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Protein crystal growth results for shuttle flights STS-26 and STS-29
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Recent advances 1n protemn crystallography have sigmficantly shortened the ume and labor required to determune the three-
dimensional structures of macromolecules once good crystals are available Crystal growth has become a major bottlencck in further
development of protein crystallography Proteins and other hiologieal macromolecules are notonously difficult to crystallize Even
when usable crystals are obtained, the crystals of essennally all proteins and other biological macromolecules are poorly ordered, and
diffract 1o resolutions considerably lower than that available for most crystals of simple orgame und inorganic compounds One
promusing area of research which 1s receiving widespread attention 1s protem crystal growth i the mucrogravity environment of space
A senes of protemn crystal growth experiments were performed on US shuttle flight STS-26 1n September 1988 and STS-29 1n March
1989 These protemns had been studied extensively in crystal growth expenments on earth prior o the mucrogravity expenments For
those proteins which produced erystals of adequate size, three-dimensional intensity data sets with electrome area detector systems
were collected Comparisons of the mucrogravity-grown crystals with the best earth-grown crystals obtained in numerous expenments
demonstrate that the microgravity-grown crystals of these protemns are larger, display more uniform morphologies. and yield
diffraction data to sigmficantly lugher resolutions Analvses of the three-dimensional data sets by relauve-Wilson plots indicate that
the space-grown crystals are more tughly ordered at the molecular level than therr carth-grown counterparts

1. Introduction

A number of exciting protein crystallography
projects are often terminated because of the in-
ability to obtan crystals of suitable quahity for
high-resolution diffraction analyses. One prom-
1sing new development in protein crystal growth
ivolves studies of crystal growth processes in the

mucrogravity environment obtainable i space
[1.2]. The major motivation bchind these space
experiments 15 to eliminate the density-driven con-
vective [low that accompanies crystal growth
gravitational fields [3.4]. In addition, sedimenta-
tion of growing crystals, which can interfere with
the formation of single crystals, 1s elininated 1n
the absence of gravity.
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The first microgravity protein crystal growth
e periments were performed on Spacelab 1 by
L ttke and John [5]. These cxperiments indicated
that the space-grown crystals, which were ob-
tzined vsing a liquud-hqud diffusion system, were
larger than crystals obtained by the same experi-
mental system on earth, Experiments on four space
st uttle mussions in 1985 and 1986 were used to
divelop an apparatus for protemn crystal growth
b:- vaper diffusion techniques [5]. This equipment
w1s used 1n protein crystal growth experiments on
US space shuttle flights STS-26 and STS-29. This
p: per presents the results obtained from these two
flight experniments.

2. Hardware development

The space shuttle experiments involved crystal
growth by a vapor diffusion technique, which is
closely related to the widely used hanging drop
m :thod of protein crystal growth on earth [7]. This
m::thod was chosen for several reasons:

(1 Most protein crystallography laboratories have
cxlensive expenience with this method and a large
percentage of the protemn crystals described in
recent publications have been obtained using this
tec hnique.

(2 This techmque is particularly amenable to
crstallization experiments involving small quant-
ties of protemn.

(3 In a microgravily environment, relatively large
st ble droplets of protein solution can be formed
w1 h minimal surface contacts, thereby decreasing
possible nucleation sites and eliminating wall ef-
fects that generally accompany crystallization ex-
peiiments on earth.

The hardware was developed by using a sumple
picce of equipment that was easily modified and
im sroved through a series of four shuttle missions
in 1985 and 1986. Crystals are grown in 40 pl
droplets that are extruded from syringes and sub-
sec uently permitted to equilibrate with solutions
of precipitating agents contained within closed
ch: mbers.

Fig. 1 shows the principle behind the design of
the apparatus developed for protein crystal growth
by vapor diffusion techniques. Each experiment

