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1. Introduction

In the past several years, the number of enzymes
known to possess mononuclear molybdenum centers
in their active sites has increased significantly, and
well over 50 such enzymes have been identified that
catalyze a variety of hydroxylation, oxygen atom
transfer and other oxidation-reduction reactions.
Many of these enzymes have been isolated from ei-
ther obligate anaerobes or facultative anaerobes
grown under anaerobic or microaerobic conditions,
and are involved in a variety of anabolic, catabolic
and energy-conserving metabolic pathways. There
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are now several enzymes having known crystal struc-
ture, and this new structural information has pro-
vided the basis for an increasingly detailed under-
standing of the mechanisms of action of these
enzymes. In the present review, an overview of our
present understanding of the mechanism of action of
these enzymes will be presented, and those of a few
selected enzymes will be considered in greater detail.

Several alternative classification schemes have
been suggested for these molybdenum-containing en-
zymes, but for the purposes of the present discussion
they will be considered to fall into three families,
based on the structures of their molybdenum centers
in their oxidized Mo(VI) state (Fig. 1) [1]. These
families include: (i) the molybdenum hydroxylases,
a large and broadly dispersed family of enzymes that
possess an MoOS unit and catalyze the hydroxyla-
tion of a broad range of aldehydes and aromatic
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Fig. 1. Active site structures of the mononuclear molybdenum enzymes. From left to right, the molybdenum hydroxylases, the eukaryotic

oxotransferases and the prokaryotic oxotransferases (and related enzymes).

heterocycles; (ii) the eukaryotic oxo transferases, a
family that at present includes only sulfite oxidase
and the assimilatory nitrate reductases, enzymes
which possess an MoO; unit in their active sites
and which catalyze oxygen atom transfer to or
from a substrate; and finally (iii) a diverse group
of prokaryotic enzymes that catalyze either oxo
atom transfer or other oxidation-reduction reactions.
As will be seen below, however, some may catalyze
significantly more complex (and interesting) reac-
tions. Enzymes of this last group have a common
molybdenum center structure in which the metal is
coordinated by a pair of dithiolene ligands contrib-
uted by an unusual pterin cofactor [2]. This cofactor
is common to all the mononuclear molybdenum (and
tungsten) enzymes, but whereas the first two families
possess only a single equivalent bound to the metal,
in members of the third family two equivalents of the
cofactor coordinate to the metal. It should be em-
phasized that this final group is structurally more
diverse than the first two, and can be subdivided
into enzymes that possess an Mo-O(Ser), Mo-
S(Cys) or Mo-Se(Se-Cys) group contributed by the
polypeptide; in addition, some of these enzymes ap-
pear to possess an Mo=S group rather than the
more commonly encountered Mo=O0 (see [1] for a
review).

The pterin cofactor that is common to all these
enzymes has the structure shown in Fig. 2. In addi-
tion to the pterin itself, there is an additional pyran
ring that possesses an exocyclic dithiolene moiety by
which the cofactor coordinates the metal, plus a
short phosphorylated side chain. In eukaryotic sys-
tems the cofactor possesses the structure shown, but
in prokaryotic systems the cofactor is usually found
elaborated as the guanine, adenine, cytidine or hypo-
xanthine dinucleotide [2]. The cofactor has been

called ‘molybdopterin’ or ‘moco’ (for ‘molybdenum
cofactor’), although this nomenclature is misleading
for two reasons: (i) the term refers to the organic
cofactor itself without molybdenum bound to it;
and (ii) the identical cofactor is found in tungsten-
containing enzymes (where it has occasionally been
referred to as ‘tungstopterin’). The term pyranopter-
in has also been suggested, and this has the advant-
age of lacking the confusion associated with either of
the above terms.

With this general background concerning the ac-
tive site structures of these enzymes, we will now
turn to a consideration of their mechanisms of ac-
tion. We focus here on work done since 1990, refer-
ring the reader to recent reviews for work done prior
to this time [1,3].

2. The molybdenum hydroxylases

As indicated above, the molybdenum hydroxylases
constitute a large and widely dispersed group of en-
zymes. These enzymes are unique among the many
biological systems that catalyze hydroxylation of ei-
ther aromatic or aliphatic substrates in that water
rather than dioxygen is the source of the oxygen

H S/Mo

H2N )t[

Fig. 2. Structure of the pterin cofactor associated with molybde-
num- and tungsten-containing enzymes. In prokaryotic enzymes,
the cofactor exists as the dinucleotide of guanine, adenine, cyti-
dine or hypoxanthine.
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incorporated into the product, and reducing equiva-
lents are generated rather than consumed in the
course of the reaction. In humans, there is a xanthine
oxidoreductase (or dehydrogenase) and several alde-
hyde oxidases that have specific tissue distributions.
In bacteria there are a large number of enzymes that
are expressed when organisms are grown on various
heterocyclic compounds as sole carbon source, and
other enzymes that act on aldehyde substrates (tak-
ing these to the corresponding carboxylic acid). The
sole member of this family that has been examined
crystallographically is the aldehyde oxidoreductase®
from Desulfovibrio gigas [4,5], an enzyme that is in-
volved in the generation of Hy using reducing equiv-
alents obtained from aldehyde substrates. The struc-
ture of the molybdenum center of this enzyme (in the
oxidized Mo(VI) form) is that shown in Fig. 1, which
represents a composite of the X-ray crystal work in
conjunction with the results of X-ray absorption
spectroscopy (XAS) studies of other members of
this family (most notably the xanthine oxidase
from cow’s milk). The coordination geometry in-
ferred from the crystallographic work is that of a
distorted square pyramid, with an apical Mo=S
and the two sulfurs of the pterin cofactor, an
Mo =0 and a fifth oxygen ligand defining the basal
plane [4]. This last ligand has been formulated as a
water molecule on the basis of an Mo-O distance of
~2.2 A, which is in the range for a metal-bound
water (as opposed to hydroxide). As has been
pointed out recently, however, this distance must
be regarded as an upper limit for the true Mo-O
distance, owing to series truncation artifacts around
the heavy metal ion that occur in generation of the

