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Abstract—Uridine phosphorylases are known as key targets for the development of new anticancer and anti-
parasitic agents. Crystals of uridine phosphorylase from the pathogenic bacterium Vibrio cholerae were grown
in microgravity by the capillary counter-diffusion method on board of the International Space Station. The
three-dimensional structure of this enzyme was determined at atomic (1.04 Å) resolution (RCSB PDB ID:
6Z9Z). Alternative conformations of long fragments (β-strands and adjacent loops) of the protein molecule
were found for the first time in the three-dimensional structure of uridine phosphorylase in the absence of
specific bound ligands. Apparently, these alternative conformations are related to the enzyme function. Con-
formational analysis with Markov state models demonstrated that conformational rearrangements can occur
in the ligand-free state of the enzyme.
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INTRODUCTION
In human cells, the demand for pyrimidine nitrog-

enous bases, in particular thymine and uridine,
increases during the cancer disease development.
Nitrogenous bases are produced by the reversible
phosphorolytic cleavage of pyrimidine nucleosides.
This reaction is catalyzed by uridine phosphorylase
(UPh). The expression of this protein is upregulated in
cancer cells [1–3]. Therefore, some anticancer drugs
are targeted to the regulation of metabolism of nitrog-
enous bases and their derivatives. In particular, UPh
inhibitors can be used as such drugs. They regulate the
metabolism of such nitrogenous bases as uridine and
thymidine, the resynthesis of which involves UPh.

Currently, great attention is given to the evaluation
of the enzyme specificity of UPh and the development
of reversible competitive inhibitors, the decrease in the
concentration of which leads to the restoration of UPh
activity. The structures of the protein from different
organisms and its complexes with various ligands were
determined and characterized at a resolution of up to
1.2 Å [4–13].

The development of UPh inhibitors as new drugs
requires an understanding of the mechanisms of pro-
tein action. This issue can be addressed by determin-
ing the crystal structures of the protein and its com-
plexes with high accuracy by means of X-ray crystal-

lography. According to our experience, an analysis of
the structures determined at atomic and subatomic
resolution makes it possible not only to reveal the
structural features of the protein and its complexes but
also to elucidate the mechanism of action of the
enzyme as a biological machine relying on experimen-
tal data by analyzing alternative conformations, aniso-
tropic displacement parameters, and active-site pro-
tonation states [6, 10, 11].

Crystallization in microgravity is a promising tool
for growing crystals of macromolecules. As it was
demonstrated in [14–16], the crystals grown in micro-
gravity have a more ordered internal structure,
reduced twinning, and higher scattering ability com-
pared to the Earth-grown crystals.

Here, we report the X-ray diffraction study of the
crystal structure of uridine phosphorylase from Vibrio
cholerae (VchUPh) using crystals grown in micrograv-
ity on board of the International Space Station (ISS).
Alternative conformations of long secondary-struc-
ture elements (β-stands and loops) of the protein ter-
tiary structure in the absence of specific bound ligands
were analyzed. Previously, alternative conformations
in the atomic-resolution UPh structures were
observed only in complexes of UPh with functionally
important ligands bound at partial occupancy [6, 10, 11].
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Fig. 1. Crystals of uridine phosphorylase from V. cholerae
grown in microgravity. 

1.5 mm
MATERIALS AND METHODS
Isolation and Purification of VchUPh

The enzyme VchUPh was purified by two-step ion-
exchange chromatography on butyl-Sepharose and
Q-Sepharose (Amersham Pharmacia Biotech) in the
first and second steps, respectively. According to SDS
gel electrophoresis, the homogeneity of VchUPh was
96%. The procedures for the harvesting of the biomass
of the producer and for the isolation and purification
of VchUPh were described in [8].

Crystallization
The protein crystallization by the vapor-diffusion

technique was described in [8, 10]. The protein con-
centration was 15 mg/mL in 0.1 M Tris-HCl buffer.
The reservoir solution was composed of 0.2 M MgCl2∙
6H2O, 15 wt % polyethylene glycol (PEG) 4000, and
0.1 M Tris-HCl, pH 8.5.

