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ABSTRACT. The reaction mechanism of the molybdoenzyme xanthine oxidase has been further investigated
by 13C and’O ENDOR of molybdenum(V) species and by kinetic studies of exchange of oxygen isotopes.
Three EPR signal-giving species were studied: (i) Very Rapid, a transient intermediate in substrate turnover,
(i) Inhibited, the product of an inhibitory side reaction with aldehyde substrates, and (iii) Alloxanthine,

a species formed by reaction of reduced enzyme with the inhibitor, alloxanthine. The Very Rapid signal
was developed either with [BC]xanthine or with 2-oxo-6-methylpurine using enzyme equilibrated with
[170]H.O. The Inhibited signal was developed witH3C?HO and the Alloxanthine signal by using
[T7O]H.0. Estimates of Me C distances were made, from the anisotropic components &iGheouplings,

by corrected dipolar coupling calculations and by back-calculation from assumed possible structures.
Estimated distances in the Inhibited and Very Rapid species were about 1.9 and less than 2.4 A, respectively.
A Mo—C bond in the Inhibited species is very strongly suggested, presumably associated with side-on
bonding to molybdenum of the carbonyl of the aldehyde substrate. For the Very Rapid speciesCa Mo
bond is highly likely. Coupling from a strongly couplé@D, not in the form of an oxo group, and no
coupling from other oxygens was detected in the Very Rapid species. No coupled oxygens were detected
in the Alloxanthine species. That the coupled oxygen of the Very Rapid species is the one that appears
in the product uric acid molecule was confirmed by new kinetic data. It is concluded that this oxygen of
the Very Rapid species does not, as frequently assumed, originate from the oxo group of the oxidized
enzyme. A new turnover mechanism is proposed, not involving direct participation of the oxo ligand
group, and based on that of Coucouvanis et al. [Coucouvanis, D., Toupadakis, A., Lane, J. D., Koo, S.
M., Kim, C. G., Hadjikyriacou, A. (1991). Am. Chem. Soc. 118271-5282]. It involves formal addition

of the elements of the substrate (e.g., xanthine) across tkeS\vttbuble bond, to give a Mo(VI) species.

This is followed by attack of a “buried” water molecule (in the vicinity of molybdenum and perhaps a
ligand of it) on the bound substrate carbon, to give an intermediate that on intramolecular one-electron
oxidation gives the Very Rapid species. The latter, in keeping with38e!’O, and33S couplings, is
presumed to have the 8-CO group of the uric acid product molecule bonded side-on to molybdenum,
with the sulfido molybdenum ligand retained, as in the oxidized enzyme.

Xanthine oxidase (Hille & Massey, 1985; Bray, 1988; et al., 1995).
Wootton et al., 1991; Hille, 1994) is the most extensively
studied of molybdenum enzymes that depend on the pterin
molybdenum cofactor (Rajagopalan & Johnson, 1992). It
belongs to a group referred to as the molybdenum-containing
hydroxylases (Bray, 1975). In addition to the molybdenum
center, at which reducing substrates such as xanthine reac

Considerable information has accumulated about these
enzymes, especially bovine milk xanthine oxidase, and their
reaction mechanisms from spectroscopic studies, particularly
by EPR and EXAFS (extended X-ray absorption fine
tstructure) spectroscopies. After the reaction of reducing
the enzyme contains FAD and iresulfur centers. The first ’SUbStr"_"tes at molybdenum, _reducing e_quivale_nts are trans-
three-dimensional structure from X-ray crystallography for f€rréd intramolecularly from it to the flavin and iremsulfur
an enzyme of this group, aldehyde oxidoreductase from centers and the enzyme is reoxidized, via the flavin, by the

Desulfaibrio gigas has recently became available (Rmna ~ ©0xidizing substrate, oxygen. Much attention has been
directed toward understanding the enzymic reaction at
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with stable isotopes have facilitated attempts to deduce thedifferences between the EPR properties of the preparations
structures of these species, as well as investigations of theirwere noted (apart from those related to differing contents of
kinetic relationships and their hydrogen- and oxygen-transfer the functional enzyme). Highly concentrated samples for
reactions (Bray, 1988). Current understanding (Bray, 1988; EPR and ENDOR spectroscopy were prepared in silica tubes
Turner et al., 1989; Pilato & Stiefel, 1993; Hille, 1994) of of 4 mm internal diameter and frozen. Transfer of enzyme
the catalytic mechanism of the enzyme depends in substantiasamples td’0O- or 0-enriched HO was achieved by freeze-
measure on these studies, supplemented by studies of modalrying in 50 mM Na-bicine buffer, pH 8.2, and then
compounds and model reactions (Holm, 1990; Coucouvanisredissolving the product in a minimum volume of enriched
et al., 1991; Greenwood et al., 1993; Enemark & Young, H,O. Equilibration with the water was allowed to proceed
1993). for up to 20 h at C°C.

Proposed mechanisms of the enzymic reaction depend Specific molybdenum(V) EPR signals were generated as
crucially on the structure of a kinetically competent Mo(V) follows. The final concentration of the signal-giving species
species known as “Very Rapid”, in which the R residue of varied from about 6@M for the xanthine Very Rapid signal
the substrate is bound to the enzyme. This species isto about 0.8 mM for the Inhibited signal3C-[8]-Xanthine
observed when xanthine or certain other substrates are(Tanner et al., 1978; isotopic purity, 90%) was employed to
employed (Bray & George, 1985). Closely related to the generate the Very Rapid signal, using the rapid freezing
Very Rapid species, in EPR parameters and therefore inprocedure, with a reaction time of 13 ms at &2, with 2.5
structure, is the Alloxanthine Mo(V) species. This is the mM xanthine and 1.0 mM xanthine oxidase (total), in 50
stable product of reaction of the reduced enzyme with the mM carbonate buffer, pH 10.2 (Gutteridge & Bray, 1980).
inhibitor, alloxanthine (Williams & Bray, 1981; Hawkes et For the Very Rapid signal from 2-oxo-6-methylpurine,
al., 1984). Another species, named “Inhibited”, represents enzyme freeze-dried and equilibrated witB-enriched HO
the product of an inhibitory side reaction accompanying the was employed. The pH of the enzyme in enriche®ivas
turnover of formaldehyde or other aldehyde substrate mol- raised shortly before the experiment by adding the solution
ecules at the molybdenum centre (Pick et al., 1971; Morpethto an excess of NaChes buffer, pH 10.1, that had been
& Bray, 1984). freeze-dried in an EPR tube and mixing gently in the tube

ENDOR! spectroscopy (electremuclear double reso- until the buffer was dissolved. The EPR signal was
nance) (Schweiger, 1982; Lowe, 1995) complements EPRdeveloped in the tube, by the addition to the sample
in the analysis of ligand hyperfine couplings, being particu- equilibrated with oxygen at 6C, of 2-oxo-6-methylpurine
larly valuable in the case of weak couplings. In a recent (0.9 mol/mol of functional enzyme). After mixing and a
preliminary publication, Howes et al. (1994) reporté@- reaction time of 1 min, the sample was frozen in a melting
ENDOR spectroscopy studies of the Inhibited species. isopentane bath (McWhirter & Hille, 1991). For some
Mo—C distance estimates from dipolar coupling calculations experiments, the enzyme was caused to turn over another
based on the results provided evidence for alabond in substrate, prior to generation of the Very Rapid signal with
this species, the first direct evidence for such a bond in a 2-oxo-6-methylpurine. In this case, after the enzyme had
biological system. We now describ&C- and’O-ENDOR been mixed with Ches buffer in the EPR tube, propion-
studies that refine and extend structural information on the aldehyde (2.5 mol/mol of functional enzyme) was added
three molybdenum(V) species listed above. New fast-kinetic under nitrogen. The sample was mixed and then occasionally
EPR and mass spectrometric studie§@fand'®O exchange  stirred gently under oxygen for 1 h atG. Finally, 2-oxo-
in the enzyme are also presented. Results provide evidencé&-methylpurine (0.7 mol/mol of functional enzyme) was
that molybdenumcarbon bond formation plays a part in added as before to develop the Very Rapid signal.
the catalytic cycle and imply that earlier proposals that the  For the Alloxanthine signal, freeze-dried enzyme equili-
enzyme operates by an oxo-transfer mechanism should bebrated with’O-enriched HO was also employed. In this
reconsidered. Preliminary reports on parts of this work have case no change of pH was required, and reduction with

been presented (Bray et al., 1995, 1996). Na,S,04, addition of alloxanthine and oxidation with
KsFe(CN) in the presence of mediator dyes to give the
MATERIALS AND METHODS signal-giving species, was carried out in the EPR tube

