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Abstract The biological relevance of molybdenum was demonstrated in the early
1950s-1960s, by Bray, Beinert, Lowe, Massey, Palmer, Ehrenberg, Pettersson,
Vinngard, Hanson and others, with ground-breaking studies performed, precisely,
by electron paramagnetic resonance (EPR) spectroscopy. Those earlier studies,
aimed to investigate the mammalian xanthine oxidase and avian sulfite oxidase
enzymes, demonstrated the surprising biological reduction of molybdenum to the
paramagnetic Mo>*. Since then, EPR spectroscopy, alongside with other spectro-
scopic methods and X-ray crystallography, has contributed to our present detailed
knowledge about the active site structures, catalytic mechanisms and structure/
activity relationships of the molybdenum-containing enzymes.

This Chapter will provide a perspective on the contribution that EPR spectros-
copy has made to some selected systems. After a brief overview on molybdoen-
zymes, the Chapter will be focused on the EPR studies of mammalian xanthine
oxidase, with a brief account on the prokaryotic aldehyde oxidoreductase, nicotin-
ate dehydrogenase and carbon monoxide dehydrogenase, vertebrate sulfite oxidase,
and prokaryotic formate dehydrogenases and nitrate reductases.
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DMS Dimethylsulfide

DMSO Dimethylsulfoxide

DMSOR Dimethylsulfoxide reductase

ENDOR Electron nuclear double resonance spectroscopy

EPR Electron paramagnetic resonance spectroscopy

FDH Formate dehydrogenase (all types of formate dehydrogenase
enzymes)

FDH-H E. coli formate dehydrogenase H, from the formate-hydrogen
lyase system

FDH-N E. coli formate dehydrogenase N, from the anaerobic nitrate-
formate respiratory pathway

Fe/S Iron-sulfur centre

FYX (FYX-051)
mARC

4-[5-pyridin-4-yl-1H-[1,2,4]triazol-3-yl]pyridine-2-carbonitrile
Mitochondrial amidoxime reducing component

MOSC From molybdenum cofactor sulfurase C-terminal domain (pro-
teins involved in pyranopterin cofactor biosynthesis)

NaR Nitrate reductase (all types of nitrate reductase enzymes,
prokaryotic and eukaryotic ones)

NaRGHI Respiratory nitrate reductase (prokaryotic), after the name of
the encoding genes, narG, H, and 1

NaRZWV Respiratory nitrate reductase (prokaryotic), after the name of
the encoding genes, narZ, W, and V

SO Sulfite oxidase

XAS X-ray absorption spectroscopy

X0 Xanthine oxidase

Introduction

The biological relevance of molybdenum was demonstrated in the early 1950s—1960s,
by Bray, Beinert, Lowe, Massey, Palmer, Ehrenberg, Pettersson, Vinngard, Hanson
and others, with ground-breaking studies performed, precisely, by electron para-
magnetic resonance (EPR) spectroscopy. Those earlier studies, aimed to investigate
the mammalian xanthine oxidase and avian sulfite oxidase enzymes, demonstrated
the surprisingly biological reduction of molybdenum to the paramagnetic Mo*.
Since then, EPR spectroscopy, alongside with other spectroscopic methods and
X-ray crystallography, has contributed to our present detailed knowledge about the
active site structures, catalytic mechanisms and structure/activity relationships of
the molybdenum-containing enzymes. The great majority of the studies have
employed continuous wave (CW) EPR, but advanced EPR-related methods were
also decisive.

Molybdenum, 4,Mo, is a transition metal element, belonging to the sixth group
of the “d-block™ of the Periodic Table, with electronic configurations [Kr] 4d° 5s'.
The paramagnetic Mo®*, [Kr] 4d", formed during the normal enzyme catalytic cycle
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or produced artificially, gives rise to characteristic d', S = 1/2, signals, with Ag < 0.4
[1]. Although the three values of g were expected to be lower than two, this is fre-
quently not the case, as will be described (Table 1). In addition, the hyperfine struc-
ture arising from the molybdenum nucleus itself (/ = 5/2, from **Mo and *"Mo,
naturally present in ca 16 and 9%, respectively) can be observed.

The relatively narrow lines of Mo’ signals (small linewidths) allow the observa-
tion of weak hyperfine interactions with atoms in the close proximity of the molyb-
denum atom (although the IUPAC recommended denomination for this interaction
type is “superhyperfine interaction”, in opposition to the parent nucleus hyperfine
interaction, herein, for simplicity, “hyperfine” will be used). This feature has been
explored to probe the structure of the molybdenum first and second coordination
spheres, in most cases using enzymes and/or substrates/inhibitors labelled with *H
(I=1),BC{I=1/2), 5N (I =1/2),"70 (I =5/2), ¥S (I =3/2) and others.

Given the large number of molybdoenzymes, this chapter does not intended to be
exhaustive. Instead, to restrict the information presented to a manageable size, this
Chapter will provide only a perspective on the contribution that EPR spectroscopy
has made to some selected systems. Hence, after a brief overview on molybdoenzymes
(section “An Overview on Molybdenum-Containing Enzymes”), the Chapter will be
focused on the EPR studies of mammalian xanthine oxidase, with a brief account on
the prokaryotic aldehyde oxidoreductase, nicotinate dehydrogenase and carbon mon-
oxide dehydrogenase (section “Xanthine Oxidase Family”), vertebrate sulfite oxi-
dase (section “Sulfite Oxidase Family”), and prokaryotic formate dehydrogenases
and nitrate reductases (section “Dimethylsulfoxide Reductase Family”’) (Table 1).

An Overview on Molybdenum-Containing Enzymes

Molybdenum is essential to most organisms [2, 3], from archaea and bacteria to
higher plants and mammals [4—11]. Actually, it is relevant for all life on Earth.
Molybdenum is central to the nitrogen biogeochemical cycle, where it is mandatory
for the atmospheric dinitrogen fixation (reduction) into ammonium (nitrogenase).
The recent “nitrogen-to-molybdenum bio-to-inorganic bridge hypothesis” defend
that the molybdenum scarcity in the Early Earth (ca 1800 Myr ago) could have
delayed the evolutionary path of eukaryotes for ca 2000 Myr, by limiting the rate of
dinitrogen fixation and, thus, the availability of fixed nitrogen for the early organ-
isms [11-17]. In addition, the nitrate reduction to nitrite (nitrate reductases) and
nitrite oxidation to nitrate (nitrite oxidoreductases) also depend on this metal.
Molybdenum has also been suggested to be involved in the nitrite reduction to nitric
oxide for signalling and survival of mammalian cells under challenging conditions
[18-23]. Molybdenum is also involved in the carbon cycle, where it is used to fix
(reduced) carbon dioxide into formate (formate dehydrogenases [24—26]) or inter-
convert aldehydes and carboxylic acids, produce plant hormones or participate in
the mammalian xenobiotic metabolism (plant [27-29] and mammalian aldehyde
oxidases [30-37]) or in the purine catabolism (xanthine hydroxylation to urate by
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Table1 Representative X-band EPR signals form mononuclear molybdenum-containing enzymes

Az (H)

Signal 8123 (MHz)*

Xanthine oxidase family

Xanthine oxidase

“Very rapid” 2.025, 1.955, 1.949 -

“Alloxanthine” 2.028, 1.959, 1.944 -

“Rapid type 17 1.989, 1.969, 1.965 36.2,38.3,38.5
11.1,8.3,5.5

“Rapid type 2” 1.989, 1.969, 1.965 39.0,42.0,45.3
27.9,29.4,37.5

“Slow” 1.972,1.967, 1.955 4477,44.4,42.6
39,45,63

“Inhibited” 1.991, 1.977, 1.951 12.3,10.8, 15.3

“Desulfo-inhibited” 1.980, 1.973, 1.967 -

“Arsenite” 1.973,1.972, 1.926 -

“Mercurial” 1.969, 1.958, 1.943 -

Desulfovibrio gigas aldehyde oxidoreductas

“Rapid type 2” 1.988, 1.970, 1.964 32.0,45.8,34.6
31.7,17.4,25.6

“Slow” 1.971, 1968, 1.958 46.4,44.1,39.5

“Arsenite” 1.979,1.972, 1.922 -

Eubacterium barkeri nicotinate dehydrogenase

“Very rapid” like 12.067, 1.982, 1.974 |-

Oligotropha carboxidovorans carbon monoxide dehydrogenase

“Mo/Cu” 2,001, 1.960, 1.955 |-

Sulfite oxidase family

Sulfite oxidase

“Low pH” 2.004, 1.972, 1.966 23.8,22.1,35.8
4,6,4

“High pH” 1.987, 1.964, 1.953 -

“Phosphate-inhibited” 1.992, 1.969, 1.974 -

Dimethylsulfoxide reductase family

Formate dehydrogenases

Escherichia coli formate dehydrogenase H 2.094,2.001, 1.990 7.5,18.9,20.9

Desulfovibrio desulfuricans formate 2.012, 1.996, 1.985 23.1,29.9,27.8

dehydrogenase 35.1,nd, nd

Ralstonia eutropha NAD-dependent formate | 2.009, 2.001, 1.992 18, 21, 18

dehydrogenase

D. alaskensis molybdenum-containg formate | 1.971, 1.968, 1.959 44.2,44.1,43.9

dehydrogenase

Periplasmatic nitrate reductase

Paracoccus pantothrophus periplasmatic nitrate reductase

“Low g-unsplit” 1.997, 1.962, 1.959 -

“Low g-split” 1.996, 1.969, 1.961 36.3,37.5,42.0

“Very high g” 2.022, 1.999, 1.994 20.9,20.7, 18.4

(continued)
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Table 1 (continued)

Ay (H)

Signal 8123 (MHz)*

“High g” 1.999, 1.990, 1.981 17.9,14.5,13.9
8.4, nd, nd

“High g-nitrate” 1.999, 1.989, 1.982 17.9,12.0,12.8
9.0, nd, nd

Desulfovibrio desulfuricans periplasmatic nitrate reductase

“High g-nitrate” 2.000, 1.990, 1.981 12.9,13.9, 12.8

“High g-turnover” 1.999, 1.992, 1.982 16.2,18.1,15.3
16.2,18.1,15.3

Assimilatory nitrate reductase

Synechococcus sp. PCC 7942 assimilatory nitrate reductase

“Very high g” 2.023, 1.998, 1.993 -

“high g” 1.997, 1.990, 1.982 -

Respiratory nitrate reductases

Escherichia coli respiratory nitrate reductase

“Low pH” 2.001, 1.986, 1.964 31.7,23.6,24.7

“High pH” 1.988, 1.981, 1.962 10.6, 8.9, 9.1

Paracoccus pantothrophus respiratory nitrate reductase

“Low pH” 2.007, 1.987, 1.970 nd

“High pH” 1.990, 1.989, 1.967 nd

M. hydrocarbonoclasticus respiratory nitrate reductase

“Low pH-nitrate” 1.996, 1.982, 1979 nd

“High pH-nitrtate” 2.002, 1.987, 1968 39.2,30.6, 30.3

nd not detected

"A;,5(Cu) =117, 164, 132 MHz

°An ENDOR study demonstrated the presence of a solvent-exchangeable, strongly and anisotropi-
cally coupled proton in this signal [253-255]

xanthine oxidoreductase [38—44]). The role of molybdenum is also extended to the
sulfur cycle, where it is used in the respiratory oxidation of inorganic sulfur com-
pounds (sulfite-oxidising enzymes) [45—48]. It is also critical to the catabolism of
sulfur-containing compounds, being vital for human cells that must eliminate (oxi-
dise) the toxic sulfite to survive (sulfite oxidase) [49-54].

Presently, more than 50 molybdenum-containing enzymes are known, many of
which have been biochemically and structurally characterised, and the number is
increasing every year, with several more being foreseen to be “discovered” in a near
future based on genomic analyses. Noteworthy, the great majority of the molybdo-
enzymes are prokaryotic, whereas only a restricted number of molybdoenzymes are
found in eukaryotes.

Organisms use molybdenum in the active site of enzymes that catalyse (almost
exclusively) oxidation/reduction reactions at carbon, nitrogen and sulfur atoms of
key metabolites, most of which involve the transfer of one oxygen atom [4—11].
The chemical properties of molybdenum are perfectly suitable for this “Redox
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Biochemistry” [55]: it is redox-active under physiological conditions, where its
oxidation state can range from 6+, 5+ and 4+, and even 3+, in nitrogenase [56, 57];
it can have a very versatile first coordination sphere; its chemistry is dominated by
the formation of oxides and sulfides, where its strong tendency to bind oxo groups
is balanced by its ability to easily lose a single oxygen atom. This feature makes
molybdenum centres excellent “oxygen atom exchangers” [58—66], as long as the
thermodynamics of the reaction of “oxygen exchange” is favourable (Egs. (1) and
(2)) [59, 64, 67], what has led to the “oxo transfer hypothesis” coined by Holm and
others in the 1980s. Organisms explore this rich chemistry to carry out different
oxotransfer reactions (see Eqs. (5), (6), (7), (8), (9), (10), and (11) in section “EPR
Studies of Molybdoenzymes”), where one oxygen atom is transferred from water
to product -oxygen atom insertion (Eq. (3))- or from substrate to water -oxygen
atom abstraction (Eq. (4)). These reactions involve a net exchange of two electrons,
with the molybdenum atom cycling between Mo and Mo** (Egs. (3) and (4)), and,
most importantly, with the metal being the direct oxygen atom donor or acceptor
(Egs. (1) and (2)) [4-11, 31, 35, 38, 41, 42, 44]. Subsequently, the initial metal
oxidation state is regenerated, in most of the cases, by two one-electron oxidation/
reduction reactions (Mo% < Mo’* « Mo*) with other redox-active cofactors
within the enzyme (iron-sulfur (Fe/S) centres, haems, flavins). Noteworthy, some
molybdoenzymes are able to catalyse both oxygen atom insertion and abstraction
during the same catalytic cycle [11, 18-23, 68].

