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ABSTRACT. Urate oxidase catalyzes the oxidation of urate without the involvement of any cofactors. The
gene encoding urate oxidase fraacillus subtilishas been cloned and expressed, and the enzyme was
purified and characterized. Formation of the urate dianion is believed to be a key step in the oxidative
reaction. Rapid-mixing chemical quench studies provide evidence that the dianion is indeed an intermediate;
at 15°C the dianion forms within the mixing time of the rapid-quench instrument, and it disappears with

a rate constant of 83. Steady-state kinetic studies indicate that an ionizable group on the enzyme with

a K of 6.4 must be unprotonated for catalysis, and it is presumed that the role of this group is to abstract
a proton from the substrate. Surprisingly, examination of the active site provided by the previously reported
crystal structure does not reveal any obvious candidates to act as the general base. However, Thr 69 is
hydrogen-bonded to the ligand at the active site, and Lys 9, which does not contact the ligand, is hydrogen-
bonded to Thr 69. The T69A mutant enzyme hag.ax that is 3% of wild type, and the K9M mutant
enzyme has &max that is 0.4% of wild type. The ionization at pH 6.4 that is observed with wild-type
enzyme is absent in both of these mutants. It is proposed that these residues form a catalytic diad in
which K9 deprotonates T69 to allow it to abstract the proton from the N9 position of the substrate to
generate the dianion.

Most enzymes that utilize Qas a substrate require a Scheme 1

cofactor to mediate the chemistry with;Qirate oxidase is 0-OH
quite unusual in that no cofactor participates in the catalytic n H ol
reaction. Analytical data as well as the crystal structure of H/Nﬁi =0 — HN" N>—o- K HN N

the enzyme fronAspergillus flaushave demonstrated that .0~ SN N .O)\\N N P N/>—O'
the active enzyme does not contain any transition metals or H.\ om N

organic cofactors, nor are there any modified amino acid B
residues present at the active site?). The enzyme catalyzes
the oxidation of urate to 5-hydroxyisourate; isotope labeling . Hi 90 4
studies have shown that,@ reduced to KO, during the HN =N HN N
reaction, and the oxygen atom attached to C5 in the product i OJ\N/ N’>_O Z\N/ ~ a
is derived from solventl( 3). H202

A mechanism for the urate oxidase reaction has been
proposed in which urate reacts directly with i@ a manner or uric acid ), and it can readily be observed that the rate
analogous to reduced flavin to form a urate hydroperoxide of nonenzymatic oxidation of urate increases at higher pH.
intermediate. Expulsion of 4D, from urate hydroperoxide = Computational studies have provided insight into these
and hydration of the resulting dehydrourate generates theexperimental observations. As uric acid undergoes sequential
observed product, 5-hydroxyisourate (Scheme 1). Two deprotonation, first from N3 and then from N9, electron
intermediates have been detected during single-turnoverdensity accumulates at C5, the site of addition of O
stopped-flow spectroscopic studies of the enzyme from Calculations indicate that loss of an electron from the urate
soybean Glycine ma) The first intermediate was assigned dianion is a spontaneous process in the gas pt@se (

to the urate dianion, which is presumed to be the species These observations suggest that a key function for the
that reacts directly with @ The second intermediate was enzyme in the catalytic reaction is to provide a general base
assigned to the urate hydroperoxide formed from the urateiy generate the reactive urate dianion. Indeed, pH kinetic
dianion and @ (4). Model studies using cyclic voltammetry  gydies of the soybean enzyme indicated that urate binds as
have shown that the peak potential for oxidation of uraté the monoanion and that an unprotonated residue on the