Fig 1 Crystal growth chamber (a) unstoppered syrninge with

protemn and precipitant solutions extruded o droplet on

syringe up. (b} stoppered syringe (configuration durmg launch
and landing)

takes place withun a sealed chamber that has a
volume of = 5.3 ¢’ with clear plastic windows
for visual and photographic monitoring of crystal
growth. The back chamber windows are covered
with a polarizer to enhance photography of the
crystal growing within the droplets. Prior to
activation of the expertment the protemn solutions
are contained within double barrel syringes which
are stoppered during launch and landing (fig. 1b).
The two barrels of the syringes are filled with
protein  and precipitant solution respectively.
Growth is activated by withdrawing the stopper
and extruding the protemn and precipitant solu-
tions simultaneously onto the syringe up (fig. 1la).
The combined protein-precipitant droplet equi-
librates with a wicking matenal saturated with an
equilibration solution. After the crystallization ex-
periment is complete, the protein solution contain-
g the crystals 1s withdrawn back into the syringe
and the stopper 1s reinserted on the tip. One entire
vapor diffusion tray with dimensions of 35.8 x
1.66 X 86 cm contains twenty crystal growth
chambers (fig. 2). Three vapor diffusion trays are
contained 1n a refrigeration incubator module
(RIM) which occupies one muddeck locker on the
shuttle. The RIM 1is capable of maintaining any
set temperature between 2 and 35 + 0.8° C (fig. 3).
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Fig 2 Vapor diffusion tray

All solutions were loaded into the shuttle
equipment approximately 24 h prior to launch.
Once in orbit, crystal growth was activated by
extruding the solutions onto the tip of the syringe.
where mixing of the protein solution and precipi-
tating agent was achieved by repeatedly withdraw-
g and extruding the solutions. The suspended
droplet was then allowed to equilibrate with the
surrounding solution of precipitatung agent. The
protein droplets are photographed after activation
and at 24 h mtervals during the shuttle flight. At

the end of the nussion. the solutions and sus-
pended erystals are withdrawn into the syrimges
which are stoppered for return to earth The cx-
penmental apparatus 15 contained within the RIM
maintained at a temperature of 22.8 + 0.7°C from
the time that the samples are loaded untl the
analyses of the crystals could be performed
Shghtly higher temperatures occurred for short
penads of time durmg the photographic sessions.

Immedhately after the shutde landed, the
hardware was transported 1n the RIM to Birming-
ham where the analyses were imtiated. The space-
grown crystals were extruded into depression
plates, sealed with glass covershps and photo-
graphed using a binocular mucroscope. Selected
crystals were sealed in glass capillaries for X-ray
diffraction analysis

Ground control expeniments were performed n
equipment identical to that used for the shuttle
experiments. These control cxpenments began
seven days after the shuttle landed, using the same
protein solutions and identical loading, activation
and deacuvation times as those that were followed
for the shuttle experniments. In addition, extensive
contral experiments were performed i prototypes

Fig 3 Refngerator incubator module contaimng three vapor diffusions trays To activate and deactivate the experiments, a ganging
mechanism altached to each tray 1¢ manually operaled by the astronaut Fluctuations m temperature are recorded with a data logger
via threc sensors which are located under each vapor diffusion tray
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of the space shuttle hardware before and after the
s1uttle experiments were completed.

3. STS-26 analysis

X-ray diffracton photographs were obtained
f-om a number of crystals grown n the space and
ground control experiments These photographs
vere obtatned with crystals in stauonary orenta-
t ons. using specially constructed cylindrical cas-
s:ttes mounted on rotating anode X-ray genera-
tors. More detailed X-ray diffraction studies were
performed with Nicolet area detector systems [8],
Lsing rotatng anode X-ray generators with copper
tirgets, at the University of Alabama at Birming-
Fam, DuPont and Merck. Three-dimensional X-
riy diffracthion data sets were collected from
syace-grown crystals of all three compounds.

The X-ray diffraction photographs obtained
f-om crystals grown in the space and control ex-
reriments were used for qualitative evaluation of
ciffraction resolutions The results from these
analyses are consistent with the more detailed
s udies performed using three-dimensional data
s :ts measured with the area detector systems. Since
evaluation of diffraction resolutions from photo-
graphs 1s highly subjective, and 1s often dependent
vpon crystal onentations, we have depended prim-
arily upon three-dimensional intensity data sets
[>r comparison of space and earth-grown crystals.
The techniques and crystal growth conditions used
for the space expeniments closely parallel the vapor
diffusion experiments that have been uscd in
numerous studies on earth with these three pro-
temns. Consequently, three-dimensional X-ray dif-
f action data sets obtained from the space-grown
¢-ystals were compared with the best data sets
that had been obtained from earth-grown crystals
cl these proteins using area detector systems and
experimental protocols similar to those followed
for obtaining data from the space-grown crystals.

