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Abstract Molybdenum is found in the active site of
enzymes usually coordinated by one or two pyranopterin
molecules. Here, we mimic an enzyme with a mononu-
clear molybdenum-bis pyranopterin center by incorpo-
rating molybdenum in rubredoxin. In the molybdenum-
substituted rubredoxin, the metal ion is coordinated by
four sulfurs from conserved cysteine residues of the apo-
rubredoxin and two other exogenous ligands, oxygen and
thiol, forming a MO(VD—(S-Cys)4(O)(X) complex, where
X represents —OH or —SR. The rubredoxin molybdenum
center is stabilized in a Mo(VI) oxidation state, but can be
reduced to Mo(IV) via Mo(V) by dithionite, being a suit-
able model for the spectroscopic properties of resting and
reduced forms of molybdenum-bis pyranopterin-containing
enzymes. Preliminary experiments indicate that the molyb-
denum site built in rubredoxin can promote oxo transfer
reactions, as exemplified with the oxidation of arsenite to
arsenate.

Keywords Metal-substituted rubredoxin - Models of
molybdenum-containing enzymes - Resonance Raman -
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BSO Biotin sulfoxide

CT Charge transfer

Ccv Cyclic voltammetry

DMSOR Dimethylsulfoxide reductase

DTT Dithiothreitol

DPV Differential pulsed voltammetry

Fe-Rd Iron-containing rubredoxin

GC Glassy carbon

hSO Human sulfite oxidase

M Metal

Mo-bis PGD Molybdenum-bis pyranopterin guanosine
dinucleotide-containing enzyme

Mo-Rd Molybdenum-substituted rubredoxin

PGE Pyrolytic graphite electrode

NHE Normal hydrogen electrode

RR Resonance Raman

Rd Rubredoxin

TCA Trichloroacetic acid

TFET 2,2,2-Trifluoroethanethiol

Introduction

Metal substitutions in metalloproteins have been an attrac-
tive research field, contributing to the understanding of the
structural/functional relationships. This strategy has been
demonstrated to be a valuable tool for spectroscopic stud-
ies and for the mimic of active sites and the design of novel
metalloproteins [1-3]. Rubredoxins (Rd) are the simplest
iron—sulfur proteins, with a molecular mass of 5.6 kDa
and containing a single iron atom tetrahedrally coordi-
nated by the sulfur atoms of four cysteine residues (Fig. 1a)
arranged in a -CX,C-X,-CX,C— motif [4, 5]. A variation
of this binding mode is found in desulforedoxin, where the
binding motif contains two adjacent cysteines, depicted
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Fig. 1 Schematic representation of the centers of a Fe-Rd and b
Mo-bis PGD enzymes and of ¢ pyranopterin cofactor. In (b), X and
Y represent terminal O, S, Se atoms and/or Asp, Ser, Cys, and SeCys
residues; for simplicity, only the dithiolate moiety of the pyranopterin
cofactor is represented. In E. coli periplasmatic nitrate reductase, X
and Y represent a terminal oxo group and cysteine residue; in Alca-

as —CX,C-X,—CC- and has a ferredoxin-like fold [6-8].
Mutations on the desulforedoxin-binding motif by addi-
tion of two amino acid residues between the two adjacent
cysteine residues converts the desulforedoxin iron site into
a center with the spectroscopic characteristics of Rd [9].

Rd provides an excellent system for obtaining a wide
range of metal-substituted proteins, due to its small size
and simple structure [10—13], in which the iron atom can
be substituted by reconstitution of the apo-form (apo-Rd),
prepared by acid precipitation under reducing conditions.
Over the years, metal-substituted Rd-type proteins contain-
ing *’Fe(II), Co(II), Ni(II), Zn(IT), Cd(II), Hg(II), Ga(III)
and In(IIT) have been prepared and characterized [14-22].
Among these, nickel-substituted Rd was pointed out as a
model compound of the nickel site of bacterial hydroge-
nase, displaying similar D/H exchange properties, as well
as CO inhibition [16]. The preparation of copper-sub-
stituted Rd had remained elusive and was achieved only
recently [23].