decreases with increasing pH, showing that oxidation of the gnzyme is required for catalysis)( However, inspection of
urate dianion is more facile than oxidation of the monoanion i, ‘ctive site in the\. flavus enzyme, which contains the
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We report here the results of site-directed mutagenesisphosphate, pH 7.4, containing 10 mM imidazole and 0.5 M
studies that identify the residues involved in the deprotona- NaCl (buffer A).
tion of urate. As part of this work, we have also devised a A Fast Flow Chelating Sepharose column was charged
rapid-mixing chemical quench experiment to monitor the with Ni?" according to the manufacturer's instructions
lifetime of the urate dianion at the enzyme active site. Our (Pharmacia) and equilibrated in buffer A. Purity and yield
results suggest that an active site lysine and a threonine formwere optimal when the column contath& g of resin per
a catalytic diad in which the lysine residue deprotonates 10 mg of protein. Buffer B consisted of buffer A with the
threonine, allowing the threonine to abstract a proton from addition of 140 mM imidazole, and buffer C was identical

the substrate. except the concentration of imidazole was 500 mM. The
protein solution was loaded onto the column and washed
MATERIALS AND METHODS with 7.5 volumes of buffer A. The resin was then washed

with 7.5 volumes of buffer B and finally 7.5 volumes of
buffer C. The fractions were assayed for the presence of urate
h- oxidase by the spectrophotometric assay described below and
npy SDS-PAGE. Active fractions were pooled and desalted
with a BioRad Bio-Gel P-6 DG desalting column equilibrated
in 10 mM Tris pH 8.0 containing 100 mM NacCl.

Purified proteins were stored at #h Tris buffer containing
10% glycerol. The CD spectra of all mutant proteins were
obtained and compared to wild-type, to ensure that the mutant

Cloning and Purification of Bacillus subtilus Urate Oxi-
dase.The gene encoding urate oxidaseBn subtilis was
amplified from genomic DNA using standard PCR tec
niques. The urate oxidase sequence was obtained fro
GenBank (accession number 299120). The forward primer
incorporated aiNdd site, and the reverse primer contained
a BamH site. The amplified product was cloned into the
pCRII vector and then excised by digestion wiNldd and
BamH. The insert was cloned into the expression vector :

groteins were folded properly.

ET-14b to generate a construct that expressed urate oxidas . . - .
b g P Urate Oxidase Assays&lrate oxidase activity during the

with a (Hisk-tag at the N-terminus. Site-directed mutants e : .
were constructed using the QuikChange mutagenesis kitpupﬂcaﬂon was measured spectrophotometncally by moni-

(Stratagene). Presumptive mutants were sequenced to verif);

that no other mutations were introduced during the procedure.at 292 nm. Standard assay c'ondltlons were 50 mM T“S' pH
For production of urate oxidasEscherichia coliBL21- 8.0, and 0.1 mM urate. The simple spectrophotometric assay

(DE3) cells were transformed with the expression plasmid provides qualitative estimates of enzyme at_:tivity but suffe_rs
and cultures were grown at 3T in LB media containing " from the fact that the product of the reaction, 5-hydroxyi-

ampicillin (100ug/mL). Six liters of media were inoculated sourate, has significant absorption at 292 nm; since it is a

: . relatively unstable species, its concentration changes in a
with approximately 300 mL of log phase culture and grown complex way during the course of the reaction, complicatin
at 25°C to an ORQ of 1. Expression was induced by the b y 9 ' P 9

addition of IPTG to a final concentration of 0.4 mM, and the extraction of rate data from the absorbance timecourse.

the cultures were allowed to grow overnight at“Zbefore To obtain accurate kinetic data for reactions in which the

: . HIU concentration could not be discounted, the reactions
they were harvested by centrifugation. The cell paste was ; . .
o : were monitored by measuring the concentration gdiin
stored at—80 °C until used.

