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The Escherichia coli udp gene encodes uridine phosphorylase (UP), which catalyzes
the reversible phosphorolysis of uridine to uracil and ribose-1-phosphate. The X-ray
structure of E. coli UP resolved by two different groups produced conflicting results.
In order to cast some light on the E. coli UP catalytic site, we mutagenized several res-
idues in UP and measured by RP-HPLC the phosphorolytic activity of the mutant UP
proteins in vitro. Mutations Thr94Ala, Phel62Ala, and Tyr195Gly caused a drastic
decrease in UP activity. These three residues were suggested to be involved in the
nucleoside binding site. However, surprisingly, Tyr195Ala caused a relative increase
in enzymatic activity. Both Met197Ala and Met197Ser conserved low activity, suggest-
ing a minor role for this residue in the UP active site. Glul96Ala completely lost UP
activity, whereas the more conservative Glul96Asp mutation was still partially
active, confirming the importance of maintaining the correct charge in the surround-
ings of this position. Glu198 was mutated to either Gly, Asp and GIn. All three substi-
tutions caused complete loss of enzymatic activity suggesting an important role of
Glu198 both in ribose binding and in interaction with phosphate ions. Arg30Ala and
Arg91Ala eliminated UP activity, whereas Arg30Lys and Arg91Lys presented a very
low activity, confirming that these residues might interact with and stabilize the
phosphate ions. Ile69Ala did not decrease UP activity, whereas His8Ala lowered the
activity to about 20%. Both amino acids were suggested to take part in subunit inter-
actions. Our results confirm the structural similarity between E. coli UP and E. coli
purine nucleoside phosphorylase (PNP).

Key words: Escherichia coli, overlap extension PCR, RP-HPLC, uridine phosphory-

lase, site-directed mutagenesis.

Biochemical pathways involving nucleotides and their
precursors are ubiquitous and crucial for cell functions.
Among these reactions, the phosphorolysis of purine and
pyrimidine nucleosides, whereby a C-N glycosidic bond is
cleaved by phosphate to yield the free base and ribose 1-
phosphate, is particularly relevant. The unravelling of
the structural features of the enzymes capable of catalys-
ing such a reaction is extremely important to better
understand the reaction mechanism and the role of the
amino acids forming the active site. In recent years it has
been shown, on the basis of structural studies, that all
the enzymes that catalyse the phosphorolytic cleavage of
the glycosidic bond in nucleosides have either of two dis-
tinct protein folds (for a review, see Ref. I). The nucleo-
side phosphorylase-I (NP-I) family shares a common o/
subunit fold and shows either a trimeric or a hexameric
quaternary structure. The enzymes of the nucleoside
phosphorylase-II (NP-II) family have a dimeric quater-
nary structure, and each subunit is formed by a small a
domain separated by a large cleft from a larger o/
domain. Sequence comparisons of NP-I enzymes suggest
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two NP-I subfamilies. In fact, there is significant similar-
ity among sequences with known trimeric quaternary
structure, as well as among sequences with a known hex-
americ quaternary structure. However, little sequence
similarity is observed between the trimeric and hexam-
eric subfamilies.

The main feature of the common subunit fold of NP-I
enzymes consists of a central p-strand that forms a dis-
torted B-barrel, surrounded by several a-helices. The
active site in members of the NP-I family consists of adja-
cent phosphate- and nucleoside-binding pockets. These
binding sites are formed by residues from the central -
strand and the interconnecting loops, as well as from res-
idues from an adjacent subunit. Remarkably, there is a
significant similarity among the active site residues of
trimeric structures, while the hexameric structures
appear to utilize different residues for binding the phos-
phate ion.

Several different mechanisms for the phosphorolysis
reaction have been suggested for members of the NP-I
family from different species. In particular, many details
related to the catalytic properties of purine nucleoside
phosphorylase (PNP) from E. coli have been derived both
from kinetic and structural studies. Moreover, the struc-
tures of complexes between PNP and substrate analogs
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have allowed the role in substrate recognition and activa-
tion of many amino acids forming the enzyme active site
to be defined (2, 3).

