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Abstract The crystal structure analysis of the aldehyde
oxidoreductase from Desulfovibrio gigas was excep-
tionally revealing with regard to the ligands and struc-
ture of the molybdenum site and the mechanism of the
hydroxylation reaction catalyzed. The metal is penta-
coordinated by two sulfurs of the cis—dithiolene group
of the molybdopterin cofactor and by facially arranged
sulfido, oxo and water ligands. The latter is in hydrog-
en-bonding contact with the carboxylate group of Glu
869 and the hydroxyl group of an isopropanol mole-
cule, a substrate analogue inhibitor. This steric arrange-
ment strongly suggests a mechanism for the reductive
half-cycle of the reaction with Glu 869 as the base, the
metal-bound water as the source of the transferred hy-
droxyl group, and the sulfido group as the hydride ac-
ceptor. The geometry and the proposed mechanism are
in agreement with density functional calculations on a
model of the molybdenum site. In the oxidative half-
reaction, electrons are withdrawn from Mo™ through
the rigidly held pterin ring system, via the iron-sulfur
clusters, to the protein surface.
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In contrast to other transition metals which catalyze
one-electron transfer reactions, molybdenum is able to
carry out controlled two-electron or oxo-transfer proc-
esses, whereby the metal shuttles between oxidation
states VI and IV in the catalytic cycle.

The chemistry of molybdenum in aqueous solution,
in oxidation states lower than VI, is characterized by
aggregation and cluster formation. Models for the enzy-
matic systems, where cluster formation cannot occur,
are therefore rare but do exist for complexes of molyb-
denum with bulky, multidentate ligands, which prevent
dinucleation. Such complexes catalyze, for example, the
oxo transfer between tertiary phosphines and sulfox-
ides and cycle between MoY'O, and Mo'VO (for re-
views see [1]) and have been structurally and function-
ally characterized in detail.

It has been clearly shown by single turnover experi-
ments for xanthine oxidase that a tightly bound oxygen
is incorporated into the urate product [2, 3], which was
interpreted as a transfer of the oxo ligand of the molyb-
denum center. This catalytically active oxygen was
shown to be ultimately derived from the solvent [4].

The aldehyde oxidoreductase from Desulfovibrio
(D.) gigas (MOP) is an enzyme closely related to the
xanthine oxidase family of molybdenum enzymes, and
its high-resolution crystallographic analysis [5, 6] pro-
vides sufficient structural detail to suggest an enzymatic
mechanism consistent with the structural and functional
data.

In MOP, the molybdenum atom is coordinated by
the dithiolene side chain of a molybdopterin cytosine
dinucleotide. The tricyclic pterin-pyran system of the
molybdopterin is deeply buried in the protein matrix,
suggesting that protein folding and cofactor assembly
are concerted events. The protein is composed of four
domains from consecutive polypeptide chain segments,
which do not interpenetrate and are likely to fold inde-
pendently. Domain assembly and cofactor insertion
may therefore be the final step in folding.

In its very intricate interaction with the protein, all
hydrogen bonds of the cofactor are established, mostly
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Fig. 1 Molybdopterin cytosine dinucleotide of Mop and repre-
sentation of the hydrogen-bonding interactions with surrounding
residues: fourteen interactions with domain Mo2, two with do-
main Mol, and two with the closest iron domain FeS II

with domain 4 (Mo2) and a few with domain 3 (Mol),
clamping these structural units together (Fig.1). The
two domains define, at their interface, a deep hydro-
phobic tunnel leading to the molybdenum site.

Chemical characterization of the isolated cofactor
has documented a dihydropterin with an open side
chain [7]. The ring closure in situ to yield a pterin-pyran
system 1is facilitated by the nucleophilic attack of the
side-chain hydroxyl group, generating formally a tetra-
hydropterin species as found in all crystal structures of
molybdopterin-containing enzymes known to date [5,
8-11]. An oxidized planar pterin moiety would be in-
compatible with its protein-binding site. The tetrahy-
dropterin-pyran system is apparently rigid and redox
inert, as expected for a mediator of electron transfer in
the course of catalysis (to be discussed later).

In MOP and xanthine oxidase, one molybdopterin
cofactor coordinates the molybdenum (a molybdopter-
in cytosine dinucleotide in MOP), while there are two
cofactors in all other structurally defined molybdopter-
in enzymes: DMSO reductases (from Rhodobacter cap-
sulatus [9] and R. sphaeroides [10] (two molybdopterin
guanine dinucleotides), formate dehydrogenase from
Escherichia coli [11] (two molybdopterin guanine dinu-
cleotides) and a tungsten aldehyde oxidoreductase
from Pyrococcus furiosus [8].

