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Reactive oxygen species are generated by various systems, including NADPH
oxidases, xanthine oxidoreductase (XOR) and mitochondrial respiratory enzymes,
and contribute to many physiological and pathological phenomena. Mammalian
xanthine dehydrogenase (XDH) can be converted to xanthine oxidase (X0), which
produces both superoxide anion and hydrogen peroxide in a molar ratio of about 1:3,
depending upon the conditions. Here, we present a mutant of rat XOR that displays
mainly XO activity with a superoxide:hydrogen peroxide production ratio of about
6:1. In the mutant, tryptophan 335, which is a component of the amino acid cluster
crucial for switching from the XDH to the XO conformation, was replaced with
alanine, and phenylalanine 336, which modulates FAD’s redox potential through
stacking interactions with the flavin cofactor, was changed to leucine. When the
mutant was expressed in Sf9 cells, it was obtained in the XO form, and dithiothreitol
treatment only partially restored the pyridine nucleotide-binding capacity. The
crystal structure of the dithiothreitol-treated mutant at 2.3 A resolution showed the
enzyme’s two subunits to be quite similar, but not identical: the cluster involved in
conformation-switching was completely disrupted in one subunit, but remained
partly associated in the other one. The chain trace of the active site loop in this
mutant is very similar to that of the bovine XO form. These results are consistent
with the idea that the XDH and XO forms of the mutant are in an equilibrium that
greatly favours the XO form, but the equilibrium is partly shifted towards the XDH
form upon incubation with dithiothreitol.

Key words: superoxide, hydrogen peroxide, reactive oxygen species, xanthine
oxidase, xanthine dehydrogenase, molybdenum cofactor.

Abbreviations: ACPY" and ACPYH, acetylpyridine adenine dinucleotide and its reduced form; AFR,
activity-to-flavin ratio;, FADH*, FAD semiquinone; [2Fe-2S] and Fe/S, iron-sulphur cluster; KP buffer,
potassium phosphate buffer; Sf9, cell line of spodoptera frugiperda; XOR, xanthine oxidoreductase; XDH,

xanthine dehydrogenase; XO, xanthine oxidase.

Xanthine oxidoreductase (XOR) catalyses the oxidation
of hypoxanthine to xanthine or xanthine to uric acid
in the metabolic pathway of purine degradation (I, 2).
The animal enzymes are homodimers of molecular mass
around 290kDa, with each of the monomers acting
independently during catalysis. Each subunit contains
one molybdopterin cofactor, two non-identical [2Fe—2S]
centres, and one flavin adenine dinucleotide (FAD)
cofactor (2, 3), which are located in the corresponding
C-terminal 85kDa, N-terminal 20kDa and intermediate
40kDa domains, respectively (4-6). The oxidation of
xanthine takes place at the molybdopterin centre and
the electrons thus introduced are rapidly transferred
to FAD via the Fe/SI and Fe/SII centres (7-10). The
reoxidation of the reduced enzyme by the oxidant
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substrate, NAD" or molecular oxygen, occurs through
FAD (10, 11). The enzyme from most organisms exists
only in its xanthine dehydrogenase (XDH) form, in which
it shows a preference for NAD' as the oxidizing
substrate at FAD. However, mammalian XDHs can be
converted to the xanthine oxidase (XO) form, which
exclusively uses O, as its substrate (712-14). This
conversion occurs either reversibly by formation of
disulphide bridges or irreversibly by proteolytic cleavage
within the XOR protein molecule (2, 12-19). Reactive
oxygen species (ROS), HyOy and O,, are formed when
dioxygen is used as the substrate, and the enzyme in
endothelial cells (20) has been implicated in diseases
characterized by oxygen radical-induced tissue damage,
such as post-ischaemic reperfusion injury (21-24).

The crystal structures of both the XDH and XO forms
of the enzyme from bovine milk have been determined
and the structural differences between the two forms
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have been described (6). Based on site-directed mutagen-
esis studies of rat XOR expressed in a Spodoptera
frugiperda (Sf9)/insect cell system, the two disulphide
bonds responsible for the reversible conversion were
identified as Cys535—Cys992 and Cys1316-Cys1324 (25).
The former bond forms rapidly, whereas the latter one
forms much more slowly, based on chemical modification
studies with 2-fluorodinitrobenzene or 4,4’-dithiodipyri-
dine (25). In the crystal structure, Cys535 is located on
the long linker peptide between the FAD and molybdop-
terin domains, whereas Cys992 is found on the surface of
the molybdopterin domain (25). The site of proteolytic
cleavage responsible for irreversible conversion is in the
same linker peptide (6). A mechanism for the transition
from XDH to XO has been proposed based on a detailed
comparison of the XDH and XO structures, including the
results of site-directed mutagenesis studies (25, 26).
Mechanistic models focus on an amino acid cluster
formed by the residues Arg334, Trp335, Arg426 and
Phe549 (amino acid numbers are those for the rat
enzyme). Held together mostly by n-cation interactions,
this cluster sits at the centre of a relay system that can
transmit modifications of the linker peptide, e.g. disulphide
formation or proteolytic cleavage, to the FAD-approaching
active site loop (rat enzyme Gln422-Lys432) (6), resulting
in a dramatic change of the loop’s conformation, as well as
of the electrostatic environment around FAD (6). During
these conformational transitions, the cluster acts not only
as a transmitter, as described earlier, but also as a solvent
gate (26). Obviously, tight interactions between the amino
acid residues of the cluster are crucial for the stabilization
of the XDH form of the enzyme. These interactions are
disrupted, however, when Phe549 is removed from the
cluster, either by a change in conformation induced by
disulphide formation between Cys535 and Cys992, or by
release of the linker peptide through proteolysis. It is
highly likely that this disruption is the trigger for all
subsequent rearrangements (6, 26). While the active site
loop is close to the si-face of the flavin cofactor, the side
chain of Phe336 stacks to the re-face of the isoalloxazine
ring (6). As this n—n interaction seems to modulate the
redox potentials of the flavin cofactor, removal of the
aromatic ring in the mutant can be expected to change the
character of the reactivity towards oxygen.

