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Abstract
Uridine phosphorylase (UPP) catalyzes the reversible conversion of uridine to uracil and ribose-1-
phosphate and plays an important pharmacological role in activating fluoropyrimidine nucleoside
chemotherapeutic agents such as 5-fluorouracil and capecitabine. Most vertebrate animals,
including humans, possess two homologues of this enzyme (UPP1 & UPP2), of which UPP1 has
been more thoroughly studied and is better characterized. Here, we report two crystallographic
structures of human UPP2 (hUPP2) in distinctly active and inactive conformations. These
structures reveal that a conditional intramolecular disulfide bridge can form within the protein that
dislocates a critical phosphate-coordinating arginine residue (R100) away from the active site,
disabling the enzyme. In vitro activity measurements on both recombinant hUPP2 and native
mouse UPP2 confirm the redox sensitivity of this enzyme, in contrast to UPP1. Sequence analysis
shows that this feature is conserved among UPP2 homologues and lacking in all UPP1 proteins
due to the absence of a necessary cysteine residue. The state of the disulfide bridge has further
structural consequences for one face of the enzyme that suggest UPP2 may have additional
functions in sensing and initiating cellular responses to oxidative stress. The molecular details
surrounding these dynamic aspects of hUPP2 structure and regulation provide new insights as to
how novel inhibitors of this protein may be developed with improved specificity and affinity. As
uridine is emerging as a promising protective compound in neuro-degenerative diseases, including
Alzheimer’s and Parkinson’s, understanding the regulatory mechanisms underlying UPP control
of uridine concentration is key to improving clinical outcomes in these illnesses.
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1. Introduction
Uridine phosphorylase (UPP; EC 2.4.2.3) catalyzes the reversible phosphorolysis of uridine
and chemically-related compounds to uracil and ribose-1-phosphate, implicating it in both
pyrimidine salvage and regulation of uridine homeostasis (Cappiello et al., 1998; Cao and
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Pizzorno, 2004; Tozzi et al., 2006). It is a member of the nucleoside phosphorylase-1 super-
family of proteins, but shares a degree of substrate overlap with thymidine phosphorylase
(TYMP). The enzyme is ubiquitously distributed amongst animals and bacteria, with most
vertebrates possessing two versions of the phosphorylase, UPP1 (Watanabe and Uchida,
1995) and UPP2 (Johansson, 2003). Phylogentic analysis suggests that this duplication was
an early event in vertebrate evolution and has been followed by sporadic loss of UPP2 in
some organisms (Fig. 1). While the two human homologues retain ~62% sequence identity,
human UPP1 (hUPP1) was the first identified, cloned, and characterized, and consequently
has been the focus of the majority of research (Liu et al., 1998; Russell et al., 2001; Cao et
al., 2002, 2005). These investigations of hUPP1 function were initially spurred by the
discovery of its central role in the activation of fluorinated pyrimidine nucleoside analogues,
such as 5-fluorouracil (5-FU), used in cancer chemotherapy (Peters et al., 1986).
Subsequently it was shown that certain tumors have increased levels of hUPP1 activity,
possibly contributing to the anti-neoplastic tissue selectivity of fluoropyrimidines (Liu et al.,
1998; Kawamura et al., 2006). Other research has explored the ability of UPP inhibitors to
raise cellular uridine concentrations to mitigate the toxic effects of fluoropyrimidines on
healthy tissues during treatment (Chu et al., 1984; Al Safarjalani et al., 2006). Molecules
such as 5-benzylacyclouridine (BAU) (Niedzwicki et al., 1982) that selectively block hUPP
activity have been analyzed as a means to increase the maximum tolerated dosage and
therapeutic index of 5-FU by boosting uridine levels for cyto-protection when properly
sequenced (Pizzorno et al., 1998).

