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Thaumatin crystallization aboard the International
Space Station using liquid—liquid diffusion in the
Enhanced Gaseous Nitrogen Dewar (EGN)

This paper reports results from the first biological crystal-
growth experiment on the International Space Station (ISS).
Crystals of thaumatin were grown using liquid-liquid diffusion
in Tygon™ tubing transported in the Enhanced Gaseous
Nitrogen Dewar (EGN). Different volume ratios and
concentrations of protein and precipitant were used to test
different adaptations of the vapor-diffusion crystallization
recipe to the liquid-liquid diffusion method. The EGN
warmed up from 77 to 273 K in about 4 d, about the same
time it took to warm from 273 to 293 K. The temperature
within the EGN was 293-297 K for the majority of the
experiment. Air gaps that blocked liquid-liquid diffusion
formed in the tubes. Nonetheless, crystals were grown.
Synchrotron diffraction data collected from the best space-
grown crystal extended to 1.28 A, comparable to previous
studies of space-grown thaumatin crystals. The resolution of
the best ground-control crystal was only 1.47 A. Tt is not clear
if the difference in diffraction limit arises from factors other
than crystal size. Improvements in temperature control and
the elimination of air gaps are needed, but the results show
that the EGN on the ISS can be used to produce space-grown
crystals that diffract to high resolution.

1. Introduction

During the assembly of the International Space Station (ISS),
NASA’s biological crystal-growth program is switching from
an emphasis on using the Space Shuttle Orbiter to an emphasis
on using the ISS. The primary advantages of the ISS are that it
provides the opportunity for longer periods of weightlessness
(1-3 months on ISS versus 1-2 weeks on the Orbiter) and
dedicated facilities that can be used regularly. This paper
reports results from the first biological crystal-growth experi-
ment on the ISS.

In the period 1985-2000, NASA flew 45 biological crystal-
growth missions in space, primarily on the Space Shuttle
Orbiter. About 35% of the proteins, nucleic acids and viruses
that flew more than once produced crystals with better
diffraction limits than any previously terrestrially grown
crystal (Kundrot et al., 2001). Only five of the 45 missions were
dedicated to conducting microgravity experiments. Most of
the missions had a primary purpose that was detrimental for
growing crystals in a low-acceleration environment, e.g.
launching satellites from the Orbiter cargo bay.

Eight missions delivered experiments to the Russian space
station Mir.

Two crystallization methods were developed for the Mir
environment: the Gaseous Nitrogen Dewar (GN2; Koszelak et
al., 1996) and the Diffusion-controlled Crystallization Appa-
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ratus for Microgravity (DCAM; Carter et al, 1999). The
biological crystallization experiments performed on Mir were
subject to the operational constraints of no crew involvement
and no electrical power. Both methods are passive and employ
liquid-liquid diffusion. The DCAM contains a 50 pl micro-
dialysis button in direct contact with a 2 ml reservoir that is
connected in turn to a 8 ml reservoir via an exchangeable gel
plug of varying dimensions. Equilibration between the large
reservoir and the microdialysis button requires weeks or
months. The GN2, on the other hand, is based on the free-
interface diffusion technique (Salemme, 1972, 1985; Zeppe-
zauer et al., 1968). The unique aspect of the GN2 is that the
solutions are first frozen on the ground and later thawed in
space. The thawing initiates the crystallization. The GN2 uses
a Dewar that is charged with 121 of liquid nitrogen before
transporting the experiments to orbit. In a typical configura-
tion, the GN2 holds about 500 segments of Tygon™ tubing,
about 3 mm in outer diameter and 85 mm long, that are sealed
at each end. Each tube contains about 150 pl of frozen solu-
tion. For batch crystallization, the frozen solution is one
homogeneous solution (Fig. 1). For liquid-liquid diffusion
crystallization, one half of the tubing is typically filled with a
solution containing the crystallization target and the other half
is filled with a precipitant. After the Dewar is delivered to the
space station and the nitrogen boils off, the samples melt and
warm up to the ambient temperature. When the solutions
melt, diffusive mixing takes place (Garcia Ruiz et al., 1999). In

(a)

(b)
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(d)

(e)

Figure 1

Arrangements of solutions in tubing (after Koszelak er al., 1996). (a)
Uniform (batch), (b) two-phase, (c) three-phase, (d) sequential step
gradient, (e¢) double interface. The tubes used in this study were 1.6 X
~85 mm and enclosed a volume of about 170 pl.

addition to requiring no crew time or power, the GN2 can
carry a large number of samples, has no moving parts and is
very tolerant of launch delays. The apparatus used in this
work, the Enhanced Gaseous Nitrogen Dewar (EGN), is a
slightly modified version of the GN2. The EGN has the added
capability of measuring and recording the temperature within
the Dewar throughout the mission.

