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Abstract—Uridine phosphorylases play an essential role in the cellular metabolism of some antibacterial
agents. Acute infectious diseases (bubonic plague, yersiniosis, pseudotuberculosis, etc., caused by bacteria of
the genus Yersinia) are treated using both sulfanilamide medicines and antibiotics, including trimethoprim.
The action of an antibiotic on a bacterial cell is determined primarily by the character of its interactions with
cellular components, including those which are not targets (for example, with pyrimidine phosphorylases).
This type of interaction should be taken into account in designing drugs. The three-dimensional structure of
uridine phosphorylase from the bacterium Yersinia pseudotuberculosis (YptUPh) with the free active site was
determined for the first time by X-ray crystallography and refined at 1.40 A resolution (DPI = 0.062 A; ID
PDB: 40F4). The structure of the complex of YpfUPh with the bacteriostatic drug trimethoprim was studied
by molecular docking and molecular dynamics methods. The trimethoprim molecule was shown to be buff-
ered by the enzyme YprUPh, resulting in a decrease in the efficiency of the treatment of infectious diseases
caused by bacteria of the genus Yersinia with trimethoprim.

DOI: 10.1134/S1063774515040069

INTRODUCTION

Pseudotuberculosis (Far East scarlet-like fever or
scarlatinoid fever) is an acute infectious disease char-
acterized by polymorphisms of clinical manifestations
with the primary lesion of the gastrointestinal tract,
the skin, and the musculoskeletal system [1, 2]. The
causative agent of this disease—the bacterium Yersinia
pseudotuberculosis (YptUPh)—belongs to the genus
Yersinia of the family Enterobacteriaceae [2—4]. The
bacteriostatic antibiotic trimethoprim (TOP) [Pub-
Chem CID 5578] is used in the treatment of diseases
caused by bacteria of the genus Yersinia [5, 6]. Tri-
methoprim is an inhibitor of the bacterial enzyme
dihydrofolate reductase essential for the survival of
bacteria. It was shown [5, 6] that the bacteriostatic
effect of this drug on bacteria of the genus Yersinia is
associated with an increase in the activity of pyrimi-
dine nucleoside phosphorylases.

Pyrimidine nucleoside  phosphorylases are
enzymes widespread in nature. They catalyze the
reversible phosphorolysis of nucleosides to ribose
1'-phosphate (deoxyribose 1'-phosphate) and the cor-

responding pyrimidine base. Both thymidine phos-
phorylases and uridine phosphorylases from entero-
bacteriaceae were shown to possess thymidine phos-
phorylase activity [7]. Therefore, studies of uridine
phosphorylases from different bacteria are not only of
scientific interest, but also applied significance.

It was demonstrated [8] that YprUPh is an evolu-
tionary precursor to the bacterium Yersinia pestis that
causes the bubonic plague. Investigations of the struc-
tural aspect of interactions between antibacterial
agents and uridine phosphorylase YptUPh are import-
ant from the standpoint of designing new drugs for the
treatment of diseases caused by bacteria of the genus
Yersinia. In the present work, we investigated the
three-dimensional structure of uridine phosphorylase
from YprUPh at high resolution (ID PDB: 40F4; res-
olution 1.40 A, DPI = 0.062 A), found the binding site
for the nucleoside antibiotic trimethoprim, and char-
acterized interactions of this antibiotic with uridine
phosphorylase from this bacterium.
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Table 1. Data on the production of the enzyme Yersinia pseudotuberculosis uridine phosphorylase

Forward primer*

Reverse primer*

Cloning vector

Expression vector

Producer organism

Amino-acid sequence of the final enzyme

5'-GGGGAATTCGTTGGCGCGATTCATGCCTCGG-3'
5'-GCGGGATCCGGATTACAGCAGATGACGAGCGG-3'
the pUC19 multi copy vector

the pUC19 multi copy vector

Escherichia coli

MAKSDVFHLGLTKNDLQGATLAIVPGDPQRVEKIAK
LMDNPVHLASHREFTSWRAELDGKAVIVCSTGIGGP
STSIAVEELAQLGVRTFLRIGTTGAIQPHINVGDVLVT
TAAVRLDGASLHFAPMEFPAVADFSCTTALVNAAKS
VGATTHIGITASSDTFYPGQERYDTFSGRVVRHFKGS
MEEWQSMGVMNYEMESATLLTMCASQGLRAGMV
AGVIVNRTQQEIPNEETMKATESHAVKIVVEAARHL

L

* The underlined symbols indicate the nucleotide sequence recognized by restriction enzymes.

