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Effect of intracrystalline water on longitudinal sound velocity in tetragonal hen-egg-white
lysozyme crystals
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Longitudinal sound velocity of tetragonal hen-egg-whiltdEW) lysozyme crystals was measured during air
drying by ultrasonic pulseecho method. The sound velocity increases with exposure to open air and approaches
a constant value. The maximum value~+2900 m/s that is about 1.6 times as much as that of original one
before drying. In addition, the sound velocity clearly recovers to original one after immersing the dried crystal
in solution. Therefore, the sound velocity in tetragonal HEW lysozyme crystals can be reversibly changed due
to dehydration and rehydration. These changes in sound velocity are discussed in the light of water-mediated
intramolecular and intermolecular interactions in the crystals.
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I. INTRODUCTION value is observed to be 2900 m/s which is about 1.6 times
S much as that of original one before drying. Moreover, it is

activity of protein molecules both in solution and in the crys-ShOW.n that the sound_ velocity c[early recovers original one
tal. The effects of intracrystalline water on protein crystalsafter immersing the dried cry_stal into solution. Therefore, the
have been extensively studied from a crystallographer’sSound velocny can be reversibly changed due to dghydraﬂpn
viewpoint, focusing on changes in lattice structure, in mo-and reh_ydrano_n. These change_s in s_ound velocity are q's'
lecular conformation, and in the arrangement of surroundin gussed in the light of water-mediated intramolecular and in-

water moleculeg1-3]. The effects of intracrystalline water termolecular interactions in the crystals.
on protein crystals have been also investigated from the
physicochemical viewpoint, focusing on fundamental crystal Il. EXPERIMENT

properties including hydration and Young moduli4s-6]. Tetragonal HEW lysozyme crystals were grown by a salt-
However, almost all the latter studies have used protein crySsoncentration gradient method at 23°C in test tubes held
tals which were cross linked by glutaraldehyde. The CroS$ertically and using NiGl as a precipitanf12]. Large crys-
linking can produce significant effects on intermolecular in-;5)5 up to a size of 4 mm were grown over two weeks. Al-
teractions between proteins. In addition, it can deteriorate thg,ost all the crystals had growth habits such{$0} and

quality of protein crystals. Therefore, the studies on physical;gp crystallographic faces. The crystals were kept in the
properties of protein crystals without cross linking are des'r'growth solution before the measurements of sound velocity.
able for the understanding of intrinsic role of water in the

| Protein crystals include a large amount of wdtk3]. The
crystais. L . . . . water can be easily evaporated when the crystals are exposed

_To measure intrinsic physical properties, high quality pro~y, 4hen ajr. Consequently, the crystals can be dehydrated. In
tein crystals of sufficient size for the measurements are r

Ghis work, to examine the effect of intracrystalline water on
quired. We have obtained tetragonal hen-egg-w(HEW) 4

i~ . .__protein crystals, the sound velocity of tetragonal HEW
lysozyme crystals of millimeter size by a salt-concentratlon|ysozyme crystals was measured during air drying, i.e., as a

gradi(;nt r:ner:hod I(_)rigirflally proposed b% Ataka ﬁnd Kat$“r3unction of exposure time to open air under a relative humid-
[7]. The high quality of as-grown crystals was characterize ty of less than 75% and a temperature of about 22°C.

by x-ray topography[8,9]. This success in obtaining large ~ 1o measurements of sound velocity were carried out us-

protein crystals with high quality has led to the measure(]rng the pulseecho mode operation of the ultrasonic pulser/

Water plays a central role in maintaining the structure an

ments of mechanical properties, such as Vickers microhargz, coiyer(PR35, JSR UltrasonigsA longitudinal ultrasonic
ness[10] and sound velocity11]. Especially, the sound ve-

oL ] . ) . transducer capable of operating at a frequency of 10 MHz
locity in protein crystals is related to elastic constants whic

s : . g “was used in pulse transmission and echo receiving. The
reflect the intramolecular and intermolecular interactions 'r\arger(llo) habit face of tetragonal HEW lysozyme crystals
the crystals.

was used for the measurements of sound velocity. (If6)

In this paper, we report the longitudinal sound velocity of ¢, o o 45.grown crystals was placed on the flat head of the
tetragonal HEW lysozyme crystals without cross linking (t

. . . . ransducer held vertically in open air. The longitudinal ultra-
measured during air drying by ultrasonic pulseecho metho y P g