There are two major advantages to conducting liquid-liquid
diffusion experiments in orbit compared with on the ground.
Firstly, the buoyancy-driven convection between the different
density slugs in the tube is severely reduced on orbiting
platforms. To some extent, convective mixing can be mini-
mized on the ground by orienting the apparatus so that less
dense solutions are always above more dense solutions. The
problem remains, however, that a growing crystal will sedi-
ment away from its nucleation site to the bottom of the tube.
The second benefit of the weightless environment of space is
that crystal sedimentation is severely reduced. On the ground,
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Figure 2

The standard hanging-drop experiment. The arrows show the trajectory
of the hanging drop with respect to the protein solubility curve in the
phase diagram as the drop equilibrates. It is assumed that the hanging
drop is a homogeneous solution and that the effects of the solutes in the
protein solution upon the activity of water are negligible compared with
the effect of the solutes in the precipitant solution. Equal volumes of
protein and precipitant solution, each at 1.0x concentration, are added
together to form the initial drop. Both the protein and the precipitant are
therefore initially at 0.5x concentration (point a). The gray arrow depicts
the case where the protein remains in solution. Water evaporates from
the drop until the 1x concentration of the precipitant is restored (point
¢). The black arrows depict the case where the protein comes out of
solution. The trajectory crosses the solubility curve and enters a
metastable region. Upon nucleation of crystal growth (or precipitate
formation) (point b), the trajectory shows a sharp decrease in the protein
concentration as it drops to the solubility curve (point ¢’). The trajectory
then moves along the solubility curve until the final precipitant
concentration is reached (point d'). A priori, the trajectory is confined
to the gray-shaded region. The darker gray region shows the limits
actually attained in the experiment.
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sedimentation can be arrested by a gel network or by a dialysis
membrane (Ducruix & Giegé, 1992; Robert et al, 1992).
However, gels often perturb the crystallization experiment
and membranes limit the distance the crystals sediment rather
than prevent sedimentation. The reduced convection and
sedimentation in space support the formation of a much larger
depletion zone around the growing crystal (Kam et al., 1978;
Otalora et al., 2001). The depletion zone reduces the speed of
crystal growth and may allow a more perfect lattice to be
formed.

The aim of the work reported here was to explore different
ways of adapting terrestrial hanging-drop vapor-diffusion
crystallization recipes for use with the EGN on the ISS. The
protein thaumatin was chosen as a model system because of its
previous crystallization in space (Lorber et al., 1999, 2000; Ng
et al., 1997) and previous studies of its growth mechanism
(Kuznetsov et al., 1999; Malkin et al., 1996, 1999). Previous
diffraction studies of thaumatin have reported diffraction
resolution of 1.65-1.75 A for crystals grown by vapor diffusion
on the ground (Ko et al., 1994; Ogata et al., 1992) and 1.2-1.5 A
resolution for crystals grown in space by liquid-liquid diffu-
sion in the Advanced Protein Crystallization Facility space
flight hardware (Lorber et al., 1999; Ng et al., 1997). The space-
grown crystals grown in this study diffracted to 1.28-1.37 A
resolution, compared with 1.47-1.52 A for the ground-control
crystals.
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Figure 3

2. Experimental
2.1. Experimental design

These experiments were designed to use the EGN in a way
that mimics crystallization conditions experienced in ground-
based vapor-diffusion experiments. More specifically, the
trajectory of the EGN experiment in a phase diagram was
designed in terms of the trajectory followed in the ground-
based vapor-diffusion experiment (Fig. 2).

The simplest adaptation of a hanging-drop crystallization
recipe for free-interface diffusion is the ‘half-and-half’ recipe
(Koszelak et al., 1996). In this approach, half the liquid volume
is protein and half is precipitant. The concentrations of the
precipitant and protein solutions are double the concentration
of their final concentrations in the vapor-diffusion experiment.
When the solution is completely mixed, the final concentra-
tions are the same as the final concentrations in the vapor-
diffusion trajectory. This ‘half-and-half’ recipe results in a
trajectory that is far outside the region of the vapor-diffusion
region (Fig. 3). The protein solution located near the protein—
precipitant interface, for example, will be exposed to 2x
precipitant concentration before it returns to the final equili-
brium value of 1x.