To date, a molybdenum-substituted rubredoxin (Mo-Rd)
had not been reported. An obvious interest is the possibility
of creating a sulfur-rich environment that mimics the active
site of mononuclear molybdenum-bis pyranopterin-con-
taining enzymes. The mononuclear molybdoenzymes har-
bor in their active site one molybdenum atom coordinated
by the cis-dithiolene group of one or two pyranopterin
cofactor molecules (Fig. 1¢) and by oxygen, sulfur, or sele-
nium atoms, in a diversity of arrangements that determines
the classification of molybdoenzymes into three families:
xanthine oxidase, sulfite oxidase, and dimethylsulfoxide
reductase (DMSOR) [24-26]. The DMSOR family is the
larger and more diverse family, comprising prokaryotic
enzymes of different functions (e.g., enzymes involved in
oxygen atom transfer, C—H bond cleavage, or hydration
reactions) [27, 28]. The enzymes from this family (in the
oxidized form) hold a trigonal prismatic L,MoXY core,
where L stands for the pyranopterin cofactor and X and Y
represent terminal =0, —OH, =S, and —SH groups and/or
oxygen, sulfur, or selenium atoms from cysteine, seleno-
cysteine, serine, or aspartate residue side chains (Fig. 1b).
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ligenes faecalis arsenite oxidase, X and Y represent terminal oxo and
hydroxyl groups. The cofactor (c) is a pyranopterin-dithiolate moiety,
which forms a five-membered ene-1,2-dithiolate chelate ring with the
molybdenum atom; in Mo-bis PGD enzymes, the cofactor is found
esterificated, as a pyranopterin guanosine dinucleotide (R represents
guanosine monophosphate)

Because the molybdenum atom of these enzymes is coor-
dinated by two pyranopterin guanosine dinucleotides, these
enzymes are proposed to be grouped under a new and more
meaningful denomination: molybdenum-bis pyranopterin
guanosine dinucleotide-containing enzymes (Mo-bis PGD
enzymes) [26, 29, 30].

The molybdoenzymes, and the Mo-bis PGD enzymes
in particular, occupy a significant place in bioinorganic
chemistry, as they carry out a wide range of metabolic reac-
tions in the nitrogen, sulfur, and carbon biocycles [31, 32].
Therefore, structures of molybdenum coordinated with
several sulfur atoms are interesting models for resting and/
or reduced species of active site of Mo-bis PGD enzymes.
Herein, we report the synthesis and characterization of a
novel molybdenum center coordinated by the four cysteine
residues that coordinate the iron site of Rd (Fe-(S-Cys),)
and we will discuss how this center can be regarded as a
mimetic system for Mo-bis PGD enzymes.

Materials and methods

Unless otherwise stated, all reagents were of analytical
grade or higher and purchased from Sigma-Aldrich, Merck,
Fluka or Riedel-de-Héen.

Overexpression and purification of Desulfovibrio gigas
rubredoxin

Desulfovibrio gigas Rd was heterologously expressed
in E. coli BL21(DE3) as an iron-containing rubredoxin
(Fe-Rd) [33], and the protein was purified as previously
described [6, 34]. The purity of the Fe-Rd was checked
by SDS-PAGE and UV-visible spectrum and presented an
Agonm/Asganm PULILY ratio of 2.4.