. . . aliquots removed at discrete time pointsGzconcentrations
40T° Ii)urflfé/ouraki _IqxldaSﬁ, 818 9 oftc_ell_ paszte vl\\;la:/lth;&ed N were determined colorimetrically based on the formation of
mt- o Mt 111S, pH .5 containing < m 9 an Fé"—xylenol orange complex7j. The reagents for the

mM CaCb, 0.5 mM PMSF. and 0.5 mM TLCK. The cells ; : -
were incubated at 37C, and 2 mg of lysozyme and 20y colorimetric assay are 25 mM (N}Fe(SQ)zin 2.5 M Hz-
of DNasel were added. After 1 h, the viscous solution was SQs and 125M xylenol orange in 140, which are combined

. : : . in the ratio 1:100 immediately before use. A aliquot
sonicated briefly and centrifuged at 17 5d0r 45 min. The of the enzymatic reaction )\//vas added to J’f[?]% c?)mbined
pelleted cell debris was discarded.

. S reagents, and color development was allowed to proceed at
Nucleic acids in the supernatant were removed by the .,qm temperature for 15 min. The absorbance was read at
addition of protamine sulf_ate. A total of 30 mg of protam|r_1e 560 nm, and the bD, concentration was determined by
sulfate was added dropwise from a 10 mg/mL stock solution .,y harison with a standard curve generated with authentic
prepared in water. The cell-free extract was stirred on ice |y o, For the pH kinetics studies, the following buffers were
during the addition of protamine sulfate and stirred for an used in the pH intervals indicated: MOPSO, pH 5-E&25;
additional 15 min after the addition was complete. The \eq pH 6.25-6.5: and HEPES, pH 6:58.0. Data describ-
solutio_n was centrifuged at 15 0§€r 15 min, and the pellet ing the pH dependence ®fandV/K for the wild-type urate
was discarded. _ oxidase were fitted to eq 1, wheis the pH-independent

Crystalline ammonium sulfate was added to 30% satura- ya|ue of the kinetic parameter.
tion, and the solution was centrifuged at 15 @&@r 15 min.
The pellet was discarded, and the supernatant was raised to C
55% saturation by the addition of solid ammonium sulfate. log Y= log (TH/KB)
The solution was centrifuged as above; the supernatant was

discarded, and the pellet was dissolved in 20 mM sodium Rapid-Mixing Chemical Quench Studi&ingle-turnover

experiments were performed using a KinTek RQF rapid-
;Abbre\/_igtims: SHEF(’jESL\I-_Z-hyd;OX{AeItEhsylFiif(eraziﬂé*l'_-Z-;etthhane mixing instrument thermostated at &. One substrate

sulfonic acid; , o-nydroxyisourate; s morpnoline)ethane H H H

sulfonic acid; MOPSO, 3N-morpholino)-2-hydroxypropane sulfonic syrlnge Comamedl 25@M urate oxidase, and the pther

acid; PMSF, phenylmethanesulfonyl fluoride; TLCKt-p-tosyl-L- contained 5@cM [8-1“Clurate. The [8“Clurate was obtained

