r r  rn 
13 .6  

13.4 ' I ' I ' I ' I -F -F- -  
50 100 150 200 250 300 

Temperature (K) 

Fig. 5. T e m p e r a t u r e  dependence  o f  radius o f  gyrat ion,  R,  (.~) for  
lysozyme: in calculat ions all a t oms  were used m, or  only main-  
chain a toms  F3. 
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by about 0.8% on going from 295 to 95 K (this 
corresponds to a 2.5% decrease of the volume of 
appropriate ellipsoid). Unlike the unit-cell dimension 
the radius of gyration shows a nearly linear contrac- 
tion. The corresponding thermal expansion coeffi- 
cient is --- 0.4 x 10- 4 K-  1 which is considerably 
smaller than the solution value. This is not com- 
pletely surprising as the solution value will reflect the 
solvent-lysozyme interactions which are not present 
in the crystal. 

Thermal expansion of lysozyme in the low- 
temperature region and in the crystal environment is 
less than in the solution and is only responsible for a 
small (around 2%) volume decrease with tempera- 
ture on going from 295 to 95 K. In Fig. 1 the slope 
of the dependence of the cell volume on temperature 
is about 2% on either side of the phase transition 
suggesting that in the absence of a phase transition 
thermal expansion accounts reasonably well for the 
change in volume. 

From the positions of non-H atoms it is possible 
to obtain a more detailed estimation of protein 
expansion based on the analysis of interatomic 
distances in the protein. It has been found 
(Frauenfelder et al., 1987) that the fractional changes 
in distance between two atoms at different tempera- 
tures a(Ti,T2) can be defined by, 

o r (T1 ,7 "2 )  = [ ( r i j ( T 2 )  - r i j ( T l ) ) ]  
(/'2 - T l ) ( r i j )  ' 

where r,j is the distance between i and j atoms. Since 
the position of the main-chain atoms in a protein 
structure are usually the best determined, only the 
relative distances between Ca and all atoms will be 
used. The results of these calculations are presented 
in Fig. 6. There are clearly local changes in protein 
structure as a result of the temperature increase. The 
largest expansions are located in the disordered 
region of protein, although some atoms inside 
a-helices also show a high value of a(TI,T2). There 
are some negative values of a(Tl,T2), which corre- 
spond to thermal contraction between atoms as the 
temperature increases. No correlation of a(Tm,T2) 
with the behaviour of the temperature factor or the 
accessible surface area for each residue was found. 
Thus, the non-uniform distribution of a(T~,T2) in 
Fig. 6 is a direct illustration of the anisotropic nature 
of thermal protein expansion both in the protein core 
and at the protein surface. Calculating the linear 
expansion coefficient for all atoms and averaging 
yields 4 x 10 -5 K-~. This value only a little lower 
than that for myoglobin 5 x 10-s K-~ (Frauenfelder 
et al., 1987). So, the overall thermal expansion of 
lysozyme does not differ considerably to that of 
a-helical myoglobin. 

Thermal protein expansion is also reflected in the 
changes in numbers of interatomic distances between 

different atom pairs. At low temperature protein 
atoms have more interatomic distances with values 
less than 21 A and the thermal expansion of 
lysozyme is determined by decreasing the number of 
interatomic distances less than 21 A, and by increas- 
ing the long-range (greater than 22 A) distances at 
high temperature. It is evident that atoms separated 
by more than 21 A are situated, mainly, near the 
protein surface and their relative motions are respon- 
sible in part for protein thermal expansion. The 
decrease in the number of short-range distances 
simply signifies the increase of interatomic volume at 
subatomic level, since no large internal cavities in 
protein at high temperature were found. 

Surface area. Fig. 7 shows the accessible surface 
area, determined using a probe sphere of 1.6/k 
radius. The behavior of the surface area is surprising 
because of its near independence of temperature. 
This is quite different from the data reported for 
RNAase and myoglobin (Tilton et al., 1992; Frauen- 
felder et al., 1987). The accessible surface area 
reflects the internal protein volume as long as the 
overall protein structure does not differ. However, if 
only a few long amino-acid side chains from the 
surface change conformation and produce into the 
solvent then the accessible surface will increase con- 
siderably, but the radius of gyration will show little 
change. For example, the accessible surface area for 
residues in the range 124-129 decreased by 17%, as 
the temperature increased from LT to HT averaged 
structures. So, the temperature dependence of sur- 
face area suggests two coexistent processes occurring 
as the temperature decreases: the overall anisotropic 
shrinking of the molecule and the increase of surface 
roughness. Some of the differences between these 
results and RNAase and myoglobin may also be due 
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Fig. 6. Average thermal expansion coefficient of protein, tr(T~, T2) 
x 10 -4 K-~, as a function of residue number. 
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to ill defined aspects of calculating accessible surface 
area. For example, changing the probe radius can 
change the results in a non-uniform manner. 

