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Structures of Arthrobacter globiformis urate

oxidase—ligand complexes

The enzyme urate oxidase catalyzes the conversion of uric acid
to 5-hydroxyisourate, one of the steps in the ureide pathway.
Arthrobacter globiformis urate oxidase (AgUOX) was crystal-
lized and structures of crystals soaked in the substrate uric
acid, the inhibitor 8-azaxanthin and allantoin have been
determined at 1.9-2.2 A resolution. The biological unit is a
homotetramer and two homotetramers comprise the asym-
metric crystallographic unit. Each subunit contains two T-fold
domains of BBaaBB topology, which are usually found in
purine- and pterin-binding enzymes. The uric acid substrate is
bound tightly to the enzyme by interactions with Argl80,
Leu222 and GIn223 from one subunit and with Thr67 and
Asp68 of the neighbouring subunit in the tetramer. In the
other crystal structures, lithium borate, 8-azaxanthin and
allantoate are bound to the enzyme in a similar manner as uric
acid. Based on these AgUOX structures, the enzymatic
reaction mechanism of UOX has been proposed.

1. Introduction

Urate oxidase (uricase or UOX; EC 1.7.3.3), an enzyme
present in various species, catalyzes the oxidation of uric acid,
resulting in the formation of ureides (Fig. 1a). UOX is bene-
ficial to some bacteria, which thrive on uric acid as their sole
source of carbon and nitrogen. In leguminous plants, UOX is a
crucial enzyme in the nitrogen-assimilation pathway. In addi-
tion, a number of mammals utilize UOX to dispose of excess
nitrogen. However, higher primates, including humans, lack a
functional UOX as a consequence of mutations and deletions
within the coding sequence of the gene (Wu et al., 1992). This
is believed to confer a selective advantage because uric acid
may prevent the occurrence of cancer (Ames et al, 1981;
Sevenian et al., 1991). On the other hand, elevated serum uric
acid levels can lead to gouty arthritis and renal stones
(Cameron & Simmonds, 1981; Terkeltaub, 1993). Thus, UOX
is used as a drug for the treatment of tophaceous gout
(Rozenberg et al., 1995) and for the prevention and treatment
of hyperuricaemia associated with lymphoid malignancies (Pui
et al., 1997).

Initially, uric acid was thought to be converted to allantoin
in a single step catalyzed by UOX. Recent studies, however,
have shown that two further ureides, 5-hydroxyisourate and
2-0x0-4-hydroxy-4-carboxy-5-ureidoimidazoline, are formed
prior to allantoin and that their formation is catalyzed by two
other enzymes (Fig. 1a; Kahn & Tipton, 1997, 1998; Sarma et
al., 1999; Raychaudhuri & Tipton, 2002). Allantoin undergoes
a further series of degradation steps, again catalyzed by
different enzymes, to generate allantoate, ureidoglycolate,
glyoxylate and urea. UOX is unique among the oxygen-
requiring enzymes in the sense that it does not need a cofactor
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to convert uric acid to 5-hydroxyisourate. It has been reported
that O, is reduced to H,O, and that a solvent molecule
provides the O atom that is attached to C5 in 5-hydroxy-
isourate (Bentley & Neuberger, 1952; Kahn & Tipton, 1997;
Kahn et al., 1997).

Here, we present the structures of Arthrobacter globiformis
UOX (AgUOX) crystals soaked in several ligands: the
substrate uric acid, allantoin and the inhibitor 8-azaxanthin
(Fig. 1b). Although several crystal structures of UOX from
A. flavus (AfUOX) are available (Colloc’h et al., 1997, 2006,
2008; Retailleau et al., 2004, 2005; Gabison et al., 2006), this is
the first report of the structure of UOX with the uric acid
subtrate (or intermediate) and with the product allantoate.
The structures also provide several interesting structural
details that have not previously been observed in the structure
of AfUOX.