The crystallization conditions found by the vapor-
diffusion technique were then adapted to apply the
capillary counter-diffusion technique in microgravity
crystallization experiments. The known crystallization
conditions served as the starting point. Then the mag-
nesium chloride concentration was varied from 0.1 to
0.4 М, and the PEG 4000 concentrations was varied
from 15 to 25% with a step of 2%. The crystallization
was performed by the capillary counter-diffusion
method [17] on board of the ISS. A control crystalliza-
tion experiment using the same crystallization condi-
tions was repeated in parallel in a laboratory on Earth.
In the control experiment, crystals suitable for X-ray
diffraction appeared within two weeks. The X-ray dif-
CR
fraction data set was collected from the crystals
(Fig. 1) grown at 293 K in microgravity using the fol-
lowing conditions: 0.1 M Tris-HCl, pH 8.5, supple-
mented with 0.3 M MgCl2⋅6H2O and 19 wt %
PEG 4000.

X-ray Diffraction Data Collection and Processing
The X-ray diffraction data set was collected from a

crystal of VchUPh on the BL41XU beamline at the
SPring-8 synchrotron facility (Hyogo, Japan) at 100 K.
The cryoprotectant solution was composed of the
components of the reservoir solution with the addition
of 20% glycerol The experimental intensities of reflec-
tions were processed with the XDS program package
[18]. The intensities were scaled and the structure fac-
tor magnitudes were calculated using the SCALA pro-
gram [19]. The X-ray diffraction data collection and
processing statistics are given in Table 1.

Structure Solution and Refinement
The structure was solved by the molecular replace-

ment method with the Molrep program [20]. The VchUPh
structure (PDB ID: 6EYP) was used as the starting
model. The structure was refined with the phe-
nix.refine program [21] combined with the manual
rebuilding of the model using the Coot interactive
graphics program [22]. The following non-specific
ligands bound to the protein were found in the struc-
ture: glycerol, 1,2-ethanediol, diethylene glycol, mag-
nesium ions, and sodium ions. The atomic displace-
ment parameters were refined anisotropically. In the
final cycles of the refinement, hydrogen atoms were
included in the structural model. The validation of the
structure refinement was performed with the
ProСheck [23] and MolProbity [24] programs and
using the PDB Validation Server (http://vali-
date.rcsb.org). The structure refinement statistics are
given in Table 1. The structure was deposited in the
Research Collaboratory for Structural Bioinformatics
Protein Data Bank (RCSB-PDB; PDB ID: 6Z9Z).

Classical Molecular Dynamics Simulations
To found the most probable conformations of the

main-chain regions involved in the enzyme active site
and evaluate the binding stability of glycerol to the
enzyme, we performed molecular dynamics (MD)
simulations of this complex with the GROMACS soft-
ware package (version 2018.8) [25], using the
CHARMM all-atom force field [26] of version C36m
[27]. The ligand models were parameterized with
CGenFF server [28]. Water molecules were described
by the three-site TIP3P model. Magnesium and chlo-
ride ions were added to the system to provide a con-
centration corresponding to 0.3 M MgCl2. Long-
range electrostatic interactions were calculated by the
particle-mesh method with a cubic interpolation
YSTALLOGRAPHY REPORTS  Vol. 66  No. 5  2021
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Table 1. X-ray diffraction data-collection and processing
and the structure solution and refinement statistics

CC1/2 is the Pearson’s correlation coefficient between the mea-
sured intensities of two randomly assigned half-subsets of reflec-
tions in the overall data set.
* The data for the last high-resolution shell are given in parentheses.

X-ray diffraction data statistics
Wavelength, Å 0.7
Detector EIGER 16M
Crystal-to-detector distance, mm 190
Oscillation angle, deg 0.1
Space group P21
a, b, c, Å 93.186, 97.061, 93.227
α = γ, β, deg 90.00; 119.965
Resolution, Å 46.59–1.04 (1.08–1.04)*
Total number of reflections 2680710 (268036)*
Number of unique reflections 682103 (67467)*
Completeness of data, % 99.15 (98.57)*
Redundancy 3.9 (4.0)*
Average value I/σ(I) 12.64 (1.56)*
Overall Wilson temperature 
factor, Å2

10.16

Rmerge, % 5.56 (82.41)*
Rmeas, % 6.41 (94.98)*
Rpim, % 3.16 (46.72)*
CC1/2, % 99.8 (63.6)*

Structure refinement
Cut-off Sigma, min(σ(|F |)/|F |) 2.0
Number of reflections 
in the working set

679672 (67460)*

Number of reflections
in the test set

33812 (3492)*

Rwork, % 12.56 (23.27)*
Rfree, % 14.20 (24.36)*
Cruickshank DPI, Å 0.029

Number of refined non-hydrogen atoms
Protein 12501
Ligands 105
Water 1688

Rms deviation from ideal geometry
Bond lengths, Å 0.007
Bond angles, deg 0.96
Average B factor for all atoms, Å2 16.27
Macromolecule 14.39
Ligands 32.47
Water 29.23