Reconstitution of rubredoxin with molybdenum

Apo-Rd was prepared by precipitation of Fe-Rd with 80 %
trichloroacetic acid (TCA), under reducing conditions,
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Fig. 2 Preparation of oxidized Fe
0xo-Mo-Rd and sulfo-Mo-Rd (Cys)- .5-(Cys)
and of reduced Mo-Rd. See e apo-Rd
“Materials and methods* for (Cys)- VA (Cys) +TCA
details y y {Mooz(B-ME)4
Fe-Rd dialvsi
ialysis pH 5, 24h
] O OH
\
Y8 )=t \n -(Lys + dithionite Y8 )= S N -(Cys
(©ys)-u I o(Cys) (Oy8)-5u . -(Cys)
(Cys)-57 V> (cys) (Cys)-57 Vs (cys)
reduced Mo-Rd oxidized Mo-Rd
DTT
Q R
N\
(Cys)-5 ¥ 5(Cys)

in the presence of dithiothreitol (DTT) [35]. The Mo-Rd
was prepared as shown schematically in Fig. 2. The recon-
stitution protocol was initiated by adding H,MoO, to
B-mercaptoethanol (B-ME) (ratio 1:4) in lukewarm water
(heat is required to dissolve the solid H,MoO, in water).
A red solution was obtained, with a maximum absorp-
tion band at 335 nm and a shoulder at 450 nm, which is
consistent with the formation of MoO,(SR), (SR = ali-
phatic thiol) [36—40]. Therefore, in the reaction mixture,
{MoO,(B-ME),} is probably the complex that is formed. A
molar excess (1.5- to 2-fold) of this complex was added to
an apo-Rd solution (1.76 mM) in 50 mM Tris—HCI, pH 7.6,
and incubated for 2 h on an ice bath. This solution was then
dialyzed, at 4 °C, against 1000-fold volume of 25 mM ace-
tate buffer, pH 5.0, for 24 h. The residual-free metal com-
plex ({MoO,(B-ME),}) was removed by passing the sam-
ple through a PD-10 desalting column (GE Healthcare),
equilibrated with the same buffer at pH 5.0. No attempts
of reconstitution were made below pH 4, because apo-Rd
becomes unstable and precipitates, or above pH 6.5, since
molybdenum, in the complex {MoO,($-ME),}, is reluc-
tant to be coordinated by protein cysteine thiols at high pH
values.

Determination of the protein/metal ratio

Molybdenum content was determined by inductively cou-
pled plasma (ICP) emission analysis using the multi-ele-
ments (Reagecon) as a standard solution in a concentra-
tion range of 0.01-1 ppm. The protein concentration was

(Cys)-57 M (cys)
oxidized sulfo-Mo-Rd

determined using the BCA kit (Sigma) with bovine serum
albumin (Sigma) as standard. The Mo-Rd samples were
analyzed after desalting using a PD-10 desalting column
(GE Healthcare).

Spectroscopic methods

UV-visible absorption spectra were recorded in 1 cm path
length cuvette, using a Shimadzu UV 1800 spectrophotom-
eter, at room temperature.

Resonance Raman (RR) spectra were recorded using a
Raman spectrometer (Jobin—Yvon U1000), equipped with
a 1200 lines/mm grating and a liquid nitrogen-cooled CCD
detector. A confocal microscope equipped with an Olym-
pus 20x objective (working distance of 21 mm, numeric
aperture of 0.35) was used for laser focusing onto the sam-
ple and light collection in the backscattering geometry. The
413 nm line from a Kr+ laser (Coherent Innova 302) was
used as the excitation source. 2 pL of 400 wM Mo-Rd solu-
tion were placed onto a Linkam THMS 600 microscope
stage and cooled with liquid N,. All spectra were recorded
at 83 K. The laser power and accumulation time were set to
12 mW and 60 s, respectively; typically six to ten spectra
were co-added to improve the signal/noise ratio.