Xanthine Oxidase SampleBovine milk xanthine oxidase ~ according to Hawkes et al. (1984), monitoring the redox
was from a commercial source (type XO2, from Biozyme potential with electrodes in the tube (Cammack etal., 1988).
Laboratories Ltd., Blaenavon, NP4 9RL, U.K.) but for a few _Care was taken to ensure the absence of signals from reduced
experiments was prepared by the methods of Hart et al.iron—sulfur centers.

(1970) or Ventom et al. (1988). Samples h&g/Auso 5.0~ The Inhibited signal was prepared wiH3C°HO (Cam-
6.0 and xanthine oxidase activities corresponding te-50 bridge Isotopes; enrichment: 99%€, 98%2H). Xanthine
75% of the enzyme in the functional stateSDS-PAGE of ~ Oxidase (0.6 mM total) in 50mM Nabicine buffer, pH 8.2,
the Biozyme enzyme showed it to be |arge|y nonproteo|yzed’ was treated with 0.2 M labeled formaldehyde for 1 h at 25

but the other preparations are extensively proteolyzed. No°C. The sample was then cooled, gel filtered to remove
excess reagent, centrifuged, and concentrated overnight in

!t Abbreviation: ENDOR, electroanuclear double resonance. the cold (Sartorius concentrator).

24AFR” values at 23.5°C [i.e., the rate of absorbance change in EPR and ENDOR MeasurementEPR spectra were
the standard assay with xanthine as substrate (Hart et al., 1970), dividedrecorded on a Bruker ESP300 instrument, with an NMR
by Asso for the enzyme sample] were 16Q50 for the samples used.
“AFR” values have been widely used (Bray, 1975) to estimate the
percentage of the functional enzyme in xanthine oxidase preparations, 2 It is well-established [see e.g., Edmondson et al. (1972)] that only
relative to the content of the two nonfunctional forms, desulfo- and functional and not desulfo- or demolybdoxanthine oxidase gives EPR
demolybdoxanthine oxidase. signals under the conditions used in the present work.
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gaussmeter and a microwave frequency counter. Recordingwhere

conditions were generally approximately as follows: modu-

lation amplitude, 0.2 mT; microwave power-20 mW, D = gf8,8,/r

temperature, 140 K. ENDOR spectra were recorded on an

updated Bruker ER 200-SRC spectrometer equipped with ris the unpaired electron-t§C-nucleus distance, antl

an ENDOR/TRIPLE accessory and a radiofrequency ampli- is the azimuthal angle between the applied magnetic field
fier of 100 W nominal output power (ENI 3100LA). Low and the vector joining the nucleus and the electron. The
temperature measurements were made using an Oxfordextreme values of\p are 2D, when® = 0 and—D, when
Instruments ESR 900 cryostat modified to take sample tubes® = 90°. It follows that whenAi, = 0, the observed

of up to 4 mm internal diameter. Recording conditions are splittings are subject to the constraiyt + 2A5 = 3Ai.
specified in the figure captions. All ENDOR spectra were  This does not take account of the breakdown of the point
accumulated over extended periods of up to 48 h, to obtain dipole approximation for distances of the order of 2 A [see,
adequate signal-to-noise ratios. It was essential, while e.g. Schweiger, (1982)] and the effects of electron delocal-
working with the relatively weak'3C and YO ENDOR ization on to the carbon p-orbitals. Improved estimates may
signals, to subtract a background spectrum and other spurioude obtained by calculating the point dipole interaction
features from the ENDOR spectrum. As these features between the molybdenum and carbon nucleus using explicitly
tended to change with time, the ENDOR spectrum was the molybdenum ground statg,drbital for the unpaired
recorded by alternating on and off resonance every 10 scanselectron. However, not enough is known about the local
using the Bruker automation routine. The resultant back- structure for such a calculation to be feasible in the present
ground (off resonance) spectrum was then subtracted fromcase. The effects of electron density on the carbon p-orbitals
that on resonance. For spectral manipulation and simulation,are more amenable to calculation (Snetsinger et al., 1990).
data were transferred to a VAX computer. In addition to the dipolar superhyperfine interaction between

Interpretation of SpectraEPR spectra were interpreted Molybdenum and carbons there are a number of other,
with the help of computer simulations (Bray & George, 1985; generally small, interactions that may contribute to the
George & Bray, 1988). ENDOR spectra were interpreted Measured anisotropic couplindis). These are due to
as described by Hoffman et al. (1984) and True et al. (1988). €lectron density on th&C p-orbitals resulting fronw and
The samples used in the present study were frozen solutions? bonding. The measured isotropic coupling may be used
thus containing a random distribution of all protein orienta- 10 €stimate, from tabulated values (Morton & Preston, 1978),
tions. ENDOR spectra recorded with the magnetic field set the €lectron percentage on the carbon 2s orbital. -Subse-
at the extremes of the EPR spectrum, however, give Sing|e_quently3 for an assumed carbon hybrid molecular orbital, one
crystal-like patterns (Rist & Hyde, 1970). An ENDOR Can estimate the electron percentage on the carbon p_-orbltals
spectrum at an intermediagevalue does not result from a  @nd use these values to calcul&igand A, the hyperfine
single orientation but from a well-defined subset of molecular intéractions on the carbon due t and s bonding,
orientations. This has the effect that a magnetically equiva- respectively. The effects of electron density on the carbon
lent 13C set giving rise to only a pair of ENDOR peaks at atom can now be removed from the measutgghoand the
the extremes of the EPR spectrum can display up to 12 Mo_—13C separation redetermined to give a corrected distance.
ENDOR features at intermediagevalues, as a consequence 1S procedure was used to calculate corrected distances.
of the multiple orientations present at such values. However, the IacI.< of a detailed local structure implies a
Therefore, instead of only a pair of peaks at positions defined degree of uncertainty in the resultant values. .
asv* andv-, one can expect an identical series of (up to  FOr back-calculation of expected hyperfine anisotropies
six) peaks font andv~ (Hoffman et al., 1984). To simplify frpm assgmed structures and asspuated likely bon_d—dlstances,
presentation, we generally show only thieseries of peaks. simple dipolar coupling calculation was used, with further
The principal values of the hyperfine tensor and its orienta- correction in the case of the Very Rapid signal for the
tion with respect to they tensor frame can be determined Substantial electron density delocalized from molybdenum
by recording a series of ENDOR spectra across the EPRON t0 sulfur (35%; George & Bray, 1988). It is thus
spectrum (Hoffman et al., 1984; True et al., 1988). This Necessary to take account qf the superhyperfine interaction
information provides a means of placing the nucleus in Petween the electron density on the sulfur atom and the
question into the local structure around the metal center. InXanthine C8 nucleus, in addition to that between the
some cases, the interpretation was facilitated by the use ofMolybdenum and the C8 nucleus. Corrections were made
a simulation program [based on the concepts of Hoffman et for anisotropy arising from effects of putative M€
al. (1984)] which, however, had the limitation that it was bonding using the measurég, to estimate thé*C p-orbital
unable to deal with significant admixture of molecular €lectron density in the same way as for the corrected distance
orientations by the hyperfine interaction. This is exemplified calculation above. The individual contributions of correc-

by the3C superhyperfine tensor of the Inhibited species for tions to the calculatetf;: anisotropic hyperfine_ intgraction;
which we are, thus, unable to specify the Euler angles are difficult to assess in the absence of precise information

defining the relative orientation of th& andg tensors. about the local structure and must therefore be regarded as
approximate. For calculation purposes, typical interatomic
separations were assumed and the maximum carbon aniso-
tropic contributions, from electron density on the Mo
[Aaniso(M0)] and sulfur atomsAanisd S)] only, were consid-
ered. Geometric arrangements in the different structures
were assumed to be in the direction such as to bring
A,=D(3 cos & — 1) calculated values gnisoClosest to the experimental values.