Mo-0+X - Mo+X-0 1)
Mo+X-0—>Mo-0+X 2)
Mo’ +Q+H,0 - Mo* +Q-0+2H" 3)
Mo* +R-0+2H" — Mo" +R+H,0 4)

The versatile chemistry of molybdenum allows it to also catalyse reactions of
sulfur atom transfer [69-73], hydrogen atom transfer (Eq. (12), in section “EPR
Studies of Molybdoenzymes™) and even a non-redox hydration reaction (the acety-
lene hydratase-catalysed hydration of acetylene to acetaldehyde).

Structurally, molybdenum is found in the enzymes active site in a mononuclear
form [4-11], except in nitrogenase, where it is present in the unique heteronuclear
[MoFe;SyC], and in a few other cases'. In the mononuclear molybdenum centres, one
molybdenum atom is coordinated by the cis-dithiolene (-S—C=C-S—) group of one
or two pyranopterin cofactor molecules (Fig. 1a) and by oxygen and/or sulfur and/or
selenium atoms in a diversity of arrangements. Based on the metal center structure,

'The carbon monoxide dehydrogenase from Oligotropha carboxidovorans or Hydrogenophaga
pseudoflava, with its unique binuclear Mo/Cu cofactor (Mo-S-Cu-S(Cys)) [74-78], as well as a
few other heteronuclear centres of proteins whose physiological function is not yet fully under-
stood [79-84], are exceptions to the mononuclear presence of molybdenum. In spite of that, the
carbon monoxide dehydrogenase is classified as a member of the xanthine oxidase family.



EPR Spectroscopy on Mononuclear Molybdenum-Containing Enzymes 61

Hy N)\)tNomo/P_OR

pyranopterin cofactor
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xanthine OX|dase sulfite oxidase dimethylsulfoxide reductase
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Asp, Ser, Cys, SeCys
in variable coordinations

Fig.1 Structures of the pyranopterin cofactor (a) and of the active site of molybdenum-containing
enzymes. (a) The pyranopterin cofactor molecule is formed by pyrano(green)-pterin(blue)-
dithiolene(red)-methylphosphate(black) moieties. The dithiolene (—-S—C=C-S-) group forms a
five-membered ene-1,2-dithiolate chelate ring with the molybdenum/tungsten atom. In eukaryotes,
the cofactor is found in the simplest monophosphate form (R is a hydrogen atom), while in pro-
karyotes it is most often found esterified with several nucleotides (R can be one cytidine mono-
phosphate, guanosine monophosphate or adenosine monophosphate). (b) Structures of the
molybdenum centres of the three families of molybdoenzymes in the oxidised form. For simplicity,
only the cis-dithiolene group of the pyranopterin cofactor is represented. Adapted with permission
from [21]

the mononuclear molybdoenzymes are organised into three families, denominated
after one benchmark enzyme (Fig. 1b) [4], which will be described in the following
sections: xanthine oxidase (XO; section “Xanthine Oxidase Family”) family, sulfite
oxidase (SO; section “Sulfite Oxidase Family”’) family and dimethylsulfoxide reduc-
tase (DMSOR; section “Dimethylsulfoxide Reductase Family”) family.

EPR Studies of Molybdoenzymes

Xanthine Oxidase Family
The Enzymes

The active site of the XO family enzymes (in its oxidised form; Fig. 1b) has a
molybdenum atom coordinated in a distorted square-pyramidal geometry by an
apical oxo group (Mo=0) and, in the equatorial plane, by the two sulfur atoms of
the cis-dithiolene group of one pyranopterin cofactor molecule, one catalytically
labile -OH group (in almost all enzymes) plus one terminal sulfo (Mo=S; in most
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enzymes) or seleno (Mo=Se) or oxo (Mo=0) or Mo-S-Cu-S(Cys) moiety (see note 1)
[4-11, 31, 35]. This family comprises the prototype mammalian (bovine milk) XO
(Eq. (5)) and other enzymes such as mammalian aldehyde oxidases (AO),
Desulfovibrio aldehyde oxidoreductases (AOR), Eubacterium barkeri nicotinate
dehydrogenase, Oligotropha carboxidovorans carbon monoxide dehydrogenase,
Pseudomonas putida quinoline 2-oxidoreductase or Thauera aromatica 4-hydroxy-
benzoyl-CoA reductase.

Structurally, mammalian XO is an homodimeric enzyme, with each monomer
holding two [2Fe-2S] centres and one FAD, besides one molybdenum centre [38,
41, 42, 44, 85, 86]. The four redox-active centres are aligned in an almost linear
fashion, defining an intramolecular electron transfer pathway that delivers electrons
from the molybdenum centre to the FAD, the sites where the hydroxylation (Eq. (6))
and dioxygen reduction (Eq. (7)) take place, respectively, with Fe/S centres
intermediating the electron transfer between the two.

H

o 0
H
T i 040 HN)ENB%O (H") + nO,;~ + mH,0
Y + + —_— + 2o
O)\H K 2 2 oJi\N N 2

xanthine urate 5)
o} f o "
HN HN
)\ | )H o+ H,0O —— J\)ﬁi )=0 (H*) + 2e- + 2H*
07 >N~ "N o™>N- N
H H
xanthine urate 6)
0, +2¢” +2H" - n0,” +mH,0, (7)

XO family enzymes typically catalyse the hydroxylation of a C—H moiety in
aromatic heterocyclic compounds and aldehydes [31, 35, 38, 41, 42, 44]. For this,
the enzymes molybdenum centre has to promote the cleavage of a C—H bond and
the formation of a novel C-O bond, as the XO-catalysed reaction of xanthine
hydroxylation to urate illustrates (Eq. (6)). The molecular mechanism of
XO-catalysed hydroxylation reaction is presently well established and believed to
be essentially similar in other members of this family, namely in AO and AOR
enzymes (Fig. 2) [31, 35, 38, 41, 42, 44, 85-89]: (1) the catalysis is initiated with
the activation of the molybdenum catalytically labile hydroxyl group (Mo-OH) by
a neighbouring conserved deprotonated glutamate residue, to form an Mo®-O-
core (base-assisted catalysis); (2) the now deprotonated oxygen undertakes nucleo-
philic attack on the carbon atom to be hydroxylated, with the simultaneous transfer
of hydride from substrate to the essential sulfo group (Mo=S — Mo—-SH), resulting
in the formation of a covalent intermediate, Mo*-O-C-R(-SH) (where R represents
the remainder of the substrate molecule); (3) hydroxide/water (from solvent) then
displaces the hydroxylated product from the molybdenum coordination sphere to
yield a Mo*-OH,,,(-SH) core (oxidation half-reaction; Eq. (6)); (4) the two elec-
trons transferred from the substrate to the molybdenum (Mo — Mo*") during the
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I|6+/ H6+ H4+ H4+

S S S.., —S S..po—SH Su. \po~SH
M Mo— Mo

LI oMo S[T Moz o 7% [T Mo ~o.. ﬁL [T Mo ~OH,

(Glu)-0™ (Glu)-OH (Glu)-OH \ (Glu)-0™

2H"+2e”

Fig. 2 Mechanism of xanthine oxidase-catalysed hydroxylation reaction. See text for details

oxidative half-reaction are rapidly transferred, via the Fe/S centres, to the FAD (Mo
— Fe/S — FAD), where the reduction of dioxygen takes place (reductive half-
reaction; Eq. (7)); (5) in the now oxidised molybdenum centre (Mo* — Mo%*), the
sulfo group is deprotonated and the initial Mo%-OH(=S) core is regenerated.

The critical role of the terminal sulfo group, Mo=S (Fig. 2), in catalysis is
revealed when, after its removal, the enzymes hydroxylation activity is completely
abolished [90, 91]. The chemical removal of the sulfo group is achieved through
reaction with cyanide, which abstracts the sulfur atom in the form of thiocyanide
and leaves an oxo group, Mo=0, in its place. The modified enzyme form is denomi-
nated “desulfo”, in opposition to the “sulfo” form of native enzyme. Noteworthy,
the desulfo form can be converted into the sulfo form (Mo=0O — Mo=S) by sulfura-
tion through reaction with sulfide (Na,S). “Desulfo” XO molecules occur naturally
in cells and are the result of inefficient in vivo sulfuration [92-94].

Two other features of the XO reaction mechanism have to be here highlighted.
First, water is the ultimate source of the oxygen atom incorporated into the hydrox-
ylated product (Eq. (6); Fig. 2), as is characteristic of molybdoenzymes, with dioxy-
gen being only the oxidising substrate [95-97] (Eq. (7)). The direct oxygen donor is
the catalytically labile equatorial Mo-OH group of the molybdenum center; this
group (this oxygen atom) is subsequently regenerated by a water molecule from the
solvent, in the end of each catalytic cycle. Second, the hydroxylation reaction occurs
through one two-electron reduction of the molybdenum centre (Mo® — Mo**) [98]
and the intramolecular electron transfer to other redox centres within the enzyme
(Mo — Fe/S — FAD, in the case of XO) is an integral aspect of the catalysis. Hence,
the Mo>* species observed by EPR spectroscopy related to hydroxylation reactions
are formed through the oxidation of the Mo** species.

EPR Studies of Mammalian Xanthine Oxidase

Being one of the most studied molybdoenzymes, our present knowledge about XO
structure and reaction mechanism, together with the information gathered from the
study of model compounds [66, 99—102], allows us to discuss its EPR signals in



64

Fig. 3 Representative
X-band EPR spectra of
xanthine oxidase Mo**
“very rapid”,
“alloxanthine”, “rapid type
17, “rapid type 2” and
“slow” signals and the
respective structures
proposed for each
signal-giving species.
“Very rapid” signal
obtained with xanthine;
adapted with permission
from [104], copyright
(1988) American Chemical
Society. “Alloxanthine”
signal; adapted with
permission from [112].
“Rapid type 17 signal
obtained with purine;
adapted with permission
from [145], copyright
(1982) American Chemical
Society. “Rapid type 2”
signal obtained with
dithionite in the presence
of borate; adapted with
permission from [145],
copyright (1982) American
Chemical Society. “Slow”
signal obtained with
dithionite; adapted with
permission from [145],
copyright (1982) American
Chemical Society. The
arrow indicates the
position of g =2.0037
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detail and to draw a clear picture of the structure of each signal-giving species—as
will be discussed in the following sections (Figs. 3 and 4).

The biological relevance of molybdenum was unambiguously and definitively
demonstrated by Bray and Meriwether in 1966 [103] using XO purified form milk
of cows that had been injected with *Mo-labelled molybdate (e.g., A;,3(**Mo) =
133, 54.7, 57.3 MHz, with xanthine, in the “very rapid” signal [104]). Those earlier
studies demonstrated the surprising presence and catalytic role of molybdenum in a

mammal [105, 106].

The XO Mo can give rise to different EPR signals, depending on the enzyme
form (“sulfo”, “desulfo”, inhibited), the compound used to reduce the enzyme
(purine derivates, aldehydes, artificial reductants, etc) and on the time of reduction.
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Fig. 4 Representative X-band EPR spectra of xanthine oxidase Mo>* “inhibited”, “desulfo-
inhibited”, “arsenite” and “mercurial” signals and the respective structures proposed for each
signal-giving species. “Inhibited” signal obtained with formaldehyde; adapted with permission
from [158]. “Desulfo-inhibited” signal obtained with ethylene-glycol; adapted with permission
from [145], copyright (1982) American Chemical Society. “Arsenite” signal obtained with arsenite-
treated and dithionite-reduced enzyme; adapted with permission from [165]; copyright (1983)
American Chemical Society. “Mercurial” signal obtained with p-chloro-mercuri-benzoate; adapted
with permission from [168]; copyright (1983) American Chemical Society. The arrow indicates
the position of g = 2.0037

The signals were originally named by Bray and Vinngérd [107], based on the
relative rate of their formation and decay in the course of the reaction of enzyme
with substrate, as “very rapid” (¢,, ~ 1072 s), “rapid” (¢,, ~ 107! s), “slow” (t,, ~
103 s) and “inhibited” (7,, = 10° s) signals (Figs. 3 and 4). Later, the observation of
other signals led to the introduction of the “desulfo-inhibited”, “arsenite” or “mer-
curial” signals.

