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ARTICLE INFO ABSTRACT

Article history: This review provides an overview of the contributions of protein X-ray crystallography to the field of
Available online 18 November 2010 pyranopterin-containing W/Mo-enzymes. Several crystal structures for all of the four different families
of pyranopterin-containing enzymes have been determined in recent years allowing one to compare
Keywords: overall folds and active site architectures. Especially within the dimethylsulfoxide reductase family and
X-ray crystallography the Mo-containing hydroxylases a diversity of Mo/W-ligands has been discovered, challenging the earlier
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proposed functions of individual active site components. Reinterpretations of structures and the use of
enzyme variants and complexes with inhibitors and slow substrate provided further insights, which will
be discussed for the individual enzymes.

© 2010 Elsevier B.V. All rights reserved.
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Fig. 1. Three families of Mo-pyranopterin containing enzymes. Schematic representation of the prototypical composition of enzymes in the DMSO reductase, molybdenum
hydroxylase and sulfite oxidase family. Please note that while only one direction for each reaction is indicated, both reactions are catalyzed depending on enzyme and

substrate.

dinate molybdenum and tungsten. This review attempts to give
an overview on the currently available structures of pyranopterin-
cofactor containing enzymes.

At the time of writing this review 111 coordinate entries in the
protein data bank (PDB) belong to Mo- or W-bound pyranopterin-
containing enzymes, which are derived from the crystal structure
analysis of 19 enzymes with different catalytic activities. While
in a review written 2001 it was still possible to present images
of the overall structures of all pyranopterin-containing enzymes
of known structure at that date [1], the number of structures in
the database makes this approach impossible in 2010 and illustra-
tive examples have to be chosen for in-depth discussions. Several
reviews on the structure of pyranopterin-containing enzymes have
appeared within the last years and are suggested as complementary
reading [2-4].

Enzymes containing the pyranopterin cofactor may be divided
into four families, which share similar amino acid sequences, core
structure surrounding the pyranopterin cofactor(s) and have a
common theme in the coordination of their central Mo/W ion
(Figs. 1 and 2) (for general reviews on pyranopterin-containing
enzymes see: [5-7]). The pyranopterin cofactors interact with the
protein matrix by hydrogen-bonds and coordinate the Mo/W ion
through their dithiolene group. Different coordination geometries
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for the Mo ion within enzymes have been described, however
all geometries may be unified when the dithiolene group of the
pyranopterin cofactor is treated as a single bidentate ligand strad-
dling over one vertex of a tetrahedron, allowing one to describe all
geometries as more or less distorted tetrahedra (Fig. 2) [1,8].

2. Enzymes of the DMSO reductase family

The largest family of molybdoproteins is formed by enzymes
related to dimethylsulfoxide (DMSO) reductase. These enzymes
occur in bacteria and archaea, catalyze proper oxygen-atom-
transfer (OAT) reactions and contain two pyranopterin cofactors
to coordinate the central Mo-ion (Fig. 2). Despite some sequence
and structural similarities, the family diverges in terms of overall
size, number of subunits and cofactor composition (Supplementary
Table). All enzymes share similar core structures consisting of
four conserved a/3 domains grouped around the bis-pyranopterin
guanosine dinucleotide (bis-PGD) cofactor, a fold first encoun-
tered in the crystal structure of DMSO reductase from Rhodobacter
sphaeroides [9] (Fig. 3). A classification scheme dividing the
enzymes of the DMSO reductase family into three subfamilies [10],
will be used to discuss related enzymes in the following sections.
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Fig. 2. The pyranopterin cofactor. (A) Active site architectures of the four families of pyranopterin-containing enzymes. The DMSO reductase family and the tungsten-
containing aldehyde oxidoreductase family contain both bis-pyranopterin containing enzymes and are depicted by the same picture. (B) The pyranopterin-cofactor without
metal bound. Coordination of molybdenum and tungsten occurs through the dithiolene group at the pyran ring. (C) Structure of the pyranopterin-cofactor with a 2Fqps — Fcac

electron density map at two different contour levels.
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Fig. 3. DMSO reductase family: Subunit structure and cofactors. DMSOR: Structure
of the DMSO reductase from R. capsulatus. FDH-H: Structure of the formate dehydro-
genase H from E. coli. TH: Structure of the pyrogallol:phoroglucinol transhydroxylase
from Pelobacter acidigallici. FDH-N: Structure of formate dehydrogenase H from
E. coli. Iron-sulfur clusters are labeled with FS and numbered, the two heme-groups
labeled bp and bp for proximal and distal b-type heme, are part of the membrane
bound subunit of FDH-N. The Mo-subunits are colored in white, the iron-sulfur con-
taining subunits in green and the heme-containing subunit in orange. All cofactors
are shown as spheres with elements colored white for carbon, blue for nitrogen,
yellow for sulfur, red for oxygen and orange for phosphor. All figure have been pre-
pared using PyMol [140]. (For interpretation of the references to color in text, the
reader is referred to the web version of the article.)

2.1. Formate dehydrogenases

Formate dehydrogenases (FDHs) are atypical members of the
DMSO reductase family as they do not catalyze a formal OAT, but the
reversible oxidation of formate to carbon dioxide, two electrons and
a proton [11]. The interconversion of carbon dioxide and formate
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is central to the one-carbon metabolism of several bacteria and
archaea, and occurs as an intermediate step in energy conserving
pathways [12].

The first structure of a FDH to be determined was that of the
Escherichia coli enzyme FDH-H, a component of the anaerobic for-
mate hydrogen lyase complex. The crystal structure of FDH-H was
also the first structure of a molybdoenzyme containing a seleno-
cysteine, revealing more about the function of the 21st amino acid
in catalysis [13]. The highly dioxygen sensitive enzyme was pro-
duced, purified and crystallized under strictly anoxic conditions to
prevent contact with air at any stage of preparation [14,15]. In addi-
tion to a Mo-ion coordinated by the bis-PGD cofactor, the structure
of FDH-H resolved the position of a [4Fe-4S]-cluster, which is close
to the pterin portion of one of the two bis-PGDs (Fig. 3). The protein
was crystallized in the oxidized and formate reduced state and the
structures revealed a larger movement of one PGD cofactor upon
oxidation of Mo [15]. Selenocysteine had originally been modeled
as a ligand of Mo in the reduced (Mo(+IV)) and oxidized (Mo(+VI))
state of the enzyme. However, in a recent paper the original diffrac-
tion data were subjected to new refinement programs and a careful
analysis revealed selenocysteine to be no longer bound to Mo in the
formate-reduced state, but displaced by 9 A from its original posi-
tion [16], in agreement with EXAFS studies of the enzyme [17]. This
suggested new roles of the selenocysteine in the reaction, which
may be able to form a selenium-carboxylated intermediate [18],
and may explain why its exchange against cysteine results in a
300-fold reduced activity [19,20]. The re-interpretation of the data
further indicated the terminal Mo-ligand to be a sulfido and not a
hydroxo/oxo ligand as originally modeled.

