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Abstract

The crystallization of proteins and other biological particles (including nucleic acids, nucleo-protein complexes and large assemblies such
as nucleosomes, ribosomal subunits or viruses) in a microgravity environment can produce crystals having lesser defects than crystals
prepared under normal gravity on earth. Such microgravity-grown crystals can diffract X-rays to a higher resolution and have a lower mosaic
spread. The inferred electron density maps can be richer in details owing to which more accurate three-dimensional structure models can be
built. Major results reported in this field of research are reviewed. Novel ones obtained with the Advanced Protein Crystallization Facility are
presented. For structural biology, practical applications and implications associated with crystallization and crystallography onboard the

International Space Station are discussed.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Well-diffracting crystals are the prerequisite for any
crystallographic analysis. This is especially true in biology
since X-ray and neutron crystallography are the major
methods to accede to the three-dimensional positions of
individual atoms in natural or modified macromolecules and
supra-molecular assemblies. The body of atomic coordi-
nates of proteins, nucleic acids and sub-cellular or viral
particles deposited with the Protein Data Bank http://
www.rcsb.org/) inflates each day. It can be foreseen that,
in the years ahead, the pool of data for medicine-relevant
macromolecules will rapidly be augmented by the increas-
ing flow of proteins coming from post-genomics technolo-
gies. To cope with the demand for structural data, new
approaches are being implemented to accelerate crystal
preparation and analysis. Robots and image processing
technologies already handle great numbers of samples for
high-throughput crystallization. Progressively, the automa-
tion of various steps of the crystallographic analysis, from
the freezing of the crystals to the collection of the diffraction
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data with synchrotron sources, their subsequent computing
and the building of three-dimensional structure models
shorten the process of structural determination.

The preparation of a pure, homogeneous and monodis-
perse sample is usually the first rate-limiting step in the
crystallization of a biological macromolecule. Afterwards,
the search of conditions leading to the formation of crystals
is often a bottleneck. Indeed, an aqueous solvent must be
found in which the macromolecule is still soluble but tends
to aggregate in an ordered way [1,2]. Sparse matrices are an
efficient approach to identify a crystallizing agent (either a
salt, an alcohol or a polymer such as polyethylene glycol), a
buffering substance giving the right pH and any necessary
additive. Protein families sharing common surface or sol-
ubility properties often crystallize under close solvent con-
ditions. Once a crystal is obtained, it must have satisfactory
diffraction properties, and if this is not the case the initial
conditions must be refined. Owing to the intense X-ray
beams delivered by synchrotrons, crystals measuring no
more than a few tens of microns in thickness may be
sufficient to collect complete intensity data sets suitable
for structure determination.

Crystal quality is generally evaluated using two criteria:
(i) resolution (the higher, the better) quantifies the limit of
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Table 1
Beneficial effects of microgravity on macromolecular crystallization and
crystal quality

(a) Crystallization under microgravity vs. under gravity

More synchronous nucleation and growth

Less heterogeneous nucleation on solid surfaces
Fewer crystals with large volume

Well-shaped crystals with fully developed faces

(b) Crystals prepared under microgravity vs. under gravity

Higher ratio of diffraction intensity vs. background
Higher diffraction limit

Lower mosaicity

Less diffuse scattering (lower thermal motion)

diffraction; (ii) mosaic spread or mosaicity (the lower, the
better) measures the misalignment of the microscopic blocks
building a crystal or, in other words, the degree of perfection
of the lattice. Crystal quality is critical since it defines the
amount of details seen in the electron density map. Ulti-
mately, the accuracy of the structure model depends upon
the latter.

The aim of the studies dealing with macromolecular
crystal formation is to understand how crystal nuclei are
formed in a supersaturated solution, how they grow from
sub-micron to millimeter size, and how best crystals can be
prepared. Most physico-chemical, biophysical or physical
methods have been employed to analyze the crystallogene-
sis of biological particles. All investigations are in agree-
ment with the fact that the laws for small molecules (like
table salt) and macromolecules are the same. Hitherto, many
variables have been explored to find a way to gain control
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over crystallization or to produce crystals with minimal
defect that diffract X-rays at highest resolution. An impor-
tant result is that monodisperse solutions have a higher
probability to crystallize [3].