2. Materials and methods
2.1. Enzyme expression and purification

A plasmid containing the AgUOX gene was introduced into
the expression host cell Escherichia coli DHI1. Cells were
grown for 20 h at 310 K in BHI medium and were collected by
centrifugation at 7000g for 10 min. Pellets were suspended in
10 mM phosphate buffer pH 7.0 containing 0.2% lysozyme.
The cell suspension was incubated at 310 K for 2 h with
continuous stirring. The supernatant obtained by centrifuga-
tion at 7000g for 20 min was loaded onto a DEAE-Sepharose
FF column. The enzyme was eluted with a linear gradient of
0.1-0.3 M KCl in 10 mM phosphate buffer pH 7.0. Ammonium
sulfate (13%) was added to the pooled enzyme fractions. The
fractions were applied onto a Phenyl-Sepharose column and
the enzyme was eluted with a linear gradient of 13-5%
ammonium sulfate in 10 mM phosphate buffer pH 7.0. The
fractions containing the enzyme were combined and concen-
trated by membrane filtration (Microcon YM3).
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2.2. Crystallization

Lyophilized AgUOX was dissolved in 50 mM sodium borate
buffer pH 9.0 to a concentration of 10 mgml~'. Crystal-
lizations were performed using the hanging-drop vapour-
diffusion method at 293 K. The enzyme was crystallized in
droplets consisting of equal volumes (2.5 pl) of enzyme solu-
tion and reservoir solution, which contained 0.5 M lithium
sulfate, 8.5% (w/v) PEG 8000 and 50 mM sodium borate buffer
pH 9.0. The crystals were placed for 20 h in soaking solutions
containing 8-azaxanthin, uric acid or allantoin, each of which
was dissolved in the reservoir solution to a concentration of
Smgml.

2.3. X-ray data collection and data processing

The X-ray diffraction measurements were performed at
100 K. For the native (AgUOX-native), 8-azaxanthin-soaked
(AgUOX-AZA) and allantoin-soaked (AgUOX-ALN) crys-
tals, diffraction data were collected on the NW12 beamline of
the Photon Factory (Ibaraki, Japan) using an ADSC Quantum
210 CCD detector (A = 1.00 A) For the crystal soaked in uric
acid (AgUOX-UA), diffraction data were collected using an
ADSC Quantum 315 CCD detector on the BLSA beamline of
the Photon Factory (A = 1.00 A). The data for the AgUOX-
native crystal were processed with CrystalClear (Pflugrath,
1999), while those for the AgUOX-AZA, AgUOX-ALN and
AgUOX-UA crystals were processed with HK1-2000 (Otwi-
nowski & Minor, 1997). Statistics of data collection and crystal
data are given in Table 1.

2.4. Structure determination and refinement

The AgUOX-native structure was solved by molecular
replacement using the program AMoRe (Navaza, 1994) with a
tetramer of UOX from A. flavus (PDB code 1r51) generated
from the monomeric structure as a search model. The atomic
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Figure 1

(b)

(a) Schematic representation of the ureide pathway responsible for the oxidation of uric acid to allantoate (Kahn & Tipton, 1998). (b) The chemical

structures of 8-azaxanthin and lithium borate.
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Table 1

Statistics of data collection and crystal data.

Values in parentheses are for the highest resolution shell.

and  B-factor refinements were
performed with the program CNS
(Briinger et al, 1998). The AgUOX-
AZA, AgUOX-ALN and AgUOX-UA