The structure of a far more complex FDH from E. coli (FDH-N)
was revealed in 2002 [21]. FDH-N is a membrane-bound protein
and itsexpressionisinduced in the presence of nitrate in the growth
medium. Special care had to be taken to solubilize FDH-N and
to separate it from the membrane-bound nitrate reductase [22].
Despite the large size of the protein, crystals diffracted to 1.6 A res-
olution, allowing the careful placement and analysis of all cofactors,
making it one of the best-resolved membrane protein structures.
With 11 redox centers (Supplementary Table) including the Mo-
site, five [4Fe-4S]-cluster, two b-type heme groups and a bound
menaquinone analog, the structure of FDH-N became a model for
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Fig. 4. Stereoview on the active site of DMSO reductase with bound DMSO. Coordinates have been taken from PDB-Id: 4DMR [56]. The substrate DMSO is bound via its oxygen
atom to Mo, which is in hydrogen-bonding distance and geometry to the indole ring of Trp116. Ser147 is a ligand of Mo in all states of DMSO reductase so far examined.
The second oxo-ligand at Mo present in the coordinates is not shown as it has a strong overlap of van-der-Waals radii with neighboring atoms and has been assigned to a
density peak likely originating from an alternative position displaying the non-physiological pentacoordinate Mo [51]. The Mo-bound bis-PGD cofactor (labeled as Q-PGD
and P-PGD) and the substrate are shown as balls and sticks, while the amino acids are shown as sticks only.
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the more complex members of the DMSO reductase family (Fig. 4).
The tight packing of three heterotrimeric monomers with extensive
interfaces suggests a physiological ()3 arrangement of FDH-N
in the membrane. Three subunits harbor the cofactors and position
them in a chain within the typical distances of 8-12 A [23] span-
ning altogether a distance of 90 A and 340V in potential difference
between formate oxidation at Mo and reduction of menaquinone
in the membrane portion [21]. A complex redox chain with sev-
eral cofactors, predominantly iron-sulfur cluster, is also found in
other metalloenzymes as in hydrogenase [24], fumarate reduc-
tase [25,26] and complex-I of the respiratory chain [27-29]. The
structure of FDH-N was resolved in the oxidized state and like in
the soluble FDH-H selenocysteine is found as a Mo-ligand. The
a-subunit is larger than in FDH-H, but has a very similar core
structure including conserved positions for Mo bis-PGD and one
[4Fe-4S]-cluster. The structure provides direct insights into the
likely mechanism of energy conservation in a redox loop [30]
between FDH-N and nitrate reductase to generate a proton-motive
force on the cytoplasmatic membrane.

A less complex but tungsten-containing FDH can be found in
the sulfate reducing bacterium Desulfovibrio gigas [31]. Despite its
different metal contents the structure is overall similar to FDH-
N, including fold, composition and Mo/W-coordination, in which
again selenocysteine acts as a ligand [32,33]. The small subunit is
similar to the B-subunit of FDH-N, but lacks one [4Fe-4S]-cluster.

2.2. Nitrate and polysulfide reductases

Nitrate reductases catalyze the reduction of nitrate with two
electrons and two protons to nitrite and water [11,34]. Different
types of Mo-containing nitrate reductases are found in eukary-
otic and prokaryotic organisms, and the former will be discussed
together with the related sulfite oxidases. Prokaryotic nitrate
reductases exist as simple enzymes of a single subunit similar in
structure to FDH-H as well as complex membrane-bound enzymes
similar to FDH-N.

The structure of the soluble periplasmatic dissimilatory nitrate
reductase isolated from Desulfovibrio desulfuricans was reported at
a resolution of 1.9 A [35]. The enzyme was crystallized in the oxi-
dized state and is similar to FDH-H, with a cysteine instead of the
selenocysteine residue acting as protein ligand to Mo. A closer rela-
tionship between the two enzymes is also indicated by the side
reactivities of both enzymes, which can catalyze the reaction of
the other enzyme with low activity. The earlier interpretation of
an oxo-ligand bound to Mo was revised when the long Mo-ligand
distance and the low B-factor of the ligand were noticed [36]. By
comparing the anomalous scattering properties of O and S it was
observed that the terminal Mo-ligand cannot be derived from water
but should contain sulfur. This also explains the unusual short
distance of 2.2 A between the former oxo-ligand and the thiolate
of the Mo-coordinating cysteine (PDB-Id: 2NAP), which can now
be attributed to the partial formation of a disulfide-bond. The re-
interpretation of the structure stimulates a revision of the proposed
mechanisms and the non-innocence (participation of the ligands in
the redox chemistry) [37] of the S-ligand has been proposed and
may also be relevant for FDH [36,38].

Additional complexity of the electron transfer chain in nitrate
reductases was resolved by the structural and kinetic work of
Arnoux et al. [39], who studied NapAB from Rhodobacter capsula-
tus. The complex between NapA, the molybdoprotein, and NapB, a
diheme c-type cytochrome, can only form after transport into the
periplasm due to the two different transport pathways used in the
maturation of both proteins. Complex formation changes the struc-
ture and also the redox potential of the [4Fe—4S]-cluster in NapA
[39].