Over the last decade, crystallization in a microgravity
environment (~10°-10"°Xg) has gained strong interest.
In quasi-weightlessness, as it occurs in a spacecraft orbiting
a few hundred kilometers above earth’s surface, phenomena
occurring in solution are strongly attenuated. In particular,
convection due to density gradients generated by crystal
growth and mixing produced by the crystal sedimentation
are reduced by several orders of magnitude. Ideally, i.e.
under zero gravity, the displacement of all solute molecules
should be limited to diffusion (large particles diffusing
slower than small ones) and crystals should be immobile
from the time of nucleation to that of growth cessation. The
hypothesis according to which this unique condition should
enhance the properties of the crystals was tested in the mid
1980’s. The results were encouraging but since then the
burning question whether microgravity-grown crystals can
be useful for the determination of three-dimensional struc-
tures remained open.

An overview of the progress that was made in this
scientific field may be gained by leafing the proceedings
of nine international conferences dealing with the crystal-
lization of biological macromolecules held since 1985 [4].
This review presents major achievements along with recent
results from experiments performed in the Advanced Protein
Crystallization Facility. New perspectives for structural
biology opened by the brand-new International Space Sta-
tion are discussed.
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Fig. 1. Thaumatin, an intensely sweet protein crystallized in space. (a) Crystal of the 22-kDa monomer prepared under microgravity. It displays interference
patterns in polarized light. (b) Drawing of crystal faces and axes. (c) Profile of a Bragg reflection. (d) Image of the crystal recorded by X-ray topography. (e)
Close-up view of the electron density of a tartarate ion located between three protein molecules (adapted from Ref. [47]). The structure at 1.2-A resolution was

derived from crystals grown by dialysis in the APCF.
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2. Better crystals from space

To date, more than 15,000 samples of proteins, nucleic
acids and other biological particles have been sent to space
for crystallization. Many more are planned to go there in the
coming years. Amongst the crystallized compounds were
proteins serving as models and others that were of great
interest for biology or medicine. Most had previously been
crystallized under normal gravity in an earth-based labora-
tory. All experiments were set up under microgravity to
attempt to produce crystals diffracting better than those
prepared on earth. For this purpose, over a dozen of
specialized instruments have been built and patented. Crys-
tallization assays were performed on about half of the first
100 flights of the US space shuttle (for detailed lists see
Refs. [5,6]). Others were done on sounding rockets [6,7], on
satellites [8—13] and on the Mir space station [14—16].
Some have already been conducted on the International
Space Station whose construction is in progress. At the
same time, laboratories have pursued experimentation on

Gravity

the ground to prepare future microgravity experiments or to
simulate reduced gravity [17,18].

Dominant effects of microgravity on protein and virus
crystallization are summarized in Table 1. The first inves-
tigators [19,20] had observed that crystallization in space
often leads to a few voluminous crystals with narrow size
distribution. Later, video monitoring revealed that crystals
grow more frequently in the bulk of the solution than on
solid surfaces, contrary to what happens under normal
gravity. New crystal habits were obtained in a few instances
and sometimes crystals have grown in space when they did
not on earth. Visual inspection through a low-magnification
binocular microscope equipped with polarized light has
always confirmed that so-called “space crystals” are char-
acterized by better morphologies and better optical proper-
ties (transparency, birefringence, absence of inclusions or
defects) (see, e.g. Refs. [18,20—-22]).

Most X-ray diffraction measurements indicated that
space-grown crystals consistently exhibit sharp Bragg
reflections with strong intensities and low diffuse scattering.
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Fig. 2. Dimeric aspartyl-tRNA synthetase from Thermus thermophilus crystallized in space within dialysis reactors of the APCF. (a) A 3-mm-long crystal. (b)
Comparison of the reflection profiles recorded from crystals that were prepared on earth (in red) or in space (in green). (c¢) The same region of the electron
density map computed from diffraction data collected on crystals prepared either on earth (left) or in space (right) (adapted from Ref. [26]). In both close-up

views the structure model is at a resolution of 2 A.
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The diffraction limit of many of them reproducibly exceeds
by 0.1 A to a few angstrom units that of best crystals grown
on earth, meaning that the order in the lattice is enhanced
[6]. In addition, a 3- to 10-fold reduction of the mosaic
spread confirms this enhancement with regard to that of
crystals prepared under normal gravity under otherwise
identical conditions. The difference in mosaicity was indis-
putably clear in strictly comparative studies done on model
molecules such as lysozyme [23—25], thaumatin [18] (Fig.
1) and aspartyl-tRNA synthetase [26] (Fig. 2) but the same
holds for collagenase [27], insulin [28] and phospholipase
[16]. Other proteins [5,6], nucleic acids [29], nucleosome
core particles [30] and virus crystals [31] also exhibit
substantial improvements.