Less information is available for E. coli uridine phos-
phorylase (UP), which specifically cleaves uridine nucleo-
sides. The results of investigation on the catalytic activ-
ity of UP from different species were not fully conclusive,
since both a random-sequential mechanism (4) and an
ordered-sequential mechanism in which phosphate is the
first substrate to bind and uracil the first product to leave
(5) were proposed.

Conflicting results were also reported on structural
characteristics of E. coli UP. In fact, the X-ray structure
of this enzyme reported some years ago (6) indicated rel-
evant differences in the active site structure with respect
to PNP, while an X-ray structure recently obtained at
higher resolution suggested a greater conformational
similarity between UP and PNP from E. coli (7).

In particular, contrary to what was previously
reported, the recent UP X-ray structure indicated that
Arg48 and His8 appear well ordered and in a conforma-
tion similar to Arg43 and His4 in PNP. Moreover, Glu196
and Tyrl63 superimpose well with PNP Glul79 and
Tyr160, respectively.

With the aim of shedding some light on the role of the
amino acids forming the active site of E. coli UP, we have
undertaken a structure-driven mutagenesis study in
which selected residues of the protein were replaced by
alanine and other residues. The catalytic activity of the
mutated forms was evaluated experimentally and, on the
basis of experimental, structural and literature data, a
role for the amino acids forming the active site is pro-
posed.

MATERIALS AND METHODS

Strains, Media and Plasmids—Escherichia coli DH50
(8) was grown in LD broth (9), with the addition of 100
pg/ml ampicillin when required. For the construction
of pGM679, the E. coli udp gene was amplified from
the E. coli K12 MG1655 (10) by PCR, using primers
5'ATCGGTACCATCCATGTCCAAGTCTGATGTTTTTCA-
TCTC and 5’AGACGGTCGACAAGAGAATTACAGCAG-
ACGACG, containing restriction sites Kpnl and Sall,
respectively, digested with Kpnl and Sall and cloned into
the polylinker region of pUC18 (11). Plasmid pGM859
carries the E. coli udp region amplified with oligonucle-
otides 5'TATTGTCGACGATGTCCAAGTCTGATGTT and
5 GGGAAGCTTAAGAGAATTACAGCAGACGA, digested
with HindIII and Sall, and cloned in the polylinker
region of YCpIF1l (12). pGM870 was constructed by
BamHI-Sall digestion of pGM859, and cloning of the
fragment containing udp into the polylinker region of
pUC13 (11). Plasmids pGM679 and pGM870 express E.
coli UP protein fused at its N-terminal to 12 amino acids
(MTMITNSSSVPS) and 13 amino acids (MTMITPSLG-
CRST), respectively.

Site-Directed Mutagenesis—The mutants of E. coli udp
gene were obtained by mutagenesis of the specific portion
of the gene by PCR amplification using the overlap exten-
sion technique (13). Briefly, two complementary primers
containing the mutations were used in combination with
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external primers to amplify the udp regions upstream
and downstream of the mutation. The PCR products were
used as template in a third series of PCR with external
primers. The PCR reactions were run with Pfu DNA
polymerase (Stratagene). The final products were either
a mutated portion of the udp gene or the whole gene,
depending on the external primers used. The DNA frag-
ments were digested with appropriate restriction
enzymes, purified from a 1.5% agarose gel using the Per-
fectprep Gel Cleanup kit (Eppendorf) and substituted for
the wild-type udp sequence in either pGM679 or
pGMS870. All the amplified regions were sequenced.