lysine chloromethyl ketone; UO, urate oxidase. from American Radiolabeled Chemicals and was purifed by
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B. subtilis =  —--—-——-—-—- MKRTMSYGKGNVFAYRTYLKPLTGVKQIPESSFAGRDNTVVGVDVTCEIGG
A. flavus = ——————-- SAVKAARYGKDNVRVYKVHKDEKTGVQTVYEMTVC-—-—-- VLLEGEIET--
G. max MAQQEVVEGFKFEQRHGKERVRVARVWKTR-QGQHFVVEWRVG-—-—-— ITLFSDCVN--
**kx . x Lk
B. subtilis EAFLPSFTDGDNTLVVATDSMKNFIQRHLASY-EGTTTEGFLHYVAHRFLDTYSHMDTIT
A. flavus = -——-—- SYTKADNSVIVATDSIKNTIYITAKQN-PVTPPELFGSILGTHFIEKYNHIHAAH
G. max = ——-—-—-= SYLRDDNSDIVATDTMKNTVYAKAKECSDILSAEDFAILLAKHFVSFYKKVTGAI
*. **_ .****..** . * X% . .*' *
B. subtilis LTGEDIPFEAMPAYEEKELSTSRLVFRRSRNERSRSVLKAERSGNTITITEQYSEIMDLQ
A. flavus VNIVCHRWTRMDIDGKP---HPHSFIRDSEEKRNVQVDVVEGKG----- IDIKSSLSGLT
G. max VNIVEKPWERVIVDGQP---HEHGFKLGSE-KHTTEAIVQKSGS—---—-— LOLTSGIEGLS
* * *
B. subtilis LVKVSGNSFVGFIRDEYTTLPEDGNRPLEFVYLNISWQYENTNDSYASD---PARYVAAEQ
A. flavus VLKSTNSQFWGFLRDEYTTLKETWDRILSTDVDATWQWKNFSGLQEVRSHVPKFDATWAT
G. max VLKTTQSGFVNFIRDKYTALPDTRERILATEVTALWRYSYESQYSLPQKPFYFTEKYQEV
..'k . * .*.** * * .* . *x % . *.
B. subtilis VRDLASTVFHELE----TPSIQNLIYHIGCRILARFPQLTDVSFQSQN-HTWDTVVEEIP
A. flavus AREVTLKTFAEDN----SASVQATMYKMAEQILARQQLIETVEYSLPNKHYFEIDLSWHK
G. max KKVLADTFFGPPNGGVYSPSVQNTFYLMAKATLNRFPDIAYVSLKMPNLHFLPVNISNKD
* . *.* * . * % . * * X%
B. subtilis G-——--—- SKGKVYTEPRPPYGFQHFTVTREDAEKEKQKAAEKCRSLKAZ
A. flavus GLONTGKNAEVFAPQSDPNGLIKCTVGRSSLKSKL---——=-———-—-———
G. max G-PIVKFEDDVYLPTDEPHGSIQASLSR--LWSKLZ-—-—-—-—-——-—--—-——

* * *x % *

Ficure 1: Sequence alignment of urate oxidases fBrsubtilis A. flavus andG. max(soybean). The residues that are shown in boldface
are Phe 159, Arg 176, and GIn 228. flavzus numbering), which are observed in the crystal structure to interact with 8-azaxanthine at the
active site and Lys 10, Thr 57, and Asp 58, whose roles have been explored by mutagenesis in this work.

HPLC, as described below, before use. Rapid-quench experi-B. subtilis soybean, and. flavus was only moderate. The
ments were conducted using two different quench reagents,pairwise identity between thB. subtilisUO and soybean
methanol ad 1 M HCI. The quenched samples were UO was 25% over 224 residues; betwdersubtilisUO and
lyophilized, redissolved in 0.1 mL of 5 mM sodium A. flawus UO was 29% over 211 residues; and between
phosphate, pH 4.4, and centrifuged briefly. Each sample wassoybean UO and. flavus UO was 36% over 241 residues.
analyzed by HPLC using an Asahipak GS-320HQ column However, all of the amino acid residues that are observed
(Shodex). The column was equilibrated in 5 mM sodium to interact with the substrate analogue in the active site of
phosphate, pH 4.4, and run at a flow rate of 0.5 mL/min. A. flavusUO, as well as the residues that were investigated
Samples (0.1 mL) were injected and monitored by absor- in the present study by mutagenesis, are strictly conserved
bance at 225 nm. The effluent was collected in 0.25 mL (Figure 1).
fraCtionS; to each fraction 5 mL of Scintiverse BD was added, The expressed protein showed the expected urate oxidase
and the fractions were counted with a Beckman LSC 6000 activity and was readiiy purified to homogeneity using
liquid scintillation counter. ammonium sulfate precipitation and immobilized metal ion
chromatography. The purified protein could be concentrated
RESULTS to 15 mg/mL without precipitating, in contrast to the soybean