Not as much is known about the specific role of human UPP2 (hUPP2). Early studies
showed that its tissue distribution was more limited than that of hUPP1, restricted
predominantly to the kidneys, with some expression in the liver and spleen (Johansson,
2003). In contrast, mouse UPP2 (mUPP2) is found highly expressed in the liver and to a
lesser amount in the kidneys. More recently, mUPP2 was shown to be a target of regulation
by several hepatic nuclear receptor agonists including liver X receptors, farnesoid X
receptor, and peroxisome proliferator-activated receptor-α (Zhang et al., 2004; Kong et al.,
2009). These findings imply an unexpected role for UPP2 in hepatic lipogenesis or
cholesterol transport. Further it was discovered that both the genes for hUPP2 and mUPP2
contain hepatic nuclear factor-4α (HNF-4α) responsive expression elements. Given
HNF-4α’s essential role in the expression of genes involved in various hepatic metabolic
functions, these findings further suggest a possible connection between uridine and lipid
metabolism via UPP2.

Our understanding of the fundamental catalytic mechanisms underlying UPP activity was
founded on the structural analysis of bacterial UPPs, first with E. coli UPP (Morgunova et
al., 1995; Burling et al., 2003; Caradoc-Davies et al., 2004; Bu et al., 2005) followed by
research on the closely-related S. typhimurium homologue (Dontsova et al., 2005; Lashkov
et al., 2009, 2010). Only recently have multiple structures of the human enzyme, hUPP1
(Roosild et al., 2009; Roosild and Castronovo, 2010), its bovine homologue, bUPP1 (Paul et
al., 2010), and a UPP from the parasitic protozoa, Trypanosoma brucei (Larson et al., 2010),
revealed key differences between prokaryotic and eukaryotic variations of this enzyme.
Most strikingly, eukaryotic enzymes have dimeric biological assemblies while prokaryotic
proteins are hexameric. This difference in quaternary structure appears to enhance the
conformational flexibility of the former, increasing the dynamic mobility of the enzyme’s
domains relative to each other (Roosild et al., 2009). It may also have important implications
regarding the formation of protein-protein interactions with other cellular elements, as the
eukaryotic enzymes have substantially more exposed surface area per amino acid chain as a
result of the dissolution of the bacterial trimer-of-dimers assembly interface.
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Here, we present two high resolution crystallographic structures of hUPP2 bound to the
classical inhibitor BAU. These structures reveal a novel redox-dependent inactivation
mechanism for the enzyme through the formation of an intramolecular disulfide bridge that
distorts the positioning of an arginine residue critical for catalysis of uridine phosphorylysis.
Corroborating activity assays confirm the redox sensitivity of UPP2 family proteins, which
conserve the cysteine residues underlying this mechanism. The elucidation of this regulatory
mechanism has important implications toward understanding the function of this second
UPP homologue in humans. Additionally, it suggests new approaches for designing
inhibitors of this protein with improved selectivity and efficacy. These insights regarding the
structural dynamics of hUPP2 also implicate the protein as a potential cellular sensor of
oxidative stress and suggest the possibility of new relationships between uridine degradation
and lipid metabolism.

2. Materials and methods
2.1. Protein production and purification

A construct for the recombinant expression of hUPP2 in E. coli was designed based on the
domain boundaries observed in the structures of hUPP1 (Roosild et al., 2009). This included
replacement of the first twenty residues of hUPP2 with the cloning artifact
‘MKHHHHHHHHGGLVPRGSS’ providing an N-terminal, thrombin-cleavable, metal
affinity chromatography purification tag. Three C-terminal residues, ‘LCD’, were also
omitted. This construct was made in pExpress411 plasmid (DNA 2.0) codon-optimized for
bacterial expression. Production and isolation of hUPP2 were conducted following standard
laboratory protocols for recombinant bacterial protein expression and purification. In brief,
freshly transformed BL21(DE3) E. coli colonies were cultured in Terrific Broth and induced
with 0.1 mM isopropyl-β-D-thiogalactopyranoside at an O.D. of 1.0. Growth was continued
overnight at 18 °C. Cells were harvested and resuspended in 50 mM Tris buffer pH 8.0, 300
mM KCl, 10% glycerol with 20 mM imidazole. The bacteria were then disrupted by
sonication on ice and membranes with other insoluble material were pelleted by high speed
centrifugation (100,000x g). Recombinant hUPP2 was subsequently purified from the
resulting supernatant using Ni-NTA affinity chromatography and batch eluted with 500 mM
imidazole added to the sonication buffer above. Following overnight digestion with
thrombin at 4 °C, further purification was conducted using gel filtration chromatography
over Superdex 200 resin equilibrated in 300 mM KCl, 50 mM Tris buffer pH 8.0 with 1 mM
Tris (2-carboxy-ethyl) phosphine or 1 mM dithiothreitol (DTT). Typical yields of protein
exceed 20 mgs per liter of culture. The final sample was verified to be homogenous by SDS-
PAGE experiments and used directly for crystallization. For enzymatic activity assays,
hUPP1 was produced as previously reported (Roosild et al., 2009).