The “Very Rapid” Signal

The “very rapid”, originated from XO molecules in the native, sulfo, form, is a
nearly axial signal (g; > g, & g3), with g; > 2 (g5 = 2.025, 1.955, 1.949, with
xanthine [108]), that does not display hyperfine structure due to coupled protons



66 L.B. Maia et al.

(Fig. 3) [108, 109]. This signal was observed for the first time in 1964, by Palmer
et al. [105], in the presence of an excess of xanthine, after a short reaction period (8
ms). Subsequent studies showed that the signal could also be obtained in the pres-
ence of sub-stoichiometric amounts of xanthine (either anaerobically or aerobi-
cally), as well as, with hypoxanthine, 1-methyl-xanthine, 6-methyl-purine,
2-hydroxy-6-methyl-purine,  8-hydroxy-6-methyl-purine or  2,4-dihydroxy-
pteridine, being its formation favoured by high pH values [106, 109—112]. The spe-
cies that gives rise to the “very rapid” signal is thought for long to be a catalytic
intermediate, formed by oxidation of a Mo**-substrate complex [107, 109, 113].
Studies with '*C8-labelled xantina (the position that is hydroxylated by the
enzyme), in ’O-labelled water (the oxygen that is ultimately incorporated in urate),
resulted in a “very rapid” signal splitted approximately isotropically by both nuclei
(A125("C) =11.1,7.6, 7.6 MHz [108] and A, ,5("’O) = 38.0, 38.3, 37.1 MHz [104,
108, 109, 114, 115]). The strong isotropic hyperfine coupling to 'O was taken as the
main evidence for the presence of a Mo-O,on.ermina bONd (Mo-O-R) in the signal-
giving species (in opposition to the small and quite anisotropic interaction (A ,3('’O)
= 8.6, 8.6, 1.9 MHz) observed in model compounds with a terminal oxo group,
Mo=0 [116]). In its turn, the splitting induced by '*C showed that the xanthine C8
is located within magnetic contact to the molybdenum atom and, although the small
interaction value could arise from an equatorial Mo-C8(xanthine) complex (that is,
from an equatorial ligand c-bonded to the molybdenum, with the ligand laying on a
node of the ground-state orbital), that hypothesis is difficult to rationalise mechanis-
tically and to reconcile with the above Mo-O-R interpretation. Hence, the signal
was interpreted as probably arising form of a Mo**-O-C8(xanthine) complex.
Noteworthy, alloxanthine originates an EPR Mo®* signal very similar to the “very
rapid”, also nearly axial, with g; > 2 (2.028, 1.959 and 1.944) and with no coupled
protons (Fig. 3) [112, 114]. Alloxanthine, a xanthine isomer that holds one nitrogen
atom (N2) in place of the xanthine C8, is a powerful inhibitor of the hydroxylation
activity of XO [117]. In the presence of alloxanthine, the XO Mo** interacts isotropi-
cally with a single nitrogen atom (presumably the alloxanthine N2; a; ,3("*N)=9.9, 9.6,
8.7 MHz), but not with O, probably through a Mo**-N2(alloxanthine) complex [112].
The use of *®Mo- and *’Mo-enriched XO (**Mo, I = 5/2, no significant nuclear
electric quadrupole; “’Mo, I = 5/2, strong nuclear electric quadrupole) showed a
strong anisotropic hyperfine coupling, as well as, nuclear electric quadrupole inter-
action, with A, 3(>>*Mo) = 142, 60.1, 63.4 MHz, with non-coincident g and A tensors
axes (with Euler angles of a = 7°, f#=42° and y = 0°) and P,,:(°*’Mo) = 4.0, —5.5,
1.5 MHz, with coincident P and A tensors axes (using 2-hydroxy-6-methyl-purine)
[104]. The highly anisotropic P, with the largest principal axis pointing along A,,
was most consistent with a MoOS structure for the “very rapid” signal-giving spe-
cies. Using density functional theory, Drew and Hanson [118] and others [119, 120]
suggested that the non-coincidence angle f could provide a measure of the metal-
dithiolene fold angle of the molybdenum centre (defined by the dihedral angle
between the MoS, plane and the S,C, plane of the pyranopterin molecule).
Accordingly, the above mentioned angle f of 42° would correspond to a metal-
dithiolene fold angle of 15° [118]. Although this value is somewhat different from
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the 21° observed in the crystal structure of XO complexed with 2-hydroxy-6-
methyl-purine [87] or with FYX [86], it can be argued that crystallographic struc-
tures represent a weighted mean of oxidation states (Mo®", Mo, Mo*").

When the “very rapid” signal is generated from XO molecules that were desul-
furated (reaction with cyanide) and resulfurated with ¥*S-labelled sulfide (reaction
with Na,*S), a strong and anisotropic interaction is observed (A, ,3(**S) = 8.5, 76.6,
19.1 MHz, with xanthine) [91, 104, 121, 122]. The related signal originated in the
presence of alloxanthine also displays a similar coupling to 3S (A,,5(**S) = 8.5,
85.0, 19.1 MHz) [112, 123]. The observed anisotropy suggested that the sulfur atom
would be a terminal ligand, Mo=S and not Mo-S-R (contrary to the oxygen atom,
that would be as Mo-O-R and not Mo=0); the absence of hyperfine coupling to
protons depicted this sulfur as a Mo=S (and not Mo-S-H). Furthermore, because the
equatorial ligands originate stronger interactions than the axial ligands in model
compounds, the sulfur atom was suggested to be in an equatorial position [122,
124]. The magnitude of the Mo3*/**S anisotropic interaction, unexpected for an iso-
tope with a small nuclear g value (g, of 0.429), suggests that the sulfur p orbital
participates to a large extent in the ground-state molecular orbital of the signal-
giving species, with the unpaired electron delocalised ca 38% over the sulfur [104,
109, 122] (calculated based on the expected anisotropic coupling of 156 MHz, if the
unpaired electron resided entirely in a sulfur p orbital [125]). Also the unusually
high value of g, (that makes the signal look like an axial one) was suggested to result
mainly from spin-orbit coupling with filled orbitals involving this sulfur, supporting
the claim that a g > 2 is evidence for sulfur ligation [104]. If the unpaired electron
is delocalised over the sulfur, then one group exerting a strong ligand field is neces-
sary to bring the ground-state orbital into approximately the same plane as the sulfo
group [104]. In 1985, Bray and George [109] (without having any evidence for its
existence, now confirmed by X-ray crystal structures) ingeniously suggested the
presence of one “spectator” axial oxo group.

In summary, the structure of “very rapid” signal-giving species suggested by the
EPR data is 2 M0™(=0 xia1) (=Sequatorial) ~Oequatoria-C (xanthine) complex (Fig. 3). This
structure was entirely confirmed, when the crystallographic structure of oxidised XO
[85] and of the key intermediate in the hydroxylation reaction of FYX by XO [86]
were solved. The reduced enzyme-substrate (XO-FYX) complex obtained by
Okamoto et al. [86] revealed the presence of an axial oxo group and one equatorial
sulfo group, unambiguously modelled as a Mo-SH, as well as the substrate molecule
bound through the labile oxygen atom to the molybdenum atom. This reduced
enzyme-substrate complex, in which the carbon—oxygen bond of the product was
already formed, but the product remained bound to the molybdenum, can, thus, be
formulated as a Mo*(=0 yia) (-SHequatorial)-Oequaroria-C(FYX) complex. The following
cleavage of the Mo*-O bond results in the hydroxylated product release; the
Mo** (=0 gia1)(-SHequatoriat)OHequatorias cOmplex formed is subsequently oxidised, via
intramolecular electron transfer, to regenerate the initial Mo complex. The Mo*-
substrate reaction intermediate can, however, follow an alternative pathway, in which
it is first one-electron oxidised to the Mo>*-substrate species that gives rise to the
“very rapid” signal and, only then, cleaved to release the hydroxylated product.
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Accordingly, it is the balance between the rate of Mo**-substrate oxidation to Mo**-
substrate and the rate of product release from Mo**-substrate that determines if a
given substrate can, or not, originate a “very rapid” signal [109, 126]. When it is
formed, the “very rapid” signal is originated from a catalytic intermediate [86, 107,
109, 113].

The structure of the “very rapid” signal-giving species was also probed by X-ray
absorption (XAS) and electron nuclear double resonance (ENDOR) spectroscopies.
Both supported the presence of a Mo=0 group [121, 127] with ENDOR showing
the presence of only one single '"O-oxygen atom in the coordination sphere of
molybdenum [128]. That earlier ENDOR study suggested the formation of a direct
Mo-C(substrate) intermediate (Mo...C distance < 2.4 A) [128], but, later,
Manikandan et al. in 2001 [129], assuming that the carbon undergoes a sp*
hybridisation, suggested instead a Mo...C distance of 2.8 A, a value similar to the
one later observed in the crystallographic structure of the XO-FYX complex and
consistent with a Mo-O-C(substrate) complex.

The structurally related XO-alloxanthine complex can, in a similar way, be for-
mulated as Mo¥ (=0 yyia1) (=S cquatoria)-Nequatoriai(@lloxanthine) (Fig. 3) and this struc-
ture was also confirmed by X-ray crystallography [130].

The “Rapid” Signals

The signals of the “rapid” type, originated also from XO molecules in the native,
sulfo, form, can be easily distinguished from the “very rapid” by their rhombicity
(g1 > g» > g3), by having g, < 2 and by the presence of hyperfine structure due to
coupled protons (e.g., g123 = 1.989, 1.969, 1.965, with 1-methyl-xanthine [115,
131]) (Fig. 3) [107, 131, 132]. The “rapid” signals can be obtained apparently with
all substrates, within the turnover time. Noteworthy, they can be generated with
substrates/reagents that do not reduce the enzyme through the molybdenum, as is
the case of NADH (that reduces the XO through the FAD) or dithionite [110, 133—
141]. Yet, they are not observed in single turnover assays with purinic substrates
[113, 142, 143]. Moreover, the addition of xanthine causes very little changes in the
signal [107, 134, 142], showing that the presence of the substrate has little influ-
ence in the coordination sphere of pre-reduced molybdenum and, thus, that the
xanthine molecule does not become bound to the pre-reduced molybdenum. In
compliance, no interaction with '*C-labelled purinic substrate is observable in the
“rapid” signals. Hence, in contrast to the “very rapid”, the “rapid” signal-giving
species does dot have the substrate bound and it does not represent a productive
catalytic intermediary of the XO reaction [142].

The hyperfine interactions with 7O and **S are in the “rapid” signals strong
anisotropic and weak isotropic respectively (4,,('’0) = 4.2, 8.3, 44.0 MHz [144—
146] and A,,3(**S) = 9.5, 9.9, 9.9 MHz [104, 122], using formamide). The strong
anisotropic hyperfine coupling to 'O was initially taken as evidence for the pres-
ence of a terminal oxo group (Mo=0 and not Mo-O-R, following the same reason-
ing described above for the “very rapid” signal). Yet, later studies showed, instead,
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that the 7O interaction could arise from a non-terminal oxygen, a Mo-OH group
(further discussed below), in a ligand field that includes a “spectator”, axial Mo=0
group [97, 147]. The isotropic coupling to #S suggested a non-terminal sulfur
(Mo-S-R and not Mo=S) in the signal-giving species and, contrary to the “very
rapid” signal, that the unpaired electron is not delocalised over the sulfur atom. In
addition, the strong and anisotropic interaction with Mo and *’Mo (A, ,3(**Mo) =
184, 74.0, 77.0MHz and P, ,3(°"Mo) = 4.0, —2.0, —2.0 MHz, with coincident P and
A tensors axes, but not coincident with the g axes (with Euler angles of a =0°, f =
18° and y =0°); with formamide [104]) was also taken as evidence for a Mo-SH(-OH)
structure [123, 148].

Also in contrast to the “very rapid”, the “rapid” signals display hyperfine interac-
tions with solvent-exchangeable protons and two types can be defined. In “rapid
type 17, the molybdenum interacts with two non-equivalent protons (e.g., Aj,3 =
36.2, 38.3, 38.5 MHz and 11.1, 8.3, 5.5 MHz, with 1-methyl-xanthine [115, 131,
146]), while in “rapid type 2” it interacts with two equivalent protons (e.g., A3 =
39.0, 42.0, 45.3 MHz and 27.9, 29.4, 37.5 MHz, with borate [122]) (Fig. 3). In the
presence of xanthine, e.g., mixtures of the two types are usually obtained, but higher
xanthine concentrations and lower pH values favour the “type 17 [132, 134].

