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Structural phase transition of monoclinic crystals of

hen egg-white lysozyme

Two monoclinic crystals (space group P2;) of hen egg-white
lysozyme, a type I crystal grown at room temperature in a D,O
solution with pD 4.5 containing 2% (w/v) sodium nitrate and a
type II crystal grown at 313 K in a 10% (w/v) sodium chloride
solution with pH 7.6, were each transformed into another
monoclinic crystal with the same space group by dehydration-
induced phase transition. Changes in X-ray diffraction were
recorded to monitor the progress of the crystal transforma-
tion, which started with the appearance of diffuse streaks. In
both crystals, the intensity of # + [ odd reflections gradually
weakened and finally disappeared on completion of the
transformation. X-ray diffraction in the intermediate state
indicated the presence of lattices of both the native and
transformed crystals. In the native type I crystal, two alternate
conformations were observed in the main chain of the region
Gly71-Asn74. One conformer bound a sodium ion which was
replaced with a water molecule in the other conformer. In the
transformed crystal, the sodium ion was removed and the
main-chain conformation of this region was converted to that
of the water-bound form. The transformed crystal diffracted to
a higher resolution than the native crystal, while the peak
width of the diffraction spots increased. Analysis of the
thermal motion of protein molecules using the TLS model has
shown that the enhancement of the diffraction power in the
transformed crystal is mainly ascribable to the suppression of
rigid-body motion owing to an increase in intermolecular
contacts as a result of the loss of bulk solvent.

1. Introduction

Protein crystals contain large amounts of solvent, mostly
making up 30-70%(v/v) of the crystal volume (Matthews,
1968). Protein molecules are surrounded by solvent and their
packing arrangement is retained by limited intermolecular
contacts, which include hydrogen bonds, salt linkages, van der
Waals contacts efc. A change in the crystal environment first
affects the bulk solvent that fills the intermolecular space, with
consequent changes in the crystal structure. Protein crystals in
controlled humidity environments showed a large change in
unit-cell parameters and X-ray diffraction images when the
humidity was decreased (Kiefersauer et al., 2000; Dobrianov et
al.,2001; Sjogren et al., 2002). When a protein crystal is slowly
and carefully dehydrated, it is in a metastable state in the early
stage in which the crystal still retains the original packing
structure (Dobrianov et al., 1999). Further dehydration causes
collapse of the crystal lattice: the crystal no longer maintains
its packing structure because of the loss of a large amount of
bulk solvent. In some crystals, however, the dehydration
induces molecular rearrangement, which transforms the
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crystal into a new crystal that is stable Table 1
and has a lower solvent content.

A phase transition of protein crys-

Crystallographic data and summary of structure determination.

Values in parentheses are for the last resolution shell.

tals mediated by dehydration was first
observed in a monoclinic crystal of

Crystal TA
(before transition)

Crystal IB
(after transition)

Crystal ITA
(before transition)

Crystal IIB
(after transition)

hen egg-white lysozyme (Salunke et

. Crystal data
al., 1985). In addition to the lysozyme

Space group

crystal, the structures of several Unit-cell parameters
dehydrated protein crystals with ZEQ;

various solvent contents have been ¢ (A)
investigated and the structural D
changes have been discussed in rela- Vi (A"Da™)

. . . Data collection

tion to the change in solvation Temperature (K)

Resolution range (A)
Observed data
Unique data

(Kodandapani et al, 1990; Madhu-
sudan et al., 1993; Kishan et al., 1995;
Esnouf et al, 1998; Bell, 1999).
However, no attempt had been made
to elucidate the mechanism under-
lying the phase transition of protein
crystals until we succeeded in
measuring the X-ray diffraction of the
intermediate state (Harata & Akiba,
2004). In the present paper, we report
the X-ray diffraction study of the
phase transition of monoclinic lyso-
zyme crystals. We used two types of
monoclinic crystals, designated type I
(Nagendra et al., 1996) and type II

Rmerge
Completeness (%)
Structure refinement

No. of reflections

No. of parameters

Resolution range (A)

R (all data)

Riree (5% of data)

Contents of the ASU
Protein molecules
Sodium ions
Nitrate ions
Chloride ions
Water sites

Main-chain atoms
All atoms

P2, P2, P2, P2,
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62.92 58.18 63.48 60.98
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90.6 1113 92.9 1114
1.84 1.53 1.76 1.64
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20956