) o . onic wave was introduced alof$fL (] direction in the crys-
Itis shown that the sound velocity increases with exposure to, by the transducer. The traveling timé of the longitu-

open air and approaches a constant value. The maximujn| itrasonic wave, spent passing through the crystal, is
measured as the time difference between reflective echos
from the bottom and top faces of the crystals. The traveling
*Electronic address: tachiban@yokohama-cu.ac.jp distance is twice as much as the thickn#¢®f the crystal.
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3100 The longitudinal sound velocity|;;,¢ along[110] direc-
tion in tetragonal structure with 422 space group is related to
g 2900 | AR =Y the elastic stiffness consta@; by the following equation:
= *
& 200 o - Ci1+ Cio+ 2Cg6= 2pViiag,
"E 2500 . 16 ?g' wherep is the mass density of the crystal. In tetragonal HEW
2 * & lysozyme crystalsp=1.21 Mg/n? [11]. Therefore, the scale
€ o300 | o ‘3‘; of composite elastic constari, ;+C;,+2Cgg, corresponding
T% . 1129 to the longitudinal sound velocity;1;¢, was also denoted as
g 2100 | o S ordinate in right in Fig. 1. Assuming the isotropic body, the
5 . longitudinal sound velocity, is related to the Young modu-
S 1900 - ,° lus E by
¢ 8
1700 : : : ' ' E- (1+0)(1-20)pV}
0 20 40 60 80 100 120 1-0 '

Exposure time (min) . . . i i
whereo is the Poisson ratio. The corresponding other elastic

FIG. 1. Change in longitudinal sound velocit;;g along — constants such as shear moduyluand bulk moduluK are
[110] direction in a tetragonal HEW lysozyme crystal as a functiongiven by u=E/2(1+0) and K=E/3(1-20), respectively.
of exposure time to open air. The scale of composite elastic conThese elastic constants in protein crystals can be evaluated
stant,Cy1+Cy,+2Cgg, corresponding to the longitudinal sound ve- with ¢=0.33 in most polymer§ll]. The elastic constants of
locity V11 is denoted as ordinate on right in the figure. dried tetragonal HEW lysozyme crystals were estimated with

Vi=Vi[119=2900 m/s, which is the maximum longitudinal

The crystal thickness was measured with a micrometer onlgound velocity alond110Q] direction in the dried crystal in
after the successive measurements of the traveling time asFag. 1. The estimated values of elastic constants are summa-
function of exposure time to open air. The sound velocityrized in Table | with those foN,=V|;;;q=1817 m/s in as-
was estimated by dividing ¥ by At, assuming that no grown tetragonal HEW lysozyme crystals in solutions re-
change in crystal dimensions occurs in the measurements.ported previously11].

To confirm the drying of the crystals, the weight of the  Almost all the studies on elastic properties of protein
crystals was measured as a function of exposure time to opagtystals, except for cross-linked crystals, have been carried
air. In addition, the change in lattice constants during airout in solutions or wet conditions. The longitudinal sound

drying was also observed by x-ray diffraction. velocities of ribonuclease-A and human hemoglobin crystals
in solutions were found to be 1784 m/s and 1828 m/s, re-
IIl. RESULTS AND DISCUSSION spectively, using a laser-generated ultrasoli#. The com-

posite elastic constan€,;+C;,+2Cgg, of tetragonal HEW

Figure 1 shows the longitudinal sound velocM11q  lysozyme crystals in wet conditions was also found to be
along[11Q] direction in a tetragonal HEW lysozyme crystal between 6.2 and 12.6 GPa, using Brillouin scattefit. In
as a function of exposure time to open air. As shown in Figaddition, the Young modulus of triclinic HEW lysozyme
1, the sound velocity before drying is in good agreementrystals in solutions was found to be between 0.1 and
with 1817 m/s of as-grown tetragonal HEW lysozyme crys-0.5 GPa, using triple-point bendiri§]. These values of elas-
tals in solutions reported previoudl¥1]. The sound velocity tic properties, except for the Young modulus, are in good
increased with increasing exposure time and approached agreement with our previous results for as-grown tetragonal
constant value. The change in sound velocity included seHEW lysozyme crystals in solutions measured by ultrasonic
eral stages. The maximum value of the sound velocity wagulseecho method with a transducer in Table I.
~2900 m/s. This value is about 1.6 times as much as that of As presented in Table |, the change in elastic properties
original one before drying. Thus, the sound velocity of thedue to air drying was shown, to our knowledge, for the first
tetragonal HEW lysozyme crystal increased-b§0% due to  time in protein crystals without cross linking. For example,
air drying. the Young modulus of tetragonal HEW lysozyme crystals

TABLE I. Longitudinal sound velocity[;1g along[110] direction in tetragonal HEW lysozyme crystals before and after air drying, and
the corresponding elastic constants such as composite elastic cotan;,+2Cgs Young modulusk, shear moduluge, and bulk
modulusK. The details of these evaluations are described in the text.