Distance estimates from the dipolar contributiond3@-
hyperfine couplings were made as follows. The main
contributions toA are an isotropic termiis, and a dipolar
term, Ap, given by
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Time Course of Exchange B0 out of Oxidized Xanthine <3

Oxidase Monitored by EPR of the Very Rapid Sign@he W — mT
experiment was carried out as described by Gutteridge and Wm 7 | 343

Bray (1980) using a multisyringe flow/mixing system. W\N /
Samples of xanthine oxidase equilibrated wit@-enriched “\/\M e
water and in 50 mM Né&bicine, pH 8.2, were diluted with x2 - 339
the same buffer in ordinary water. After predetermined time W

. . AT

intervals, progress of the exchange process was monitored SM"MWMW /7 135
by treating the samples with xanthine in 1 M carbonate buffer WW i

—

for 11 ms at a final pH of approximately 10.0, followed by 22 24 26 28 30
rapid freezing and EPR of the Very Rapid signal. The Mz
proportion of*’O in the signals was estimated from ampli- E 1 1C-ENDOR ra § the Inhibited sianal ob

7 T : : IGURE 1: - spectra from the Inhibited signal ob-
til:]deess of thé"O hyperfine lines relative to those of the main tained by treatment of xanthine oxidase WRHIC?HO and
| . recorded at field settings, as shown on the EPR spectrum plotted

Time Course of Exchange 0 Out of Oxidized Xanthine ~ on the right, with the magnetic field scale indicated vertically. The

Oxidase Monitored by Mass Spectrometry of Enzymically relative amplification for each_trace is given on the Ie_ft. Recording

. ] . conditions were as follows: temperature, 25 K; microwave
Produced Uric Acid. Experiments were analogous t0 those  frequency, 9.46 GHz; microwave power, 1 mW; RF modulation
of Hille and Sprecher (1987); however, our procedures depth, 100 kHz; RF attenuation, 0dB; scan rate, 0.43 Mz s
(Turner, 1988) were developed independently of theirs and
we used a flow/mixing system to ensure, where appropriate, RESULTS

that only the first turnover of the enzyme was studied. The | . .

flow system was analogous to that used in the experiment T.OI,ENDOR E)rlpmtfthe Iﬂh'b'ted I\t/lo(IV) 1E9F;§ Signalh tad
described in the previous subsection. As for that work, pr?ilmln?lrsycpéJN[l)cgéon, ct);/vers N rg .d( i inz R/relsener a
samples of xanthine oxidase, in 50 mMNhicine, pH 8.2, ts:e efi”O EPI-? envelopsepegf ?heecfan;ing oxi%la:es '\6/"%((\’/5)3
and equilibrated, in this case, witfO-enriched water, were Inhibited signal, generated witiC-labeled formaldehyde.

diluted with ordinary water in the same buffer, and then, T, . :
. L This was done to analyze th&-hyperfine tensor. However,
after predetermined time intervals, progress of the exchange

was monitored. The procedure involved treating the enzymethe signal-to-noise ratio of some of the data was relatively

with xanthine (approximately 1 mol/mol of active enzyme) poor. In the present work we improved the signal-to-noise
for 83 ms and then squirting the xanthine/xanthine oxidase ratios significantly by using formaldehyde labeled both with

1 2 ini icti
reaction mixture (1 vol) into acetone (2 vol) at about®&d °C and*™H, thereby obtaining an EPR spectrum consisting

to denature the enzvme. After centrifuaation. uric acid was of single lines rather than doublets. Results are presented
yme. 9 ’ in Figure 1. Visual inspection of the ENDOR spectra (see

extracted from the supernatants by absorption on to an anion : : X

; . o ~ <7 Materials and Methods) enables tH€-hyperfine coupling
exc(:jh]:emge redsm. (DOW(;X 2X-2Z), ell“.'tt.'on th';[h d”uu:'. acetl_ct;hag!d, tensor to be determined (Table 1), as outlined by Hoffman
and freeze-arying and was derivitized by reaction With DIS- o 5, *1984) [We were unable to determine the Euler angles
(tnr_ng:-thylyIyI)trlquoroacetamlde in the presence of dry relating the orientation of the hyperfine tensor with to that
pyndine. Gas chromatography/mass spectrometry was Py the g tensor. However, it is clear from the behavior of
fgrhmed ;V'th atpolunljtrgj of t3/° O\(tthlKor; Gi‘/lssggrom Q  thel3C ENDOR features as a function of field that there is
(Phase Separations Ltd.) at 24D, with a Kratos mass significant noncoincidence of th&- and g tensors; see
spectrometer, operated at an electron beam energy of 50 eVHoffman et al. (1984) and True et al. (1988)]. He
Under the conditions used the tetrakis(trimethylsilyl)uric acid hyperfine tensbr determined in the preéent wori< (Table 1)

peak ha_d a retention tlme_ of ?"5 min. Enrichment WHO is identical to the one reported in our preliminary investiga-
was e;tlmated from relative intensities of the peaks corre- tions (Howes et al., 1994).
sponding tom/z456 and 458. Analysis of the anisotropiC hyperfine tensor determined
The system was tested by preliminary experiments using above in conjunction with the point dipole approximation
the flow system, in which®0-enriched xanthine oxidase can provide an estimate of the ME distance in the
samples, at a series of different concentrations, were treatednhibited species (Table 2; see Materials and Methods). This
briefly with xanthine (1.0 mol) in an excess of ordinary gives a distance of 1.7 A which may be corrected by the
water. Enrichment of the uric acid obtained was found to more sophisticated calculation to approximately 1.9 A. It
increase as the quantity of xanthine oxidase was increaseds recognized that such calculations do not yield fully reliable
relative to xanthine. Under the conditions used, the maxi- distance estimates for complexes where little is known about
mum enrichment (corresponding to that before dilution) the metat-ligand molecular orbitals and the distance is less
corresponded to a calculatet/sg)/(M/zse) ratio of 38.5% than about 2.0 A. It was therefore of interest to use an
and the minimum enrichment (corresponding to that after alternative approach, back-calculating the predicted hyperfine
dilution) to a ratio of 22.7%. The observed enrichments were anisotropies from various possible structures and their
35.8% and 24.6% with 1.0 and 0.17 mol functional xanthine corresponding Me-C distances. Results are given in Table
oxidase, respectively. Within this range we observed the 2, both for a structure suggested previously having a-Mo
linear relationship, between the uric acid enrichment achievedO—C—S ring arrangement (Turner et al., 1989) and for a
and the xanthine oxidase/xanthine ratio used, which may beMo—C bond. The Me-C distance consistent with the
predicted on the basis of uric acid being produced in the former is 2.6 A (see Table 2 for references), which from the
first turnover at the initial enrichment and in subsequent point dipole calculation, corrected for carbon p-orbital
turnovers at the final enrichment (data not shown). occupancy, would have an associated hyperfine anisotropy
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Table 1: g Values and Superhyperfine Coupling Constants for Different Xanthine Oxidase EPR Signals
signal parameter 1 2 3 iso a g vy ref
formaldehyde Inhibited g 1.9911 1.9772 1.9513 Tanner et al (1978)
(A)3CP 52.5 40.6 40.6 445 present work
(A)Oe 1.7 8.6 3.6 Bray and Gutteridge (1982)
3.3 3.3 4.6
(A)%S 1.7 0.8 5.5 Malthouse et al. (1981b)
xanthine Very Rapid g 2.0252  1.9550 1.9494 Tanner et al. (1978)
(A)3cd 7.6 111 7.6 88 25 O 0 present work
(A)YO 38.0 38.3 37.1 37.8 Gutteridge and Bray (1980)
(A)Bs 8.5 76.6 19.1 40 0 10 Malthouse etal. (1981b)
2-oxo0-6-methylpurine Very Rapid g 2.0229 1.9518 1.9446 George and Bray (1988)
(A)YO 32.4 34.7 35.4 342 30 O 0 presentwork
(A)%s 8.5 82.0 16.3 30 0 10 George and Bray (1988)
Alloxanthine g 2.0279  1.9593 1.9442 Hawkes et al. (1984)
(A)¥N 9.9 9.6 8.7 Hawkes et al. (1984)
(A)YO not detected present work
(AR 8.5 85.0 19.0 50 0 10 Hawkes etal. (1984)