2 This molybdenum-containing hydroxylase is frequently referred

to as AOR in the literature, but is not to be confused with the
tungsten-containing aldehyde:ferredoxin oxidoreductase from
archaeal sources such as Pyrococcus furiosus, which is also referred
to by the same abbreviation. The tungsten-containing enzyme
bears some structural relationship to the third family of molybde-
num enzymes considered here, in that the active site metal is co-
ordinated to two equivalents of the pyranopterin cofactor, but
does not resemble the molybdenum hydroxylases. When there is
danger of confusion between these two enzymes, we suggest using
the atomic symbol as a prefix, viz. ‘Mo-AOR’ or ‘W-AOR’, to
clearly delineate which enzyme is meant. The molybdenum-con-
taining enzyme has occasionally been referred to by the trivial
designation ‘Mop’, which is not recommended.
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electron density map for the protein — these artifacts
may in some cases lead to an overestimation of the
true Mo-O distance by as much as 0.3 A [6]. Tt re-
mains to be seen whether this is a concern in the case
of the molybdenum center of the aldehyde oxidore-
ductase. A hydroxide ligand is preferred here on the
following additional grounds: (i) the XAS work with
xanthine oxidase indicates a (weak) Mo-O (or N)
scattering at a shorter distance of 1.98 A rather
than the crystallographically observed 2.2 A; (ii) in
small inorganic complexes of Mo(VI) oxygen ligands
are most frequently found as the fully deprotonated
Mo =0, occasionally as the singly protonated Mo-
OH, but only extremely rarely as the fully proto-
nated Mo-OHs; and (iii) computational studies
have shown that an Mo-OH is expected to be con-
siderably more stable from a thermodynamic stand-
point than an Mo-H>O in the specific coordination
geometry found in the active site of the aldehyde
oxidoreductase.

The mechanistic significance of the degree of pro-
tonation of this oxygen ligand lies in recent work
indicating quite strongly that it is this oxygen which
is incorporated into the hydroxyl group of the prod-
uct [7-9], with the site subsequently regenerated by
hydroxide/water from the solvent for the next cata-
Iytic cycle. It has been known for some time that
these enzymes (as represented by xanthine oxidase)
possess such a catalytically labile oxygen, but in the
absence of specific knowledge of an Mo-OH(2) li-
gand to the metal, the Mo =0 has been considered
the likely candidate for this oxygen. In light of this
more recent work, however, a mechanism can be
formulated in which the substrate becomes hydroxy-
lated by nucleophilic attack of a metal-bound hy-
droxide on the substrate, followed by hydride trans-
fer from the carbon to become hydroxylated to the
Mo=S group (known from earlier XAS work to
become protonated upon reduction of the molybde-
num center) (Fig. 3).

An active site glutamate (Glu-869 in the aldehyde
oxidoreductase, conserved among molybdenum hy-
droxylases), has been proposed to act as a base cat-
alyst in the formation of the C-O bond of product,
and possibly also in the displacement of the molyb-
denum-bound product that is generated by this step
of the reaction [5]. Indeed, the pH dependence of the
reaction of the bovine xanthine oxidase provides
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Fig. 3. Proposed mechanisms for the molybdenum hydroxylases. The reaction with aldehydes (top) and xanthine (bottom).

clear evidence for the participation of an active site
base in this portion of the catalytic sequence with
both heterocyclic substrates [10] and simple alde-
hydes [9]. It thus appears that these enzymes catalyze
hydroxylation of both general classes of substrate,
aldehydes and aromatic heterocycles, by this same
basic mechanism.

Another aspect of catalysis that has been much
informed by the crystal structure of the aldehyde
oxidoreductase has to do with the manner in which
reducing equivalents, once introduced at the molyb-
denum center, are removed from the metal to com-
plete the catalytic sequence. In the structure of the
aldehyde oxidoreductase, the amino group of the
pterin cofactor that lies distal to its dithiolene group
is found to be hydrogen-bonded to a cysteine residue
that is a ligand to one of the two 2Fe/2S iron-sulfur
clusters found in the enzyme [4]. On the basis of the
physical disposition of the cofactor, it seems very
likely that it is involved in facilitating electron trans-
fer from the molybdenum to the iron-sulfur center,
the physiological direction of electron flow in the
enzyme. A loosely similar arrangement is found in
other molybdenum enzymes, but the situation is not
a general one: thus the cofactor is found to intervene
between the molybdenum and 4Fe/4S center of the
Escherichia coli formate dehydrogenase H (a bis-di-
thiolene enzyme) [11] but not between the molybde-
num and heme of chicken sulfite oxidase [12].

