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ABSTRACT The crystal structure of the xanthine oxi-
dase-related molybdenum-iron protein aldehyde oxido-
reductase from the sulfate reducing anaerobic Gram-negative
bacterium Desulfovibrio gigas (Mop) was analyzed in its des-
ulfo-, sulfo-, oxidized, reduced, and alcohol-bound forms at
1.8-k resolution. In the sulfo-form the molybdenum molyb-
dopterin cytosine dinucleotide cofactor has a dithiolene-
bound fac-[Mo, =O, =S, ---(OH2)] substructure. Bound
inhibitory isopropanol in the inner compartment of the sub-
strate binding tunnel is a model for the Michaelis complex of
the reaction with aldehydes (H-C=O, -R). The reaction is
proposed to proceed by transfer of the molybdenum-bound
water molecule as OH- after proton transfer to Glu-869 to
the carbonyl carbon of the substrate in concert with hydride
transfer to the sulfido group to generate [MoIV, =O, -SH,
---(O--C==O, -R)). Dissociation of the carboxylic acid prod-
uct may be facilitated by transient binding of Glu-869 to the
molybdenum. The metal-bound water is replenished from a
chain of internal water molecules. A second alcohol binding
site in the spacious outer compartment may cause the strong
substrate inhibition observed. This compartment is the pu-
tative binding site of large inhibitors of xanthine oxidase.

Molybdenum containing hydroxylases catalyze the incorpora-
tion of oxygen derived from water into substrates in a manner
whereby reducing equivalents are generated rather than con-
sumed (1-3). The molybdenum is associated with a pterin
derivative, called molybdopterin, to form the molybdenum
cofactor (Mo-co). Xanthine oxidase, a representative member
of this group of enzymes, contains Mo-co and, as additional
redox centers, two (2Fe-2S) iron-sulfur clusters and a flavin.
On the basis of a variety of spectroscopic techniques, mech-
anisms for the hydroxylation reaction have been proposed but
have suffered from the lack of comprehensive structural data.
The aldehyde oxido-reductase from the sulfate reducing an-
aerobic bacterium Desulfovibrio gigas (Mop) is a member of the
xanthine oxidase protein family (4), and its crystal structure
has been analyzed at 2.25-A resolution (5). Mop, a homodimer
of 907 amino acid residues, catalyzes the oxidation of alde-
hydes to carboxylic acids. The pterin cofactor in Mop is a
molybdopterin cytosine dinucleotide. It has two (2Fe-2S)
centers but lacks the flavin domain. The protein molecule is
folded into four domains, of which the first two bind the iron
sulfur clusters and the others are associated with Mo-co.
Mo-co is deeply buried in the protein accessible through a
15-A-deep tunnel (Fig. 1). The molybdenum is penta-
coordinated with two dithiolene sulfur atoms of the molyb-
dopterin and three oxygen ligands, of which one is presumably
an oxo and one a sulfido group in the functional sulfo-form of

the enzyme in analogy to xanthine oxidase. In an effort to
define the metal coordination and its role in catalysis more
precisely we extended the crystallographic analysis to the
desulfo-, sulfo-, oxidized, reduced, and alcohol-bound forms of
the enzyme at 1.8-A resolution, from which we derive a
mechanism for the hydroxylation reaction of Mop and the
xantine oxidase family in general.