Although ROS are known to be formed in various
systems, including NADPH oxidase (27) and mitochon-
drial respiratory enzymes (28), and they are considered
to be involved in various physiological and pathological
phenomena, there is no experimental system available
for easy and reliable formation of O, . This is mainly due
to the complexity of the presently used systems,
e.g. NADPH oxidase usually requires various activating
cofactors (27). XO is frequently used as a tool for O,
production. The major problem in using XO as
O, generating tool, however, is that this enzyme is
normally in its dehydrogenase form, and the formation of
0; is blocked by NAD™, which is always present in large
amounts even under anoxic conditions (29). Furthermore,
even in the XO form of the native enzyme, only 15-20%
of the total electrons are used to generate O,, while the
remaining electrons contribute to the unwanted forma-
tion of HyO4 (17).
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Based on our structural and mechanistic studies of
XOR enzymes (6, 26), we set out to improve the
superoxide-producing ability of the XOR system by
creating the W335A/F336L double mutant of the rat
enzyme. The first mutation led to the disruption of the
key amino acid cluster (favouring the XO over the XDH
structure), while removal of the n—n interaction at the
FAD site by means of the second mutation dramatically
increased the yield of O,. Kinetic analysis showed that
the double mutant mainly used molecular oxygen as the
electron acceptor, regardless of the oxidation state of the
crucial cysteine residues; in addition, the mutant’s O,
yield was dramatically increased compared with that of
active XO. The double mutant should prove very useful
as a superoxide-generating tool. To further characterize
the changes induced by these mutations, we crystallized
the protein in the presence of dithiothreitol (DTT) and
determined its crystal structure at 2.3 A resolution.

EXPERIMENTAL PROCEDURES

Materials—Spodoptera frugiperda (Sf9) cells were
obtained from Invitrogen (CA, USA) and BacVector™-
2000 triple cut virus DNA was from Novagen (WI, USA).
The transfer vector pJVP10Z was kindly provided by Dr
Palmer Taylor (University of California, San Diego, CA,
USA). Restriction and modification enzymes were from
Takara Bio Inc. (Shiga, Japan) or New England Biolabs
Inc. (MA, USA). The culture medium Sf-900I1 and Grace
medium were purchased from Invitrogen, and fetal
bovine serum from Hyclone (UT, USA). The polyclonal
antibody used in these experiments was raised in our
laboratory against purified rat liver XOR, as described
previously (4). Materials and methods used for enzyme
purification were described previously (30). All other
chemicals were of reagent grade.

Preparation of the Transfer Vector for Expression of
Mutant XOR, W335A / F336L—Site-directed mutagenesis
was done using a QuickChange site-directed mutagenesis
kit (Stratagene; CA, USA). To prepare the mutant cDNA
of W335A/F336L (the codons for Trp335 and Phe336 are
replaced with the codons for Ala and Leu, respectively),
the mutagenic PCR reaction was carried out using the
plasmid pRXD203 as a template. The plasmid pRXD203
contains full-size rat XOR ¢cDNA. Mutagenic oligonucleo-
tide primers for W335A/F336L were as follows; forward
primer, 5-G GAG CAG CTG CGC GCG CTT GCC GGC
AAG CAG G-3, reverse primer, 5-C CTG CTT GCC GGC
AAG CGC GCG CAG CTG CTC C-3. The plasmid of
the W335A/F336L mutant, pRXD203-W335A/F336L, was
sequenced to verify the presence of the desired muta-
tions. DNA sequencing was performed with an ABI
PRISM 310 Genetic Analyzer using a BigDye®
Terminator Cycle Sequencing Ready Reaction sequencing
kit (Applied Biosystems, CA, USA). The DNA fragment
encoding the double mutant enzyme was excised with
Nhel from pRXD203-W335A/F336L plasmid, and cloned
into the Nhel site of baculovirus transfer vector pJVP10Z
(25, 26, 31). The direction of the insert DNA was verified
by DNA sequencing.