AgUOX-UA AgUOX-ALN AgUOX-AZA AgUOX-native
structures were also solved by mole-
Data collection cular replacement using AMoRe with
X-ray source Photon Factory ;
Beamline BLSA NW12 NW12 NW12 the refined AgUOX-native structure as
Wavelength (A) 1.00 1.00 1.00 1.00 the initial model. Refinements were
Exposure time per frame (s) 5 10 5 8 rform in th me manner
Angular increment per frame (°) 0.3 0.5 0.5 0.2 pe 0, ed ¢ .sa ¢ anner - as
Total rotation range (°) 180 180 180 180 described above with the programs
Crystal-to-detector distance (mm) 250 270 220 190 REFMACS and CNS.
Crystal data ot
Space group P22, P22, P22, P20, Statistics of refinement for jall tl.1e
Unit-cell parameters AgUOX structures are summarized in
a(A) 84.5 85.5 833 85.4 Table 2. The OMIT maps of the ligands
b (A) 1232 122.9 122.3 122.5 .
A rawn with the program n .
c (A) 284.6 284.8 2839 284.5 drawn with the p (?g a_ Y (JO, es et al,
7' 8 8 8 8 1991) are shown in Fig. 2. Fig. 3 was
Data reduction drawn with PyMOL (DeLano Scien-
Software HKL-2000 HKL-2000 HKL-2000 CrystalClear . . :
Resolution range (A) 50.0-1.90 50.0-1.88 20.0-2.24 42.2-1.99 tlﬁc’ http.//www.pymol.org).and Flg: 4
(1.97-1.90)  (1.95-1.88) (2.32-2.24) (2.06-1.99) with RASMOL (Sayle & Milner-White,
No. of observed reflections 1244917 1421740 739628 1260560 1995). The final structures were vali-
No. of unique reflections 213158 231814 132537 193433 : .
Completeness (%) 909 (73.5) 952 (83.9)  97.4 (87.7) 91.8 (87.1) dated using PROCHECK (Laskowski et
Ruerget (%) 0.090 (0.341)  0.074 (0.269)  0.067 (0.237)  0.060 (0.177) al., 1993) and MOLPROBITY (Lovell
Io(I) 4.0 (8.6) 1.8 (5.3) 3.1 (7.7) 4.7 (12.3) et al., 2003). Sequence alignments were
Redundancy 5.8 (5.7) 6.1 (5.7) 54 (5.4) 35(3.3)

i Number of subunits in the asymmetric unit.

the ith measurement of the intensity of reflection hkl and (I(hkl)) is its mean value.

Table 2
Statistics of structure refinement.

 Ruerge = X 2o Wi (hkl) — {I(hKD) /30 323 1i(hkD), where I(hkl) is

performed with ClustalX (Chenna et al.,
2003). Structural comparisons were
carried out using Swiss-PdbViewer
(http://www.expasy.org/spdbv/). Protein
interfaces were measured using the
Protein—Protein  Interaction Server

AgUOX-UA AgUOX-ALN AgUOX-AZA AgUOX-native i
: (http://www.biochem.ucl.ac.uk/bsm/PP/
Resolution range (A) 20.0-1.90 20.0-1.90 20.0-2.24 10.0-1.99 server/).
No. of reflections used (F, > 30) 184396 212385 118368 190430
R factort (%) 19.0 18.0 189 19.1
Rirect (%) 223 20.9 239 21.8
R.m.s. deviation . .
Bond lengths (A) 0.005 0.005 0.006 0.007 3. Results and discussion
Bond angles (°) 1.3 1.3 1.3 1.4 P
No. of protein atoms 18284 18256 18284 18256 3.1. Structure determination and
No. of ligand atoms quality
Lithium borat - — — 56
8-1 Azlzgmzrii ¢ _ _ 9% _ .The AgUOX . structure.s were deter-
Uric acid 96 — — — mined at resolutions ranging from 1.9 to
Allantoate - 9 - - 2.2 Awith R and Ry, values below 19%
No. of waters 1360 1990 1160 1836 d 24% tivelv. Th tri
Ramachandran plot: residues in (%) an. o, respectively. ¢ asymme r'lc
Most favoured regions 89.7 90.3 89.4 91.2 units of all the AgUOX crystals contain
Allowed regions 103 9.7 10.6 88 two tetramers, each composed of four

+ R factor = 100 x ZHFQ\ - |FC||/Z|F0\, where |F,| and |F| are the observed and calculated structure-factor
amplitudes, respectively. # Calculated using a random set containing 10% of observations that were not included

throughout refinement (Briinger, 1992).

identical subunits. The large number of
subunits in the asymmetric unit is
somewhat unexpected, but calculation
of the Matthews coefficients (Vi

parameters were initially refined by the rigid-body and
restrained maximum-likelihood least-squares techniques in
REFMACS from the CCP4 suite (French & Wilson, 1978;
Collaborative Computational Project, Number 4, 1994). Strict
noncrystallographic symmetry was used to constrain the
subunits to be identical during the early stages of refinement,
but was later relaxed to allow independent refinement of the
subunits. The structure was revised by interpreting OMIT
maps at every residue. After several rounds of refinement with
REFMACS, crystallographic conjugate-gradient minimization