3. The eukaryotic oxo transferases

The molybdenum-containing oxo transferases
from eukaryotic sources, sulfite oxidase from verte-
brate liver or the assimilatory nitrate reductase from
higher plants, algae, yeast and fungi, catalyze a
chemistry that is fundamentally more straightfor-
ward than that of the molybdenum hydroxylases.
The enzyme from this group that has been structur-
ally characterized by X-ray crystallography is the
sulfite oxidase from chicken liver [12]. As indicated
in Fig. 1, the coordination geometry of the molybde-
num center of this enzyme is distorted square pyra-
midal, with an apical Mo=0 and a basal plane de-
fined by the two dithiolene sulfurs of the pterin
cofactor, the remaining Mo=0 and a cysteine thio-
late contributed by the polypeptide®. The present
evidence suggests quite strongly that these enzymes
alternate between Mo(VI)O, and Mo(IV)O centers
in the course of their catalytic sequences, directly

3 The crystal structure actually indicates one apical Mo=0O

group and a longer basal Mo-OH. The enzyme in the crystal pre-
sumably was of the reduced Mo(IV)-containing form of the en-
zyme, generated either by contaminating sulfite in the mother
liquor or by the X-ray beam itself in the course of data acquisition.
XAS studies of oxidized and reduced sulfite oxidase have unam-
biguously demonstrated that the oxidized enzyme has two short
Mo =0 bonds, while reduction leads to protonation of one of
these, with corresponding elongation of the Mo-OH bond.



analogous to the now well-characterized chemistry
of small molybdenum complexes thought to repre-
sent functional models of these enzymes [13,14]
(Fig. 4).

These model systems are found to be quite robust
and able to turn over repeatedly in the presence of a
suitable oxygen atom donor/acceptor pair. In light of
the large negative entropy of activation associated
with the reaction of the Mo(VI)O; model with a
phosphine acceptor, an associative reaction mecha-
nism having a highly ordered transition state has
been proposed, with a phosphine lone electron pair
undertaking nucleophilic attack on one of the
Mo =0 groups to initiate the reaction. Indeed, this
chemistry has been successfully examined computa-
tionally, and the reaction is understood in consider-
able detail [15]. Briefly, the phosphine is thought to
approach the MoOs unit at 90°, thereby maximizing
orbital overlap between the phosphine lone pair and
a w* orbital of the Mo=0O group, followed by rota-
tion about the Mo-O bond. This rotation results in
formation of an O-P ¢ bond and reduction of the
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Mo-O bond order to 1; at the same time the stability
of the remaining Mo = O bond becomes significantly
stronger due to increased m-backbonding to the met-
al, with the bond order increasing to 3. It is this
increase in bond order of the remaining Mo=0O
group — as the first is lost in the course of the reac-
tion — that makes the overall process thermodynami-
cally favorable, as much of the cost of losing one of
the quite stable Mo=0 bonds is recovered in the
stronger bond that remains. This ‘spectator oxo’ ef-
fect plays an important role in determining the
chemical reactivity of these MoO, centers.

A comparable mechanism is likely for the reaction
of sulfite oxidase with sulfite (Fig. 3), in which the
key element is attack on an Mo =0 group by a sub-
strate lone pair. It is found, for example, that meth-
ylation of the two oxyanions of sulfite results in a
significant increase in K, (obtained from the sub-
strate-concentration dependence of the rate of en-
zyme reduction upon reaction with substrate), but
the limiting rate of the reaction is essentially un-
changed from that observed with sulfite [16]. The
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Fig. 4. Catalytic cycles for molybdenum model complexes (A-C) and sulfite oxidase (D). In all cases, the system cycles between dioxo

Mo(VI) and mono-oxo Mo(IV) states.
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results indicate that the oxyanion groups contribute
significantly to substrate binding, but are not re-
quired for breakdown of the Michaelis complex;
the implication is that the substrate need not coor-
dinate directly to the molybdenum center in order
for the reaction to proceed. This is consistent with
the known substrate binding site of the protein,
which consists of a set of three positively charged
arginine residues around a solvent-accessible cavity
of appropriate size to accommodate sulfite (in the
actually determined crystal structure this position
was found to be occupied by sulfate from the mother
liquor) [12]. It is to be emphasized, however, that the
dimethylsulfite substrate does exhibit saturation ki-
netics, and that a kinetically discrete Michaelis com-
plex also forms with this substrate. Evidently, inter-
actions in addition to salt bridges between the
substrate oxyanions and enzyme arginines must oc-
cur between substrate and active site in stabilizing
the Michaelis complex.

On the basis of the present evidence, it is likely
that the reaction mechanism of nitrate reductase op-
erates essentially in the reverse of that for sulfite
oxidase. The fact that the physiological direction
for the sulfite/sulfate couple is toward sulfate (mak-
ing the enzyme an oxidase) while that for the nitrite/
nitrate couple is toward nitrite (making the enzyme a
reductase) has principally to do with the relative
stabilities of the S=0O and N=0O bonds, which de-
termine the effectiveness of the participating species
as oxo donors and acceptors. This has been placed
on a quantitative basis, and a thermodynamic scale
established by which the direction of reaction for a
given pair of couples can be predicted [17]. While
there clearly must be stringent substrate selectivity
between sulfite oxidase and nitrate reductase (neither
is able to function as a sulfite:nitrate oxidoreductase,
although this reaction is thermodynamically favor-
able), it is known from XAS studies that the molyb-
denum centers of the two enzymes are very similar
and the molybdenum-binding domains of the pro-
teins exhibit considerable amino acid sequence ho-
mology [1,3]. Having said this, neither sulfite oxidase
nor nitrate reductase has been examined from a
mechanistic standpoint in anything like the detail
as, say, xanthine oxidase, and the extent to which
their reaction mechanisms are closely related remains
to be established experimentally.