Expression of the Mutant Proteins—The expression of
the mutant proteins was confirmed by checking their
presence in the soluble fraction of the cell by sodium
dodecylsulfate polyacrylamide gel electrophoresis (SDS-
PAGE) separations. For preparation of soluble fractions,
10 ml of LD medium containing 100 pl/ml ampicillin was
inoculated with E. coli DH5a cells harboring a plasmid
expressing the UP gene (wild type or mutant) and incu-
bated overnight at 37°C with aeration until O.D.4, = 1.7.
The cell culture was harvested by centrifugation at 4°C,
and the pellet resuspended in 1 ml of 10% glycerol, 300
mM KCl, 20 mM Tris-HCI pH 7.8 buffer, cooled in ice and
sonicated (Sonics & Materials Inc.) four times for 15 s.
After centrifugation at 14,000 rpm for 30 min at 4°C, the
soluble fractions of the cells were recovered in the super-
natants. The pellets were resuspended in 7 M urea and
sonicated four times for 15 s to yield the insoluble frac-
tions. The proteins in the soluble and insoluble fractions
were separated by SDS-PAGE and stained with Coomas-
sie Blue.

Enzymatic Activity of the Mutant Proteins—The enzy-
matic activity of the wild-type and mutant UP proteins
was assayed by reversed-phase high pressure liquid chro-
matography (RP-HPLC). Portions of 200 pl of the soluble
fractions were added to 800 ul of 75 mM uridine in 0.1 M
phosphate buffer, pH 7, and the phosphorolysis reactions
were carried out at 30°C for 5 min. With extracts exhibit-
ing a particularly low activity the reaction time was
extended. Reactions were blocked by acidification with 1
ml of 0.1 N HCI, and the products were analysed by RP-
HPLC on a C18-Hypersyl-100 analytical column eluted
under isocratic conditions with 0.02 M K,HPO, in
CH;0H-H,0 (4:96 v/v) adjusted to pH 4.5 with NH,OH.
The amount of uracil formed in the reactions was meas-
ured by comparison with a standard curve, and the enzy-
matic activity was calculated as pmol uracil-ml-!-min-!
(unit/ml). The total protein content of the soluble frac-
tions was measured by the Bradford method (14).

Computational Analysis—The X-ray structures of E.
coli purine nucleoside phosphorylase and E. coli uridine
phosphorylase were obtained from the Brookhaven Pro-
tein Data Bank (codes 1k9s and 11x7, respectively). Pro-
tein structures were analysed using tools of the InsightII
suite of programs (Biosym/MSI 9685 Scranton Road, San
Diego, CA, USA).

Sequence alignments were generated using the scoring
matrix Blosum as implemented in ClustalW (15). The
gap insertion and extension penalties were set to 10 and
0.05, respectively.
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Fig. 1. Alignment of E. coli uridine phosphorylase (UP) and
purine nucleoside phosphorylase (PNP) proteins and tridi-
mensional structure of E. coli UP. Panel A. The amino acid
sequences of E. coli UP (SwissProt P12758) and PNP (SwissProt
P09743) were aligned with CLUSTALW, according to (1). The mature
UP protein lacks the first methionine (16). However, UP residues are
numbered starting from methionine, for more easy comparison with

RESULTS AND DISCUSSION

Design of Mutant Forms—The first task of the present
investigation was the choice of a reasonable number of
mutants to be expressed in order to sample adequately
the enzyme active site and define a role for the amino
acids forming the catalytic pocket. The available high
resolution 3D structures of E. coli UP do not contain
bound molecules resembling either reagents or products
of the catalysed reaction (6, 7), and are therefore not con-
clusive to localize the key residues directly involved in
catalysis and substrate recognition. On the other hand,
the X-ray structure of E. coli PNP is available for the
enzyme co-crystallized with either the substrate ana-
logue formycin B and phosphate (2) or formycin A and
phosphate (3), allowing the characterization of the resi-
dues involved in binding of the base, the ribose moiety
and the phosphate ion. In particular, Ser90, Ser203 and
Asp204 have been shown to be involved in base recogni-
tion, the side chains of His4, Arg87, and Glul81 are
involved in ribose binding, and the side chains of Arg24,
Arg43 and Ser90 should interact with phosphate ions.
Remarkably, His4 and Arg43 of E. coli PNP come from a
neighbouring subunit of the PNP hexameric molecule.

