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ABSTRACT

Molybdenum and tungsten are found in biological systems in a
mononuclear form in the active site of a diverse group of enzymes
that generally catalyze oxygen-atom-transfer reactions. The metal
atom (Mo or W) is coordinated to one or two pyranopterin
molecules and to a variable number of ligands such as oxygen (oxo,
hydroxo, water, serine, aspartic acid), sulfur (cysteines), and
selenium (selenocysteines) atoms. In addition, these proteins
contain redox cofactors such as iron—sulfur clusters and heme
groups. All of these metal cofactors are along an electron-transfer
pathway that mediates the electron exchange between substrate
and an external electron acceptor (for oxidative reactions) or donor
(for reductive reactions). We describe in this Account a combination
of structural and electronic paramagnetic resonance studies that
were used to reveal distinct aspects of these enzymes.

Mononuclear MoIJIuIenum Enzymes:
Classification and General Properties

Molybdenum and tungsten are found in biological systems
in a mononuclear form in the active site of a diverse group
of enzymes that generally catalyze oxygen-atom-transfer
reactions.!” Mononuclear molybdenum-containing en-
zymes are ubiquitous and participate in several biological
processes occurring in nature, such as denitrification, the
greenhouse effect, and pollution of the water soil.34>
Mononuclear molybdenum enzymes have been divided
into three groups called the xanthine oxidase (XO), di-
methyl sulfoxide reductase (DMSOR), and sulfite oxidase
(SO) families.!'® These three families include not only the
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enzymes that give the name to the different groups but
also diverse enzymes, such as aldehyde oxidoreductases,
nitrate reductases, and formate dehydrogenases, among
others. The active site of these enzymes (Figure 1la)
includes the metal atom coordinated to one or two
pyranopterin molecules and to a variable number of
ligands such as oxygen (oxo, hydroxo, water, serine,
aspartic acid), sulfur (cysteines), and selenium (seleno-
cysteines) atoms. The pyranopterin molecule is an organic
ligand that can be either in the monophosphate form or
have a nucleotide molecule attached by a pyrophosphate
link (Figure 1b).” In addition, these proteins may also have
other redox cofactors such as iron—sulfur (FeS) centers,
hemes, and flavin groups, which are involved in intra- and
intermolecular electron-transfer processes. A tungsten-
containing aldehyde oxidoreductase from Pyrococcus fu-
riosus presents a similar active-site structure and has been
classified in a different family.? However, other tungsten
enzymes such as the formate dehydrogenase from De-
sulfovibrio gigas belong to the DMSOR family, being
closely related to the corresponding molybdenum en-
zymes.?

With a few exceptions, these enzymes catalyze the
transfer of an oxygen atom from water to the product (or
vice versa) in reactions that imply a net exchange of two
electrons between the enzyme and substrate and in which
the metal ion cycles between the redox states IV and VI.
Figure 2 shows two representative examples of half-
reactions catalyzed by mononuclear molybdenum en-
zymes. The members of the XO family catalyze the
oxidative hydroxylation of a diverse range of aldehydes
(Figure 2a) and aromatic heterocycles in reactions that
involve the cleavage of a C—H and the formation of a C—0O
bond.? In contrast, the members of the DMSOR and SO
families catalyze the transfer of an oxygen atom to or from
a lone electron pair of the substrate (e.g., the reduction
of nitrate to nitrite, Figure 2b), with the only exception of
the formate dehydrogenases, which catalyze the conver-
sion of formate to CO, without oxygen incorporation.??
The accepted general mechanism of the reactions cata-
lyzed by these enzymes is shown in Figure 2c. The
substrate reacts with the molybdenum center, which is
reduced from Mo"" to Mo in those reactions that involve
the substrate oxidation and oxidized from Mo to Mo"!
in those reactions occurring in the opposite direction. The
two reducing equivalents generated in the course of
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FIGURE 1. (a) Active-site structure of the three families of mononuclear molybdenum- and tungsten-containing enzymes. X and Y represent
ligands such as oxygen (oxo, hydroxo, water, serine, and aspartic acid), sulfur (cysteine), and selenium (selenocysteine) atoms. (b) Structure

of the pyranopterin molecule.
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FIGURE 2. (a) Half-reaction catalyzed by the enzyme aldehyde
oxidoreductase of the X0 family. (b) Half-reaction catalyzed by the
enzyme nitrate reductase, which, depending upon the source, can
belong to either the DMSOR or SO family. (c) Accepted general
mechanism for oxidative (left) and reductive (right) reactions
catalyzed by mononuclear molybdenum-containing enzymes.