Intensity data sets from crystals of these three
protemns were analyzed 1 a variety of different
ways There are no uniformly accepted criteria for
aisessing the quality of protemn crystals, but the
general criteria of interest from a practical stand-
point are assessment of the largest Bragg angles at

which usable data can be measured, and evalua-
tion of the percentage of data above background
levels throughout the data collection range. Conse-
quently, plots were made of average I/o(/) (7=
intensity) values versus diffraction resolution, and
percentages of data above various cut-off levels as
funcnions of resolunon. In addition, data sets from
space and earth-grown crystals were compared by
using Wilson plots [9]. Wilson plots can be used to
esumate the overall B values for the crystals.
which are related to the root-mean-square dis-
placements at atomic positions. These B wvalues
reflect the mternal order within the crystals Wil-
son plots frem proteins are generally difficult to
interpret. However, relative-Wilson {(also known
as difference-Wilson {9]) plots are useful for
assessing changes in the nternal order of protemn
crystals. These plots of In(EF?/LF?) versus
4 510’8 /A are routmely used to charactenize and
compensate for the disordering effects resulting
from the diffusion of heavy atom dervatives mto
protein crystals. The slopes of these plots are
directly related to the difference in overall B
values for two different crystals, a and b (a corre-
sponds to the space-grown crystals and b to the
earth-grown crystals in the following relative-Wil-
son plots).

3.1 Results-y-interferon (y-IFN D)

The STS-26 experiments included an en-
gineered form of y-IFN D. Crystals of this protein
are trigonal, space group R32, with a=5b=114 A
and ¢ = 315 A. They are grown from a solution of
49% ammonmum sulfate, 0.05M Na acetate, pH =
5.9 [10]. A large number of crystallization experi-
ments have been performed at the Umversity of
Alabama at Birmuingham with this protein over a
two-year period, and several three-dimensional
data sets have been collected using electronic area
detector systems. Crystallization conditions for the
STS-26 experiments were 1dentical to  those
routinely used for crystal growth studies on earth.
Several crystals were obtained that were as large
as or larger than the best that have been produced
in the ground experiments. One of the crystals of
v-IFN D grown on STS-26 was approximately
50% larger than the largest crystal that had been
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obtained previously. This erystal 1s depicted 1n fig
4. The overall morphology 1s sumular to the earth-
grown crystals, although the one depicted 1n fig. 1
1s somewhat thicker than those routinely obtained
wn laboratory studies.

Three-dimensional intensity data were collected
from the crystal shown in fig. 4, and these data
were compared with data sets obtamned from
earth-grown crystals. Fig. 5a shows the distribu-
tions of observable data (//¢(/) > 5) from the
space-grown crystal and data sets obtamned from
several of the best earth-grown crystals that had
been obtammed previously. All of the data sets from
earth-grown crystals display the same general 1n-
tensily pattern as a function of resolution. On the
other hand, the space-grown crystal displays a
sigmificant increase in measurable data throughout
the resolutien range, with a significant fraction of
measurable data at resolutions where the earth-
grown crystals display no significant diffraction

The intensity data set collected from the
space-grown crystal of v-IFN D 1s clearly superior
to any data obtained previously. In principle, this
improvement could reflect enhanced counting sta-
tistics resulting from the larger crystal volume.
However, examunation of a relative-Wilson plot
that compares data from the space-grown crystal

Fig 4 Crystal of y-IFN D grown on STS-26 This crystal has
dimensions of 07 X0 5xX04 mm
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Fig 5 Companson of diffraction intensity data for (a) space-
grown y-IFN D crystal and the data obtained from four of the
largest earth-grown crystals of y-IFN D, (b) space-grown
elastase crystal and an elastase crystal of comparable size
grown on earth, (¢) companson of ntensity distnbutuons for
space-grown and earth-grown crystals of 1socitrate lyase

with those [rom one of the better earth-grown
crystals indicates that the space-grown crystal dis-
plays a lower effective B value. This relative-Wil-
son plot 15 shown 1n fig. 6a. If the effective B
values of the two crystals were comparable, the
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Fig & Relauve-Wilson plot companng space-grown and
ear h-grown crystals of (a) y-IFN D, (b) porcine elastase and

(c) socitrate lyase In addition, a relauve-Wilson plot compar-
ng two carth-grown crystals of ¥-IFN D 15 shown in (a)

relative-Wilson plot should be flat with a slope of
zer> For comparative purposes, a Wilson plot
usi1g data from two of the ground grown y-IFN
D crystals 1s shown. The slope for this plot 1s
ess:ntially zero, whereas the space versus ground
plot displays a positive slope throughout the reso-
lubon range. with a steeper slope at the higher
resolutions, 1ndicating that the B value for the

space-grown crystal 1s lower than that for the
earth-grown crystal.