Structurally more complex than the soluble nitrate reduc-
tases are the membrane-bound enzymes belonging to subfamily
II of the DMSO reductase family. The membrane-bound nitrate
reductase complex from E. coli is composed of NarG (molybdopro-
tein), NarH (polyferredoxin) and Narl (b-type cytochrome), which
form a (afvy), oligomer. The structure of NarGHI was resolved
for the oxidized enzyme at a resolution of 1.9A [40]. Similar to
membrane-bound FDH-N, NarGHI consists of a large extra mem-
branous part covering NarGH and the membrane anchored b-type
diheme cytochrome Narl. The cofactors comprise a bis-PGD bound
Mo, two b-type heme groups and five iron-sulfur clusters, one of
which is a [3Fe-4S]-cluster. One of the [4Fe-4S]-clusters has the
more unusual 3xCys, 1xHis coordination and gives rise to a high-
spin (S=3/2) signal [41]. The structure of NarGHI further revealed
one PGD cofactor in the usual tricyclic (pyranopterin) and one in
the unusual bicyclic (pterin) state with open pyran ring, as pro-
posed to occur before the first structures of Mo-enzymes were
elucidated [42]. Based on this observation it was suggested that
scission and condensation of the pyran-ring may participate in the
catalytic proton transfer reaction. Mo is coordinated by the car-
boxylate of aspartate in a bidentate fashion, adding aspartate and
its carboxylate group as new members to the list of protein ligands
of Mo in the DMSOR family (Fig. 2). Furthermore, the structure
of NarGH, a shorter version of the NarGHI complex in which the
membrane anchor is missing, was elucidated [43]. While the overall
structure is similar, Asp here acts as a monodentate ligand and an
oxo-ligand completes the hexacoordinated Mo sphere. However,
the short distance of 1.6 A between the oxo-ligand and the coor-
dinating carboxylate oxygen of aspartate, as well as the 2.3-2.4A
distance between the oxo-ligand and one dithiolene-sulfur create
anoverlap of the respective van-der-Waals radii and indicates some
structural heterogeneity (PDB-Id: 1R27).

Similar to NarGHI, polysulfide reductase is an integral mem-
brane protein coupling the reduction of polysulfides to the
oxidation of menahydroquinone-7 at a similar Mo-site as in nitrate
reductase [44]. The structure of the polysulfide reductase revealed
a novel type of membrane-anchor architecture, which is indicative
of a proton-pumping scheme using conformational changes [44].

2.3. Ethylbenzene dehydrogenase

Ethylbenzene dehydrogenase catalyzes the hydroxylation of
ethylbenzene to 1-(S)-phenylethanol, the first step in the anaerobic
degradation of aromatic hydrocarbons by Aromatoleum aromaticum
[45]. The crystal structure at 1.88 A resolution revealed a com-
plex metalloenzyme with striking similarities to NarGHI, although
the protein is soluble and not membrane-bound like NarGHI [46].
Ethylbenzene dehydrogenase consists of three different subunits,
contains one pyranopterin with a closed and one with an open
pyran ring coordinating the Mo and features an aspartate as pro-
tein ligand at Mo. An acetate molecule completes the coordination
of Mo. It shares with NarGHI the presence of a His-coordinated
[4Fe-4S]-cluster and has an unprecedented Met-Lys coordination
of the b-type heme group.

The reaction of ethylbenzene dehydrogenase is unusual in that
it hydroxylates a rather inert hydrocarbon instead of the usually
found polar substrates. The mechanism was suggested to proceed
through radical intermediates to a carbocation on the substrate,
which becomes hydroxylated by the Mo(IV)-H,0 species formed
[47,48].

2.4. Dimethylsulfoxide reductases
DMSO reductases catalyze the reversible reduction of DMSO

with two electrons and two protons to dimethylsulfide (DMS). The
first structure of a member of the DMSO reductase family was pub-
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lished in 1996 [9] and revealed the first bis-PGD coordinated Mo
ion. The structure of DMSO reductase is of special interest as the
enzyme was intensely investigated by spectroscopic methods and
specifically the lack of additional cofactors in the enzyme facil-
itated the use of UV/Vis absorption spectroscopy to follow the
reaction at the Mo site, whose absorption is usually covered by the
more intensively absorbing iron-sulfur clusters, heme groups or
flavins. Shortly after the structure of the DMSO reductase isolated
from R. sphaeroides was published a second DMSO reductase struc-
ture emerged, this time from an enzyme isolated from the closely
related organism R. capsulatus [49]. Consistent with the high amino
acid sequence identity both structures were overall very similar but
revealed different coordinations for the Mo ion. That these varia-
tions were not species dependent, but reflected the variability of
the Mo-coordination was demonstrated when a third DMSO reduc-
tase structure, again from enzyme isolated from R. capsulatus, with
another variation in the active site structure was presented [50]. A
high-resolution structure from the R. sphaeroides enzyme brought
the likely explanation and resolved a mixture of a hexacoordinate
and a pentacoordinate Mo-ion, which appear to be present in the
other structures with variable populations [51]. In the hexacoordi-
nate structure Mo is coordinated by the four sulfurs of bis-PGD, the
side chain of serine and an oxo-ligand (Figs. 2 and 4). This structure
is transformed into the pentacoordinate structure by dissociation
of one PGD from Mo, which is replaced by a second oxo-ligand.
While the hexacoordinated structure is consistent with extended
X-ray absorption spectroscopy (EXAFS)data [52,53] and most likely
represents the oxidized state of the active species, the pentacoordi-
nate structure likely represents an inactive state of DMSO reductase
[54,55]. A structure with DMSO in the active site revealed the sub-
strate to be directly bound to Mo via its oxygen atom and is in
agreement with the Mo-OH being the oxygen source [56] (Fig. 4).
In contrast to other enzymes in which the addition of tungsten
instead of molybdenum to the bacterial growth medium results
in pyranopterin-deficient enzymes, tungsten can be incorporated
into DMSO reductase in place of Mo. The coordination geometry is
very similar compared to the Mo-containing enzyme but W-DMSO
reductase is more active in DMSO reduction but has a strongly
impaired DMS oxidation activity [57], likely reflecting the lower
oxidation potential of the W(+VI)/W(+IV) couple compared to the
Mo couple.

2.5. Pyrogallol-phloroglucinol transhydroxylase and acetylene
dehydratase—the non-redox enzymes

Pyrogallol-phloroglucinol transhydroxylase catalyzes an over-
all non-redox reaction consisting of a reductive dehydroxylation
and an oxidative hydroxylation as two consecutive steps. The
Mo-coordination is closely related to that of DMSO reductase
(Supplementary Table) and like DMSO the substrate pyrogallol
coordinates the Mo-ion directly [58]. The architecture of the active
site supports a mechanism in which both substrate and cosubstrate
bind simultaneously in the active site [59]. Despite the non-redox
reaction catalyzed transhydroxylase contains three [4Fe-4S]-
cluster bound to its B-subunit. As electron uptake/donation does
not play a role in the catalyzed reaction, it is suggested that the
iron-sulfur clusters may be evolutionary remnants from an ances-
tral redox enzyme.

