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Comparative analysis of space-grown and earth-

grown crystals of an aminoacyl-tRNA synthetase:
space-grown crystals are more useful for structural

determination

Protein crystallization under microgravity aims at benefiting
from the quasi-absence of convection and sedimentation to
favor well ordered crystal nucleation and growth. The dimeric
multidomain enzyme aspartyl-tRNA synthetase from
Thermus thermophilus has been crystallized within dialysis
reactors of the Advanced Protein Crystallization Facility in
the laboratory on earth and under microgravity aboard the US
Space Shuttle. A strictly comparative crystallographic analysis
reveals that the crystals grown in space are superior in every
respect to control crystals prepared in otherwise identical
conditions on earth. They diffract X-rays more intensely and
have a lower mosaicity, facilitating the process of protein
structure determination. Indeed, the electron-density map
calculated from diffraction data of space-grown crystals
contains considerably more detail. The resulting three-
dimensional structure model at 2.0 A resolution is more
accurate than that produced in parallel using the data
originating from earth-grown crystals. The major differences
between the structures, including the better defined amino-
acid side chains and the higher order of bound water
molecules, are emphasized.

1. Introduction

The crystallization of biological macromolecules has been
repeatedly investigated in microgravity environments within
the last two decades after lysozyme was observed to yield
larger crystals in space than on earth (Littke & John, 1984).
Many biological macromolecules, ranging in size from less
than 100 amino-acid long polypeptides to large high-molecular
weight and multi-macromolecular assemblies, have been
crystallized in terrestrial orbit to take advantage of the very
weak convection and sedimentation existing in quasi-
weightlessness. Despite the variety of protein samples that
were assayed in space, success has been limited. One reason is
the low number of crystallization assays set up in space for
each molecule; they represent only a small fraction of those
tested in the same time span in earth-based laboratories.
Another is that the optimal conditions for crystal growth in
microgravity may differ from those found on earth
(McPherson, 1997; Kundrot et al., 2000). The improvement in
quality of microgravity-grown crystals has been correlated
with the number of experimental iterations to find optimal
conditions (Kundrot et al., 2000). In a number of cases, larger
crystals diffracting X-rays with a superior intensity and to a
higher resolution were produced (e.g. DeLucas et al, 1989;
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Wardell et al., 1997; Boggon et al., 1998). Over the years, it has
been concluded that microgravity has a positive effect on the
production of protein crystals (e.g. DeLucas et al., 1989, 2000;
Snell et al., 1995; McPherson, 1996; Ng et al., 1997; Carter et al.,
1999; Declercq et al., 1999; Lorber et al., 1999; Moore et al.,
1999; Borgstahl et al., 2001). This conclusion is based on a
comparison of the properties of crystals returning from space
with those of the best crystals of the same molecule ever
grown on earth, be it under different conditions, in another
experimental setup or using another technique.

The longstanding question is whether the quality improve-
ment seen in the crystals that are prepared under microgravity
can actually be more useful for structure determination and
lead to better structures than crystals that are prepared on
earth. This is crucial, since the ultimate goal is to obtain
macromolecular structure models at the highest resolution. In
the case of the low-molecular weight and monomeric model
protein lysozyme, high-resolution structures could be derived
from microgravity-grown crystals (Vaney et al., 1996; Sauter et
al., 2001). Comparative studies have pointed out that crystals
from space can yield better structural data: slight improve-
ments in the bound solvent (Dong et al., 1999) as well as higher
resolution and lower isotropic B factors (Carter et al., 1999)
were observed. Presently, additional experimentation is
required to generalize the applicability of the approach to
representative functional biomacromolecules, including high-
molecular-weight and multisubunit enzymes.