3.2 Porcne elustase

Crystals of porcine elastase are orthorhombic.
space group P2,2,2,. with a= 309 A, h =572 A,
and ¢=750 A Crystals were grown by seeding
techniques from solutions of precipitant (1.5 M
NaS0,, 0.1M sodium acetate, pH=>5.0 [11]).
Crystals were grown on STS-26 by adding small
seed crystals to the solution of precipitating agent
in one side of the double-barreled syringes. The
seed crystals used were approximately 50 pm in
the maximum dimension. Fig. 7 shows a sequence
of photographs obtained at 24 h intervals during
STS-26 depicting growth from one of the elastase
seed crystals. The seed crystal can be seen sus-
pended within the droplet shortly after experiment
activattion. By the second day, the crystal has
become attached to the surface of the droplet. The
crystal then continues to grow intc the solution
during the flight. The final ¢rystal produced i the
expenmental sequence depicted in fig. 7 15 2.05
mm long, which 1s considerably larger than any
elastase crystals obtained 1n ground-control stud-
ies. Fig 8 shows a typical elastase crystal obtaimned
i rmucrogravity. A number of well formed eclastasc
crystals in the range 0.5-2.0 mm were obtained on
STS-26. Three-dimensional intensity data were
collected from a space-grown crystal that had
dimensions comparable to the dimensions of
earth-grown crystals studied earlier.

Fig. 5b shows a comparison between the inten-
sity data sets from one of the space-grown crystals
and an earth-grown crystal of comparable volume.
The space-grown crystal of elastase produces sig-
nificantly more data at all resolution ranges, with
appreciable enhancement in the ultimate resolu-
tion at which measurable data can be obtamed,
The relative-Wilson plot comparing data from the
space-grown crystal with that from the earth-grown
crystal 1s shown in fig. 6b This plot does not
reveal a significant difference in B values lor data
m the lower resolution ranges, but the higher
resolution data indicate that the space-grown
crystal has a significantly lower overall effective B
value.
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3 3 Isocrirate Ivase

Crystals of 1socitrate lyase are orthorhombic.
space group P2,2,2,.with ¢ =807 A, b=1231 A
and ¢=1834 A. Crystals were grown from a
soluttion of 1.7M sodium citrate. 0 1M Tns-HCL.
pH = 8.0, Crystalhzation experiments on earth

have invanably resulted i the growth of dendritic
clusters, such as that depicted n fig. 9a.

An improved habit for socitrate lyase was ob-
served from the experiments on STS-26. Although
some dendritic growth was found 1n the space
samples. a number of well-formed prisms, de-
picted n fig. 9b, were obtained n the microgravity

Fig 7 Crvstal of porcine elastase growing 1n mucrogravity at (a) mitial seeding stage, (b) end of dav L, (¢) end of day 2, and (d) ¢nd of
day 3 unmediately before retracting the droplet and crystal into the svringe
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Fiy 8 Crystal of porcine elastase from the space expeniment
Tte crystal grew from a seed and 1s approximately 15 mm 1n
length Several smaller crystals grew 1n the same droplet

experiments. These prisms belong to the same
space group as the earth-grown dendrites How-
over, they yield 1ntensity data that are consider-

ably superior to those obtained previously. Fig. 5¢
compares the mntensily data {from a spacc-grown
prism with one of the better data scts obtained
from carth-grown crystals of 1socitrate lyase The
space-grown ¢rystal produced data of higher qual-
ity throughout the resolunion range Fig 6¢ shows
a relative-Wilson plot for the space-grown and
earth-grown crystals of i1socitrate lvase Except at
the lowest resolution range, the plot indicates that
the space-grown crystal has a sigmlicantly lower
effecive B value than the earth-grown crystal.

Of the aight other protewns crystallized on STS-
26 112), s1x did not produce crystals large cnough
for diffraction analysis. One produced only a par-
val data set, the analyss of which was inconclu-
sive when compared to earth data. The final pro-
tem (canavalin) displayed higher resolution ( ~ (0 2
A) on the film data, but the 3D data could not be
processed because of experimental difficulties that
arose during the data collection process.