Construction of Recombinant Viral Variant—The
recombinant virus was prepared as described previously
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(31). Co-transfection of BacVector ™-2000 triple cut virus
DNA and constructed transfer vector was conducted
using Eufectin™ Transfection Reagent (Novagen);
screening of the recombinant virus was carried out by
plaque assay according to the manufacturer’s manual
(31-33). To identify recombination, direct western blots
were performed with infected cell extracts of the second
virus amplification and positive clones were selected.
Usually, virus stock with a titre of 1x10” plaque-
forming units/ml or more was prepared.

Overexpression of the Mutant Using the Baculovirus—
Insect Cell System—The maintenance of Sf9 cell lines
and the expression procedures were the same as
described previously (31).

Purification Procedures for Recombinant Enzymes—
Recombinant enzyme was purified as described previously
(31); the recombinant active XOR and demolybdo-dimeric
XOR were separated by affinity column chromatography
(30, 34). The enzymes were concentrated and incubated
with 5mM DTT for 1h at 25°C to generate the XDH form
of XOR, if necessary.

Enzyme Assays—Enzyme assays were carried out at
25°C in 50 mM potassium phosphate (KP) buffer (pH 7.8)
containing 0.4 mM EDTA in the final volume of 1.0ml.
XOR activities with various electron acceptors were
determined by monitoring the absorbance changes as
follows: O (air-saturated buffer; 295nm), NAD" (500 uM;
340nm), ACPY" (500 uM; 360nm). The extinction coeffi-
cients of 6.22mM 'em~! for NADH and 9.1mM ‘cm™!
for ACPYH were used. Concentration of the mutant
enzyme was determined from the absorbance at 450 nm
using an extinction coefficient of 35.8mM ‘em™! (35).
Activity-to-flavin ratio (AFR) (I) was obtained by divid-
ing the change in absorbance/min at 295nm in the
presence of NAD™ under aerobic conditions by the
absorbance at 450nm of the enzyme used in the assay
at 25°C. Photometric experiments were performed with a
UV-2550 spectrophotometer (Shimadzu, Kyoto, Japan)
equipped with a temperature-control system.

Steady-state Kinetics of Xanthine-Os Activity—2.5ml
of the reaction mixture contained 50mM KP buffer
pH 7.8, 0.4mM EDTA, 0.15mM xanthine (fixed concen-
tration) and 14 nM of the double mutant with or without
DTT treatment. Before the addition of the enzyme, the
incubation mixture was bubbled with nitrogen gas
containing various concentrations of oxygen (5.35, 10.2,
15.4, 21.0 or 50.8% O,) for 5min at 25°C in an anaerobic
cuvette equipped with an enzyme injector. After the
addition of the enzyme, the absorbance at 295nm was
followed at 25°C with a UV-2550 spectrophotometer
(Shimadzu).

Determination of Uric Acid and O, during Xanthine—
O3 Turnover—Formation of O, was estimated in terms of
reduction of cytochrome ¢, following the method of
McCord and Fridovich (36). Reduction of cytochrome ¢
was followed at 550nm: the concentration of O, was
estimated from the Aesso value between the reduced and
oxidized cytochrome ¢ of 2.1x10*M 'em™! (37).
Formation of uric acid was determined by following the
absorbance change at 295nm, using a Aeggs value
between uric acid and xanthine of 9.6mM ‘em™' (5).
Correction was made for the absorbance change at
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295nm due to the reduction of cytochrome c¢. The Aesgs
value of reduced-oxidized cytochrome ¢ was
42mM lem™! (5).

Absorbance Spectra of the W335A/F336L Mutant
during Anaerobic Reduction with NADH—The DTT-
treated double mutant enzyme (4.6 pmol) in 50 mM KP
buffer (pH 7.8) containing 0.4mM EDTA was mixed
with 1/39 volume of NADH (5.08 mM) under anaerobic
conditions. Absorption spectra were recorded at the times
indicated using a DU-7400 spectrophotometer (Beckman
Coulter, CA, USA).

Rapid Reaction Kinetics of the W335A/F336L
Mutant—Rapid half-reaction experiments were carried
out under anaerobic conditions in 50 mM KP buffer (pH
7.8) containing 0.4 mM EDTA at 25°C with an SX-18MV
kinetic spectrophotometer (Applied Photophysics Ltd,
UK) with a 1cm observation path length. A 75l aliquot
of this solution containing the double mutant at a
concentration of 7.5uM was mixed with an equal
volume of various concentrations of NADH. Absorbance
changes were monitored at 450, 520 and 620 nm in time
periods ranging from the dead-time (about 2ms) to 1s,
and the observed rate constants k,,s were then plotted
against substrate concentration to obtain the reduction
constant (k,.q) and the dissociation constant (Kg) (38).

Crystallization of the W335A/F336L Mutant of Rat
XOR and Collection of Diffraction Data—The methods of
enzyme preparation for crystallization were the same as
described previously (25). The enzyme was concentrated
to 8mg/ml in a buffer mixture of 15% 0.1 M pyropho-
sphate (pH 8.5) containing 0.2mM EDTA and 85%
0.06M KP buffer (pH 7.4) containing 0.2mM EDTA
and incubated with 5mM DTT for 60min at 25°C.
Crystals of the W335A/F336L, mutant XDH were grown
by vapour diffusion, equilibrating a mixture of 1ul of
protein and 1ul of reservoir solution containing 9-10.5%
polyethylene glycol 8000, 0.6 M lithium sulfate, 5 mM
DTT, 1mM sodium salicylate, 0.4mM EDTA, 15%
glycerol and 40mM HEPES (pH 6.2), against 1.5ml of
reservoir solution. Crystals of the enzyme were flash-
frozen with their mother liquor as a cryoprotectant and
mounted in cryoloops (Hampton Research CA, USA).
A crystal was placed in a nitrogen stream at 100K and
diffraction data were collected at a wavelength of 1.00 A
on beamline BL38B1, Spring-8 (JASRI, Hyogo, Japan)
using a Q4 area detector (Area Detector Systems
Corporation).