Here, we report a comparative crystallographic analysis that
was conducted on the enzyme aspartyl-tRNA synthetase 1
(AspRS-1) from the thermophilic eubacterium Thermus
thermophilus, crystals of which have been grown under
microgravity on the US Space Shuttle during the STS-78
mission. AspRS-1 is a homodimer of 122 kDa with a subunit
encompassing 580 amino acids (Becker ez al, 1997). It cata-
lyzes the aspartylation of tRNA™P in the process of trans-
lating genetic information. The three-dimensional structure
previously solved at 2.5 A resolution highlights its modular
and dynamic character: each subunit possesses the three
domains that are common to all known AspRSs and two
prokaryote-specific modules (Delarue et al, 1994). This
multidomain and multisubunit enzyme was crystallized on
earth and in space within dialysis reactors of the Advanced
Protein Crystallization Facility (APCF). Our rigorous
comparison shows that the intrinsic order of the space-grown
crystals, which contain as much as 62%(v/v) solvent, is
enhanced with respect to that of control crystals prepared on
earth under otherwise identical conditions. This conclusion is
based on the higher intensity of the X-ray diffraction, the
lower mosaic spread of the reflection profiles and the higher
quality electron-density map computed from the diffraction
data. As a consequence, a better three-dimensional structure
model at 2.0 A resolution covering the entire polypeptide
chain could be obtained from the analysis of space-grown
crystals. Major differences from the model derived from
control diffraction data, including the well defined side chains
of amino acids and the greater number of ordered water
molecules, are emphasized.

2. Materials and methods
2.1. Protein preparation

The eubacterium 7. thermophilus possesses two aspartyl-
tRNA synthetases differing in sequence and catalytic activity
(Becker et al., 1997). The present study deals with the former
enzyme (termed AspRS-1; Swiss-Prot accession code P36419).
It was expressed in Escherichia coli and could be enriched
easily because it is heat tolerant and remains soluble while
most proteins of the host bacterium are denatured at 343 K.
The synthetase was further purified using two chromato-
graphic steps as described by Poterszman et al. (1993) with
slight modifications. The final preparation was >90% homo-
geneous as estimated by SDS-PAGE (results not shown).

2.2. Crystallization conditions and apparatus

Earth-grown and space-grown AspRS-1 crystals were
obtained at 293 £ 0.5 K in 67 pul chambers of four APCF
dialysis reactors (Bosch et al., 1992) using conditions adapted
from those described for the vapor-diffusion technique
(Delarue et al., 1994; Ng et al., 1996). Crystals were grown from
protein solutions at 20 mg ml™' containing 2.2 M ammonium
sulfate, 25 mM Tris-HCI pH 7.5, 10 mM EDTA, 1 mM DTT
and 0.01%(m/v) PMSEFE. Crystallization under microgravity
took place aboard the NASA space shuttle during the 16 d
STS-78 mission designated the ‘Life Microgravity Spacelab
(LMS)’. The dialysis reactors consist of two quartz-glass
blocks separated by a semipermeable membrane (Spectra/
Porl, molecular-weight cutoff 6-8 kDa). The upper block
contains the protein solution and the lower block the preci-
pitant solution. A cylindrical quartz plug containing the
second solution separates both chambers. In microgravity, a
90° rotation of the plug brought the contents of all chambers
into contact. The reverse operation was performed a few hours
before the end of the microgravity session prior to landing.
Control experiments have been conducted in parallel in the
same type of reactors and with the same solutions. All reactors
underwent identical transport and handling conditions during
the pre-launch and post-landing phases of the mission. Both
control and space experiments were activated for a total
duration of 338 h.

2.3. X-ray diffraction analysis

Crystals were mounted in 3 mm quartz capillaries (Charles
Supper Co., Natick, MS, USA) as described by McPherson
(1982) and analyzed at 293 K. The dimensions of the crystals
were measured under a standard optical low-power micro-
scope equipped with a microruler.

X-ray diffraction data sets were collected on beamline X11
at the EMBL Outstation Hasylab at DESY (Hamburg,
Germany) using a MAR Research imaging plate. All crystals
were of orthorhombic habit and belonged to space group
P2,2,2,, with unit-cell parameters a = 614, b = 156.1,
¢ = 1773 A. For the purpose of comparison, complete
diffraction data sets were recorded on crystals having the same
size and volume under standardized conditions. The crystal-to-
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detector distance was 250 mm, the exposure time was
approximately 30 s (in dose mode), the oscillation angle was
0.5° and the wavelength was 0.91 A. The collected data were
indexed and reduced with the programs DENZO and
SCALEPACK (Otwinowski & Minor, 1997). Two crystals
from each population of earth-grown and space-grown crystals
were averaged and used for the subsequent structural
analyses. The processing statistics for each data set are given in
Table 1.