4. STS-29 results

Fifteen different protein samples were flown on
STS-25 Unfortunately. showers of small crystals

if"’m&

Fig 9 (a) Typical dendntic morphology for socitrate crystals grown on earth The vertical and horzontal dimensions of this
der dritic cluster are ) 74 mm and ( 46 mm, respectivety (b) Prisms of 1socitrate Iyase grown on STS-26 The crystal dimensions are
approximately 04 <0 25x0 04 mm
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were produced in every chamber flown for all
fifteen of these protemns. It 1s not clear what
caused this. In spite of this, one crvstal of the
protein y-interferon grew large enough to collect
3D data. Although the crystal was 0.2 mm smaller
in cach dimension than the four earth-grown
crystals used for comparnison of the STS-26 data,
the STS-29 space-grown crystal still produced data
that were measurably better throughout the reso-
lutton range and extended further in resolution
than the best ground-based crystals. The relative-
Wilson plot indicated once again that the B value
for the space-grown crystal 1s lower than that for
the earth-grown crystals. In addition, three large
crystals (~ 04 x03x05 mm) of the protein
Lathyrus ochrus lectin | were also obtained. Data
were collected to high resolution from one of these
crystals and the structure was determined by
molecular replacement methods Crystals grown
on earth by similar methods are smaller and dis-
play a different habit A detailed comparnison of
the space and ground data will be published
clsewhere (personal communication, Juan Fonte-
cilla, Umversity of Marselle)

5. Discussion

The results from STS-26 and STS-29 indicate
that when the growth conditions are optimized,
the microgravity-grown crystals of certain proteins
are supenor to crystals obtamned under compara-
ble conditions on earth. In general, the space-
grown cryslals arc larger and display more uni-
form morphologies than crystals grown under sim-
ilar conditions on earth; thus finding is consistent
with earlier space experiments i protein crystal
growth [5,6]. Analysis of three-dimensional X-ray
diffraction intensity data sets for crystals of three
proteins grown under microgravily conditions
shows diffraction to higher resolution than the
best crystals of these protemns that have been
grown on earth.

The improved diffraction patterns from the
space-grown crystals may not be entirely attribu-
table to enhanced internal order of the crystals.
Intensity dalta sets were collected 1n three different
laboratones 1n order to obtain the data as rapadly

as possible after the space experiments and to
collect data at locations where earth-grown crystals
were routinely analyzed. Although the same type
of area detector system was used 1n these three
laboratories, there were vanations i data collec-
tion procedures. However, when the results for
these experiments are considered together, the data
indicate that protemn crystals grown under micro-
gravity conditions diffract to hgher resolution
than the best crystals obtained under similar con-
ditions on earth.

The relative-Wilson plots indicate that the
space-grown crystals are more highly ordered at
the molecular level than crystais grown by the
same method on earth. Crystals from these pro-
teins produce relative-Wilson plots that indicate
lower overall mean-square-atomuc-displacement
values for the space-grown crystals. These B val-
ues would be expected to reflect thermal motion,
biochemical heterogeneity, conformational hetero-
geneity. and deviations from ordered crystal-pack-
ing patterns [t seems unlikely that gravity could
affect any of these parameters except molecular
order at the Jattice level. Under microgravity con-
ditions, convective flow patterns that accompany
crystal growth would be clmnated. thus gener-
atmg a more controlled environment at crystal
mterfaces. Since protemn crystals are relabvely
weakly bonded. with water bridges playing pre-
dominant roles, 1t may not be surprising that
molecular-packing patterns would be more regular
in the absence of convective flows.

The results that we have obtained are especially
striking, since we have compared a single set of
microgravity expertments with the best of exten-
sive experuments that have been performed on the
ground. A one-to-one comparison between the
microgravity experiments and the corresponding
control experiments performed immediately after
the shuttle flight 15 even more dramatic For exam-
plc. we obtamned only small crystals of y-IFN D in
the control expertments, and relatively small den-
dritic clusters of socitrate lyase The control ex-
periments for elastase produced only crystals with
dimensions less than about 0 4 mm. These results
from a single set of control experiments simply
emphasize the hmited reproducibility that s ob-
tained 1n most protein crystal growth experiments.
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The advantage of the vapor diffusion system that
wz have selected for the shuttle experiments is that
it permits us to compare limited space experi-
irents with a vast array of data obtained by hang-
ing-drop experiments under laboratory conditions
on earth. Using this technique, we plan to extend
these space expeniments to include a number of
other protens, nucleic acids. and protein-nucleic
acid complexes that have been studied extensively
on earth by vapor diffusion methods.
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