RESULTS

Expression and Purification of the W335A/F336L
Mutant of Recombinant Rat Liver XOR—In an effort to
generate a form of XOR that would preferentially
produce superoxide in high yield and independently of
the presence or absence of thiol reagents, we constructed
the W335A/F336L double mutant and expressed it
in the baculovirus—Sf9 insect cell system. In this
system, co-formation of catalytically inactive demolybdo-
monomeric and -dimeric forms, as well as active and
inactive molybdo forms, is unavoidable (31). In this
study, we used the molybdo forms (both active and
inactive) as they were eluted from the first folate affinity
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chromatography column. This column removes the
demolybdo form only, so the resulting protein was
suitable for functional analyses of the mutant enzyme.
The only exception was in experiments to measure
NADH reduction, in which the presence of the demolybdo
form does not influence the results (31). At this step
in the purification scheme, the active form of the enzyme
showed an AFR at 25°C of 98 to 145, corresponding to
49-73% of the molecules being catalytically competent,
since the AFR for the fully active enzyme is 200 (17, 34).
The most probable cause of the reduced activity is the
presence of desulfo enzyme, as was shown earlier for
the natural enzyme (30). When wild-type rat XOR is
expressed in the baculovirus-Sf9 insect cell system, it is
in the XDH form, which is then gradually converted to
the oxidase form. The W335A/F336L mutant, however,
was already expressed almost exclusively in its oxidase
form and could be identified as such in the crude extract.
The XO activity was not due to proteolytic cleavage,
which would irreversibly generate this form of the
enzyme; the protein eluted from the first folate affinity
column showed a single band on SDS-PAGE correspond-
ing to a molecular mass of 150kDa (Fig. 1D).

DTT Treatment of Purified Enzyme—In wild-type
XOR, any oxidatively generated XO (due to disulphide
formation) can be converted to XDH in less than an hour
by treating it with 5mM DTT at 25°C (25). When the
W335A/F336L. mutant was expressed as the oxidase
form, a situation seen before with the bovine W336A
(corresponding to rat W335A) mutant (26), it was also
incubated with DTT under the same conditions. In
contrast to native (17) or expressed wild-type enzyme
(25), however, the mutant was largely resistant to the
conversion. Xanthine—Oy activity (formation of urate in
the absence of NAD™) decreased only very slowly to
reach about 70% of the initial activity after 60 min, with
no further change observed thereafter. The xanthine—
NAD" activity of the mutant increased only slightly
(~15%) within the same time frame (Fig. 1A). These
results indicated that only a small part of the mutant
enzyme could be converted back to the XDH form by DTT
treatment; the majority of molecules remain in the XO
form. The lower urate formation activity found in the
presence of NAD™ than in the absence of NAD" can be
explained by the inhibitory effect by NAD™, which can
bind to the pyridine nucleotide binding site partially
reconstituted during DTT incubation, combined with the
reduction of electron transfer from FAD to NAD™ caused
by the higher redox potential displayed by FAD in
this mutant environment. The smaller increase of
xanthine-NAD" activity (~15%) compared with the
decrease of xanthine—O activity (~30%) (urate formation
in the absence of NAD™) is also consistent with the
positive shift of the redox potential of the FAD cofactor;
when acetylpyridine adenine dinucleotide (ACPY™),
whose redox potential is ~60mV more positive than
that of NAD" (39), was used as an electron acceptor, the
increases of xanthine—-ACPY" activity and XO activity
become comparable (Fig. 1B). It should also be noted that
urate formation catalysed by the mutant was higher in
the presence of ACPY" (Fig. 1B) than NAD™" (Fig. 1A),

R. Asai et al.
A _1000 B 1000
2 -9 0 ¢ ¢ 3 T 0
g 500 000 | g 500 e,
2 g
P e nssna® 2 wEEn
0 20 40 60 00-2-0-4-0-6'0'
Tir.{fvin) Time (min)
1 2
C ~ D (kDa)