Three series of tubes were set up to explore alternatives to
the ‘half-and-half’ formulation (Table 1). The first series was
designed to minimize the high precipitant concentrations that
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The ‘half-and-half’ free-interface diffusion experiment. The trajectories are shown for a point in the protein solution that is very near the protein—
precipitant interface. The protein diffusion into the precipitant is assumed to be negligible. The gray arrows depict the case where protein remains in
solution. The trajectory begins at zero precipitant concentration (point a) and rises to essentially undiluted initial precipitant concentration (point c¢). As
the precipitant continues to diffuse into the protein region, the precipitant concentration drops until it reaches 1x precipitant concentration (point d). If
the protein is also allowed to redistribute throughout the tube (e.g. over a long time scale or with active mixing), the trajectory reaches the same point as
the final vapor-diffusion experiment (point e). The black arrows show the trajectory taken when protein crystallization/precipitation occurs. The
trajectory begins as before at point a and as the precipitant concentration increases the protein eventually crystallizes or precipitates (point b). As the
concentration of precipitant climbs, the trajectory moves along the solubility curve, passes through the final equilibration point and reaches 2x
precipitant concentration (point ¢’). Lastly, as the precipitant solution is diluted into the protein region, the trajectory retraces the solubility curve to
arrive at the final equilibrium point (point d). Positions in the tube that are further removed from the protein—precipitant interface will have similar
trajectories but the overshoot beyond 1x precipitant concentration will be less.
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develop in the protein solution. This series was a reference
series in that it kept the final concentrations of protein and
precipitant in the fully mixed tube approximately constant.
The variables in this series (compared with the ‘half-and-half’
recipe) were the initial precipitant and protein volumes (and,
by extension, their initial concentrations). The initial precipi-
tant volume was increased so that the precipitant concentra-
tion would be reduced compared with the ‘half-and-half’
formulation. The initial protein volume was decreased by the
corresponding amount while keeping the amount of protein
constant.

This first series sampled trajectories quite different to the
trajectories in hanging-drop vapor-diffusion experiments and
the ‘half-and-half’ formulation. Compared with the ‘half-and-
half’ formulation depicted in Fig. 3, the larger the initial
precipitant solution was, the less the trajectory would over-
shoot the 1x precipitant value. However, the reduction of the
protein volume forced the trajectory to begin at protein
concentrations higher than 2x. The second series of tubes was
intended to ameliorate the potential problems associated with

Table 1
Tubing contents.

higher protein concentrations while retaining the benefit of
lower precipitant concentrations.

The second series repeated the volume fractions of the first
series, but fixed the initial protein concentrations at 1x, i.e.,
the final concentration expected in the vapor-diffusion
experiments. Compared with the ‘half-and-half’ formulation
depicted in Fig. 3, the tubes with a small volume fraction of
protein had a reduced precipitant overshoot as in the first
series, but the trajectories in this series began from only 1x
protein concentration.

The third series incorporated two modifications relative to
the second series. One modification was to prevent the protein
and precipitant solutions from mixing during loading or at low
temperatures. When protein solution is added to a tube
containing frozen precipitant solution, some of the precipitant
solution may thaw and mix with the protein solution. Also, the
two solutions will thaw at around 273 K and there may be
substantial mixing of the solutions before the EGN warms to
ambient temperatures (e.g. 295 K). Therefore, a 10 pl slug of
buffer was placed in between the protein and precipitant. This

slug effectively acts as a fuse that delays the
mixing of protein and precipitant until the
solutions have warmed further. The other
modification was intended to minimize the

Initial Final{ possibility of crystals forming and then later
Tartrate plus dissolving. A small amount of protein was
Thaumatin Tartrate thaumatini  Thaumatin also added to the precipitant solution to
Protein decrease the amount of crystal dissolution
Tube volume Conc. Vol. Conc. Vol. Vol Conc. :
Series ID Crystal fraction (mgml™") (ul) (M)§ (ul) (ul) (mg ml™") that accurs V.Vhen the tubing contents aFe
thoroughly mixed and the crystals must be in
1 HOA  ul, u2 038 39 53 160 87 15 equilibrium with the total volume of the
HOB 0.38 39 53 1.60 87 15 tubin
HOC 0.32 45 45 147 95 14 ubing.
HOD 0.32 45 45 1.47 95 14
HOE 0.26 59 36 1.35 104 15
HOF 0.26 59 36 135 104 15 2.2. Crystallization
HOG 0.20 87 28 1.25 112 17 ® .
HOH u3 0.20 87 28 125 112 17 Tygon™ S-50-HL tubing of 3.2 mm outer
HOI 0.14 132 20 116 120 19 diameter and 1.6 mm inner diameter was
HOJ 0.14 132 20 Li6 120 19 used to contain the crystallization solutions
IKGY 4 0.10 162 14 111 126 16 - y : o
2 HOK 0.38 15 53 160 87 57 All solutions were degassed for 15 min prior
HOL 0.38 15 53 160 87 5.7 to loading. Thaumatin from Sigma (Lot
HOM 0.32 15 45 1.47 95 4.8 . .
HON 0.3 15 45 147 95 i3 1(?8?0299) was dissolved in degassed 'doubly
HOO G1,G2 026 15 36 135 104 3.9 distilled water. A 12 cm length of tubing was
HOP 0.26 15 36 135 104 39 held in a U shape and loaded with precipitant
HOQ 0.20 15 28 1.25 112 3.0 .
HOR 0.20 15 28 125 112 30 solution (Table 1). The tu.be was sealed
HOS 0.14 15 20 116 120 2.1 1.75cm from the end with a SEBRA
HOT 0.14 15 20 116 120 2.1 (Tucson, AZ) Model 1105 Tube Sealer. Any
3 HoU 038 15 3 160 1077 39 air bubbles in the sample were removed b
HOV 0.38 15 53 160 10 77 5.9 bu pie y
HOW 0.32 15 45 147 10 85 5.1 swinging the sample rapidly downward by
HOX 0.32 15 45 147 10 85 5.1 hand. The precipitant solution was frozen by
HOY 026 15 36135 10 9 42 dipping 0.5-1 cm of the crimped end of the
HOZ 0.26 15 36 135 10 94 42 pping t. ¢ crimp
HPA 0.20 15 28 125 10 102 34 tubing in and out of liquid nitrogen several
HPB 0.20 15 28 125 10 102 3.4 times. Once the solution in the tubing began
HPC 014 15 20 L16 10110 23 to freeze, the entire tube was immersed in the
HPD 0.14 15 20 1.16 10 110 2.5 ’