Crystal mosaicity was evaluated from the rocking width of
selected reflections (Helliwell, 1988) using the method of
Ferrer & Roth (1998). Reflection profiles representing inten-
sity versus oscillation angle were recorded using a CCD
detector on beamline D2AM at ESRF (Grenoble, France).
The X-ray bending-magnet source critical energy was
19.5 keV with a focused beam of 0.3 mm diameter at the
sample, with a maximum vertical divergence of 0.15 mrad and
a maximum horizontal divergence of 9.0 mrad (Ferrer et al.,
1996). Full beam intensity was ~10" photonss™', with an
energy resolution §A/A ~ 10*. Direct measurements were

®)

Figure 1

Earth-grown (a) and space-grown (b) crystals of AspRS-1. The
photographs are on roughly the same scale with crystal dimensions of
1.75 x 1.25 x 0.65 mm and 3.0 x 1.75 x 1.0 mm, respectively.

Table 1
Data-processing statistics for earth-grown and space-grown AspRS-1
crystals.

Diffraction data were collected from crystals of approximately the same size
(the smallest crystals prepared in space and the largest ones prepared on earth
were used). Two crystals were used in each category.

Earth Space

No. of crystals 2 2
Resolution range (A) 12.0-2.0 12.0-2.0
No. of observations 304251 320200
No. of unique reflections 111417 100854
Completeness (%)

Overall 96.7 93.3

Lowest shellf 83.1 85.5

Highest shell} 97.2 95.3
Rmerge§ (%)

Overall 4.7 5.7

Lowest shell 2.5 23

Highest shell 22.6 23.5
{Ilo (D))

Overall 15.24 17.30

Lowest shellf 22.81 43.78

Highest shelli 3.10 3.16

¥ 12.00-425 A, £ 207200 A, § Ruerge = 21— (1)/ (D).

performed by indexing reflections over an oscillation range of
0.5° and subsequently over 0.2° at steps of 0.003° with 10 s
exposures. Data were processed with XDS and intensities
quantified with MARVIEW (Kabsch, 1988). Reflections were
measured in the vertical plane with respect to the incident
beam, so that a fully recorded reflection can be expressed
simply as ¢, = y + n + (6A/A)tand, where ¢ is the reflecting
range, ¥ is the mean divergence in the plane defined by the
direct and the diffracted beams, n is the crystal sample
mosaicity, A is the average wavelength of the X-ray beam and 0
is the Bragg angle of the reflection (Colapietro et al., 1992;
Snell et al., 1995). The values of y and §A/A were minimized by
considering only reflections located in the vertical plane,
including the incident beam and those at low resolution. Data
were not corrected for Lorentz broadening; however, the
instrument resolution-function value (IRF) was deconvoluted
before the full-width-at-half-maximum (FWHM) of the
profiles was determined.

2.4. Structure determination and refinement

The starting model for the refinement of the earth-grown
and space-grown crystal structures was taken from available
atomic coordinates (Delarue et al., 1994) without any water
molecules. Only reflections common to the data sets of both
types of crystals were used in the 12-2.0 A resolution range
and the same sets of reflections (5%) were randomly selected
for Ry testing (Briinger, 1992). The AspRS-1 model was then
refined using the CNS package (Briinger et al., 1998), with
rigid-body refinement followed by simulated-annealing
refinement rounds using bulk-solvent and anisotropic B-factor
corrections. The structure model was further rebuilt with O
(Kleywegt & Jones, 1997). The same refinement-rebuilding
procedure was applied to both structures.