17.2-1.16 (1.22-1.16)
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12.3-1.16 (1.20-1.16)
68317 (3043)

25242 (1587)

0.106 (0.299)

83.6 (52.8)

19.7-1.15 (1.17-1.15)
277299 (10613)
67029 (2468)

0.119 (0.336)

93.9 (62.2)

25218 (2638)

10393

12.3-1.16 (1.23-1.16)
0.097 (0.169)

66976 (7007)

20640

19.7-1.15 (1.20-1.15)
0.132 (0.331)

Average coordinate error (A)

0.175 0.133 0.164
2 1 2
1 2
5 4

2
237 129 251
0.020 0.014 0.017
0.034 0.025 0.028

(Harata, 1994), which were obtained
under different crystallization condi-
tions. The thermal motion of protein molecules in the crys-
talline state was analyzed using the TLS model (Schomaker &
Trueblood, 1968) to elucidate the origin of the enhancement of
the diffraction power of the transformed crystal.

2. Materials and methods
2.1. Preparation of crystals

The type I crystal with space group P2; was obtained at
room temperature from a D,0O solution, since D,O has been
found to be a good solvent for preparing high-quality protein
crystals (Harata et al, 1999). 100 mg lyophilized protein
(Seikagaku Kogyo Co.) was dissolved in 10 ml D,O solution
with pD 4.5 containing 2% (w/v) NaNO; and 50 mM sodium
acetate. The pD of the protein solution was adjusted to 4.5
with 1 N acetic acid. The solution was passed through a 0.2 pm
filter and divided into 1 ml portions in small culture dishes,
which were allowed to stand in a sealed container. Rod-like
crystals grew over two weeks at room temperature. The type 11
crystal with the same space group was prepared according to a
previously reported method (Harata, 1994).

2.2. X-ray measurement

X-ray experiments were carried out on a Bruker Smart6000
diffractometer equipped with a MacScience M06X rotating-
anode generator (50 kV, 90 mA) and Osmic Confocal Max-

Flux Optics. The intensity data of the native crystal were
measured at 290 K using a crystal sealed in a glass capillary
with a drop of mother solvent. To measure the phase transi-
tion, a type I crystal was immersed in paraffin oil and visible
solvent was carefully removed. The crystal in an oil drop was
picked up using a cryoloop (Hampton Research) and placed
into a nitrogen-gas stream at 273 K on the diffractometer. The
orientation of the crystal was roughly adjusted so that the a
axis was almost parallel to the incident X-ray beam. The
change in the X-ray diffraction was recorded every 5 min with
an exposure time of 30s for 1° rotation. When the phase
transition was finished, the nitrogen-gas stream was stopped
and the intensity data for the structure determination were
collected at 290 K. The phase transition of the type II crystal
was measured using a crystal in an open glass capillary in a
nitrogen-gas stream at 273 K. The X-ray diffraction was
recorded using the same procedure as used in the measure-
ment of the type I crystal.

2.3. Structure determination

The structures of the native and transformed crystals were
determined by molecular replacement using the atomic coor-
dinates of corresponding structures deposited with the Protein
Data Bank [11j4 for the type I crystal (Nagendra ef al., 1996),
1xek for the transformed crystal (Nagendra et al., 1998) and
1lys for the type II crystal (Harata, 1994)]. In the structure
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refinement using SHELX97 (Scheldrick, 1997), the H-atom
coordinates were calculated and included in the structure-
factor calculation with an isotropic temperature factor that
was 1.2 or 1.5 times larger than that of bonded non-C or C
atoms, respectively. Electron-density peaks higher than
0.25 ¢ A~ were considered to be solvent atoms. Two solvent
peaks with a distance of less than 2.5 A were treated as
disorder. After solvent molecules had been picked and
disordered side-chain groups had been reasonably modelled,
the block-matrix least-squares calculation was adopted for two
protein molecules and a set of solvent molecules in the native
type I and type II crystals. For the transformed crystal, the full-
matrix least-squares calculation was adopted at the final stage.
The statistics of data collection and structure refinement are
given in Table 1.