X-band EPR (9.65 GHz) spectra of Mo-Rd frozen solu-
tion (400 uM), at 77 K, were recorded using a Bruker EMX
6/1 spectrometer and an ER4116DM rectangular cav-
ity (Bruker); the samples were cooled with liquid helium
in an Oxford Instruments ESR900 continuous-flow cry-
ostat, fitted with a temperature controller. The acquisition
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conditions were a modulation frequency of 100 kHz, a
modulation amplitude of 0.2 mT and a microwave power
of 635 uW. The EPR spectra were simulated with WinEPR
SimFonia (ver. 1.25) program from Bruker Analytische
GmbH, considering the Hamiltonian,

[:Ispin = MBSgB,

where pg (= 9.2740154(31) x 1072*JT~") is the Bohr mag-
neton, S the electron spin angular moment operator and B
the magnetic field.

F NMR spectra were acquired on a Bruker ARX NMR
spectrometer operating at 400 MHz and locked on the *H
resonance of the solvent (D,0). The NMR sample was a
400 uM Mo-Rd solution, which was incubated overnight
at 4 °C with excess of 2,2,2-trifluoroethanethiol (TFET) in
25 mM acetate buffer, pH 5.0, with 20 % D,0.

Electrochemical studies

Cyclic voltammetry (CV) was performed, at 6 °C, on a
potentiostat/galvanostat AUTOLAB system with an elec-
trochemical cell consisting of a glassy carbon (GC) [or
pyrolytic graphite (PGE)] working electrode, a platinum
wire counter electrode, and a KCl saturated Ag/AgCl ref-
erence electrode. For protein film experiments, the protein
solution (400 M in 25 mM acetate, pH 5.0) with the co-
adsorbent polymyxin-B (typically, 0.2 mg/mL) was used
to coat the electrode. The buffer-electrolyte solution in the
electrochemical cell consisted of 25 mM acetate buffer, pH
5.0. To stabilize the protein films, 0.2 mg/mL polymyxin-B
was also added to the cell solution to promote the electro-
chemical response. Protein films were prepared by coating
the freshly polished GC/PGE electrode with an ice-cold
protein solution. The electrode was then transferred to the
cell. Potentials were measured against internal ferrocene
(Fc) and are reported relatively to normal hydrogen elec-
trode (NHE).

Fig. 3 a SDS-PAGE gel under a reducing
reducing and non-reducing con- conditions
ditions (presence and absence m
of B-ME, respectively) of Fe-Rd MWM Rd Rd

and Mo-Rd (after desalting); the
migration of molecular weight
markers MWM) of 25, 15, and
10 kDa is indicated. b UV-vis-

ible spectrum of the as-prepared 25kDa—
Mo-Rd (black line) in 25 mM 15kDa—-
acetate buffer, pH 5.0, and of

the DTT-treated Mo-Rd (gray 10kDa—

line)
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Assay for arsenite oxidase activity

The Mo-Rd ability to oxidize arsenite was studied follow-
ing the absorbance changes in the Mo-Rd spectrum under
acidic conditions, in the presence of 0.1-5.0 mM arsen-
ite, at room temperature. The confirmation that arsenate is
the product of the Mo-Rd reaction with arsenite was per-
formed with the molybdenum blue test [41, 42]. The same
assay was used to quantify the amount of arsenate formed
in the presence of Mo-Rd using different concentrations of
arsenite. The molybdenum blue test is based on the reac-
tion of ammonium molybdate with arsenate, under acidic
and reducing conditions, to yield an arseno-molybdate blue
complex that can be quantified at 840-890 nm [41, 42].
In short, the sample (1 mL) containing arsenate (formed
after reaction of Mo-Rd with arsenite) was mixed with
the colored reagent (500 pL) constituted by a mixture of
2:2:1:5 (v:v:v:v) of 10.8 % ascorbic acid: 3 % ammonium
molybdate: 0.56 % potassium antimonyl tartrate: 13.98 %
sulfuric acid. The absorbance at 880 nm was measured
after 60 min. Arsenite and Mo-Rd were both assayed sepa-
rately and no color formation was observed. A calibration
curve was prepared with standards of known arsenate con-
centrations (1-20 wM) to determine the arsenate concentra-
tion formed by Mo-Rd in the presence of arsenite.