Acta Cryst. (2002). D58, 645-652
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3. Results

In this work, our aim was to investigate whether differences
arising from microgravity in the quality of protein crystals
correlate with differences in the quality of the electron-density
maps. Consequently, the usefulness of the protein crystals is
determined by how well they can be used to provide an
interpretable electron-density map for model building and
refinement. Thus, two sets of crystals, those obtained in the
laboratory and in the Space Shuttle (referred here to ‘earth’
and ‘space’ crystals, respectively), were analyzed in detail in
parallel. Emphasis was placed on conducting strictly
comparative experiments and, in particular, on computing
density maps using exactly the same sets of Bragg reflections
for both types of crystals.

3.1. Crystallization in space versus on earth

Microgravity and earth crystallization assays have yielded a
small number of nuclei. Only two or three crystals grew in
each reactor chamber from a precipitate which formed when
supersaturation increased once the salt had diffused into the
protein solution (Ng et al., 1996). A total of nine crystals were
obtained from four reactors activated under microgravity.
Their average volume was estimated to be 3.4 mm® and the
dimensions of the largest crystal were 3.0 x 1.75 x 1.0 mm
(Fig. 1). In contrast, over 24 crystals were grown in the ground-
control reactors, having an average volume of about 1.1 mm’.
The largest earth-grown crystal measured 1.75 x 125 x
0.65 mm. Crystals grown under microgravity had a larger
volume on average and were visually observed to have less
surface defects. This observation is consistent with those
reported by other investigators on space-grown crystals (some
examples include Koszelak et al, 1995; Moore et al., 1999;
DeLucas et al., 2000; Borgstahl et al,, 2001 and references
therein). Two crystals representing those grown on earth and
two crystals obtained in space were used for the subsequent
X-ray analysis. All crystals analyzed had approximately the
same volume of 1.2 mm”.

3.2. Diffraction properties of space-grown crystals

Diffraction data sets with a completeness of >90% have
been collected. Their data-reduction analyses statistics are
listed in Table 1. A comparison of equivalent reflections
belonging to both earth and space data sets indicated that
intensities from the latter are superior by as much as 40%,
although the average I/o and Ry,erge values defined essentially
the same diffraction limit (Fig. 2). On the other hand, the
FWHMs of reflections measured from space crystals are on
average more than four times smaller than those of earth
crystals. We have examined over 20 reflections, but only those
that were not affected by radiation damage were compared.
FWHM measurements were performed for 12 reflections at
4 A resolution. Student’s ¢ test was performed on the micro-
gravity and ground mosaicity values, showing normal distri-
butions having unequal variance in the two populations. The
microgravity and the earth data are statistically different from
each other at the 95% confidence interval (¢t = 15.2, sdev = 8.7)

Table 2
Mosaicity characteristics of earth-grown and space-grown AspRS-1
crystals.

Earth Space
No. of crystals 2 2
No. of reflections 12 12
Mean FWHM (mdeg) 70.9 16.7
Standard deviation on mean FWHM (mdeg) 10.4 6.6

for mean 11.4-21.9 and 65.7-76.1 for space and earth data,
respectively. The mean values and standard deviations are
listed in Table 2.

Rocking curves exemplifying three representative reflec-
tions from earth and space crystals are displayed in Fig. 3. The
most striking observation was the very broad and rough
mosaic profiles for the reflections measured from earth crys-
tals compared with the more narrow and sharp profiles from
those of space crystals. The broad mosaic spread of earth
crystal reflections was most notable during data processing,
rendering the earth data set more difficult to index and to
reduce. The higher diffraction intensity of the space-grown
crystal most likely results from the simultaneous reduction of
diffuse scattering (decreasing the background signal) and an
increase in internal order. These features were also observed
for other microgravity-grown crystals (Snell et al., 1995; Harp
et al., 2000; Borgstahl et al., 2001).