Strain analysis. All the considerations above are 
usual for structure comparison, but they ignore 
possible local deformations. Recently, a general 
method of using elastic deformations to describe 
structural changes was proposed (Andrews & 
Harrison, 1991). By analyzing the deformation of 
small portions of main chain (up to ten residues) it is 
possible to find regions where some distortion from 
rigid-body fitting of two structures occurs. The appli- 
cation of this method is illustrated in Fig. 8, where 
three eignenvalues of the strain tensor are plotted for 
comparison of the high- and low-temperature struc- 
tures. The places where eigenvalues differ from unity 
indicate large deformations in the local structure. 
However, even though these values did not exceed 
0.05 (for comparison: deoxy- and carbonmonoxy- 
hemoglobin had shown values up to 0.2), they clearly 
show the regions of moderate local deformation in 
the lysozyme structure which are due to the tempera- 
ture change. 

Thus, the overall effect of the temperature on 
protein structure is the alteration of the packing of 
protein molecules inside the unit cell, accompanied 
by the translation and rotation of the protein as a 
whole, an anisotropic relative movement of 
secondary-structure elements, and a fine adaptation 
of disordered regions and of individual residues to 
the unit-cell changes. 
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Fig. 7. Temperature dependence of calculated accessible surface 
area (/k 2) of  lysozyme, using a 1.6 A radius probe. 

II. Dynamics 

Methods of X-ray crystallography are not suitable 
for quantitative studies of protein dynamics due both 
to the incompleteness and relative low resolution of 
experimental data (only isotropic temperature factor 
can be determined) and to the averaging of experi- 
mental results over long measurement time. The 
former reason leads to the neglect of the anharmonic 
and anisotropic nature of internal motions (Kuriyan, 
Petsko, Levy & Karplus, 1986), and the latter causes 
an inability to discriminate between real motions and 
static disorder (Petsko & Ringe, 1984; Kuriyan & 
Weis, 1991; Clarage et al., 1992). 

The main manifestation of protein dynamics is the 
smoothness and disappearance of observed electron 
density. This disappearance can be because of the 
presence of alternative conformations, local atomic 
disorder, differences in protein packing in the unit 
cell and imperfectness of the whole protein crystal. 
Usually, the diffuseness of electron density has been 
described qualitatively by the isotropic Debye- 
Waller factor: B = 877"2<X 2) = 87T2(<X2)l d -~- <X2)d) ,  

where (x2)j is the dynamical term determined by real 
motions and (x2)~a is the contribution of lattice and 
static disorder. In principle, from the temperature 
dependence of Debye-Waller factors, one can 
estimate the relative contribution of (x2)~a and (X2)a, 

and Petsko & Ringe (1984) and Frauenfelder et al. 
(1987) concluded that internal motions have a domi- 
nant contribution in the temperature factor. 

The overall temperature-factor values for side- 
chain and main-chain atoms are presented in Fig. 9. 
Taking into consideration all possible errors, it is 
obvious that the overall temperature factor does not 
depend on the temperature. This result indicates a 
strong increase in lattice disorder with shock freez- 
ing, since <X2)d m u s t  decrease as the temperature 
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Fig. 8. Three eigenvalues of the strain tensor, plotted as a function 
of residue number, when a comparison of low- and high- 
temperature structure of lysozyme was performed. Straight lines 
show standard deviation from 1, assuming that small median 
eigenvalues are as a result of  coordinate errors. 
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decreases. The temperature factor plotted against 
residue number (Fig. 10) is nearly independent of the 
temperature with a correlation factor near 0.9 for 
different data sets. The temperature-factor depen- 
dence for side-chain atoms also follows roughly the 
main-chain temperature factor with a correlation of 
0.5-0.55 for LT and 0.4 for HT structures. These 
similarities strongly support the assumption that 
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Fig. 9. The overall B-factor values for side-chain atoms, II, and 
for main-chain atoms, I-1, as a function of the temperature. Two 
solid lines depict temperature dependences of (X2)ld and (X2)d. 
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Fig. 10. Average B factor for main-chain atoms (lower curve) as a 
function of residue number for lysozyme at 95 K; upper curve, 
average B factor for side-chain atoms, shifted up for clarity by 
10 A 2. 