2.2. Crystallization
Purified hUPP2 at 6 mgs/ml was supplemented with 1 mM BAU and subjected to
crystallization screening using the JCSG+ suite (Qiagen) in both room temperature and cold
room conditions. Large clusters of thin rod-shaped crystals, from which individual crystals
could be carefully extracted, formed in conditions optimized to 2 M ammonium sulfate, 100
mM Bis-Tris buffer pH 5.5, at 4 °C. Thick, diamond-shaped crystals were grown in
condition #76 of the JCSG+ suite (20% polyvinylpyrrolidone K15, 100 mM Co(II)Cl2, 100
mM Tris buffer pH 8.5) at 4 °C, but proved recalcitrant to improvement through
optimization using stock solutions. Therefore, crystals grown directly from screening were
used for diffraction analysis. Crystals were frozen by submersion in liquid nitrogen after a
few seconds incubation in cryoprotectant containing the crystallization constituents
supplemented with 25% glycerol.
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2.3. Data collection/processing and structure determination
Data was collected at SSRL beamline 7-1 as summarized in Table 1. A complete, high
quality dataset to 2.0 Å resolution was collected for the rod-shaped crystals of C2 space
group. The diamond-shaped crystals diffracted to better than 1.5 Å resolution, resulting in a
high quality 1.54 Å dataset of P43212 symmetry. Diffraction data was processed and
reduced by the HKL2000 package with Denzo and Scalepack (Otwinowski and Minor,
1997). Molecular replacement phasing of the data was successful through Molrep (CCP4,
1994) using homology models of hUPP2 monomers based on the structure of hUPP1 with
BAU as a search model (PDB ID 3EUF) (Roosild et al., 2009). Solution phases were
sufficient to resolve unambiguous density for unmodeled BAU ligands (one per protein
chain) and a sulfate/phosphate ion in the active site of each protein chain in the rod shaped
crystals. Rounds of model building and refinement were performed using Coot (Emsley and
Cowtan, 2004) and Refmac (CCP4, 1994). For both structures there was a lack of electron-
density for the residual N-terminal cloning artifact residues ‘GSS’, and additional N-
terminal residues ‘G’ (diamond) or ‘GKR’ (rod). For four of six protein chains in the rod
crystals, the electron-density map covering residues 85–90 lacked adequate density for
structural modeling of this region. The final structures were refined with Refmac to an
Rfactor/Rfree of 20.7%/24.2% (rod) or 19.2%/21.2% (diamond), with approximately 91% of
residues in most favorable regions of the Ramachandran plot as analyzed by Procheck
(Laskowski et al., 1993). The models were further validated using Molprobity (Davis et al.,
2007), both scoring in the 97th percentile. Structure figures were rendered using ICM
Browser-Pro (Molsoft) or LigPlot (Wallace et al., 1995). The atomic coordinates and
structure factors (PDB IDs 3P0E & 3P0F) have been deposited in the Protein Data Bank,
Research Collaboratory for Structural Bioinformatics (http://www.rcsb.org/).

2.4. In vitro hUPP2 activity assay
The catalytic activity of hUPP2 was determined by measuring the absorbance change at 280
nm caused by hydrolysis of uridine to uracil (ΔA = 2100 M−1cm−1) as described for hUPP1
(Renck et al., 2010) using a Perkin Elmer Lambda 650 UV-Vis spectrophotometer. All
assays were performed at 25 °C, in a buffer of 50 mM Tris pH 8.0, 300 mM KCl, and at a
protein concentration of 40 μg/ml. Uridine and inorganic phosphate were provided just prior
to UV recording at concentrations of 0.3 mM and 1 mM, respectively. The averages of three
independent measurements are reported.