Results and discussion
Preparation of Mo-Rd

The reconstitution of apo-Rd with molybdenum was
achieved at pH 5.0. The Mo-Rd obtained has a molybde-
num/protein ratio of 1.2 and migrated as a single band in
SDS-PAGE under reducing and non-reducing conditions
(presence and absence of B-ME) (Fig. 3a), indicating that all
the Rd cysteine residues are coordinating the metal ion prior
to entering in the gel [23], and also that there is no apo-Rd

non-reducing b
conditions
/_/%
Fe- Mo-
Rd Rd 20 -
15

300 500 700
A (nm)
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after the reconstitution procedure. The UV-visible spectrum
of the as-prepared Mo-Rd (Fig. 3b; black line) shows a max-
imum absorption band at 278 nm (¢ = 17.77 mM ' cm™)
with two unresolved shoulders at 314 and 450 nm (e = 8.01
and 1.02 mM~! cm™!, respectively). These shoulders can
be assigned to Mo-thiolate charge transfer bands, which
are similar to the ones observed in synthetic inorganic
model complexes [36—40] and to the ones assigned for the
protein YedY, though the molar extinction coefficient val-
ues are 10x for the 450 nm and both absorption bands are
shifted to higher energy values [43]. It is important to men-
tion that the choice of pH, under which the reconstitution
procedure is carried out, is crucial for the successful forma-
tion of Mo-Rd. As mentioned in “Materials and methods®,
pH values between 4.0 and 6.5 favor the incorporation of
molybdenum and its coordination by the Rd cysteine thiols
(Fig. 2). The drop of pH to 5.0 could be performed by either
addition of acetic acid to the mixture containing apo-Rd
and {MoO,(B-ME),} or by dialysis of the mixture against
acetate buffer at pH 5.0. However, in the first option, there
was no incorporation of metal, due to the formation of poly-
nuclear complexes of molybdenum [44]. In the second strat-
egy, using dialysis to adjust the pH to 5.0, the reconstitution
was accomplished. This can be explained by the fact that
B-ME reacts with molybdenum and then it exchanges slowly
with Rd cysteines thiols during the dialysis process. There-
fore, we concluded that both pH and dialysis play a critical
role in the insertion of molybdenum into apo-Rd, with the
optimal conditions being achieved when {MoO,(8-ME),}
and apo-Rd were dialyzed against acetate buffer at pH 5.0,
for 24 h, at 4 °C.

a
exp
simul
g =2.03Tg L g lg=192
300 325 350 375 400

Magnetic field (mT)

Fig. 4 a X-band (9.65 GHz) EPR spectrum of dithionite-reduced
Mo-Rd (400 pM solution, in 25 mM acetate buffer, pH 5.0, reduc-
tion time of 25 min). The experimental spectrum (exp) was acquired
at 77 K, as described in “Materials and methods®, and the other
experimental conditions were: modulation frequency, 100 kHz; mod-
ulation amplitude, 0.2 mT; microwave power, 635 wW. The spectrum

Spectroscopic characterization of the coordination
sphere of molybdenum in Mo-Rd

The Mo-Rd was probed by X-band electron paramagnetic
resonance (EPR) spectroscopy. The as-prepared Mo-Rd is
EPR silent, as expected for the oxidized Mo-Rd with the
metal center in the Mo(VI) state. In the presence of DTT,
the Mo-Rd EPR signal does not change, which suggests
that DTT is not able to reduce Mo-Rd. Upon anaerobic
reduction with sodium dithionite (20-25 min), an EPR-
active species is detected at 77 K. This species has a rhom-
bic spectrum (Fig. 4a) that can be simulated as a single
signal, with g values of 2.02, 1.97 and 1.92, and is attrib-
uted to a Mo(V) species (d"; S = V) [45, 46]. Increasing
the reduction time (to 2 h), the intensity of the Mo-Rd sig-
nal decreases suggesting that Mo(V) is further reduced to
Mo(1V), which is EPR silent.