Ramachandran plot
Number of residues in the most 
favored regions, %

98.79

Number of residues in addition-
ally allowed regions, %

0.81

Number of outliers, % 0.4
Rotamer outliers, % 0.73
PDB ID 6Z9Z
function. Van-der-Waals interactions were approxi-
mated by the “force-switch” function in a range from
10 to 12 Å. The pressure in the system was controlled
with the Parrinello–Rahman pressure coupling algo-
rithm [29] at 1 bar. The temperature of the MD system
was kept constant with the temperature coupling
algorithm (V-rescale [30]) at 293 K (corresponds to
the temperaturе at which crystallization process was
carried out). The MD trajectory was set to 100 ns.
Newton’s equations of motion were integrated with a
step of 2 fs using the leap-frog algorithm. A total of
four trajectories were obtained for the dimer СD,
including two trajectories of the A conformer in the
presence and in the absence of a glycerol molecule and
two trajectories of the B conformer also in the pres-
ence and in the absence of glycerol.

Determination of the Relative Binding Affinity
of Glycerol to the Active Site of VchUPh 

by the Linear Interaction Energy Method

The relative binding affinity of glycerol was calcu-
lated by the linear interaction energy (LIE) method
[31] using the gmx_lie program implemented in the
GROMACS software package. The molecular
dynamics trajectories for protein–ligand interactions
were again calculated by the reaction-field method at
a cutoff of 15 Å to evaluate the potential energy of
Coulomb interactions between the ligand and the
environment. Then the MD trajectories were calcu-
lated throughout the time frame, during which glyc-
erol does not leave the active site of UPh (4.2 and 1 ns
for the alternative A and B conformations, respec-
tively).

Molecular Dynamics Simulations Coupled
with Markov State Models

The method of Markov state models [32] was used
with the PyEmma software package [33] for interpre-
tation of the molecular modelling results. To reduce
the dimensionality of the data to a set of variables that
determine the conformational properties of the poly-
peptide chain, we used the sines and cosines of the
main-chain dihedral angles for the chain D of VchUPh
for the residue regions 90–107, 144–153, and 215–226.
In order to further reduce the dimensionality of the
conformational space, we applied the time-lagged
independent component analysis (TICA) [34]. In this
step, the correlation functions were calculated so as to
obtain the maximum autocorrelation coefficients and
reduce the correlation between different variables to
zero, which allowed us to additionally reduce the
dimensionality of the data by the conversion to the so-
called independent coordinates. The lag times were
selected based on the times typical of similar confor-
mational changes in other proteins [35]. Hence, the
further adjustment was performed after the analysis of
the supposed time ranges of transitions between the
CRYSTALLOGRAPHY REPORTS  Vol. 66  No. 5  2021
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major states of the Markov model [36]. For the regions
of the molecule under consideration (residues 90–
107, 144–153, and 215–226), the lag times were set to
3, 4, and 3 ns, respectively.

Before the construction of the Markov state model,
the trajectories were discretized using an algorithm of
k-means clustering. The number of clusters, equal to
thirty for the three regions of the polypeptide chain
under consideration, was chosen by the heuristic
method, which was described in the documentation
for the PyEmma software package based on the
VAMP-2 Score [37]. This clustering was used to build
the Markov state model. Thus, the number of transi-
tions from one state to another was calculated, the
transition matrix was derived, and its eigenvalues and
eigenvectors were calculated. The projections of clus-
ter centroids, which were obtained in the discretiza-
tion stage, onto the eigenvectors with the largest eigen-
values define the positions of the major states.

RESULTS AND DISCUSSION
Crystals of VchUPh and Relevant X-Ray 

Diffraction Data

High-quality crystals of uridine phosphorylase
from the pathogenic bacterium Vibrio cholerae were
grown in microgravity on board of the ISS. The three-
dimensional structure of VchUPh was determined at a
record-high resolution of 1.04 Å.

Three-Dimensional Organization 
of the VchUPh Structure

The structural organization of the enzyme VchUPh
is similar to that of the VchUPh structures reported
previously [6, 8–10]. Each subunit of the VchUPh
molecule, which exists as a toroidal homohexamer
with a diameter of ~106 Å, is composed of 253 resi-
dues (the molecular weight is 27.5 kDa). The second-
ary-structure elements of the monomer assigned with
the DSSP program [38] include eight β-strands (28%
of residues) and eight α-helices (32% of residue). The
interdomain interface of each homodimer of the hex-
amer contains a Na+ ion coordinated by three pairs of
alike residues from adjacent subunits of the homodi-
mer. Each dimer has two identical active sites formed
by residues of adjacent subunits of the homodimer.