= 250 ——
o= 150 —
[:}]
2 100
= TH
8
7] 50 s
o 0+ . . . r 7

0 400 800 2

[NAD] (uM) 25 &

Fig. 1. Time course of XDH/XO conversion of W335A/
F336L mutant enzyme by incubation with dithiothreitol.
Freshly purified enzyme was incubated with 5mM DTT at
pH 7.8 and 25°C. During incubation, aliquots were withdrawn
from the mixture to measure the enzyme activities. The
activities are shown as turnover numbers (mols/mol FAD/min)
corrected for the measured value of AFR, assuming an AFR
value of 200 for the fully active enzyme (I16). (A) Urate
formation was determined by following absorbance changes at
295 nm in the absence (closed circle) the presence (open circle) of
NAD" as described in Experimental Procedures. NADH forma-
tion activity was also determined by following absorbance
changes at 340nm in the presence of NAD" (closed square).
(B) Urate formation determined at 295 nm in the absence (closed
circle) or the presence (open circle) of ACPY". ACPYH formation
was followed at 360nm in the presence of ACPY" (closed
square). (C) Cytochrome c reduction determined at 550 nm with
the DTT treated (closed circle) or untreated enzyme (open
circle). The Oy flux represents the ratio of formation of O, per
total electrons provided to the the DTT treated (closed square)
or untreated enzyme (open square). The Oy flux represents the
ratio of formation of O, per total electrons provided to the
enzyme in the presence (closed square) or the absence of NAD™
(open square). (D) SDS-PAGE of purified W335A/F336A mutant.
Lane 1, Marker proteins (Bio-Rad) having molecular masses of
250, 150, 100, 75, 50, 37 and 25kDa. Lane 2, W335A/F336L
mutant.

in accordance with the more efficient electron transfer
occurring with ACPY™ as the acceptor.

Steady-state Kinetics of Xanthine-Os Activity and
Formation of O,—The steady-state kinetics of
xanthine-Oy activity of the mutant was evaluated
before and after DTT treatment with varying concentra-
tions of oxygen and xanthine at a constant concentration
of 0.15mM electron donor. The apparent k.,; value of the
mutant was comparable with that of native rat XO before
DTT treatment, but decreased to 78% of its value after
DTT treatment (Table 1). The K, values for Oy as a
substrate were similar irrespective of exposure to DTT,
again supporting the XO-like behaviour of the mutant.
We determined the reduction rate of cytochrome ¢ with
xanthine as the electron donor in the presence and
absence of superoxide dismutase to measure the Oy flux
ratio, i.e. the ratio of formation of O, per total electrons
provided to the enzyme. The percentages of one-electron
transfer to O, were similar irrespective of DTT treatment
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(Table 1). The values obtained with the mutant (~75%)
were much higher than those with native enzyme from
rat liver: the values with native enzyme were ~35% and
~15% for DTT-treated and untreated enzyme, respec-
tively (17). The estimated molar production ratio of Oj:
H505 in the mutant enzyme was 6:1, much higher than
the value for native rat XO (1:3) determined under the

Table 1. Effects of dithiothreitol treatment on xanthine-
O; activity and formation of O, of theW335A/F336L
mutant.

After After
purification DTT
(DTT untreated) treatment
keat (moles of formed 748 +17 584 +15
urate/min/mol
of FAD-enzyme)
K, for Oy (uM) 129+10 129+9
keat for Og 1110+13 870 +20
formation (mols
of reduced cytochrome
¢/min/mol of FAD-enzyme)
0, Flux (%) 744412 74.5+1.2

kear and K, values were determined at pH 7.8 and 25°C as apparent
values with the concentration of xanthine fixed at 0.15mM. kg,
values were calculated for the used enzyme having an AFR value 136,
assuming an AFR value of 200 for the fully active enzyme. Oy
formation activity was determined by following the rate of
cytochrome ¢ reduction in the presence and absence of superoxide
dismutase.
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same conditions (7). Thus, the mutant enzyme mainly
used molecular oxygen as an electron acceptor and most
of the electrons it received were used to produce O,.
As indicated in the previous section, the mutant seemed
to partially retain its NAD" binding site; we, therefore,
tested whether NAD™ influences O, production in both
the DTT-treated and untreated mutant. As is the case
with xanthine-O, activity, NAD" partly inhibited the
formation of O, activity, but the ratio of O,: HyO,
formation was not significantly influenced by up to
800 uM NAD™ (Fig. 1C).

Reduction of DTT-treated Mutant Enzyme with
NADH—As already mentioned the DTT-treated double
mutant seemed to possess a partially folded NAD™
binding site. Although NAD™ is not a good electron
acceptor because of the positive shift of the redox
potential experienced by the reduced FAD cofactor in
the mutant environment, NADH should be a good
reductant of FAD. Figure 2A shows the reduction of
the DTT-treated double mutant with NADH under
anaerobic conditions. The DTT-treated mutant enzyme
was apparently reduced by NADH in a biphasic manner:
we observed fast reduction (within 20s) followed by a
second process (20s—60min). We interpret the latter as
intermolecular reduction of non-NADH-reducible enzyme
by NADH-reducible enzyme, a process frequently
observed in XOR. After 20s, the level of reduction was
more than that of the bovine single mutant W336A

B —
- E
o :
c _
(1] i
2 ]
2 S 450nm
=1k
J s e A st i 690 NM
0.001 0.01 0.1 1

Reaction time (s)