T The final concentration of sodium potassium tartrate was 1.0 M for all tubes. § Tartrate solutions also
contained 100 mM ADA pH 6.5. % 0.5mgml™' thaumatin. 9 Conditions used in a subsequent flight
experiment from STS-98 (ISS assembly flight 5A, February 2001) to STS-102 (ISS assembly flight 5A.1, March
2001) testing the reproducibility of the results. Note: STS flight numbers are not chronological.

liquid nitrogen until all of the solution froze.
The tube was removed from the liquid
nitrogen and protein was added using a
Hamilton syringe. The tubing was immersed
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in liquid nitrogen until the protein
solution froze and was then sealed
about 1.75cm from the end of the
tubing. Frozen tubes were stored at
193 K until EGN loading. Samples were
inspected for tube cracking twice prior
to being loaded in the EGN. The
inspections briefly exposed the samples
to 277 or 295K, but no observable
melting of the tube contents occurred
during the inspection.

2.3. Flight

The samples were loaded in the EGN
on 7 September 2000 and launched on
STS-106 (ISS assembly flight 2A.2B) on
8 September 2000. The EGN was
transferred to the FGB section of the
ISS on 13 September 2000 and stowed
behind panel number 312. NASA has
not provided the orientation of the
EGN with respect to the ISS, so the
direction of the residual acceleration
with respect to the crystallization
experiments is unknown. The EGN was
transferred to an Orbiter, STS-92 (ISS
assembly flight 3A) on 18 October
(note: NASA flight designations do
not follow chronological order). The
Orbiter undocked from ISS on 20
October 2000 and landed at Edwards
Air Force Base on 24 October 2000,
46 d after EGN was launched. Samples
were unloaded from EGN at University
of California-Irvine on 26 October 2000
and distributed to the investigators on
27 October 2000.

Ground controls were prepared as
follows. Tubes were loaded in the same
manner as the tubes that flew in the
EGN. After the temperature data were
available from this first flight of the
EGN, conditions were selected for
thawing the ground-control tubes. It
was not possible to mimic the
temperature versus time profile of the
EGN throughout the entire tempera-
ture range (ie. from 77 to 293 K)

using commonly available laboratory equipment. Therefore,
we selected an arrangement that most closely duplicated the
warming kinetics in the 273-293 K range, as this is the
temperature region in which the precipitant and protein
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Figure 4

The temperature profile of the EGN from the time of loading the EGN for flight 2A.3b through the
recovery of the EGN from flight 3A. The temperature versus time is shown for the complete mission
in (a), the nitrogen boil-off phase in (b), melting in (c) and the ambient period in (d) (EGN
temperature in black, median daily cabin temperature in gray). Zero time is the time at which the
EGN was loaded. The derivatives of the temperature change with respect to time and temperature
are shown in (e) and (f), respectively.

mocouple probe was inserted through a Stryofoam cap that
covered the end of the Dewar. The Dewar was kept in a
horizontal orientation. The Dewar warmed up from 84 to
276.0 K in 20 h and from 276.0 to 293.4 K in 45 h.

solutions in the tubes thaw and begin to mix. A Taylor-

Wharton 10 1 LD Dewar was filled with 500 g of ice and 500 ml
of liquid nitrogen. The ground-control samples were placed in
50 ml conical tubes to keep them dry and laid horizontally in
the Dewar. A Fluke 51 K/J thermometer with a K-type ther-