The enhanced order within the space-grown crystals led to
lower mosaic spread, i.e. sharper diffraction profiles. The earth
crystals may have an accumulation of defects, including the
build-up of impurities in the growth solution. Since the space
crystals may still be growing, there may be less disorder and

Resolution (A)
2.4

6.6 3.1 2.0

50 1

40

30

(llo)

20

10

0 ‘ - - - -
0.02 006 009 012 015 019 022 025
4sin*0/A?
Figure 2

Graph of the diffraction intensities ((//o), average intensity over
estimated error ratio) versus resolution for AspRS-1 crystals. Space-
grown crystals showed as much as 40% more intensity in (/o) relative to
earth-grown crystals in the resolution range analyzed.
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less stress in the crystalline lattice. The improved mosaicity of
the space-grown crystals is likely to result in improved data
quality under suitably finely collimated beam conditions.
Overall, by the current standards of crystallography, space
AspRS-1 crystals are of higher order than earth crystals.
Similar results were reported for crystals of low molecular-
weight monomeric proteins such as lysozyme (Snell et al.,
1995; Otalora et al., 1999), thaumatin (Ng et al., 1997; Lorber et
al., 1999) and collagenase (Broutin-L’'Hermite et al., 2000),
which all contain about 40-50% (v/v) solvent.

3.3. Quality of electron-density maps

Initial electron-density maps have been calculated using
diffraction data collected from earth and space crystals as
previously described. Each data set was collected from two
crystals. The respective 2F, — F. maps (2 A) were compared
after one cycle of rigid-body minimization and simulated-
annealing refinement against the original model derived from
earth crystals (Delarue et al., 1994). Significant differences are
observed in the quality of the electron-density map that are
distributed over the entire AspRS and not just located in
particular parts of the subunits. Overall, the polypeptide
backbone much more easily fits the electron density observed
with space data. Some striking differences are shown in the
close-up views of the maps displayed in Fig. 4. For instance, the
side chain of Tyr6 is clearly visible within the map of the space
crystals, while it cannot be seen in that of the control crystals
(Fig. 4, top panels). Tyr6 is in the N-terminal domain of the
synthetase that recognizes the anticodon of tRNA” and is
subjected to a rigid-body movement upon this binding (Briand
et al., 2000). Other examples are the pyrrolidine ring of Pro169
and the aromatic ring of Phel70 (Fig. 4, middle panels).

Table 3
Model-refinement statistics for earth-grown and space-grown AspRS-1
crystals.

Earth Space

Refinement

Resolution range (A) 12.0-2.0 12.0-2.0

Riree (%) 25.8 25.0

R factor (%) 23.3 219

No. of reflections usedt 81861 81861

Number of H,O moleculest 164 183
Luzzati coordinate error 0.271 0.255
Cross-validated coordinate error 0.17 0.16
Mean B factors (A?) 454 41.0
Ramachandran plot details§

Residues in favoured regions (%) 87.5 88.0

Residues in additional allowed regions (%) 11.7 11.1

Residues in generously allowed regions (%) 0.7 0.7

Residues in disallowed regions (%) 0.1 0.2

—

Only the reflections (~80%) common to both data sets with 7/o(I) > 3 were used to
refine the AspRS models. % In the space-grown crystals, the solvent is more ordered in
the direct neighbourhood of the AspRS surface (closer than 3.4 A) The 85 water
molecules that are conserved between the two structures have average B factors of 31.5
and 357 A? in microgravity and earth controls, respectively. § Calculated with
PROCHECK (Laskowski et al., 1993) for 986 non-glycine and non-proline residues.

Finally, Trp351 and Phe388, two residues belonging to the
helical strand E4 in the extra-domain inserted between AspRS
motifs 2 and 3, have a weaker density in the map of control
crystals grown on earth (Fig. 4, bottom panels).

