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Xanthine oxidase2 is the most extensively studied of molyb
denum enzymes that depend on the pterin molybdenum cofac-
tor.3 No three-dimensional structure is yet available, but 
progress has recently been reported4 for a related aldehyde 
oxidoreductase. Much information is nevertheless available 
about the enzyme structure in the immediate vicinity of 
molybdenum and about the enzymic reaction mechanism, from 
spectroscopic methods, particularly EPR and EXAFS (extended 
X-ray absorption fine structure). In oxidized xanthine oxidase 
molybdenum is in the Mo(VI) oxidation state, bearing an oxo 
and a sulfido ligand. Reaction with substrates reduces the metal 
to the Mo(IV) and Mo(V) states. Several clearly defined and 
structurally distinct Mo(V) species from the reduced enzyme 
have been distinguished by EPR spectroscopy. Substitution with 
stable isotopes has facilitated attempts to deduce the structures 
of these species as well as investigations of their kinetic 
relationships and hydrogen- and oxygen-transfer reactions.2b 

Molybdenum species so investigated include one, named "Very 
Rapid", that represents a transient intermediate in the catalytic 
reaction of xanthine or certain other substrates with the 
molybdenum center. Another species, named "Inhibited", 
represents the product of an inhibitory side reaction of form
aldehyde or other aldehyde substrates with this center. 
Understanding2^5 of the catalytic mechanism depends in 
substantial measure on these studies, supplemented by studies 
of model compounds and model reactions.6 

ENDOR (electron-nuclear double resonance) spectroscopy7 

complements EPR in the analysis of ligand hyperfine couplings, 
being particularly valuable in the case of weak couplings. We 
recently extended investigations of Mo(V) forms of xanthine 
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Figure 1. ENDOR spectra from the Inhibited signal from treatment 
of xanthine oxidase with H13CHO, recorded at field settings, as indicated 
on the EPR spectrum plotted on the right, with the magnetic field scale 
indicated vertically. The dashed line indicates approximately the 
movement of the extreme features of the 13C ENDOR pattern as the 
field is varied. The number of scans done for each trace is indicated 
on the left. Traces were normalized to the same overall amplitude. 
Recording conditions were as follows: temperature, 25 K; microwave 
frequency, 9.46 GHz; microwave power, 5 mW; rf modulation depth, 
100 kHz; rf attenuation, 0 dB; scan rate, 0.43 MHz s_1. 

oxidase to include ENDOR studies.8 We now describe ENDOR 
analyses of Mo(V) species from the enzyme, prepared with the 
use of 13C-labeled aldehydes and aiming to provide a more 
complete knowledge of the local structure around molybdenum. 
The data presented indicate Mo-C bond formation, the first 
direct evidence for such a bond in a biological system. A 
revised structure for the Inhibited signal-giving species is 
proposed, and the relevance of the results to the reaction 
mechanism of the enzyme is discussed. 

A series of 13C ENDOR spectra9 were recorded at intervals 
across the whole EPR envelope of the xanthine oxidase Inhibited 
signal10 generated with 13C-labeled formaldehyde. The high-
frequency halves are shown in Figure 1. Visual inspection of 
the spectra enables the 13C hyperfine coupling tensor to be 
determined11 as A 1,2,3, 52.5, 40.6, 40.6 MHz; Aiso, 44.5 MHz.12 

These values are more reliable than those determined earlier10e 

by EPR for the identical Inhibited signal, developed with [13C]-
methanol. Analysis of this hyperfine tensor using the point 
dipole approximation provides an estimate of 1.7 A for the 
Mo-C distance, r. The breakdown73 of this approximation, due 
to electron derealization and for distances of the order of 2 A, 
can be allowed for, respectively, by including the effects of 
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Figure 2. Structures proposed for the Inhibited Mo(V) EPR signal-
giving species: (a) from earlier work8a and (b) from the present work. 