EXPERIMENTAL PROCEDURES
Mop protein had been prepared in an anaerobic chamber
under an atmosphere containing 5% hydrogen/95% nitrogen.
The purification steps were essentially as described (6), with
the notable exception that Mop behaved as a more acidic
protein than in aerobic conditions and was found, after elution
from the first DEAE cellulose column, together with the
flavodoxin-containing fraction. Because Mop was separated
from hydrogenase and intermediate electron carriers, it was
slowly reoxidized as evidenced by the reappearance of its red
color due to its (2Fe-2S) centers. Once fully purified, Mop was
distributed in sealded small containers, immediately frozen in
liquid nitrogen, and stored at -80°C until utilization. Crys-
tallization was carried out using solvents and conditions as
described (6), but was conducted under argon. The ANE data
set was measured from crystals mounted in capillaries under
argon. Other crystals were exposed to air and used for various
soaking experiments that were carried out in sealed vessels.
The soaking conditions are reported in Table 1. X-ray diffrac-
tion data were collected at - 17°C in a cold stream of air with
a Mar Research imaging plate system (Hamburg, Germany)
installed on a Rigaku rotating anode generator and evaluated
with MOSFLM (7) and CCP4 (8). The crystal structures were
refined with X-PLOR (9) using the Engh and Huber geometric
and force field parameter set (10) and inspected with FRODO
(11). The diffraction data were usually measured from one
crystal except withANE from two crystals (Table 1). Protocols
were chosen with the aim to establish reduction, inhibitor-
binding, product-binding, substrate-binding, and resulfuration.
Data sets were obtained with reduced (RED, SRED, SPVM),
resulfurated (SRED, SPVM, SVPP, SBEN, SASX, SOXY,
SOX3), and inhibitor-bound (ANE, SVPP, SBEN, SASX)
enzyme under the experimental conditions summarized in
Table 1. The concentration of reagents used was very high to
ensure reaction in the crystalline state, but pH and redox state
were difficult to control under these conditions and we were

Abbreviations: EPR, electron paramagnetic resonance, EXAFS, ex-
tended x-ray absorption fine structure, PEG, polyethylene glycol;
Mo-co, molybdenum cofactor; Mop, molybdenum-iron protein alde-
hyde oxido-reductase from Desulfovibrio gigas.
Data deposition: The atomic coordinates and structure factors have
been deposited in the Protein Data Bank, Brookhaven National
Laboratory, Upton, NY 11973 (reference T7184; ID code, lALO).
This information is embargoed until November 17, 1996.
tTo whom reprint requests should be addressed.

8846

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked "advertisement" in
accordance with 18 U.S.C. §1734 solely to indicate this fact.



Proc. Natl. Acad. Sci. USA 93 (1996) 8847

-\\- -M I
FIG. 1. Cc, chain tracing of a subunit of Mop with the Mo-co, the two iron sulfur clusters, Fl and F2, and the outer isopropanol ligand, IPP1,

and the N and C termini Met-1 and Ala-907 highlighted. The view is from a direction identical to Fig. 4.

limited in choice of the reducing agents by solubility in the
harvesting buffer and sensitivity of the crystals. pH and redox
potentials were directly measured in the soaking solutions
after the crystals had been removed and mounted and are
reported in Table 1 without corrections.

RESULTS
Spectroscopic data in solution showed that dithiothreitol, the
reducing agent mostly employed, bleaches Mop's visible ab-
sorption by about 60% compared with 68% with dithionite.
According to the measured redox potentials of the soaking
solutions (Table 1) compared with the reported mid point
redox potentials of the molybdenum in Mop (12), we presume

that all derivatives except ANE and SOX3 are reduced to
various degrees, to the greatest extent, in RED, SRED, and
SPVM. RED was measured in a cell under carbon monoxide
pressurized at 5 atmospheres to avoid dioxygen contamination.
The SVPP, SPVM, and SBEN derivatives were prepared under
conditions where (partial) resulfuration occurs in xanthine
oxidase in the presence of sulfide (13-15). Pyrrole-2-aldehyde
and vanilline were included to the reaction mix as possible oxo
acceptors and 2-methylpyridine-N-oxide as oxo donor. How-
ever, resulfuration was also achieved by sulfide treatment
alone as evident in the SRED and SASX data sets. Resulfu-
ration occurred under alkaline conditiones; unfortunately the
crystals cracked after transfer to neutral pH, where the

Table 1. Collection of data and statistics of structure determination and refinement

(I)/(oI), Model
Data Total/unique Resolution, Completeness, last R-factor,t Resolution, rms bond,t rms angle,t
set reflections Rs* A % shell % Last shell A A degree