3.4. Model accuracy and bound water molecules

Successive refinements of the atomic models using diffrac-
tion data originating from earth and space crystals were
performed using identical protocols. While refining the earth
model, it appeared that the data were not sufficient to reach
convergence quickly. Therefore, the final space model was

0.8 0.8 0.8 / Space
2 = z
z E g
= = 2 }-‘
3 7,
=04 S04 =04
2 z g J/ : Barth
= Z z S
] ‘
0 : 0 0 ‘ : -
0 45 90 135 0 15 30 45 60 75 90 0 45 90 135
Scan (mdeg) Scan (mdeg) Scan (mdeg)
(a) ) ()
Figure 3

Intensity profiles of three representative reflections (14 8 9), (4 33 —13) and (14 5 —7) at 4 A were each evaluated from () an earth-grown and (b) a
space-grown AspRS-1 crystal. Reflections were obtained in the vertical diffraction plane such that the rotation axis was horizontal and perpendicular to
the X-ray beam. Each set of reflection profiles for earth-grown and space-grown crystals were averaged and Gaussian fits of the sets of profiles were
calculated (solid lines). The Gaussian plots were fitted to the principal peaks in which the full-width-at-half-maximum values (FWHMs) were evaluated.
The FWHM of a Gaussian fit for each profile was measured and its value deconvoluted out by the instrument resolution-function value (IRF = 9 mdeg).
FWHM values are indicated by short horizontal lines in the profiles and show that the space-grown crystals are about four times less mosaic than the
earth-grown crystals. The intensities shown are normalized and the actual peak intensities measured to 85 236 counts per 0.1 s for the space crystal. In
contrast, the spot intensities corresponding to the same reflections for the earth crystal were approximately two times smaller. (c) A relative comparison
of the averaged mosaicity profiles of an earth-grown and a space-grown crystal for the same reflection. Profiles are centered on their maximum of
intensity.
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used to facilitate the model building. This enabled us to
reconstruct the N- and C-terminal strands, the surface loops,
the side chains and the addition of water molecules.

The quality of the final models has been estimated by three
approaches. Firstly, the coordinates were used to assess the
accuracy of each structure by evaluating the degree of
chemically sensible local environments, the statistical distri-
bution of atomic distances, the deviation from standard atomic
volumes and the atomic solvation preferences. As a result, the
local structures obtained from microgravity-grown crystals
show slight improvements in geometry. Secondly, conventional
R factors and coordinate errors were calculated for both earth
and space structures. A 1.3% improvement in the overall R
factor and a lower coordinate error (as reflected by the
Luzzati and cross-validation analysis) confirmed that the

model derived from space crystals is of better quality
(Table 3).

Finally, the visibility of solvent molecules contributing to
the global accuracy of the AspRS structure was considered
using the difference density quality assessment (DDQ; van
den Akker & Hol, 1999), which confers a score on each
protein crystal structure, a high DDQ score representing a
high accuracy. This method relies on the accuracy of the
information in a so-called ‘hydrated difference Fourier map’
where the optimal positions of water peaks indicate the
correctness of the positions of the protein residues

surrounding the water molecules. The height of the water
peaks is reflected on the quality of phases and thus the overall
correctness of the structure. The overall DD Q statistics for the
earth and space structures were DDQ-W = 2.3, DDQ-R = 5.5

Figure 4

Comparative initial 2F, — F. electron-density maps (contoured at 2¢) calculated from (a) earth-grown and (b) space-grown crystal data. Three different
regions of the synthetase monomer are displayed which illustrate the difference in quality between the data collected from earth-grown and space-grown
crystals. The top panels emphasize residue 6 proximal to strands S1 to S4 of the N-terminal domain forming the oligonucleotide-binding fold that binds
the anticodon of the tRNA. Middle panels emphasize residues 169, 170 and 171 in strand A2 of the antiparallel S-sheet forming the catalytic domain.
Bottom panels emphasize residues 351 and 388 in the helical strand E4 of the extra domain. Residues and strands are referenced as in an earlier reported
model (Delarue et al., 1994). The figure was prepared using SETOR (Evans, 1993).
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and DDQ-W = 8.3, DDQ-R = 124, respectively (DDQ-W
values correspond to the correctness of water-peak positions,
while DDQ-R values correspond to the global structure
correctness).