B. subtilis Urate Oxidase Cloning and Purificatiofihe ~ €nzyme that can be concentrated to 1 mg/mL only with
studies presented in this report have been conducted withdifficulty. With air-saturated buffer th&, for urate was 34
urate oxidase fronB. subtilis the bacterial enzyme is far #M, and Vima was 3.3 st. Under these conditions, the
more soluble than the soybean enzyme we have studiedSOyPean enzyme is characterized b for urate of 21
earlier and thus more amenable to experimental methods thatM and Vimax 0f 5.9 s,
require high protein concentrations. The enzymes share Kinetic Properties of Mutant EnzymeEhree amino acid
considerable sequence identity, and the data we have obtainetesidues in the active site were selected for mutational
suggest that there are no qualitative differences in the analysis, D70, T69, and K9. The kinetic properties of the
chemical mechanisms of the enzymes from the two sources.mutant enzymes that were constructed are listed in Table 1.

The gene encoding urate oxidase was found as a GenBand he CD spectra of the mutant proteins were not different
entry that was annotated as tpienL gene, with unknown  from the CD spectrum of the wild-type enzyme (data not
function. The homology with urate oxidase genes from Shown).
diverse species was readily apparent, howedr The The pH dependence of the kinetic paramei¢and V/K
resulting gene codes for a protein containing 325 amino acidsfor the wild-typeB. subtilisurate oxidase and for two mutant
with a calculated molecular weight of 38 611 Da. The extent proteins, T69A and K9M, are shown in Figure 2. For the
of the conservation of amino acids between the proteins from wild-type enzyme, botW andV/K were pH dependent, with
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Table 1: Steady-State Kinetic Parameter8ofubtilisUO Mutants

Vmax Km V/K
enzyme (s (uM) (uM s™)
wild type 3.26+ 0.12 34+5  0.097+ 0.015
D70A 2.10+ 0.06 28+ 3 0.0754+ 0.008
T69A 0.099+ 0.003 170+ 13 5.8+ 0.5x 10
KOM 0.0135+ 0.0003 514+-4 2.6+0.2x 104
T69V 0.0198+ 0.0006 1050t 120 1.9+ 0.2x 10°°
T69A/KOM 0.036+ 0.0004  54A 28 6.6+ 0.3x 10°°
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Ficure 2: Steady-state kinetic parameters for the urate oxidase-
catalyzed oxidation of urate as a function of pH. Wildty®);(

T64A (H); and KOM ©). (A) Vmax (B) VIK. The experimental
points for the wild-type enzyme were fitted to eq 1. The experi-
mental points for the mutants were fitted to an exponential function
(note the log scale).

both parameters decreasing belowkagd about 6.5. No K
was evident in the pH profiles of the mutant enzymes,
althoughV andV/K showed a modest, linear dependence on
pH.

Rapid-Mixing Chemical Quench Experimer@sienching
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Ficure 3: Separation of components from the quenched urate
oxidase reaction. The samples shown were quenched after 10 ms
of reaction. The components were separated by HPLC using an
Asahipak GS320-HQ column, as described in the text. Methanol
quench, @) and HCI quench, ®). Comparison with authentic
samples established that urate elutes at 66 min and allantoin elutes
at 31 min.
of urate and the decomposition products. The intermediates
that form during the catalytic cycle, as well as the product
itself, 5-hydroxyisourate, are unstable and decompose in
methanol or acidic solutions, but urate is stable under these
conditions. Control experiments established that the urate
dianion is not stable in methanol; however, when the
enzymatic reaction is quenched with acid, the urate dianion
that is present is simply protonated to form uric acid, which
is stable. Thus, the amount of the urate dianion that is present
at any point in time during the urate oxidase reaction can be
determined by subtracting the amount of urate present in the
methanol quench samples (which is unreacted urate) from
the amount of urate present in the acid quench samples
(which is the sum of the unreacted urate and the urate formed
from protonation of the urate dianion). Figure 4 shows the
time dependence of the urate concentration in the methanol
and acid quench experiments. The time course for the urate
dianion is the difference between these experimental points
and is also shown in Figure 4. The calculated points describe
a first-order decay with a rate constant ofi81 s