2.5. Native mouse liver UPP2 activity assay
Livers from TYMP/UPP1 double knockout mice (López et al., 2009) were isolated and flash
frozen in liquid nitrogen. Tissues were homogenized in 50 mM Tris-HCl (pH 7.5) without
DTT, using a tissuemizer Ultra-Turrax (IKA). UPP2 activity was measured by monitoring
conversion of [3H]uridine to [3H]uracil using TLC chromatographic separation as previously
described (Liu et al., 1998) with the following modifications. Where indicated, Tris-HCl
tissue lysates were prepared and handled in a glove box saturated with high purity nitrogen
gas to maintain an anaerobic environment. All aqueous buffer solutions were also cleared of
dissolved oxygen by bubbling nitrogen gas through them for 30 minutes prior to use. Tissue
homogenates were cleared by centrifugation at 14,000 RPM for 15 minutes at 4 °C. The
UPP2 reactions were separated on silica TLC plates using an 85:15:5 mixture of chloroform,
methanol, and acetic acid, respectively. The mean values of 8–16 measurements are shown.
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3. Results
3.1. hUPP2 structure

Recombinant hUPP2 purified from E. coli was crystallized under two different conditions
producing rod-shaped (C2) and diamond-shaped (P43212) crystals (Table 1). Both structures
were solved through Molecular Replacement phasing using monomeric homology models of
hUPP2 derived from the structure of hUPP1 with bound BAU (PDB ID 3EUF). Globally, as
expected, both structures of hUPP2 are highly similar to each other and hUPP1 (Fig. 2A),
including retention of a dimeric biological assembly (even though one crystal form
possesses three dimers in the asymmetric unit while the other has only half of a dimer, with
the reciprocal partnering chain on a crystallographic two-fold symmetry axis). Overall
backbone Cα root mean square deviations between the two structures or in comparison with
hUPP1 are less than 0.7 Å, excluding a loop region comprising amino acids 83–102 (77–96
in hUPP1). Analysis of the electron density distribution at the enzyme’s active site reveals
density in composite omit maps consistent with bound BAU for both structures and for
phosphate (or sulfate) ion only in the C2 crystals. Close comparison of the active sites of the
two enzymes reveals further the remarkably strict retention of both residue identities and
positions in this part of the protein (Fig. 2B, 3). This is consistent with the highly similar
kinetic characterization of both enzymes for uridine reported earlier: Km 189 μM vs. 76 μM
and Vmax/Km 0.95 vs. 1.13 for hUPP1 compared to hUPP2 (Liu et al., 1998; Johansson,
2003). In fact, every residue in contact with either the BAU inhibitor or the phosphate ligand
is identical in the two homologues. That even the hydrophobic residues that interact with the
benzyl moiety of BAU, but don’t form contacts with natural substrates (L278, L279, and
I287), are conserved both in identity and position strongly suggest that this inhibitor binds
both proteins with equal affinity. Notably, the diamond-shaped crystals diffracted X-rays
particularly well (beyond 1.5 Å), in part due to the presence of two surface-exposed cobalt
binding sites, one of which is formed at an artificial crystal contact point between two
hUPP2 dimers (Fig. S1). There is currently no evidence that either of these positions have
metal affinity in their native environments, but rather were likely induced by the high
concentration of Co(II)Cl2 (100 mM) used in the crystallization buffer.