2.4. X-ray crystallography

Three crystals were studied at beamline 7-1 of the Stanford
Synchrotron Radiation Laboratory 14 d after their return to
Earth. The crystals were mounted in quartz glass capillaries

Acta Cryst. (2002). D58, 751-760
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with plugs of mother liquor sealed with epoxy resin and nail
polish. Crystals u1 and p2 from experiment ID HOA were
mounted in the laboratory 24 h before the experiment. Crystal
u3 from experiment ID HOH was mounted just prior to the
experiment. The crystals were bipyramidal in shape and were
measured at their longest and thickest dimensions. Micro-
gravity has been shown to dramatically reduce the mosaicity of
crystals (Borgstahl ez al., 2001; Ng et al., 1997; Snell et al., 1995,
2001), so data were collected at 295 K to maintain the physical
perfection and deconvolute possible effects of cryocooling. A
wavelength of 1.08 A was used with a MAR 345 imaging-plate
detector and the beam was collimated to 100 x 100 pm. The
protocol for data collection was a high-resolution slow scan
using the full detector at 120 mm distance, with 40 images of 1°
oscillation in dose mode, equivalent to a 30 s exposure at the
start of the experiment. This was followed by a coarse low-
resolution fast scan, with 180 mm of the detector, 20 images, 2°
oscillations and an exposure time equal to a 9 s exposure at the
start of the experiment. If any decay in the images was seen,
the crystals were large enough to allow translation. To initiate
each experiment, a single image was used to index the crystal
with MOSFLM (Leslie, 1992) and to obtain a data-collection
strategy to maximize the completeness of the resulting data.
The strategy adopted was to divide the data collection into two
equal swathes of 20° of reciprocal space each to maximize the
possible data completeness. Crystals 1 and ©3 both required
contiguous 40° swathes; crystal 2 required two 20° swathes,
90° apart.

On a subsequent synchrotron run, data were collected from
two ground-control samples, G1 and G2, from experiment ID
HOO (Table 1) on the same beamline using identical protocols
with the same detector and X-ray dose as used for p1, u2 and
u3. An additional microgravity crystal, u4, from a separate
ISS mission [STS-98 (ISS assembly flight SA) to STS-102 (ISS
assembly flight SA.1)], experiment ID IKG, was also studied
with 20 images of 1° oscillation and ten of 2° oscillation owing
to beamtime constraints. For crystal G1 the maximum
completeness data set was obtained with two 20° swathes 55°
apart while for crystal G2 two 20° swathes 40° apart were
needed.

3. Results and discussion
3.1. Temperature profile of EGN

The EGN temperature profile contains three stages of
interest: (i) nitrogen boil-off, (ii) warm-up to ambient and (iii)
ambient (Fig. 4). In the first stage, changes in cabin pressure
change the boiling point of liquid nitrogen (Fig. 4b). These
temperature variations are not expected to have an effect on
the crystallization since all the solutions are frozen.

In the second stage, the warming is relatively rapid from 77
to 273 K but slow from 273 to 293 K (Figs. 4c, 4e and 4f). The
maximum warming rate occurs shortly after the liquid
nitrogen boils off and is about 100 K d~'. The warming rate
steadily decreases with increasing temperature and at about
199 K the warming rate falls more rapidly with increasing

temperature. This temperature, 199 K, is 50-70 K higher than
the glass transitions of water or protein crystals (Weik et al.,
2001). The transitions from 93 to 193 K and 193 to 253 K both
took 30 h. The transition from 253 to 274 K was similar, 26 h.
However, the final warming from 273 to 293 K required 110 h.
This long equilibration time is presumably primarily because
of the small temperature gradient. The larger heat capacity of
the liquid solutions compared with the frozen solutions may
also have slowed the equilibration rate. Once in the ambient
range, the temperature of the EGN changed at a rate of less
than 3 K d~' (Fig. 4d). The temperature changes of the EGN
correlate with the fluctuations of the ISS cabin temperature.

The slow warming between the melting and ambient
temperatures could have large effects on the crystallization
process. The protein and precipitant solutions will generally
have different melting points and will melt at different times.
This difference in melting times appears to affect where
bubbles form in the tubes (see §3.2). During the 100 h of
warming from 273 to 293 K, a significant amount of diffusion
of tartrate into the protein solution can take place. Tartrate
has a diffusion coefficient of the order of 10 ~> cm?s™}, so in
100 h the root-mean diffusion distance of tartrate will be
almost 3 cm, close to the half the length of the tubing. Some
nucleation and crystallization of protein is therefore possible
at temperatures below ambient and the selection of crystal-
lization targets for EGN should consider this fact.

Once having achieved ambient temperature, there are
significant temperature fluctuations of the order of a day (i.e.
3K d™"). This level of temperature fluctuation may be un-
acceptable for many macromolecular crystallizations.