(X2)td varies only slightly along the polypeptide chain. 
We failed to find any correlation of temperature 
factor with accessible surface area (correlation less 
than 0.15) or with the distance of the center of 
residue from the center of protein, so the contri- 
bution of libration disorder is not significant. The 
overall behavior of temperature factor is correlated 
with the secondary-structure elements residues 
located in turns or at termini possess larger tempera- 
ture factors. Many of these residues show increased 
temperature factors as the temperature decreased, for 
example, out of 32 residues which display increased 
temperature factors greater than 3 A 2 on going from 
280 to 95 K, only five are in secondary structure 
elements. 

The overall temperature factor in HT is 21.7 A z, 
which corresponds to (x 2) = 0.28 A 2. It is possible to 
estimate the contribution of static lattice disorder to 
this value, if the data on lysozyme overall dynamics 
obtained by Rayleigh scattering of Mossbauer radia- 
tion (Kurinov, Krupianskii, Suzdalev & Goldanskii, 
1987) are used. The method of Rayleigh scattering of 
Mossbauer radiation provides information only on 
(X2)d values of internal motions with correlation 
times less than 10-7 and it is free from any contri- 
bution from lattice disorder. It was shown that the 
hydration of lysozyme leads to the release of confor- 
mational mobility with (XZ)d----0.10 A 2 in addition to 
usual solid-state oscillation with 0.04A 2. These 
values do not depend on the hydration degree in the 
range 0.35-0.7 g H20 per g protein. Assuming that 
the dynamical mobility of protein in hydrated 
powder is close to that in the crystal state, it is 
possible to conclude that the overall contribution of 
lattice disorder at HT constitutes one half of the 
total (x2), and has much higher value in LT, where 
(X2)d is near 0.03 Aft. 

In this study of temperature dependence of iso- 
tropic temperature factor it is impossible to obtain 
detailed information on protein dynamics because 
the method of shock freezing had led to increased 
lattice disorder. However the lattice disorder in these 
lysozyme crystals already accounts for approxi- 
mately half of the thermal disorder at room tempera- 
ture so that even under normal conditions such 
analysis is less than rigorous. 

III. Water structure and dynamics 

We now consider the structural and dynamical 
properties of crystalline water. During the refinement 
process only water molecules with temperature fac- 
tors less than 50 A 2 were considered, and they were 
placed to fit the highest electron-density peaks in 
difference maps only if they were near protein atoms. 
The occupancy factors for all water molecules were 
set to 1 and were not varied. At the end of 
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refinement some of waters had higher temperature 
factors (see Table 2) and had moved farther from 
protein. As the temperature decreased, a few more 
water molecules became visible in the refined struc- 
ture (see Table 2). The ordered water molecules 
consitute only about 1/4 of all crystalline water 
[assuming the lysozyme crystal as a 33.5% protein 
solution (Steinrauf, 1959)]. Much of the solvent 
remains disordered, even at very low temperature, 
and has an amorphous structure that cannot be 
modeled by an atomic model. The overall tempera- 
ture factor for water molecules with individual 
temperature factors less than 50A 2, is nearly 
independent of the temperature and lies in the range 
31 ( _  2) A 2. This again indicates the significant struc- 
tural disorder of water at low temperatures. Never- 
theless, some water molecules possess relatively low 
temperature factors near 10 A 2. 

During the molecular-dynamics calculations used 
in the structural refinement some water molecules 
had moved far from the protein and exchanged 
positions with symmetry-related waters. All water 
molecules (including symmetry-related ones) were 
considered in further analysis. Table 6 presents the 
number of waters and corresponding average tem- 
perature factors as a function of distance from the 
protein surface. The temperature factor increases as 
the distance of water molecules from the protein 
increases, and the majority of ordered waters are in 
the 4 A shell. But that water amount is still insuffi- 
cient to fully cover the protein surface, [even taking 
into account intermolecular protein contacts and 
assuming a 20 A 2 covered surface from one hydrogen 
water molecule (Rupley et al., 1983)]. An unusual 
effect is seen with the 280 K structure. The number 
of ordered waters in the nearest shell is smaller in 
this structure than in either the 295 or the 250 K 
structure. Those waters which ordered have compa- 
rable thermal factors to the higher and lower tem- 
perature structures. 