3.2. Intramolecular disulfide bridge formation in hUPP2
Surprisingly, the two structures of hUPP2 have dramatic differences in the positioning of an
arginine residue (R100) that is critical for the coordination of phosphate in the enzyme’s
active site (Fig. 4A). In the C2 crystals, this residue is in the same conformation observed
for hUPP1 and other UPPs of known structure and associates with a phosphate ion in the
substrate binding pocket. However, in the tetragonal crystals, R100 is displaced to a position
far removed from the catalytic groove of the enzyme and the phosphate binding site is
unoccupied. The repositioning of the neighboring residue, D99, closer to the active site
likely further disables the protein’s capacity to bind the negatively-charged phosphate
substrate. Further analysis reveals that the impetus for this conformational change stems
from the formation of a disulfide bridge between residues C95 and C102 that kinks the
intervening loop that harbors the catalytically important arginine. Thus, hUPP2 appears
redox sensitive, assuming a catalytically active conformation when these two cysteine
residues are in a reduced state, but converting to an inactive, disabled state upon oxidative
formation of a covalent linkage between these two thiol-bearing residues. Remarkably,
sequence analysis suggests that this mechanism of regulation is a conserved feature of UPP2
enzymes and absent from UPP1 homologues, as the second cysteine necessary for disulfide
bridge formation is present only in the former family of proteins (Fig. 4B).
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3.3. Oxidative inactivation of hUPP2
To confirm the redox sensitivity of hUPP2, the in vitro activity of recombinant hUPP2 and
hUPP1 was compared in the presence of redox modifying chemicals. Enzyme activity was
assayed by monitoring the rate of change of sample absorbance at 280 nm resulting from the
conversion of uridine to uracil in the presence of enzyme and inorganic phosphate. hUPP2
activity was rapidly reduced upon exposure to oxidized glutathione (GSSG) to undetectable
levels (Fig. 5A) while hUPP1 activity remained essentially unchanged by this treatment. In
contrast, relative to hUPP1, hUPP2 activity was slightly increased upon exposure to reduced
gluthione (GSH), probably due to the reactivation of a small portion of the enzyme that had
become oxidized during the process of purification. Co-administration of DTT with GSSG
completely protected enzyme activity, suggesting that the inhibition produced by GSSG
results from its oxidation of hUPP2 and not an alternative substrate-competitive mechanism.
Further corroboration of the redox regulation of UPP2 was sought through analysis of native
mouse UPP2. The livers of TYMP/UPP1 double knock-out mice, in which the only known
remaining uridine phosphorolytic enzyme is UPP2, were assessed for uridine catabolism
under atmospheric and anaerobic conditions (Fig. 5B). Uridine phosphorylase activity was
nearly double in those liver samples protected from oxygen exposure.

4. Discussion
Human uridine phosphorylase activity has been extensively studied by clinical researchers
due to its role in activating chemotherapeutic fluoropyrimidine nucleosides (Peters et al.,
1986; Cao and Pizzorno, 2004) and maintaining equilibrated nucleotide and nucleoside
pools for DNA replication and repair (López et al., 2009). More recently it has been shown
that most higher organisms, including humans, possess two versions of this enzyme,
although the evolutionary advantage imparted by this duplicity is unknown. Our structural
analysis of hUPP2 shows that there is no measurable difference in the active sites of the two
enzymes that would generate a meaningful alteration in substrate specificity or catalytic
mechanism between the two homologues. Thus more likely, the benefit to the organism
stems from differences in the expression of the two genes and regulation of the proteins they
yield. To this end, we have identified a novel mechanism of regulation of UPP2 that
involves conditional, redox-dependent formation of a disulfide bridge between two cysteine
residues that bracket a loop bearing a catalytically-critical substrate-coordinating residue.
Formation of this covalent linkage imparts a conformational distortion upon the intervening
loop that disables phosphate binding by the enzyme and, in turn, its ability to generate uracil
from uridine. The redox sensitivity of UPP2 was confirmed both in recombinant hUPP2 and
in native mUPP2 through activity assays and appears to be a conserved feature of UPP2
family proteins. This result has important implications for other research on UPP2, as it
suggests the possibility that measured activities of this enzyme may be underestimated if
adequate care to minimize oxygen exposure is not taken. Less clear is the evolutionary
advantage imparted by the inactivation of UPP activity under conditions of oxidative stress.
Recently, a link has been discovered between UPP2 and hepatic lipogenesis, based on the
enzyme’s expression being under the control of HNF-4α, a central regulator of hepatic
metabolism (Zhang et al., 2004; Kong et al., 2009). Given also that a crucial metabolic end
product of uridine catabolism is β-alanine, a precursor to fatty acid synthesis, it may be that
disruption of the supply of uridine metabolites may mitigate cellular damage upon exposure
to oxidative stress by moderating concurrent lipid biosynthesis. Alternately, tissue uridine
concentrations can be elevated by blocking UPP activity (Chu et al., 1984) and uridine has
been shown to have cyto-protective properties (Choi et al., 2006, 2008). Thus raising
endogenous uridine levels in reaction to a redox imbalance may be a general cellular
defensive response and possibly not limited to liver tissue. Notably, emerging discoveries
that uridine has the ability to increase the size of neurites (Chorna et al., 2009; Pooler et al.,
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2009), accelerate phosphatide synthesis (Richardson et al., 2003; Wurtman et al., 2006) and
increase the levels of the neurofilament proteins NF-M and NF-70 (Pooler et al., 2009),
appear to coincide with the limited tissue distribution of UPP2. To investigate these
possibilities, further studies will need to be undertaken which can assess the redox state of
intracellular UPP2 in vivo and quantitatively measure the changes that manifest in response
to various growth and stress signals.