MATERIALS AND METHODS

Cloning of the Uridine Phosphorylase Gene YptUPh

The cloning and expression of the uridine phos-
phorylase gene, as well as the isolation and purifica-
tion of this enzyme from YpfUPh, were described for
the first time in sufficient detail in [7, 9]. Certain
details concerning these procedures are summarized
in Table 1.

Isolation and Purification of the Protein Uridine
Phosphorylase YptUPh

The AM2009 strain containing the plasmid pMZ18
was grown in a complete Luria broth medium supple-
mented with ampicillin (100 ug/mL) in 1-L flasks for
16 h at 37°C with shaking (250 rpm). The cells were
precipitated by centrifugation. The yield of the bio-
mass was ~5 g/L. The cells were resuspended in a
50 mM Tris-HCI buffer, pH 7.5, containing 5 mM
B-mercaptoethanol and 0.3 mM phenylmethylsulfo-
nyl fluoride (phenyl methane sulfonyl fluoride,
PMSF) and disintegrated by ultrasound. After centrif-
ugation, a 10% (v/v) polyethyleneimine (Polymin P)
solution (pH 6.0) was added to the supernatant, and
the mixture was incubated with stirring for 12 h at
30°C. The precipitate was resuspended in a 50 mM
Tris-HCI buffer, pH 7.5, containing 2 M ammonium
sulfate, 5 mM f(-mercaptoethanol, and 0.3 mM
PMSF and then incubated for 12 h at 30°C.

Then the precipitate was concentrated by centrifu-
gation at low speed, resuspended in a 50 mM Tris-HCI
buffer, pH 7.5, containing 2 M ammonium sulfate,
and separated on butyl-Sepharose columns (Amer-
sham Pharmacia Biotech) equilibrated with the same
buffer. The protein was eluted using an ammonium
sulfate gradient (from 2 to 0 M) at a flow rate of
0.5 mL/min. The collected fractions were analyzed by
sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS—PAGE) under denaturing conditions.

CRYSTALLOGRAPHY REPORTS

In the second step of the purification, the collected
fractions of YprfUPh were dialyzed against a 50-mM
Tris-HCI buffer, pH 7.5, containing 20 mM NaCl and
then applied to Q-Sepharose columns equilibrated
with the same buffer. The protein was eluted using a
NaCl gradient (from 20 mM to 1 M) at a flow rate of
1 mL/min. The collected fractions were subjected to
SDS—PAGE under denaturing conditions; dialyzed
against a 20 mM Tris-HCI buffer, pH 6.5, containing
20 mM NaCl; and concentrated to 15 mg/mL in the
same buffer.

The homogeneity of the enzyme based on the
results of 15% SDS-PAGE was not lower than 95%.
The specific activity was 280 units/uL.

Crystallization of Unligated YptUPh

The screening of crystallization conditions for uri-
dine phosphorylase from YprUPh was performed at
295 K by the sitting-drop vapor-diffusion technique
using MbClass and MbClassll crystallization Kkits
(Qiagen, Germany). The drops were composed of
5 uL of an ¥YpfUPh solution with a protein concentra-
tion of 10 mg/mL and 5 uL of the reservoir solution.
The volume of the reservoir solution was 500 uL. The
best initial conditions were optimized by varying the
pH value of the buffer and the amount of the precipi-
tant. Crystals with dimensions of 200 X 50 X 50 um
were obtained in one week. The crystallization condi-
tions and the characteristics of the solutions are given
in Table 2.

Structure Solution and Refinement

The experimental X-ray diffraction intensities were
collected from a crystal of unligated YpfUPh at 100 K
at the P11 MX1, PETRA III facility for structural biol-
ogy (DESY, Hamburg, Germany). Before exposure to
X-rays, the crystal was soaked in a cryoprotectant
solution composed of the reservoir solution supple-
mented with 40% (v/v) PEG 400.
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Table 2. Crystallization of Yersinia pseudotuberculosis uri-
dine phosphorylase
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Table 4. Structure solution and refinement of Yersinia
pseudotuberculosis uridine phosphorylase

Method Sitting-drop vapor-diffusion
Crystallization tempera- 277
ture, K
Protein concentration 15 mg/mL