a Hyperfine coupling constants are given in MHz and angles of noncoincidence in degrees and were determined from the data as indicated in the
text. P Euler anglesy, 8, andy have not been determined, but from the experimental behavior clearly one or more is né&rayoand Gutteridge
(1982) concluded, from EPR difference spectra obtained using two different enrichméf@s thfat two weakly coupled oxygens with somewhat
different parameters, as listed in the table, were present in the Inhibited signal-giving species. Signal-to-noise ratios were, however, poor, and more
definitive work is required, e.g., using ENDOR. Two oxygens would be consistent with structure 1b (Figure 6) only if the oxo ligand had exchanged,
which is not consistent (cf. Discussion) with our studies relating to the Very Rapid and Alloxanthine sigPaiameters given are those that were
used for the computer simulations shown in Figuré Rata recalculated with angles of noncoincidence as defined by George and Bray (1988).
f Approximate values only; particularly, the Euler angtes3, andy have not been precisely determined.

Table 2: Mo-C Distances Calculated frofC-Superhyperfine Anisotropy of the Inhibited and Very Rapid EPR Signals: Comparison with
Data Back-Calculated from Different Assumed Structtires

Mo—C distances (&) Mo—C distances (A)

(simple dipolar (corrected dipolar  Mo—C distances (A)

signal/assumed structure Aanis® AsP coupling calcn.) coupling calcn.) (assumed)
Inhibited (experimental data) 11.9 44.5 17 1.9
Inhibited: assumed MeO—C—S ring structure 3.36.3 2.6
Inhibited: assumed MeC structure 7.5105 2.0¢
xanthine Very Rapid (experimental data) 35 8.8 2.2 <2.150r<2.3%
Very Rapid: assumed MeO—C structure 1.924 3.0-3.%
Very Rapid: assumed MeC structure 5.6-3.9 2.¢0¢

aFrom the experimental data, the internuclear distances (normal type) were calculated from the expefimgmalues (bold type), using
either simple dipolar or corrected dipolar calculation procedures, as described in Materials and Methods. From the various assumed structures and
the corresponding likely internuclear distances (normal type), the expected anisotropic coupling values (in MHz) were calculated (italic type), using
the simple dipolar coupling calculation, with corrections, as described in Materials and Metiata. from Table 1 are given in bold type; values
of calculatedAaniso from assumed structures are in italics and include corrections for electron density of C p-orbitals and, for the Very Rapid
species, delocalization on to S. For calculafggl, values, the uncorrected number is given first followed by the value obtained by assuming that
all the corrections, discussed in Materials and Methods using the obs&gyeaidd to give the calculateflniso value closest to the experimental
Aaniso. ¢ Mo—C bond lengths, in complexes generally not relevant to the enzyme, vary from about 1.82-AC(Maltiple bonds; Lemos et al.,
1992) to 2.29 A (Cotton et al., 1974). For some Mo-oxo complexes (Schrauzer et al., 1986; Hughes et al., 1994) they are in the+&nzk 2.02
A. Mo—C distances im?bonded acyl complexex of Mo(ll) lie in the range 1:92.03 A (Carmona et al., 1984; Durfee & Rothwell, 1988).
Mo(IV) n?-acyl complexes are known and although representative ®ldistances have not been determined as yet, they are likely to be close to
the W—C distance (2.00 A) in the W analogue (Kreiss| et al., 198 These two maximum distances depend on whether the electron density on
the C orbitals is due to spin polarization or electron delocalization, respectively; electron density on sulfur is ignored but effects of this are not
expected to be significantAssumes local structure such that i€ dipole tensors coupled with electron density on Mo and S sum to give the
maximum possible resultant Suniso  Mo—C distances in typical molybdenum complexes having a-1@e-C structure [see, e.g., Walborsky et
al., (1987) and Burrow et al., (1995)]For an assumed MeC distance of 2.1 A, the values would be 487 MHz.

of <6.3 MHz. The measured anisotropy is 11.9 MHz, thus good. *C-ENDOR thus provides very strong evidence
requiring an unreasonably large additional correction of 5.6 favoring a Mo-C bond in the Inhibited species, confirming
MHz to make a ring structure feasible. On the other hand, the preliminary conclusions of Howes et al. (1994).

a Mo—C bond with an assumed distance of 2.0 A would  13C-ENDOR from the Mo(V) Very Rapid EPR Signal.
have a much larger associated corrected dipolar hyperfine[8-13C]Xanthine was used to generate the Very Rapid signal,
anisotropy of up to 10.5 MHz, requiring a correction of only and a series of*C ENDOR spectra were recorded across
1.4 MHz. Despite the uncertainties inherent in using the the EPR envelope (Figure 2a). [Note that a preliminary and
corrected point-dipole approximation to determine distances rather different interpretation 8fC data on the Very Rapid

of the order 2.0 A and the quite feasible possibility that the signal was given by Howes et al. (1991a)]. ENDOR
constraints of the enzyme on the active site may impose asimulations (Figure 2b) were performed as described in the
shorter distance than that found for model compounds (viz. Materials and Methods and gave an excellent fit to the data,
2.0 A), thus increasing the anisotropy expected, the agree-thereby yielding highly reliable values (Table 1) for com-
ment between the expected and the measured anisotropy iponents of thé3C hyperfine tensor, including the orientation
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FiIGURE 2: 13C-ENDOR spectra from the Very Rapid signal obtained 16 MHz 21 26
by reaction of xanthine oxidase with [8C]xanthine; (a) experi-  Fgure 3: 170-ENDOR spectra from the Very Rapid and Allox-

mental spectra and (b) computer simulations. Spectra in panel aanthine signals obtained using’@]H,O- equilibrated xanthine
were recorded at field settings, as shown on the EPR spectrumoyidase and'®O controls. ENDOR spectra were recorded for
plotted on the right, with the magnetic field scale indicated samples showing the following EPR spectra: (a) Very Rapta]f
vertically. The relatlvga.ampllflcatlon for each trace is given on the H.0; (b) Very Rapid, ’O]H0; (c) Very Rapid, JO]H.0, after

