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Abstract—Crystals of highpurity recombinant NAD+dependent formate dehydrogenase from the higher
plant Arabidopsis thaliana (AraFDH) were grown in microgravity in the Modul’1 protein crystallization
apparatus on the International Space Station. The spacegrown crystals have larger sizes than those grown on
Earth. Xray diffraction data suitable for determining the threedimensional structure were collected from the
spacegrown crystals to a resolution of 1.22 Å using an Xray synchrotron source. The crystals belong to sp.
gr. P43212; the unitcell parameters are a = b = 107.865 Å, c = 71.180 Å, α = β = γ = 90°.
DOI: 10.1134/S1063774510050159

INTRODUCTION
The growth of highquality protein crystals suitable
for determining the threedimensional structures at
high resolution is an important problem. The crystal
lization in microgravity is one efficient approach to
improving the Xray diffraction quality of crystals. The
quality of the protein crystals depends significantly on
the mass transfer to growing crystals, which occurs
through convection or diffusion. In microgravity,
where the convection is virtually absent, the diffusion
transport dominates. A stable concentration gradient
is established in the solution around the crystals so that
the crystal growth occurs in the most favorable condi
tions at a low supersaturation. Due to the absence of
sedimentation, crystals do not fall to the bottom of the
vessel, which yields the uniform transfer of protein
molecules to all growing faces and facilitates the for
mation of more isometric crystals in microgravity [1].
In 2006–2009 a series of experiments on the pro
tein crystal growth in microgravity were carried out on
the Russian Segment of the International Space Sta
tion (RS ISS) [2]. Crystals of several proteins (includ
ing geneticallyengineered human insulin, carbox
ypeptidase, and sialylated insulin) were grown in the
Modul’1 protein crystallization apparatus con
structed in the Special Design Bureau of the Shubni
kov Institute of Crystallography of the Russian Acad
emy of Sciences. These crystals had larger sizes and
were of a higher Xray diffraction quality than the
earthgrown crystals of the corresponding proteins
[2–4].