The localization of water molecules around O and 
N atoms (as possible acceptors and donors of hydro- 
gen bonds) in main chain and side chains at about 
3.5 A from the protein surface was analyzed. The 
results show the considerable and stable ordering of 
water near particular protein groups. The presence of 
stable water molecules near the same group in at 
least four different temperature structures was 
chosen as a definition of stable hydration. It was 
found that 40 carboxyl O atoms and 23 amide N 
atoms are constantly hydrated and also 59 O atoms 
and 32 N atoms of the main chain are hydrated at 
three different temperatures. The correlation of the 
hydration of main-chain atoms with secondary struc- 
ture is not very pronounced: there are some waters 
near a-helices and /3-sheets with only one exception 
of a-helical residues 24-35, which are buried inside 

Table 6. Number of  water molecules in shells at 
different distances f rom protein surface and overall B 

factor (A)for  water in each shell 

D i s t a n c e  f r o m  p r o t e i n  
U p  to 3.0/~, 3 . 0 - 4 . 0 / k  4 .0 -6 .0 /~ ,  

295 K 59 23 10 
B factor 36.2 42.9 44.3 
280 K 28 22 12 
B factor 33.5 41.1 41.2 
250 K 64 22 11 
B factor 30.6 36.9 48.2 
180 K 74 42 13 
B factor 29.4 34.6 36.7 
120 K 71 42 20 
B factor 32.1 37.7 38.8 
95 K 76 39 15 
B factor 30.7 34.4 38.7 

other secondary elements. The number of hydrated 
main-chain O atoms is only 74% more than the 
number of hydrated main-chain N atoms despite the 
two lone-pair electrons of O atoms. Nearly the same 
water ordering persists for side chains. Due to the 
higher temperature factors of terminal O and N 
atoms of side chains, the bound water in these 
regions also possesses higher temperature factors 
and, therefore, was not always obvious in the 
electron-density map. Of the 37 O and 22 N atoms 
that are hydrated at three different temperatures 23 
and 15, respectively, are hydrated at four tempera- 
tures. The charged residues (Glu, Lys, Asp and Arg) 
have the highest hydration of up to three water 
molecules per residue. For side chains the number of 
ordered moelcules near O and N atoms slightly 
increased as the temperature decreased, probably due 
to the immobilization of the longer groups. How- 
ever, main-chain hydration remains nearly tempera- 
ture independent. 

Table 7 gives the average hydrogen-bonding dis- 
tances for all hydrating water molecules to O and N 
atoms for high- and low-temperature structures, 
taking into consideration only water molecules at 3.5 
or 3.2 A from protein atoms. Possible hydrogen 
bonds to N atoms are slightly longer by 0.1 ~ and 
show more pronounced temperature dependence, 
compared to - - C - ' - O - - - - - O w a t e  r bonds. The inter- 
actions of main-chain atoms with water are stronger 
and more stable than for side-chain atoms, as 
reflected in the corresponding distances. The results 
in Table 7 are in good agreement with an analogous 
survey by Teeter (1991) and with similar data on 
other types of lysozyme (Blake et al., 1983). 

Table 8 gives the number of water molecules, 
which have 0, 1, 2, 3, 4 or more neighboring atoms in 
the shell of radius 3.5 A. The relative distribution is 
nearly independent of the temperature and demon- 
strates the disordered nature of nearly 1/4 of total 
located water molecules, which possess only one or 
even no nearest neighbors. These relatively equal 
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Table 7. Hydrogen-bonding distances with water molecules using a cutoff factor of  3.5 • and, in parentheses, the 
same values with a cutoff o f  3.2/~ 

Main chain Main  chain Side chain Side chain 
Tempera tu r e  range N..-O W CO. . .O W N. . .O W O ' " O  W O IV...O IV 