left. Recording conditions were as follows: temperature, 30 K trnover; (d) Alloxanthine, JOJH,O; (e) Alloxanthine, PO]H,0;
microwave frequency, 9.46 GHz; microwave power, 2 mW; RF (f) Alloxanthine, [7O]H,O. Spectra were measured at a magnetic
modulation depth, 100 kHz; RF attenuation, 0 dB; scan rate 0.43 fie|q corresponding to the peak of the EPR absorption spectrum.
MHz s*. The sample was prepared using rapid freezing. The Recording conditions were as follows: temperature, 30 K; micro-
simulations in panel b were computed as described in Materials waye frequency, about 9.42 GHz (depending on the sample);
and Methods by using the parameters given in Table 1. Field settingSmicrowave power, 5 mW; RF modulation depth, 100 kHz at full

and approximate amplifications correspond to those in panel a. power (nominally 100 mW). Scan rates were 0.30, 0.30, 0.30, 0.25,
0.27, and 0.27 MHz 8, respectively. The traces shown are the
of the A tensor with respect to thg tensor. sums of 300, 200, 420, 850, 1940, and 1750 scans, respectively,

Estimation of the Me-[8-Clxanthine distance using the with baselines subtracted. All spectra are normalized to give the
point-dipole approximati[on ](Table 2) is inherentlygmore same peak-to-peak intensity for tHé ENDOR signal (at 15 MHz),

as shown by the marker. The Very Rapid signal was generated
imprecise for the Very Rapid species than for the Inhibited with 2-oxo-6-methylpurine; for trace c the enzyme was caused to
species, as it is known that there is significant electron turn over an aldehyde substrate #Q]H.O prior to development
delocalization on to the sulfido ligand of the Very Rapid ©f the signal (see Materials and Methods).

species (George & Bray, 1988). This results in thi@ 7O-ENDOR of the Very Rapid Signal: The Strongly
dipole tensors which sum in an uncertain way (depending Coupled Oxygen and Attempted Detection of a Weakly
on local structure) to give the measured anisotrop Coupled Oxygen.To extend the EPR work of Gutteridge
tensor. We were primarily interested in understanding and Bray (1980) and George and Bray (1988), we studied
whether the structure incorporates a-M8-C]xanthine bond 170-ENDOR spectra from the Very Rapid signal, obtained
or if there is an intervening oxygen atom present. Therefore, by treatment with 2-oxo-6-methylpurine, from xanthine
we restricted our attention to back-calculations of tf@ oxidase equilibrated with![O]H,O. We preferred this
anisotropic hyperfine interactions resulting from electron substrate to xanthine for this work because it gives rather
density on the molybdenum and the sulfido ligand, to these stronger Very Rapid signals that may be obtained without
two particular cases. Results of these calculations (Tablethe use of rapid freezing. BecauS®-ENDOR is expected

2) indicate that the measured anisotropy of 3.5 MHz is more to be weak, it was important to obtain the strongest possible
likely to be consistent with a local structure that has a-No EPR signals. ENDOR spectra recorded at the peak of the
bond than with bonding to the xanthine residue being via an EPR absorption and covering a wide radio frequency range
oxygen ligand. However, it must borne in mind (see are shown, for an enriched sample and&® control, in
Materials and Methods) that, since we do not know the Figure 3, traces b and a, respectively. Features due to the
details of the local structure, thEC hyperfine tensors  strongly coupled oxygen seen in EPR are clearly apparent
resulting from electron density on the molybdenum and sulfur around 19 MHz (with the low-frequency partner hidden under
atoms cannot be combined in a rigorous mathematical the proton ENDOR at around 15 MHz). Spectra recorded
fashion. at different field settings across the EPR spectrum of the
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mT samples, such as that used in Figure 3b and Figure 4 which
xS /__ had been equilibrated withO-enriched water for 20 hr at 0
W F 346.5 °C and pH 8.2, we examined another sample. Following
W’"’" f similar equilibration with enriched water, this had turned over
?\/\’\’“—”‘“"‘“ /_ 341.0 a small excess of an aldehyde substrate in enriched water

W prior to development of the Very Rapid signal. Such
W N 335.5 treatment would permit exchange of a second oxygen if this,
X\W \ ’ like the strongly coupled one (Gutteridge & Bray, 1980),
RJWWWWM N\— exchanged rapidly in the reduced enzyme. Results (Figure

i [ 330.0 3c) again show no evidence for a coupfé® atom, other
19 21 23 25 than the strongly coupled one.
MHz We conclude that, in the Very Rapid signal-giving species,

Ficure 4: "O-ENDOR spectra from the Very Rapid signal it is very likely that the only oxygen atom in the vicinity of
obtained by treatment of 10]H;O-equilibrated xanthine oxidase  molybdenum that exchanges with water under the conditions

with 2-oxo-6-methylpurine and recorded at field settings, as shown ; ; ;
on the EPR spectrum plotted on the right, with the magnetic field of our experiments is the strongly coupled one studied

scale indicated vertically. The relative amplification for each trace Previously. _ _
is given on the left. Recording conditions were as follows:  Attempted Detection of a Coupled Oxygen in the Allo-

temperature, 30 K; microwave frequency, 9.44 GHz; microwave xanthine Signal by’O-ENDOR. The EPR parameters of
power, 5 mW; RF modulation depth, 100 kHz; RF attenuation, 0 the Alloxanthine signal are extremely similar to those of the
dB; scan rate, 0.48 MHz &, Verv Rapid si | . ; 33
y Rapid signal (Table 1; see particuladyvalues,33S

hyperfine splittings, and angular relationships). As already
noted, this indicates a very close structural relationship
Yetween the two signal-giving species. The Alloxanthine
signal (Hawkes et al., 1984) is not easy to study by EPR,
owing to large line widths resulting from incompletely
resolved“N-hyperfine structure, and to rather low conversion
to the signal-giving species. When the Alloxanthine signal
was prepared using enzyme equilibrated with enriched water,
no ’O-hyperfine coupling was detected by EPR by the above
workers, a result confirmed in the present work (data not
shown). The corresponding ENDOR spectra are shown in
Figure 3. Enzyme equilibrated withO-enriched water was
MHz (Table 1,8)\ allowing for 35% electron density on sulfur, glsgejr én ?'): fur‘l?hi t:ja{;:tzs éjl e?;g/f :)?C(?JQ eu':ﬁgnsrh eesixvcfeggog
is about 2.0 A. strongly coupled oxygen, which might conceivably have been