Matthews, 1968) and comparison of the crystal environments
suggested that there were eight subunits in the asymmetric
unit. One subunit consists of 287 amino-acid residues. Resi-
dues 1-10 in the N-terminus and residues 298-302 in the C-
terminus are not clearly visible in the electron density and
were excluded from refinement. In AgUOX-native and
AgUOX-ALN, the side chains of Lys12 and of Asp291 were
disordered and were not included in the final structures. The
eight subunits in each structure superimposed well within a
root-mean-square (r.m.s.) deviation of 036 A for the C*

Acta Cryst. (2008). D64, 815-822

817

Juan et al. + Urate oxidase—ligand complexes



research papers

atoms. All nonglycine residues are within the most favoured subunit of the AgUOX-native structure. Similarly, eight
and allowed regions of Ramachandran plots (Ramachandran molecules of 8-azaxanthin and uric acid (one per subunit)
et al., 1963). were added to the AgUOX-AZA and AgUOX-UA structures,

One molecule of lithium borate, which is a component of  respectively. However, |F,| — |F.| maps of AgUOX-ALN
the crystallization mother liquor, was introduced into each suggested that the bound molecules were allantoate and not
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Figure 2

Stereoviews of OMIT maps contoured at the 20 level for (@) uric acid, (b) allantoate, (c)
8-azaxanthin and (d) lithium borate bound in the AgUOX-UA, AgUOX-ALN, AgUOX-AZA
and AgUOX-native structures, respectively.

allantoin (Fig. 2). Despite the different
ligands, comparisons of the four AgUOX
structures yielded r.m.s. deviations of below
032 A, suggesting that the ligands have
similar structural effects.

3.2. Overall structure of AgUOX and
comparison with AfUOX structures

The structure of the AgUOX monomer
and the secondary-structure elements are
shown in Fig. 3(a). Each monomer contains
eight long B-strands (S1-S8), three short
B-strands (s3', s7' and s8'), four a-helices
(H1-H4) and two one-turn helices (h1 and
h2). The monomer can be divided into two
structurally similar domains known as T-fold
domains (Colloc’h et al., 1997), each with an
antiparallel superfold BBaafB topology.
The B-strands form a curved B-sheet and the
a-helices are positioned on the concave side
of the sheet. Comparisons of the structures
of AgUOX and AfUOX (Colloc’h et al.,
1997, 2006; Retailleau et al., 2004, 2005;
Gabison et al., 2006) reveal that despite the
deletions and extensions at the termini, the
topology of the AgUOX monomer is similar
to that of AfUOX. The only differences are
the absence of the one-turn helix between
S6 and H3 (designated h2 in AfUOX) and of
one short B-strand between S3 and S4
(designated s4’ in AfUOX) in AgUOX and
in the lengths of the f-strands and «-helices.
Moreover, superposition of a tetramer of
AgUOX on that of AfUOX resulted in small
r.m.s. deviations of up to 1.13 A for 1048 C*
atoms.

Pairs of monomers (A and D, B and C, A’
and D', and B’ and (') are related by
approximate twofold symmetry and are
tightly bound to each other (Fig. 3b). The
accessible surface area buried in the dimeric
interface is about 3100 Az, which accounts
for ~20% of the whole accessible surface
area. The dimeric interface includes up to 40
hydrogen bonds and extensive van der
Waals interactions, primarily involving resi-
dues in the N-terminal ends of S1 of one
subunit and S8 of an adjacent subunit.

Pairs of dimers (A + D and B + C, and
A’ + D" and B’ + (') are stacked face-to-face
to form a tetramer (Fig. 3c), which is the

818 Juan et al. + Urate oxidase—ligand complexes
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functional unit of AgUOX. The tetramer has overall dimen- sible surface area is buried in the dimer—dimer interface. The
sions of approximately 74 x 86 x 76 A. A tunnel roughly 30 A interactions between two dimers include 39 hydrogen bonds
in diameter and 80 A in length passes through the centre of and three salt bridges, most of which are formed by residues in
the tetramer. Only about 2300 A? (15%) of the whole acces- S4 and S5.