Another non-redox reaction, the hydration of acetylene to
acetaldehyde, is catalyzed by the oxygen-sensitive W-containing
enzyme acetylene hydratase. The structure provides evidence for
a new type of substrate channel guiding acetylene to a different
portion of the W-coordination when compared to the related Mo-
containing nitrate reductase [60]. Acetylene hydratase is active in
the reduced (W(+IV)) state in which H,0 coordinates the W-ion.
Substrate docking calculations indicate the binding of acetylene

directly above the W-bound water ligand. The role of W(+IV) is
to activate the water ligand, which would act as an electrophile
attacking the triple bond of acetylene to form a vinyl cation inter-
mediate. The structure-based mechanism thus avoids a W-bound
acetylene complex suggested by computational investigations of
the mechanism [61].

2.6. Arsenite oxidase

Arsenite oxidase catalyzes the oxidation of arsenite to arsenate
and is unique among the members of the DMSO reductase fam-
ily in its cofactor content and molybdenum coordination [62]. In
the structure Mo is pentacoordinate with the dithiolene-groups
of the bis-PGD and an oxo-ligand [63]. In contrast to other mem-
bers of the DMSO reductase family it does not involve a protein
ligand to coordinate the Mo. The enzyme was crystallized in the
oxidized state but most likely became photoreduced during data
collection. In agreement with EXAFS data the authors thus argue
that the pentacoordinate form is likely representing the reduced
state and a hexacoordinated state with one oxo- and one hydroxo-
ligand is likely to be found in the oxidized state. Arsenite oxidase
is the only Mo-enzyme of known structure harboring a Rieske-
[2Fe-2S] cluster, which is typically employed for electron transfers
at more positive reduction potentials than the all-Cys coordinated
iron-sulfur cluster.

3. Molybdenum hydroxylases

Molybdenum hydroxylases catalyze reactions following the
general scheme R-H+H,0— ROH+2e +2H*. In contrast to
monooxygenases, which also catalyze hydroxylation reactions, the
source for the hydroxyl-group incorporated into the substrate is
water and not dioxygen, and redox equivalents are generated and
not consumed [64,65]. Compared to the DMSO reductase family the
molybdenum hydroxylase family is more homogenous in its cofac-
tor composition and active site architecture (Supplementary Table).
Two classes may be defined consisting of the molybdo-iron-sulfur
proteins and the molybdo-iron-sulfur flavoproteins, with the lat-
ter being more abundant (Fig. 5). The active site architectures of
all characterized members are similar and consist of oxo/hydroxo-
, sulfido-, selenido-ligands occurring, with the exception of the
enzyme carbon monoxide dehydrogenase, as terminal ligands of
Mo (Fig. 6). The characteristic essential terminal sulfido-ligand at
Mo had been used in the pre-genome sequence area to identify
members of the molybdenum hydroxylases and its nature and func-
tion has been regarded as key to the reactivity of the enzymes [8].
The sulfido ligand reacts with cyanide to thiocyanate, producing
the inactive Mo tri-oxo state of the enzymes [66-69]. The catalytic
relevance of the sulfido ligand may be explained from the elec-
tronic structure of the cis-MoOS unit in which a highly delocalized
Mo=S m* LUMO acts as an electron sink in orbital-controlled reac-
tions [70]. However, it was recently demonstrated that at least one
molybdenum hydroxylase, the aldehyde oxidoreductase isolated
from D. gigas, is active in the Mo tri-oxo state (Fig. 6-1) [71].

3.1. Xanthine oxidoreductases

Xanthine oxidoreductases (XORs) have been isolated from a
wide range of organisms and catalyze the hydroxylation of a variety
of purines, pyrimidines, pterins and aldehydes. The physiologi-
cal function of mammalian XORs is to act in the last steps of the
degradation of purines to urate via hydroxylation of hypoxanthine
to xanthine. The mammalian enzyme is synthesized in the xan-
thine dehydrogenase form, which may be converted by oxidation
of sulfhydryl groups or proteolysis to the oxidase form. XORs are
large homodimeric enzymes with a mass of about 290 kDa. Each
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Aldehyde = =
Oxidoreductase 2 x [2Fe-2S] + Mo-PCD
Bovine Xanthine FAD + 2 x [2Fe-2S] + Mo-Pt
Oxidoreductase

Bacterial Xanthine FAD + 2 x [2Fe-2S] Mo-Pt
Oxidoreductase
4-Hydroxybenzoyl- FAD + 2 X Mo-PCD
CoA Reductase [4Fe-4S] [2Fe-2S]
Quinoline 2- FAD 22 Mo-PCD
Oxidoreductase [2Fe-25]

Nicotinate FAD 2 x Y2 X Y2 X

Dehydrogenase [2Fe-2S] Mo-PCDI Mo-PCDII

Fig. 5. Composition of Mo-hydroxylases. Subunits and their cofactors are listed in the boxes and the ribbon presentation next to it has the same color code as the frames of
the boxes. Mo-PCD denotes the Mo-bound form of the pyranopterin-cytosine-dinucleotide cofactor, while Mo-Pt stands for the Mo-bound pyranopterin cofactor.

monomer contains the pyranopterin cofactor, two [2Fe-2S]-cluster
and FAD, which is the prototypical cofactor content for molybde-
num hydroxylases.