ANE 537,957/66,283 0.096 2.0 99.5 10.0-2.5 17.84 27.55 10-2.0 0.009 1.81
RED 369,271/58,791 0.151 2.0 88.3 7.0-2.2 18.13 28.06 10-2.0 0.009 1.77
SRED 236,604/71,543 0.103 1.95 95.7 3.3-1.5 19.01 36.1 10-1.95 0.009 1.78
SVPP 279,437/76,304 0.089 1.9 97.5 3.5-2.0 19.01 36.09 10-1.9 0.009 1.78
SPVM 353,460/88,714 0.094 1.8 95.9 4.5-3.5 19.19 34.62 10-1.8 0.009 1.78
SBEN 171,398/80,531 0.069 1.8 87.7 3.7-2.5 19.19 34.18 10-1.8 0.010 1.78
SASX 323,776/91,158 0.079 1.8 98.1 5.0-2.0 19.40 34.23 10-1.8 0.009 1.79
SOXY 405,807/93,219 0.090 1.78 97.6 3.5-1.5 19.56 37.4 10-1.78 0.009 1.79
SOX3 418,807/82,854 0.106 1.86 98.2 3.0-1.2 19.52 36.0 10-1.85 0.009 1.80

Note: number of protein atoms = 7367; number of solvent atoms = 498
*R, = I2(I - (I))/X (I); measured intensity, (I) averaged value; the summation is over all measurements.
tData are for the start and end of the data collection.
IThe root mean square (rms) deviations from ideal values; E, redox potentials of the crystal soaking solutions as measured with a Pt/Ag/AgCl
electrode (Metrohm, Herisau).
The harvesting buffer (hb) is as follows: 0.2 M Hepes/0.2 M MgCl2/30% PEG 4000/30% isopropanol, pH 7.2; polyethylene g kol (PEG) buffer:
the same without isopropanol. The data sets are as follows. ANE, anaerobically (AE) prepared material, crystal kept under argon in hb, pH 6.8.
RED, AE material; crystals in hb under air; soaked over night in hb with 50 mM dithiothreitol, 100 mM tributhylphosphine, pH 6.9; E, -370 mV;
crystal mounted under carbon monoxide and measured at 5 atmospheres pressure. SRED, AE material; PEG buffer with 50 mM Na2S, 50 mM
Na2SO3 overnight, then added 50 mM dithiothreitol, and 50 mM tributylphosphine for 2 h, pH 8.2; E, -425 mV. SVPP, AE material, crystals in
hb with 60 mM Na2S, 50 mM vanilline, 50 mM pyrrole-2-aldehyde, 50 mM 2-methyl pyridine-N-oxide, pH 7.5; E, -255 mV. SPVM, AE material,
PEG buffer with 60 mM Na2S, 20 mM dithiothreitol, 20 mM vanilline, 50 mM pyrrole-2-aldehyde, 50 mM 2-methyl pyridine-N-oxide, pH 8.6, E,
-440 mV. SBEN, AE material, PEG buffer under resulfuration conditions as with SPVM overnight, then transferred in PEG buffer with 50 mM
Na2S, 100 mM benzyl alcohol for S h, pH 7.2; E, -95 mV. SASX, AE material; PEG buffer with 50 mM Na2S, 50 mM Na meta arsenite, saturated
xanthine, pH 8.8; E, -30 mV.
SOXY, AE material sulfurated as SRED, then transferred in PEG buffer with Tris, triethanolamine, pH 8.5 for 4 h; E, -280 mV. SOX3, AE material
sulfurated as SRED, then transferred in PEG buffer with Tris, triethanolamine, ferricyanide, pH 8.4 for 5 h. E, +235 mV.
&Rs=X(I-(j))/X(I), measured intensity, (I) averaged value; the summation is over all measurements;
§The rms deviations from ideal values; E, redox potentials of the crystal soaking solutions as measured with a Pt/Ag/ACCl electrode (Metrohm,
Herisau).
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oxo-forms ANE and RED had been measured. But resulfu-
rated crystals could be transferred into sulfide-free buffer at
alkaline pH under slightly reducing (SOXY) and strongly
oxidizing conditions (SOX3).
The diffraction data showed variation in the unit cell