(A) (A) (A) (A) (A) 
High temperature 3.15 2.96 3.12 3.02 3.04 

(2.94) (2.86) (2.96) (2.85) (2.91 ) 
Low temperature 3.09 2.95 3.07 3.02 2.94 

(2.95) (2.83) (2.91) (2.89) (2.85) 

Table 8. Number of  water molecules around protein, 
having 0, 1, 2, 3, 4 or more neighboring atoms at a 

distance of  less than 3.5 
N u m b e r  o f  neighbor ing a toms  

Tempera tu r e  (K)  0 1 2 3 4 > 5 Average  
95 7 18 30 34 13 6 2.65 
120 4 25 27 23 13 12 2.57 
180 6 18 28 26 12 14 2.67 
280 3 9 11 10 - 6 2.38 
250 0 8 22 28 12 13 2.76 
295 6 13 19 12 12 11 2.51 

numbers of water neighbors at high and low tem- 
peratures are a good illustration of the transition 
from dynamical to statical disorder of the water pool. 
The average number of neighbors around each water 
molecule near the protein surface was estimated to 
be nearly the same at all temperatures. For the 
waters with four and more neighbors, the 'clusters' 
of neighboring atoms are very stable and are located 
practically at the same position near charged side 
chains and are present in all of our structures. An 
attempt to find a stable pure water 'cluster' was 
unsuccessful: only random water formations with 
four waters inside a 4.5 A sphere were found. 

Concluding remarks 

The influence of temperature on the structural and 
dynamical properties of lysozyme crystals in the 
range 95-295 K has been analyzed. Lowering tem- 
perature leads to a 7.4% decrease of unit-cell 
volume, which is non-linear with a discontinuity in 
the range 200-240 K. The protein volume decreases 
about 2.5%, based on the radius-of-gyration calcula- 
tions, and is accompanied by an increase of short- 
range interatomic distances. It was determined that 
protein thermal contraction is anisotropic and is 
determined by local atomic packing and by relative 
motions of secondary-structure elements. The overall 
result of unit-cell shrinkage is a translation and a 
rotation of the protein as a whole, associated with 
some surface-water rearrangements and local confor- 
mational changes of protein side-chains involved in 
intermolecular contacts. However, the overall struc- 
ture of lysozyme at low temperature remains nearly 
the same as at higher temperature; only relatively 
small pivoting of secondary-structure elements 

occurs. Many local differences were found in the 
regions outside the secondary-structure elements. A 
hinge-bending motion of the two lysozyme domains 
was seen: at low temperature the two domains are 
drawn together. 

The method of shock freezing leads to a considera- 
ble increase of lattice disorder as measured by tem- 
perature factors. This complicated the dynamical 
analysis of internal motion. Dynamical disorders of 
protein groups and water molecules at high tempera- 
tures are transformed into static disorder at low 
temperatures, as indicated by the temperature inde- 
pendence of the overall temperature factors. Con- 
sideration of M6ssbauer data on hydrated lysozyme 
allowed an estimate of lattice disorder at room tem- 
perature of one half of the overall temperature factor 
and a much higher value at low temperatures. A 
short analysis of structure and dynamics of well 
ordered water was undertaken. A temperature 
decrease leads to a small increase in the number of 
hydrating water molecules which can be fitted with 
an atomic model. These water molecules constitute 
only 1/4 of all possible waters, even at low tempera- 
ture, and are insufficient to cover the whole protein 
surface. The hydration of main-chain O atoms and N 
atoms was found to be nearly temperature indepen- 
dent and stable. The average distances between water 
O atoms and possible donor and acceptor atoms 
were determined. Water molecules near the protein 
surface have about 2.6 nearest neighbors. No stable 
ordered water formations were found in solvent 
region. 

In subsequent low-temperature X-ray crystallo- 
graphy of protein structure and dynamics, greatest 
attention must be paid to selection of the best experi- 
mental methodology of sample preparations. First of 
all, a considerable decrease of lattice disorder is very 
valuable, since a distribution of alternative confor- 
mations of protein groups might be analyzed and 
much more ordered water molecules can be extracted 
from less noisy electron-density maps. Moreover, it 
is worthwhile to carefully examine the 180-240 K 
region, to have the opportunity of direct observation 
of structural-dynamical relationships connected with 
melting of hydration water and the appearance of 
intramolecular conformational mobility in the 
protein. 
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