To evaluate quantitatively the degree of similarity
between E. coli UP and PNP, and therefore translate to
UP some structural characteristics inferred from the
PNP-formycin A structure, we aligned the sequences of
these two proteins (Fig. 1, panel A) as described in Meth-
ods. According to the alignment, His4, Arg24, Arg43,
Arg87 and Glul81 of PNP are conserved and correspond
to His8, Arg30, Arg48, Arg91 and Glul98 in UP, in agree-
ment with previous proposals (). On the other hand,
Ser90, Ser203 and Asp204 of PNP are not conserved and
correspond to Thr94, I1e220 and Val221 of UP, respec-
tively. Remarkably, the latter two amino acids are strictly
involved in the purine base recognition in PNP, and
therefore it is not surprising that they are not conserved
in UP, which has a different base substrate specificity.

Vol. 135, No. 4, 2004

previous results. The identity or similarity of the amino acid resi-
dues is indicated by (*), (:) and (.). The UP amino acid residues muta-
genized are highlighted in grey. Panel B. The structure was drawn
according to the UP crystal structure of (7) using tools of the
InsightIl suite of programs (Biosym/MSI 9685 Scranton Road, San
Diego, CA, USA). The mutated amino acid residues are highlighted.
Part of two monomers that form the active site are visualized.

For this reason, these two residues were not included in
the systematic mutagenesis study.

It should be also noted that Pugmire and Ealick (1), on
the basis of sequence similarity and structural considera-
tions for the NP-I family, proposed a role for some other
amino acids of UP, such as I1e69, which might be involved
in intersubunit contacts, as well as Phel62 and Tyr195,
which should be located within the active site. Hence,
these residues were also included in the experimental
protocol. Finally, the combined analysis of the X-ray UP
structure and the PNP-UP alignment suggests that
Glul196 and Met197 (E. coli UP numbering), although
corresponding to amino acids of PNP whose side chains
are not directly involved in substrate recognition, might
play a role in catalysis. In fact, it have been noted that
Met197 is absolutely conserved in all known sequences of
the NP-I family (1).

All the selected amino acids were first replaced by an
Ala or a Gly residue; moreover, to better define the role of
specific residues, other residues were replaced in a few
selected positions. In particular, Lys was substituted for
Arg30 and Arg91, and Asp for Glu196 and Glu198.

The UP mutagenized amino acid residues are high-
lighted in Fig. 1, panel A and B.

Site-Specific Mutagenesis and Activity Evaluation—
The E. coli wild-type udp gene, encoding uridine phos-
phorylase, was amplified by PCR and cloned in either
pUC18 or pUC13, creating a fusion with the first codons
of lacZ. The resulting plasmids, pGM679 and pGMS870,
expressed high levels of soluble UP (data not shown).

Site-specific mutagenesis based on the overlap exten-
sion technique was used to obtain different point muta-
tions in E. coli udp that caused single amino acid substi-
tutions in UP. The different mutagenized DNA fragments
were cloned either in pGM679 or in pGMS870, substitut-
ing for the corresponding wild-type sequence. Strain
DH50 was transformed, plasmid DNA was extracted
from single colonies, and the amplified region was
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Table 1. Characterization of single amino acid mutants of uridine phosphorylase (UP).