dimensions between the various derivatives. Refinement began
therefore with a rigid body refinement, in which the R-factors
fell by '20%. The molybdenum site had been modeled with
penta-coordinate molybdenum and the ligands were arranged
in a distorted square pyramidal geometry. The equatorial
plane was defined by the two dithiolene sulfur atoms from the
cofactor and two oxygen ligands. A third oxygen ligand
occupied the apical position. The Mo-S, -0 distances were
set to 2.4 A and 1.8 A, respectively, and the molybdenum was
positioned in the equatorial plane (5). In the crystal structure
analysis and refinement of ANE, which was measured first,
three oxygen ligands of the molybdenum were seen. No
significant difference was observed to data sets obtained
previously from crystals that had been prepared aerobically.
The atomic positions were restrained to the geometry above
but positive density appeared in difference Fourier maps
between the two oxygens, MOH1 and MOH3, and the mo-
lybdenum, which disappeared when the bond lengths were
adjusted to 1.6 A. A longer bond from the metal was required
for the oxygen ligand trans to S7', MOH2. To quantitate other
possible significant differences at the molybdenum site, atomic
positions were read from the maps of all derivatives for MOH1,
MOH2, and MOH3, and their distances to the molybdenum
were measured (Fig. 2) and Table 2.
The uncertainty of these values is considerable and the

differences seen between the derivatives for MOH2 and
MOH1 are probably insignificant. The Mo-MOH3 bond
lengthening in RED is probably significant, however, and the
much longer bonds in the S (sulfurated) derivatives are cer-
tainly so. The molybdenum clearly deviates from the equato-
rial plane and is shifted toward the apical ligand by about
0.4-0.7 A for the more reduced derivatives (Fig. 2). More
structural differences between the (partially) oxidized forms
and the more reduced forms RED, SRED, and SPVM were
observed in that the latter have a wider separation of the
dithiolene sulfurs (3.5 A compared with 3.0 A) and a consid-
erable puckering of the dithiolene molybdenum cycle. They
also have a density bridge between Glu-869 061 and MOH2,
indicating a shorter (hydrogen-) bond distance.
The electron density also showed a large increase in size and

substantial bond lengthening of the apical MOH3 ligand in the
sulfido derivatives, as expected for exchange of sulfur for oxygen.
Consequently, sulfur was put in the crystallographic calculations
and refined. Its temperature factorwas equal or marginally higher
compared with the other molybdenum ligands, suggesting almost
complete replacement. For the refinement calculations the mo-
lybdenum ligands were modeled for the nine derivatives with
Mo-MOH1 bonds of 1.6 A and Mo-MOH2 bonds of 2.2 A.
The Mo-MOH3 bond was modeled with 1.6 A for ANE, 1.9 A
for RED, and 2.2 A for the sulfido derivatives. MOH3 was put in

i H ?. ':.-,)b
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FIG. 2. Gallery of electron densities at the molybdenum and its
three ligands MOH1, MOH2, MOH3 of SRED; SASX, reduced and
partly oxidized sulfo-forms; SOXY, a partly hydrolyzed and oxidized
sulfo-form; and of RED, ANE, reduced and oxidized desulfo-forms.
MOHI is an oxo ligand, MOH2 a water molecule, and MOH3 a sulfido
or oxo group, respectively. The view is from the molybdenum toward
the dithiolene group. 2Fo-Fc maps are contoured at 0.9 oa.