Earlier workers (Bray & George, 1985) in vain sought EPR missed in the work of Hawkes et al. (1984), in the
evidence in the Very Rapid signal for'4D atom, weakly alloxanthine signal-giving species. Further, our new results
coupled to molybdenum, in addition to the strongly coupled provide no support for a more weakly coupled oxygen.
for detecting weakly coupled ligands, we looked for ENDOR  Oxidized Xanthine Oxidase, As Monitored by Losd76f
from a weakly coupled’O ligand in the above samples. Hyperfine Coupling in the Very Rapid EPR Signal or by
However, the spectrum obtained (Figure 3b) did not differ pjsappearence o0 from Uric Acid Produced in the First
significantly, below 13 MHz, from that of the control sample Enzyme Turnger. Hille and Sprecher (1987) used mass
prepared with ordinary water (Figure 3a). In particular, N0 spectrometry to demonstrate, in single turnover experiments,
features centered on_2.02 MHz, the expected frequency forisg transfer from the xanthine oxidase to uric acid, the
"0O-ENDOR at the microwave frequency used, were appar- product of xanthine oxidation. Using a rapid-mixing flow
ent. [Note that the origin of some of the features, in the system, we extended such work to kinetic experiments on
1-8 MHz region and present in both the experimental and the exchange 0O out of the oxidized enzyme. These were
control samples (Figures 3a,b), is uncertain. Features at 6carried out analogously to those on exchange 't
MHz are presumably due t&P-ENDOR (Howes et al.,  performed earlier by Gutteridge and Bray (1980), but using
1991b), and an instrumental artifact gives rise to features atmass spectrometry of uric acid to follow the reaction, rather
submultiples of the proton frequency, i.e., at 7.5 MHz, 5.0 than EPR of the Very Rapid signal. Figure 5 shows the results
MHz, etc]. Thus, although a relatively strong nuclear of parallel experiments in which exchange'® out of the
quadrupole coupling of a hypothetical weakly couptéd oxidized enzyme was followed by mass spectrometry of uric
ligand would spread out its ENDOR features to such an acid and that of’0 by EPR, as in the original work. Within
extent that we might have been unable to detect them, itthe jimits of the data, the exchange time courses followed
seems unlikely that one is present. Failure to observe py the two procedures are indistinguishible from one another.
(data not shown) and earlier EPR confirms this conclusion. comment. A possible partial explanation for data points at

In further experiments we endeavored to extend, in long reaction times falling below the theoretical infinite-time
comparison with earlier work (Bray & George, 1985), the values might be provided by slow diffusion of ordinary water
range of conditions tried for exchange of a hypothetical out of the nylon tubing into the samples. While the exchange
weakly coupled oxygen ligand. In addition to examining rate constant derived from the data (approximately 35 h

170 sample are shown in Figure 4. Parameters derived from
the data are summarized in Table 1. These are in satisfactor
agreement with those obtained by EPR (George & Bray,
1988). Simulations of the ENDOR data (not shown) were
only partially satisfactory (due to the inability of our
simulation program to deal with large hyperfine couplings)
but clearly showed (a point not revealed by EPR) that the
axes of theg and A tensors are noncoincident; they also
provided an approximation (Table 1) to the angles of
noncoincidence. Importantly, the data provide the new
information that all components of th& tensor have the
same sign. The estimated Mo-O distance fr8gaiso 3.0
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Time (min.) FicurRe 6: Possible structures of the different Mo(V)-signal-giving
FiIGURE 5: Time courses of the exchange of oxygen isotopes out Species. For the Inhibited signal-giving species, la is the structure
of oxidized xanthine oxidase, monitored by losstt® hyperfine suggested by Howes et al. (1990) and Ib (Howes et al., 1994) that
coupling in the Very Rapid EPR signal or by disappearendé®f favored in the present work. For the Very Rapid species, Va was
from uric acid produced in the first enzyme turnover. Xanthine suggested by Gutteridge and Bray (1980) and Vc by George and
oxidase was equilibrated with isotopically enriched water and then, Bray (1988), though Vb was the structure favored by the latter
at time zero, was diluted with ordinary water. After the time Wworkers; Vd is favored in the present work, with the oxygen bonded
intervals indicated, the Very Rapid EPR signal was developed by both to carbon and molybdenum being that detectable by EPR. For
treatment with xanthine for 11 ms, and the percent’@f in the the Alloxanthine species, Aa was suggested by Hawkes et al. (1984)
signal was estimated (triangles) from the EPR spectrum. Alterna- and Ab is favored in the present work. Note that, in all cases,
tively, samples were treated with xanthine for 83 ms, the enzyme additional ligands of molybdenum may be present and geometries
was denatured with hot acetone, and enrichment of the enzymicallymay differ in detail from those illustrated.
produced uric acid was estimated (circles) from mass spectra,
following silylation and gas chromatography. The arrows cor- species also. Earlier speculations on such bonds in xanthine
respond to calculated zero time and infinite time values in both ,;qase species were dismissed (Bray, 1980; George & Bray,
experiments, based on the initial enrichments and the dilutions used. ) - -
The experiments were carried out in 50 mM-Naicine, pH 8.2, 1988; Turner et al., 1989) for the lack of positive evidence.
at 22°C. It is noteworthy that this work provides the first direct

evidence for a Me-C bond in a biological system. However,

at 22°C and pH 8.2) is fully consistent with the EPR results such bonds may well also arise during reduction of acetylene
of Gutteridge and Bray (1980), according to Figure 5, there and cyanide by nitrogenase. So far as we are aware, outside
is apparently also an additional fast phase of the reaction.the cobalamines, it is also the first example of a bond in a
This was not apparent in the original work, but without functioning biological system between a carbon atom and a

further data it is premature to comment on its nature. transition metal atom.
The Structure and Origin of the Inhibited Signal#@ig
DISCUSSION Species. Structure Ib (Figure 6) shows the structure now

Evidence from3C-ENDOR for Mo-C Bonds in the considered most likely for the Inhibited species, in compari-
Inhibited and Very Rapid Signal-@ing Species.Analysis son with a structure (la) proposed in earlier work (Turner et
of the dipolar coupling data, from tH&C-hyperfine tensor al., 1989; Howes et al., 1990). In structure Ib, the carponyl
obtained from3C-ENDOR, indicates MeC distances of ~ 9rouP of the aldehyde substrate moIeCl_JIe is located side-on
about 1.9 A in the Inhibited species and less than 2.4 A in to the molybd_enum and the aldehydic proton has been
the Very Rapid species. In molybdenum complexes (whosee"”"bnl.atﬁd('j Side-on Molﬁ(z'COF:) s}rlgc(:jtures .arehwelll— d
structures generally have no specific relevance to that of the®Stablished among complexes of molybdenum in the oxi .a-
enzyme) Mo-C bond lengths vary from about 1.82 A [Mo tion states Mo(ll) to Mo(lV) (Gambarotta et al., 1985;

C multiple bonds: e.g., Lemos, et al. (1992)] to 2.29 A fMo Carmona et al., 1984; Kreissl et al.,, 1987; Durfee &
c bondps e.g. Cott%n et al. (1974§]_ Th)ze distanceﬁi\:: the Rothwell, 1988% Earlier EPR and EXAFS provide further

Inhibited species is thus within, and toward the middle of, SUPPOrt of structure Ib for the Inhibited species. EXAFS
the Mo—C bond length range, while for the Very Rapid indicates (Turner et al., 1989) an oxo ligand on molybdenum.

species the distance is at the top of the range for such bonds
Furthermore, for both species back-calculations, from as- 5in a preliminary communication on the structure of the Inhibited

sumed structures of the expected hyperfine anisotropies, aréﬁ)%g?ﬁg)l\]ﬂ?& S(pNGS;?SZ(ggV,\\/ﬁé ét) ?{N égi]ﬂr),fvl\\/ﬂe_ﬁuot?d ltha g%tl)cture
H : H 5)4]2|MO 0 2 (0] uller et al.