electron derealization on the carbon p-orbitals and by calculat
ing the point dipole interaction using explicitly the molybdenum 
ground state d^ orbital for the unpaired electron. In the present 
case not enough is known about the local structure for such a 
full calculation to be feasible, although a decreased spin density 
at Mo would decrease the estimated value of r. The effects of 
electron density on the carbon p-orbitals are amenable to 
calculation;1314 nevertheless, the lack of a detailed local structure 
means that a number of approximations must be made, so that 
the corrected maximum Mo-C distance of approximately 1.9 
A still has a degree of uncertainty. An alternative approach is 
to consider the feasibility of the previously proposed53'80 

structure for the Inhibited species, with a — Mo-O—C—S— ring 
arrangement (Figure 2a). The minimum Mo-C distance 
consistent with such a structure is approximately 2.5 A,16a which, 
from a point dipole calculation, would have an associated 
hyperfine anisotropy of approximately 3.7 MHz. The measured 
anisotropy is 11.9 MHz, requiring a correction of 8.1 MHz to 
make a ring structure feasible. Such a correction is very unlikely 
to result from the anisotropic hyperfine interaction of electron 
density on the carbon p-orbitals for such a structure at this 
distance, especially when the maximum dipolar hyperfine 
component is estimated to be less than 2 MHz. The data are 
thus consistent with a short Mo-C distance («1.9 A) and quite 
inconsistent with a larger one («2.5 A), as in a ring structure.16b 

Results similar to those obtained with formaldehyde have 
been obtained for the Inhibited signal arising from acetalde-
hyde17 (CH3

13CHO, data not shown). 
13C ENDOR thus provides strong evidence in favor of a direct 

Mo-C bond18 in the Inhibited species. Speculations on such 
bonds in xanthine oxidase species were dismissed53,19 for lack 
of positive evidence. Figure 2b shows the structure now 
considered most likely for the Inhibited species; the carbonyl 
group is side-on to the molybdenum, and the aldehydic proton 
has been eliminated. A close analogy for such a structure, at 
the Mo(IV) level, and for the reaction giving rise to it, is 
provided by the work of Mtiller et al.20 These workers 
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and the Mo-13C 
separation redetermined. 
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determined the structure of the compound [(CeHs)4P]2[Mo(NO)-
(OCN(CHa)2)(NCS)4] in which the Mo-C bond length is 2.029 
A, a little longer than our estimate of that in the enzyme species. 
Significantly, in this compound, a carbonyl group is bonded 
side-on to molybdenum21 and is22 in the form of a carbamido 
moiety, derived by hydrogen elimination from dimethylforma-
mide. In this context, it is particularly interesting that forma-
mide and formate are both known substrates of xanthine 
oxidase.23 

EPR and EXAFS provide further support of the structure of 
Figure 2b for the Inhibited species. EXAFS indicates53 an oxo 
ligand at molybdenum, while EPR with 17O-substituti6n10f 

showed the presence of two weakly coupled oxygen atoms.24 

When the Inhibited signal is developed with formaldehyde 
(Figure 2b, R = H), one formaldehyde proton is strongly 
coupled to molybdenum. This proton does not exchange with 
the solvent and is not detected when the signal is developed 
with acetaldehyde or other aldehydes.17 The present work 
provides no support for the carbon-bound hydroxyl group 
postulated83 as replacing the aldehydic proton (Figure 2a). Thus, 
ENDOR of the formaldehyde Inhibited species developed in 
2H2O was not different from that prepared in 1H2O (data not 
shown). 

The Inhibited species is relatively stable and is not an 
intermediate in the turnover of xanthine oxidase but the product 
of an inhibitory side reaction. Of more direct relevance to the 
catalytic cycle is the structure of the catalytically competent 
Very Rapid species.2b This was also assumed6bil9b'25'26 to have 
a Mo-O-C structure, where the C is the 8-C of the substrate 
xanthine. However, in the light of the present work, a Mo-C 
structure must clearly be considered. If this could be established 
by further ENDOR work,27 it would have important implications 
for the catalytic mechanism. In particular, postulated precursors 
of the Very Rapid species would arise by formal addition of 
the elements of the substrate molecule, RH, across the Mo=S 
double bond, to give a Mo(VI) species.28 This would occur" 
by concerted electrophilic attack by molybdenum on the 8-C 
carbon and proton abstraction by the sulfido group. Thus, Very 
Rapid precursors would have the metal in the Mo(VI) rather 
than the Mo(IV) state as has hitherto been assumed.2b29 
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