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Abstract Uridine phosphorylase from E. coli (Upase) has been
crystallized using vapor diffusion technique in a new monoclinic
crystal form. The structure was determined by the molecular
replacement method at 2.5 A resolution. The coordinates of the
trigonal crystal form were used as a starting model and the
refinement by the program XPLOR led to the R-factor of 18.6%.
The amino acid fold of the protein was found to be the same as
that in the trigonal crystals. The positions of flexible regions were
refined. The conclusion about the involvement in the active site
is in good agreement with the results of the biochemical experi-
ments,
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1. Introduction

Uridine phosphorylase (EC 2.4.2.3; Upase) from E. coli cat-
alyzes the reversible phosphorolysis of uridine with the forma-
tion of riboso-1-phosphate and uracil [1,2]. The protein is in-
volved in degradation of pyrimidine nucleosides and their util-
ization as carbon and energy sources in E. coli cells. Upase
along with purine nucleoside phosphorylase (PNP) and thymid-
ine phosphorylase, belongs to the class of nucleoside
phosphorylases. Uridine phosphorylase has been identified as
the enzyme which is responsible for the cleavage of some pyrim-
idine nucleoside analogs possessing antitumor activity. Conver-
sion of 5-fluorouridine (FUR) and S5-fluorodeoxyuridine
(FUdR) to S-fluorouracil (SFU) by Upase required the usage
of high concentration of SFU for tumor treatment. This re-
sulted in a strong toxicity by the S5FU and its metabolism
products. Thus, the extensive investigation of Upase is con-
nected with the search for new selective inhibitors which might
be used as drugs for therapy of some solid tumors [3-5].

In addition to development of specific inhibitors, Upase is of
interest as a tool in the laboratory synthesis of nucleoside ana-
logs for certain drugs. Modification of the structure of Upase
by site-directed mutagenesis might increase efficiency through
broadening of specificity and enhancing stability.

The enzyme molecule is a hexamer which consists of six
identical subunits with a total molecular weight 165 kDa [6,7].
The primary structure is known and includes 253 amino acid
residues [8]. This amino acid sequence shows a high degree of
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homology to the sequence of E. coli PNP — the sequence simi-
larity being 49% and the sequence identity 25% [9]. However
the sequence homology between Upase and other phosphory-
lases is very poor. The comparison of the three-dimensional
structures of Upase and other phosphorylases has shown that
the structure of Upase and human PNP are rather similar but
there is no any similarity between Upase and thymidine
phosphorylase structures. The study of E. coli PNP is in pro-
gress and obviously its structure must be similar to that of
Upase. The Upase three-dimensional structure has been solved
at 3.0 A resolution using the data from trigonal crystals de-
scribed previously [9]. This structure contains some disordered
regions and little is known about groups involved in catalysis
and/or binding at the Upase active site [2,10-12].

In this paper we report results of an X-ray investigation of
a monoclinic form at 2.5 A resolution and the interpretation of
the data of the selective chemical modification of the essential
amino acid residues.

2. Materials and methods

2.1. Crystallization

The uridine phosphorylase was crystallized in different crystal forms
by the vapor diffusion technique at room temperature [13,14]. The
monoclinic form was obtained in sitting drops of 0.05 M Tris-HCl
buffer at pH 7.3 containing 10~12 mg/ml of the protein and 4-6% PEG
(mol.wt. 4,000). The equilibrium solution consisted of 0.1 M Tris-mal/
NaOH pH 5.91-5.96, 20-25% PEG (mol.wt. 4,000) and 0.04% sodium
azide. The crystals reached the size of 0.7 x 0.3 x 0.5 mm after 4-6
weeks. These crystals belong to monoclinic space group P2, with cell
dimensions a =92.6 A, b=988 A, ¢=93.7A, z=2 and diffract at
least to 2.5 A resolution.

2.2. Data collection

Determination of the space group, cell dimensions and data collec-
tion were performed using a diffractometer with a two-dimensional
detector KARD-6 (Inst. of Crystallography, Moscow, Russian Federa-
tion) based on a five-circle goniometer [15]. The cell dimensions and the
crystal orientation were determined from the analysis of the averaged
difference vectors with the refinement of the coordinates of the ob-
served reflections. The data set to 2.5 A resolution was collected. One
forth of the whole diffraction pattern was simultaneously recorded
during the crystal rotation around the @ axis with the additional meas-
urement of the blind region after a crystal rotation of 90° around the
7 axis. A crystal-detector distance of 386 mm and a scanning rate of
0.14 degrees/min were used to collect data set in 3 days. A summary of
the data set collected is shown in Table 1.

2.3. Structure determination
A self-rotation function was calculated by the MERLOT program
[16] using data between 10-4 A. The three-fold non-crystallographic
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axis was located at an angle of 5.1° to the ‘b’ axis and 87.5° to the ‘a’
axis. The Matthew’s number calculated for one hexamer per asymmet-
ric unit was 2.24, which corresponds to a solvent content of 47.1%.