Comparative studies of the “rapid type 17 signal with **S-labelled XO and
1-methyl-8-"H-xanthine versus 1-methyl-8-*H-xanthine, in 'H versus *H-labelled
water, showed that the strongest coupled proton is originated from the C8 carbon of
the substrate molecule that was hydroxylated in the previous catalytic cycle and this
proton was attributed to the sulfur atom of the molybdenum centre (Mo-S-H)? [91,
122,131, 138, 149, 150]. The apparent incompatibility between the weak interaction
with the sulfur (a molybdenum ligand) and the strong interaction with the proton
(not a molybdenum ligand) can be explained by a non-linear Mo-S-H structure
[122]. An angular Mo-S-H allows the sulfur atom to be located near the nodal plane
of the ground-state orbital of the molybdenum (in a lower electron density site),
with the hydrogen atom out of the nodal plane into a region of higher electron den-
sity. The weakly coupled proton of “rapid type 17 could reside in the oxygen or in a
neighbouring protein group with which the oxygen forms an hydrogen bond [104,
144]. This interpretation was supported by the similarity of the EPR spectra of
model compounds [151] and, because the “very rapid” does not show interaction
with protons, the oxygen atom involved can not be the axial one.

The two strongly coupled protons in the “rapid type 2" signals have also been
attributed to the Mo-SH and Mo-OH groups [114]. It has been suggested that the
Mo-SH group holds a strongly coupled proton in both signal types and it is the rela-
tive position of the proton in the Mo-OH group relatively to the molybdenum that

2Although the *H has a nuclear magnetic moment different from zero (/ = 1), in CW EPR the
expected splitting (2/ + 1 = 3) is not observable. The hyperfine interaction due to hydrogen is usu-
ally weak and the line splitting due to *H is only ca 15% of the splitting due to 'H (calculated based
on the ration of the values of nuclear g,, which are 5.59 and 0.86 for 'H and °H, respectively).
Hence, in practice, in CW EPR, 'H substitution by *H “removes” the previous observable split by
2Q21+1/12=2).
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determines if that proton is weakly (“rapid type 1) or strongly (“rapid type 2”)
coupled. Thus, following the same line of thinking used to rationalise the weak
interaction with the sulfur and the strong interaction with the proton in the “rapid
type 17 signal, the stronger interaction in the “rapid type 2” is due to a different
geometry of the molybdenum centre and not to a molybdenum centre with a differ-
ent structure.

Although the hyperfine interactions (with protons, sulfur, oxygen and carbon)
are different in “very rapid” and “rapid” signals, reflecting changes in the geometry
of the molybdenum centre, the relative position of the direct molybdenum ligands
must remain unchanged and the basic structure of the “very rapid” signal-giving
species can be here used as template. Hence, the structure of “rapid” signal-giving
species suggested by the EPR data is a M0™ (=0 uxia1) (-SH.quatoria) ~OHequatorial cCOM-
plex, with the Mo-OH proton being present in different orientations in “type 1 and
“type 2” signals (Fig. 3).

The “Slow” Signal

The “slow” signal is originated from XO molecules in the desulfo form, where the
sulfo group, Mo=S, was substituted by an oxo group, Mo=0. Although this signal-
giving species is not catalytically relevant (because “desulfo” molecules do not have
hydroxylase activity), it is physiologically relevant (because it is present in cells)
and its study provides further relevant structural information (confirmation). The
signal could be obtained apparently with any substrate/reductant provided that
“desulfo” enzyme molecules are present. Swann and Bray, in 1972 [136], demon-
strated with xanthine-reduced XO that the formation of the “slow” signal is depen-
dent on the slow intermolecular electron transfer, from reduced “sulfo” enzyme
molecules to oxidised “desulfo” molecules. The lower reduction potential of the
“desulfo” molybdenum centre (=100 mV lower than the “sulfo” centre value [152])
further challenges its reduction [153]. Swann and Bray [136] demonstrated also that
NADH (that reduces the XO through the FAD) is able to reduce both the “sulfo” and
the “desulfo” enzyme molecules, leading to the simultaneous arising of “rapid” and
“slow” signals. Moreover, the intensity of “rapid” and “slow” signals is proportional
to the concentration of “sulfo” and “desulfo” XO molecules, respectively. Hence,
the “desulfo” enzyme molecules can be reduced either by intermolecular electron
transfer or by direct reduction and the co-presence of “rapid” and “slow” signals can
be observed with any substrate/reductant (e.g., xanthine, NADH or dithionite [136,
141, 152-155]), as long as sufficient time is giving for the reduction to occur.

The “slow” signal is characterised by the presence of hyperfine structure due to
two non-equivalent protons (A,; = 44.7, 44.4, 42.6 MHz and 3.9, 4.5, 6.3 MHz,
with dithionite) and by a lower g,, value (g,,; = 1.972, 1.967, 1.955), which allows
it to be easily differentiated from the “rapid type 17 signal (Fig. 3) [123, 131, 138,
148, 156, 157]. The lower g,, value was suggested to result from a lower spin-orbit
coupling with the oxygen orbitals comparatively to the situation found in the
“rapid”-giving species with its sulfur atom [104]. In fact, the “slow” signal-giving
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species is thought to share the same geometry with the species that gives rise to the
“rapid type 17, with the sulfur being substituted by an oxygen and with the strongly
coupled proton being assigned to that oxygen atom (Mo-OHjgne and Mo-SHgong, in
“slow” and “rapid” signals, respectively) [138]. Studies with model compounds fur-
ther supported this interpretation [151]. As expected, the “slow” signal displays
hyperfine structure due to two coupled oxygen atoms (A,, = 28 MHz) [145]. Hence,
the structure of “slow” signal-giving species suggested by the EPR data is a
M05+(=Oaxial)('OHequatorial)'OHequatorial Comp]ex (F]g 3)

Signals Obtained From Inhibited and Inactive Forms of Xanthine Oxidase

The group of signals originated from inhibited XO molecules, in the sulfo and
desulfo forms, are, obviously, not catalytically relevant, but the information obtained
from their study is important to complete the structural picture of the enzyme
molybdenum centre.

The “inhibited” signal is originated from XO molecules in the native, sulfo, form
in the presence of formaldehyde (methanal) or methanol, which are known to inhibit
the enzyme. It is a rhombic signal, with g, < 2 (g,,5 = 1.991, 1.977, 1.951), and
displays hyperfine structure due to a single non-exchangeable proton (A;,5 = 12.3,
10.8, 15.3 MHz) (Fig. 4) [108, 122, 145, 158]. Generation of the “inhibited” signal
with H-labelled formaldehyde showed that the coupled proton is derived from the
inhibitor and the use of *C-labelled formaldehyde (4, ,(**C) =52.5,40.6,40.6 MHz
[108, 128]) suggested that the formaldehyde is coordinated to the molybdenum,
probably in a bidentate mode [159] (Fig. 4). A more recent ENDOR study revealed
that both protons of the formaldehyde moiety do interact with the molybdenum, but
one of the couplings is too weak to be observed by standard CW EPR [160]. In
accordance, it is proposed that the formate moiety becomes bound to the molybde-
num, through a stable Mo®* complex (Fig. 4), thus preventing the turnover and
inhibiting the enzyme.

On the contrary, the “desulfo-inhibited” signal is originated from desulfo XO
molecules. The “desulfo-inhibited” signal is obtained by developing, first, the
“slow” signal in the presence of dithionite and, subsequently, adding ethylene-
glycol (HO-CH,-CH,-OH) [161]. This denomination is derived from the XO form
that gives rise to the signal (“desulfo”) and its subsequent resistance to both oxida-
tion and reduction (“inhibited”). It is also a rhombic signal, with g, < 2 (g,3 =
1.980, 1.973, 1.967); it does not display hyperfine structure due to protons, but it is
coupled to two oxygen atoms (A,, = 5.5 MHz) [145, 161]. The “desulfo-inhibited”
signal-giving species has been suggested to hold the ethylene-glycol moiety coordi-
nated to the molybdenum, probably, also in a bidentate mode (Fig. 4).

The “arsenite” signal is obtained in the presence of arsenite, a XO inhibitor that
binds particularly tightly to reduced XO [162, 163]. The signal is formed from
reduced enzyme molecules either in the sulfo or desulfo form and displays strong
anisotropic hyperfine and quadrupole coupling to the As nucleus (I = 3/2 naturally
present in 100%; A,,3(As) = —40, 128, =90 MHz and P,,;(As) = 27, —17,
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—10 MHz) [162-165]. The signal is modified by xanthine, suggesting that the enzyme
active site retains the ability to bind substrates in the presence of the inhibitor. Based
on the known affinity of arsenite for thiols, it was suggested that arsenite binds to the
reduced molybdenum center through its sulfo group, Mo-S-AsO,* (Fig. 4).

The structure of the “arsenite” signal-giving species was also probed by XAS
spectroscopy that suggested a non-linear Mo-S-As moiety (angle of ca 80°), with a
Mo...As distance of 3.02 A, and one of the arsenite oxygen atoms possibly bound
to the molybdenum in the position of the equatorial Mo-OH (Fig. 4) [166]. The
recent crystal structure of arsenite-inhibited XO clearly demonstrate the arsenite
bidentate binding mode, involving the catalytically essential sulfo group and the
equatorial labile oxygen atom [167], thus explaining the particularly tight binding
of arsenite to reduced XO and the enzyme inhibition.

The “mercurial” signal is obtained when native, sulfo, XO is treated with
p-chloro-mercuri-benzoate [168]. This thiol-modifying reagent reacts with the
Mo-SH group of reduced XO, blocking it in a Mo-S-Hg-R complex, to yield an
inactive XO form. This enzyme form gives rise to a rhombic signal (g;,5 = 1.969,
1.958, 1.943) that does not display hyperfine structure due to coupled protons
(Fig. 4) [168]. When the signal is generated in the presence of Hg(7 = 1/2)-labelled
p-chloro-mercuri-benzoate a strong and anisotropic coupling is observable
(A,3("Hg) = 443, 285, 272 MHz). The also strong and anisotropic coupling to 7O
(A1,3("70) = 4.1, 8.2, 34 MHz) and S (A,,5(**S) = 13.8, 7.4, 8.7 MHz), further
supports the presence of a Mo (=0 yia) (=Oequatoria) -Sequatoria-Hg(chloro-benzoate)
complex in the “mercurial” signal-giving species (Fig. 4).

Magnetic Interactions Within Xanthine Oxidase

XO holds two [2Fe-2S] centres and one FAD, besides the molybdenum centre. The
two Fe/S centres, diamagnetic in the oxidised state ([2Fe-2S]**), can be spectro-
scopically discriminated upon reduction by one electron ([2Fe-2S]*) to yield two S
= 1/2 signals, called Fe/S I and II, with different g anisotropy and spin-relaxation
rate [154, 169]. The Fe/S 1 signal, similar to the one spinach ferredoxin, displays
lower g anisotropy (g1,; =2.022, 1.932, 1.894) and, due to its slower spin-relaxation
rate, can be observed at higher (liquid nitrogen) temperatures, comparatively to the
Fe/S 11 signal (g;,5 = 2.110, 1.991, 1.902, observed below 25 K, with unusual very
broad linewidths). The one-electron reduced flavin gives rise to an isotropic S = 1/2
signal, with a linewidth of 1.94 mT characteristic of the neutral semiquinone radi-
cal, FADH" [107, 154].

Because XO holds four redox-active centres, magnetic interactions between
them are possible and expected. The magnetic interactions in XO have been stud-
ied since the 1970s, when the magnetic interaction between the Mo>* and the
Fe/S 1 was described for the first time: Ehrenberg, Anger and Bray observed that
the “rapid” and “slow” signals are modified when the temperature is decreased
[170]. In 1972, Lowe et al. [170] systematically studied the “slow” signal and
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concluded that its splitting is dependent on the presence and intensity of the sig-
nal originated by the Fe/S I, resulting from a spin-spin isotropic coupling of 1.1
mT (40 K). Yet, the predicted splitting of the signal from the reduced Fe/S I could
not be observed. Later, Lowe and Bray [171], studying the “desulfo inhibited”
signal, obtained a larger spin-spin coupling (d,,3 =2.2, 2.4, 2.6 mT) that allowed
the corresponding splitting of the Fe/S centre signal to be also observed, thus
providing positive identification of this Fe/S centre as the interacting species
with the molybdenum. Similar magnetic interactions, whose intensity is depen-
dent on the Mo’* signal type (ranging from 0.7 mT for the “rapid” to 2.4 mT for
the “desulfo inhibited”), were also described in turkey, Veillonella alcalescens
[171] and rat liver XO [141], in P. putida quinoline 2-oxidoreductase [172], or in
D. gigas AOR [173, 174].

Other magnetic interactions in XO were described by Rupp et al. [175] and
Barber et al. [176], namely between Mo’ and Fe/S 1 (identified as a 100-fold
increase in the power necessary to saturate the Mo signal in the presence of
reduced Fe/S 1, at 103K), Fe/S I and Fe/S II (2.5-fold increase in the power neces-
sary to saturate the Fe/S I signal in the presence of reduced Fe/S 1II, at 20 K) and
between FAD and Fe/S I and between FAD and Fe/S II (70-fold increase in the
power necessary to saturate the FADH" signal in the presence of reduced Fe/S cen-
tres, at 173 K). No interactions were described between Mo and FADH' or between
Mo’ and Fe/S 11 [176].