Since fluid convection-driven motion around the crystal-
lizing protein depends on the level of gravity, the global
degree of order of the bound water molecules may vary under
different growth environments. The identified solvent posi-
tions show more deviation from ideal distances for a
substantial number of amino-acid main and side chains in the
model derived from earth-grown crystals than in the space
model. The deviations highlighted by the DDQ analysis could
not be detected using a different validation procedure such as
measuring the real-space correlation coefficient (Jones et al.,
1991). As a result, 164 and 183 water molecules were identified
in the asymmetric unit of earth and space crystals, respectively.
Similar observations have been made on space crystals of two
small monomeric proteins. The microgravity structures of
lysozyme and phospholipase A, show an extended network of
104 and 141 hydrogen-bonded water molecules, compared
with only 92 and 97 in models derived from earth crystals
prepared under otherwise identical conditions (Dong et al.,
1999, 2000).

This greater number of visible solvent atoms may well be
correlated with a reduction of the mean B factor, which is only
41 A%in microgravity-grown AspRS-1 crystals compared with
45 A2 for the earth controls (Table 3). This means that at the
level of the protein, the atomic displacement parameters are
reduced in a low-gravity environment, as reported in the case
of several other proteins including isocitrate lyase, elastase,
y-interferon, malic enzyme and proline isomerase (Moore et
al., 1999).

4. Discussion

The process of protein crystallogenesis is influenced by many
parameters (McPherson, 1999; Ducruix & Giegé, 1999). In the
gravitational field of the earth, crystal growth generates
variations in solution composition and microcrystals settle as
soon as they reach a critical size. Both phenomena create
differences in solution density and lead to fluid movements
that end in mixing. In the absence of gravity, nuclei deplete the
steady and immobile solution surrounding them of soluble
macromolecules when they grow. Such protein-depleted zones
have been visualized using interferometric methods (Otélora
et al., 2001). Under these conditions, crystal growth is gradu-
ally limited by the diffusion of the macromolecules
approaching the surface of the crystal faces rather than by the
incorporation into the latter.

A 10°-10°-fold reduction in gravity provides a quiescent
medium in which the ordered arrangement of the AspRS
dimers was favoured at the molecular level through an
extended network of hydrogen-bonded water molecules. The
side chains of solvent-accessible residues located at the
protein’s surface as well as the backbone of the polypeptide
chain are less prone to indiscriminate movement since the
mean atomic thermal motion is slighter. In the case of insulin,

a bound phenolic derivative was detected in earth-grown
crystals (Smith ez al., 1996), but a second one stabilized by an
extensive hydrogen-bonding network mediated by water
molecules became visible only in the electron-density map
computed from space-grown crystals. This induced a shift
towards one protein conformation and displaced its
quaternary structure from a trimer to a hexamer (Smith et al.,
1995, 1996). These lines of evidence suggest that in the
microgravity environment disturbances such as shearing
forces that can presumably tear off weakly bound molecules
can be minimized. As a consequence, dynamic parts of a
protein such as floppy domains or a weakly bound ligand may
be ‘frozen’ in a given state by a network of hydrogen bonds
when the crystallization solvent is sufficiently steady.

The positive effect of the reduction in the gravity level
appears to be independent of the proportion of solvent in the
crystals [43% (v/v) in lysozyme, 49% (v/v) in phospholipase A,
and 62%(v/v) in AspRS-1 crystals], of the molecular weight of
the protein particles (14 300, 140 00 and 122 000 Da, respec-
tively), of space group and packing and of the nature of the
crystallizing agent (NaCl, hexanediol and ammonium sulfate,
respectively). Our study shows that a large dimeric enzyme
that has a flexible structure with floppy loops and extensions
such as AspRS-1 behaves like these small and compact
proteins in terms of the microgravity positive influence on
crystallization.

5. Conclusions

Compared with their equivalent earth-grown counterparts,
space-grown AspRS-1 crystals diffract better and have a lower
mosaic spread. As a result, an improved initial electron-
density map was obtained for modeling and refinement,
contributing to clearer structural information on the entire
large multidomain enzyme. The improvement seen in the
structure of the synthetase dimer was a direct consequence of
the enhanced quality of the diffraction data derived from
crystals prepared under microgravity.
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