2.4. Analysis of rigid-body motion

The rigid-body motion of lysozyme molecules was analyzed
to evaluate the characteristics of the thermal motion of
protein molecules in the native and transformed crystals using
the TLS model (Schomaker & Trueblood, 1968), which
represents rigid-body motion as a linear combination of the
translational motion (7), librational motion (L) and screw
motion (S5). Each term of the anisotropic temperature factor,
u;;, is expressed as follows:

U = > Gijlekl +2 Hijlekl + 7y

where Gy, and H,j, are functions of the atomic coordinates.
The tensor matrices Ly, S, and T;; were determined by least-
squares fit to the observed u;. The centre of rotation was
determined so that the §;; matrix was symmetrical. Atomic
thermal motion consists of rigid-body motion and internal
motion, which is the fluctuation of the protein structure. The
contribution of the rigid-body motion was estimated according
to a previously reported method (Harata et al., 1999).

3. Results
3.1. X-ray measurement of the phase transition

The monoclinic type I crystal of hen egg-white lysozyme
was transformed into another monoclinic crystal by the loss of
41% (v/v) of the solvent in the crystal. Fig. 1 shows the crystal
packing of the native crystal and that of the transformed
crystal. While the native type I crystal with 33.2% (v/v) solvent
content contains two protein molecules in the asymmetric
unit, the transformed type I crystal contains one molecule in
the asymmetric unit and the solvent content is only
19.6%(v/v). The start of the phase transition was detected by
the appearance of diffuse streaks and an increase in the peak
width of the diffraction spots. As shown in Fig. 2, as the
transformation of the crystal progressed the intensity of 4 + [
odd reflections decreased and the transformation was
completed when these reflections disappeared. It is note-
worthy that the diffraction power of the crystal was markedly
increased after the phase transition. In Fig. 2, diffraction spots
of the native crystal are visible to 1.4 A resolution. In contrast,

the transformed crystal diffracts beyond 1.2 A resolution,
while the peak width of the diffraction spots increases.

The type II crystal with 30.1%(v/v) solvent content was
more stable towards dehydration than the type I crystal; the
phase transition did not occur in 24 h under the conditions
used for the type I crystal. The type II crystal was then placed
in an open glass capillary and slowly dehydrated in a 273 K
nitrogen-gas stream. The change in the X-ray diffraction
images recorded using the same procedure used to measure
the type I crystal indicated that the phase transition of the type
II crystal progressed similarly to that of the type I crystal. The
transformed crystal diffracted to a resolution of higher than
1.2 A. The unit-cell parameters of the transformed crystal
indicate that the shrinkage of the unit cell was less than that of
the type I crystal. The solvent content of the transformed
crystal was 25.0% (v/v) and the solvent loss was 17%.

3.2. Structure of the native crystal

In the both type I and type II crystals the asymmetric unit
contains two protein molecules. Nitrate and chloride ions are
mostly located at sites where anions are frequently observed
in lysozyme crystals (Vaney et al., 2001). Molecule 1 is roughly
related to molecule 2 by the translation x' = x + 1/2 and
7' =z + 1/2 as shown in Fig. 1. The backbone structures of the
two molecules in the type I crystal superimpose with a root-
mean-square difference of 0.40 A for equivalent C* atoms,

Figure 1

The crystal packing of the type I native crystal viewed along the a axis (a)
and along the b axis (b) and the transformed type I crystal viewed along
the a axis (c¢). Independent molecules are shown in red. A unit cell
corresponding to that of the transformed crystal is shown by red lines in

(b).
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except for the region Gly71-Asn74 of molecule 2, which shows
two alternate conformations. The disorder of the Gly71-
Asn74 region is coupled with the binding of a sodium ion as
shown in Fig. 3. In one conformer, a sodium ion is bound to the
centre of the large helical loop including the disordered
region. Six O atoms from the peptide groups of Ser60, Cys64
and Arg73, a water molecule and a nitrate ion are coordinated
to the sodium ion to form a distorted octahedral structure. The

structure of the Gly71-Asn74 region of the other conformer is
the same as that of the corresponding region in molecule 1,
where the sodium and nitrate ions are replaced by water
molecules. In the sodium-bound structure, the O atom of the
peptide group linking Arg73 and Asn74 is coordinated to the
sodium ion. In contrast, the corresponding peptide group in
the water-bound structure is rotated by 180° and the amino
group is hydrogen-bonded to a water molecule. The crystal

1 | | L1 1 1 1 1 1 |

10 5 3 2 1.5 1.3 1.1 10 5 3
Resolution (A)
(a)

Figure 2

Resolution (A)

1.5 1.3 1.1 10 5 3 2 1.5 1.3 1.1
Resolution (A)
(¢)

X-ray diffraction images of the type I crystal: native crystal (a), intermediate state of the phase transition (b) and transformed crystal (c). The crystal was

roughly adjusted with the b*c* plane perpendicular to the incident X-ray.