3.2. Air gaps

Surprisingly, all the sample tubes flown in the EGN
contained bubbles that spanned the internal diameter of the
tubing, i.e. air gaps. There were 3-7 air gaps per tube, with an
average of 4.8 air gaps per tube (standard deviation of 1.2).

The location of the air gaps 4 d after unloading is depicted
in Fig. 5. 29 of the 30 tubes had an air gap at that end of the
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Figure 5

Location of air gaps for series 1. Air gaps (white) and liquid slugs (gray)

are depicted. Protein and precipitant solutions were initially at the

bottom and the top of the tube, respectively.
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Table 2
X-ray data metrics.

The slow high-resolution, fast low-resolution and combined data sets are presented. Values in parentheses are for the highest resolution shell.

Unit-cell
Wilson plot parameters (A)
Resolution R Complete- Unique Mosaicity
Crystal Size Scale factor B factor a=b5b c (A) factor llo ness (%) reflections  (°)
nl 0.97 x 0.57 x 046 1.34 13.0 58.56 151.58
Slow 40-12 9.8 (60.1) 142 (1.3) 64.7(46.1) 54106 0.122
Fast 40-1.9 51(481) 10.7 (22) 427 (35.6) 9270 1.633
Combined 40-1.2 7.4 (60.1) 139(1.3) 743 (47.3) 61964 0.170
u2 091 x 047 x 044 1.18 134 58.53 151.59
Slow 40-1.2 73(57.1) 173 (15) 852 (745) 71094 0.106
Fast 40-1.9 57(13.0) 172(72) 701 (91.1) 15176 0.113
Combined 40-12 8.0(59.0) 17.5(14) 893 (782) 74394 0.105
n3 1.97 x 1.00 x 1.00  1.00 15.3 5850  151.63
Slow 40-12 6.8(39.0) 17.6(1.4) 83.6(49.3) 69528 0.090
Fast 40-1.9 5.2 (10.6) 239 (11.2) 86.5(98.8) 18758 0.097
Combined 40-1.2 6.9 (39.0) 23.8(1.4) 902 (49.3) 75042 0.091
e 0.75 x 0.34 x 0.16 1.85 13.9 58.56 151.37
Slow 40-12 4.7 (394) 179 (14) 723 (243) 60201 0.148
Fast 40-1.9 35(86) 184 (72) 550(76.6) 11916 0.201
Combined 40-1.2 59(393) 17.8(1.3) 72.8(26.1) 60585 0.157
Gl 0.24 x 0.16 x 0.16 4.37 15.7 58.49 151.42
Slow 40-14 55(533) 16.8(12) 89.8(62.5) 47499 0.102
Fast 40-1.9 10.0 (85.3) 8.7 (1.1) 87.7 (86.4) 18987 0.199
Combined 20-1.4 13.9 (55.6) 18.6(1.3)  90.7 (67.3) 47897 0.111
G2 0.34 x 0.18 x 0.18 3.05 14.5 58.52 151.42
Slow 40-1.3 74 (629) 17.1(1.1) 85.7(37.8) 56326 0.118
Fast 40-1.9 11.5 (61.7) 11.2(1.8) 91.5(98.1) 196843 0.317
Combined 40-1.3 15.0 (62.6) 17.5(1.1) 86.6 (37.7) 56926 0.137

tubing which was loaded with protein. About 70% of the air-
gap volume was located in the protein solution part of the
tubing. The total air-gap volume for series 1 (Table 1)
measured on 30 October (4 d after unloading) ranged from 9
to 27% (mean = 14%, standard deviation = 5%) of the total
tube volume.

Additional air gaps formed in the tubes after return to
Earth. These air gaps were produced from pre-existing
bubbles as water evaporated from the tubes. Sample tubes
stored in a 295 K incubator lost 1.1-1.4 mg of mass per day
depending on the relative humidity of the air in the incubator.
Ground-control experiments with tubes partially filled with
water showed a similar rate of mass loss that was, to a first
approximation, independent of the volume of the tube filled
with water. On average, five new air gaps per tube were
formed in between the 6th and 53rd day after flight.

The presence of the air gaps upon sample return to Earth
indicated that the intended liquid-liquid diffusion experiment
did not occur in orbit. Each bubble that forms slows the mass
transport through the tubing. Air gaps block the liquid-liquid
diffusion process entirely, while still allowing vapor diffusion
across the air gap. Smaller bubbles that did not span the
internal diameter of the tubing were also present in the EGN
tubes. Such bubbles alter the equilibration kinetics by
decreasing the cross-sectional area available for liquid-liquid
diffusion. In addition to altering the equilibration kinetics, the
location and time of formation of bubbles cannot be exactly
replicated. Such crystallization experiments are therefore not
reproducible.