DISCUSSION

The urate oxidase reaction proceeds without the participa-
tion of any cofactor; stopped-flow spectroscopic studies and
trapping experiments have provided evidence for the forma-
tion of a urate hydroperoxide intermediate during the course
of the reaction4, 9). Model studies have demonstrated that
the urate dianion undergoes oxidation very readily, and
computational studies show that electron density accumulates

the urate oxidase reaction with methanol resulted in a mixture at C5 in the urate dianion and that loss of an electron is

of products (Figure 3). Allantoin and urate eluted from the
HPLC column at 31 and 66 min, respectively. The decom-
position of 5-hydroxyisourate and intermediates that were

spontaneous in the gas phase. Thus, an effective catalytic
strategy for the enzyme would be to generate the urate
dianion at the active site in the presence ef tBe formation

present in the sample at the time of the quench resulted inof urate hydroperoxide would be expected to proceed

one major product that eluted at 35 min and several minor

smoothly because of the intrinsic reactivity of the urate

products; no attempt was made to identify those species. Thedianion.

samples quenched with acid and MeOH vyielded similar

Studies of the pH dependence of the steady-state kinetic

chromatograms, except for differences in the relative amountsparameters have suggested that urate binds to the soybean
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! 10 100 . 1000 10 10 FicurRe 5: Active site ofA. flavusurate oxidase. The residues that
time (ms) were mutated in this investigation are indicatéd.flavus K10,
Ficure 4: Time course for the urate oxidase reaction under single T57, and D58 correspond to residues K9, T69, and DR subtilis
turnover conditions. The experimental points are the amount of urate urate oxidase. ThA. flavusurate oxidase structure is deposited in
detected in the HCI quencldf and the methanol quenc®). The the PDB under the code 1UOX.
amount of urate dianion calculated at each time point is indicated

by (x); the solid line is the fit of the calculated urate dianion time o~ g 3.3 s, the urate dianion is clearly a kinetically
points to a single exponential. : - L .
competent intermediate. Urate dianion formation apparently

occurred within the mixing time of the instrument because
even in experiments conducted at® the dianion concen-
tration was maximal at the earliest timepoints. Stopped-flow
spectroscopic studies of the soybean urate oxidase have

uggested that decomposition of urate hydroperoxide is

enzyme as the monoanion; furthermore, an ionizable group
on the soybean enzyme with & @f 6.4 must be unproto-
nated for the catalytic reaction to proceed. (Thus, it is
attractive to propose that the active site contains an amino

acid residue that acts as a general base to abstract a proto TR .
: ' ..~ “largely rate-determining in the overall reaction, and the rate
from the urate monoanion to generate the reactive dianion. . S
constant for formation of urate dianion at Z& was

To establish in a more direct manner whether urate dianion gstimated to be-60 s°1 ).

forms during the catalytic cycle, we turned to transient-state  The active site of urate oxidase was examined to identify
kinetic studies. Rapid-mixing chemical quench studies the residue that acts as a general base in the catalytic reaction.
establish that highly reactive intermediates form during the stryctural information is available only for urate oxidase from
catalytic cycle (Figure 3). Significantly, the amount of urate e fungusA. flavus (2); however, the primary sequences of
that was present in the quenched samples differed drama_lti-urate oxidases from diverse organisms are known, and
cally depending on whether the reactions were quenched withgjgnficant conservation of residues throughout the sequence
methanol or acid. In methanol-quenched samples, urate wass evident. In particular, the residues that make up the active
almost completely absent in even the earliest timepoints, gjte inA. flayusurate oxidase are also present in the soybean
whereas urate was present in samples quenched after sever@lnzyme and thed. subtilis enzyme (Figure 1). We have
hundred milliseconds in the acid-quenched reactions. The cnaracterized the catalytic reaction of the soybean enzyme
simplest interpretation of these data is that an intermediatej, earlier work, but all attempts to generate site-directed
forms during the catalytic reaction that is unstable in mytants resulted in the formation of insoluble protein. We
methanol but that can form urate under acidic conditions. therefore cloned and expressed the gene for urate oxidase
This intermediate is presumed to be the urate dianion. Controlfrom B. subtilis The expressed protein was soluble up to
experiments confirmed that the urate dianion decomposed..15 mg/mL, and mutant proteins could be prepared and
upon addition to methanol to yield primarily the species that cnharacterized. The pH dependence of the kinetic parameters
elutes at 35 min; upon addition to acidic solution, the dianion \ya5 similar to that observed for the soybean enzyme; both
is simply protonated to form uric acid. VimaxandV/K decrease with decreasing pH, definingkaqf