T-fold domain 2

(a)

)

Figure 3

The overall structure of AgUOX-UA. (a) The monomer of AgUOX showing the two T-fold domains, the secondary-structural elements and the bound
uric acid. S (or s) and H (or h) are used to indicate S-sheets and a-helices, respectively. (b) The dimer of AgUOX showing the locations of the active sites.
(¢) and (d) Two orthogonal views of the tetramer of AgUOX with subunits A, B, C and D coloured green, blue, yellow and pink, respectively. The uric
acid molecules are shown as stick representations.

Acta Cryst. (2008). D64, 815-822 Juan et al. « Urate oxidase—ligand complexes 819
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3.3. Active site region from S6 to S8, while the other subunit contributes

The active sites are located at the interfaces between A and residues from S1 and the N-terminal region of H1 (residues
D, B and C, A" and D', and B’ and C’ (Fig. 3b). One subunit  from the neighbouring subunit are marked with an asterisk
contributes residues from the N-terminal region of H4 and the from here on). The active-site opening is formed by the coiled

Te7* T67"
pess, L Fozy
azzs F163] JQ%’LC:-.DSS'- Q223 F163] e 4
M . A /k22r = Mo
HE K /‘/ [\Hes1 R ,’w] Ir ';H251
R180 (  IN249 R180 [ IN249

(a)

4 v,
H T~ H251
)

(b)

(¢)

Q223

. (d)

Figure 4

Stereoviews of the active sites in the AgUOX structures showing the interactions of (a) uric
acid, (b) allantoate, (¢) 8-azaxanthin and (d) lithium borate with the enzyme. The ligands are
shown as black ball-and-stick representations. The B and Li atoms are shown as green and
purple spheres and the O atoms and water molecules are shown as red spheres. Residues
marked with an asterisk belong to the neighbouring subunit. The dashed and dotted lines
indicate possible hydrogen bonds and van der Waals interactions, respectively.

region between S5 and S6 and the region
from s7' to s8. There are a total of eight
active sites in the asymmetric unit, four per
functional tetramer.

3.3.1. Ligand binding in the AgUOX-UA
structure. An |F,| — |F.| electron-density
map of the AgUOX-UA crystal calculated in
the absence of the soaked molecules
suggested that the bound ligand in the active
site could either be the substrate uric acid
(Fig. 2a; refer to Fig. 1 for the numbering of
the atoms) or a reaction intermediate whose
atoms are positioned almost identically to
those of uric acid. Further studies are
required in order to elucidate the state of
the trapped molecule. Nevertheless, the
binding interactions in the present AgUOX-
UA structure could provide details essential
for understanding wuric acid catalysis,
regardless of the state of the trapped ligand.
For the purpose of simplicity, the ligand was
assigned as uric acid.

As shown in Fig. 4(a), two residues that
are strictly conserved throughout the urate
oxidase family, GIn223 and Argl80, anchor
the six-membered ring of uric acid to the
enzyme. The side-chain OE1 and NE2 atoms
of GIn223 interact with N1 and O6 of uric
acid, respectively, whereas the side-chain
NH1 and NH2 atoms of Argl80 donate their
H atoms to form two hydrogen bonds to N3
and O2 of uric acid. The main-chain amide
of Leu222, the residue immediately pre-
ceding GIn223, also interacts with O2 of uric
acid. The N7 and N8 atoms in the five-
membered ring of uric acid are hydrogen
bonded to the main-chain amides of Thr67*
and Asp68* of the neighbouring subunit.
The W1 water molecule, located just above
the C4-C5 bond, is held in place by the side
chains of Thr67* and Asn249. His251 NE2 is
positioned at a distance of 4 A from the
water molecule, suggesting that this amino-
acid residue could possibly trap and activate
an oxygen molecule which could take the
place of the water molecule. In addition to
the Thr67*-Asn249-His251 triad, the side
chain of Lys22*, which is surrounded by
hydrophobic residues on one side, points
toward the active site. Its location suggests
its participation in the catalysis of uric acid.
Another conserved residue, Phel63, is
stacked below the substrate and is posi-

820 Juan et al. + Urate oxidase—ligand complexes
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tioned at a distance of ~3.6 A from the midpoint of the C4-C5
bond.