Enroth et al. resolved the structure of the bovine xanthine
dehydrogenase (XDH) form at 2.1A and the xanthine oxidase
(X0) form at 2.5A [72,73]. Mild proteolytic digestion resulted in
three fragments separating the molybdenum containing domain,
the iron-sulfur cluster domain and the FAD-domain. Distances
of 12-14 A between the four cofactors are in agreement with a
through-space electron transfer from Mo to FAD [23]. The reso-
lution of 2.1 A did not allow to unambiguously identify the nature

of the three terminal ligands of Mo, which were inferred from the
arrangement found in the structure of (re)sulfurated aldehyde oxi-
doreductase from D. gigas, where the crucial sulfido-ligand was
localized in the apical position [74]. The protein was cocrystallized
in the presence of salicylate to protect the active site, and a sali-
cylate molecule was found in the structure to block the substrate
channel. Electron paramagnetic resonance (EPR) spectroscopy has
been used to differentiate the two [2Fe-2S]-cluster, designated as
type-I and type-II [75,76]. Two different domains bind the two
[2Fe-2S]-cluster; one domain resembles a plant-type [2Fe-2S]-
cluster ferredoxin and carries the type-II [2Fe-2S]-cluster, the fold

o) o) o)
S;M|o|§o S;M|O|§S S;M|O|§Se
I s OH I S oH I S \OH
I II III
o)
S\MU/S
IS/ \OH ~SCu—SCys
v

Fig. 6. Active sites of Mo-hydroxylases. Four variations in the active site of Mo hydroxylases have been found. (I) The [MoOs] species is found in the inactive states of
CODH, XOR and quinoline 2-oxidoreductase and represents the active form of the aldehyde oxidoreductase from D. gigas [71]. (II) The [MoSO,] unit is the active state of
most molybdenum hydroxylases and contains the cyanolyzable sulfido-ligand in the equatorial position. (IlI) A [MoSeO; | unit has been found in the active site of nicotinate
dehydrogenase from E. barkeri and is likely present in several molybdenum hydroxylases from Clostridia. (IV) The [CuSMoO;] unit is the active site metal cluster of carbon

monoxide dehydrogenases.
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of the second domain comprises a four-helix bundle and carries
the type-I [2Fe-2S]-cluster. The FAD-containing domain may be
divided into three subdomains. Two motifs involved in FAD bind-
ing, —~AAGTP- and -TIGG- are similar to the FAD binding site of
flavoenzymes of the vannilyl alcohol oxidase family [77] and the
N-terminal and middle subdomains show the core fold typical for
this enzyme family [73,78].

Proteolytic cleavage of the surface exposed loops leads to the
irreversible XDH-to-XO conversion and partially blocks access of
the electron acceptor NAD* to FADH, and changes the electrostatic
environment of the flavin site. Both changes account for the switch
in substrate specificity from NAD* (XDH) to dioxygen (XO) as elec-
tron acceptor. Kuwabara et al. identified a cluster of residues that
build the center of a relay system for the conversion of XDH to
X0 and the gating of a solvent channel leading to FAD [79]. The
involvement of two cysteine residues (Cys535 and Cys992) in the
reversible XDH-XO conversion was later confirmed and refined by
studies on mutant XORs [80]. However, also mutations near the
flavin site stabilize the XO form [81].

XOR from R. capsulatus is similar in sequence to mammalian
XOR, but consists of two subunits forming a dimer of heterodimers
(), in solution. Specific functional inactivation of one active site
per R. capsulatus XOR dimers shows that the individual monomers
are active and act without cooperative effects within the homod-
imers [82]. In contrast to the majority of bacterial molybdoenzymes
R. capsulatus XOR does not contain the dinucleotide form of the
pyranopterin and the structure is more closely related to the mam-
malian XORs than to other bacterial molybdenum hydroxylases like
quinoline 2-oxidoreductase. Allopurinol is similar to hypoxanthine,
but acts as an inhibitor of XORs and is used as a drug to treat hype-
ruricemia and to aid in cases of post ischemia reperfusion injury.
Cocrystallization of bacterial XOR with allopurinol produced a com-
plex between XOR and the inhibitor tightly bound via its N8 atom
to Mo. Both, biochemical assays as well as the observed electron
density indicate that allopurinol is first hydroxylated before the

resulting alloxanthine (also called oxipurinol) binds to Mo(+IV). The
same mode of alloxanthine binding has been confirmed at higher
resolution for mammalian XOR [83].

Effective inhibitors of XOR are not necessarily chemi-
cally/structurally related to (hypo)xanthine. Febuxostat (TEI-
6720; 2-(3-cyano-4-isobutoxyphenyl)-4-methyl-5-thiazole car-
boxylic acid) is a non-purine inhibitor, which binds with a
dissociation constant in the low nanomolar to picomolar range to
XOR and acts as a mixed-type inhibitor. The crystal structure of
the resulting complex revealed it to bind in the substrate chan-
nel leading to Mo. TEI-6720 blocks the channel and the immediate
environment of Mo, but unlike alloxanthine does not interact with
Mo. A similar mode of inhibition has also been found for the related
inhibitor Y-700 [84].

An intermediate in the hydroxylation reaction was captured
with a slow substrate of XOR and shows the Mo-O-C bond
formed [85]. The high-resolution structure also allowed one to
define the stereochemistry of the Mo ligands proving that the
crucial sulfido-ligand is indeed found in an equatorial position,
which is widely conserved in the Mo-hydroxylase family (Fig. 6)
[86-88]. In the structure with the slow substrate the sulfido-
ligand is most likely protonated and Mo in the reduced state
(Mo +1V) [85]. A structure of XOR with a slow purine substrate
(2-hydroxy-6-methylpurine) was resolved at 2.3 A[89]. 2-hydroxy-
6-methylpurine is, like xanthine, hydroxylated at C-8. The structure
supports the idea that xanthine would bind with the C-6 carbonyl
positioned to interact with Arg880 to stabilize the Mo(+V) tran-
sition state (Fig. 7). This proposal is further supported by crystal
structures of bacterial XOR in complex with hypoxanthine, xan-
thine and pterin-6-aldehyde, which are all oriented with their
C-6 carbonyl towards the conserved Arg (Arg880 in bovine XOR)
[90]. A recent high-resolution structure of bovine XOR reveals two
orientations for hypoxanthine, one in which C2 of hypoxanthine
is close to the hydroxylating Mo-ligand and one in which C8 of
hypoxanthine would become hydroxylated [91] (Fig. 7). The latter



H. Dobbek / Coordination Chemistry Reviews 255 (2011) 1104-1116 1111

ﬁ %ﬁ Heme
#® Mo-P <« gj
Mo-P Mo-P

Fig. 8. Architecture of sulfite oxidizing enzymes. NAR: Structure of the assimila-
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reaction is suggested to be disfavored by the lower reactivity of
the C8 atom.

Recombinant protein expression and site-directed mutagene-
sis together with X-ray crystallography also allows analyzing the
contributions of individual residues to different substrate speci-
ficities [92]. In the XOR related mammalian aldehyde oxidase most
residues in the active site are conserved, but Glu802 is exchanged
for valine and in place of Arg880 a methionine residue is found
in sequence alignments. The corresponding mutations in XOR con-
vert it to an aldehyde oxidase-like enzyme, supporting the idea that
these residues are instrumental to achieve the various substrate
specificities [92].