The three-dimensional Upase structure was solved at 2.5 A resolu-
tion by molecular replacement method using the AMoRe program
package [17] with X-ray diffraction data collected from a single crystal.
The previously described structure of the trigonal crystal was used as
a starting model at 5.5 A resolution.

The rotation search resulted in unambiguous solution at a = 83.5;
B =89.5 and y = 18.4. The subsequent translation search produced a
clear solution at crystallographic coordinates 5.45 A along x and 32.6
A along z. Starting from the coordinates calculated from the translation
search, rigid body refinements were carried out with reflections in the
resolution range 10-5.5 A that met F > 20 criteria. Rigid-body refine-
ment over the whole hexamer was performed. These refinements pro-
duced an R-value of 48.3% that is significantly better than random. The
model was then subjected to rigid-body minimization with X-PLOR
[18]. After 40 cycles of minimization the model returned to a position
with the resulting R-factor = 40.9%.

2.4. Refinement

The crystallographic refinement was carried out without restraint of
the non-crystallographic symmetry by the X-PLOR v.3.1 program. The
protocol used consisted of a molecular dynamics simulation where the
temperature was raised to 3000 K and then slowly cooled to 300 K in
steps, followed by energy minimization [19]. The refinement cycles were
alternated with the manual rebuilding of the model carried out by the
CHAIN (John Sack) v.4.5. The 11,292 nonhydrogen atoms were in-
cluded in the refinement. After 15 cycles of full refinements and four
manual interventions the model was refined to R-factor 18.6% against
42,401 reflections between 6-2.5 A resolution with overall rms devia-
tions from bond length of 0.012 A and bond angles 2.095°.

2.5. Water molecules

Water molecules were picked up from the Fo-Fc map and incorpo-
rated into the refinement. The water molecules, which had relatively
high B-factors and weak density were removed and new water mole-
cules from the Fo-Fc map were added. This procedure was repeated
three times until there were no peaks stronger than 3o in the Fo-Fc
map. 150 water molecules were picked in the structure.
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3. Results and discussion

3.1. Electron density map

A 2Fo-Fc electron density map (Fig. 1) for the refined model
in monoclinic crystals showed well-defined electron density ex-
cept the N-terminal region of all subunits and the region of
flexible loops (residues 162180 and 228-234 (Table 2)). The
electron density for the five residues at the N-terminus was very
similar for all subunits and consists of distinct peaks mostly
from the main chain atoms. The main chain of the loop regions
was traced at 3.0 A resolution because the electron density at
that point was rather good without any breaks. However the
increase in resolution to 2.5 A showed that these regions were
very flexible and we could see several breaks of the electron
density. The rebuilding of the side chains in these regions was
quite complicated and the individual B-factors were high.

3.2. Packing

The crystallographic asymmetric unit contains a uridine
phosphorylase hexamer (Fig. 2) and therefore the structure de-
termination gives independent results for six subunits
(Fig. 3a,b). The rms deviations between subunits are presented
in Table 3. The hexamers in the cell are packed in layers which
have van der Waals contacts between each other. The majority
of contacts are of a polar nature with water-mediated hydrogen
bonds. Each subunit in the hexamer has a close contact with
the identical one related by a 2-fold non-crystallographic axis
and three dimers are packed in a hexamer by a 3-fold non-
crystallographic axis with is perpendicular to the 2-fold axes.
Thus, the hexamer belongs to a 32 point group symmetry.
The interface region between two symmetrically (local axis)
related subunits involves residues Ala®*-Glu®, Gly**-Ile®,

Fig. 1. Stereo diagram of 2Fo—Fc electron density map after the last round of refinement at 2.5 A resolution for some residues of the putative active
site. Arg®' is charged residue which is located in the center of the active site and probably takes part in the binding of phosphate ion.



E.Yu. Morgunova et al.| FEBS Letters 367 (1995) 183-187

Fig. 2. Ribbon drawing of Upase hexamer in monoclinic crystal form.

Gly'"®-Ala'?, Asp'®—Tyr'®® and the second a-helix (residues
72-83). The residues in this helix are hydrophobic or ambiva-
lent. Eleven direct hydrogen bonds have been found between
symmetrically-related molecules. Moreover, ten water mole-
cules which form the hydrogen bonds with the residues of the
interface surface were found. The flexible loop (residues Tyr'¢*~
Phe!®) extends into the neighboring subunit. This loop is hy-
drophobic and five hydrogen bonds were found between this
loop and neighboring subunit.

3.3. The overall structure

The core of each subunit is essentially the same, as was
reported for trigonal crystals [9]. Using more high resolution
data permitted us to refine the secondary structure elements
(Table 2). It was shown that the two structures show a good
superimposition, except the N-terminal end flexible loops.
There are no large conformation changes between the two
crystal forms as well as between the six subunits in the hexamer.