Active Site of VchUPh

The active sites of the enzyme molecule do not
contain specific ligands but most of the ribose-binding
subsites of the nucleoside-binding sites, which are
formed by the residues Glu197 and Thr93 of one sub-
unit and the residue His7 of the adjacent subunit of the
homodimer [10], are occupied by the nonspecifically
bound ethanediol and glycerol molecules. This fact
can be attributed to the similar chemical nature of
CR
polyhydric alcohols and monosaccharide residues,
which are aldehyde or keto alcohols. Almost in all
active sites, glycerol molecules are hydrogen-bonded
only to one residue of the ribose-binding site (Glu197
or His7).

In the structure of unligated VchUPh determined
previously at 1.22 Å resolution (PDB ID: 6EYP),
almost all active sites contain glycerol in two confor-
mations. One conformer is hydrogen-bonded only to
the carboxyl group of Glu197, whereas another con-
former is hydrogen-bonded to both residues (Glu197,
His7).

In this structure, alcohol molecules bound to the
ribose-binding subsite of the active site adopt one
conformation but some of them are bound at partial
occupancy. In the active site of the subunit D, the
glycerol molecule is linked to the imidazole moiety of
His7 of the adjacent subunit (NE2_His7/C–3.0 Å–
O1_GOL) and the carboxyl group of Glu197
(OE2_Glu197/D–2.7 Å–O3_GOL, OE1_Glu197/D–
3.3 Å–O3_GOL) (Fig. 2).

If the glycerol molecule is linked to both His7 and
Glu197, its conformation and arrangement in the
binding site of UPh are similar to the conformation of
the C3'–O3'–C4'–O4'–C5'–O5' moiety of the ribose
component of the substrates, pseudosubstrates, or
inhibitors of UPh (uridine, thymidine, cytidine, and
2,2-anhydrouridine). However, there is a significant
difference. Thus, in all the active sites of the structure
under consideration, like in 6EYP, Thr93 that forms
the f lexible wall of the active site [6, 10, 11] is not
hydrogen-bonded to the alcohol molecule and its side
chain is at a distance of longer than 4–5 Å from the
ligands. Unlike glycerol, the substrates and inhibitors
are linked to the side chain of Thr93 through the O4'-
hydroxy group, the position of which corresponds to
the O2-hydroxy group of glycerol.

The glycerol binding in the active site was addition-
ally investigated by molecular dynamics. In CD
homodimer the residues 91–106 are located on the
active-site wall of the subunit D. It is these residues
that form the most clearly different alternative confor-
mations. In both cases, the ligand occurs in the bound
state only over a short period of time during the MD
trajectory (~4.2 and 1 ns for the A and B conforma-
tions, respectively) (Fig. 3).

In the A conformation, in which the fragment 91–
106 is located closer to the ligand (Fig. 2a), the binding
to the active site was relatively stable for ~4.2 ns
(Fig. 3a), and the average estimated binding free
energy ΔGLIE = –14.4 kJ/mol. However, during the
first picoseconds, the conformation of the ligand dras-
tically changed compared to the experimentally deter-
mined conformation, and the minimum estimated
binding free energy (  = –38.8 kJ/mol) corre-
sponded to this new conformation of glycerol in the
binding site (Fig. 2b). In this conformation, the ligand
is not hydrogen-bonded to the side-chain atoms of

Δ min
LIEG
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Fig. 2. (a) Three-dimensional organization of the enzyme active site in D(C) of VchUPh (PDB ID: 6Z9Z). A fragment of the
2Fo–Fc electron density map is shown. Polar contacts between hydrogen-bond donors and acceptors are indicated by dashed
lines. Residues of the carbon backbone and alternative conformations of the main chain are shown in different colors; residues of
the C subunit are marked with an asterisk; L11 is the gate loop. (b) The structure of the enzyme active site (subunit D, A confor-
mation) characterized by the minimum value of ΔGLIE of the relative binding affinity of glycerol to VchUPh. 
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His7/С, but is linked to the main-chain amino group
of Thr93/D and the side-chain atoms of Arg47/C. The
residue Arg47 is involved in the phosphate-binding
subsite of the active site, and Thr93 is involved in the
β5-strand that forms the active-site wall.