Vir11g C11+C1p+2Cq6 E ® K

(mls) (GPa (GP3 (GPa (GPa
As-grown crystals in solution 1817 7.99 2.70 1.02 2.65
Dried crystals 2900 20.4 6.87 2.58 6.74
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FIG. 2. Reversible change in longitudinal sound velodfy g FIG. 3. Change in weight of a tetragonal HEW lysozyme crystal

along [110] direction in a tetragonal HEW lysozyme crystal as a 35 @ function of exposure time to open air. The ordinate is normal-
function of exposure time to open air. The time, at which the driedized by the weight of the crystal before drying.
crystal was immersed in solution, is indicated by an arrow.

tion of exposure time to open air. As shown in Fig. 3, the
drastically increases due to air drying, as shown in Table Iweight decreased with increasing exposure time and finally,
The maximum Young modulus of 6.87 GPa in the dried crys22% weight of the crystal was lost. Assuming that all of the
tal is about 2.5 times as much as 2.70 GPa of as-grown crydest weight is the evaporated water, the amount of evaporated
tals in solutions. For a reference, we also mention the relawater can be estimated to be &40 2° g/unit cell. In this
tive humidity, H, dependence of the Young modulus in cross-estimation, it was assumed that, before drying, the unit cell is
linked tetragonal HEW lysozyme crystals measured bya=b=79.1A, c=37.8A, andZ=8, and 39% of the crystal
vibrating reed method previousl#]. The Young modulus Vvolume is occupied by watgr7] and the mass density of
also increased with decreasing relative humidity, or dryingwater is 1.0 g/crh On the other hand, the remained water in
The Young modulus &t =60% was about 3.5 times as much the crystal can be estimated to be 2.902° g/unit cell.
as that atH=90%. These results show that the change in According to a neutron crystallographic study with tetrag-
Young modulus of tetragonal HEW lysozyme crystals with-onal HEW lysozyme crystals grown by a salt-concentration
out cross linking due to air drying is not as much as that ofgradient method similar to this work, 157 bound water mol-
cross-linked ones. ecules were observed on a lysozyme mole¢u&. The cor-

It is interesting to observe if the change in sound velocityresponding weight of bound water can be estimated as 3.8
is reversible or not. To examine the reversibility, the soundx 1072° g/unit cell. This value is in moderate agreement
velocity of a tetragonal HEW lysozyme crystal was mea-with 2.9x 1072° g/unit cell of remained water measured in
sured as a function of exposure time to open air. As shown ithis work. This means that almost all mobile water can be
Fig. 2, after the sound velocity reached the maximum, theevaporated when the crystal is exposed to open air. Thus, the
dried crystal was immersed in solution. Consequently, th&€hange in mobile water content in the crystal affects the
sound velocity clearly recovered to the original one beforesound velocity measured in this work.
drying. Then, the sound velocity increased with increasing Figure 4 shows the change in lattice constaritb) of
exposure time again. These results indicate that the souridtragonal HEW lysozyme crystal as a function of exposure
velocity is reversibly changed by the dehydration and rehyiime to open air. The lattice constant decreased with increas-
dration. Thus, there is a type of water in the crystal, whiching exposure time and approached a constant value. The
can freely move in and out of the crystal, and the waterchange in the lattice constant included some stages. Conse-
strongly affects the sound velocity. This also suggests thaguently the lattice constant shrank by2.3%. When the
common protein crystals including a large amount of waterdried crystal is immersed into solution, the lattice constant
are a kind of porous material with holes of nanometer size.clearly recovered the original value. Similar change was also

The behavior of water in protein crystals was qualitativelyobserved irc axis although the maximum shrinkageadixis
classified into two types: one is mobile water among proteirwas slightly larger than that & (=b) axis. Thus, the lattice
molecules and the other is immobile water strongly bound ortonstants in tetragonal HEW lysozyme crystals are revers-
proteins[13,16. Both types of water will be present in the ibly changed by the dehydration and rehydration. Such
crystal just after exposure to open air. The former will bechanges in lattice constants have been also observed by other
easily evaporated from the crystal while the latter can be stilgroups[1-3].
left in the crystal. From the comparison of Figs. 1 and 4, the decrease of the