The amount of urate that is present in the acid-quenchedabout 6.4. Since thekpof the first ionizable site on urate
samples is the sum of the urate that has not yet reacted, andtself is 5.8, the | observed in the pH profiles is presumed
the urate that was present on the enzyme as the dianion thato arise from the ionization of a residue on the protein.
was reprotonated when the reaction was quenched. The urate Inspection of théA. flavusUQO active site does not suggest
in the methanol-quenched samples arises only from the urateobvious candidates for the ionizable residue (Figure 5).
that has not yet reacted. Therefore, the amount of urateAmong the amino acids that are commonly considered to
dianion that is present at any point in time during the catalytic be ionizable, Asp 58 (corresponding to Asp 70 in Be
cycle can be calculated by subtracting the amount of urate subtilis enzyme) is the only one present at the active site.
present in the methanol-quenched sample from the amountits carboxyl group is directed away from the active site
of urate present in the acid-quenched sample (Figure 4). Theligand; however, rotation around a single bond in the side
timecourse for urate dianion, thus calculated, decays with achain would place the carboxyl group in an appropriate
first-order rate constant of 8 5at 15°C. SinceVmax at 25 position to abstract a proton from N9 of urate. However,
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function as a unit in which K9 abstracts a proton from T69,
which is then activated to abstract a proton from the substrate.
The activity of the double mutant KOM/T69A, as measured
by Vimax differed only 2-3-fold from the single mutants. This
finding is reminiscent of the mutational analysis of the
catalytic triad of subtilisin, which revealed that the residues
acted synergistically, so that double and triple mutant
enzymes had essentially the same activity as the single
mutants £0). Although Vimax was not significantly affected

by the double mutation, thi, for urate was substantially
increased, suggesting that proper binding of urate was
perturbed by the mutations.

The assignment of the ionization defined by th¢ of
6.4 in the pH profiles to K9 and T69 is substantiated by the
FiIGURE 6: Overlay of the active sites and adjacent structural a@bsence of any clearly defined ionization in the pH profiles
elements of urate oxidase (purple; PDB code 1luox), 7,8-dihydro- of the T69A and K9M mutant enzymes. The pH profiles for
neopterin aldolase (yellow; PDB code 2dhn), and GTP cyclohy- the KOM mutant are essentially pH-independent; however,
drolase (red; PDB code 1a8r). The conserved GIn/Glu residues andin the T69A mutantVmax and V/K both increase by about
the active site ligands are shown in ball-and-stick. . . s . S

0.3 log units per pH unit. The origin of this behavior is

mutation of Asp 70 to alanine iB. subtilis UO had no unclear; if the reaction were arising solely from the amount
significant effect on the kinetic properties of the enzyme, Of urate dianion present in solution or from hydroxide acting
demonstrating that it does not act as a general base in thes a specific base catalyst, the plots should have unit slopes.
reaction. The residual activity in the T69A mutant is not negligible.