oxidative reactions are then transferred to an external
electron acceptor by means of an electron-transfer process
mediated by other redox cofactors present in the structure
of these proteins. In contrast, two reducing equivalents
given by an external electron donor are consumed by the

substrate in reductive reactions, and the electron flow
occurs in the opposite direction.

Our work in molybdenum-containing enzymes has
been centered in the characterization of a number of
enzymes obtained from sulfate-reducing bacteria (SRB).
SRB constitute a group of microorganisms sharing the
ability of using sulfate for their growth, with the produc-
tion of large amounts of hydrogen sulfide.!® Aldehyde
oxidoreductase (Aor) and Formate dehydrogenase (Fdh)
from SRB, which belong to the XO and DMSOR family,
respectively, are representative examples of these proteins.
Whereas aldehyde oxidoreductases are exclusively mo-
lybdenum-containing enzymes, formate dehydrogenases
can incorporate either molybdenum or tungsten depend-
ing upon the case. We describe in this Account a combi-
nation of structural and electronic paramagnetic reso-
nance (EPR) studies that were used to learn about distinct
aspects of these two enzymes.

Molecular Properties and Overall Folding of
Aldehyde Oxidoreductases and Formate
Dehydrogenases from SRB

Aldehyde oxidoreductases from the SRB Desulfovibrio
gigas (Dg),'' Desulfovibrio desulfuricans (Dd),'? De-
sulfovibrio alaskensis (Da),'* and Desulfovibrio aminophi-
lus (Dam)'* are homodimeric proteins (~100 kDa per
monomer) that contain molybdenum at the active site.
The structures of Dg Aor, the first structure reported for a
mononuclear molybdenum-containing enzyme,'>'6 and
Dd Aor'? were solved at the resolution of 1.28 and 2.8 A,
respectively. The 3D structure of each monomer is orga-
nized into two major domains called Mo and FeS domains
(Figure 3a). The Mo domain is the largest one and
contains the active site, whereas the FeS domain contains
two [2Fe—2S] centers called FeS I and II. The [2Fe—2S]
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FIGURE 3. (a) Overall structure of the molybdenum-containing
enzyme Dg Aor. (b) Arrangement of the redox cofactors involved in
electron transfer.
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centers are iron dimers (Fe—Fe distances ~ 2.7 A), in
which the Fe ions are coordinated by two bridging sulfido
ligands and by two cysteine thiolates (Figure 3b). Other
members of the XO family have in addition a third domain
(the FAD domain) that contains a flavin cofactor. The
crystal structures of some of these proteins are compared
in ref 18.

Formate dehydrogenases from three SRB have been
isolated and characterized. Dg Fdh!'® and Da Fdh?® are
heterodimers, whereas Dd Fdh is a heterotrimer.?! The o
subunit (~90 kDa) of these proteins includes the active
site and one [4Fe—4S] center, whereas the  subunit (~29
kDa) contains three additional [4Fe—4S] centers. The
[4Fe—4S] clusters have a cubane-type structure with Fe—
Fe distances similar to those of the [2Fe—2S] clusters, in
which sulfido ligands bridge three Fe ions and each Fe
iron is coordinated by one cysteine thiolate. Dd Fdh has
a third subunit (~16 kDa), which was suggested to contain
four c-type hemes.?! In contrast to aldehyde oxidoreduc-
tases that only incorporate molybdenum, formate dehy-
drogenases from SRB have been detected with different
metal ions (Mo or W) at the active site. This characteristic
was also observed in other formate dehydrogenases
belonging to the DMSOR family, which mostly incorporate
molybdenum, but a number of them can incorporate
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FIGURE 4. (a) Overall structure of the tungsten-containing enzyme
Dg Fdh. (b) Arrangement of the redox cofactors involved in electron
transfer.