It was anticipated that molybdenum coordination sphere
would not be satisfied by only four cysteinyl ligands and
thus it was expected that the metal would have a tendency
to enlarge its coordination number. The coordination sphere
of the molybdenum center in Mo-Rd was addressed by
resonance Raman (RR) spectroscopy. Upon excitation into
an electronic absorption band of a chromophore, RR spec-
tra selectively reveal molecular details of the moiety that
gives origin to electronic transition. In Mo-Rd, the reso-
nance enhancement condition is fulfilled for 413 nm laser
line which matches the assigned broad cysteinyl S-Mo(VI)
charge transfer (CT) band centered at ~400 nm [47]. In
the low-frequency region (~300—400 cm™!), RR spectra of
Mo-Rd revealed Mo-S stretching and bending vibrational

-0.6

04 02 0 02
V (vs NHE)

was simulated (simul) as described in “Materials and methods*; the
g value position is indicated by the arrows. b Cyclic voltammetry
(100 mV s7!) and differential pulse voltammetry at a GC electrode
of Mo-Rd (400 uM in 25 mM acetate buffer, pH 5.0, with 0.2 mg/mL
polymyxin-B co-adsorbed; 4 °C)
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Fig. 5 a Resonance Raman a

b

spectra of Mo-Rd (upper trace;
400 M in 25 mM acetate
buffer, pH 5.0) and of Fe-Rd
(lower trace; 1 mM in 50 mM
Tris—HCI buffer, pH 7.6). Inset
shows deconvolution of Mo—-S

-69.14
AN

band. Bands marked with
asterisks are from the buffer. b
F NMR spectrum of Mo-Rd
(400 M in 25 mM acetate
buffer, pH 5.0) in the presence |
of 2 mM TFET I

aviem™)
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modes (Fig. 5a, upper trace) also observed in other molyb-
denum-containing proteins and model compounds [48-51].
Deconvolution of the spectra reveals four vibrational modes,
centered at 347, 363, 385, and 401 cm™! (Fig. 5a, inset),
the most intense of which (363 cm™') carries the highest
stretching character. Well-resolved Fe—S modes are on aver-
age slightly downshifted (345, 361 and 376 cm™') in the RR
spectrum of native Rd (Fig. 5a, bottom trace) [52]. Note that
strong features in the spectra marked with asterisks origi-
nate from lattice modes of the frozen buffer solution. The
band centered at ~705 cm™~! (Fig. 5a, upper trace) reflects
the first overtone or combination band of the Mo-S stretch-
ing modes. Another prominent feature in the RR spectrum
of Mo-Rd, which is clearly absent from that of Rd, is a
broad band at 942 cm~!. Similar bands were identified in
RR spectra of other oxomolybdenum-containing enzymes,
e.g., human sulfite oxidase (hSO) at 903 cm~!, DMSOR at
862 cm™!, and biotin sulfoxide reductase (BSO reductase)
at 860 cm™! and, based on isotopic labeling, attributed to
Mo=O0 stretching mode [53]. Therefore, by analogy with
the RR spectra of these enzymes and model compounds, we
attributed the 942 cm™! mode in the Mo-Rd RR spectra to
Mo=0 symmetric stretching, v,. It is ~40 cm ™! upshifted
with respect to that of the hSO, and even more in compari-
son with DMSOR and BSO reductase, indicating a stronger
bond; it is closer in energy to the Mo=O bond observed
in cis dioxomolybdenum (VI) thiolate complexes [48-51].
Similarly to the BSO reductase [54], in Mo-Rd we observe
an atypically large bandwidth of the 942 cm™! mode
(Av ~ 52 cm™Y). It suggests the presence of an unresolved
asymmetric Mo=0 stretching mode, which is, for example,
well resolved in the RR spectra of hSO, in which the v,
and vy, are found ~20 cm™ ! apart. Alternatively, it reflects
heterogeneity in the active site structure or environment.
Since it is well known that molybdenum ions in enzymes
have a tendency to have higher coordination numbers,
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we can speculate that the metal center in Mo-Rd contains
Mo=0(=0...H-protein) or Mo=0O(-OH) (Fig. 2). This
type of coordination is observed in the oxidized form of
arsenite oxidase, where the molybdenum atom is coor-
dinated by two pyranopterin molecules plus an oxo and a
hydroxyl group [55, 56] (Fig. 1b) and also in tungsten-con-
taining aldehyde:ferredoxin oxidoreductase [57].