Table 2. Distances of the molybdenum to its ligands as read from
the electron density maps

MOH2, A MOH1, A MOH3, A MOH4, A
ANE 2.5 1.5 1.6
RED 2.5 1.9 2.1
SRED 2.3 1.6 2.5
SPVM 2.3 1.6 2.3
SVPP 2.2 2.0 2.4
SBEN 2.1 1.9 2.4
SASX 2.2 1.6 2.4
SOXY 2.3 1.9 2.2 1.6
SOX3 2.3 1.6 2.2 1.6

as oxygen and sulfur, respectively, in the two sets of derivatives.
The bond and angle constraints of the Mo group had only 10%
of the usual weights to allow relatively free movement of the
ligands. Indeed, in all sulfido derivatives, except SOXY and
SOX3, the observed Mo-S bond as measured from the maps is
close to 2.4 A. The SOXY and SOX3 crystals that were first
sulfurated and then transferred into sufide-free buffer showed a
rapid loss of the sulfido group and its replacement by an oxo atom.
The density was satisfactorily modelled with half occupied sulfur
(MOH3) and oxygen (MOH4) atoms at distances of 2.2 A and
1.6 A, respectively.

In SVPP and ANE an electron density with the shape of a
tripod is very well defined (IPP3 in Fig. 3) and was modeled
as an isopropanol molecule. A second equally well-defined
isopropanol molecule (IPP1) is located further up toward the
entrance of the substrate tunnel (Fig. 4), which forms a
dish-shaped depression on the protein surface. A third iso-
propanol (IPP4) is bound there. Crystals in PEG buffer
without isopropanol show unidentified, very voluminous elec-
tron densities in this wide, solvent accessible cavity defining it
as a general ligand binding site. It is located in the back of the
molecule and marked by the IPPI ligand in Fig. 1. SBEN has
a much larger density at the IPP3 site, which can be fitted by
a benzyl alcohol molecule with the aromatic moiety coplanar
with Tyr-535. SASX has the IPP3 site filled with a tripod
density probably representing incompletely occupied arsenite.
The (2Fe-2S) iron-sulfur centers are unchanged between the

various derivatives. Some structural differences are seen with
three magnesium binding sites, identified in the more highly
resolved crystallographic analysis described here, and the side
chain of Cys-661, which has two altemative conformations in
SVPP, probably in response to binding of an isopropanol mole-
cule close by. These sites are far from the molybdenum and
presumably insignificant for the enzymatic reaction.

DISCUSSION
Mop and xanthine oxidase are structurally related as docu-
mented by the conservation of the amino acid sequences in
general and of the protein segments at the molybdenum and
iron cofactors in particular (5). In addition, the ability of
xanthine oxidase to utilize a wide range of aldehydes as
substrate is well documented, so that there is also a significant
functional relationship between the two enzymes (16, 17).
Furthermore, studies of structural and spectroscopic proper-
ties of the metal cofactors of both enzymes indicated a close
similarity (17, 18). Particularly significant is the observation
that the molybdenum centers of Mop and xanthine oxidase
exhibit very similar electron paramagnetic resonance (EPR)
properties (17). This justifies interpretation of the wealth of
functional and spectroscopic data of the metal sites of xanthine
oxidase on the basis of the Mop structure.
A penta-coordinate geometry as observed in Mop is quite

common for molybdenum IV,V complexes with sulfur, oxygen,
and nitrogen ligands. The metal is generally displaced from the
equatorial plane toward the apical ligand. MoVI complexes, on
the other hand, are usually hexa-coordinate; the penta-

8848 Biochemistry: Huber et al.
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SVPP /
FIG. 3. Electron density contoured at 0.9 of of the 2Fo-Fc map of SVPP showing the molybdenum molybdopterin cytosine dinucleotide with

the associated metal ligands, the Glu-869, the inner isopropanol (IPP3), and the three internal water molecules. The orientation is identical to Fig.
5 and similar to Fig. 4, where atom labels and identifications are given [produced with FRODO (11)].