The magnetic interactions detected are in complete agreement with the structure
of XO that shows that the four redox-active centres are aligned in an almost linear
fashion, defining an intramolecular electron transfer pathway that delivers electrons
from the molybdenum centre to the FAD, Mo — Fe/S I — Fe/S 11 — FAD [85].
Hence, it is the Fe/S centre that gives rise to the Fe/S I signal that is present in the
nearer a-helical domain to the molybdenum center. Moreover, the distance between
the Fe/S I centre and the molybdenum were estimated by Lowe and Bray to be
10-25 A [171] and by Coffman and Buettner to be <14 A [177], values that com-
pare remarkably well with the distance determined in crystal structure, with Mo-Fe
of 14.7 A.

EPR Studies of Desulfovibrio Aldehyde Oxidoreductase

D. gigas AOR was first described by Moura et al. [178] and is believed to be an
aldehyde scavenger, acting in a complex chain of electron transfer proteins that
links the oxidation of aldehydes to the reduction of protons [179, 180]. D. gigas
AOR was the first XO family member for which the crystal structure was deter-
mined [181-183]. It is structurally similar to mammalian XO, but it holds only two
Fe/S centres (yet, when the AOR structure is represented with its putative physio-
logical partner, one flavodoxin, it becomes clear that the structural homology with
XO is preserved [184]).

D. gigas AOR gives rise to several Mo®* signals, all similar to the ones of XO, as
expected from two similar enzymes. After rapid reduction with benzaldehyde,
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salicylaldehyde, acetaldehyde or dithionite, AOR gives rise to a “rapid type 2”
signal, with the characteristic two interacting protons (g;,; = 1.988, 1.970, 1.964,
Aj,3('*H) = 32.0, 45.8, 34.6 and 31.7, 17.4, 25.6 MHz), as demonstrated by assays
with *H-labelled water; the signal intensity indicated the presence of 10-30% of
sulfo enzyme molecules [179, 180, 185, 186]. The formation of the “rapid type 1”
signal can be achieved, e.g., with di-hydoxy-benzaldehyde reduction (Fig. 5) [18].
Extended reduction with dithionite (20 min) elicits the “slow” signal that arises
from the remainder desulfo enzyme molecules present in the sample (g,,3 = 1.971,
1968, 1.958, where only one coupled proton was detected, A,,3('H) = 46.4, 44.1,
39.5 MHz) [179]. So far, no signal arising from a AOR-substrate or AOR-product
complex was reported (no “very rapid”-like signal was yet described).

Recent crystallographic results and kinetic assays showing that AOR is not irre-
versible inhibited by cyanide led Santos-Silva et al. to suggest that the active AOR
holds a molybdenum centre with an oxo group in place of the XO characteristic sulfo
group, (Mo=0 instead of Mo=S) and that AOR did not require the sulfo group for
activity [187]. Yet, the XO family members susceptibility to cyanide is highly vari-
able. This is the case of the nicotinate dehydrogenase (described in the following
section) or the purine hydroxylase [188, 189] that require extensive treatments to
inhibit the enzyme. Hence, it can not be excluded that AOR is also an enzyme that is
highly resistant to cyanide inactivation. This supposition is in agreement with the
observation of “rapid” signals that are well documented to arise from MoO,S cores,
thus demonstrating that sulfo enzyme molecules are present in the Desulfovibrio AOR
samples. However, the small percentage of the sulfo enzyme molecules could have
not been observed by crystallography, being identifiable only by EPR: EPR spectros-
copy allows the observation of sulfo and desulfo molecules (depending on the reduc-
tant and time of reduction; see discussion in XO, section “The “slow” signal”), while
crystallography only shows the dominant fraction of desulfo enzyme molecules.

The inhibitory effect of arsenite was also evaluated in AOR. The “arsenite” sig-
nal obtained is analogous to the XO one (g,,3 = 1.979, 1.972, 1.922, A, ,3("As) =
60, 136, 120 MHz, P,,3("*As) = 19, —10, =9 MHz) and the crystal structure of the
AOR-arsenite complex showed the arsenite ion bound, in a monodentate mode, to
the molybdenum atom at the equatorial position occupied by the catalytically labile
Mo-OH, Mo-O¢gautoria-ASO2(=0quatoriar) (the absence of the Mo=S group hamper-
ing the bidentate mode seen in XO) [190, 191].

EPR Studies of Nicotinate Dehydrogenase and Carbon Monoxide
Dehydrogenase

Finally, the EPR signals of two other XO family members, whose molybdenum
centres are different from the one of XO, should be here considered, namely the
EPR signals of nicotinate dehydrogenase and carbon monoxide dehydrogenase.
Some prokaryotic enzymes of the XO family, in place of the terminal sulfo group,
Mo=S, have, instead, a terminal seleno group, Mo=Se, that is also essential for the
catalytic activity (Fig. 1b) [192—195]. This is the case of the E. barkeri nicotinate
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Fig. 5 Representative X-band EPR signals of aldehyde oxidoreductase, nicotinate dehydrogenase
and carbon monoxide dehydrogenase and the respective structures proposed for each signal-giving
species. The aldehyde oxidoreductase spectra is a mixture of “rapid” and “slow” signals and was
obtained with dihydroxibenzaldehyde; adapted with permission from [18]. Nicotinate dehydroge-
nase “resting” (as prepared) signal; adapted with permission from [192], copyright (1994) National
Academy of Sciences, U.S.A.. Carbon monoxide dehydrogenase signal obtained with carbon mon-
oxide; adapted with permission from [200], copyright (2011) American Chemical Society. The
arrow indicates the position of g =2.0037

dehydrogenase, an enzyme that catalyses the hydroxylation of nicotinate to
6-hydroxy-nicotinate [192]. The reduced enzyme gives rise to an almost axial signal,
with g, > 2 (g1,5=2.067, 1.982, 1.974 [192]), significantly higher than the g, value
observed in the XO “very rapid” or “alloxanthine” signal (Fig. 5), as would be
expected based on the higher covalency of the Mo-Se comparatively to a Mo-S.
The signal is splitted when 7’Se(f = 1/2)-enriched enzyme is used, showing that the
selenium atom is located within magnetic contact to the molybdenum atom.
Interestingly, the selenium-deficient enzyme (purified from selenium-deficient cells)
gives rise to a Mo’* signal similar to the “rapid type 1” of XO, suggesting that the
molybdenum centres of nicotinate dehydrogenase and XO should be identical, apart
from the replacement of Mo=S by Mo=Se, what was, in fact, recently confirmed
when the crystallographic structure of the E. barkeri enzyme was determined [195].

Another “exception” to the characteristic XO molybdenum centre is provided by
the Mo-S-Cu-S(Cys) binuclear centre of carbon monoxide dehydrogenase (Fig. 1b),
an enzyme that catalyses the carbon monoxide oxidation to carbon dioxide [74—78].
This enzyme, upon reaction with carbon monoxide, gives rise to a unique Mo**
signal, with g, > 2 (g,25 = 2.001, 1.960, 1.955), that displays a strong anisotropic
hyperfine coupling to one copper atom (A, ,3(Cu) = 117, 164, 132 MHz; I = 3/2 for both
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9Cu and Cu, naturally present in ca 69 and 31%, respectively) (Fig. 5) [196-198].
A similar copper hyperfine interaction was observed in model complexes containing
the Mo-S-Cu moiety [199]. When the signal is generated from carbon monoxide
dehydrogenase molecules that were reconstituted with silver (after the sulfur and
copper atoms had been removed by reaction with cyanide; the silver-substituted
enzyme retains partially the activity [76, 200]), the expected splitted signal is
observed (A;,3(Ag) = 82.0, 78.9, 81.9 MHz; I = 1/2 for both '“’Ag and '®Ag, natu-
rally present in ca 52 and 48%, respectively) [200]. Moreover, the signal of
CO-reduced enzyme in 'H- or *H-labelled water displays no hyperfine coupling to
protons, suggesting that this enzyme holds an equatorial deprotonated oxo group,
Mo=O0, contrary to XO with its labile Mo-OH group. Finally, the splitting of the
Mo signal, when "*C-labelled carbon monoxide-reduced enzyme was used, dem-
onstrated clearly that the carbon monoxide or dioxide is present in the signal-giving
species of substrate-reduced enzyme [198]. Hence, the structure of the signal-giving
species suggested by the EPR data is a M0 (=0 4yia1)(=0)-S-Cu-S(€yS)equatorial COM-
plex, with the carbon monoxide coordinated to the copper atom (thus, a paramag-
netic enzyme-substrate complex analogue). This structure is supported (1) by the O.
carboxidovorans enzyme crystallographic structure (the Mo-S-Cu-S(Cys) moiety)
[75]; (2) by XAS studies that showed the presence of a two Mo=0 groups and of an
approximately linear Cu* coordination [201]; (3) by resonance Raman spectros-
copy, whose results are consistent with a CuSMoO, core [198, 201]; () and by a
recent ENDOR study that, using *C-labelled carbon monoxide, showed an isotro-
pic hyperfine coupling (A,,(*C) = 17.3 MHz) that could arise only from a Mo*/
Cu*-CO species [202].

Sulfite Oxidase Family
The Enzymes

The active site of SO family enzymes (in its oxidised form; Fig. 1b) is closely
related with the one of XO family, but with the distinctive feature of having the
protein, through a cysteine residue, directly coordinated to the molybdenum. In
these enzymes, the molybdenum centre displays the same square-pyramidal geom-
etry, with one apical oxo group (Mo=0), but with the equatorial plane formed by
two sulfur atoms of one pyranopterin cofactor molecule, one oxo group (Mo=0)
and the cysteine sulfur atom (Mo-S(Cys)) [4-11, 203, 204]. This family comprises
the prototype vertebrate (most studied chicken and human) liver SO (Eq. (8)), plant
SO, diverse prokaryotic sulfite dehydrogenases and eukaryotic assimilatory nitrate
reductases (NaR; enzymes involved in nitrate assimilation in plants, algae and
fungi®), as well as Escherichia coli YedY or mammalian mitochondrial amidoxime

31t should be noted that the eukaryotic assimilatory NaR is distinct from any type of prokaryotic
NaR enzymes, which are classified as members of the dimethylsulfoxide reductase family (Section
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reducing component (mARC; enzymes involved in the reduction (dehydroxylation)
of S- and N-hydroxylated compounds) and the MOSC proteins homologues
(involved in molybdenum centre sulfuration) [71-73, 203-208].

Structurally, the vertebrate SO is an homodimeric enzyme, with each monomer
holding one b-type haem and one molybdenum centre [209]. Being a key enzyme in
the catabolism of sulfur-containing amino acids and other compounds, vertebrate
SO catalyses the oxidation of the toxic sulfite to sulfate, at the molybdenum centre
(Eq. (9)), with the simultaneous reduction of cytochrome c, at the b-type haem
[210]. Surprisingly, the crystal structure of vertebrate (chicken) SO showed that the
molybdenum and haem centres are more than 30 A apart [209]. Hence, during catal-
ysis, a conformational alteration would have to take place, to bring the two centres
into sufficiently close proximity as to allow rapid intramolecular electron transfer
observed, (sulfite—)Mo—haem(—cytochrome ¢) [211-213].

The members of the SO family, in contrast to XO family enzymes, are thought to
be proper oxo-transferases, catalysing the simple transfer of an oxygen atom to, or
from, a lone electron pair of the substrate, as is clearly exemplified by the
SO-catalysed sulfite oxidation to sulfate (Eq. (9)) and NaR-catalysed nitrate reduc-
tion to nitrite (Eq. (10)), respectively [4—11, 203, 204]. However, the recent identi-
fication of mammalian mARC and bacterial YedY, YcbX or YiiM, as well as several
other MOSC proteins homologues (most of these not yet characterised), demon-
strated that SO family enzymes are also involved in the reduction of S- and
N-hydroxylated compounds and in sulfuration reactions.

SO,” +H,0+2cyt.c(Fe™ ) > 0S0,” +2cyt.c(Fe’ )+ 2H" ®)
50, +H,0 — 050, +2¢” +2H" ©
ONO,” +2¢” +2H" — NO,” +H,0 (10)

The molecular mechanism of SO-catalysed sulfite oxidation is presently well
understood (Fig. 6) [209, 214-222]: (1) catalysis is initiated at the oxidised molyb-
denum centre by nucleophilic attack of the sulfite lone-pair of electrons on the
catalytically labile equatorial oxo group of the molybdenum (Mo®"=0); this results
in the formation of a covalent Mo*-O-SO; intermediate, where the molybdenum
atom has become reduced by two electrons; (2) the presence of the “spectator”
axial oxo group facilitates the subsequent cleavage of the Mo-O(substrate).quaoriat
bond (weakens it); product (sulfate) is then released to yield a Mo*-OH,,, core (the
oxidation half-reaction); (3) finally, the two electrons transferred from the sub-
strate to the molybdenum are intramolecularly transferred, one at a time, to the
haem, where cytochrome ¢ (the physiological partner) will be reduced, and the
initial Mo®=0 core is regenerated (reduction half-reaction).