In this study we report the results of the crystalliza
tion of recombinant NAD+dependent formate dehy
drogenase from Arabidopsis thaliana (AraFDH) in the
presence of sodium azide in the Modul’1 protein
crystallization apparatus on the RS ISS.
NAD+dependent
formate
dehydrogenases
(EC 1.2.1.2, FDHs) catalyze the oxidation of the for
mate ion to carbon dioxide coupled with the reduction
of NAD+ to NADH. There are several types of this
enzyme in nature, which differ in the subunit compo
sition and the presence of different metal ions (molyb
denum, tungsten), prosthetic groups, and even
unusual amino acids (for example, selenocysteine in
FDH from E. coli). The most structurally simple
enzyme consists of two identical subunits, each com
posed of 360–400 amino acids. This type of FDH was
found in different bacteria (methylotrophic, symbiotic
nitrogenfixing, pathogenic, deepwater, etc.), yeasts,
microscopic fungi, and plants. Formate dehydrogena
ses from the bacteria Pseudomonas sp. 101 and
Moraxella sp. C1 and the yeast Candida boidinii have
been characterized in most detail. The genes for these
enzymes were cloned, and strains of E. coli for the
hyperproduction of both wild and mutant recombi
nant enzymes were obtained [5–7].
In plants, the formate dehydrogenase activity was
found for the first time in the early 1950s [8]. However,
systematic studies of plant FDHs have not been per
formed because of the difficulties of isolating them.
Plant FDHs attracted great attention in the early
1990s [9, 10] when it was shown that FDH found in
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potato tuber mitochondria is a stress protein. Thus,
the amount of FDH in mitochondria reached 9% of all
mitochondrial proteins in the response of plants to
stress [9].
Investigations of plant FDHs are of both theoreti
cal and practical interest. A comparison of the amino
acid sequences of FDHs from different sources shows
the closest homology between the active sites of plant
FDHs and the active sites of related enzymes from
bacteria [5, 7]. However, plant FDHs differ substan
tially from bacterial enzymes in their mechanism of
catalysis [5, 11, 12]. From the practical point of view,
the protein engineering of plant FDHs is also an
important problem. In stressed plants, formate dehy
drogenases provide cells with energy as a result of the
NADH production via the oxidation of toxic formate.
Plants with enhanced resistance to different stresses,
such as drought, heat, cold, etc., can be designed by
increasing the activity and stability of plant FDHs. It
is very important to know the highresolution three
dimensional structures for geneticengineering exper
iments with proteins.
The apo forms of bacterial and plant formate dehy
drogenases are in the open conformation, whereas the
holo form (formate dehydrogenase in the complex
with azide and the cofactor) is in the closed conforma
tion. It should be noted that the binding of the cofactor
is insufficient for the transformation of the enzyme
into the closed form [13]. Crystals of FDH from Ara
bidopsis thaliana have been grown, and the three
dimensional structures of the apo form (open confor
mation) and the holo form of FDH in the complex
with azide and NAD+ have been established [14].
However, it remains unclear whether the presence of
azide alone is sufficient for the transformation from
the open to the closed conformation. In the FDH–
NAD+ –azide ternary complex, azide mimics the sub
strate in the transition state of the reaction.
In this study, crystals of AraFDH were grown from
a solution of highly purified preparations of recombi
nant FDH from Arabidopsis thaliana in the presence of
sodium azide both on earth and in microgravity. The
crystals grown in microgravity had a larger size and
were of a better quality than the earthgrown crystals.
The Xray diffraction data collected from the space
grown crystals were suitable for determining the struc
ture of AraFDH at higher resolution (1.22 Å) than for
the earthgrown crystals.
EXPERIMENTAL
Biomass Production of Recombinant E. Coli Cells
with FDH from A. thaliana
The plasmid of total cDNA of the gene arafdh was
kindly supplied by Professor J. Markwell (University
of Nebraska–Lincoln, United States). To express
AraFDH in E. coli cells from the gene arafdh by the
polymerase chain reaction, the nucleotide sequence
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encoding the signaling peptide was removed [11]. The
DNA fragment encoding only the mature enzyme was
cloned into the plasmid pET21a. The resulting plas
mid p1AraFDH was used to transform the BL21
CodonPlus(DE3) E. coli cells. To obtain a seed cul
ture, a single colony was taken from a Petri dish and
incubated in 20 mL of the 2YT medium (16 g/L bacto
tryptone, 10 g/L yeast extract, 5 g/L NaCl, pH 7.0) at
37°С for 6 h at 150 rpm in the presence of 150 µg/mL
ampicillin. The inoculant was transferred into the
fresh 2YT medium (200 mL) in a 1l flask and cultured
at 30°С for 3 h at 100 rpm. Then lactose was added to
the flask at a concentration of 20 g/L, the cultivation
temperature was decreased to 25°С, and then the cul
tivation was performed for 12–16 h. The cells were
precipitated by centrifugation at 5000 g for 20 min at
4°C. The precipitate was resuspended in a 0.1M
phosphate buffer, pH 7.5, containing 10 mM EDTA
(20 g of the cells per 90 mL of the buffer).
Purification of AraFDH
To disrupt the cells, 44 mL of the suspension (two
22mL portions) were frozen and thawed twice, and
each portion was twice treated with ultrasound for
3 min with continuous ice cooling. The precipitate
was removed by centrifugation at 20 000 g for 20 min.
Solid ammonium sulfate was added with continuous
stirring to the combined supernatant to 35% satura
tion. The resulting solution was kept overnight at 4°С.
The precipitate of impurity proteins was removed by
centrifugation at 20 000 g for 20 min. The enzyme
solution was applied to a column packed with Phenyl
Sepharose Fast Flow (50 mL, Pharmacia Biotech)
equilibrated with 35% saturated sulfate ammonium in
a 0.1M phosphate buffer, pH 7.0, containing 10 mM
EDTA. The column was washed with 300 mL of the
same solution. The enzyme was eluted with a linear
descending concentration gradient of ammonium sul
fate from 35 to 0%. The fractions containing active
AraFDH were combined and concentrated to 5 mL in
an Amicon cell through an Amicon PM10 mem
brane. The resulting enzyme solution was applied to a
2.5 × 100cm column packed with 500 mL of
Sephacryl S200 (Pharmacia Biotech) equilibrated
with a 0.1M phosphate buffer, pH 7.0, containing
10 mM EDTA. The enzyme was eluted from the col
umn at a rate of 25 mL/h. The elution of the enzyme
was monitored with a Uvicord SII stoppedflow spec
trophotometer at 278 nm, and 5mL fractions were
collected. The enzyme activity and the protein con
centration in the fractions were determined. The frac
tions with a specific activity of 6.5 units per mg of the
protein fractions were taken and combined. The yield
of the purified enzyme was 1360 activity units (72% of
the initial activity). According to the results of analyt
ical SDSpolyacrylamide gel electrophoresis, the
purity of the enzyme preparations was no lower than
95%.
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a 0.1M BisTris buffer, pH 5.6, as the precipitant. The
largest crystals were obtained at a protein concentra
tion of 5.8 mg/mL with the use of 2.1 M ammonium
sulfate (Fig. 1).
Crystallization in smallvolume capillaries by the
freeinterfacediffusion technique. A 10µL protein
solution with a protein concentration of 10–
16 mg/mL was placed onto a siliconized glass cover
slide near a drop of a reservoir solution of the same vol
ume. The protein solution, followed by the reservoir
solution, was successively sucked into the capillary by
placing the tip of the capillary into these drops. Then
both ends of the capillary were sealed with picein; 3.6–
4.0 M ammonium sulfate in a 0.1M BisTris buffer,
pH 5.6, was used as the precipitant. The largest crystals
(up to 0.10 mm) grew at a protein concentration of
14 mg/mL with the use of 3.8 M ammonium sulfate.
Cubic and prismatic crystals grown in the capillaries
are shown in Fig. 2.
Protein crystallization by the freeinterfacediffusion
technique in the Modul’1 protein crystallization appa
ratus on earth and in microgravity. The Modul’1 crys
tallization apparatus was prepared and loaded as
described in [2]. The crystallization conditions for
microgravity are given in Table 1. Under the same
conditions, the control experiment in the Modul’1
apparatus was performed on earth. The crystals of
AraFDH grown in microgravity in the Modul’1 crys
tallization apparatus are shown in Figs. 3a and 3b.
Xray data collection and characterization of crys
tals. The Xray diffraction data were collected from
one of the spacegrown crystals to 1.22 Å resolution at
the European Molecular Biology Laboratory (EMBL
Outstation, Hamburg, DESY synchrotron, beamline
X13) at 100 K. The Xray data were processed with the
use of the DENZO and SCALEPACK program pack
ages [15]. The crystals belong to sp. gr. P43212; the
unitcell parameters are a = b = 107.865 Å, c =
71.180 Å, α = β = γ = 90°. The Xray diffraction data
collection statistics are presented in Table 2. The Mat
thews coefficient [16] was 2.32 and the solvent content
was 47%.