tungsten.? Despite the fact that tungsten and molybdenum
exhibit analogous chemical properties, the reasons for the
incorporation of either molybdenum or tungsten in
enzymes is far from being elucidated and these can,
apparently, be divided into redox properties of the en-
zyme, bioavailability of the metal ions, and evolution.®?2

The only crystal structure reported for a Fdh from SRB
is the tungsten-containing Dg Fdh.??* The tungsten-
containing enzyme Dg Fdh is a heterodimeric enzyme
with 92 and 29 kDa subunits, respectively (Figure 4). The
large subunit can be divided in four domains (I, II, III,
and IV). The tungsten active site is buried inside the
protein and is stabilized by hydrogen-bonding interactions
to residues of mainly domains II, III, and IV. Domain I
carries the characteristic cysteine motif that binds the first
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FIGURE 5. (a) Coordination around molybdenum in Dg AOR. The
side chain of a glutamate residue, conserved in all of the members
of the X0 family, is also included. (b and c) Coordination around
molybdenum in the X0 family with two different coordination modes
of the sulfido ligand: (b) as found in the crystal structure of Dg AOR
resulfurated crystals® and (c) as found in the crystal structure of
QOR% and BXDH.Z (d) Coordination around the tungsten atom in
oxidized Dg Fdh. Ligand X was proposed to be a sulfur atom in Dg
Fdh and an oxygen atom in the closely related Ec Fdh-H and Ec
Fdh-N. (e) Geometry of the arsenite-inhibited catalytic center in Dg
AOR.

[4Fe—4S] center (—CXXCX,,CX,,C—). The N terminus of the
large subunit wraps around the smaller subunit and
contributes to the stability of the functional heterodimer.
The small subunit is of the af type and contains three
domains identified as A, B, and C. Domain A holds two
iron—sulfur clusters, and domain B holds one center. The
fold of domains A and B is similar to 2x [4Fe—4S]
ferredoxins. Dg Fdh is closely related to the molybdenum-
containing Fdh-H and Fdh-N from Escherichia coli. A
detailed comparison of the crystal structures of these three
proteins was reported in ref 8.

Active-Site Structures: Detecting the Position
of the Essential Ligands in Catalysis

The crystal structure of Dg Aor showed that the active site
consists, in the MoV state, of a molybdenum atom in a
square pyramidal geometry coordinated by two sulfur
atoms from one pyranopterin ligand, two oxo ligands, and
one hydroxyl/water molecule (Figure 5a).!>!6 However,
studies in aldehyde oxidoreductases and other members
of the XO family detected the presence of a sulfido ligand
coordinated to molybdenum, which was shown to be
essential for catalysis.! This suggests that in Dg Aor the
crystallization selects only the desulfo form of the enzyme.
Alternatively, the sulfido ligand may be lost during crystal-
lization to give a desulfo form of the enzyme.

To elucidate the position of the sulfido ligand, “re-
sulfurated” Dg AOR single crystals were prepared by
soaking with a large excess of sulfide ions. These experi-
ments showed that a sulfido ligand is coordinated in the
apical position (Figure 5b).2° In contrast, the X-ray struc-
ture of two other closely related proteins, quinoline
2-oxidoreductase from Pseudomonas putida 86%¢ and
bovine milk xanthine dehydrogenase (BXDH),?” the latter
determined with a substrate analogue bound to the
molybdenum atom, showed that the sulfido ligand is at
the position of the equatorial oxo group (Figure 5c). The
high homology observed between most members of the
XO family suggests that the presence of the sulfido ligand
in an apical position in Dg AOR is either a product of the
resulfuration conditions or a distinctive feature of alde-
hyde oxidoreductases from SRB.

The second essential ligand in catalysis is the equatorial
hydroxyl/water ligand. Pioneer works in the XO family
member BXDH identified that an oxygen ligand bound
to molybdenum is incorporated into the substrate in the
course of the catalytic reaction.?® This catalytic-labile site,
which is, after being transferred, reformed from the
solvent, was initially thought to be an oxo group, and later,
with the report of the structure of Dg AOR," it was
proposed to be the hydroxyl/water ligand coordinated to
molybdenum in an equatorial position (Figure 5a). This
was recently confirmed with the crystal structure of a
substrate-bound form of BXDH that shows that the
substrate molecule binds the enzyme through this ligand.?”