There appear to be two processes that create the air gaps.
The melting of the protein and precipitant solutions initially
produces air gaps. The 85 cm tubing can hold about 170 pl of
liquid. However, the freezing of the tubing in liquid nitrogen is
slow enough that the solution expands as it freezes. Only
about 140 pl of liquid can be accommodated after it is frozen if
the tube is kept open during freezing. Therefore, when the
solid melts, the volume of the tubing contents decreases from
170 l of solid to 140 pl of liquid. The difference of 30 pl leads
to the formation of air gaps in the tubing. Other samples
prepared by sealing both ends of the tubing prior to freezing
also exhibited air gaps (A. McPherson, personal communica-
tion).

Evaporative loss of water (and other volatile components)
through the tubing also produces air gaps by allowing existing
bubbles to grow. In orbit, all the samples are enclosed in a
sealed cylinder. Since the water activity of the samples in the
cylinder differ, water may be exchanged between tubes via the
vapor phase. Ground experiments show that tubes containing
3 M Na(l solution in contact with moistened Kim-Wipes gain
about 0.27 mg per day. So, after thawing, some tubes in the
EGN cylinder may lose water and some may gain water. After
the EGN is returned to Earth and the cylinder is opened,
however, all tubes begin to lose water through this evaporative
process.

Subsequent ground experiments have shown two simple
ways of preventing air-gap formation. The first is to crimp both
ends of the tubing before the final freezing step. This is the
standard method used by McPherson, Koszelak and collea-
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Figure 6

Diffraction data. (a) Plot of signal to noise against resolution for all
crystal samples from 3.0 A to the maximum resolution of the data set.
Each point represents the midpoint of the resolution bin for the data. (b)
Magnified region between 1.55 A and the resolution limit.

gues. It reduces the number of air gaps formed, but does not
eliminate them entirely. The principal drawback of crimping
both ends before freezing is that full tubes often burst during
the freezing process and therefore cannot be loaded into
EGN. The second remedy is to fill the tube partially rather
than completely. The partially filling of the tube also amelio-
rates the problem of crimping both ends of the tubing prior to
freezing by providing room for the expansion of the solid.
Smaller sample volumes are also more conducive to structural
biology investigations that have limited quantities of the target
being crystallized.

Despite the formation of air gaps and bubbles, this series of
crystallization experiments produced crystals that diffract to a
comparable resolution to thaumatin crystals grown with
different apparatus in agarose gel using the dialysis method on
a previous microgravity mission (Lorber ef al., 1999).

3.3. Synchrotron results

The data were integrated using DENZO and reduced with
SCALEPACK (Otwinowski & Minor, 1997). The results are
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Figure 7

Plot of the scale factor obtained from SCALEPACK (Otwinowski &
Minor, 1997) against the image number. The scale factor has been
normalized to the first image. Clearly illustrated is the data-collection
protocol of a slow high-resolution pass in the first 40 images followed by a
quick low-resolution pass for the final 20 images. All microgravity crystals
except ul were translated in the beam after image 20 was collected.
Crystal 4 had a reduced data collection as described in the text.

summarized in Table 2. Crystal 43 provided a good data set to
1.28 A at the 21/ level and these data together with extra data
collected on that crystal are being used for structural refine-
ment. Crystal 1 decayed rapidly in the X-ray beam, as can be
seen by comparison of the low-resolution pass with that of the
other two crystals. The large mosaic spread seen for the fast
scan of crystal ©1 is a consequence of radiation damage from
the previous slow-scan data collection. The decay prompted a
50 pm translation after the first 20 images. During the fast
collection of crystal ;2 the beam was lost and the fast data set
had to be restarted after a refill. Crystal 43 did not show
radiation decay after the first 20 images but was translated by
100 pm to preempt any that might occur.

The ground crystals G1 and G2 diffracted to lower resolu-
tions of 1.52 and 1.47 A for G1 and G2 at the 2l/o level,
respectively. The ground crystals were smaller than the
microgravity crystals and, given the beam size, could not be
translated to minimize radiation-damage effects.

Fig. 6 shows plots of the signal to noise of the data from the
crystals from 3 A in Fig. 6(a) and the high-resolution region
enlarged in Fig. 6(b). The general trend is for the microgravity
crystals to show improved signal to noise throughout, with the
exception of 1 which clearly shows the radiation decay in the
low-resolution fast-pass data set. Looking at the high-
resolution data (Fig. 6b), it becomes clear that the micro-
gravity crystals diffract more strongly: this is not an
unexpected result given the illuminated volume differences.