20 mM Tris-HCI buffer,
pH 6.5, 20 mM NaCl

1 M Tris, 5% (w/v)
polyglutamic acid, 20%
(w/v) PEG 2000, pH 7.8
5 uL of protein and 5 uLL
of reservoir solution

500 uL

Composition of the protein
solution

Composition of the reser-
voir solution

Drop volume ratio

Volume of the reservoir
solution

Table 3. X-ray-data collection and processing statistics for
Yersinia pseudotuberculosis uridine phosphorylase

Sp. gr. H3

a,b,c,A 150.95, 150.95, 46.23
a, B, v, deg 90, 90, 120

T,K 100

A A 1.000
Crystal-to-detector 236.7

distance, mm

Scan step, deg 0.2

Scan range, deg 180

Exposure time, s 1

Mosaicity, deg 0.15

Resolution range, A 75.475—1.4000 (1.480—1.400)*
Total number of reflections | 378866 (53029)*
Number of unique 76922 (11096)*
reflections

99.800 (99.000)*
4.900 (4.800)*
14.7 (1.20)*

PETRAIII, (DESY,
Hamburg, Germany)

PSI Pilatus 6 M

*Data for the last high-resolution shell are given in parentheses.

Completeness, %
Redundancy
Average I/o(l)
Radiation source

Detector

The X-ray diffraction data were processed using
the XDS [10] and Scala [11] programs and the CCP4
suite [12]. Crystallographic parameters and the X-ray
data-collection statistics are given in Table 3.

The initial phases of the structure factors for
YptUPh were obtained by the molecular-replacement
method using the Phaser program [13] included in the
CCP4 suite. The structure solution was searched for in
the resolution range from 43.60 to 2.40 A. The best
solution of the model is characterized by Z-score =
Vol. 60
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Resolution range, A 75.4700—1.4000
(1.4380—1.4020)*

Completeness, % 99.9
Number of reflections in the working set | 76922 (5318)*
Number of reflections in the test set 3859 (277)*
Riork 0.152 (0.254)*
Riee 0.184 (0.279)*
Cruickshank DPI 0.0794
Number of refined non-hydrogen
atoms:

of protein 3770

of ions 1

of ligands 19

of water 434

Total 4224
R.m.s.d. from ideal geometry:

bond lengths, A 0.007

bond angles, deg 1.165
Average B factor, A%

for protein atoms 17.6

for ions 14.8

for ligand 34.2

for water 29.6
Ramachandran statistics:

Number of residues in the most 98.3

favored region, %

Number of residues in the disal- 1.32

lowed region, %

*Data for the last high-resolution shell are given in parentheses.

44.4, Rior = 26.7%; the correlation coefficient was
49.9%. One homodimer was located per asymmetric
unit.

The three-dimensional structure was refined using
the Phenix [14] and Refmac 5 [15] program packages.
The R;,.. value was calculated using a set of 5% of |F|
randomly set aside. The results of the structure refine-
ment were visually inspected and the manual rebuild-
ing of the structure was performed with the Coot inter-
active graphics program [16, 17]. The atoms of the
enzyme and the ligands were located in o,-weighted
Fourier maps calculated with the mFo-DFc and
2mFo-DFec coefficients In the final refinement cycles,
the atomic displacement parameters for all atoms were
refined in the anisotropic approximation. The validity
of the refined structure was checked with the Coot [16,
17] and MolProbity [18] programs and using the PDB
Validation Server (http://validate.rcsb.org/). The
structure-refinement statistics are given in Table 4.



Fig. 1. Three-dimensional structure of the homodimer of
YpfUPh. The active-site residues of both subunits are
shown. The secondary-structure elements are labeled. The
figure is drawn with the PyMol program [28].

Computer Simulation

In order to locate the trimethoprim molecule in the
active site of the homodimer of uridine phosphorylase
YptUPh, molecular simulation was performed using
the extra precision (XP) algorithm of the Glide pro-
gram [19, 20] implemented in the Schrodinger suite
(https://www.schrodinger.com). The position of the
ligand was modeled and interactions of the ligand with
atoms of amino-acid residues of the target enzyme
were calculated in a cubic box with a 12-A edge length.
The position of the cubic box was specified based on
the position of the binding-site residues of YpfUPh.
Several possible solutions were found, and the solu-
tion with the largest value of the GlideScore scoring
function was selected. According to this solution, the
ligand forms four hydrogen bonds. The molecular
dynamics (MD) simulation of interactions of uridine
phosphorylase with the ligand was carried out using
the GROMACS program package [21] with a set of
GROMOS all-atom force fields [22] and the 2-fs inte-
gration time step. Water molecules were described by
the SPC216 three-point model. Electrostatic interac-
tions were calculated using the particle-mesh Ewald
(PME) technique [21]. The pressure in the system was
maintained at 1 atm by applying the Berendsen
barostat. The temperature of the MD system was kept
constant at 300 K using the V-rescale thermostat. Van
der Waals interactions were calculated with a smooth
switching function in the range from 10 to 12 A. The
goal of the M D simulation was to check the stability of
interactions between the active-site residues of
YptUPh and trimethoprim. It was found that the tri-
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methoprim molecule was bound to the enzyme during
all 50-ns integrated trajectories.