“Dimethylsulfoxide Reductase Family”).
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Fig. 6 Mechanism of sulfite oxidase-catalysed reaction. See text for details

In SO enzymes with one one-electron redox center (one haem in the case of
chicken and human SO), the formation of a transient Mo species is mandatory:
the two electrons of Mo** must be, one at a time, transferred to the haem; after the
haem being reduced by the first electron, it must wait for the physiological oxidising
partner to be re-oxidised; only then, is able to receive the second electron. Hence,
as in the XO family, the intramolecular electron transfer (Mo — haem, in this case)
is an integral aspect of catalysis in the enzymes with one one-electron redox center.
On the contrary, in the plant SO, that is devoid of additional redox centres, the
reduction half-reaction is also carried out at molybdenum centre (in this case, the
reduction of dioxygen) [223]. Also as seen in XO family, water is the ultimate oxy-
gen atom donor/acceptor (Egs. (9) and (10)) and the molybdenum centre mediates
the oxygen atom transfer (Mo®*=O,quoria 1S the direct oxygen donor and Mo** the
oxygen acceptor).

EPR Studies of Vertebrate Sulfite Oxidase

Chicken SO is the best studied member of this family, with the human enzyme fol-
lowing closely, and this chapter will focus only the vertebrate enzymes (Fig. 7).

SO was the fifth enzyme discovered to contain molybdenum (after XO, AO, NaR
and nitrogenase). The presence of molybdenum in bovine liver SO was revealed by
Cohen, Fridovich and Rajagopalan, in 1971 [224], using EPR spectroscopy. Yet,
comparatively to XO, the knowledge about SO advanced more slowly with relevant
data being added only in the last decade.

Three Mo>* EPR signals were early identified [224-230]. Generated by SO
reduction with sulfite under low pH and high pH conditions and in the presence of
phosphate, an inhibitor of the sulfite oxidising activity, they were designated “low
pH” signal, “high pH” signal and “phosphate-inhibited” signal, respectively (Fig. 7).
The “sulfite” signal was described by Bray et al. in 1982 [231], who pointed out its
similarity with the “phosphate-inhibited” signal—both of which are now considered
to arise from a family of similar signal-giving species, holding the anion coordi-
nated via an oxygen atom to the molybdenum.
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Fig. 7 Representative X-band EPR spectra of sulfite oxidase Mo™ “low pH”, “high pH”, “phos-
phate”, “sulfite” and “arsenate” signals and the respective structures proposed for each signal-
giving species. “Low pH” signal obtained from sulfite-reduced SO at pH 6.5; adapted with
permission from [230]. “High pH” signal obtained from sulfite-reduced SO at pH 10; adapted with
permission from [230]. “Phosphate” signal obtained from sulfite-reduced SO, in the presence of
phosphate buffer at pH 7.3; adapted with permission from [230]. “Sulfite” signal obtained from
sulfite-reduced SO, at pH ~ 6.4; adapted with permission from [231]. “Arsenate” signal obtained
from sulfite-reduced SO, in the presence of arsenate at pH 6.5; adapted with permission from [260],
copyright (1998) American Chemical Society. The arrow indicates the position of g = 2.0037

The “Low pH” Signal

The “low pH” signal, originated at moderately low pH values, is a rhombic signal,
with g > 2 (g125 = 2.004, 1.972, 1.966), that displays strong coupling to one
exchangeable proton (A;,; = 23.8, 22.1, 35.8 MHz) (Fig. 7) [229, 230]. More
recently, it was also identified the coupling arising from the non-exchangeable pro-
ton of the Ca of the cysteine residue coordinated to the molybdenum atom (A, ,; ~
4, 6, 4 MHz) [232]. In the presence of '"O-labelled water, the “low pH” signal
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exhibits strong coupling to a solvent-exchangeable oxygen [124], which, based on
resonance Raman spectroscopic data, was assigned to the equatorial Mo-OH group
[233]. A weak coupling to a solvent-exchangeable oxygen was also described in the
human SO mutant where the key arginine 160 residue was replaced by a glutamine
(Arg160GIn), in the presence of ’O-labelled water [234]. Recently, this oxygen was
attributed to the sulfite moiety bound to the molybdenum (Mo-OSO;") [235, 236].

The interaction of chloride, an inhibitor of the vertebrate SO, on the signal-giving
species was studied in the pH range of 6.2-9.6 [237]. Interestingly, it was found that
the interconversion between the “low pH” and “high pH” signal is influenced by the
chloride concentration, with higher concentrations favouring the “low pH” signal
(that is, increasing the apparent conversion pK, by 1 pH unit). Initially, it was pro-
posed that chloride would be directly coordinated to the molybdenum [237] in an
equatorial position [238, 239]. However, a more recent analysis of the **Cl and *’Cl
quadrupole interaction showed that, while the hyperfine coupling is within the range
expected for coordinated chloride, the nuclear quadrupole coupling observed in SO is
very close to that expected for free chloride [240]. Hence, supported by DFT calcula-
tions (that showed that the quadrupole coupling, contrary to the hyperfine coupling, is
very sensitive to the centre structure), it was concluded that chloride is bound in the
substrate binding pocket, near the molybdenum, but not directly bound to the molyb-
denum atom itself [240]. This interpretation is in agreement with the crystallographic
structure of the chicken enzyme, that shows one chloride ion in the substrate binding
pocket [241], and further confirmed by a recent XAS spectroscopic study with bro-
mide and iodide that suggested a halide-molybdenum distance of 5 A [242].

If an increase in chloride concentration favours the “low pH” signal, its depletion
results in a new signal, with different g values and g; < 2 (g;,3 = 1.999, 1.972,
1.963) and without the strong proton coupling [243], similar to that characteristic of
the “blocked” form of SO [234, 244]. The “blocked” signal-giving species holds the
sulfite moiety bound to the equatorial catalytic labile oxo group of the molybdenum
(M0-Oquatoriai-SO57) in a trapped complex, as shown by pulsed EPR spectroscopy
with 170 and *S labelling [234, 243-245]. Noteworthy, the subsequent addition of
chloride causes the disappearance of the “blocked” signal, release of sulfate and the
formation of the characteristic “low pH” signal [243]. It was, thus, proposed that
chloride favours the cleavage of the Mo-OSO;™ bond to yield sulfate and a Mo-OH
moiety, which would give rise to the “low pH” signal with its coupled proton.

Noteworthy, the human SO Arg160GIn mutant remains in the “blocked” form
[234, 246], even upon addition of chloride [243], holding sulfite/sulfate coordinated
to the molybdenum (Mo-O-SO;~) [234]. This suggests that the product release in
this mutant is very slow or hampered, which, together with its striking decreased
intramolecular electron transfer rate, seems to be the base of the lethality of this
mutation [234, 241, 243].

The mutation of the cysteine that coordinates the molybdenum to a serine resi-
due, in recombinant rat SO (Cys207Ser), was also studied [247]. The oxidised
molybdenum centre of the mutant, which displays a 2000-fold decreased specific
activity, is a MoO; core that, unexpectedly, does not have the serine residue coordi-
nated to it, as revealed by XAS spectroscopy [248] and further confirmed by the
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crystal structure and XAS of the mutant chicken SO [249]. Upon reduction, the
serine becomes coordinated to the molybdenum, to give a Mo=0O(-OH)-O(Ser)
core, which gives rise to another EPR signal, with different g values and g; <2 (g5
=1.979, 1.965, 1.955) and with a weaker proton coupling (A4,,; = 6, 12, 6 MHz),
comparatively to the wild-type SO [250].

On the contrary, the replacement of the molybdenum-coordinating cysteine by a
selenocysteine residue resulted in a signal with an higher g, value (g,,5 = 2.022,
1.975, 1.964), consistent with the higher covalency of the Mo-Se comparatively to
a Mo-S (as describe above for the comparison between XO and nicotinate dehydro-
genase; section “EPR Studies of Nicotinate Dehydrogenase and Carbon Monoxide
Dehydrogenase”) and with the known sensitivity of g; to modifications of equatorial
plane of the molybdenum centre [251]. As expected, the new signal is also coupled
to one proton (A, ; = 20, 35 MHz) [251].

The “High pH” Signal

The “high pH” signal, originated at higher pH values, is a rhombic signal, with g, <
2 (g125=1.987, 1.964, 1.953), that, contrary to the “low pH” signal, was described
as not having hyperfine structure due to coupled protons (Fig. 7) [229, 230].
However, alater ENDOR study demonstrated the presence of a solvent-exchangeable,
strongly and anisotropically coupled proton in this signal, which was also assigned
to the equatorial Mo-OH group [252-254]. Different orientations of the proton in
the non-linear Mo-O-H group relatively to the molybdenum have been evoked to
explain its different coupling in the “low pH” and “high pH” group, with the hydro-
gen located “in” the ground-state orbital of the molybdenum and “out” of that
orbital, respectively. The coupling arising from the non-exchangeable proton of the
Ca of the cysteine residue coordinated to the molybdenum atom was also identified
in the “high pH” signal [232].

The “high pH” signal displays, as the “low pH” signal, strong coupling to a
solvent-exchangeable oxygen, when in the presence of '"O-labelled water) [124],
which was assigned to the equatorial Mo-OH group [233]. In addition, the “high
pH” signal shows weak coupling to a second oxygen atom (A,,(’0O) = 6.4 MHz,
P.(70) = 1.5 MHz) [255], which was ascribed to the axial Mo=O group by
comparison with the interaction observed in model complexes [147, 256].

Contrary to the “low pH”, the depletion of chloride has no effect on the forma-
tion of the “high pH” signal-giving species [243] and the Arg160GIn mutation does
not either change this signal [246]. Also the replacement of the molybdenum-
coordinating cysteine by a selenocysteine causes almost no change in the “high
pH” signal, with the most prominent effect being a modest increase in the g, value
[251]. The small effect of having a selenocysteine at high pH (comparatively to the
marked effect observed at low pH) is consistent with the lower covalency of the
Mo-SeH bond at high pH (where increased ligand covalency results in higher g,
values) [71, 257].
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The Family of “Oxo-Anion” Signals

Similar signals can be obtained with some oxo-anions, at low pH and high anion
concentrations, namely phosphate, arsenate and sulfite.

The so called “phosphate-inhibited” signal, originated in the presence of phos-
phate, an inhibitor of the sulfite oxidising activity, is a rhombic signal, with g, < 2
(8123 = 1.992, 1.969, 1.974), that does not display hyperfine structure due to cou-
pled exchangeable protons (Fig. 7) [229, 230, 258, 259]. As noted in 1982 by Bray
etal. [231], sulfite gives rise to a similar rhombic signal (but with g, close to 2), with
no observable proton coupling (Fig. 7) [231, 243, 245]. In addition, also arsenate
was shown to elicit an analogous signal (Fig. 7) [260].

The signal obtained with sulfite in the absence of chloride was later designated
as “blocked” and, as already mentioned above (section “The “low pH” signal”),
described to arise from a Mo-OSO;~ core. The phosphate and arsenate complexes
are thought to arise from similar complexes. Studies of the 3'P [258, 259] and As
[260] interactions (I = 1/2 and I = 3/2, respectively, both naturally present in 100%)
indicated that the anions are coordinated to molybdenum through one of their oxy-
gen atoms (Fig. 7), with the nuclear electric quadrupole coupling of *As pointing to
a nearly tetrahedral arsenate [260]. Hence, a family of similar signal-giving species,
holding the oxo-anion coordinated via one oxygen atom to the molybdenum, can be
defined (Fig. 7).

Dimethylsulfoxide Reductase Family
The Enzymes

The DMSOR family is the larger and more diverse of the three families, comprising
enzymes with widely varying function, subunit composition and makeup of addi-
tional redox-active centres [11, 24, 261-265]. The enzymes from this family har-
bour the molybdenum atom coordinated by four sulfur atoms of two pyranopterin
cofactor molecules, in a trigonal prismatic geometry. In the oxidised form, the coor-
dination sphere is completed by oxygen and/or sulfur and/or selenium atoms in a
diversity of arrangements (Fig. 1b); the molybdenum atom is most often directly
coordinated by the polypeptide chain via aspartate, serine, cysteine or selenocysteine
residue side chains (arsenite oxidase, having no coordination to the polypeptide
chain, is one important exception with the molybdenum centre coordinated by an
apical oxo group plus one oxo/hydroxyl group (Mo=0(-OH)), in a square-pyramidal
coordination geometry [266-269]). The DMSOR family is constituted by only pro-
karyotic enzymes that play remarkably different functions, including DMSOR,
three different types of NaR enzymes (dissimilatory membrane-bound enzymes,
dissimilatory periplasmatic enzymes and assimilatory cytoplasmatic enzymes (see
note 3)), arsenite oxidase, arsenate reductase, several different types of formate
dehydrogenases (FDH), polysulfide reductase, acetylene hydratase and many other.
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Matching that diverse functionality, these enzymes catalyse remarkably different
reactions, namely (1) proper transfer of oxygen atom (e.g., DMSOR-catalyse
DMSO reduction (Eq. (11)) or NaR-catalysed nitrate reduction (Eq. (10))), (2)
transfer of hydrogen atom (reversible FDH-catalysed formate oxidation to carbon
dioxide (Eq. (12)) or benzoyl-coA reductase-catalysed benzoyl-CoA reduction to
cyclohexa-1,5-diene- 1-carboxyl-CoA), (3) transfer of sulfur atom (e.g., polysulfide
reductase-catalysed inorganic sulfur reduction to sulfide), (4) simultaneous oxida-
tion and reduction (e.g., reductive dehydroxylation and concomitant oxidative
hydroxylation catalysed by pyrogallol:phloroglucinol hydroxyltransferase) and (5)
even hydration reactions (e.g., acetylene hydratase-catalysed hydration of acetylene
to acetaldehyde, a non-redox reaction).