3.2. Aldehyde oxidoreductases from sulfate-reducing bacteria

Aldehyde oxidoreductases (AORs) from sulfate-reducing bac-
teria catalyze the oxidation of aldehydes with a wide range of
different side groups to carboxylic acids. The crystal structure of
AOR from D. gigas was the first structure of a Mo-pyranopterin
containing enzyme to be determined [93]. Mo is coordinated by
the dithiolene moiety of a pyranopterin cytosine dinucleotide
(PCD) cofactor and three oxygen containing ligands, later in
a high resolution structure (dp,=1.28A) defined as two oxo
and one water ligand [94]. The cofactors arrangement (PCD and
2 x [2Fe-2S]-cluster) is very similar to XOR, but AOR lacks the flavin
domain/subunit (Fig. 4). Incubation of AOR with sulfide resulted
in formation of a Mo-bound sulfido-ligand in the apical position,
while crystals of AOR isolated under aerobic or anaerobic con-
ditions had no sulfido-ligand [74]. The activity of AOR does not
depend on the presence of a sulfido-ligand at Mo explaining the
lack of a sulfido-ligand in all as-isolated structures [71].Isopropanol
was used as a precipitating agent in the crystallization drop and is
found in the active site near the Mo ion [93]. The dimer arrange-
ment of AOR differs from that found for XOR. However, like in
XOR both monomers act independently from each other and active
AOR monomers created in reverse micelles are spectroscopically
indistinguishable from the homodimer [95].

XOR and AOR are inhibited by the addition of arsenite. The
structure of arsenite-inhibited AOR shows that arsenite coordi-

nates Mo via an oxygen bridge and binds at the place of the labile
hydroxo-/water ligand of Mo [96,97]. Alcohols like ethylene gly-
col and glycerol bind to reduced AOR and inhibit the enzyme by
replacing the catalytically labile hydroxy/water ligand and exhibit
a short Mo-C distance [71]. Short Mo-C distances have earlier been
proposed to be of catalytic relevance [98,99] and the observation
of a Mo-C distance of 2.4A in the AOR-ethylene glycol complex
was taken as an additional indication that Mo-C bond contain-
ing intermediates may be involved in turnover [71]. Short Mo-C
distances of 2.5-2.7 A have been observed in other Mo-containing
structures like the n-butylisocyanide complex of CODH [86] and
in the active site of nitrate reductase [40], where the short Mo-C
distances are the consequence of Mo-0-C-S and Mo-0-C-0 met-
allocycles. These Mo-containing ring structures are likely related
to the formaldehyde inhibited state of xanthine oxidoreductase,
where recent ENDOR studies could exclude Mo-C bond formation
[100] (for a recent review on Mo-C bonds in molybdenum hydrox-
ylases see [101]).

AOR from D. gigas and D. desulfuricans share 68% sequence
identity and their structures can be superimposed with an r.m.s.
deviation for the C-o atoms of 0.8 A [102].

3.3. 4-Hydroxybenzoyl-CoA reductase

4-Hydroxybenzoyl-CoA reductase from Thauera aromatica cat-
alyzes a central step in the anaerobic degradation of phenolic
compounds. Its activity is unique among the molybdenum hydrox-
ylases in that the enzyme catalyzes the dehydroxylation of a
phenolic compound [103,104]. Compared to other molybdenum
hydroxylases it has an insertion of 41 amino acids in its $-subunit
(FAD-subunit) positioning a [4Fe-4S]-cluster in 16 A distance from
the isoalloxazine ring of FAD [105] (Fig. 5). The insertion effectively
covers the otherwise largely solvent accessible FAD-binding site.
The [4Fe-4S]-cluster is the likely entry point of electrons derived
from a ferredoxin in an inverted electron flow to the Mo. The struc-
ture shows Mo in the oxidized state, where it is coordinated by
the dithiolene group of PCD, two oxo- and one hydroxo-ligand. An
additional electron density peak in trans to the apical oxo-ligand is
lost after treatment with cyanide. Treatment with dithionite inac-
tivates the enzyme by binding to both equatorial coordination sites
of Mo [106].

3.4. Quinoline 2-oxidoreductase

Quinoline 2-oxidoreductase catalyzes the first step in the degra-
dation of quinoline along the 8-hydroxycoumarin pathway of
Pseudomonas putida 86 by hydroxylating quinoline at the C2 atom
[107]. The enzyme is a dimer of heterotrimers (af3-y), and contains
the PCD to coordinate Mo, whose terminal ligands have been mod-
eled as two oxo- and one sulfido-ligand, with the sulfido-ligand
being an equatorial ligand [87]. A mixture between the substrate
quinoline and cryoprotectant glycerol was modeled into the elec-
tron density of the active site, positioning the C2 carbon of quinoline
to be hydroxylated close to the equatorial hydroxo- and sulfido-
ligands.

3.5. Nicotinate dehydrogenase

Nicotinate dehydrogenase from Eubacterium barkeri catalyzes
the hydroxylation of nicotinate to 6-hydroxynicotinate [108]. Its
reactivity is dependent on the presence of a labile selenium moiety,
which is not present as selenocysteine [109-111] and is close to the
Mo active site[112]. Dependence on a non-selenocysteine selenium
moiety has been demonstrated for several Mo hydroxylases mostly
isolated from anaerobic bacteria of the order Clostridiales and is
a unique feature of this group of enzymes [113-115]. The crystal
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structure revealed the arrangement of the four subunits as (af3v)2
placing all cofactors in a similar position as that seen in carbon
monoxide dehydrogenase, XOR and quinoline 2-oxidoreductase
(Fig. 5) [88]. Mo is coordinated by PCD and two terminal O- and
one terminal Se-ligands. The selenido ligand is found in the position
occupied by the cyanolyzable sulfido ligand in other molybdenum
hydroxylases and most likely facilitates the formal hydride transfer
from the substrate into the low lying 7* orbital of the Mo=Se bond
[88,116] (Fig. 6-I1I).