The coordination around tungsten in oxidized Dg Fdh
is distorted hexacoordinated (Figure 5d). The sulfur atoms
are provided by the dithiolene side chain of two pterin
ligands, which have attached a guanine dinucleotide. The
metal site is also coordinated to a secysteine residue,
which is highly conserved in formate dehydrogenases that
belong to the DMSOR family and is supposed to have an
essential role in the catalytic mechanism. Finally, the sixth
coordination position is occupied by a ligand named X
in Figure 5d. Similar coordination geometries were ob-
served in the closely related Fdh-H?® and Fdh-N*° from E.
coli. Ligand X was identified as an oxygen in the X-ray
structure of Ec Fdh-N (1.6 A resolution) and Ec Fdh-H (2.8
A resolution) and from EXAFS data in Ec Fdh-H3' and Dd
Fdh.*2 In contrast, X-ray data in the tungsten-containing
Dg Fdh (1.8 A resolution) point to a sulfur atom for this
position.?324

Less information exist on the essential ligands for
catalysis in formate dehydrogenases because of the lack
of structural data of both substrate- and inhibitor-bound
forms of these enzymes. On the basis of structural and
spectroscopic data in Ec Fdh-H,?33 it is supposed that the
substrate binds the enzyme in the position of ligand X,
which, after enzyme—substrate interaction, moves away.
However, the detection of a sulfido ligand in this position
for the tungsten-containing Dg Fdh suggests that this
process is unlikely because of the inherent complication
of binding a sulfido ligand to molybdenum after product
release. Additional work is necessary to confirm whether
this sulfido ligand is a particular characteristic of the
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tungsten-containing formate dehydrogenases and, in such
a case, its implications in catalysis.

EPR Characterization of the Metal Centers

Because the metal centers of these proteins are paramag-
netic in some redox states, EPR has been a valuable tool
in their characterization. The molybdenum (tungsten) ion
of the active site can be found in three different redox
states, Mo"l, MoV, and Mo!. Of all of these redox states,
MoV and WY (S = 1/,) yield usually EPR signals with all g
values lower than 2. The WY ions give signals with larger
deviations from the free-electron g value (2.0023) and
larger line widths compared to the signals associated with
MoV species. Mo¥ and WY may also give signals with one
of the g values above 2, which are usually associated with
those cases where the metal ion is coordinated to a
selenocysteine or cysteine ligand. Furthermore, it has been
suggested that molybdenum can be also present in the
redox state Mo'l. Although this redox state has been
detected and characterized by EPR in some inorganic
complexes,? there is no strong evidence supporting the
presence of this redox state in mononuclear molybdenum
enzymes.

The different FeS centers can be obtained in different
redox states, with some of them being paramagnetic. The
[2Fe—2S] centers can be detected in two redox states, in
which the two Fe ions are antiferromagnetically coupled.
The oxidized state of this cluster ([2Fe—2S]%") contains two
Fe*" ions with a ground state with S = 0, which is
diamagnetic but becomes a cluster with S = !/, upon
reduction because one of the Fe3* ions is reduced to Fe?*.
In contrast, the [4Fe—4S] clusters can be obtained in at
least three different redox states, with the most common
being the states [4Fe—4S]*? and [4Fe—4S]*!. The config-
uration [4Fe—4S]*? comprises 2x Fe?" and 2x Fe3" with
a ground state with S = 0, which is diamagnetic and
cannot be detected by EPR, but, in contrast, the config-
uration [4Fe—4S]™! is composed of 3x Fe*" and 1x Fe3t,
which in all of the cases analyzed here gives a paramag-
netic ground state with S = 1/,.