coordinate molybdenum in the oxidized state is poised toward the
lower oxidation number. In small molecule structures Mo==O
distances show a narrow distribution centered at 1.7 A. Mo-H2O
has a broad distribution between 2.1 A and 2.4 A, with a mean of
2.2 A. Mo-OH, with few observations, shows a mean value of 1.9
A. MOH2 is therefore most likely a coordinated water molecule
in all derivatives. MOHi is identified as an oxo group by its short
distance to the molybdenum and the absence of any hydrogen
bonding interaction with protein groups. The sulfuration exper-
iments identified MOH3 as the sulfido group. MOH3 is an oxo
group in ANE, but moved to a somewhat longer distance upon
reduction in RED, as expected. We find no difference of the
Mo-sulfido bond lengths between the SRED, SPVM, SVPP,
SBEN, and SASX sulfido derivatives which have single bonds of
2.4 A bond length. This bond shrinks to 2.2 A when sulfurated
crystals are transferred into sulfide-free buffer in SOXY and
SOX3 crystals. At the same time part of the sulfur is hydrolyzed
and replaced by on oxo group, pointing to an extreme lability of
the sulfido group.
There is evidence by extended x-ray absorption fine struc-

ture (EXAFS) for an oxo group in both oxidized and reduced
forms of xanthine oxidase and for three sulfur ligands, with two
long and one short bond in oxidized enzyme and three long
bonds in reduced enzyme. However, evidence by EXAFS for
a second oxygen ligand, which we now locate and identify as
coordinated water, is weak (19, 20).

The oxidized form of ANE may have a partial disulfide bond
of the dithiolene group as had been discussed for a MoVI
cysteamine derived complex with a S-S bond of 2.76 A (21).
These authors suggest that the dithiolene group may partici-
pate in the MoVI -- MoIV redox process to involve a
disulfide-thiolate interconversion associated with formal ox-
idation state changes of the metal. Given the increase in S-S
distance and increased dithiolene puckering observed here
upon reduction of Mop, it is likely that a comparable phe-
nomenon is seen in the enzyme as well.
EPR and EXAFS measurements have been interpreted as an

oxo, sulfido coordination, MoVI, ==O, =S of the functional,
oxidized form of xanthine oxidase and a MoVI=O, -SH
structure in the reduced MoIV state. In further refinement,
including determination of the 170 hyperfine coupling, the resting
form of xanthine oxidase was formulated asfac [MoVI==O, =S,
-(OH)] (22). The complex of reduced enzyme with violapterin
(the product of the enzyme's action on lumazine) was studied by
resonance Raman measurements, and the latter was interpreted
as a charge-transfer complex between the molybdenum center
and the product directly coordinated via its 7-hydroxyl group to
the molybdenum (23). The lack of resonance enhancement of the
Mo==O stretching mode was interpreted as reflecting location of
the oxo group "cis" to the bound product. These suggestions are
essentially consistent with the structure described here as fac
[Mo==O(MOH1), -S(MOH3), -0H2(MOH2)], assuming that

FIG. 4. Atomic model of the molybdopterin cytosine dinucleotide in Mop, the molybdenum and its ligands, the two isopropanol molecules IPP1
(outer site), IPP3 (inner site), the internal water chain 105W, 138W, 137W, and the protein environment. Hydrogen bonds involving the molybdenum
ligands, IPP3, Glu-869, and the internal water molecules are drawn as red broken lines.

Biochemistry: Huber et al.
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the coordinated water is replaced by the substrate/product
ligand.
Water MOH2 is indeed the metal ligand most accessible

from the substrate tunnel and most likely the source of the
transferred hydroxo group (24) and the binding site of reaction
intermediates. It is hydrogen-bonded to Glu-869 (probably as
donor) and to the hydroxyl-group of isopropanol IPP3. The
methyl groups of isopropanol are in hydrophobic contact with
Phe-425, Tyr-535, Leu-497, and Leu-626. We suggest the
isopropanol site as a model of the Michaelis complex of an
aldehyde substrate, whereby the carbonyl oxygen of substrate
replaces the hydroxyl group of isopropanol and the hydrogen
is in place of the C81 methyl group directed toward the metal
site. In this configuration the carbonyl oxygen would accept
two hydrogen bonds from molybdenum-bound water MOH2
and water 137W to polarize it and thereby facilitate nucleo-
philic attack at the carbonyl carbon by MOH2.