0.1 mm
Fig. 1. Crystals of the AraFDH complex with azide grown
by the hangingdrop vapordiffusion method.

0.1 mm
Fig. 2. Crystals of the AraFDH complex with azide grown
in capillaries.

The enzyme, which was stored without any loss of
activity at 4°С in a 0.1 M phosphate buffer, pH 7.0,
containing 10 mM EDTA, was used for crystal growth
experiments.
Crystallization of AraFDH
in the Presence of Sodium Azide
Crystallization by the hangingdrop vapordiffusion
method. The preliminary search for the conditions of
crystal growth on earth was carried out by the hanging
drop vapordiffusion method based on the conditions
proposed in [14]. Crystals were grown from solutions
of the enzyme in a 0.1M potassium phosphate buffer,
pH 7.0, containing 0.01 M EDTA and 0.01 M sodium
azide with the use of 1.9–2.3 M ammonium sulfate in

RESULTS AND DISCUSSION
For experiments on the protein crystal growth in
microgravity, the Modul’1 protein crystallization
apparatus was designed in the Special Design Bureau
of the Shubnikov Institute of Crystallography, Russian
Academy of Sciences. In this apparatus the crystal
growth occurs by the freeinterface diffusion. This is
the method of choice in experiments performed in
microgravity, because it prevents or reduces the
Marangoni convection.
Active recombinant formate dehydrogenase from
Arabidopsis thaliana for crystallization experiments
was expressed with the use of the hyperproducing
strain of E. coli [11]. The procedures developed for the
cultivation and purification allowed the production of
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Table 1. Crystallization of the complex of AraFDH with azide in microgravity in the Modul’1 protein crystallization apparatus
Cell

Composition of the protein solution

Composition of the reservoir
solution

Result

1

18 mg/mL, 0.01 M EDTA, 0.01 M sodium azide 3.9 M ammonium sulfate in Amorphous precipitate
in 0.1 M potassium phosphate buffer, pH 7.0
0.1 M BisTris buffer, pH 5.6