4. The prokaryotic oxo transferases and related
enzymes

Many of the proteins from bacterial sources that
constitute the third family of molybdenum-contain-
ing enzymes catalyze oxygen atom transfer reactions
that are nominally similar to those catalyzed by sul-
fite oxidase and the (assimilatory) nitrate reductases.
Thus DMSO reductase, the dissimilatory nitrate re-
ductases and biotin-S-oxide reductase all catalyze re-
actions that clearly involve oxygen atom transfer.
Given that these enzymes likely possess only a single
Mo =0 group in their oxidized forms, however (see
below), the implication is that they alternate between
mono-oxo Mo(VI) and des-oxo Mo(IV) forms and
lack any °‘spectator oxo’ aspect to their reaction
mechanisms (Fig. 5). It has been demonstrated that
DMSO reductase is able to catalyze oxygen atom
transfer between '80-labeled DMSO and a water-
soluble phosphine oxo acceptor via a catalytically
labile oxygen site [18], and the label found to be
present in the Mo=0 group on the basis of reso-
nance Raman work [19]. Furthermore XAS results
with both oxidized and reduced DMSO reductase
[20] are consistent with the enzyme cycling as indi-
cated in Fig. 5.

The X-ray crystal structure of DMSO reductase
has been determined by three different laboratories
(one working with the enzyme of Rhodobacter
sphaeroides, and the other two with the closely re-
lated R. capsulatus enzyme) and the results convey a
considerably more complicated picture than that in-
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Fig. 5. A proposed reaction mechanism for DMSO reductase.
The enzyme is proposed to cycle between mono-oxo Mo(VI) and
desoxo Mo(IV) states.



dicated above for the reaction mechanism of the en-
zyme. Although the structures of the polypeptides in
all three structures are virtually identical, the molyb-
denum centers are quite different. In the first struc-
ture reported by Rees and colleagues [21], the mo-
Ilybdenum center of the oxidized enzyme has a
structure basically as shown in Fig. 1, with a dis-
torted trigonal prismatic coordination geometry.
Upon reduction the Mo =0 group is lost, consistent
with the chemistry shown in Fig. 5. Coordination of
one of the two dithiolene groups is seriously per-
turbed in the reduced enzyme, however. One of the
Mo-S bonds is quite long at 2.9 A (by comparison,
the Mo-S bonds of the other dithiolene are 2.5 A)
and the other has been lost altogether, with a non-
bonding Mo-S distance of 3.7 A. These changes have
been taken to reflect a keto-enol tautomerization in
the dithiolene in which the sulfur at long distance
from the molybdenum possesses considerable thioke-
to character. In the second crystal structure of oxi-
dized enzyme published by Huber and coworkers
(working with the R. capsulatus protein) [22], the first
dithiolene is present in essentially the same position
as in the structure of the R. sphaeroides protein, but
the second is found to have dissociated completely
from the molybdenum: the Mo-S distances for the
dithiolene sulfurs are 3.5 and 3.9 A, with the vacated
ligand coordination positions being occupied by a
second Mo =0 group at 1.7 A. In the final structure
published by Bailey and coworkers and again of the
R. capsulatus enzyme [23], the ligand coordination
sphere of the molybdenum in the oxidized enzyme
is expanded from six to seven in a complex overall
geometry. The additional ligand is described as a
long Mo=0, implying that the oxidized enzyme is
dioxo Mo(VI) rather than mono-oxo. At present it is
difficult to ascertain how such structures relate to
one another in an overall reaction scheme, and
clearly much work remains to be done to unambig-
uously establish the relationship of these structures
to the catalytic sequence of the enzyme.

The other enzyme from this family that is of
known crystal structure is the formate dehydrogen-
ase H of E. coli [11]. This enzyme is of the seleno-
cysteine-containing subfamily, and unlike the DMSO
reductases (which possess only a molybdenum cen-
ter) also has a 4Fe/4S center. The oxidized enzyme
has basically the structure shown in Fig. 1, with a
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distorted trigonal prismatic coordination geometry.
The terminal oxygen was found at 2.2 A, however,
and has been ascribed to an Mo-OH rather than
Mo =0 group. This distance has recently been con-
firmed by XAS, and it seems likely that one effect of
the substitution of Se for O in the protein ligand to
the metal is to weaken the Mo =0 bond. This is not
entirely surprising, as the increased covalency of the
Mo-X bond in the series O — S — Se would reason-
ably be expected to have the effect of weakening
other metal-ligand bonds as the formal oxidation
state of the metal is reduced. Formate dehydrogen-
ase H catalyzes the oxidation of formate to CO.,
shunting the reducing equivalents thus generated
into the production of H,. Although the enzyme
could conceivably catalyze the reaction by hydroxyl-
ation of formate to give bicarbonate, followed by
dehydration to yield CO,, it appears instead to op-
erate by direct oxidation of formate [24], and is thus
an example of a molybdenum enzyme that does not
catalyze oxygen atom transfer. On the basis of the
crystal structure of both the oxidized and the re-
duced enzyme, a mechanism has been proposed in
which formate binds to the metal by displacing the
Mo-OH, with base-assisted reduction of the metal
taking place with the participation of an active site
histidine residue [11]. Transient protonation of the
selenocysteine has been suggested to take place in
the course of the reaction, prior to protonation of
the histidine.

Another molybdenum enzyme that does not cata-
lyze oxygen atom transfer is the polysulfide reductase
of Wolinella succinogenes [25,26]. This enzyme uti-
lizes reducing equivalents obtained from formate de-
hydrogenase to reduce polysulfide according to the
following scheme:

S2 4+ H +2e —S*7, +HS™.