In the B conformation, the fragment 91–106 is at a
larger distance from the ligand (Fig. 2a), the binding
was stable for a much shorter period of time (~1 ns)
(Fig. 3b), and the average estimated binding free
energy is higher (ΔGLIE = –7.9 kJ/mol) compared to
the A conformation. Over the whole period during
CRYSTALLOGRAPHY REPORTS  Vol. 66  No. 5  202
which the glycerol molecule was present in the active
site of the enzyme, it did not form stable hydrogen
bonds with Thr93 but, like in the A conformation, it
was linked to Arg47/C of the phosphate-binding site.
Taking into account all the aforesaid, it can be con-
cluded that the binding stability and affinity of glyc-
erol depend on the position and conformation of the
β5-strand that forms the active-site wall. However, in
all cases the binding stability of glycerol to the enzyme
is lower compared to its substrates and competitive
inhibitors.
1
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Fig. 4. Hydrogen-bond network between the main-chain atoms of fragments of the subunit D adopting alternative conformations
in the three-dimensional structure of VchUPh. (a) The alternative conformations are shown in different colors of the carbon
backbone of the molecule. (b) The superposition of the three-dimensional structures of the β5- and β8-strands of VchUPh in the
ligand-free state (PDB ID: 6Z9Z) and in complex with uridine (PDB ID: 5M2T). 
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In all subunits, the position of the gate loop L11
[10] corresponds to the open state of the active site,
like in the structure 6EYP, which is attributed to the
fact that ethanediol and glycerol are not substrates of
UPh, and the phosphate-binding site does not contain
an orthophosphate anion.

Analysis of Alternative Conformations of Functionally 
Important Regions of VchUPh in the Ligand-Free State

In the subunits A, C, and F, the side chain of Arg47
involved in the phosphate-binding site adopts alterna-
tive conformations. The alternative conformations of
this residue were observed earlier [6, 10, 11] in all
structures, in which the phosphate-binding site does
not contain coordinated orthophosphate or sulfate. As
shown previously, the mobility of the side chain of
arginine involved in the phosphate-binding site plays
an important role in the binding of the orthophos-
phate anion and its arrangement with respect to the
nucleoside molecule [10].

Alternative conformations of the spatially proximal
regions 91–106, 145–152, and 216–225 of the subunit
D are of great interest. Not only the side chains of
these residues but also the main chains of these frag-
ments have alternative conformations (Fig. 2).

In the high-resolution structures of VchUPh in
complexes with substrates [10], 6-methyluracil as the
pseudosubstrate [6], and the inhibitor 2,2'-anhydrou-
ridine [11], two positions of the β5- and β8-strand
fragments were also observed upon the binding of the
enzyme to the ligand at partial occupancy. One of
these positions of the fragments of the tertiary-struc-
ture elements correspond to the ligated state, whereas
another position corresponds to the ligand-free state.
CR
However, much shorter regions adopt two conforma-
tions (residues 92–95 and 217–219 in the structure of
VchUPh in complex with 2,2'-anhydrouridine [11]).
Second, two positions were observed in the presence
of the ligand at partial occupancy. Third, the residues
in one of the two positions of the β5-strand fragment
were linked to the ligand either directly (uridine, thy-
midine, 2,2'-anhydrouridine) or through a water mol-
ecule (6-methyluracil). In the subunit D of the struc-
ture described in this study, the glycerol molecule is
present in the active site at full occupancy and it does
no form significant bonds with the residues 92–94.

The fragments of the subunit D adopting alterna-
tive conformations include the following secondary-
structure elements: the region 91–96 of the β5-strand,
disordered regions with reverse turns 97–106 and
145–149, the starting fragment 150–152 of the β7-
strand, the terminal fragment 216–221 of the β8-
strand, and the starting fragment of the gate loop L11
(221–225).