0|IIII|IiII|IIII|III||IIII|

0 20

Fig. 2. Changes of the absorption spectra of DTT-treated
W335A/F336L. mutant after mixing with NADH under
anaerobic conditions. (A) A 4.63uM DTT-treated double
mutant in 50mM KP buffer (pH 7.8) containing 0.4 mM EDTA
was anaerobically mixed with 1/39 volume of NADH (5.08 mM) in
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the same buffer, and the absorption spectra were recorded before
mixing and at several times after mixing (20s, 30s, 60s, 5min
and 60min). (B) Time courses of absorption at 450, 520 and
630nm of the mutant after mixing with 60 M NADH using a
stopped-flow apparatus. (C) Observed rate constants (&) for the
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XO (26), and a small amount of the neutral FAD
semiquinone (FADH") could be observed. To investigate
this in more detail, we examined the reaction with the
help of a stopped-flow spectrophotometer. Anaerobic
mixing of DTT-treated mutant enzyme with NADH
resulted in a triphasic reaction within 1s (Fig. 2B). In
the first phase (within 0.01s), the absorbance at 450 nm
rapidly decreased to ~40% of the level of the total change
observed after 1s, but the absorbance at 520 and 620 nm
did not change within this first phase. This finding
suggests that only FAD was reduced in the first phase,
in contrast to the behaviour of native chicken liver
XDH (40) or bovine milk XDH (41). Figure 2C shows
the saturation curve with NADH as the substrate;
double-reciprocal plots provided values of 370+17/s
and 12.2 + 1.9 uM for ky;,,, and Ky, respectively, indicating
that NADH is not tightly bound to the enzyme compared
with other XDHs (40, 41). In the second phase, the
absorbance at 450nm continued to decrease slightly,
albeit more slowly, and the absorbance at 520 and
620 nm still showed no change. In the third phase, the
absorbance at 450 nm was further decreased slightly, but
the absorbance at 520 nm decreased and that at 620 nm
increased. This indicates that there was an internal
electron transfer that resulted in the formation of FADH*
and reduction of the iron—sulphur cluster Fe/S II (10).
Between 1s and 20s (Fig. 2A), no further major spectral

Table 2. Data collection and refinement statistics for
the W335A, F336L double mutant of rat xanthine
oxidoreductase.

Space group P2,2,2;

Unit cell axes (A) a=101.1 b=139.5 ¢=222.3
Resolution (A) 25 —2.28 (2.32 —2.28)"
Wavelength of data 1.000

collection (A)

Total number of 1179,948
reflections measured
Number of unique reflections” 137,504

(Number of reflections 5556
used in Rgee)

Completeness (%) 100 (100)"

Reym' 8.0 (38.7)"

Reryst”™ (%) 18.5 (20.9)"

Rireet (%) 22.9 (28.4)'

Deviations in bond 0.008
lengths (A)

Deviations in bond 14
angles, degree

Average B-value (A% 324

Number of 21,443
non-hydrogen atoms

Number of water molecules 1391

88.2/10.8/0.7/0.3

$Numbers in parentheses are for the highest resolution shell.

HRym = 2wt — (DD nay_r ().

*Rcrysl = thl ‘Fchs - Fculc‘/Fohs'

TRfree = Repyst for 4.0% of randomly selected reflections not used in
refinement.

The Ramachandran plot indicates the percentage of residues in
the most favourable region, in the additionally allowed region, in the
generously allowed region, and in the disallowed region. The
Ramachandran plot was calculated by the program PROCHECK (45).

Ramachandran plot (%)

R. Asai et al.

changes were observed. The interpretation of these
results will be discussed in more detail in the
Discussion section.

The Structure of the W335A/F336L Double Mutant
Enzyme—The crystal structure of the mutant was
determined in its demolybdo form at 2.3 A resolution
(Table 2). The crystal contained the functional dimer in
the asymmetric unit. The overall chain trace is shown in
Fig. 3A. The model has good overall stereochemistry with
88% of all residues in the most favourable regions of the
Ramachandran plot. The residues in disallowed regions
(Asp4 of chain A, Tyr152, Asp658 and Asn887 in all
chains) are defined in 2F,—F, electron density maps. For
residues 1-2, 166—-190 and 1319-1331, no corresponding
electron density was observed, an indication of inherent
flexibility.

The structures of the two subunits were quite similar,
but not identical. The inter-domain linker (residues
532-589) between the FAD and the molybdopterin
domain in subunit A can be observed in the electron
density map, in contrast to previous XDH and XO
structures (6). The conformation is almost identical to
that of the corresponding stretch of amino acids in
the rat XDH C535A/C992R/C1324S triple mutant that
does not convert from XDH to XO, and is the only other
XDH/XO structure with a fixed conformation for
this part of the protein (25) (PDB ID 1WYG). Residues
532-539 and 548-553, part of the inter-domain linker in
subunit B, were disordered. The observation of differing
chain traces in the two subunits suggests high mobility
of these regions in solution.