The FeS centers in aldehyde oxidoreductases and
formate dehydrogenases from SRB can be identified from
their different redox properties, EPR parameters, and
relaxation behaviors. These centers have redox potentials
below —200 mV and can be completely transformed to
their paramagnetic forms using dithionite as a reductant.
We show in Figure 6 EPR data obtained in the dithionite
reduced state of Da Fdh, in which one can see the
different EPR signals associated with the four different FeS
clusters present in the structure of formate dehydroge-
nases from SRB (Figure 4). The fast relaxation properties
of these centers determine that their EPR spectra are
detected at temperatures below 100 K. The spectrum of
Figure 6a (FeS I, g3 = 1.882, g» = 1.946, and g3 = 2.046)
appears at temperatures below 70 K and shows no
significant broadening below 40 K. A second broader
rhombic EPR signal (FeS I, g = 1.868, g, = 1.913, and g
= 2.066) overlapped to that of FeS I appears around 25 K
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FIGURE 6. Variable-temperature EPR spectra (a—c) taken in the
dithionite-reduced state of Da Fdh. The signals FeS | and Il and
dashed lines are simulations. The EPR parameters used in the
spectral simulation were g; = 1.882, g, = 1.946, and g3 = 2.046 for
FeS I and g; = 1.868, g, = 1.913, and g3 = 2.066 for FeS Il (see ref
20 for details).

(Figure 6b). The spectra below 15 K (Figure 6c) show
additional broad features overlapped to the signals of
centers FeS I and II, which arise from the remaining FeS
centers (FeS IIT and 1V).

Assignment of the EPR Active Centers with
Those Seen in the Crystal Structure

An usual problem in studying metalloproteins is to assign
the metal centers detected by spectroscopy with those
observed in the X-ray structure. We have solved this
problem using two different strategies, which are both
based in the analysis of the weak magnetic interactions
between the redox cofactors. Weak magnetic couplings
between interacting centers may be produced by spin—
spin interactions such as dipolar and isotropic, antisym-
metric, and anisotropic exchange.?® Dipolar couplings and
anisotropic and antisymmetric exchange may produce
anisotropic splittings of the resonance lines, whereas, in
contrast, isotropic exchange interactions between two
anisotropic paramagnets predict an isotropic splitting with
a magnitude of J(He = JS;S,) when |J| < |AgBB|, where
Ag is the difference between the effective g values of both
centers, [ is the Bohr magneton, and B is the external
magnetic field. Furthermore, if one of the species of the
interacting pair had a relaxation rate (7;) faster than the
other one, it would produce an enhancement of the
relaxation rate of the slow-relaxing paramagnetic center,
leading to a temperature dependence of the splitting
produced by the magnetic couplings.’® This effect is
produced because of the dependence of the relaxation
time T; with temperature: the shorter the T; of the fast-
relaxing center (or, equivalently, the higher the temper-
ature), the higher the enhancement of relaxation prop-
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erties of the slow-relaxing center. Examples of temperature-
dependent magnetic interactions have been observed in
all aldehyde oxidoreductases from SRB and in Da Fdh, in
which the MoV ion of the active site is coupled to the
closest FeS center.?%%7

One of the strategies to correlate EPR with crystal data
can be used when the redox potential of the interacting
centers with MoV ions are different, even when this
difference is as small as 50 mV, as is the case for Da Aor.'3
Da Aor (and all aldehyde oxidoreductases from SRB)
shows two EPR signals named FeS I (g; = 1.916, g» = 1.934,
and g3 = 2.021) and FeS II (g; = 1.900, g = 1.970, and g;
= 2.066), which are associated with the two [2Fe—2§]
clusters detected from X-ray data in aldehyde reductases
(Figure 3). The methodology, which should be the elected
one for simplicity, consists of poising the redox potential
of the enzyme solution to a potential at which the FeS
centers are not completely reduced, and at least a fraction
of the molybdenum is present as MoV (midpoint redox
potentials for FeS I and II are —275 and —325 mV,
respectively). Figure 7a shows the different microstates
that can be obtained at different levels of reduction of Da
Aor, whereas Figure 7b shows the EPR spectra obtained
at 20 K and at the potentials —450 and —334 mV. At —450
mV, the FeS centers are completely in the paramagnetic
redox state with S = !/,, and hence, all of the MoV ions
are magnetically coupled to the closest FeS center. The
splitting of FeS I at gmay is due to the interaction between
FeS I and II. This situation corresponds to the microstates
Pyp + P; + Py, in which both MoV and FeS I signals are
fully split. In contrast, the spectrum at —325 mV results
from the superposition of both split (P5 + P;) and nonsplit
components (P, + Pg) for the MoV signal. A similar
reasoning can be used to interpret the resulting signal for
the FeS I center. Using the midpoint redox potential of
each center at such a potential, it is possible to predict
the proportion of each component contributing to the EPR
signal as a function of the potential. The simulations in
Figure 7b were obtained assuming that FeS I (sim-a) and
FeS II (sim-b) are, respectively, the center closer to
molybdenum. A good agreement between simulation and
experiment was obtained for sim-a, confirming that the
center giving the FeS I signal is the cluster proximal to
the molybdenum.