To examine the amount of evaporated water, the weight ofattice constant in tetragonal HEW lysozyme crystals seems
a tetragonal HEW lysozyme crystal was measured as a fun¢e be correlated with the increase of the sound velocity.
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80.0 ecules in solution has been obtained by measuring sound
velocity of protein solutiong§21,22. The isothermal com-
_ 795 ¢ pressibility 87 is related to the bulk moduluk with 1/8¢
"E =K. With the isothermal compressibility of 7.73
Sre0t ° X 10 m?/N in the hydrated lysozyme at 25°C reported
Nt . previously[23], the bulk modulus of hydrated lysozyme is
S 785 | . estimated to be 12.9 GPa. This value is significantly large
g t ., compared with 6.74 GPa in dried crystals, as well as
§ 780 | . 2.65 GPa in as-grown crystals in solution. Thus, it seems that
£ * . e the large bulk modulus of hydrated lysozyme molecules is
- 775 L ¢ not predominant in that of the crystals.
More recently, the apparent sound velocity of hydrated
77.0 s s s s s . lysozyme molecules in solutions was obtained to be
0 10 20 30 40 50 60 70 1958 m/s by measuring sound velocity of lysozyme solu-

tions [24]. This value is slightly larger than 1817 m/s of
as-grown crystals in solution but much smaller than
FIG. 4. Change in lattice parameteas(:b) of a tetragona| ~2900 m/s of dried CryStalS. The relatively small apparent
HEW lysozyme crystal as a function of exposure time to open air.sound velocity of hydrated lysozyme molecules seems to be
in contradiction with the large bulk modulus as mentioned
However, the maximum shrinkage 6f2.3% in the lattice above. However, the small apparent sound velocity might be
constant, as seen in Fig. 4, is much smaller than the increasfie to the weak intermolecular contact between lysozyme
of ~60% in the sound velocity, as seen in Fig. 1, estimatednolecule and bound water, rather than lysozyme molecule
assuming that no shrinkage of lattice constants occurs. Thugself. Thus, the increase of the strength of lysozyme-bound
the significant increase of the sound velocity cannot be simwater contact also would be required for the increase of
ply related to the shrinkage of the lattice constant. sound velocity due to air drying. From these results, it is
The sound velocity in protein crystals is related to thesuggested that the removal of mobile water due to air drying
intermolecular interactions in the crystals. The intermolecuwould increase the strength of lysozyme-bound water con-
lar interactions in protein crystals can be understood by theact, as well as that of lysozyme-lysozyme contact as men-
macrobond approach in which a macrobond contact is detioned above. In addition, several stages in the change in
fined if at least one atom pair whose distance is less th&n 4 sound velocity as seen in Figs. 1 and 2 might reflect the
exists between neighboring molecules with bound wateformation of new intermolecular contacts in lysozyme-
moleculeg19]. In tetragonal HEW lysozyme crystals before lysozyme and lysozyme-bound water during air drying.
drying, there are four kinds of macrobond contacts between
lysozyme moleculef20]. As shown in Fig. 4, the alr_drylng_ IV. CONCLUSION
for the crystals decreased the lattice constant. This will in-
crease the number and area of the macrobond contact of We have shown that the sound velocity in tetragonal
lysozyme-lysozyme. The increase of such intermoleculaHEW lysozyme crystals without cross linking drastically in-
contacts will contribute to the increase of the sound velocitycreases due to air drying. In addition, it has been shown that
due to air drying. the sound velocity is reversibly changed by dehydration and
The strength of intermolecular contacts in protein crystalgehydration. Such changes in sound velocity can be attrib-
can be estimated by the macrobond approach. It is also apted to the changes in intermolecular contacts of lysozyme-
plied to dried protein crystals when the structures are knownlysozyme and lysozyme-bound water in the crystals. How-
In fact, the macrobond energy has been calculated for a paever, the details of the changes, e.g., increasing rate, of the
tially dried monoclinic HEW lysozyme crystdl20]. This  sound velocity, depend on sample temperature, relative hu-
suggests that the macrobond approach is a potential methenidity, size of the samples, crystal quality, and so on. Further
to know a possible change in the intermolecular interactiormeasurements under the control of temperature and humidity
between wet and dried crystals. Thus, the contribution ofire required for more detailed understanding of water-
intermolecular interactions to the increase of sound velocitynediated intramolecular and intermolecular interactions in

Exposure time (min)

would be estimated by the macrobond approach. protein crystals.
The sound velocity in protein crystals might be related to
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