
The experimental bearings are made of 
glass to permit viewing of the two-phase 
film. Inclined mirrors on either side of 
each bearing provide a full view. Encod- 
ing markers on the rotor are sensed 
optically to monitor speed and to furnish 
triggering signals for the camera and 
synchronized stroboscopic lighting. 

The journal bearing module operates 
in the coast-down mode. The drive 
mechanism is disengaged when the rotor 
sveed reaches 600 revlmin. The camera 
drive is synchronized with the rotor so 
that events related to unavoidable varia- 
tions around the journal surface remain 
unchanged in successive cinematograph- 
ic views. Noncontact proximity sensors 
along two mutually perpendicular axes 
are used to monitor the radial motion of 
the rotor. 

The cinematographic records showed 
the following results, which correspond 
to the three bearing configurations de- 
scribed above: 

1) With the balanced rotor, a streamer 
structure which almost wraps around the 
full circumference is seen. The appear- 
ance fluctuates and repeats in approxi- 
mately every other frame. This suggests 
the presence of a one-half rotational rate 
oscillation. The possibility of such a flow 
structure was previously postulated (3). 
This general appearance continues as the 
rotor slows down to about 200 revlmin. 
The void content of the streamer struc- 
ture is somewhat reduced at the lower 
speeds. With the unbalanced rotor, the 
two-phase morphology changes with 
speed. At the higher speeds, there is a 
more pronounced circumferential varia- 
tion in the flow structure in each frame, 
but the frame-to-frame fluctuation is less 
apparent. When the rotor speed falls 
below about 300 revlmin, the general 
appearance reverts back to that seen for 
the balanced rotor. 

2) Well-defined void regions are fixed 
to the three-arc geometry. Occasionally, 
small isolated voids are seen going 
around. There are no significant frame- 
to-frame fluctuations. 

3) The general appearance is similar 
to that in the second case, except that 
fixed void regions are less extensive and 
are not divided into three groups. 

Data from the proximity sensors re- 
main to be analyzed. 
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Protein Single Crystal Growth Under Microgravity 

Abstract. The preparation of suitably large protein single crystals is essentially the 
rate-determining step of protein x-ray structure determinations. Attempts to produce 
single crystals with two model compounds-p-galactosidase and lysozyme-under 
conditions of microgravity were successful. Crystals formed by salting out from 
solutions kept free of convection were 27 and 1000 times larger in volume, 
respectively, than those produced in the same apparatus but exposed to terrestrial 
gravitation. 

Solving the three-dimensional molecu- 
lar structure of proteins by x-ray diffrac- 
tion analysis helps in understanding their 
manifold functions (catalysis, transport, 
and supporting functions). An essential 
condition for such structural investiga- 
tions is the availability of sufficiently 
large (about 1 mm in each dimension) 
and well-shaped single crystals. Espe- 
cially disadvantageous for such protein 
crystal growth is the sudden formation of 
multiple seeds. Instead of a few large 
crystals, numerous small crystallites are 
formed which are useless for x-ray anal- 
ysis. Experiments have shown that this 
effect is mainly due to convection, which 
can be almost completely suppressed by 
crystallization in gels. However, fragile 
protein crystals, expecially those grow- 
ing as needles, break and are destroyed 
when they touch the tight network of the 
gel. 

It seemed reasonable to look for con- 
ditions under which three solutions of 

different densities (pB < p, < ps)-a 
protein solution (P), a salt solution (S), 
and a gel-free buffer solution (B)-could 
be simultaneously and slowly combined 
without turbulence. Since B is the light- 
est of these components, such an experi- 
ment cannot be carried out by layering 
the solutions on top of each other. Con- 
ditions of microgravity were chosen in 
order to avoid differences in density 
(pB - pp - p~ - 0 g/cm3). In the experi- 
ment setup designed for microgravity, 
the protein and salt solutions are separat- 
ed by a sliding device. In a second sys- 
tem of containers the buffer solution is 
kept. When all the containers have been 
filled without bubbles, they are closed to 
the outside by elastic membranes, which 
allow pressure compensation. When mi- 
crogravity conditions have been at- 
tained, the sliding device is moved with- 
out vibration in order to connect the 
three different containers. Counterdiffu- 
sion of P and S across the buffer solution 
then takes place. The slowly diffusing 
salt ions cause the protein molecules to - crystallize. 