A number of high-resolution (1.75-1.9 A) data were
collected for MOP under different experimental condi-
tions, and the structures were refined [6]. The quality of
these data has allowed conclusions to be drawn about

important aspects of the molybdenum catalytic site un-
der reductive and oxidative conditions, in native and
resulfurated states, and in inhibited forms of the en-
zyme. Resulfuration experiments of MOP applying
drastic conditions and very high sulfide concentrations
led to full incorporation of sulfur by replacement of an
oxo ligand at the apex of the tetragonal pyramid. How-
ever, this replacement did not stimulate enzymatic ac-
tivity. Despite considerable uncertainty in the experi-
mental bond lengths between molybdenum and its li-
gands the variation between the large number of data
sets is small enough to identify one equatorial oxo li-
gand by its shorter distance to the metal (1.7 A) and the
absence of any protein hydrogen bond partners, and
one water ligand at a distance of 2.2 A, which is longer
than expected for an Mo-OH bond (1.9 A in molybde-
num complexes). The molybdenum site structure is
thus defined as: Mo=0, -OH,, =S. The second coor-
dination sphere is provided by the carboxylate group of
Glu 869 (a residue highly conserved in the xanthine ox-
idase family) hydrogen bonded to the water ligand and
by a isopropanol molecule (an inhibitor of Mop [12])
from the crystallization medium, which is hydrogen
bonded to the water ligand and to an interior ordered
water molecule. The water ligand also establishes hy-
drogen bonds to Glu 869, to the isopropanol molecule
and to the amide from Gly 697 (Fig. 2).

EXAFS data provide experimental evidence for four
of the molybdenum ligands, two dithiolene sulfur
atoms, a sulfido sulfur and an oxo group and their dis-
tances to the metal [13]. However, the indications of a
fifth ligand at a wider distance were then inconclusive.
Quantum chemical methods employing gradient-cor-
rected density functional calculations [14] allowed us to
obtain exact geometrics and energies of the isolated
molybdenum coordination site, which confirm the as-
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Fig. 2 Representation of the molybdenum catalytic site of Mop
(resulfurated form) and surrounding residues within hydrogen-
bonding distance, including one isopropanol and the three buried
water molecules

signments from the crystal structure and exactly define
the geometry. Alternative isoenergetic arrangements
shown by these calculations are excluded by the protein
matrix in the protein cofactor complex. The calcula-
tions also demonstrated the possibility of hydride trans-
fer and binding to the metal as an alternative to the
sulfido group as a hydride acceptor.

A mechanism for the reductive half-reaction of the
oxygen atom transfer catalyzed by xanthine oxidase-re-
lated enzymes may be proposed on the basis of our X-
ray structural data, where we assume the isopropanol
inhibitor positioning relatively close to the molybde-
num as a model for the Michaelis complex. As depicted
in Fig. 3, the main aspects of this mechanism are: (a)
The coordinated water molecule is activated by the
neighboring Glu 869, and represents the labile oxygen
transferred onto the carbonyl carbon atom of the sub-
strate. This nucleophilic attack is facilitated by hydrog-
en-bonding interactions of the carbonyl oxygen with
water 137W and with the water ligand, which polarize
the carbonyl double bond. (b) The resulting carboxylic
acid product, generated after hydride transfer to the
sulfido group, replaces the coordinated water at the
molybdenum. (c) Finally, the product is released from
the reduced molybdenum center, which may be facili-

Y 622

tated by the transient binding of the proximal Glu 869
to the metal. (d) A water molecule present in the active
site cavity reoccupies the vacant coordination position.

The proposed mechanism focuses on the molybde-
num site, but one has to consider the role of the molyb-
dopterin cofactor and its possible involvement in the
catalytic process. Several roles may be attributed to the
pterin-pyran dithiolene system: (1) Structurally, the co-
factor anchors the molybdenum center in the core of
the protein matrix. (2) It mediates the electron flow in
and out of the molybdenum center, which shuttles be-
tween different redox states. The relative proximity of
the Fe-S centers (closest distance
Fe,S I-Fe,S II = 12 A) facilitates an electron transfer
route from the molybdenum site to the closest center
Fe/S II and from this to the exposed center Fe/S 1. (3)
The cofactor, via its dithiolene moiety, modulates the
redox potential of the molybdenum centre. Isolated
pterin systems are redox active and may accept up to
eight electrons to reach the fully reduced tetrahydro
state. In the protein complex, however, it is tightly
clamped and unlikely to change its “redox state” during
catalytic turnover. The dithiolene substructure of mo-
lybdopterin, however, seems to change conformation,
as the oxidized state of the enzyme has a partial S-S
bond character (ca. 3.0 A), while in the reduced crystals
this distance is considerably enlarged (to ca. 3.5 A).
This effect has also been observed in model compounds
of molybdenum [15]. It indicates a response of the di-
thiolene moiety to different Mo oxidation states in or-
der to achieve optimal local structure, and it is tempting
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Fig. 3 Proposed mechanism for the reductive half-cycle of the hy- 4.
droxylation reaction of Mop and xanthine oxidase: I the Michae-
lis complex with an aldehyde substrate close to Mo"", II the en- 5.
zyme/carboxylic acid product complex (Mo'), and III interme-
diate, after product dissociation, with Glu 869 bound to the me-

tal

to interpret this effect as evidence for dithiolene-facili-
tated electron transfer. Reduction of the enzyme also 9

involves a change in the puckering of the molybdenum-

i 10.

dithiolene cycle.
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