3. More accurate structures from better crystals

A list of biological particles whose three-dimensional
structure was determined from crystals prepared under
microgravity is given in Table 2. A good quarter of them
were solved at a resolution better than 1.5 A. One out of ten
is at a resolution better than 1 A. The particles are visual
pigments, enzymes, components of viruses, ribosomes and

photo- or immune-response systems, oxygen carriers, entire
ribosomes or viruses, as well as cellular recognition, plant
storage, blood or thermostable proteins. In most cases, the
crystals prepared in space were of a previously unachieved
quality (at the time they were obtained) and they enabled
crystallographers to solve 3D-structures at a superior reso-
lution. Data from several other crystals are currently being
processed. Presumably, only a part (roughly estimated to
between a third and half) of all the structures determined in
this way will ever be publicly available because numerous
laboratories from the pharmaceutical industry are actively
involved and provide funding. Consequently, the list of
compounds that are interesting for human health sciences
may be much longer (and the actual diffraction limit for
individual molecules may certainly be higher).

Rigorous comparisons of structural data from space-
grown and earth-grown crystals indicate that microgravity
does not alter the conformation of polypeptide chains. The
answer to the question raised by crystallographers, whether
space-grown crystals provide 3D-structures of superior
definition and accuracy, is a strong ‘“yes” despite the
opinion of the disbelievers. Unequivocal results obtained
for hen lysozyme show ions and ordered water molecules
that are not visible as clearly in the electron density maps

Table 2
Three-dimensional structures determined using crystals grown under microgravity
Source Biological particle Resolution (A)a PDB code References
Human Interferon gamma 2.8° 1HIG [32]
Serum albumin 2.8° 1UOR [33]
Factor D 2.0° 1DSU [34]
Rec. Immunosuppressant binding protein 1.7 1FKJ [35]
Interferon alpha Patent [36]
Rec. Insulin 1.4 1BEN [37]
Antithrombin III alpha 2.6 2ANT, 1E05 [38,39]
Purine nucleoside phosphorylase 2.8 1ULA [40]
Beef Immunosuppressant binding protein 2.3 1FKK, 1FKL [35]
Hen Lysozyme (tetragonal crystal form) 1.8 1BWJ [41]
1.33 193L [25]
2.1 (neutrons) n.a. [42]
0.94 11IEE [43]
Nucleosome core particle 2.5 1EQZ [30]
Fish EF-Hand parvalbumin 0.91 2PCB [44]
Worm Collagenase 1.7 2HLC [27]
Plant Isolectin 1 1.9 1LOE [45]
Canavalin 2.0 1DGW [46]
Thaumatin 1.2 1KWN [47]
Fungus Proteinase K 0.98 11C6 [48]
Bacterium Phospho carrier protein Fab complex 2.8 1JEL [49]
Aspartyl-tRNA synthetase 2.0 1LOW [26]
Virus Neuraminidase 2.5 INNA [50]
Satellite tobacco mosaic virus 1.8 1A34 [31]
Lysozyme 2.3 1AM7 [51]
Synthetic construct Collagene-like peptide 1.3 1GOW [52]

Footnotes: This list of 25 entries results from data mining in Biosis, Chemical Abstracts, Current Contents, Inspec, Medline, Pascal, Science Citation Index,
Biological Macromolecule Crystallization Database, NASA Protein Crystal Archive, Protein Data Bank and ESA Microgravity Data Base. The lack of a
common terminology was a hindrance in identifying articles containing information about crystal preparation. For this reason a few hundred printed
publications had to be combed through to establish this short list. Abbreviation: n.a., not available.

 Structures were solved using X-ray diffraction data except otherwise mentioned.

® Diffraction data collected from early space-grown crystals were used to refine structures derived from earth-grown crystals.