The amino acid clusters that play a crucial role in the
XDH/XO conversion (26) were also not identical in their
conformations (Fig. 4A and B). The cluster formed by the
four residues Arg334, Trp335, Arg426 and Pheb549
is tightly packed in the XDH forms of both the native
enzyme (6, 26) and triple mutant (25) (Fig. 4C). In
subunit A, electron density corresponding to the side
chains of Phe549 and Arg334 was weak, but the back-
bone density was continuous and clear (Fig. 5A). In
contrast, no electron density corresponding to Phe549 or
the side chain of Arg334 could be observed in subunit
B (Fig. 5B). The distances between the alpha-carbons
of Arg426 and Arg334 are 20.1 and 20.2A in subunits
A and B, respectively, whereas only 9.2 A separates the
two residues in the XDH form of the rat triple mutant.
This suggests that the packing of the cluster is quite
loose in this mutant; in solution, most of the cluster will
be disrupted and only a small part of the molecules will
have the four residues associated. Arg426, which is
also part of the active site loop, has shifted its position in
both subunits. The chain trace of the active site loop in
this mutant is very similar to that of bovine XO (6)
(PDB ID 1FIQ). The re-arrangement of the active site
loop causes structural changes around FAD, blocking the
approach of NAD" (Fig. 3B and C).

In bovine XOR, the electrostatic environments of XDH
and XO differ dramatically. In the XDH form, the
carboxylate of Asp429 (corresponds to Asp428 in rat
enzyme) is close to the C6 carbon of FAD. In the XO
form, this residue moves away from FAD and the
guanidino group of Arg426 (Arg425 in rat) takes up a
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Fig. 3. Structural consequences of the W335A/F336L
mutation of rat XOR. (A) Overall structure of the rat W335A/
F336L mutant. Subunit A is shown in green and subunit B
in blue. Red boxes mark the regions of each subunit shown
in higher magnification in Fig. 4A and B. (B) In the XO form
(e.g. subunit B of the W335A/F336L. mutant), the cluster has
disintegrated and opened up another access route (red arrow)
to the flavin ring from the opposite side of the molecule.
At the same time, the NAD'-binding site has been partially

filled-in, preventing access of this substrate. The residues 334,
335 and 426 are shown in space-filling representation; FAD is
shown in stick representation; the active site loop (A-loop) is
in space-filling representation (green). (C) In the XDH form
(e.g. in the C535A/C992R/C1324S triple mutant), the enzyme
molecule displays the elongated cleft (red arrow) necessary for
binding of the substrate NAD". Note the compactness of the
cluster. The cluster consisting of residues 334, 335, 426 and 549
is shown in space-filling representation; FAD is shown in stick

Fig. 4. The residues of the cluster and active site loop in
W335A/F336L mutant of rat XOR. In all figures, the cluster
consisting of residues 334, 335, 426 and 549 is shown in stick and
space-filling representation; residue 336 and FAD are shown in
stick representation only; the active site loop (A-loop) is in green.

similar position. These changes have been suggested as
the reason for the observed modulation of the reactivity
of the FAD cofactor. Equivalent changes were observed
in the structure presented here. In the XDH-locked rat

Vol. 141, No. 4, 2007

(A) Subunit A of the W335A/F336L mutant (B) Subunit B of the
W335A/F336L mutant (C) The corresponding region of the XDH-
locked C535A/C992R/C1324S triple mutant of the rat enzyme (25)
has the cluster in the closed conformation and is shown for
comparison.

triple mutant, the carboxyl carbon of Asp428 is located
4.2A away from the C6 carbon of FAD. In the W335A/
F336L mutant, however, the guanidino group of Arg425
approaches C6at a distance of 6.3 A.
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Fig. 5. Electron density corresponding to the residues of
the cluster and active site loop in W335A/F336L mutant of
rat XOR. These residues are represented in the same colours as

Another difference between the XDH-locked triple
mutant and the W335A/F336L mutant is the change
of orientation of the hydroxyl groups of the flavin ribitol
chain. In the XDH triple mutant, the 2’-hydroxyl group
forms a hydrogen bond to the side chain of Thr261.
In the present double mutant, however, the same
2'-hydroxyl group hydrogen bonds to the carbonyl
oxygen of Asp350, with the 3'-hydroxyl now interacting
with Thr261 (Fig. 6A and B).

In both subunits, there was no electron density
representing the C-terminal regions of the protein
chains, which consequently seem to be mobile. In the
mutant, the side chain of Leu336 was located at the same
position as the benzene ring of Phe336 of the XDH type
triple mutant (25). The structures of the Fe/S domain
and the molybdopterin domain are very similar to those
of the rat XDH triple mutant, i.e. the standard fold
established for the bovine enzyme (6).

DISCUSSION

The features of the mutant presented in this article are
consistent with the previous suggestion that the amino
acid cluster identified by Kuwabara et al. (26) plays a
key role in the XDH/XO transition; it not only acts as a
transmitter of the signals induced by the formation of the
Cys535-Cys992 disulphide, or by proteolytic cleavage of
the peptide linking the FAD and molybdopterin domains,
to the active site, leading to conformational changes
around FAD, but also acts as a solvent gate (Figs 3B and
4). In their model, tight interactions between the amino
acid residues of the cluster should be crucial for the
stabilization of the XDH form of the enzyme. With the
native enzyme, the disruption of the cluster seems to be
initiated by the removal of Phe549, caused by a change
in conformation induced either by disulphide formation
or by proteolysis within the inter-domain linker peptide.
In this study, we disrupted the cluster by mutation of
W335 to alanine. As predicted, the enzyme was
expressed mostly in its XO form, mainly displaying
oxidase activity, even though it can partly acquire
dehydrogenase activity through incubation with DTT.