3.6. Carbon monoxide dehydrogenase

Carbon monoxide dehydrogenases (CODHs) are found in aerobic
and anaerobic microorganisms. While anaerobic microorgan-
isms contain mono- and bifunctional Ni,Fe-containing CODHs
with a [NiFe4S40Hy]-cluster to oxidize CO [117], aerobic car-
boxydothrophic bacteria like Oligotropha carboxidovorans use a
Mo-containing enzyme closely related to XORs. Mo-CODHs con-
sist of three different subunits each carrying one type of cofactor
[78]. Mo is coordinated by the PCD and was first described as
coordinated by three O-containing ligands close to an erroneously
interpreted S-selanylcysteine [78]. The crystallographic analysis of
a preparation with higher specific activity at true atomic resolu-
tion (dpin < 1.2 A) using analytical multiple wavelength anomalous
scattering methods revealed a hetero-dinuclear [CuSMoO;] site,
in which the sulfido-ligand of Mo acts as a bridging ligand to a
Cu(I) ion with a nearly linear —uS-Cu-SCys- coordination (Fig. 6-
IV) [86]. The strong super-hyperfine coupling with I=3/2 nuclear
spin of Cu detected in the EPR spectra shows that the electron spin
of Mo(V) is efficiently delocalized along the Mo-S-Cu bond [86].
The strong super-hyperfine coupling was also found in a model
complex of the active site [118]. Treatment with cyanide inacti-
vates CODH, changes the Mo(V) EPR signal, destroys the dinuclear
cluster and results in the formation of a Mo tri-oxo species bound
in the active site. Treatment of the [MoO3] species with sulfide and
Cu* partially restores the [CuSMoO,] cluster and reactivates the
enzyme [119]. A complex of Mo-CODH with n-butylisocyanide, a

CO analog, has been resolved at 1.09 A. The complex reveals the
cyano-group inserted between Cu and Mo, with the carbon atom
forming a -Mo-0-C-S- metallocycle with a Mo-C distance of 2.6 A
[86].

The Mo-CODH isolated from Hydrogenophaga pseudoflava has
been structurally characterized with and without bound PCD cofac-
tor and in the latter 5’-cytosine diphosphate (CDP) is found in the
place of the CDP moiety of the PCD cofactor [120].

4. Sulfite oxidase family

Sulfite oxidase and assimilatory nitrate reductase are grouped
into a separate family of molybdoenzymes. This family originally
comprised only enzymes of eukaryotic origin, but recently the
structure of two bacterial enzymes, the sulfite dehydrogenase from
Starkeya novella and the E. coli enzyme YedY, showed clear homolo-
gies to the eukaryotic proteins and therefore are included in this
family of Mo-enzymes.

4.1. Sulfite oxidase and sulfite dehydrogenase

Eukaryotic sulfite oxidases catalyze the oxidation of sulfite to
sulfate, the last step in the vital degradation of the sulfur-containing
amino acids cysteine and methionine. Sulfite oxidase activity may
be lost due to defects in the biosynthesis of the pyranopterin
cofactor or due to mutations in the structural gene of the enzyme
(“isolated sulfite oxidase deficiency”) and may lead to severe neu-
rological abnormalities and mental retardation.

The homodimeric enzyme carries the Mo-pyranopterin and a
heme group as cofactors, which are bound in the middle and
N-terminal domain of the three-domain protein [121]. The pyra-
nopterin cofactor, one oxo- and one hydroxo-/water-ligand and the
thiolate group of a highly conserved cysteine residue coordinate
Mo. The bis-histidyl coordinated heme-group in the cytochrome
bs-domain is about 32 A away from Mo and a rearrangement of
the flexible domains is necessary to facilitate electron transfer by
bringing the two cofactors closer together [122]. A sulfate ion is
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found in the active site and its position indicates that, like in the
molybdenum hydroxylases, the apical oxo-ligand acts as a “spec-
tator” [123], while the equatorial O-ligand is the catalytically labile
exchangeable residue [121] (Fig. 9). Mutations affecting sulfite oxi-
dase activity in humans have been localized and two mutations
are near the sulfate-binding site, while two other mutations local-
ize near the dimer interface. Recombinant production of chicken
liver sulfite oxidase allowed one to study the kinetic and struc-
tural alterations of the disease-causing amino acid substitutions
directly [124]. Arg450 is critical for catalysis and adopts differ-
ent conformations in the presence and absence of sulfate in the
active site, which are disabled when a neighboring arginine residue
is exchanged against glutamine (R138Q) (Fig. 9). Exchange of the
Mo-ligating cysteine residue (Cys185) against serine and alanine
inactivates the enzyme. The replaced amino acids do not interact
with the Mo, where a third oxo-ligand is found in place of the lost
Mo-Cys interaction.

A sulfite oxidase from Arabidopsis thaliana has been over-
produced and crystallized. The plant-type sulfite oxidase is
homodimeric and is similar in sequence to mammalian sulfite
oxidases, displays a similar fold and Mo coordination. However,
plant-type sulfite oxidase lacks the heme-domain and has a differ-
ent surface charge distribution [125].

Bacterial sulfite dehydrogenases are heterodimeric enzymes.
The sulfite dehydrogenase (SorAB) from S. novella has been over-
produced and its structure solved. SorA binds the Mo-pyranopterin
cofactor and SorB is a c-type cytochrome (Fig. 8). In contrast to
chicken liver sulfite oxidase the distance between the two cofac-
tors is close enough to allow facile electron transfer (Mo-Fe: 16.6 A;
Pyranopterin-Heme: 8.5 A) [126], Mo-coordination is analogous to
chicken liver sulfite oxidase. The short distance between the cofac-
tors and the extensive subunit interface indicate a rigid electron
transfer pathway. This is in line with the missing influence of vis-
cosity on the rate of intramolecular electron transfer in bacterial
sulfite dehydrogenase [127]. The exchange of an active site Tyr for
Phe increased the affinity of the enzyme for dioxygen as electron
acceptor and destabilized the conformation of an active site argi-
nine (Arg55) proposed to be involved in substrate binding [128].
Consequently, the substitution R55M increases the apparent Ky,
for sulfite by 2-3 orders of magnitude [129].