Further spectroscopic characterization of the molyb-
denum coordination in Mo-Rd was carried out exploiting
the effect of the presence of exogenous thiol compounds.
Upon addition of DTT to a Mo-Rd solution at pH 5.0, the
UV-visible spectrum changes and bands arise at 336 nm
(=776 mM~' cm™!) and 460 nm (¢ = 1.91 mM~' cm™")
(Fig. 3b; gray line), indicating that the molybdenum might
be coordinated by a sulfur atom from the exogenous thi-
olate ligand. Therefore, DTT might serve as an exogenous
thiol ligand to the Mo-Rd molybdenum center.

To further support the coordination of exogenous thiol
ligands to the molybdenum center of Mo-Rd, the binding of
2,2,2-tri-fluoroethanethiol (TFET: CF;CH,SH) was studied
by F-NMR spectroscopy. The TFET-reacted Mo-Rd '°F-
NMR spectrum presents a triplet signal at —65.7, —66.0
and —66.3 ppm and a sharp peak at —76.9 ppm (Fig. 5b).
While the —76.9 ppm peak is due to non-coordinated
fluorothiol, the triplet signal is attributed to the molybde-
num-coordinated fluorothiol [58-60]. The triplet signal
suggests the formation of hydrogen bonds with fluorine
atoms and demonstrates that also TFET can coordinate the
Mo-Rd molybdenum center. Therefore, different thiol com-
pounds can act as exogenous thiol ligands to the molybde-
num center of Mo-Rd [61, 62].

We propose that the exogenous thiol compounds, either
DTT or TFET, can replace the hydroxyl ligand in the
molybdenum coordination sphere and the probable struc-
tures of the Mo-Rd center and thiol-treated Mo-Rd center
are Rd-Mo"’=0(-OH) and Rd-Mo™""=0)(-SR,

exogenous) ’



J Biol Inorg Chem (2015) 20:821-829

827

respectively (Fig. 2). This proposal is in agreement with the
known molybdenum chemistry, which is dominated by the
formation of oxides and sulfides and where the molybde-
num centers show a strong tendency to easily lose an oxy-
gen atom [63, 64]. Therefore, we suggest that the Mo-Rd
metal site has a molybdenum atom coordinated by four
cysteine sulfur atoms (Mo(S-Cys),; the rubredoxin site),
with two additional exogenous ligands, one oxo and either
one thiol or one hydroxo group, to satisfy the higher coor-
dination number found in Mo-bis PGD enzymes (Fig. 1b).
The thiol-treated Mo-Rd, with the suggested structure of
Rd-Mo(VI)(O)(SReXOgemus), can be envisaged as a model
for the E. coli or Rhodobacter sphaeroides periplasmatic
nitrate reductase [65, 66], a molybdoenzyme that harbors
the molybdenum atom coordinated by two pyranopterin
molecules, one oxo group, and one cysteine sulfur atom.
Conversely, the untreated Mo-Rd, with the suggested struc-
ture of Rd-MoYP(O)(-OH), can constitute a model of
arsenite oxidase with its molybdenum atom coordinated
by two pyranopterin molecules, one oxo group, and one
hydroxyl group (Fig. 1b) [55, 56, 67].