The main-chain atoms of these fragments interact
with each other through a hydrogen-bond network
(Fig. 4a), and their movements in the molecule are
apparently concerted. A scheme of conformational
changes in the enzyme induced by the specific ligand,
resulting in the closure of the active site, was proposed
in [10]. The changes occur due to the concerted shift
of the β5-strand, the β8-strand, and the gate loop L11
connected to the latter strand. However, the move-
ment of the β5- and β8-strands in the structure under
consideration occurs apparently independently of the
binding of the specific ligand in the ribose-binding
site. The transition of the active site to the fully closed
conformation does not occur because, first, there is no
interaction of the phosphate anion with the phos-
YSTALLOGRAPHY REPORTS  Vol. 66  No. 5  2021
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Fig. 5. Free energy landscapes for conformations of three fragments of the three-dimensional structure of VchUPh calculated
using Markov state models as a function of the two slowest independent components (IC) (left column). The landscapes for the
longest-lived metastable states (right column). The conformations (A and B) of the fragments determined by X-ray diffraction
are indicated by arrows. 
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phate-binding site and, second, the stabilization of the
closed conformation apparently requires a strong
interaction between the nucleoside or its analog and
the residues 93–95 of the β5-strand (between the
ribose moiety and Thr93 and between the pyrimidine
moiety and the main-chain atoms of Gly95).
CRYSTALLOGRAPHY REPORTS  Vol. 66  No. 5  202
The less probable hypothesis is that the glycerol
molecule, being bound in the ribose-binding site,
induces conformational changes in the structure
under study. However, there are no significant interac-
tions, either direct of through a water molecule,
between the glycerol molecule and the residues 93–95
1
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of the β5-strand. Besides, even when the glycerol mol-
ecule is linked only to one residue of the nucleoside-
binding site (subunit A), the β5-strand fragment also
adopts alternative conformations analogous to those
observed in the subunit D.

A comparison of the alternative conformations in
the atomic-resolution structures of VchUPh in the
ligand-free state and in complex with uridine (PDB
ID: 5M2T, 1.03 Å) shows that the alternative confor-
mations of the β5- and β8-strands are similar to those
observed in the structure under consideration (Fig. 4b).
However, the atoms of the β5-strand in the conforma-
tion corresponding to the closed active site in the
structure 5M2T, particularly of the region 93–94, are
located closer to the ligand and the opposite wall of the
active site (Fig. 4b). This confirms the hypothesis that
the concerted conformational changes in the β5- and
β8-strands can occur without the specific binding of
the substrate or competitive inhibitors in the active
site, but the transition to the fully closed state and sta-
bilization of the latter are possible only upon the bind-
ing of the residues of the β5-strand to the specific
ligands of the enzyme. Uridine, in turn, forms hydro-
gen bonds only with the residues 93–95 of the β5-
strand in one (more closed) conformation.

In order to confirm or reject the hypothesis about
the spontaneous transition between the conformations
of the structural fragments under consideration, which
does not depend on the ligand binding, we performed
the conformational analysis with Markov state mod-
els. Figure 5 (left column) presents free energy land-
scapes for conformational clusters of the structural
fragments depending on the values of the first two
(slowest) independent components. Both experimen-
tally determined conformations correspond to the
approximately minimal value of the free energy and
are within one potential well with no potential barriers
between them. An analysis of the main stationary lon-
gest-lived states of the Markov model demonstrates
that the experimental conformations belong to one
stationary state (Fig. 5, right column); however, the
points for the region 90–107 are close to the boundary
of another Markov state. These data suggest that there
is a rather free transition between the experimentally
determined conformations of the fragments of the
enzyme structure (residues 91–106, 145–152, and
216–225), which is not induced by the ligand binding
but occurs spontaneously.

CONCLUSIONS
High-quality crystals of uridine phosphorylase

from the pathogenic bacterium Vibrio cholerae were
grown by the capillary counter-diffusion method in
microgravity on board of the ISS. The three-dimen-
sional structure of this enzyme was determined at
atomic (1.04 Å) resolution. This is a record-high reso-
lution for this enzyme. Alternative conformations of
long fragments (β5-, β7-, and β8-strands and adjacent
CR
loops) of the protein molecules were found for the first
time in the three-dimensional structure of uridine
phosphorylase in the absence of specific bound
ligands. Based on the X-ray diffraction data and con-
formational analysis by molecular dynamics and Mar-
kov state modeling, it was demonstrated that the con-
certed conformational changes of the β5-, β7-, and
β8-strands can occur in the absence of the specific
binding of the active-site residues to substrates, pseu-
dosubstrates, or competitive inhibitors. The transition
of the active site to the fully closed state and its stabili-
zation are possible only upon the binding of the spe-
cific ligands to the residues of the β5-strand.

Glycerol molecules can bind in the ribose-binding
subsite of the active site in a conformation similar to
the conformations of moieties of natural substrates
and inhibitors of the enzyme. However, the affinity
and stability of this binding are low compared to the
substrates and competitive inhibitors and depend, in
particular, on the conformation and position of the
β5-strand of the enzyme.