This reaction clearly does not involve oxygen atom
transfer from the standpoint of its overall stoichiom-
etry, and it is unlikely that transient formation of an
S-O bond occurs in the course of the reaction.

5. Chemistry of oxo transfer reactions

As discussed above, in most prokaryotic enzymes
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the oxygen atom of the transferred group originates
from water. The chemical challenge in these reac-
tions is the fact that both reactants, i.e. water (or
an OH group) and the substrate are nucleophiles
which would not react readily with each other. Ob-
viously a polarization change (‘Umpolung’) of one of
the reactants is required.

One possibility for such an ‘Umpolung’ is that the
molybdenum coordinates a water molecule or a hy-
droxyl ion and delivers it to the substrate as a formal
TOH. Alternatively, ‘Umpolung’ of the substrate
could occur by oxidation (e.g. hydroquinone — qui-
none) which could then react with water either di-
rectly or by mediation of the molybdenum cofactor.

In the case of xanthine oxidase which is one of the
most thoroughly studied molybdenum-containing
enzymes (see Section 2 and Fig. 3), about half a
dozen mechanisms have been proposed [1,5,8,9,27].
In some of these the molybdenum-bound HyO (or
OH group) is transferred as a nucleophile; in others
the oxygen is transferred from an Mo=0 species as
an electrophile and, again in others, first a molybde-
num-carbon bond is formed with the substrate, fol-
lowed by addition of molybdenum-coordinated
water. Experimental details in favor of or against
these mechanisms have been discussed in recent re-
views [1,28].

While the exact role of molybdenum in enzymic
hydroxylations is a matter of debate, there are some
molybdenum-containing enzymes that catalyze redox
reactions without hydroxyl or oxo transfer. Simon
and coworkers [29-31] described a (2R)-hydroxycar-
boxylate viologen oxidoreductase containing molyb-
dopterin mononucleotide and iron sulfur clusters but
no other cofactors. The enzyme reduces a large num-
ber of 2-oxo carboxylates to the corresponding (2R)-
hydroxy acids. More recently, Khangulov et al. [24]
showed that a selenium-containing formate dehydro-
genase H from E. coli converts formate to carbon
dioxide without hydroxyl transfer (see Section 4).
The role of the molybdenum cofactor in these reac-
tions is unknown, but it is obvious that molybde-
num-containing enzymes can mediate redox reac-
tions similar to those catalyzed by NAD- or FAD-
dependent enzymes.

6. Pyrogallol-phloroglucinol transhydroxylase of
Pelobacter acidigallici

Pyrogallol-phloroglucinol transhydroxylase was
studied in detail with Pelobacter acidigallici. This
strictly anaerobic bacterium ferments gallic acid, py-
rogallol, phloroglucinol, and phloroglucinol carbox-
ylic acid to three molecules of acetate (plus COy).
The carboxylates are first decarboxylated, and pyro-
gallol is converted into phloroglucinol which under-
goes reductive dearomatization [32,33] and subse-
quent hydrolytic cleavage to 3-hydroxy-5 oxo-
hexanoate which is oxidized and thiolytically cleaved
to three acetyl CoA molecules [34].

The transhydroxylase reaction converting pyrogal-
lol to phloroglucinol represents a chemical challenge.
It was shown that 1,2,3,5-tetrahydroxybenzene was
required in cell-free extracts at stoichiometric
amounts to make the reaction run. The enzyme ac-
tivity was maximal (and equivalent to physiological
reaction rates) in the presence of 1 mM tetrahydrox-
ybenzene. Stimulation by DMSO required far higher
additions (up to 1 M) and was obviously far less
specific [33]. Combinations of various reactants dem-
onstrated that this enzyme activity could transfer
hydroxyl groups also from other hydroxybenzenes,
and transfer them to other phenols; from these com-
parisons, a reaction mechanism was suggested which
explained the reaction as a hydroxyl transfer between
two phenolic substrates, e.g. pyrogallol and 1,2,3,5-
tetrahydroxybenzene, to form phloroglucinol and a
new molecule of tetrahydroxybenzene which could
react again as a co-substrate with a new pyrogallol
molecule, according to Fig. 6. This is an ingenious
solution to the problem but is not unique in enzyme
chemistry: also the enzymes phosphoglucomutase
and phosphoglycerate mutase take advantage of
their co-catalysts, i.e. glucose-1,6-bisphosphate and
glycerate-2,3-bisphosphate, respectively. It was
shown recently by an incubation experiment with
180OH, that there is no uptake of oxygen from water
in the transhydroxylase reaction, and that the hy-
droxyl groups are transferred only between the phe-
nolic substrates (Reichenbecher and Schink, manu-
script submitted).
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Fig. 6. Proposed role of 1,2,3,5-tetrahydroxybenzene as co-cata-
lyst in the pyrogallol-phloroglucinol transhydroxylase reaction.
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From a look at the reaction scheme, it is obvious
that a hydroxyl transfer from the tetrahydroxyben-
zene to pyrogallol cannot occur directly. One of us
(J.R.) suggested a cyclic catalytic mechanism as de-
picted in Fig. 7. Here, as a first step an oxidation of
pyrogallol to the corresponding ortho-quinone is
postulated, the latter now being subject to a nucleo-
philic attack by an OH-group of tetrahydroxyben-
zene. Going through chemically plausible intermedi-
ates and reactions, the covalent adduct between
substrate and co-catalyst can be cleaved to form
the product phloroglucinol and the quinone form
of tetrahydroxybenzene. Reduction of the latter
with simultaneous oxidation of a molecule pyrogallol
would close the catalytic cycle.