378 Harata & Akiba « Phase transition of monoclinic lysozyme

Acta Cryst. (2006). D62, 375-382



research papers

packing of the type II crystal is nearly same as that of the type
I crystal. The sodium ion is fully bound to the sodium-binding
site in both independent molecules.

3.3. Structure of the transformed crystal

The asymmetric unit contains one protein molecule. The
calculated crystal density of 1.24 g cm ™ indicates that most
solvent molecules are accounted for in the refined structure.

The backbone structure is essentially the same as that of
molecule 1 in the type I crystal, as indicated by the root-mean-
square difference of equivalent C* atoms of 0.47 A. No
sodium ion is observed in the large loop region that includes
residues Gly71-Asn74. The protein molecules in the trans-

formed crystal are more densely packed than those in the
native crystal. The intermolecular space filled with solvent in
the native crystal is reduced in the transformed crystal, as
shown in Fig. 4. The side-chain group of Argl14 located on the
molecular surface is surrounded by solvent in the native
crystal and makes no intermolecular contacts except for a
hydrogen-bonding contact with the main-chain O atom of
Lys13 in molecule 1. In contrast, the solvent area surrounding
Argll14 is so reduced in the transformed crystal that Argl14
can form hydrogen bonds with the main-chain O atoms of
Gly16 and Asp18 and a salt linkage with the carboxyl group of
Aspl8. Fig. 5 shows the changes in the environment
surrounding Trp62. In molecule 1 of the native crystal, the
disordered side chain of Trp62 is mostly exposed to the bulk

Molecule 1
(@)
Figure 3

Molecule 2

(b)

Structures of the loop region Ser60-Leu75 in the type I native crystal (a) and transformed crystal (b). The region Gly71-Asn74 in molecule 2 is
disordered and the water-bound conformer is represented in dark blue. The electron density is drawn at the 1.5¢ level (blue) and the 20 level (red).

(a)
Figure 4

(b)

Comparison of the intermolecular contacts between the native type I crystal (a) and the transformed crystal (b). Two independent molecules in the
native crystal are shown in red and green. Symmetry-related adjacent molecules are shown in blue. A bulk-solvent area is denoted by a yellow

rectangular box.
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Figure 5

Stereoscopic views of the intermolecular contacts involving Trp62 in molecule 1 (a) and
molecule 2 (b) in the native type I crystal and in the transformed crystal (c). Symmetry-related

adjacent molecules are rendered in orange.

solvent. In contrast, the side chain of Trp62 in molecule 2 is
encapsulated in the intermolecular cleft, with the indolyl
group sandwiched between the guanidyl group of Arg6l and
the alkyl chain of Argl25 of the adjacent molecule. In the
transformed crystal, the side chain of Trp62 is closely packed
in the intermolecular cleft. The indolyl group is sandwiched
between the guanidyl groups of Arg73 and Argl25 of the
adjacent molecule. In addition, the two indolyl groups of
Trp63 and Trpl23 of the adjacent molecule are in direct
contact with and almost perpendicular to the indolyl plane of
Trp62, indicating stabilization by the CH-m interaction
(Nishio et al., 1998).

75 Trp62

GInl21

3.4. Analysis of the thermal motion

The average u.q, values with their e.s.d.s
are given in Table 2. The thermal motions of
the two independent molecules in the native
crystals are not identical. The average u.q,
of molecule 1 is larger than that of molecule
2. On the other hand, the atomic thermal
motion of the transformed type I crystal is
considerably smaller than the thermal
motion in the native crystal. The root-mean-
square amplitude of the rigid-body motion is
given in Table 2. The rotational amplitude of
1.2° corresponds to about a 0.4 A shift of
atomic coordinates at the edge of the
molecule. Therefore, the contribution of the
rotational motion to each individual u., is
comparable to the translational motion on
the molecular surface, but the contribution
of the translational motion is dominant in
the core region of the molecule. The
contribution of the rigid-body motion to the
atomic uq, in the type I crystal (33%) is
markedly decreased in the transformed
crystal (8.7%). The centre of rotation does
not coincide with the centre of gravity but is
shifted by more than 1 A. The variation in
the shift of the centre of rotation may be
ascribed to the fact that the protein mole-
cule in the crystalline state is not a free
molecule, but its molecular motion, espe-
cially the rotational motion, is restricted by
intermolecular contacts.