In the crystal structure of the DTT-treated form of the
W335A/F336L. mutant, several residues assumed differ-
ent positions in the two subunits. This is indicative of
high mobility of these parts of the protein (Figs 4A, B, 5A
and B). Although the two subunits are not identical, the
active site loop of the double mutant was located on the

in Fig. 4, but from different orientations. (A) Electron density in
subunit A, (B) electron density in subunit B and (C) electron
density in the C535A/C992R/C1324S triple mutant.

Fig. 6. The orientation of the hydroxyl groups of the
flavin ribitol chain. Flavin cofactor in subunit A (A) or
subunit B (B) of the rat W335A/F336L mutant (yellow) was
compared to that in the XDH-locked C535A/C992R/C1324S
triple mutant (grey) of the rat enzyme. These structures
were superimposed on the molybdopterin and Fe/S domains.
In the double mutant, the 2’ and 3'-hydroxyl groups of flavin
ribitol are in different orientations from those in the XDH triple
mutant.

si-side of the FAD cofactor, as found in the native XO
(Fig. 4A and B), and the solvent gate was essentially open
in both (26) (Figs 3B, 4A and B). However, in subunit B
the cluster was completely disrupted, whereas in subunit
A it was still partly associated, although Phe549 and
Arg334 are only represented by rather weak electron
density. Crystal packing forces always have to be
considered when interpreting such results; however, we
feel the fact that the two subunits are asymmetric reflects
the low but significant XDH activity that the enzyme
acquires after DTT treatment. In solution, the mutant
protein is probably constantly shifting between XO and
XDH conformations. In the untreated enzyme, the ratio
between the two forms is greatly in favour of the XO form.
DTT treatment, however, will restore the pyridine
nucleotide binding site, at least in part, leading to an
increase in the enzyme’s XDH activity. During purifica-
tion, the double mutant is converted more easily to the XO
form than the native enzyme because the destabilization
of the cluster by the loss of the tryptophan side chain
allows faster disulphide formation.

When the enzyme was incubated with DTT, the gain of
xanthine-NAD™ activity was less than the loss of
xanthine-O, activity. This result can be explained by
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the positive shift of the redox potential of the FAD
cofactor caused by replacing F336 with a leucine, leading
to the loss of stacking interaction between the aromatic
ring of F336 and the isoalloxazine middle ring. This idea
is supported by the increase in electron acceptance
observed when ACPY", an NAD"' analogue with a more
positive redox potential, is used. The limited number of
accessible NAD'-binding sites has a negative influence
on both oxidation and reduction of the NAD™ substrate.
The shift in redox potential, however, makes NADH
a good electron donor for this mutant, although only
FAD was reduced in the first rapid phase of the
reaction with lower binding affinity compared to the
native XDH from chicken liver or bovine milk (40, 41).
The second slower phase of FAD reduction may reflect
the possible shift in equilibrium between XO and XDH
conformations after reduction of the XDH form with
NADH. After that, slower electron transfer occurred to
form only a small amount of FADH* with partial
reduction of one of the iron—sulphur centres, most
likely FeS/II (10). The amount of reduced FAD cofactor
in the fast phase may correspond to the amount of XDH
conformation accessible to the mutant in solution. Only
very little further reduction can be achieved due to the
higher redox potential of the FAD cofactor compared to
the Fe/S II cluster.

The most striking and potentially useful feature of the
W335A/F336L. mutant is its ability to produce a much
higher ratio of O,, regardless of potential DTT treatment
and the presence of pyridine nucleotides, i.e. of the redox
state of its environment. The mutant can achieve this
because its conformation is strongly shifted towards
the XO form and its FAD redox potential is higher
than that of the normal enzyme. In the present catalytic
model, O, is formed by the reaction of FADH"
with molecular oxygen; FADH" is thought to be either
thermodynamically stable or kinetically accessible during
turnover. In native XOR, the redox potentials of the
cluster Fe/S II and of FAD are not far apart and are in
thermodynamic equilibrium, so the FAD cofactor exists
in both the FADHs and FADH* states that lead to HyO5
and O, , respectively, when reacting with oxygen (42, 43).
Under these conditions, FAD’s redox potential shifts to a
higher value, and during turnover FAD can receive one
electron from Fe/S II to form FADH®, which in turn
reacts readily with the oxygen substrate to form O,. A
similar scenario might be in play when the deflavo
enzyme is reconstituted with 4-thio FAD (44) or 7-Cl
FAD (Nishino, T and Massey, V, unpublished observa-
tion). These compounds’ redox potentials are much
higher than that of Fe/S II and, consequently, they
produce large amounts of O, .

Even without a complete understanding of the
mechanism of formation of O,, the WB335A/F336L
mutant should prove very valuable as an experimental
tool. Its relative ease of preparation, stability and high
superoxide yield, as well as the absence of any require-
ment for additional complex protein factors, represent a
major improvement over existing superoxide-generating
systems such as NADPH oxidases (27). Expression of the
mutant gene in cells will provide a convenient method to
observe the effects of transient or persistent increases in
O, concentrations on cellular phenomena.
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