FUNDING

This study was performed within the framework of the
Federal Space Program for 2016−2025 (the International
Space Station Research and Development Program
“Nauka”; crystallization by the counter-diffusion method
and the X-ray diffraction data collection) and was finan-
cially supported by the Russian Foundation for Basic
Research (project no. 19-29-12054; screening of crystalli-
zation conditions) and the Ministry of Science and Higher
Education of the Russian Federation within the framework
of the state assignment for the Federal Scientific Research
Centre “Crystallography and Photonics” of the Russian
Academy of Sciences (structure solution and refinement,
analysis of the three-dimensional structure, including by
molecular dynamics and Markov state modeling). The
study was performed using facilities of the Center of Collec-
tive Use “Informatics” of the Federal Research Center
“Informatics and Management” of the Russian Academy of
Sciences [39].

CONFLICT OF INTEREST

The authors declare no conflict of interest, financial or
otherwise.

OPEN ACCESS

This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit
to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes
were made. The images or other third party material in this
article are included in the article’s Creative Commons
license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Cre-
YSTALLOGRAPHY REPORTS  Vol. 66  No. 5  2021



CRYSTALLIZATION IN MICROGRAVITY AND THE ATOMIC-RESOLUTION STRUCTURE 785
ative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit
http://creativecommons.org/licenses/by/4.0/.

REFERENCES
1. K. Katsumata, H. Tomioka, T. Sumi, et al., Cancer

Chemother. Pharmacol. 51 (2), 155 (2003). 
https://doi.org/10.1007/s00280-003-0583-2

2. A. Kanzaki, Y. Takebayashi, H. Bando, et al., Int. J.
Cancer 97 (5), 631 (2002). 
https://doi.org/10.1002/ijc.10105

3. C. Luccioni, J. Beaumatin, V. Bardot, et al., Int. J.
Cancer 58 (4), 517 (1994). 
https://doi.org/10.1002/ijc.2910580411

4. A. A. Lashkov, N. E. Zhukhlistova, S. E. Sotnichenko,
et al., Crystallogr. Rep. 55, 41 (2010).

5. T. T. Caradoc-Davies, S. M. Cutfield, I. L. Lamont,
et al., J. Mol. Biol. 337, 337 (2004). 
https://doi.org/10.1016/j.jmb.2004.01.039

6. I. I. Prokof’ev, A. A. Lashkov, A. G. Gabdulkhakov,
et al., Crystallogr. Rep. 63, 418 (2018).

7. A. A. Lashkov, N. E. Zhukhlistova, A. G. Gabdoulkha-
kov, et al., Acta Crystallogr. D 66, 51 (2010). 
https://doi.org/10.1107/S0907444909044175

8. A. A. Lashkov, A. G. Gabdulkhakov, I. I. Prokofev,
et al., Acta Crystallogr. F 68, 1394 (2012). 
https://doi.org/10.1107/S1744309112041401

9. I. I. Prokofev, A. A. Lashkov, A. G. Gabdulkhakov,
et al., Acta Cryst. F. 70, 60 (2014). 
https://doi.org/10.1107/S2053230X13031877

10. I. I. Prokof’ev, A. G. Gabdulkhakov, V. V. Balaev,
et al., Crystallogr. Rep. 61, 964 (2016).

11. P. A. Eistrikh-Heller, S. V. Rubinskii, I. I. Prokof’ev,
et al., Crystallogr. Rep. 65, 269 (2020).

12. A. M. Daa Silva Neto, J. R. Torini de Souza, L. Ro-
manello, et al., Biochimie 125, 12 (2016). 
https://doi.org/10.1016/j.biochi.2016.02.007

13. T. P. Roosild, S. Castronovo, A. Villoso, et al.,
J. Struct. Biol. 176, 229 (2011). 
https://doi.org/10.1016/j.jsb.2011.08.002

14. I. P. Kuranova and M. V. Koval’chuk, Priroda, No. 3,
12 (2014).

15. E. H. Snell and J. R. Helliwell, Rep. Prog. Phys. 68 (4),
799 (2005). 
https://doi.org/10.1088/0034-4885/68/4/r02

16. K. M. Boiko, V. I. Timofeev, V. R. Samygina, et al.,
Crystallogr. Rep. 61, 718 (2016).

17. Yu. A. Abramchik, V. I. Timofeev, T. I. Murav’eva,
et al., Crystallogr. Rep. 61 (6), 974 (2016).

18. W. Kabsch, Acta Crystallogr. D 66, 125 (2010). 
https://doi.org/10.1107/S0907444909047337

19. P. Evans, Acta Crystallogr. D 62 (1), 72 (2006). 
https://doi.org/10.1107/S0907444905036693

20. A. Vagin and A. Teplyakov, J. Appl. Crystallogr. 30 (6),
1022 (1997). 
https://doi.org/10.1107/S0021889897006766

21. P. V. Afonine, R. W. Grosse-Kunstleve, N. Echols,
et al., Acta Crystallogr. D 68, 352 (2012). 
https://doi.org/10.1107/S0907444912001308