Trgl 23 4. Discussion

. 4.1. Dehydration and phase transition

Two types of monoclinic crystals of hen
egg-white lysozyme, grown under different
crystallization conditions, are transformed
to a crystal with half the unit-cell volume.
The type I crystal is easily transformed to a
new crystal by the loss of 41%(v/v) of the
solvent. In contrast, it is hard to dehydrate
the type II crystal without deterioration; the
phase transition occurs when the solvent loss is 17%. The type
II crystal, which was grown in 10%(w/v) NaCl solution, may
contain many more ions than the type I crystal. A change of
salt concentration in the crystal influences the protein—solvent
interactions and thus affects the dehydration prior to the
phase transition. A high concentration of solute ions seems to
lower the volatility of water, suppressing evaporation from the
crystal.

In our previous paper (Harata & Akiba, 2004), we showed
that the phase transition of the triclinic crystal of lysozyme
proceeds by way of an intermediate state containing the old
lattice of the native crystal and the new lattice of the trans-

380 Harata & Akiba - Phase transition of monoclinic lysozyme
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Table 2

Summary of the analysis of thermal motion.

Root-mean-square deviations are given in parentheses.

by intermolecular and/or intramolecular
close contacts. Instead, the phase tran-
sition caused disorder of the small side-

Type TA
Molecule 1  Molecule 2 Type IB
Average u.q, Valuest
Main-chain atoms (Az) 0.25 (0.09) 0.23 (0.08) 0.13 (0.06)
All atoms (A?) 0.30 (0.16) 0.27 (0.12)  0.16 (0.10)
Rigid-body parameters
R.m.s. rotational amplitude (°) 1.37 1.26 1.17
R.m.s. translational amplitude (A) 0.41 0.40 0.32
Shift of the centre of rotation (A)  2.63 4.12 1.35
Rigid-body portion in u;; (%) 33.0 329 8.7

chain groups of Ser72, Ser81 and Ser85.

Type IIA .

Molecule 1 Molecule 2 Therefo.re, the .close packl.ng forces the
bulky side-chain groups into a single
conformation, but the crystal still

029 (0.12)  0.21 (0.08) . . ) )

034 (0.17) 025 (0.14) contains cavity space in which small
side-chain groups can retain the

(1)% (1)33 conformational flexibility gained in the

419 244 phase transition.

10.8 19.4 The two independent molecules in

T Ueqy Was calculated as the average of three eigenvalues of the u;; tensor.

formed crystal. The present X-ray diffraction analysis has
again demonstrated the presence of an intermediate state in
the phase transition of the monoclinic crystals. It is a generally
accepted concept that protein crystals consist of microcrystals
(McPherson, 1999; Drenth, 1999). The change in X-ray
diffraction observed during the phase transition can be
rationally explained based on the assumption that the struc-
tural transformation occurs at the microcrystal level. The
phase transition may spontaneously occur in a microcrystal
when the solvent content of the microcrystal becomes critical
to retaining the packing structure. Once the seed of a new
crystal is formed, the transition seems to propagate to neigh-
bouring microcrystals one after another. The gradual decrease
in the intensity of 4 + [ odd reflections indicates that the crystal
consists of two types of microcrystals in the intermediate state.
The diffuse streaks observed in the X-ray diffraction may be
caused by less-ordered microcrystals in the interface area
between the different types of microcrystals. The increased
diffraction power of the transformed crystal indicates that the
molecular structure and packing arrangement are much more
ordered in the transformed crystal. In contrast to the
enhancement of the diffraction power, an unfavourable
increase of peak width of diffraction spots is observed in the
transformed crystal. The relatively large peak width may be
caused by the less-ordered arrangement of microcrystals,
indicating that the order of microcrystals does not fully
recover after the phase transition.

4.2. Structural changes caused by the phase transition

The backbone structure of the lysozyme molecule in the
transformed crystal is essentially the same as the structure in
the native crystal. The dehydration induces changes in the
crystal packing in which direct contacts between protein
molecules are increased because the bulk-solvent region is
reduced. In the native crystal, many side-chain groups on the
molecular surface protrude into the bulk solvent and some of
them show multiple conformations. The disorder is observed
in the bulky side-chain groups of Trp62 in molecule 1 and in
Argl4, Arg21 and Arg68 in molecule 2, each showing two
alternate conformers. In the transformed crystal, these side-
chain groups show a single conformation, which is stabilized

the native type 1 crystal become

equivalent in the transformed crystal.