The second strategy must be used in those cases in
which the EPR signals cannot be discriminated with a
redox titration or when the amount of protein samples is
not enough to perform the experiment described before.
Figure 8 shows the variation with temperature of the Mo"
signal in Da Fdh. At temperatures above 100 K, the spectra
show an almost axial symmetry (g = 1.959, g = 1.968,
and g; = 1.971) with resonances split by a single proton
(A1 =14 G, A, = 16 G, and A3 = 16 G). As the temperature
is decreased, this signal is first broadened and then fully
split at temperatures lower than 50 K (no changes can be
observed above 100 K and below 50 K). Furthermore, the
splitting of the MoV signal at low temperatures is isotropic,
which indicates that, as discussed above, the isotropic

a)

b) g-value

EPR signal [a.u]

FeSI

3300 3400 3500 3600
Meagnetic Field [gauss]
FIGURE 7. (a) Schematic representation of the 12 possible
microstates in Da Aor molecules at different levels of reduction.
The upper circle represents the molybdenum atom, and the middle
and lower circles represent any of the FeS centers. The open circle
represents oxidized FeS or Mo""; the half-open/half-closed circle
represents Mo", and the closed circle represents reduced FeS
centers or MoV. The double-headed arrows connect microstates
separated by one-electron reduction/oxidation (Pg and P;; represent
the fully oxidized and reduced states, respectively) (b) EPR spectrum
of Da Aor samples at —450 and —334 mV. Simulation sim-a was
obtained considering that FeS | is the center closer to Mo, whereas
sim-b was obtained considering that FeS Il is the closer one. The

u_n

symbols “s” and “ns” stand for split and nonsplit signals, respec-
tively.

exchange interaction is the main interaction operating
between the coupled centers.

The temperature dependence of the MoV ion spectra
shown in Figure 8A was simulated assuming a dimeric
model composed of two interacting S = !/, centers
relaxing independently, including in addition the hyper-
fine coupling with a nucleus of nuclear spin I = !/, at one
of the centers, with both centers being magnetically
coupled only by the isotropic exchange interaction.3® The
results of this simulation as a function of the relaxation
time T; of the faster relaxing center is shown in Figure
8B. Details of the model employed in the simulation are
given in ref 20, and the dependence with temperature of
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FIGURE 8. Temperature variation of the EPR signal associated with
MoV ions in Da Fdh (A) and spectral simulation as a function of the
relaxation time (7;) of FeS | (B) (see ref 20 for details). The peaks
marked with an asterisk originate from overlapping signals associ-
ated with the gmeq feature of the FeS | center (see Figure 6) and
that of the gmax of the WV signal (not shown).

the T; values was evaluated following methods described
in ref 39. The results showed a good matching between
experiment and simulation using the relaxation time T;
associated with FeS I. This indicates that the center named
FeS I in the EPR experiment is the center that interacts
magnetically with the molybdenum center and therefore
is situated in the a subunit of the protein. Similar ideas
were used to assign the proximal FeS center in the
proteins of the XO family Dg Aor and BXDH but with a
model based on the semiempirical Bloch equations.?’