ConSISten_t with MO—C bonds’ Thus, the_ work prqv!des to support our proposal of a “side-on’- pt-acyl structure. We learned

strong evidence in favor of a MeC bond in the Inhibited  supsequently from Prof. Mier that the above structure was in fact in

species and suggestive evidence for one in the Very Rapiderror, a C and an N having been interchanged, and that more recently

he has published (Mier & Mohan, 1981) a correct structure for a

compound having the above formula. Unfortunately, this was published
4 A limitation of our back-calculation approach is that, strictly, itis under the new name of the compound (a complex of,&pximato

valid only in the absence of MeC bonding. Thus, strictly speaking,  ligand), and a correction has not yet been added to the crystallographic

our results are inconsistent with the absence off@dbonds and thus data base, so we did not realize that this error had occurred. We thank

consistent with their presence. Prof. Muller for drawing our attention to it.
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EPR with ’O-treated formaldehyde iHO-enriched water  transformed in any way by the enzyme (Massey et al., 1970).
(Bray & Gutteridge, 1982) showed weakly coupled oxygen The expectation of an oxo ligand in the Mo(V) Alloxanthine
atoms® Furthermore, when the Inhibited signal is developed species leads in turn to an expectation that such a ligand
with formaldehyde (structure Ib, R H), one formaldehyde  should be present, also, in the Very Rapid species. This
proton is strongly coupled to molybdenum. This proton does follows since, as already discussed, the EPR parameters for
not exchange with the solvent (Pick et al., 1971) and is not the two species are very close to one another, so that their
detected when the signal is developed with acetaldehyde orstructures must be very similar.

other aldehydes (Malthouse et al., 1981a). Specific data in the literature concerning the absence of

As already noted, in structure Ib, the aldehyde carbonyl 0xygen ligands are as follows.*’D]H,O-equilibrated en-
grouping has become bonded side-on to molybdenum. Thiszyme was employed in the earlier EPR work in which the
is in accord with this signal being generated only by the Single strongly coupled oxygen ligand was detected in the
action of aldehyde substrates. Structure Ib is not on the Very Rapid species (Gutteridge & Bray, 1980; Bray &
proposed catalytic pathway for the enzyme discussed below,George, 1985). However, the possibility that there might
consistent with the Inhibited species being on a side path. b a second oxygen ligand in this species has frequently been

Numbers and Nature of Oxygen Ligands of Molybdenum mooted and variants of the above catalytic mechanism imply
in the Very Rapid and Alloxanthine Species and the Identity tNat oneﬂsho_uld be present. Thus another, more weakly
of the Oxygen Transferred in Catalysis to the Produét. coupled,™O ligand was sought but npt found by EPR by
widely accepted mechanism for xanthine oxidase action hasG€0rge and Bray (1985), by extending up to 20 days the

been advocated, with minor variations and in some casesperIOd allowed for eqwllpratlon O.f the enzyme witfO-
with qualifications, by a number of workers (Gutteridge & water. For the Alloxanthme Species, Hawkes et al. (1984)
Bray, 1980; Bray & George, 1985; Hille & Sprecher, 1987; wereﬂunable, u_3|ng1{O]H_20-eqwhbrated enzyme, to detect
Bray, 1988; Turner et al., 1989; Holm, 1990; Greenwood et any Q-hyperflne coupling. The difficulies of EPR work
al., 1993; Enemark & Young, 1993; Pilato & Stiefel, 1993; With this species have, however, been noted.

Hille, 1994; Lippard & Berg; 1994). This mechanism Against this background, we usé-ENDOR to inves-

involves abstraction of the xanthine C8 proton by the sulfido tL?at\e/ furtf;{er t.ge nadtu;ﬁl and r;]t_meers O.f oxylg:en I|r§];an\(/js In
ligand on molybdenum, to give an -SH structure, with '€ Very Rapid and Alloxanthine species. For the Very

concerted attack by the oxo ligand on the substrate C8 carborﬁapid species, our data fully confirm the presence of the
to give an M&—O—C species. Intramolecular le strongly coupled oxygen detected by EPR. Furthermore, by
oxidation (by the flavin and ironsulfur centers) then gives ~ SnoWing for the first time that the components of the

- : - ; hyperfine coupling tensor all have the same sign, the data
the Very Rapid species. Completion of the catalytic cycle - o
involves (not necessarily in this order) reoxidation of further diminish any possibility (George & Bray, 1988) that

i : the coupled oxygen might be an oxo ligand of molybdenum.
molybdenum, fission of the MeO bond with the oxygen ; . .
becoming that of the uric acid product, and regeneration of For thde AILoxanthlrlle speC|$s|_t|H%Ok-ENDOI‘\; colnggTs ﬁnd
the oxo ligand from water. We consider below, in the light €Xt€nds the conclusion of Hawkes et al. (1984) that no

of this proposed mechanism, the new and earlier data Oncou_pleq oxygen can be det(_acted. These workgrs used hig_her
oxygen ligands in the various species derivative spectra, a technique most appropriate to seeking

; . . . . a weakly coupled oxygen. It seemed possible that a
There is clear and direct evidence in the literature for y P Y9 P

liand vbd Inth idized relatively strong*’O-coupling might have been missed in
o.xygljen Igan slpn rr:joy enum. In the oxi 'Zﬁ enzglmﬁ’gthe original EPR work. Simulations (not shown) indicate
singie oxygen ligand as an oxo group IS we establishe that, with particular values of the couplings not greatly
from EXAFS and is retained in all reduced enzyme forms jigoant from those for the Very Rapid specie¥0-
so far studied by this tec_hnique (Bordas et al., 1980; Cra_‘merhyperfine EPR lines from the Alloxanthine species would
etal., 1981; Cramer_& Hille, 1985; Turner et al., 1989; Hille merge together and thus become very difficult to detect.
etal, 19.89)' The single strongl_y couplled oxygen dgtected However, the ENDOR data make it clear that no oxygen
byl_EPIR m;he Mo(V) Very Eag'd spgdmes w:%consi%zrgd atom with a hyperfine couping constant comparable to that
unlikely to be an oxo group by Guitteridge an rgy( ) for the Very Rapid species is present in the Alloxanthine
though later workers (George & Bray, 1988) considered this species. The Alloxanthine and the Very Rapid species are
possibility not to have been fully excluded. For the

alloxanthine complex, in the Mo(V) state (Alloxanthine expected to have in common an oxo ligand. However,
. ' clearly a strongly coupled oxygen exchangeable in the
species), Hawkes et al. (1984) were unable to detect y gy b Y9 g

h i i in the EPR on th oxidized enzyme is something they do not have in common.
o%/ﬁ;r;\r;igoggtwgra?nﬁygte; 'rg fggg) an dspH?I(I:et:n(J;[nél ( 1?3; 9‘)3 This result thus provides final confirmation that the strongly
found evidénce for an oxo ligand on molybdenum in EXAFS coupled oxygen of the Very Rapid species is not an oxo

f the alloxanthi lex in the molybdenum(lV) 9 or P
of the alloxanthine enzyme complex in the molybdenum(IV) Though the'’O-ENDOR data in the low-frequency region,
state. This suggests very strongly that such a group must

Iso b i the Mo(V) Al hi nal-aivi particularly for the Alloxanthine species, are not definitive,
aiso be present in the o(V) Alloxanthine Signal-giving they provide no evidence for an additional more weakly
species, despite the failure of EPR to detect 't Indeed, itis coupled oxygen that has exchanged under the conditions of
hot easy to see how t_he_ 0X0 group of the OX|d|zed_ ENzyme 5y experiments in either the Alloxanthine or the Very Rapid
might have been eliminated in enzyme reduction and

; . . . . species.
com_plex _format|on with alloxanthine, since t.h(.a 0Xo 1S Our finding that the exchange time course for oxygen out
retained in the reduced enzyme, and this inhibitor is not

of the oxidized enzyme is identical when followed by two
different procedures is also relevant to the possibility that
6 See footnote ¢, Table 1. the molybdenum atom of the Very Rapid species might bear