The crystal packing in the native crystal
shows that protein molecules are arranged in such a manner as
to form a pseudo-B-centred lattice (Fig. 1b). An obvious
deviation from the B-centred symmetry is the positional shift
along the b axis. The difference in the y coordinate of the
centre of gravity between the two independent molecules is
1.83 A in the type I crystal. Therefore, the phase transition is a
process that adjusts the violation of the B-centred symmetry,
leading to the formation of a primitive cell with half the
volume. The two independent molecules should shift along the
b axis to cancel the difference in the y coordinate. On the
other hand, the b axis of the transformed crystal is shortened
by 4.74 A in the type I crystal. Therefore, the movement of the
two independent molecules is coupled with the shortening of
the b axis. Such concerted movement in the molecular rear-
rangement seems to occur in each microcrystal without
damaging the crystal, because the type I crystal transformed
without crack formation even in samples longer than 1 mm in
the b-axis direction.

4.3. Sodium-binding site

In the native type I crystal, a sodium ion is partially bound
to one of the two independent molecules. On the other hand,
each of the two independent molecules fully binds a sodium
ion in the type II crystal. The presence of the sodium ion is
confirmed by the geometry of the octahedral coordination of
ligand O atoms as observed in tetragonal lysozyme crystals
(Vaney et al., 1996; Sauter et al., 2001). In molecule 2 of the
native type I crystal, the partial binding of the sodium ion
accompanies the disorder of the main chain in the region
Gly71-Asn74, presenting two alternate conformations: a
water-bound form and a sodium-bound form. The corre-
sponding region in molecule 1 shows only the water-bound
conformation. The structure of the transformed crystal shows
that the sodium-bound conformation in molecule 2 changes to
the water-bound form when the sodium and nitrate ions are
removed. After the transformation, the peptide group
connecting Arg73 and Asn74 in the sodium-bound molecule
was rotated 180° around the C*—N bond. Such a rotation of
the peptide plane should be associated with the movement of
several residues, which may only occur during the rearrange-
ment of the molecules. In contrast to the monoclinic crystal,
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the phase transition of the triclinic crystal is associated with
the binding of sodium nitrate (Harata & Akiba, 2004). A
reversal of the peptide-group orientation was observed in the
corresponding loop region where the water-bound form was
changed to the sodium-bound form. One reason for the
different conformation of the region Gly71-Asn74 in the
transformed crystal could be the packing requirement in the
transformed crystal. The intermolecular contacts with
symmetry-related adjacent molecules may restrict the
conformation for better crystal packing.

4.4. Thermal motion and diffraction power

The transformed crystal diffracted to higher resolution than
the native crystal. The average u.q, value of the transformed
crystal is nearly half that of the native crystal. According to the
analysis of the rigid-body motion, the decrease in the atomic
thermal motion in the transformed crystal is mostly derived
from suppression of the rigid-body motion. The contribution
of the rigid-body motion, which is 33% of u., for both
independent molecules in the native type I crystal, decreases
to 8.7% in the transformed crystal, whereas the decrease in the
magnitude of the internal part of u.qy is 9.2% for molecule 1
and 14.4% for molecule 2. The prominent decrease of the
rigid-body motion in the transformed crystal is mostly attri-
butable to the decrease in the translational motion, which
contributes equally to the temperature factor of each atom.

The bulk-solvent area in the crystal is considerably reduced
by the dehydration-induced phase transition. As a result, the
protein molecules in the transformed crystal, which are
densely packed, gain more intermolecular contacts, such as
hydrogen bonds and salt linkages, that are formed not only
directly but also by mediation of water molecules or ions. The
number of intermolecular direct contacts is increased from 13
per molecule in the native crystal to 20 in the transformed
crystal. In addition, the increase is prominent in the water-
mediated intermolecular contacts. The two protein molecules
form 26 water-mediated hydrogen-bond bridges in the native
crystal. In contrast, 48 water molecules are involved in forming
intermolecular hydrogen-bond bridges in the transformed
crystal. Thus, the rigid-body motion in the transformed crystal
should be suppressed by the larger number of intermolecular
contacts.

This work was supported in part by the New Energy and
Industrial Technology Development Organization (NEDO).
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