4.2. Nitrate reductase

The assimilatory NAD(P)H:nitrate reductase catalyzes the
reduction of nitrate to nitrite with electrons gained from the oxi-
dation of NAD(P)H at a flavin site passing via a heme-cofactor.
The Mo-containing fragment was crystallized in the presence and
absence of sulfate and refined to 1.7 A resolution (Fig. 8) [130]. The
Mo-pyranopterin binding domain is very similar to chicken liver
sulfite oxidase and also the Mo coordination (pyranopterin, Cys,
one hydroxo, one 0xo) is analogous to the related sulfite oxidase,
again with clear indications of photoreduction of the crystals by the
synchrotron beam.

A structure-based mechanism, which is similar for sulfite oxi-
dase and nitrate reductase, features the direct coordination of
nitrate to Mo and an inner-sphere electron transfer to reduce the
substrate. Surprisingly, the mechanisms for nitrate reduction in dis-
similatory nitrate reductase and the assimilatory nitrate reductase
appear to be different.

4.3. YedY

A novel Mo-containing oxidoreductase has been discovered in a
screen of the E. coli genome sequence for Mo-containing enzymes
[131]. The novel protein, YedY, is part of the YedYZ operon encod-
ing a heterodimeric membrane-bound complex, in which YedZ acts
as a b-type heme containing membrane anchor [132]. The overall
fold of YedY and its active site composition is similar to that found
in chicken liver sulfite oxidase including the presence of a pyra-
nopterin cofactor. Mo is coordinated by Cys and oxygen-containing
ligands. Based on the similarity of the fold YedY has been grouped
together with the sulfite oxidase enzymes [133] but its physiologi-
cal role is likely to be different from the sulfite oxidizing enzymes.

5. Tungsten-containing enzymes of the aldehyde
oxidoreductase family

5.1. Aldehyde ferredoxin oxidoreductase

The first enzyme carrying a pyranopterin cofactor, whose
structure was elucidated was that of the aldehyde ferredoxin
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oxidoreductase (AFOR) from the hyperthermophilic archaeon Pyro-
coccus furiosus [134]. This W-containing enzyme carries two
pyranopterin cofactors to coordinate W via their dithiolene groups
(Fig. 10). The phosphates of the pyranopterin interact with a Mg2*
ion, linking both cofactors in a pseudosymmetric protein environ-
ment. The active sites in the homodimeric structure are more than
40A apart. Each monomer contains one [4Fe-4S]-cluster, with a
shortest Mo-Fe distance of 9 A. In addition to the bis-pyranopterin
coordination two electron density peaks were observed near W and
indicate the presence of two oxo-ligands.

5.2. Formaldehyde ferredoxin oxidoreductase

Formaldehyde ferredoxin oxidoreductase (FFOR) and AFOR
share 40% identity in their amino acid sequences and have similarly
sized subunits. FFOR forms a stable tetramer with a 222-molecular
symmetry [135]. Its active site architecture is similar to AFOR, but
also shows parallels to the active site of Mo-containing aldehyde
oxidoreductase from D. gigas [135], rendering mechanistic simi-
larities possible. A cocrystal structure with the electron transfer
partner, a [4Fe-4S]-ferredoxin, shows that the [4Fe-4S]-cluster of
FFOR and the ferredoxin are in a short distance forming a pathway
for electron transfer from the W-site to the [4Fe-4S]-ferredoxin.

6. Conclusions and outlook

Structures derived from protein crystallography made impor-
tant contributions to our understanding how Mo-containing
enzymes work and will likely continue to do so. However, with the
number of enzyme structures rapidly rising new challenges emerge
for the future work, which will be briefly outlined below.

X-ray crystallography and its limitations: Due to the size of
pyranopterin-containing enzymes X-ray crystallography is the pre-
dominant method used to investigate their structures. Protein
X-ray crystallography is based on the interaction of X-ray photons
with electrons, resulting in coherent scattering used to determine
the structure of the electron distribution (electron density). The
crystal structure thus does not directly follow from the diffraction
experiment, but is derived from the interpretation of the electron
density by the crystallographer and the refinement of the model
to explain the electron density. While the interpretation may be
straightforward when amino acids and cofactors of known compo-
sition, for example flavin and heme groups, are concerned, complex
metal sites and their inorganic ligands pose a challenge to the crys-
tallographer. Limited resolution originating from weak diffraction,
heterogeneity of the metal site(s) and modification of the metal site
due to chemistry caused by the photons while the crystal is subject
to the X-ray diffraction experiment further obscure the analysis. Itis
thus not surprising that several structures of metalloenzymes have
been revised and others will likely be challenged in the future. High
resolution, ideally close to atomic resolution or true atomic reso-
lution (dpmiy < 1.2 A) is instrumental to resolve mixed states, which
otherwise are overlooked, resulting inirrelevant structures. Clearly,
the combination of methods, specifically spectroscopic methods
sensitive to the oxidation state and geometry of the metal site and
the X-ray diffraction experiment are needed to resolve ambigu-
ous cases and first studies of this type have been reported (see for
examples: [71,96,97]).

Mechanistic insights from crystal structures: During the last years
the aim of many crystallographic studies of metalloenzymes has
shifted. While the number of “new” structures deposited per year
is not increasing, the crystallographic analysis is more and more
often combined with kinetic, spectroscopic and mutagenesis stud-
ies and the structure of different enzyme variants, structures with
inhibitors and slow substrates give insight into the catalytic cycle.

Thus, the structural analysis complements the biochemical work
and helps to interpret the result of binding assays and site-directed
mutagenesis. On the other hand, crystal structures are the basis for
computational studies, which, after years of focusing on the active
site metal alone, now include more and more of the surround-
ing protein matrix (see the accompanying paper by Walter Thiel
and Sebastian Metz). A very productive combination appears to lie
in the combination of structural methods with kinetic approaches
investigating native enzymes and enzyme variants with normal and
slow substrates to trap different intermediates along the reaction
coordinate. The recent insights into the mechanism of xanthine
oxidoreductases obtained in this way are especially encouraging
[85,89-91,136,137].

Discovery of novel enzymes: The rapidly rising number of
sequenced genomes and the possibility to express pyranopterin-
containing enzymes in heterologous expression hosts, makes it
likely that soon more Mo-containing enzymes of unknown func-
tions will be studied. This creates new demands and makes the
assignment of functions and physiological roles a predominant task
for scientists interested in Mo-containing enzymes. It is very likely
that protein X-ray crystallography in combination with in silico
docking studies and enzyme assays will be able to aid the func-
tional assignment of novel pyranopterin-containing enzymes, as
demonstrated recently for another class of enzymes [138,139].
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