E\!aluatini the Characteristics of the Active
Site and Electron-Transfer Pathways in
Inhibited-Enzyme Forms

Inhibitors of the enzymes belonging to the XO family such
as arsenite, alcohols, and glycols can react with the
molybdenum site, constituting important structural probes
for screening the coordination of the active site as well as
elucidating the inhibition mechanism. Part of our work
in aldehyde oxidoreductases from SRB has been directed
to elucidate whether the catalytic-labile site is also the site
for enzyme inhibition and how the electron-transfer
pathway is modified upon inhibition. EPR experiments on
dithionite-reduced arsenite-inhibited Dg Aor showed that
the arsenic atom interacts with the molybdenum ions
through strong hyperfine and quadrupolar interactions.*
The experiment conducted on D,0-exchanged samples
was similar, which led us to suppose that the arsenic atom
interacts likely through the equatorial OH/water ligand
to molybdenum (Figure 5a). This was confirmed with
X-ray data taken on single crystals of Dg Aor soaked with
a buffer containing NaAsQO,. In this structure, the arsenic
atom is bound to three oxygen atoms, with one of them
in a bridging position between molybdenum and arsenic
atoms (Figure 5e). This bridging ligand is in the position
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of the catalytically labile site, and the AsO; moiety is
positioned so that one of the oxygen atoms is within
hydrogen-bonding distance to glutamate 869, a conserved
residue essential for catalysis.

The integrity of the electron-transfer pathway upon
enzyme inhibition was also investigated. The reaction
mechanism involves the substrate binding to the active
site followed by two-electron transfer to the partner of the
redox reaction in an electron-transfer reaction mediated
by the FeS centers. A structural comparison of the
arsenite-inhibited form with the as-prepared form of Dg
Aor showed no significant changes, apart from the dif-
ferences at the active site. This suggests that the electron-
transfer pathway, which is essential for catalysis, is not
affected upon inhibition. This was confirmed by means
of EPR saturation studies in oxidized and reduced forms
of arsenite-inhibited Dg Aor. Air oxidation of reduced
samples oxidizes the FeS clusters to a diamagnetic state
but leaves the molybdenum as Mo". Thus, we can evaluate
the saturation of the MoV species in two redox forms of
the enzyme, one showing magnetic coupling between
molybdenum and FeS I and another one where no
magnetic coupling between the centers is observed, which
can be advantageously used to evaluate changes in the
relaxation properties of the MoV ion. These studies showed
that the relaxation properties of molybdenum are en-
hanced in the reduced samples, which indicates that the
chemical pathway connecting molybdenum and FeS I can
transmit a magnetic interaction in the inhibited form of
the enzyme. This study confirmed that the postulated
electron-transfer pathway is not affected and that the
enzyme inhibition occurs only by blocking the catalytic-
labile site.

Concluding Remarks and Perspectives

After 4 decades of hard investigation on mononuclear
molybdenum proteins, several points remains enigmatic.*!
The crystal structures of various members of these en-
zymes have undoubtedly contributed to a better under-
standing of these proteins. In addition, spectroscopic data
have been a valuable tool to understand fine details of
the structure that cannot be solved with X-ray data. One
of the major problems of these investigations is the lack
of structural data obtained at different redox states of the
proteins. In several cases, this has prevented one from
establishing clear correlations between spectroscopic and
structural data because they must be interpreted in terms
of the structural data of the oxidized enzyme. To solve
this problem, we have implemented a methodology that
consists of measuring the EPR properties of frozen poly-
crystalline samples, which are then used for X-ray experi-
ments. This method is, in principle, applicable to any
system containing a paramagnetic center and suitable for
single-crystal X-ray diffraction analysis. The success of the
method depends upon the possibility for diffusion of
reactants into the crystals and whether the crystals remain
suitable for diffraction analysis after repeated thawing and
freezing and after exposure to the reactant(s) (e.g., dithion-
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ite). This method has been recently utilized to assign the
EPR signals of arsenite-inhibited samples of Dg Aor to the
molecular structure of the molybdenum site (Thapper, A,;
Boer, D. R,; Brondino, C. D.; Moura, J. J. G.; Romao, M. J.
2006, manuscript submitted) and is currently tested for
other mononuclear molybdenum enzymes. We believe
that the application of new methodologies together with
new structural and spectroscopic studies on a larger
number of proteins can contribute to a better understand-
ing of the molecular processes that occur during catalysis.
This constitutes one of the most important challenges for
the next few years.
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