Fig. 7 plots the scale factor for each image based on
normalizing to the first image in each data set. The scale factor
corrects for X-ray beam decay and radiation effects in the
crystal. Because dose mode was used throughout for each
sample, we can neglect the effects of beam decay as each
image resulted from a comparable number of X-ray photons.
Once care has been taken that the error model for each crystal
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is accurate, the reduction in scale factor arises entirely from
the crystal decay. Esposito et al. (1998) noted reduced X-ray
radiation in their microgravity samples compared with their
earth-grown crystals. In Fig. 7 this would be evidenced by
different gradients. There is not a discernible difference in this
case. Fig. 7 is also interesting from a data-collection stand-
point. It is clear that collecting two swathes of data separated
by a number of degrees provides better data. It is even clearer,
and common knowledge, that translation of a crystal is
beneficial to a good data set. Crystal pul suffered from
significant radiation decay and it seems that this may have
been prevented had the crystal been translated, as in the case
of crystal u3.

The microgravity crystals appear better in every metric
examined, with higher resolution, signal to noise, improved R
factor and completeness. Mosaicity has been seen to drama-
tically improve in microgravity (Borgstahl et al., 2001; Ng et al.,
1997; Snell et al., 1995, 2001). The values presented here,
however, show no clear trends. This is not surprising as the
mosaicity is a convolution of instrumental, spectral and
geometric effects (Bellamy et al., 2000) with the mosaicity of
the crystal. The beamline used, 7-1, focuses the X-ray radia-
tion, hence the mosaicities noted in Table 2 mask those of the
crystal.

The reason for the improvement in diffraction resolution
from the space-grown crystals is unclear. The space-grown
crystals were larger but the 100 pum square synchrotron beam
was smaller than the crystal cross sections so only the depth of
the crystal illuminated by the X-ray beam differed between
crystals. The linear dimensions of the space-grown crystals are
six to nine times larger than the earth-grown crystals. The scale
factor between u3 and G1 is 4.36 (Table 2). Therefore, the
illuminated volume is one contribution. Ideally, crystals of the
same volume from both space and ground populations should
be used for a strict comparison. This option was not available
to us as the microgravity crystals were consistently larger than
the ground controls. The crystal order, as measured by Wilson
plots, does not appear to be different between space-grown
and earth-grown crystals; the B factors for all crystals are in
the range 13.0-15.7 A2 One other source of improvement
could arise from reduced background levels in the space-
grown crystals, which could be caused by reduction in long-
range disorder that produces diffuse scatter near the Bragg
peak.

3.4. Extensions of the method

Many extensions to the EGN method presented here are
possible. The experiments described in this work are the first
steps in one approach toward adapting vapor-diffusion recipes
for free-interface diffusion. Additional refinements can be
made to make the free-interface diffusion trajectory coincide
more closely with the vapor-diffusion trajectory. The protein
solution could contain precipitant, but in an amount that
keeps the protein soluble throughout the EGN temperature
range, i.e. between 273 and 303 K. Similarly, the precipitant
solution could contain a subsaturating amount of protein

solution. It is important that the solution be subsaturating at
ambient temperatures, but if the precipitation of the protein at
lower temperatures is reversible, precipitation at low
temperatures is probably acceptable. In general, there is a
need to strike a balance between two mutually exclusive
choices in this approach: (i) create the same endpoint as the
ground-based vapor-diffusion conditions or (ii) stay within the
envelope of vapor-diffusion precipitant conditions.

In some cases, however, it may be desirable for the free-
interface diffusion trajectory to be quite different from the
vapor-diffusion trajectory. One example is the crystallization
of complexes. To crystallize the complex A-B, it may be
desirable to have one solution containing A and a second
solution containing B so that crystallization will occur at the
interface of the solutions.

4. Conclusions

The EGN used on ISS has several limitations, but produces
high diffraction quality protein crystals. The slow warming of
the crystallization tubes (warming from 273 to 293 K takes
about 4 d) must be considered in the choice of crystallization
target and the arrangement of protein, precipitant and buffer
slugs in the crystallization tube. The temperature environment
for this flight of EGN was too variable for many crystallization
systems. After initially warming to 293 K, the EGN underwent
periodic temperature variations that were superimposed on a
generally upward trend. The peak temperature was over
297 K. The second limitation was the formation of air gaps and
bubbles in the crystallization tubes that blocked or retarded
liquid-liquid diffusion. The time and location of air-gap
formation is not known and is unpredictable. The air gaps
prevented the original intent of the experiment (testing the
effect of different volume ratios and concentrations of protein
and precipitant on the liquid-liquid diffusion method) from
being carried out. Despite these limitations, thaumatin crystals
grown in the EGN diffracted to higher resolution than ground-
control crystals. It appears worthwhile then to refine the use of
EGN on ISS to provide a robust method of growing crystals of
a wide range of proteins, nucleic acids, viruses and complexes.
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