B. Lorber / Biochimica et Biophysica Acta 1599 (2002) 1-8 5

computed from data collected with earth-grown crystals
[41,42]. In the case of plant thaumatin [18] (Fig. 1) and
bacterial aspartyl-tRNA synthetase [26] (Fig. 2), crystals
having the same volume give diffraction intensity peaks that
are significantly less spread. In both cases, the sharpness
and the intensity of the diffraction has cut down exposure
times and accelerated indexing procedures. More details are
visible in some parts of the electron density maps corre-
sponding to the polypeptide backbone and its side chains
(Figs. 1 and 2). In the case of insulin, a second para-
hydroxybenzamide guest molecule could be resolved with
certainty [37]. Here, and in several other instances, diffuse
scattering due to thermal motion was reduced [5].

Space-grown lysozyme [41], phospholipase A [16] and
aspartyl-tRNA synthetase [26] (Fig. 2) crystals share
another common feature: more ordered hydrogen-bound
water molecules are visible in the hydration layer of the
protein. Crystals of other proteins were reported to be less
sensitive to radiation damage. It was also found that the
quality of the crystals prepared in agarose gel (in order to
reduce convection and suppress sedimentation on earth) is
intermediate between that of crystals prepared in solution on
earth and that of crystals prepared in space [17,18]. In the
gel, the number of water molecules per lysozyme monomer
was also intermediary [25].

Some guidelines for the preparation of better crystals
and for the collection of best diffraction data are summar-
ized in Table 3. In brief, it is advisable to work with
purest molecules. Nucleation and growth should take place

Table 3
Guidelines for the preparation of better crystals and the collection of best
diffraction data

Requirement

Experimental and comments

1. Pure and homogenous
macromolecule

2. Monodisperse
macromolecular
solution

3. Nucleation at
lowest supersaturation

4. Growth in a stable
environment favoring
diffusive transport
of matter

5. Crystals harvested
just before or
upon growth cessation
6. Immediate diffraction
analysis

Activity assay, electrophoresis,
chromatography, mass spectrometry
Light, X-ray or neutron scattering
analysis

Appropriate solution composition

and supersaturation to get a few nuclei
Low but sufficient supersaturation

to grow a few crystals.

Nuclei and crystals immobilized

in a gel or in a cubic lipid phase

do not settle and can grow in three
dimensions. These media also attenuate
disturbances in gravity level, residual
vibrations, and minor temperature
variations. Nucleation in a precipitate
and growth by Ostwald ripening

may be an alternative means to simulate
partially a microgravity environment
Monitored with optical and

imaging methods

(e.g. time-lapse video, image analysis)
All parameters kept constant from

time of harvest to that of analysis

in an undisturbed medium in which mass transport occurs
by diffusion (rather than by convection) so that macro-
molecules have enough time to position properly on the
surface of the growing crystalline lattices. Supersaturation
should be moderate to favor growth either by a screw-
dislocation or a two-dimensional nucleation mechanism.
Only freshly prepared crystals should be used for diffrac-
tion analyses.

4. Microgravity influences crystallization and crystal
quality

The crystals of most biomacromolecules are soft and
fragile. They distinguish from those of small molecules by
their big unit cell, their high solvent content, their weak
intermolecular forces and exquisitely specific contacts. In
most cases, a considerable amount of diffraction data must
be collected and atomic resolution cannot be reached
because the intensity-to-background ratio is too small.
Crystal preparation in space may be a remedy.

By which mechanism(s) is the quality of the crystals
enhanced under microgravity? There is strong evidence that
the quiescence of the solution plays a central role. Obvi-
ously, the zone around a crystal, which becomes depleted in
protein as the latter is incorporated, can only be stable in an
undisturbed solution. Depletion zones have been visualized
with optical methods within capillary tubes and gelled
solution on earth and in space (see Refs. [53,54] and
references therein). In space, convective mixing becomes
negligible and matter is transported in a purely diffusive
way. Thereby, the incorporation rate of macromolecular
impurities or aggregates declines. This segregation is like
a purification process [55,56]. The same phenomenon
occurs when crystallization takes place in a gel on earth
[57]. Furthermore, under microgravity, an extended network
of hydrogen-bound water molecules can hold together
weakly assembled macromolecules. It can also stabilize
the agitated parts of individual macromolecules or their
ligands. Accordingly, crystals with a high solvent content
are assumed to be better candidates for microgravity crys-
tallization.