To examine this hypothetical mechanism we syn-
thesized the two hexahydroxy diphenylethers 1 and 2
(Fig. 8). Although these were previously synthesized

O
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oxidation ™ A OH
OH H O
HO OH HO OH
2[H]
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OH reduction - H/O
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HO OH o} HO._J__OH
Yo
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Fig. 7. Putative mechanism for the pyrogallol-phloroglucinol transhydroxylase reaction through a diphenylether intermediate.
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Fig. 8. Structures of the synthesized hexahydroxydiphenylethers.

in a protected form [35], the unprotected compounds
are too sensitive to oxygen and could not be ob-
tained in pure form with the techniques existing in
those days. In our hands, both hexahydroxy diphen-
ylethers were successfully purified by HPLC and the
pure compounds were characterized by 'H- and *C-
NMR and mass spectroscopy (U. Bartlewski-Hof
and J. Rétey, to be published).

Pure transhydroxylase in the absence of the co-
catalyst tetrahydroxybenzene converted 0.5 mM py-
rogallol in the presence of 1 mM hexahydroxy di-
phenylether during 50 min incubation into three
new compounds (ca. 1% of the pyrogallol), one of
which was identified by its retention time and UV
spectrum as phloroglucinol (U. Bartlewski-Hof,
J. Rétey, unpublished). This and another compound
with longer retention time were formed only in the
presence of transhydroxylase, while the third one is
formed non-enzymatically and is probably an oxida-
tion product of the asymmetrical hexahydroxy di-
phenylether 1. The latter may have undergone slow
enzyme-catalyzed cleavage to phloroglucinol and the
quinone form of tetrahydroxybenzene (Fig. 8). Three
explanations can be offered for the sluggish reaction:
(1) the hexahydroxy diphenylether 1 is not an inter-
mediate of the catalytic cycle; (ii) there is a barrier
for its transfer to the active site; or (iii) the enzyme is
blocked in the oxidized state. In another experiment,
the reaction was conducted in the presence of dithio-
threitol as a reducing agent (U. Bartlewski-Hof,
J. Rétey, unpublished). In the first 3 h, conversion

of pyrogallol into phloroglucinol was very slow, but
overnight (18 h) the conversion was complete. More-
over, a small but significant amount of tetrahydroxy-
benzene was formed, with concomitant decrease of
the concentration of compound 1. Obviously, the lag
period was overcome once enough co-catalyst was
formed. A similar result was obtained with the sym-
metric hexahydroxy diphenylether 2 in the presence
of glutathione as reducing agent. These results show
that the diphenylethers 1 and 2 do interact with
transhydroxylase, but their slow conversion renders
a possible function as intermediates questionable.

More recently it was found that transhydroxylase
contains a molybdopterin dinucleotide cofactor and
FeS clusters [36,37], and belongs to the DMSO re-
ductase family [38]. The reaction mechanism above
(Fig. 7) is in conflict with the widely accepted role of
molybdenum-containing enzymes according to which
the molybdenum center is the acceptor and donor of
hydroxyl or oxo groups. Therefore, an alternative
mechanism implying such a role for the molybdenum
cofactor is depicted in Fig. 9. According to this
mechanism, an electrophilic substitution by the
Mo-oxo group occurs at position 5 of pyrogallol.
The following steps are again chemically plausible
which does not mean that they occur on the enzyme.
Though tetrahydroxybenzene is an intermediate it is
not obvious why it is needed to start the reaction
cycle.

One could also suggest a further mechanism in
which the pyrogallol substrate undergoes ‘Umpo-



lung’ by oxidation to the ortho-quinone, and thus
may be attacked by the nucleophilic OH group co-
ordinated to the molybdenum center (Fig. 10). This
leads to tetrahydroxybenzene as intermediate which
may turn 180° at the active site and react with the
molybdenum center in a reverse way as described in
the first half of the cycle. One explanation for the
need of a relatively high concentration of the co-cat-
alyst may be that its turning is only possible by a
dissociation/reassociation process. After release from
the enzyme it may compete with pyrogallol for the
active site. Although a direct involvement of the mo-
lybdenum center in the transhydroxylation is likely,
analogous to the xanthine dehydrogenase reaction,
further experiments are required to establish either
one of the reaction mechanisms suggested here.
Nevertheless, pyrogallol-phloroglucinol transhy-
droxylase is unique because it does not catalyze a
net hydroxylation of phenols, as do the hydroxylases

+
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discussed above (Section 2). Furthermore, the ques-
tion is still open as to how the pool of tetrahydrox-
ybenzene that is required as co-catalyst to enable the
reaction to run (Fig. 6) is generated in the growing
cell. Experiments with DMSO, other S-oxides, N-ox-
ides, and also molecular oxygen have provided evi-
dence that they all can act as primary hydroxyl do-
nors to initiate the transhydroxylation of pyrogallol
to phloroglucinol, probably by formation of a cata-
lytic amount of tetrahydroxybenzene (Reichenbecher
and Schink, unpublished results). However, since
neither one of these oxidized precursors is available
to the cells growing under strictly anoxic conditions
these experiments do not offer a convincing answer
to this open question.

Other oxygen-independent hydroxylations have
been discovered recently that are involved in anaero-
bic degradation of aromatic compounds by nitrate-
reducing bacteria, e.g., the hydroxylation of resorci-
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Fig. 9. Putative mechanism for the transhydroxylase reaction via ‘Umpolung’ of the hydroxyl group by the molybdenum cofactor.
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Fig. 10. Putative mechanism for the transhydroxylase reaction via

cleophilic hydroxylation by a molybdenum-coordinated OH group.

nol [39] or of a-resorcylic acid [40] to hydroxyhydro-
quinone. These reactions may be catalyzed by mo-
lybdo enzymes, but since these enzymes have not yet
been purified a possible involvement of molybdenum
remains a matter of speculation.