While clearly UPP2 possesses the same catalytic capacity as UPP1, it is intriguing to
consider whether UPP2 may serve additional functions beyond its enzymatic activity. The
conditional formation of the regulatory disulfide bridge has long-range consequences for the
structure of the lengthy loop preceding it (Fig. 6A). This region of the protein is inherently
the most mobile, and in the active structure of hUPP2, four of six protein chains have
portions too disordered for modeling. However, in the two remaining domains,
crystallographic contacts stabilize and induce helical secondary structure in this region. This
architecture is vastly different from that observed in the inactivated structure, where this
loop is stretched and elongated. Thus, the redox state of the two cysteine residues imparts
dramatic structural changes to an extended region of the surface of hUPP2 (Fig. 6B). Given
also the dimeric nature of the enzyme and the fact that the reciprocal loops in question lie on
the same face of the biological assembly (Fig. 2A), it is easy to envision the redox
dependent association of hUPP2 with other protein elements. Conceivably, hUPP2 may act
as a sensor for oxidative stress, dissociating from and releasing a responsive regulatory
element as a consequence of oxidation.

The nature of the disulfide bridge inactivation mechanism discovered in UPP2 may hold
additional lessons for identifying oxidation sensitive regulatory elements in other enzymes,
or engineering similar systems in artificial proteins. While thiol-mediated oxidation-
regulated enzymes are well documented, most of these proteins harbor catalytic cysteines
that must be reduced for activity (Brandes et al., 2009). Examples of where disulfide bridges
form and break for enzyme regulation are scarcer and typically still involve one cysteine
residue of the pair being catalytically necessary, such as in the case of Cdc25B phosphatase
(Buhrman et al., 2005), but interesting parallels can be seen in recently reported studies of
cyclophilin A (Motohashi et al., 2003; Gourlay et al., 2007) and the thiol-mediated
dimerization of Src protein tyrosine kinases (Kemble and Sun, 2009). Mechanisms more
analogous of the conditional oxidative regulation of an enzyme through transient bridging of
cysteine residues proximal to those critical for catalysis, as seen here, can be found from the
field of protein engineering. Redox sensitive lysozyme has been created by fashioning a
disulfide bridge across the peptidoglycan binding pocket of the enzyme, restricting access of
substrate to the enzyme (Matsumura and Matthews, 1989). Similar results have also been
obtained for a designed, mutant form of troponin C (Grabarek et al., 1990) and bacterial
malate dehydrogenase (Muslin et al., 1995). Even the application of artificial adjacent
cysteine residues to create redox sensitive structural distortions that reduce enzyme activity
has been successfully engineered (Park and Raines, 2001). Nevertheless, it now appears
clear that nature devised this ingenious mechanism for sensing and responding to redox
changes long ago.