RESULTS AND DISCUSSION
Structure of Uridine Phosphorylase from YptUPh

The quaternary structure of the YprUPh molecule
is a hexamer composed of three homodimers. The
arrangement of the monomers in the hexameric mol-
ecule of the enzyme is described by the point-group
symmetry L,;3L,. The hexameric molecule is formed
via hydrogen bonds and hydrophobic interactions
both between the residues of adjacent homodimers
and within the central channel between the subunits
related by a threefold axis.

The main hydrogen bonds between two adjacent
homodimers and between the subunits in the homod-
imer are similar to those between the subunits of bac-
terial uridine phosphorylases from Salmonella typh-
imurium (StUPh) [23, 24] and Escherichia coli
(EcUPh) [25] studied earlier.

According to the Rossmann classification [26], the
three-dimensional structure of the subunit of ¥YprUPh
has a three-layer afa-sandwich architecture. Te fol-
lowing residues in YpfUPh, unlike SfUPh and EcUPh,
form additional hydrogen bonds: Lys36, Asn40,
His43, Ser135, and His251. Each of these hydrogen
bonds was found to be an interaction between amino-
acid residues within the secondary-structure elements
and, consequently, contributes to the conformational
stability of the tertiary structure of the subunit of uri-
dine phosphorylase YprfUPh when compared with
StUPh and EcUPh.

Spatial Organization of the Active Site in YptUPh

The residues involved in the active site of uridine
phosphorylase were found in [9]. In each homodimer
there are two active sites formed by amino-acid resi-
dues of both subunits (Fig. 1). The active site of the sub-
unit A is composed mainly of the residues of this subunit
and involves two residues of the subunit B. The active
site of the subunit B is formed in a similar way.

Each active site includes the nucleoside- and phos-
phate-binding sites (NBS and PBS, respectively). The
nucleoside-binding site in subunit A is formed by the
residues Phel62/A, GInl66/A, Argl68/A, Arg223/A,
Met197/A, Argd8/B, and His8/B. In turn, NBS is
divided into the following subsites: the uracil-binding
site (residues Phel62/A, GInl66/A, Argl68/A, and
Arg223/A) and the ribose-binding site (Metl197/A,
His8/B, and Arg48/B). The phosphate-binding site is
composed of residues Gly26/A, Arg30/A, Argd8/B,
Arg91/A, and Thr94/A.

In [25] it was noted for the first time that, depend-
ing on the presence or absence of the substrate in the
active site of EcUPh, one of the secondary-structure
elements—loop L.9—can exist in three different con-
formations corresponding to the open, intermediate,
Vol. 60
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Fig. 2. (a) Three-dimensional organization of the active site in the complex of ¥YpfUPh with trimethoprim (TOP). (b) The sche-
matic representation of interactions between TOP and the residues of the binding pocket of the enzyme YprUPh.

or closed conformation of the active site; i.e., the posi-
tion of loop L9 (residues 223—230) has a considerable
effect on the state of the active site in uridine phos-
phorylase. The differences in the position of loop L9
in the structures of bacterial uridine phosphorylases
from different sources are no larger than this differ-
ence between the subunits of one homodimer in the
structure of uridine phosphorylase from one source.

Binding of the Antibacterial Drug Trimethoprim

In order to study the structural aspects of interac-
tions between the antibacterial drug trimethoprim (ID
PDB:1DYR) and YpfUPh, we performed molecular
simulation. It was found that the trimethoprim mole-
cule is located in the binding-site region of the enzyme
(Fig. 2a). Trimethoprim binds to the residues involved
in the uracil- and ribose-binding sites. In addition, the
ligand is bound via hydrophobic interactions with the
residues 1le69/A, Arg91/A, 11e92/A, Gly93/A,
Glul96/A, Met215/A, and 11e220/A (Fig. 2b).