Expressed Activity? Total proteins® Specific activity Percent of wild type
proteins? (U/ml extract) (mg/ml) (U/mg total proteins) activityd
Wild-type UP 540 24 22.5 100
- 0 12 0.0 0
His8Ala 150 31 4.8 21
Arg30Ala 5 15 0.3
Arg30Lys 17 14 1.2
Ile69Ala 900 36 25.0 111
Arg91Ala 0 13 0.0 0
Arg91Lys 11 23 0.5 2
Thr94Ala 5 14 0.4 2
Phel62Ala 0 33 0.0 0
Tyrl195Ala 378 14 27.0 120
Tyr195Gly 5 12 0.4 2
Glul96Ala 0 37 0.0 0
Glul96Asp 84 11 7.6 34
Met197Ala 150 37 4.1 18
Met197Ser 32 14 2.3 10
Glu198Gly 0 23 0.0 0
Glul98Asp 0 13 0.0 0
Glu198GIn 0 32 0.0 0

aThe activity of wild-type UP produced by pGM679 is reported. UP produced by pGM870 showed less than 2% dif-
ference. The negative control is pUC18. PActivity was measured by RP-HPLC. The data reported are from a single
experiment. Each determination was repeated two or three times and accuracy was within +10%. “Total proteins
were measured by the Bradford method. dUP activity of the different mutants was expressed as a percentage rela-

tive to wild-type UP activity.

sequenced to identify the presence of the expected muta-
tion and the absence of other mutations in udp. Cell
extracts obtained from the different cultures showed that
all mutant UP proteins were expressed in the soluble
fraction, indicating that the amino acid substitutions do
not alter UP solubility (data not shown). Furthermore,
protein quantitation performed on soluble extracts by
densitometry of SDS-PAGE separations indicated that
both wild-type and all mutant UP enzymes were simi-
larly expressed within a range of variation of +20% (data
not shown).

The enzymatic activities of wild-type and mutant UP
proteins were assayed on soluble extracts by RP-HPLC,
measuring the amount of uracil produced by uridine
phosphorolysis, and the results are reported in Table 1.

Amino Acids Involved in the Interaction with the Base
and the Ribose—The replacement of Thr94 with Ala
caused a drastic reduction of enzymatic activity to about
2% of wild-type UP. This amino acid is not conserved in
PNP, where it corresponds to Ser90, a residue located in
the enzyme active site and involved in the interaction
with the sugar moiety. Since both Thr and Ser residues
bear a side-chain hydroxylic group involved in the forma-
tion of hydrogen bonds with the sugar moiety, it is likely
that the Thr94Ala substitution eliminates this interac-
tion, thus hindering the identification and the orienta-
tion of the substrate.

The replacement of Phel162 with Ala completely inhib-
ited the enzymatic activity, probably because it hampered
the substrate stabilization by stacking interaction
between the aromatic ring of Phe and the base. For this
reason, the substrate no longer bound in the active site.
This residue is conserved in PNP and corresponds to
Phel59, which has a key role in the identification of the
base (2).

The replacement of Tyr195 with Ala increased UP
activity by about 20%, whereas substitution of Gly for
Tyr195 caused a decrease in UP activity, suggesting that
the presence of Gly, which lacks a side chain, prevents
the formation and/or the maintenance of the correct UP
structure. Tyr195 is not conserved in PNP and in other
phosphorylases, although it was proposed to be involved
in the nucleoside-binding site (1).

The replacement of Met197 with Ala or Ser reduced
the enzymatic activity to 18% and 10%, respectively. By
analogy with PNP, where Met197 is conserved (Met181)
and is involved in the interaction with the sugar moiety,
the role proposed for this residue in UP is in a hydropho-
bic interaction with ribose. The substitution of Ala, a
hydrophobic residue with a side chain shorter than Met,
may be compatible with the low activity shown by this
mutant, while the substitution of a hydrophilic residue,
such as serine, is more difficult to explain. These data
suggest that the function of Met197 in UP might be the
stabilization and the molecular identification of ribose by
means of specific hydrophobic interactions. However, our
result showing the possibility of replacing Met197 with a
hydrophilic residue seems to be in contrast with the
conservation of Met not only in all bacterial PNP and
UP enzymes but also in the mammalian trimeric PNP
group (1).