Following the solution of the two reported structures of hUPP2, a third structure of hUPP2
was deposited in the Protein Data Bank by the Structural Genomics Consortium (Structural
Genomics Consortium, 2010; PDB ID 2XRF). While crystallized in a unique trigonal space
group, this structure is nearly identical to our active conformation of hUPP2, with a
backbone Cα root mean square deviation of 0.6 Å. While it was co-crystallized with uridine,
the active site was found to hold only uracil and a molecule of glycerol from the
crystallization solution in approximately the ribose sugar binding position. The most
interesting feature of this third structure is that they found a magnesium ion bound within
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the regulatory loop on which the critical R100 residue resides (Fig. S2). It is likely that the
high concentration of magnesium chloride used for crystallization (200 mM) may have
artificially driven occupation of the site by this metal, as there is no evidence of any electron
density in this position in either of our hUPP2 structures. However, the fact that the protein
was able to adopt a supportive geometry for metal coordination in this key region provides
further corroboration of its inherent conformational flexibility. Also notable is that the loop
at the back of hUPP2’s active site (residues 282–290) subtly closes around the smaller uracil
molecule, relative to the bulkier BAU, exactly as extensively described for hUPP1 (Roosild
and Castronovo, 2010).

This research holds important implications for the design of the next generation of UPP
inhibitors. Previous investigations have molecularly targeted UPP activity to boost plasma
and tissue uridine levels in order to rescue normal tissues from cytotoxic fluoronucleotides
used in the treatment of neoplastic growths (Pizzorno et al., 1998; Al Safarjalani et al.,
2006). The structures of hUPP2 suggest the possibility that this enzyme might be selectively
inhibited over hUPP1 by chemically stabilizing the inactive conformation reported herein. It
is noteworthy, that hUPP1 is often found elevated in tumor samples (Liu et al., 1998;
Kawamura et al., 2006), but hUPP2 has generally been found to be absent from such cells
(Johansson, 2003). Thus, if a homologue-selective inhibitor could be developed, 5-FU
activation might be curtailed and uridine levels elevated to protective concentrations in
healthy hUPP2-expressing cells, without reducing the activation or efficacy of the
chemotherapeutic agent within cancerous, hUPP1-overexpressing tissue. Given additionally,
recent reports indicating that traditional inhibitors such as BAU may also affect other
enzymes, such as human aldehyde oxidase (Klecker et al., 2006), compounds with enhanced
selectivity may be the key to creating improved regimens with tolerable side-effects. Beyond
cancer, elevating uridine concentrations in combination with docosahexaenoic acid
administration is being explored as a potential treatment for both Alzheimer’s disease
(Holguin et al., 2008) and Parkinson’s disease (Cansev et al., 2008). Uridine has also been
found to be cyto-protective in astrocytes exposed to metabolic stresses, such as ischemia
(Choi et al., 2006, 2008). Thus, development of selective inhibitors, capable of
discriminating between the two human homologues of UPP so as to raise endogenous
uridine levels in a specific subset of tissues, may yield novel methods for the treatment of an
array of diseases.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

UPP uridine phosphorylase

TYMP thymidine phosphorylase

hUPP1 human uridine phosphorylase 1

5-FU 5-fluorouracil
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BAU 5-benzylacyclouridine