This suggestion is supported in general by the observation that
alcohols are substrate-analog inhibitors of Mop (12) and xanthine
oxidase (see ref. 25). Ethylene glycol is a slow substrate of
xanthine oxidase (26) and EPR measurements of xanthine oxi-
dase inhibited with methanol and formaldehyde yield identical
"inhibited" signals (27) in accord with similar binding modes for
alcohols and aldehydes. Specifically, substrate binding in the
second coordination sphere of the molybdenum in the Michaelis
complex is supported by the absence in xanthine oxidase of
proton coupling in the "rapid type 1" EPR signal due to the
C-8-bound proton of the slowly reacting substrate 2-hydroxy-6-
methylpurine (28) (coupling occurs only after substrate oxidation
and hydride transfer), by the interaction of 8-bromoxanthine (a
strong inhibitor of xanthine oxidase) in a way that is typical of
purine substrates (29) with a Mo-Br distance greater than 4 A
(30), and by the binding of arsenite to the metal which forms a
first coordination sphere complex without interfering with bind-
ing of substrates (31).
The suggested structure of the Michaelis complex offers a

simple pathway for the chemical transformation whereby
nucleophilic attack at the carbonyl carbon by MOH2 and
hydride transfer from it to the sulfido group may occur,
generating the carboxylic acid product bound to the metal via
the transferred oxygen. The water MOH2 nucleophile is
transferred as OH- (after proton transfer to its associated base
Glu-869) over a distance estimated to be -3.4 A. Bond
formation requires further approach, whereby the carbonyl
oxygen may remain anchored by its hydrogen bond to 137W.
This would bring the aldehydic hydrogen closer to the sulfido
group (MOH3) for transfer to occur. The transferred hydrogen
from the substrate is observed as the proton strongly coupled
to the molybdenum in the rapid type 1 EPR signal (32-34). The
sulfhydryl hydrogen may indeed be closer than 2.5 A to the
metal. Other close protons at, or derived from, the ligand water
MOH2 are further away with 2.6 A and 2.9 A and one of these
may represent the second coupled proton observed in various
EPR-active species (35, 36). No other protons are found close
enough to couple with the molybdenum.
The aldehyde group is coplanar with the sulfido group

(MOH3), Mo, and the coordinated water (MOH2) (Fig. 3),
such that the educt may be viewed as an open six-membered
ring oriented perpendicular to the Mo=O bond, which is
transformed into product by a 1,6 (-C-H - S-=) hydride
shift and a 1,3 (O=C <- OH2) trans-annular bond formation
assisted by metal-centered molecular orbitals (molecular or-
bital energy level diagrams of Mo complexes are described in
ref. 37). A close carbon metal interaction is proposed in the
"inhibited" species of xanthine oxidase by electron nuclear
double resonance studies (38). The presence of product or
product analogs bound to the reduced MoIV center of these
enzymes is also supported by EXAFS (19, 20) and resonance
Raman studies (39). In addition, a Hammett analysis of
quinazoline hydroxylation catalyzed by xanthine oxidase (40-

42) is consistent with a mechanism involving nucleophilic
attack on substrate by a metal coordinated OH-.
There is kinetic evidence that substrate binding (43) and

product release from the reduced enzyme (44) are two-step
processes. These we associate with binding at the outer iso-
propanol binding site (IPP1) as a pre-Michaelis complex and
transfer to the inner compartment (IPP3) in a kinetically
distinct step to form the Michaelis complex (Fig. 4). Binding
of substrate in the outer compartment (IPP1 site) may explain
substrate inhibition observed for Mop (12) and xanthine
oxidase (40,45) when release of product through the "swinging
doors" formed by Leu-394, Phe-425, Phe-494, Leu-497, and
Leu-626, which separate inner and outer compartments, are
blocked by waiting substrate molecules. We also suggest the
outer, very spacious compartment as the binding site of
voluminous inhibitors of xanthine oxidase (46).