2

18 mg/mL, 0.01 M EDTA, 0.01 M sodium azide 3.8 M ammonium sulfate in Cubic crystals with dimensions
in 0.1 M potassium phosphate buffer, pH 7.0
0.1 M BisTris buffer, pH 5.6 0.2 × 0.2 × 0.2 mm. Prismatic crystals
with dimensions 0.5 × 0.5 × 1.0 mm
15 mg/mL, 0.01 M EDTA, 0.01 M sodium azide 3.9 M ammonium sulfate in Crystals: cubic with dimensions
in 0.1 M potassium phosphate buffer, pH 7.0
0.1 M BisTris buffer, pH 5.6 0.2 × 0.2 × 0.2 mm and prismatic
with dimensions 0.3 × 0.3 × 0.6 mm
16 mg/mL, 0.01 M ADPR, 0.01 M EDTA,
3.9 M ammonium sulfate in Amorphous precipitate
0.01 M sodium azide in 0.1 M potassium
0.1 M BisTris buffer, pH 5.6
phosphate buffer, pH 7.0
18 mg/mL, 0.01 M EDTA, 0.01 M sodium azide 3.9 M ammonium sulfate in Amorphous precipitate
in 0.1 M potassium phosphate buffer, pH 7.0
0.1 M BisTris buffer, pH 5.6
18 mg/mL, 0.01 M EDTA, 0.01 M sodium azide 3.8 M ammonium sulfate in Cubic crystals with dimensions
in 0.1 M potassium phosphate buffer, pH 7.0
0.1 M BisTris buffer, pH 5.6 0.4 × 0.4 × 0.4 mm
15 mg/mL, 0.01 M EDTA, 0.01 M sodium azide 3.8 M ammonium sulfate in Crystals: cubic with dimensions
in 0.1 M potassium phosphate buffer, pH 7.0
0.1 M BisTris buffer, pH 5.6 0.2 × 0.2 × 0.2 mm and rectangularpris
matic with dimensions 0.1 × 0.1 × 0.3 mm
13.5 mg/ml, 0.01 M ADPR, 0.6 M ammonium 3.9 M ammonium sulfate in Amorphous precipitate
sulfate, 0.01 M EDTA, 0.01 M sodium azide
0.1 M BisTris buffer, pH 5.6
in 0.1 M potassium phosphate buffer, pH 7.0

3

4

5
6
7

8

FDH from Arabidopsis thaliana in large amounts (up
to 1 g of the target protein per liter of the medium) and
in the homogeneous state, which made it possible to
systematically characterize the enzyme (including the
experiments on the crystal growth and the determina
tion of the threedimensional structure). Crystals of
the apo and holo forms of AraFDH have been grown
before, and the threedimensional structures of the
enzyme have been established at resolutions of 1.7 and
2.0 Å, respectively [14].
The conditions for the crystal growth on earth in
the presence of azide ions were found by the hanging
drop vapordiffusion method. Like in the previous
study [14], a solution of sulfate ammonium in a 0.1 M
BisTris buffer, pH 5.6, was used as the precipitant.
Protein solutions in a potassium phosphate buffer
contained sodium azide and EDTA. The crystals
grown in the drops reached the size of 0.10 mm
(Fig. 1). These conditions were used as the initial con
ditions for the crystal growth on earth in capillaries by
the freeinterfacediffusion technique. However, no
crystals grew in capillaries under the conditions used
in the hangingdrop vapordiffusion method. The
conditions for the crystal growth in capillaries were
optimized by varying both the protein and precipitant
concentrations. Crystallization by the freeinterface
diffusion method generally requires higher concentra
tions of both the protein and the precipitant compared
to those used in the vapordiffusion method, because
the volume of the solution after both components are
mixed in the former method remains constant during
CRYSTALLOGRAPHY REPORTS
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the experiments. By contrast, in the vapordiffusion
method, the volume of the drops composed generally
of equal volumes of protein and reservoir solutions
decreases until the concentration of the precipitant in
the drop becomes equal to that in the reservoir solution.
In our experiments, the protein concentration in capil
laries was increased by a factor of more than two and the
concentration of sulfate ammonium was increased to
3.6–4.0 M. Crystals appeared within 7–9 days and
reached the largest size (approximately 0.2 mm) after
3–4 weeks.
Table 2. Xray datacollection statistics for crystals of AraFDH
Resolution, Å
Sp. gr.
Unitcell parameters, Å, deg
Mosaicity, deg
Total number of reflections
Number of independent reflec
tions
Wavelength, Å
Completeness of the data set, %
Rsym, %
I/σ (I)

1.22 (1.23–1.22)*
P43212
a = b = 107.87, c = 71.18,
α = β = γ = 90
0.7
15153970
123669
0.96
99.4 (98.7)
6.1 (44.4)
14.2 (3.4)

* The data for the last resolution shell are given in parentheses.
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(a)

large crystals were never grown on earth. The cells of
the control crystallization apparatus on earth con
tained mainly amorphous precipitates, and the crys
tals found in the cells were smaller than 0.05 mm.
The Xray diffraction data from the spacegrown
crystals were obtained to 1.2–1.3 Å resolution using a
synchrotron radiation source (DESY synchrotron,
Hamburg, beamline X13), whereas the resolution for
the earthgrown crystals was lower than 1.7 Å. The
Xray diffraction set collected from the spacegrown
crystals is suitable for determining the threedimen
sional structure of AraFDH at a resolution of no lower
than 1.3 Å.

(b)
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