3.3.2. Binding of other ligands. The interactions of
allantoate, 8-azaxanthin and lithium borate with AgUOX are
shown in Figs. 4(b), 4(c) and 4(d), respectively. The inter-
actions of allantoate with Thr67* and Asp68* resemble those
of uric acid. The five-membered ring of 8-azaxanthin is unable
to maintain such interactions, while its six-membered ring
forms similar hydrogen bonds as uric acid to Leu222, GIn223
and Argl80, which is to be expected since the six-membered
rings of the two ligands are the same. It is noteworthy that the
two water molecules are conserved in all four structures and
these waters bridge the ligands to Argl80.

3.4. Mechanistic implications

Trapping of uric acid (or of an intermediate with the same
atomic positioning as uric acid) in the present AgUOX-UA
structure allowed us to identify important interactions in UOX
and to propose a scheme for the conversion of uric acid to
5-hydroxyisourate (Fig. 5). The urate oxidase reaction first
proceeds with uric acid interacting with O,, generating inter-
mediates similar to those encountered in flavin-dependent

monooxygenases (Kahn & Tipton, 1997; Kahn et al., 1997).
Single-turnover stopped-flow spectroscopic studies of urate
oxidase from Glycine max have provided evidence that several
intermediates are bound to the enzyme during the course of
the reaction (Kahn & Tipton, 1998). The first intermediate, the
urate dianion, is highly reactive and is believed to be the
intermediate that directly reacts with O,. The nature of the
urate dianion is controversial and NMR titration (Kahn et al.,
1997) and UV spectrophotometric studies (Pfleiderer, 1974)
have shown that in the absence of urate oxidase the 3.9-
dianion is the most stable of the possible dianion states.
However, the distances between N3 of uric acid and
Argl80 NH1 (3.1 A) and between N7 of uric acid and the
main-chain amide of Thr67* (2.6 A) in the AgUOX-UA
structure (Fig. 4a) suggest that the natural substrate is in the
3,7-dianion state. Two donor groups, the amides of Thr67* and
Asp68*, interact with the N7 and OS8 atoms of uric acid,
respectively, on which a negative charge could possibly be
delocalized. This is in agreement with recent quantum-
mechanical studies (Altarsha et al, 2007) and with the
proposal of Prangé and colleagues (Retailleau et al., 2004;
Colloc’h et al., 2008).
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Figure 5
Proposed reaction mechanism for UOX.
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The urate dianion would undergo oxidation, as demon-
strated by model studies and computational methods (Kahn ez
al., 1997), resulting in the formation of the second inter-
mediate urate hydroperoxide. A dioxygen-bound model can
reasonably be constructed by replacing the bound W1 O atom
with one of the dioxygen atoms, so that the remaining O atom
forms a hydrogen bond with His251 NE2. Therefore, His251
could be involved in the protonation of the dioxygen mole-
cule. The locations of the two active-site residues in AgUOX-
UA, Thr67* and Lys22%, suggest their involvement in the
proton transfer. The hydroxyl group of Thr67* binds to N7 of
uric acid (distance = 2.9 A) and to Lys22* NZ (distance =
3.0 A). Lys22* NZ could also be hydrogen bonded to
His251 NE2 (distance = 3.2 z&). Perfect conservation of these
residues across the UOX family supports their possible func-
tional role. Furthermore, the proposed mechanism is consis-
tent with the results of site-directed mutagenesis of Bacillus
subtilis UOX, in which K9M and T69A mutations (Lys9 and
Thr69 in B. subtilis UOX correspond to Lys22 and Thr67 in
AgUOX, respectively) led to the loss of enzyme activity
(Imhoff et al., 2003).

Subsequent expulsion of H,O, from urate hydroperoxide
results in the generation of dehydrourate, the third putative
intermediate, which has not yet been observed experimentally.
It is worth noting that dehydrourate and the 3,7-dianion have
nearly identical chemical structures. Hence, the trapped ligand
in AgUOX-UA could also be the dehyrourate intermediate.
Dehydrourate is then hydrated to form the product 5-hydroxy-
isourate, most probably by the W1 water molecule which has
been observed in all crystal structures of UOX.
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