22. P. Emsley, B. Lohkamp, W. G. Scott, et al., Acta Crys-
tallogr. D 66, 486 (2010). 
https://doi.org/10.1107/S0907444910007493

23. R. A. Laskowski, M. W. MacArthur, D. S. Moss, et al.,
J. Appl. Crystallogr. 26 (2), 283 (1993). 
https://doi.org/10.1107/S0021889892009944

24. I. W. Davis, A. Leaver-Fay, V. B. Chen, et al., Nucl.
Acids Res. 35, 375 (2007). 
https://doi.org/10.1093/nar/gkm216

25. D. Van Der Spoel, E. Lindahl, B. Hess, et al., J. Com-
put. Chem. 26, 1701 (2005). 
https://doi.org/10.1002/jcc.20291

26. A. D. MacKerell, Abstracts Papers Am. Chem. Soc.
216, 696 (1998).

27. J. Huang, S. Rauscher, G. Nawrocki, et al., Nat. Meth-
ods 14, 71 (2016). 
https://doi.org/10.1038/nmeth.4067

28. K. Vanommeslaeghe, E. Hatcher, C. Acharya, et al.,
J. Comput. Chem. 31, 671 (2010). 
https://doi.org/10.1002/jcc.21367

29. M. Parrinello and A. Rahman, J. Appl. Phys. 52, 7182
(1981). 
https://doi.org/10.1063/1.328693

30. G. Bussi and M. Parrinello, Comput. Phys. Commun.
179, 26 (2008). 
https://doi.org/10.1063/1.3073889

31. J. Aqvist and J. Marelius, Comb. Chem. High
Throughput Screen 4 (8), 613 (2001). 
https://doi.org/10.2174/1386207013330661

32. C. Schutte, A. Fischer, W. Huisinga, and P. Deuflhard,
J. Comput. Phys. 151, 146 (1999). 
https://doi.org/10.1016/S1570-8659(03)10013-0

33. C. Wehmeyer, M. K. Scherer, T. Hempel, et al., Living
J. Comp. Mol. Sci. 1, 5965 (2019). 
https://doi.org/10.33011/livecoms.1.1.5965

34. G. Perez-Hernandez, F. Paul, T. Giorgino, et al.,
J. Chem. Phys. 139, 015102 (2013). 
https://doi.org/10.1063/1.4811489

35. B. E. Husic and V. S. Pande, J. Chem. Phys. 147,
176101 (2017). 
https://doi.org/10.1063/1.5002086

36. B. Trendelkamp-Schroer, H. Wu, F. Paul, and F. Noé,
J. Chem. Phys. 143, 174101 (2015). 
https://doi.org/10.1063/1.4934536

37. R. T. McGibbon and V. S. Pande, J. Chem. Phys. 142,
124105 (2015). 
https://doi.org/10.1063/1.4916292

38. W. Kabsch and C. Sander, Biopolymers 22, 2577
(1983). 
https://doi.org/10.1002/bip.360221211

39. Regulations on the Collective-Use Center “Informati-
ka.” http://www.frccsc.ru/ckp

Translated by T. Safonova
CRYSTALLOGRAPHY REPORTS  Vol. 66  No. 5  2021


	INTRODUCTION
	MATERIALS AND METHODS
	Isolation and Purification of VchUPh
	Crystallization
	X-ray Diffraction Data Collection and Processing
	Structure Solution and Refinement
	Classical Molecular Dynamics Simulations
	Determination of the Relative Binding Affinity of Glycerol to the Active Site of VchUPh by the Linear Interaction Energy Method
	Molecular Dynamics Simulations Coupled with Markov State Models

	RESULTS AND DISCUSSION
	Crystals of VchUPh and Relevant X-Ray Diffraction Data
	Three-Dimensional Organization of the VchUPh Structure
	Active Site of VchUPh
	Analysis of Alternative Conformations of Functionally Important Regions of VchUPh in the Ligand-Free State

	CONCLUSIONS
	REFERENCES