Release of the carboxylic acid product from the molybde-
num site may be facilitated by transient binding of Glu-869 to
the metal to maintain penta-coordination. The molybdenum
water site may then be refilled by the chain of internal water
molecules of which two, 137W and 138W, display four hydro-
gen bonds, whereas the innermost 105W has only two being
located in a very apolar environment of Phe-505, Phe-763,
Tyr-622. These molecules constitute a column of water mol-
ecules able to replenish the vacant MOH2 site.
The reaction for the reductive half-cycle as outlined above is

shown in Fig. 5. It resembles earlier proposals (2), but provides
the exact stereochemical relationships and differs by suggesting a
water ligand, not the oxo group, as the labile oxygen to be
transferred onto the substrate as had also been indicated by
electron nuclear double resonance and kinetic studies ofxanthine
oxidase (47). It operates with minimal structural changes at the
molybdenum site during turnover. A kinetically competent MoV
state giving rise to the "very rapid" EPR signal is known to
possess strongly coupled sulfur and oxygen and weakly coupled
carbon but no coupling to exchangeable protons (2,31,48). These
observations suggest a structure b' similar to b after transfer of an
electron to the iron redox centers and ionization of the S-H
proton. Other species with MoV centers exhibiting "rapid" EPR

a b c

R4
S695 0C S695 6C

4EBeS @105W 0869 0105W
@138W @138W

orS81 @137W 08 SS' @0137W
07> °M 3H20 ,0Mo

S S

reductive half-cycle

FIG. 5. The reductive half-cycle of the hydroxylation reaction of
Mop and xanthine oxidase. (Lower) Stereo representation of the
observed molybdenum cofactor with bound isopropanol IPP3. (Upper)
Hypothetical structures of a, the Michaelis complex with MoVI and
aldehyde substrate; b, the enzyme carboxylic acid product complex
with MoIV; and c, an intermediate after product dissociation, in which
Glu-869 is bound to the metal. Increased electron density between the
dithiolene sulfurs in the oxidized state and decreased electron density
in the C=C double bond in the reduced state are indicated.
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FIG. 6. Model of a hypothetical urate complex. Phe-425 in Mop has been exchanged for Glu in xanthine oxidase.

signals are "off pathway" intermediates (49, 50) and may repre-
sent variants of structure b.
The SASX data set shows arsenite bound at the IPP3 site.

Arsenic is very close to the molybdenum according to EXAFS
data (51) and believed to be covalently attached to the sulfido
group. It has strong effects on the MoV EPR signal (52-54).
The crystal structure does not represent this model, but may
be a Michaelis complex unable to proceed to the covalent
adduct by the reaction conditions in the crystal.
The urate-MoIV complex of xanthine oxidase has been mod-

eled as afac (MoIV, ==O, -SH, -O-urate) complex. Residue
Phe-425 in Mop has been exchanged for the homologous Glu in
xanthine oxidase. The glutamate is well positioned to bind to the
N3, N9 amidinium substructure of a purine (Fig. 6) and water
137W is suggested as the specific recognition site for N7. The
imidazole portion of a purine ligand cannot exactly replace the
isopropanol of an aldehyde-like Michaelis complex, but may be
accomodated by small shifts.

Nucleophilic addition of a metal activated water to an
electrophilic center has precedence with hydrolytic enzymes,
carboxypeptidase A and B (55, 56) and collagenases (57). The
metal is zinc in these enzymes, but the proton abstracting base
is also a glutamate in a steric arrangement resembling Mo-
MOH2-Glu-869 in Mop. C-8 of a purine is susceptible to
nucleophilic attack when N-7 is protonated. An appropriate
proton donor in the case ofMop is water 137W. This is in close
analogy to GTP cyclohydrolase where nucleophilic attack by a
water at C-8 of the guanine (with following cleavage of the C-8
N-9 bond) is facilitated by a histidine residue hydrogen bonded
to N-7 (58).
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