Since thermal changes could occur 
during this process and could lead to 
convection even in the absence of gravi- -9 tational forces, preliminary short-term 
experiments (6 minutes of microgravity) - 
were carried out with sounding rockets 

I 1 (European TEXUS program) in order to 
study the diffusion process with Schlie- 

3 ren optics. The high molecular weight 
protein p-galactosidase and the salt am- 
monium sulfate, both dissolved in MI30 - - 

Fig. 1. Protein chamber with large single phosphate buffer at pH 6.4, were used 
crysals of lysozyme (left side) and salt cham- for testing. The experiments under mi- 
ber (right side). crogravity, in contrast to those under 
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lecular weight. On Spacelab 1 we used 
p-galactosidase [P-D-galactoside galacto- 
hydrolase (E.C. 3.2.1.23)], molecular 
weight 465,000; and lysozyme [mucopep- 
tide N-acetylmuramoylhydrolase (E.C. 
3.2.1.17)1, molecular weight 14,307. P- 
Galactosidase is a key enzyme in genetic 
investigations and, because of the lack of 
suitable crystals, its structure is still un- 
known, whereas the structure of lyso- 
zyme was solved 17 years ago (2). In 
order to obtain sufficient material of ex- 
treme purity, which is essential for sin- 
gle-crystal growth, we worked out spe- 
cial methods, described in (3, 4). 

The apparatus used in the Spacelab 
experiment (1, 4) corresponds to that 
described above. This device operates 
automatically in order to reduce manual 
operations by the scientific astronauts as 

Fig. 3. Single crystals of lysozyme produced 
in Spacelab 1 .  

Fig. 2. Single crystals of P-galactosidase pro- 
duced in Spacelab I. much as possible, and several studies 

can be carried out in one experiment. 
The studies cover (i) crystal growth at larger than those obtained in the same 

apparatus under terrestrial conditions. P- 
Galactosidase shows a 27-fold increase 
and lysosome a 1000-fold increase in 
volume (Figs. 2 and 3). 

3) The crystalline material is well 

terrestrial conditions, showed a strictly 
laminar diffusion process. Convection 
and turbulence could be observed only 
when the payload began to reenter the 
gravitational sphere of the earth. In addi- 
tion, an unexpected result was obtained: 
after only 6 minutes of gravity-free con- 
ditions, several single crystals of P-ga- 
lactosidase formed. The material, exam- 
ined by microscopy under polarized 
light, was rod-shaped and averaged ap- 
proximately 100 pm in length. Because 
of the short crystallization time the crys- 
tals were of inferior quality, but still 
comparable to those obtained under ter- 
restrial conditions in several days. This 
increased tendency for crystals to form 
under microgravity may be due to exist- 
ing areas of molecular order in the highly 
concentrated (30 mg/cm3) protein solu- 
tions. It is plausible that under turbu- 
lence-free conditions such preordered 
clusters can readily aggregate further 
into crystalline material, whereas the 
strong convection that exists under ter- 
restrial conditions would cause them to 
break up into smaller particles or even 
into separate molecules, which would 
take longer to become reordered and 
eventually crystallize (I). 

Considerably longer periods were 
available for crystallization experiments 
on the Spacelab 1 flight. Here we used 
two proteins with widely differing molec- 
ular weights in order to determine the 
extreme limits for future experiments 

constant temperatures (20°C) in a stabi- 
lizer, (ii) crystal growth in an increasing 
linear temperature gradient from -4" to 
20°C (because the solubility of many 
proteins decreases with increasing tem- 
perature), (iii) the use of different protein shaped and of good quality, as deter- 

mined by examinations under polarized 
light. 

4) Wide fronts of diffusion favor the 
formation of large crystals. 

5) Applying an increasing temperature 

concentrations, and (iv) the influence of 
wide and narrow diffusion fronts. 

The device consisted of two acrylic 
blocks, each of which contained four 
samples for crystallization. To suppress 
protease activity which may cause pro- 
tein degradation, the blocks were kept 

gradient improves crystallization of P- 
galactosidase. 

6) Perfect habit is found with crystals near 0°C in a special Dewar storage 
container, kept cold by melting ice with- 
out any external energy supply. They 

grown free, floating out of the solution 
without touching the wall. 

Further investigations and x-ray tests 
are in progress. The question of whether 
this procedure can be applied to the 
crystallization of other types of proteins 
can be answered only after further ex- 

were transported at 0°C into the space- 
craft, where, after conditions of micro- 
gravity were reached, they were re- 
moved from the cooling container and 
placed manually in the apparatus de- 
signed for the crystallization experiment. 
Operation of a switch triggered the ma- 

amination. 
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CHRISTINA JOHN chinery, set at the different initial tem- 

peratures (20°C in the stabilizer, -4°C in 
the freezer), and started the process of 
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After the space mission was termi- 
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retrieved, the events during spaceflight 
were analyzed and the following prelimi- 
nary findings were made. 

1) Protein crystallization takes place 
in the protein chamber because of the 
low velocity of diffusion of the protein 
molecules (see left side in Fig. 1). 

with other proteins of intermediate mo- 2) Single crystals are significantly 27 March 1984; accepted 30 May 1984 
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