References

[1] Hille, R. (1996) The mononuclear molybdenum enzymes.
Chem. Rev. 96, 2757-2816.
[2] Rajagopalan, K.V. (1991) Novel aspects of the biochemistry
of the molybdenum cofactor. Adv. Enzymol. 64, 215-290.
[3] Wootton, J.C., Nicolson, R.E., Cock, J.M., Walters, J.W.,
Burke, J.F., Doyle, W.A. and Bray, R.C. (1991) Enzymes
depending on the pterin molybdenum cofactor: sequence fam-
ilies, spectral properties and possible cofactor binding do-
mains. Biochim. Biophys. Acta 1057, 157-185.
Romado, M.J., Archer, M., Moura, 1., Moura, J.J.G., LeGall,
J., Engh, R., Schneider, M., Hof, P. and Huber, R. (1995)
Crystal structure of the xanthine oxidase-related aldehyde ox-
idoreductase from D. gigas. Science 20, 1170-1176.

[4

=

‘Umpolung’ of the substrate by oxidation to an ortho-quinone and nu-

[5] Huber, R., Hof, P., Duarte, R.O., Moura, J.J.G., Moura, 1.,
LeGall, J., Hille, R., Archer, M. and Roméao, M. (1996) A
structure-based catalytic mechanism for the xanthine oxidase
family of molybdenum enzymes. Proc. Natl. Acad. Sci. USA
93, 8846-8851.

Schindelin, H., Kisker, C. and Rees, D.C. (1998) The molyb-
denum cofactor: a crystallographic perspective. J. Biol. Inorg.
Chem. 2, 773-781.

Greenwood, R.J., Wilson, G.L., Pilbrow, J.R. and Wedd,
A.G. (1993) Molybdenum(V) sites in xanthine oxidase and
relevant analog complexes: comparison of oxygen-17 hyper-
fine coupling. J. Am. Chem. Soc. 115, 5385-5392.

Howes, B.D., Bray, R.C., Richards, R.L., Turner, N.A., Ben-
nett, B. and Lowe, D.J. (1996) Evidence favoring molybde-
num-carbon bond formation in xanthine oxidase action: 7O-
and C-ENDOR and kinetic studies. Biochemistry 35, 1432
1441.

Xia, M., Ilich, P., Dempski, R. and Hille, R. (1997) Recent
studies of the reductive half-reaction of xanthine oxidase. Bio-
chem. Soc. Trans. 25, 768-773.

Kim, J.H., Ryan, M.G., Knaut, H. and Hille, R. (1996) The
reductive half-reaction of xanthine oxidase: a pH dependence
and solvent kinetic isotope effect study, J. Biol. Chem. 271,
6771-6780.

6

=

[7

—

8]

[10]



[11] Boyington, J.C., Gladyshev, V.N., Khangulov, S.V., Stadt-
man, T.C. and Sun, P.C. (1997) Crystal structure of formate
dehydrogenase H: catalysis involving Mo, molybdopterin, se-
lenocysteine and an Fe,S, center. Science 275, 1305-1308.

[12] Kisker, C., Schindelin, H., Pacheco, A., Wehbi, W.A., Gar-
rett, R.M., Rajagopalan, K.V., Enemark, J.H. and Rees, D.C.
(1997) Molecular basis of sulfite oxidase deficiency from the
structure of sulfite oxidase. Cell 91, 973-983.

[13] Holm, R.H. (1990) The biologically relevant oxygen atom
transfer chemistry of molybdenum: from synthetic analogue
systems to enzymes. Coord. Chem. Rev. 100, 183-221.

[14] Enemark, J.H. and Young, C.G. (1993) Bioinorganic chemis-
try of pterin-containing molybdenum and tungsten enzymes.
Adyv. Inorg. Chem. 40, 1-88.

[15] Pietsch, M.A. and Hall, M.B. (1996) Theoretical studies of the
oxo-transfer reaction of dioxomolybdenum enzymes. Inorg.
Chem. 35, 1273-1278.

[16] Brody, M.S. and Hille, R. (1995) The reaction of chicken liver
sulfite oxidase with dimethylsulfite. Biochim. Biophys. Acta
1253, 133-135.

[17] Holm, R.H. and Donahue, J.P. (1993) A thermodynamic scale

for oxygen atom transfer reactions. Polyhedron 12, 571-589.

Schultz, B.E., Hille, R. and Holm, R.H. (1995) Direct oxygen

atom transfer in the mechanism of action of Rhodobacter

sphaeroides dimethylsulfoxide reductase. J. Am. Chem. Soc.

117, 827-828.

Garton, S.D., Hilton, J., Oku, H., Crouse, B.R., Rajagopalan,

K.V. and Johnson, M.K. (1997) Active site structure and cat-

alytic mechanism of Rhodobacter sphaeroides dimethyl sulfox-

ide reductase as revealed by resonance Raman spectroscopy.

J. Am. Chem. Soc. 119, 12906-12916.

George, G.N., Hilton, J. and Rajagopalan, K.V. (1996) X-ray

absorption spectroscopy of dimethyl sulfoxide reductase from

Rhodobacter sphaeroides. J. Am. Chem. Soc. 118, 1113-1117.

Schindelin, H., Kisker, C., Hilton, J. and Rajagopalan, K.V.