HaC, HaC,

5=0 + 2e-+ 2H" —— S—H + H,0
HC HsC (1)
HCOO™ — CO, +2¢” +H* (12)

To restrict the information presented to a manageable size, only two enzyme
types from the DMSOR family will be described, namely the NaRs and FDHs.

Prokaryotes reduce nitrate to nitrite for dissimilatory and assimilatory processes
and encode three distinct NaR enzymes [24, 270-278]: (a) membrane-bound
cytoplasm-faced respiratory NaR, associated with the generation of a proton motive
force across the cytoplasmatic membrane; (b) periplasmatic NaR, involved in the
generation of a proton motive force or acting as an electron sink to eliminate excess
of reducing equivalents; and (c) cytoplasmatic assimilatory NaR, involved in nitro-
gen assimilation. In spite of catalysing the same reaction (Eq. (10)), that occurs at
the molybdenum centre, these enzymes have diverse subunit organisations and
cofactor compositions and harbour different molybdenum centres. The three types
of NaR enzymes have the molybdenum atom coordinated by the family characteris-
tic two pyranopterin cofactor molecules (Fig. 1), but the remainder of the molybde-
num coordination sphere is distinct in each enzyme type. In the respiratory
membrane-bound NaR, the molybdenum atom is further coordinated by an aspar-
tate residue in a bidentate fashion (that is, by the two oxygen atoms of its carboxyl-
ate), or alternatively by one terminal oxo group plus the aspartate residue coordinated
in a monodentate mode (that is, by only one of its carboxylate oxygen atoms) [272,
279]. The two aspartate binding modes are thought to correspond to oxidised and
reduced molybdenum centre. In the case of the periplasmatic NaR from Desulfovibrio
desulfuricans or Cupriavidus necator, the molybdenum atom is coordinated instead
by a cysteine sulfur atom plus one terminal sulfo group, forming a partial disulfide
bond within each other [280-283]. Yet, the E. coli and Rhodobacter sphaeroides
periplasmatic NaR, on their turn, complete the molybdenum coordination with the
cysteine sulfur atom plus a terminal hydroxyl group [284, 285]. Finally, the cyto-
plasmatic assimilatory NaR, the least studied one, harbours its molybdenum atom
coordinated by a cysteine residue [286].
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The FDH enzymes are involved in different biochemical pathways, being also a
structurally heterogeneous group of enzymes [24-26]. E. coli, e.g., expresses three
FDHs: (a) a cytoplasmatic enzyme designated formate dehydrogenase H (FDH-H)
[287] that is part of the formate-hydrogen lyase system and is involved in the oxida-
tion of formate and generation of molecular hydrogen formation under fermentative
(anaerobic) growth conditions [24, 288]; (b) a membrane-bound periplasm-facing
FDH designated formate dehydrogenase N (FDH-N) that is part of the anaerobic
nitrate-formate respiratory pathway (catalysed by a supermolecular formate:nitrate
oxidoreductase system formed with the NaRGHI) involved with the generation of a
proton motive force [264, 289-295]; and (c) a second membrane-bound periplasm-
faced FDH, designated formate dehydrogenase O, that operates under aerobic con-
ditions in another nitrate-formate respiratory pathway (this with the NaRZWV
enzyme) [296-300]. In the case of FDHs, contrary to the above described NaRs, the
molybdenum centre, where the reversible formate oxidation takes place (Eq. (12)),
is more “uniform”. Hence, these enzymes, in the oxidised form, have the molybde-
num atom coordinated by two pyranopterin cofactor molecules and by a terminal
sulfo group plus a conserved essential selenocysteine or cysteine residue (Mo=S(-
Se(Cys)) or Mo=S(-S(Cys)); Fig. 1) [292, 301-309].

EPR Studies of Formate Dehydrogenases

The formate-reduced E. coli FDH-H gives rise to a nearly axial signal (g, > g, =
g3), with g; = 2.094 (g,; = 2.001, 1.990) that displays coupling to one solvent-
exchangeable proton (A;,; = 7.5, 18.9, 20.9 MHz), designated “2.094” signal
(Fig. 8) [310, 311]. When the signal is generated from 7’Se-enriched enzyme a very
strong and anisotropic interaction is observed (A,,3("’Se) = 13.2, 75, 240 MHz
[312], values that are almost five times higher than the ones observed in Mo-Se
model compounds [116, 312]). This interaction and the observation of the expected
939TMo hyperfine coupling confirmed that the selenium atom of the selenocysteine
is directly coordinated to the molybdenum and suggested that the unpaired electron
is delocalised 17-27% over the selenium, once more supporting the covalency
introduced by selenium in the Mo—Se bond [312].

Studies with ?H-labelled formate (E. coli FDH-H) showed that the coupled
solvent-exchangeable proton is originated from the substrate molecule [312]. It is
worth mentioning that the proton coupling is absent in the beginning of reaction and
it appears only in the following 30-300 s of reaction with formate [312]. The hyperfine
interaction demonstrated that the proton acceptor is located within magnetic contact to
the molybdenum center and photolysis assays showed that the selenium remains bound
to the molybdenum and that it is not the proton acceptor (because in the photo-
converted enzyme centre the interaction with 7’Se is not significantly affected, while
the interaction with the proton disappears) [312]. Together, these results clearly dem-
onstrate that the proton is transferred from formate Ca to the molybdenum center in the
course of the catalytic turnover and, then, exchanged with the solvent. Based on these
observations and on the crystallographic structure determined Boyington et al. [303]
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Fig. 8 Representative X-band EPR spectra of formate dehydrogenases. The top spectrum was
obtained with formate-reduced E. coli FDH; adapted with permission from [312], copyright (1998)
American Chemical Society. The middle spectrum was obtained from formate-reduced D. desulfu-
ricans FDH in the presence of azide; adapted with permission from [307]. The bottom spectrum
was obtained from formate-reduced D. desulfuricans FDH (without azide); adapted with permis-
sion from [307]. It is represented the signal-giving species structure proposed in [314, 315]. The
arrow indicates the position of g =2.094

and XAS data [313], Khangulov et al. [312] suggested that the E. coli FDH-H
signal-giving species would have a Mo*-Se(Cys) core, with the coupled formate-
derived proton residing on an amino acid residue located very close to the molybdenum
(His,4;). However, the subsequent identification of a sulfo group in the coordination
sphere of the E. coli FDH-H molybdenum by Raaijmakers and Romao [306] (also
confirmed by the identification of an E. coli sulfurtransferase that would insert the
sulfur atom into the FDH molybdenum centre [308]), provided a more reasonable
acceptor for the coupled formate-derived hydrogen: the Mo=S group that would
be converted into a Mo-SH, thus, a direct molybdenum ligand being the proton
acceptor [314, 315]. Hence, the suggested structure of the signal-giving species is a
Mo**-SH(-Se(Cys)) complex [314, 315] (Fig. 8).

The crystallographically proposed dissociation of the selenocysteine from the
molybdenum coordination sphere by Raaijmakers and Romao [306] does not find
support in none of the so far described EPR studies (nor in the E. coli enzyme
EXAFS study at both the Mo and Se K-edges that indicated four or five Mo-S at
2.36 A, plus one Mo-Se at 2.62 A [313], or in the crystallographic structures of the
E. coli FDH-N [292], D. gigas FDH [316]). It is possible that either the Mo** signal-
giving species bears no relation to the species crystallographically observed or the
crystallisation/irradiation induced some artefacts.
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Subsequent studies by Rivas et al. [307] with the D. desulfuricans FDH demon-
strated that the “2.094” signal only arises in the presence of azide, a strong FDH
inhibitor (which was employed as a protective reagent during the E. coli FDH-H
purifications). In fact, when the D. desulfuricans FDH is incubated with azide and
reduced with formate or dithionite, the Mo>* signals obtained showed almost identi-
cal g values and hyperfine structure to that described for the E. coli enzyme (Fig. 8)
[307]. However, in the absence of azide, the formate or dithionite-reduced D. desul-
furicans FDH gives rise to a rhombic signal with small anisotropy, with g, ,; values
of 2.012, 1.996, 1.985 [307]. The D. desulfuricans signal shows the expected hyper-
fine interaction with one solvent-exchangeable proton (A;,5 =23.1,29.9,27.8MHz)
and an additional interaction with a second not solvent-exchangeable proton (A; =
35.1 MHz, A,; not detectable) [307]. This later interaction arises from the seleno-
cysteine Cp hydrogen atoms [307], while the former, as discussed above for the E.
coli enzyme, is assigned to the molybdenum sulfo group [314, 315].

With the D. desulfuricans enzyme, the studies with *H-labelled formate were
inconclusive, because the H/'H exchange with the solvent is faster than the times-
cale of the “freezing technique” used. However, in the presence of the inhibitor
azide, the reaction is decelerated and it was clearly shown that the formate Ca
hydrogen is transferred, within 5 s, to a ligand of the molybdenum atom (A,; = 21.0,
21.1 MHz, A, not determined) and, then, exchanged rapidly with the solvent [307]—
thus, the strongly coupled proton is substrate-derived and, then, solvent-
exchangeable. In this way, the EPR-supported structure for the signal-giving species
is, once more, a Mo**-SH(-Se(Cys)) complex [314, 315] (Fig. 8). Although the
crystallographic structure of the D. desulfuricans FDH was not yet determined, the
XAS results obtained suggested that both the oxidised and reduced molybdenum
center is hexa-coordinated, with the selenocysteine and sulfo group bound to the
molybdenum atom [317], thus supporting that signal-giving species structure.

Among other FDH enzymes, the NAD-dependent FDH from Methylosinus
trichosporium and Ralstonia eutropha were also probed by EPR spectroscopy. The
M. trichosporium enzyme displays a similar rhombic Mo®* signal with small anisot-
ropy (gi23 = 2.005, 1.091, 1.984) and well-resolved hyperfine structure due to
%39TMo [318]. This is also the case of the R. eutropha FDH Mo’ signal (g,,3 =
2.009, 2.001, 1.992 and A, ,3(>**'"Mo) = 138, 82, 45 MHz) that displays strong iso-
tropic coupling to one proton (A,,;("H) = 18, 21, 18 MHz) [314]. When the signal
is generated in ?H-labelled water, the proton hyperfine structure disappears, demon-
strating the solvent-exchangeability of the proton. As observed in the E. coli and D.
desulfuricans enzymes, studies with ?H-labelled formate (in 'H-water) confirmed
that the solvent-exchangeable coupled proton is originated from the substrate
molecule, with the coupling being absent in the beginning of the reaction and grow-
ing in over the course of 1 min of reaction, to yield a signal indistinguishable from
that seen in the dithionite-reduced enzyme. Hence, additional proof that the proton
is transferred from formate Co to the molybdenum center in the course of the reac-
tion and, then, exchanged with the solvent. Therefore, there is a general consensus
that the structure of the signal-giving species in FDHs is a Mo**-SH(-Se(Cys))
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complex [314, 315]. This consensus gives confidence to the recent proposal of the
FDH reaction mechanism involving the hydride transfer from formate to the molyb-
denum sulfo group, Mo=S, to yield carbon dioxide and a Mo-SH core [314, 315].

Besides the studies above described, the EPR spectroscopy was also successfully
used to probe the magnetic interactions between the redox-active centres of several
FDH enzymes, as is the case of the enzymes from M. trichosporium [318],
Desulfovibrio sp. [319] and R. eutropha [314]. Moreover, and most relevant, EPR
spectroscopy was essential to demonstrate the incorporation of either molybdenum
or tungsten in D. alaskensis FDH, one of the few examples of an enzyme that can
incorporate either metal atoms and retain activity [319]. Metal quantification assays
indicated that the D. alaskensis FDH is a mixture of two forms, one containing one
molybdenum atom and the other one tungsten atom. Two EPR signals, typical of
Mo’* and W5, were observed. The Mo’ signal is rhombic, with small anisotropy
and g, < 2 (g125 = 1.971, 1.968, 1.959) and displays hyperfine structure due to a
coupled proton (A, ,; = 44.2, 44.1, 43.9 MHz). The W5+ signal is also rhombic, but
with lower and more anisotropic g values (g;,3 = 1.955, 1.933, 1.916), as would be
expected from the much stronger spin-orbit coupling in tungsten compared to
molybdenum. Also because the CW EPR linewidths tend to be broader in tungsten
compounds compared to molybdenum, no hyperfine structure is visible in the D.
alaskensis FDH W>* signal. The molybdenum substitution by tungsten was also
studied in DMSOR (the substitution was forced; contrary to D. alaskensis FDH, the
Rhodobacter capsulatus DMSOR does not incorporate tungsten naturally) [320].
Two different signals were observed, both rhombic, with higher g anisotropy, but,
while one signal displays no visible hyperfine coupling to protons (g;,3 = 1.958,
1.928, 1.860, A,:("**W) = 104, 108, 110 MHz), the other shows clear hyperfine
coupling to one proton (g;,3 = 1.960, 1.927, 1.888, A ,:('"¥W) = 110, 108, 106
MHz, A, ,5('"H) = 35.7, 37.8, 52.9 MHz).