hUPP2 human uridine phosphorylase 2

mUPP2 mouse uridine phosphorylase 2

HNF-4α hepatic nuclear factor-4α

DTT dithiothreitol

GSSG oxidized glutathione

GSH reduced glutathione
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Fig. 1.
Phylogenetic tree of all known vertebrate UPP sequences. The presence of two homologues
of UPP appears to have arisen early in vertebrates and is retained in most mammals, though
some individual animals seem to have subsequently lost UPP2.
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Fig. 2.
Comparison of the structure of hUPP2 with hUPP1. (A) Overlay of two alternate structures
of hUPP2 bound to BAU with the structure of hUPP1 bound to BAU (PDB ID 3EUF)
reveals the strict retention of both overall fold and all secondary structural elements. The
position of the inhibitor and binding site for inorganic phosphate proximate to the dimer
interface are indicated. For this figure, the right-side monomers of the dimeric enzymes
(blue, turquoise, gold) were least-squares aligned producing slightly greater deviations in the
backbone traces of the partnering chains, consistent with inherent interdomain flexibility
within these proteins (Roosild et al., 2009; Roosild and Castronovo, 2010). However,
substantial variation in the main chain conformation is limited to a single, surface-exposed
loop on one face of the enzyme (grey highlight). (B) Comparison of the active site structures
of hUPP2 and hUPP1 illustrates strict retention of both the identity and positioning of every
residue that contacts the enzymes’ substrates. Amino acid labels correspond to the hUPP2
primary sequence with the equivalent hUPP1 residue number being six less.
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Fig. 3.
Depiction of hUPP2 ligand-interacting residues. Residues forming energetically favorable
interactions with either the inhibitor BAU or the phosphate substrate are illustrated using
Ligplot (Wallace et al., 1995). All residues shown are strictly conserved in identity and
position between hUPP2 and hUPP1.
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Fig. 4.
Redox inactivation of hUPP2. (A) Alternate structures of hUPP2 reveal two different
conformations for the loop bearing a critical phosphate coordinating residue (R100). In one
case, the structure is virtually identical to that seen in hUPP1 and other uridine
phosphorylases (blue vs. yellow). However, in the second case, the formation of a disulfide
bridge between C95 and C102 (red) contorts the shape of this loop and twists the key
arginine residue away from the active site (turquoise). Additionally, an acidic residue (D99)
is shifted closer to the phosphate binding site, which is unoccupied in this structure. These
structural changes suggest that this is a catalytically incompetent conformation of this
enzyme. (B) Alignment of all known mammalian UPP sequences shows that the second of
the cysteine residues needed for disulfide bridge formation is invariably conserved among
UPP2 proteins, but absent from all UPP1 enzymes.
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Fig. 5.
Redox sensitivity of UPP2. (A) The relative activity of recombinant hUPP2, normalized to
hUPP1, upon exposure to various redox modifying compounds is graphed. hUPP2 activity is
inactivated upon exposure to oxidized glutatione (GSSG) and slightly enhanced by reduced
glutathione (GSH). Other reducing agents, such as dithiothreitol (DTT), can protect hUPP2
from GSSG inactivation, suggesting the observed effect is due to its redox properties and not
through some other mechanism of molecular inhibition. (B) The measured activity of native
mouse UPP2 is graphed, varying the composition of atmosphere used during enzyme
isolation from liver homogenates and subsequent activity analysis. These results obtained
with native enzyme confirm the oxidation sensitivity of this family of proteins.
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Fig. 6.
Long-range structural consequences of the state of the regulatory disulfide bridge. (A) Of six
independent protein chains in the asymmetric unit of crystals of active hUPP2, four are too
disordered for modeling in part of the loop region preceding the disulfide bridge (blue). The
remaining two chains reveal partially helical structure (grey & purple), due to stabilization
through protein-protein contacts with crystallographic-symmetry-related domains. These
conformations differ substantially from the redox inactivated structure of hUPP2, in which
this region of the protein is flat and elongated (turquoise). (B) Surface representation of the
same region, colored by polarity and comparing active and inactive structures, illustrates the
degree to which this face of the enzyme is altered, depending upon its redox state.

Roosild et al. Page 18

J Struct Biol. Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Roosild et al. Page 19

Table 1

Crystallographic data collection and model refinement statistics

Active hUPP2 Inactive hUPP2

Diffraction Data:

Source SSRL 7-1 SSRL 7-1

λ 0.98 Å 0.98 Å

Space Group C2 P43212

Cell constants a=275.34 Å a=59.70 Å

b=56.14 Å b=59.70 Å

c=141.39 Å c=189.31 Å

β=96.4°

Mosacity 0.5 0.3

Resolution 50-2.00 Å (2.07-2.00 Å) 50-1.54 Å (1.60-1.54 Å)

Rsym 15.3% (40.0%) 5.5% (38.0%)

I/σ 9.1 (1.5) 13.2 (1.8)

Completeness 92.4% (54.3%) 99.1% (93.1%)

Model Refinement:

Number of reflections 134248 51304

Number of monomers/A.U. 6 1

Atoms/A.U. 14052 2632

 Protein 13543 2305

 Ligand 150 23

 Water 359 304

Rcryst 20.7% 19.2%

Rfree 24.2% 21.2%

Rmsd bond lengths 0.015 Å 0.013 Å

Rmsd bond angles 1.48° 1.38°

Ramachandran statistics

  Most favored regions 91.1% 91.1%

  Additionally allowed regions 8.9% 8.9%

Molprobity Score (percentile) 1.49 (97%) 1.21 (97%)

PDB ID 3P0E 3P0F
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