Mo—C Bond Formation in Xanthine Oxidase Action Biochemistry, Vol. 35, No. 5, 19961441

more than one oxygen ligand. The data provide the strongeststructures, since they include no oxo group. Structures Vb
evidence to date that a specific oxygen atom, present in theand Vc were both regarded as more likely than Va for the
vicinity of molybdenum in the oxidized enzyme, is both the Very Rapid species by George and Bray (1988). We reject
oxygen “seen” in the Very Rapid signal and the one Vc on the grounds that we cannot conceive of any reaction
transferred to the uric acid product. That this is the case mechanism that would give rise to it. Structure Vb, widely
has hitherto been tacitly assumed (Hille & Sprecher, 1987). accepted for the Very Rapid species, suffers from the
This conclusion was presumably based largely on thesedisadvantage that it is not compatible with the molybderum
workers’ qualitative finding that the transferred oxygen carbon distance estimates of the present work. A further
exchanged faster in the reduced than in the oxidized enzymejnadequacy concerns the enzymic mechanism discussed
by analogy with the quantitive earlier kinetic data on oxygen above. According to this, the oxo ligand of the oxidized
exchange, as followed via the Very Rapid signal by Gut- enzyme becomes the M®—C group of the Very Rapid
teridge and Bray (1980). species. Thus, in structure Vb, the oxo group is not the

The data described so far present something of a paradoxoriginal one but has been regenerated by water or hydroxyl
On one hand, from the Very Rapid species no EPR or attack. If this were the case, when the reaction is carried
ENDOR evidence has been obtained for more than a singleout in O-water, both oxygens should be detected. As
oxygen ligand, with the one detected now confirmed not to already discussed, neither the present nor earlier work
be an oxo group, and there is no evidence from earlier EPR provides any support for the presence, under any conditions
or the present ENDOR for any oxygen ligand in the used, of a second coupled oxygen that might correspond to
Alloxanthine species. On the other, results from EXAFS the oxo group. Note that even in an axial position, an oxo
and expectations from the proposed reaction mechanismligand is expected to give #O coupling that should be
make it very clear that an oxo ligand should be present in readily detectable by EPR or by ENDOR. Thus, for
both these species. example, the complex [MoO(SP}) shows A{’O) 8.6, 8.6,

The paradox disappears if the long-standing notion (Gut- 1.9 MHz (Hanson et al., 1987). Conversely, in the Allox-
teridge & Bray, 1980; Hille & Sprecher, 1987; Holm, 1990), anthine species (taking structure Ab as the analogue of
that the terminal oxo ligand of the oxidized enzyme is the structure Vb), if the oxo group is exchangeable, it should
group involved in exchange studies and the catalytic reaction,also give detectablé’O coupling, but no support for its
is abandoned. Perhaps surprisingly, this view has beenpresence has been found in the present ENDOR or in earlier
almost universally accepted in the literature since it was EPR (Hawkes et al., 1984). Thus, structure Vd is the one
introduced. Holm (1990) concluded that oxo transfer was we now favor for the Very Rapid species. For the Allox-
the “most reasonable interpretation” of the data and othersanthine signal-giving species, we favor stucture Ab [origi-
[eg., Lippard and Berg (1994)] followed this interpretation. nally proposed by Turner et al. (1989)] since it may be
However, Pilato and Stiefel (1993) point out that there are considered analogous to structure Vd.
other possibilities. More specifically, Hille (1994), while Other data supporting structures Vd and Ab for the Very
continuing to regard oxo group involvement as most likely, Rapid and Alloxanthine species are as follows. In compari-
raises the alternative that a hydroxyl group might be the son with other Mo(V) species from xanthine oxidase, these
ligand involved instead. show strong coupling (Malthouse & Bray, 1980; Malthouse

In model compounds, exchange rates for oxygen ligandset al., 1981b; Hawkes et al.,1984; George & Bray, 1988) to
of molybdenum vary from a half-time of seconds (von Felten the sulfur atom that is cyanide-labile in the oxidized enzyme.
et al., 1978) to years (Rodgers et al., 1985). As pointed out Furthermore, and again in contrast to other xanthine oxidase
by Bray (1988), the exchange rate in the enzyme is consistentspecies, thé’Mo nuclear quadrupole coupling tensor in the
(Murmann, 1980) with an oxo group in the oxidized enzyme, Very Rapid species is highly anisotropic (George & Bray,
provided (Johnson & Murmann, 1983) a coordination site 1988). These findings argue for a structure substantially
for water is availablecis to the oxo. However, other different from other xanthine oxidase species and are the
explanations need to be considered. Though water orprimary justification for our conclusion that the sulfido ligand
hydroxyl ligands of molybdenum generally exchange rapidly is retained. In structure Vd, note that the orientation of the
in low M, complexes, this situation need not necessarily hold side-on CO is shown reversed in relation to that in the
in the enzyme, where access to the active site may belnhibited species (structure 1b). This is consistent with the
restricted. We now propose, and develop further below, the observed reversal (Table 1) of the relative magnitudes of
hypothesis that the exchangable oxygen in the oxidisedthe hyperfine couplings to oxygen and to carbon in the two
enzyme is a “buried” water molecule or a hydroxyl ion that species. The approximate M® distance £2.0 A) from
is in the vicinity of the molybdenum atom and quite possibly our ‘O ENDOR is also consistent with structure Vd, as is
ligated to it. This hypothesis could account, as readily as the Mo—2H distance of about 3.2 A, reported from pulsed
the oxo group hypothesis, for oxygen exchange becoming EPR for a deuteron in the N7 position of the 2-oxo-6-
fast in reduced enzyme, provided it is assumed that accessnethylpurine residue (Lorigan et al., 1994).
to the Mo center is less restricted in the reduced than in the Wilson et al. (1991) proposed the compound [MoOSL]
oxidized enzyme. where L= N,N'-dimethylN,N'-bis(2-mercaptophenyl)-1,2-

Structures of the Very Rapid and Alloxanthine Species anddiaminoethane, as a model for the Very Rapid species, and
the Mechanism of Reaction of Reducing Substrates with theit is a good one so far a&S coupling is concerned.
Molybdenum Center.Possible structures of the various However,’O coupling in [MoOSL} is weak (Greenwood
signal-giving species are illustrated in Figure 6. For the Very et al., 1993), so that it is a poor model f6O couplings.
Rapid species, structure Va was first suggested by GutteridgeThis complex, which lacks any analogue for the bound
and Bray (1980), and structure Aa is its analogue for the xanthine residue, is thus confirmed to be an inexact model
Alloxanthine species (Hawkes et al., 1984). We reject thesefor the Very Rapid species.
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iNeaeat but not favored, by Turner et al. (1989), on the basis of the
)—\ ab initio calculations of Rappand Goddard (1982). More
— HN\ /N recently, Coucouvanis et al. (1991) have provided more direct
G support from the reactions of model compounds and have
indeed suggested a mechanism for xanthine oxidase action
F o closely related to that proposed here. Step B of Figure 7
T % l s\l involves attack by the “buried” water (quite possibly via
S/Mg[\ conversion to a hydroxyl ligand on molybdenum) on the

=z HO

\ molybdenum-bound carbon, resulting in reduction of the
N metal and formation of a side-on molybdenum CO species.
. In step C, transfer of an electron from molybdenum toion
%I yfl == sulfur or flavin and loss of a proton gives the Very Rapid
" o ; species. The catalytic cycle is completed (stepsHD by
| SNLHI,Q;) /” product dissociation, following transfer of a second electron
S | % from molybdenum to irorsulfur and uptake of a proton.
H,0 'Busied Ps Qa The mechanism as depicted gives no indication of the part
played by amino acid residues and is thus obviously an
@ oversimplification. Structural work reported to date has
provided limited information concerning the molybdenum
u® s ﬁ o N environment. However, a glutamate residue, Glu-86D.in
) § | \VMC'---%E/ | % gigas aldehyde oxidoreductase, that is conserved in all
b enzymes of this group is close to molybdenum (Rorea
al., 1995) and could play a role in proton transfer.

Mo C
— 8
s : N
H N
©

§ s | %

Very Rapid
reduced intermediate signal-giving species
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