(1996) Crystal structure of DMSO reductase: redox-linked

changes in molybdopterin coordination. Science 272, 1615-

1621.

Schneider, F., Loowe, J., Huber, R., Schindelin, H., Kisker,

C. and Kniblein, J. (1996) Crystal structure of dimethyl sulf-

oxide reductase from Rhodobacter capsulatus at 1.88 A reso-

lution. J. Mol. Biol. 263, 53-69.

Bailey, S., McAlpine, A.S., McEwan, A.G. and Shaw, A.L.

(1997) J. Biol. Inorg. Chem. 2, 690-701.

Khangulov, S.V., Gladyshev, V.N., Dismukes, G.C. and

Stadtman, T.C. (1998) Selenium-containing formate dehydro-

genase H from Escherichia coli: a molybdopterin enzyme that

catalyzes oxidation without oxygen transfer. Biochemistry 37,

3518-3528.

Jankielewicz, A., Schmitz, R.A., Klimmek, O. and Kroger, A.

(1994) Polysulfide reductase and formate dehydrogenase from

[18

[19

[20

21

[22

23

[24

25

Wolinella succinogenes contain molybdopterin guanine dinu-
cleotide. Arch. Microbiol. 162, 238-242.

Jankielewicz, A., Klimmek, O. and Kroger, A. (1995) The
electron transfer from hydrogenase and formate dehydrogen-
ase to polysulfide reductase in the membrane of Wolinella
succinogenes. Arch. Microbiol. 162, 238-242.

26

501

[27] Hille, R. (1994) The reaction mechanism of molybdenum en-
zymes. Biochim. Biophys. Acta 1184, 143-169.

[28] Fetzner, S., Tshisuaka, B., Lingens, F., Kappl, R. and

Hittermann, J. (1998) Bacterial degradation of quinoline

and derivatives — pathways and their biocatalysis. Angew.

Chem. Int. (Engl. Edn.) 37, 576-597.

Schinschel, C. and Simon, H. (1993) Effect of carbon sources

and electron acceptors in the growth medium of Proteus spp.

On the formation of (R)-2-hydroxycarboxylate viologen oxi-

doreductase and dimethylsulphoxide. Appl. Microbiol. Bio-

technol. 38, 531-536.

Schinschel, C. and Simon, H. (1994) Proteus mirabilis dehy-

drogenates aldonates and aldarates with an (R)-configured o~

carbon atom to the corresponding 2-oxacarboxylates. Bioorg.

Med. Chem. 2, 483-491.

[31] Trautwein, F., Krauss, F., Lottspeich, F. and Simon, H.
(1994) The (2R)-hydroxycarboxylate-viologen-oxidoreductase
from Proteus vulgaris is a molybdenum-containing iron-sul-
phur protein. Eur. J. Biochem. 222, 1025-1032.

[32] Schink, B. and Pfennig, N. (1982) Fermentation of trihydrox-
ybenzenes by Pelobacter acidigallici. gen. nov. sp. Nov., a new
strictly anaerobic non-sporeforming bacterium. Arch. Micro-
biol. 133, 195-201.

[33] Brune, A. and Schink, B. (1990) Pyrogallol to phloroglucinol
conversion and other hydroxyl-transfer reactions catalyzed by
cell extracts of Pelobacter acidigallici. J. Bacteriol. 172, 1070—
1076.

[34] Brune, A. and Schink, B. (1992) Phloroglucinol pathway in
the strictly anaerobic Pelobacter acidigallici: fermentation of
trihydroxybenzenes to acetate via triacetic acid. Arch. Micro-
biol. 157, 417-424.

[35] Sattler, E. and Glombitza, K.W. (1975) Synthesis of some
polyhydroxyphenyl ethers. Arch. Pharm. 308, 813-818.

[36] Reichenbecher, W., Brune, A. and Schink, B. (1994) Trans-
hydroxylase of Pelobacter acidigallici — a molybdoenzyme cat-
alyzing the conversion of pyrogallol to phloroglucinol. Bio-
chim. Biophys. Acta 1204, 217-224.

[37] Reichenbecher, W., Ridiger, A., Kroneck, P.M.H. and

Schink, B. (1996) One molecule of molybdopterin guanine

dinucleotide is associated with each subunit of the heterodi-

meric Mo-Fe-S protein transhydroxylase of Pelobacter acid-
igallici as determined by SDS/PAGE and mass spectrometry.

Eur. J. Biochem. 237, 406-413.

Baas, D. (1998) Die Isolierung der fiir Transhydroxylase aus

Pelobacter acidigallici codierenden Gene sowie deren Sequen-

zierung und Expression. Doctoral Thesis, University of Karls-

ruhe.

[39] Gallus, C. and Schink, B. (1998) Anaerobic degradation of o-
resorcylate by Thauera aromatica strain AR-1 proceeds via
oxidation and decarboxylation to hydroxyhydroquinone.
Arch. Microbiol. 169, 333-338.

[40] Philipp, B. and Schink, B. (1998) Evidence of two oxidative
reaction steps initiating anaerobic degradation of resorcinol
(1,3-dihydroxybenzene) by the denitrifying bacterium Azoar-
cus anaerobius. J. Bacteriol. 180, 3644-3649.

129

30

[38



	Text5: Konstanzer Online-Publikations-System (KOPS)
URL: http://www.ub.uni-konstanz.de/kops/volltexte/2008/6311/
URN: http://nbn-resolving.de/urn:nbn:de:bsz:352-opus-63116
	Text6: First publ. in: FEMS Microbiology Reviews 22 (1999), pp. 489-501