The trimethoxybenzene moiety of trimethoprim is
located in the uracil-binding-site region (Fig. 2a).
This moiety is composed of a hydrophobic aromatic
ring with oxygen atoms serving as hydrogen-bond
acceptors. The ribose in the native substrate (uridine)
contains oxygen atoms, which can serve both as
hydrogen-bond donors and acceptors. The pyrimi-
dine-2,4-diamine moiety of trimethoprim located in
the uracil-binding-site region is composed of a pyrim-
idine ring with two amino groups in positions 4 and 6.
The nitrogen atoms of the amino groups can serve
both as hydrogen-bond donors and acceptors. The
uracil moiety contains carbonyl groups in these posi-
tions, and their oxygen atoms can serve only as hydro-
gen-bond donors. Although there is a certain similar-
ity between trimethoprim and the native substrate, the
type of inhibitors to which TOP can be assigned is an
Vol. 60
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open question. It is known that 2,2'-anhydrouridine
(ANU) studied earlier [27] is a high-affinity competi-
tive inhibitor of bacterial uridine phosphorylases. To
serve as a competitive inhibitor, the latter should con-
tain groups similar to those in the natural substrate,
whereas groups necessary for the reaction to occur
should be absent. Trimethoprim substantially differs
from ANU, but the number of hydrogen bonds formed
with the enzyme differs only by one (Fig. 3). The
hydrogen-bond lengths in the complex StUPh + ANU

Arg168/A
)

Fig. 3. Superposition of the three-dimensional structures

of the active sites of YprUPh in complexes with trimetho-

prim (TOP) and 2,2'-anhydrouridine (ANU) [27]. The
figures are drawn with the PyMol program [28].
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vary from 2.4 to 3.4 A in the complex YprUPh + TOP,
they vary from 2.9 to 3.5 A.

The antibiotic cannot undergo degradation. First,
uridine phosphorylase catalyzes the cleavage of nucle-
osides at the N1-glycosidic bond between the nitroge-
nous base and the ribose component of the ligand. In
trimethoprim this covalent bond is absent. Second,
the nature of functional chemical groups of the bacte-
riostatic drug interacting with YptfUPh differs from
that of the functional groups of the substrates of this
enzyme. Thus, TOP contains the pyrimidine-2,4-
diamine moiety instead of the uracil component of the
substrate (uridine) and the trimethoxybenzene moiety
instead of the ribose component. Therefore, the anti-
biotic molecules are only accumulated by YprUPh.
The accumulation of trimethoprim by uridine phos-
phorylase results in a decrease in the effective concen-
tration of the drug in bacteria of the genus Yersinia.
This leads to a decrease in the number of antibiotic
molecules that inhibit bacterial dihydrofolate reduc-
tase—the pharmacological target of this antibiotic [5,
6]. Therefore, the higher the level of expression of uri-
dine phosphorylases in bacterial cells is, the larger the
decrease in the efficiency of antibacterial therapy by
the antibiotic trimethoprim is. Consequently, this
antibiotic is less effective than the antibacterial drug
against infectious diseases caused by bacteria of the
genus Yersinia.

CONCLUSIONS

The three-dimensional structure of uridine phos-
phorylase from the bacterium Yersinia pseudotubercu-
losis was determined by X-ray crystallography and
refined at an atomic resolution of 1.4 A. The structure
was deposited in the PDB (ID PDB: 40F4). The spa-
tial organization of this enzyme molecule was com-
pared with that of uridine phosphorylases from the
bacteria Salmonella typhimurium and Escherichia coli
belonging to the same family as Yersinia pseudotuber-
culosis. There are only single amino-acid substitutions
in these enzymes, whereas insertions and deletions are
absent. In the enzymes under consideration, only
insignificant changes in the positions of the side
chains of different-type amino acids were found. Nev-
ertheless, all these changes contribute to the stability
of a particular secondary-structure element. The
structural features of the buffering of the bacteriostatic
drug trimethoprim by uridine phosphorylase were
studied by molecular docking and classical molecular
dynamics methods. These data will be helpful for opti-
mizing antibacterial therapy using this drug. Differ-
ences in the binding of trimethoprim and the strong
competitive uridine phosphorylase inhibitor 2,2'-
anhydrouridine were found. These results extend the
information necessary for the rational design of new
antibacterial drugs for the treatment of not only

CRYSTALLOGRAPHY REPORTS

pseudotuberculosis, but also of the bubonic plague
and other diseases caused by bacteria of the family
Enterobacteriaceae.
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