The Glul98Asp substitution eliminated UP enzymatic
activity. This result could be explained by the loss of
hydrogen bond interactions with ribose, as proposed for
PNP by Koellner et al. (2). To test this hypothesis, we
made a conservative substitution, replacing Glu198 with
Asp, an acidic residue, which resulted in the complete
loss of enzymatic activity, showing the importance in this
position of an acidic residue with the optimal chain
length. Moreover, the substitution Glu198GlIn, which dif-
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fers only in the presence of an amidic group instead of a
carboxylic group, also abolished the activity, indicating
that this residue might have another role besides the for-
mation of a hydrogen bond with ribose which, in princi-
ple, could be formed also by Gln. It is interesting to note
that Glu, unlike Gln, may be deprotonated, suggesting
that Glul98, which is localized in an Arg-rich region,
could stabilize the orientation of these positively charged
amino acids by means of electrostatic interactions.

Amino Acids Involved in the Interaction with Phos-
phate—The replacement of Arg30 and Arg91 with Ala led
to the almost complete elimination of the catalytic activ-
ity, suggesting that these residues play an essential role
and, in particular, that they could interact with and sta-
bilize the phosphate ions which take part in the enzy-
matic reaction. Both Arg residues are conserved in PNP
(as Arg24 and Arg87), where they interact with the
hydroxy groups of phosphate and stabilize them electro-
statically. To further investigate the role of these
arginines, we replaced them with lysine residues, which
have the same positive charge. These mutants showed a
less drastic decrease of enzymatic activity, which was
reduced to between 2% and 5% of wild-type UP activity,
suggesting that the structure of the side chain is impor-
tant to regulate the identification and orientation of the
phosphate group in the active site. Furthermore, an
effect of the different pKa of the two amino acids cannot
be excluded.

Amino Acids Involved in the Subunit Interactions—
Two amino acids that appear to be involved in UP subu-
nit interactions were mutated: Ile69 and His8. The
Ile69Ala mutant was completely active, whereas His8Ala
conserved about 20% of the wild-type activity. The sug-
gested function for I1e69, which is not conserved in PNP,
was related to the presence of a hydrophobic side chain,
common to Ile and Ala. Thus, both amino acids might
support hydrophobic contacts with the adjacent subunit
and support the same levels of enzymatic activity. In
PNP, the correspondent Met64 has also a hydrophobic
side chain involved in subunit interaction.

His8 is conserved in PNP as His4. The proposed role of
this residue in PNP was not only to favour subunit inter-
actions, but also to bind the ribose moiety (I, 2). Accord-
ingly, UP His8Ala might prevent the formation of hydro-
gen bonds and destabilize the interaction with the
substrate.

Other Amino Acids—The replacement of Glul96 with
Ala inactivated UP, while the substitution of Asp main-
tained about 30% of the original activity. This residue is
conserved in PNP, where its role is not well defined; our
data on UP suggest the importance of maintaining the
correct charge in the surroundings of position 196, while
dimensional effects, like the formation of hydrogen
bonds, play a marginal role.

In conclusion, our results confirm the structural and
functional complexity of UP, in which several residues,
located in different parts of the protein, including resi-
dues located in different monomers, contribute to the for-
mation of the active site. Several new mutants of UP
have been prepared in this work and their characteriza-
tion contributed to the elucidation of the possible roles of
specific amino acid residues in the enzyme. Finally, the
mutagenesis studies reported in this work can also be
considered as an experimental confirmation of structural
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similarity between E. coli UP and PNP recently reported
by Burling et al. (7) and are therefore of interest for
future design of UP mutants with improved properties.

We thank Gianni Deho for reading the manuscript and Pas-
quale Missineo for performing some experiments. This work
was supported by a grant from Keryos S.p.A. and a grant from
the Ministero della Istruzione, Universita e Ricerca, Rome.
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