The only other residue evident in the crystal structure that The crystal structure of tha. flavusenzyme shows a water
is appropriately positioned to play a role as a general basemolecule that is positioned 2.8 A from T69 on the same face
is Thr 57. The corresponding residue in tBe subtilis of the planar ligand; we hypothesized that perhaps in the
enzyme is Thr 69 and indeeW.x was decreased signifi- absence of Thr 69 the water molecule occupies the vacated
cantly in the T69A mutant enzyme. One would not expect space and assumes the role of the threonine hydroxyl group.
threonine to be ionized under most conditions, and neutral The T69V mutant was constructed to test that idea since
threonine could not act as a general base. Howeverg the valine is isosteric with threonine. Howevéf, .« in the T69V
amino group of Lys 10 is located 3.1 A away from the mutant enzyme was only 5-fold lower than in the T69A
hydroxyl group of Thr 57 in thé\. flasusenzyme. This lysine  mutant; a much more dramatic effect &g, for urate was
residue is conserved B. subtilisUO as Lys 9. Mutation of evident, suggesting that the threonine hydroxyl group
Lys 9 to a methionine residue demonstrates that it plays aparticipates in hydrogen-bonding interactions that are critical
critical role in the catalytic reactiolVmaxin the K9M mutant for optimal substrate binding. We are left without a rigorous
was 0.4% that of the wild type. Thus, K9 and T69 may explanation for the residual activity of the enzyme in the

Ficure 7: 8-Azaxanthine bound at the active site of urate oxidase. The van der Waals surfaces of the ligand, Glu 228, and Thr 57 are
indicated.
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absence of Thr 69; however, since th€ for the proton on and Thr 57 is contributed by subunit D, which lies at the
N9 of urate is~10.5, it is not unreasonable to expect that N-terminus of a shori-helix. Both the helix that contributes
the reaction could proceed slowly in the absence of generalthe Glu/GIn and the helix that contributes Thr 57 in the case
base catalysis. Nonenzymatic ionization of urate may also of UO are remarkably well-conserved in the T-fold domain
account for the residual activity of the K9M mutant. enzymes; in each instance the helices are on separate

The threoninelysine diad suggested by the mutational subunits. In UO, Thr 57 nestles against the substrate in the
data to function as the general base catalyst in the urateposition required for proton abstraction; indeed, it appears
oxidase reaction is unusual. However, a similar situation may that a larger residue, even an aspartate, could not be
occur in UDP-galactose 4-epimerase, in which it is not clear accommodated without disrupting the binding of the substrate
whether a tyrosine residue acts directly as the general bas€Figure 7). Thus, the adoption of threonine as a general base
or if the tyrosine activates a serine residue to abstract a protonmay be a consequence of the structural motif from which
from the substratel(l). We searched for other enzymes that urate oxidase is constructed. Thr 57 is not conserved in any
may also use a threonindysine diad using the program  of the pterin biosynthetic enzymes, nor would one expect it
SPASM (12). SPASM utilizes a specific protein substructure to be, since those enzymes carry out chemistry that is
as a search query and returns proteins that also contain thatinrelated to the urate oxidase reaction. Thr 57 cannot act as
substructure. The PDB was searched using the T57, K10a general base unless it is activated by another residue; thus,
residues ofA. flavus urate oxidase as the search query. A Lys 10 appears to be appropriately positioned to deprotonate
0.5 A RMS deviation from the query structure was allowed, the threonine hydroxyl. It is noteworthy that Lys 10 is within
and the search returned 56 proteins that contained a threohydrogen-bonding distance of His 256, which appears to be
nine—lysine pair in approximately the same geometrical solvent accessible; Thr 57, Lys 10, and His 256 may form a
arrangement aA. flavusurate oxidase. Of these hits, 39 were conduit for transferring a proton from the substrate to solvent.
enzymes, and they were examined further. However, INSPEC- \ ~ NOWLEDGMENT

tion of the crystal structures did not reveal any obvious
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instances in which the threoniréysine diad could be acting
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