One reason why crystals prepared on earth are less
perfect is that any difference in concentration existing or
appearing in solution creates density gradients that trigger
convectional currents, and destabilizes depletion zones.
Such phenomena are known for a long time; they naturally
accompany crystal growth and are independent of any
temperature fluctuation. In addition, the destruction of
the concentration gradient that is associated with a growing
crystal may have deleterious consequences: growth may
stop, its mechanism may be altered or the crystal may
dissolve. The outcome relies on the balance between
diffusive transport and surface kinetics. From this point
of view, proteins are a key to advanced crystal growth
studies.
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5. Benefits from microgravity environment

Although protein and virus crystals have been grown in
the laboratory for more than a century, the science decipher-
ing the rules of macromolecular crystallogenesis is still in
the discovery phase. Microgravity is a new parameter to
explore and it opens up wide perspectives for structural
biology. For basic and applied research, 3D structures at
atomic and even sub-atomic resolution are indispensable to
understand the relationship between structure (i.e. confor-
mation, dynamics) and function(s) that is at the heart of
macromolecular interactions, catalysis and proton or elec-
tron transfer. With flawless crystals prepared in orbit,
structures can be solved at previously unachieved resolution
using either X-ray or neutron diffraction methods.

A plethora of instruments exist to grow the necessary
crystals; they work on different principles (vapor diffusion,
dialysis and liquid—liquid diffusion) and accommodate from
a dozen to several hundred samples. The space station offers
the opportunity for longer crystallization durations (one to a
few months) than the shuttle (1 or 2 weeks). Systematic and
iterative studies on great numbers of samples covering
broad ranges of conditions are now possible. They should
rapidly tell if a reduction of the level of gravity influences
the crystallogenesis of all macromolecules in the same
manner. When the system will reach its cruising speed,
periodically fresh samples will go in orbit and crystals will
be retrieved for analysis on earth. Monitoring and remote
control of individual assays will enable experimenters to act
dynamically on the samples. Automation of diffraction
analyses and of data collection in orbit will be inevitable
to make the most of best crystals [58].

The number of applications of microgravity is expected
to increase dramatically, for pharmaceutical industry is a
major participant in the frame of the commercialization of
space. Inter-disciplinary projects focusing on the study of
the structure—function relationship in compounds of pro-
teomes, in difficult-to-crystallize membrane proteins,
nucleic acids and large multi-molecular complexes are
indispensable. Is not the ultimate goal of structural biology
to elucidate life’s molecular processes and to comprehend
how work machineries performing the sophisticated oper-
ations we call transcription, translation, molecular import
and export, signal transduction, immune response, photo-
synthesis or metabolic pathways?

Well-diffracting crystals prepared in space have in fact
two purposes: they help us to understand gravity-dependent
phenomena (such as nucleation and growth mechanisms)
and they can be used for structural determination. Each new
high-resolution structure may become the start of a ramify-
ing cascade of investigations to unravel the complexity of
the cellular events like growth, division, differentiation,
communication, motility, death and their role in the devel-
opment of multi-cellular organisms. This may accelerate the
structure-based design and redesign of drugs targeting
pathogens, diseases and degenerative cellular processes as

well as of protein and nucleic acid leading to tailor-made
enzymes, ribozymes or inhibitors. Monodisperse microcrys-
talline suspensions produced at a large scale in space might
serve as medicinal formulations.

For earth-based laboratories, methodological and instru-
mental improvements are the payoff of research done in
space. Experimentation in space has directly or indirectly
promoted our understanding of protein crystal growth.
Thanks to studies done under microgravity, media (like gels
that change solutions to non-Newtonian liquids and simulate
more or less this environment) have been rediscovered and
their use has now become widespread. Obviously, crystal-
lographers will continue to solve structures on earth but
space may be of priceless help to bypass difficulties linked
to crystal preparation. Presently, it may be a gateway to the
voluminous crystals required for neutron diffraction experi-
ments [42,59]. Anyway, microgravity should be considered
as another variable to test in difficult cases. Gradually, more
and more scientists and students [60] are involved in space-
based experiments and their rational exploitation. The
challenge of the first decade of this millennium is to make
an optimal use of the orbiter and of the crystallization
facilities. In 2002, each shuttle docking onto the space
station will carry hundreds of crystallization assays. Tomor-
row, more than today, advances in biology and medicine
will rely on the knowledge of three-dimensional structures.
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