3.4. Correlation between X-ray data and the results of Upase
active site chemical modification
As it was shown for the trigonal crystal form, the active site
is located near the interface of two subunits, and this region

Table 1

Data collection for Upase

Number of crystals 1

Resolution range (A) 40-2.5

Measured reflections 116,050

Unique reflections 42,403

Completeness (%) 84

Rierge (%) 9.7

Rst (%) 9.2

Rierge = Z|1i - <1>|/x <1>, Rst = X 6/Z 1, where i is the intensity

measurement for a reflection and <I> is the mean value for this reflec-
tion.

’
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includes residues 26-30, 68-70, 91-96, 162-163, 166-168, 195—
198 and 220-223 of one subunit and residues 5-8 of another [9].

Recent selective chemical modification studies have indi-
cated that Asp®, Tyr'® and Cys'*® are probably present near or
in the Upase active site. The Asp’ residue is located in the
N-terminal region of the protein subunit which is close to the
putative active site. This residue selectively reacts with
Woodward’s reagent K (WRK), and modification is accom-
panied by a complete Upase inactivation. After the reaction of
the modified enzyme with hydroxylamine, the voluminous
WRK residue was substituted with a hydroxamic group. De-
spite the addition of only two atoms (N,H) as compared with
the native Upase, the resulting enzyme had only 10%
of initial activity and demonstrated sufficient increase in

a

Fig. 3. Ribbon drawing of one Upase subunit in monoclinic crystal
form. The secondary structure was calculated by the program Ribbons
[23] and drawn by the program MOLSCRIPT [24].
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thermostability. The investigations of the influence of sub-
strates and added products indicated that only the combined
addition of phosphate and uracil binding subsites protected
Upase from inactivation. These data permit the suggestion that
the Asp’ residue is located in the active site between the uridine
and phosphate binding subsites and takes part in catalysis or
enzyme structure stabilization rather than in substrate or prod-
uct binding.

The above suggestion is also in agreement with the results of
glycosidases and glycosyltransferases studies. It was consis-
tently shown that in these enzymes a carboxyl group mediates
glycosyl transfer [20]. For example Asp® residue of lysozyme
stabilizes the transition state of the enzymatic reaction. It was
demonstrated that substitutions of this residue for homoserine
by selective chemical modification [21] or for asparagine by
site-directed mutagenesis [22] led to significant enzyme inacti-
vation (90-95%) without sufficient changes in the substrate
affinity. The same results were obtained in the experiments on
chemical substitution of Asp® carboxylate of Upase for hy-
droxamate. These data also confirm the suggestion that similar
to lysozyme, the loss of Upase activity after such Asp’ substitu-
tion was due to impaired stabilization of the translation state
rather than to a change in the substrate binding ability.

Tyr'® residue is located in the flexible loop (Fig. 3b), two

Table 2
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parts of which are involved in the active site [9]. Selective nitra-
tion of Tyr'® phenolic ring with tetranitromethane was accom-
panied by about 90% decrease in the Upase activity and a shift
of pH-optimum of activity to the acidic region. Comparison of
inactivation rates with diethylpyrocarbonate for native and ni-
trated enzymes showed a possible interaction of this residue
with an essential histidine [10]. It could be supposed, that phe-
nolic group of this residue preserves the orientation and corre-
sponding protonation state of the histidine imidazole ring.

It should be noted that there is an essential SH-group in the
Upase molecule [2,11]. Despite the fact that in accordance with
X-ray data all three Cys residues are located far from the
putative active site, the titration of at least one of them with
silver or mercury ions leads to a complete loss of the Upase
activity. It was shown that Cys!*® may be selectively modified
with 2,4,6-trinitrobenzene sulfonate, the modification being ac-
companied by enzyme inactivation. Phosphate addition would
accelerate inactivation by a factor of three and shift the pK of
the reacting residue to the acidic region. These data confirm the
possible location of Cys'* near the phosphate-binding subsite.

Thus, it may be concluded that the X-ray data are in a good
agreement with the results of Upase selective chemical modifi-
cation. Nevertheless it is obvious that additional investigations,
including high resolution X-ray analysis of the enzyme—sub-

The comparison of the secondary structure elements in monoclinic (line down) and trigonal (line up) crystals forms
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Table 3

Rms (A) deviations* for six identical subunits in hexamer
Number of 2 3 4 5 6
subunit

1 1.71 1.88 2.11 1.76 1.48
2 1.19 1.31 1.68 1.59
3 1.52 2.10 1.92
4 1.76 1.72
5 1.48

*All calculations are present for Ca atoms and were performed by the
program X-PLOR at Rf = 19.2% before the addition of water mol-
ecules.

strate complexes and site-direct mutagenesis are necessary to
reach the molecular level understanding of enzymatic uridine
phosphorolysis.
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