EPR Studies of Nitrate Reductases
Periplasmatic Nitrate Reductases Signals

Periplasmatic NaRs from different sources were investigated by EPR spectroscopy,
including from D. desulfuricans [274, 321, 322], Paracoccus pantothrophus [323—
3261, R. sphaeroides [285, 327, 328], E. coli [284] and others [329, 330]. The Mo**
of these enzymes can give rise to several EPR signals, designated “very high g”,
“high g”, “high g-nitrate”, “high g-turnover”, “low g-unsplit” and “low g-split”.
The “very high g” is a rhombic signal, with g; > 2 that is coupled to one proton
(8123 =2.022, 1.999, 1.994, A, ,5 =20.9, 20.7, 18.4 MHz, for the P. pantothrophus
enzyme); it is thought to arise from an inactive form of the enzyme (Fig. 9) [323,
324, 328]. The “low g” signals are also rhombic, but with g; < 2 (g1,5 = 1.997,
1.962, 1.959 and g,,; = 1.996, 1.969, 1.961, for the “low g-unsplit” and “low
g-split” signals of the P. pantothrophus enzyme) and the “low g-split”, as its name
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Fig. 9 Representative X-band EPR spectra of periplasmatic nitrate reductases. From top to bot-
tom: “Very high g” signal obtained from cyanide-treated dithionite-reduced P. pantothrophus
enzyme; adapted with permission from [324], copyright (1999) American Chemical Society. “Low
g-unsplit” signal obtained from P. pantothrophus enzyme by prolonged incubation with dithionite;
adapted with permission from [324], copyright (1999) American Chemical Society. “High g” sig-
nal was obtained from as-prepared, resting P. pantothrophus enzyme; adapted with permission
from [324], copyright (1999) American Chemical Society. The fourth spectrum shows the “high
g-nitrate” and “low g-split” signals obtained from dithionite-reduced P. pantothrophus enzyme that
was reacted with nitrate; adapted with permission from [324], copyright (1999) American Chemical
Society. “High g-nitrate” signal obtained from dithionite-reduced D. desulfuricans enzyme reacted
with nitrate; adapted with permission from [321]. “High g-turnover” signal obtained from methyl-
viologen-reduced D. desulfuricans enzyme reacted with nitrate; adapted with permission from
[321]. The arrow indicates the position of g =2

indicates, displays coupling to one proton (A;,3 = 36.3, 37.5, 42.0 MHz) (Fig. 9)
[323, 324, 328]. The “low g” signal is similar to the “rapid type 1” signal of XO and
the signal-giving species is thought to hold the molybdenum atom coordinated by
only one pyranopterin cofactor molecule. Furthermore, XAS results suggested the
presence of at least one terminal oxo group [324]. Hence, the “low g-split” is also
attributed to an inactive form of the enzyme.

The “high g” is a rhombic signal, with g; <2 (g1,5 = 1.999, 1.990, 1.981, for the
P. pantothrophus enzyme) that displays weak coupling to two not solvent-
exchangeable protons (A;,; = 17.9, 14.5, 13.9 MHz and A, = 8.4 MHz (P. panto-
throphus)), which were assigned to the molybdenum-coordinated cysteine Cf
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hydrogen atoms (Fig. 9) [323-326]. While the “high g” signal does not change in
the presence of nitrate (as well as, of nitrite or azide), a different signal, the “high
g-nitrate” signal, is obtained after the addition of nitrate to dithionite-reduced
enzyme under turnover conditions, which has lower g anisotropy and one (D.
desulfuricans) or two (P. pantothrophus) coupled protons (g;,3 = 2.000, 1.990,
1.981,A,,5=12.9, 13.9, 12.8 MHz, for D. desulfuricans [321, 322]; g1,5 = 1.999,
1.989, 1.982,A,,5=17.9,12.0, 12.8 MHz and A, = 9.0 MHz, for P. pantothrophus
[324, 325]) (Fig. 9). If methyl-viologen-reduced enzyme is used instead, the addi-
tion of nitrate elicits a similar signal, designated “high g-turnover”, that displays
hyperfine structure due to two equivalent solvent-exchangeable protons (g;,3 =
1.999,1.992, 1.982, A, ,5=16.2, 18.1, 15.3 MHz, for D. desulfuricans [321, 322])
(Fig. 9). Assays with common ("*N) and ""N-labelled nitrate excluded the possibil-
ity that these signals arise from Mo-ONO, complexes, thus questioning the cata-
lytic relevance of the signals [321, 322, 326], even though this conclusion is not
consensual [328].

Presently, it is clear that the spectroscopic characterisation of the periplasmatic
NaR enzymes is far from being concluded and the structure of the various
signal-giving species is still obscure, as is their catalytic relevance (compared,
e.g., with the wealth of information regarding the several XO signals (section
“Xanthine Oxidase Family”)). A recent theoretical study provided a rationalisa-
tion for the structure of some signal-giving species [331]. The “very high g” signal
and “high g” signals family are suggested to arise from MoS; cores, with the “high
g” species considered to be the ones in the more reduced state (that is, the ones
with the proposed persulfide bond between the sulfo group, Mo-S, and the cyste-
ine sulfur, Mo-S(Cys), [322] reduced) [331]. The differences between the signals
may arise from different distortions of the molybdenum coordination sphere and/
or the presence of different ions in the close proximity of the molybdenum [332].
The “low g” signals are suggested to arise from molybdenum centres with only
one pyranopterin molecule, as suggested before (and described above), with the
molybdenum coordination sphere completed as a Mo=X(-OH)(-S(Cys)) core,
where X is an oxygen or sulfur atom [331].

Assimilatory Nitrate Reductases Signals

The assimilatory NaRs are the least well characterised of these enzymes, but their
Mo’* signals are quite similar to the ones of the periplasmatic homologues, conse-
quence of the presence of one molybdenum-coordinated cysteine in both enzymes
types. The assimilatory enzyme from Azotobacter vinelandii enzyme is known for
long to give rise to a “very high g” and “high g-nitrate” signals [333]. Also the
cyanobacterium Synechococcus sp. PCC 7942 assimilatory enzyme elicits a “very
high g” (g125 = 2.023, 1.998, 1.993) and “high g” signals (g;,5 = 1.997, 1.990,
1.982), which are thought to arise from inactive and functional enzyme forms,
respectively [286].
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Fig. 10 Representative X-band EPR spectra of respiratory nitrate reductases from D. desulfuri-
cans. “Low pH” signal obtained at pH 6.0. “Low pH — nitrate” signal obtained at pH 6.0 from
dithionite-reduced enzyme treated with nitrate showing the “low pH — nitrate” signal plus a new
rhombic signal. “High pH” signal obtained at pH 7.6. “High pH — nitrate” signal obtained at pH
6.0 from dithionite-reduced enzyme treated with nitrate showing the “low pH — nitrate” signal plus
a new rhombic signal. All spectra were adapted with permission from [342]. The arrow indicates
the position of g =2

Respiratory Nitrate Reductases Signals

The Mo’* of respiratory NaRs also give rise to several EPR signals, but distinct from
the ones of the perplasmatic and assimilatory enzymes [334-342]. Two are pH-
dependent and display hyperfine coupling to a solvent-exchangeable proton. The
“low pH” is a rhombic signal, with g; > 2 (g,,5 = 2.001, 1.986, 1.964, A,,3(H) =
31.7, 23.6, 24.7 MHz), while the “high pH” has a g; < 2 and a weaker hyperfine
interaction (g;,3 = 1.988, 1.981, 1.962, A, ,;(H) = 10.6, 8.9, 9.1 MHz, for the E. coli
enzyme) [338]. Similar signals have been since reported for the enzyme from M.
hydrocarbonoclasticus enzyme (Fig. 10) [342], Pseudomonas aeruginosa [337] and
others. Of note, the P. pantothrophus enzyme exhibits also “low pH” and “high pH”
signals lacking resolved hyperfine coupling (g;,5 = 2.007, 1.987, 1.970 and 1.990,
1.989, 1.967, respectively), which have been interpreted as arising form a different
substrate binding mode [259, 338, 343-345]. The difference in the extent of cou-
pling as a function of pH may arise from different orientations of the proton, in a
non-linear Mo-O-H group, relatively to the molybdenum atom (as argued above for
SO (section “Sulfite Oxidase Family)), or may be the result of different nitrate
binding modes, as suggested for the M. hydrocarbonoclasticus enzyme [342].
Regarding the Mo-OH group, the “low pH” signals exhibits no '’O hyperfine cou-
pling in assays with "O-labelled water or ’O-labelled nitrate, thus questioning the
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presence of a Mo-OH group in that signal-giving species (although it is possible that
a very weak coupling could have not been observed in standard CW EPR assays);
the “high pH” signal, in assays with '"O-labelled water, on the other hand, displays
a weak hyperfine coupling (A4,,5(*’0) = 5.5, 8.8, 5.5 MHz), suggesting a Mo=0
group [346]. The catalytic significance of the “low pH” signal has been defended
since the late 1970s [336, 340], but a later study [336, 340] suggested that both
signal-giving species would be involved in the enzyme turnover.

The effect of different anions in the “low pH” signal has also been studied.
Fluoride (I = 1/2, naturally present in 100%) elicits a well defined hyperfine interac-
tion (A, ,3(*F) =30.6, 15.3, 13.2 MHz (E. coli)), suggesting that the halide is bound
very near the molybdenum atom (instead of being directly coordinated to the metal,
as argued above for SO (section “Sulfite Oxidase Family”’)) [338]. Addition of nitrate
or nitrite to the E. coli enzyme give rise to different signals, with g; > 2, all showing
hyperfine coupling to protons (A,,('H) = 34-36 MHz) [338]. Similar signals were
obtained upon nitrate addition to dithionite-reduced M. hydrocarbonoclasticus
enzyme (g,,3 = 2.002, 1.987, 1968, A, ,;('"H) = 39.2, 30.6, 30.3 MHz), but in a pH-
independent manner and with the simultaneous observation of a new rhombic signal
that displays no hyperfine structure (g,,; = 1.996, 1.982, 1979) (Fig. 10) [342].

Concluding Remarks

EPR spectroscopy has contributed enormously and significantly to our present
knowledge about molybdenum-containing enzymes. This is particularly true for
mammalian XO, to which the huge number of EPR studies (together with other
spectroscopic methodologies), were decisive to draw a picture of the molybdenum
centre of XO family enzymes before the first crystal structure of a XO family mem-
ber was available in 1995 (D. gigas AOR). The EPR spectroscopy contribution to
validate the hydroxylation reaction mechanism was also decisive, with the demon-
stration of hydrogen transfer from the substrate to the molybdenum sulfo group,
Mo=S, and transfer of the water oxygen to the catalytically labile equatorial oxo
group, Mo-OH. The contribution of EPR (and other spectroscopies) has also been
extremely significant to our understanding of the SO molybdenum centre and reac-
tion mechanism, namely the formation of “blocked” species, the chloride role or the
mutant-based lethality. Yet, several questions remain open, including what drives
the “low pH”/’high pH” transition (which residues) and the exact structures of those
signal-giving species. Numerous questions remain also open regarding the FDH and
NaR enzymes, for which it is clear that the spectroscopic characterisation is far from
being concluded and the structure of the various signal-giving species is still
obscure, as is their catalytic relevance. Nonetheless, the knowledge and experience
gathered with the “older” enzymes and diverse model compounds will be, for sure,
decisive to guide the future spectroscopic characterisation of the enzymes that only
now are starting to be thoroughly studied.
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Besides the mechanistic and structural studies focused in this chapter, the EPR
spectroscopy has also been extensively used to monitor redox titrations. The knowl-
edge of the reduction potentials is essential to understand the intramolecular
electron-transfer processes within enzymes with several redox-active centres or
between enzymes and their redox partners. In these studies, an EPR signal is taken
as a measure of a determined oxidation state/enzyme species; e.g., the XO “rapid”
and “slow” signals were used as indicators to assist in the determination of the
reduction potential of the sulfo and desulfo molybdenum centres. Also the study of
magnetic interactions is decisive to establish/confirm the “intramolecular wire of
redox-active centres” that is responsible for the intramolecular electron-transfer, as
was illustrated with the XO “intramolecular wire” that delivers the electrons from
the molybdenum centre to the FAD.

Hence, we hope that we have managed to transmit that CW EPR is still a very
valuable spectroscopic tool for the study of molybdenum-containing enzymes (and
other metalloenzymes), although advanced EPR-related methods would be, for cer-
tainly, decisive.
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