Electrochemical studies

To gain information on the redox properties of the
Mo-Rd metal center, electrochemical techniques were
used. Mo-Rd thin films displayed quasi-reversible CV
peaks at E,, = —530 mV and E,, = —345 mV vs. NHE
[AE = 185 mV, at 100 mV s~! (Fig. 4b)]. The midpoint
potential (E,;,) determined was —493 mV vs. NHE and
was assigned to the Mo(VI)/Mo(V) redox couple. This
value is in reasonable agreement with the reduction poten-
tial of some molybdoenzymes. For example, the Desul-
fovibrio gigas aldehyde oxidoreductase (that harbors the
molybdenum atom coordinated by one pyranopterin, two
oxo0, and one hydroxyl groups) displays reduction potential
values of —415 and —539 mV for the Mo(VI)/Mo(V) and
Mo(V)/Mo(IV) couples, respectively [68, 69]. Reduction
peak potentials are shifted to more negative values and the
separation between the two peaks is higher at higher scan
rates, indicating a quasi-reversible behavior for the electron
transfer of Mo-Rd through the electrode at high scan rates
[Ep (reduction) = —785 mV, E,, (oxidation) = —529 mV
and AE = 256 mV at 500 mV s~'; not shown] [70]. Fur-
thermore, the asymmetric behavior indicates that the elec-
tron transfer rate for the oxidation is slower than that for
the reduction process.

Activity of the Mo-Rd as arsenite oxidase
The Mo(O)(S-Cys), moiety of Mo-Rd depicts most of the

features of the metal center functional unit (McFU) found
in the active site of Mo-bis PGD enzymes of the Mo(O)

(pyranopterin), type [71]. Variations in the coordination
chemistry and properties of the metal center occur with
the binding of other ligands, which can include terminal
=0, —-OH, —OH,, =S, —SH group(s), and serine, aspartate,
cysteine, or selenocysteine residue(s) from the polypeptide
backbone of the protein. Having replicated the molybde-
num first coordination sphere of a Mo-bis PGD enzyme,
the next obvious step was to investigate the Mo-Rd hypo-
thetical reactivity in oxygen atom transfer reactions [72,
73]. Given the similarity of the suggested molybdenum
first coordination sphere of Mo-Rd with the one found in
the oxidized arsenite oxidase catalytic center (molybde-
num atom coordinated by two pyranopterin molecules plus
an oxo and a hydroxyl group [55, 56] ), the oxidation of
arsenite (AS(HI)O33’) to arsenate (AS(V>O43’) by Mo-Rd (an
oxygen atom insertion reaction) was studied. This reac-
tion was monitored under acidic conditions, at room tem-
perature, following the absorbance changes in the Mo-Rd
spectrum, in the presence of 0.1-5.0 mM arsenite. Rep-
resentative spectral changes of Mo-Rd in the presence of
1.0 mM arsenite are shown in Fig. 6, where the decrease in
the absorption between 300 and 500 nm was observed. It
is known that As(III) has a tendency to be coordinated by
thiols, with the resulting CT electronic transition (broad)
bands developing in the 250-320 nm range [74]. Because
such bands did not emerge, the observed spectral changes
were attributed to the Mo-Rd reduction by arsenite and
not to arsenite-modified Mo-Rd. The dependence of the
absorbance change at 360 nm on the arsenite concentra-
tion, for 0.1, 0.2, 0.5 and 1 mM, is shown in the inset of
Fig. 6. No reaction took place in the presence of arsenate
(no absorbance change was observed in the presence of
arsenate; data not shown). The confirmation that arsenate
is in fact the product of the Mo-Rd reaction with arsenite
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Fig. 6 Spectral change of Mo-Rd (80 uM) reacted with 1 mM
arsenite, in 25 mM acetate, pH 5, at room temperature. Spectra were
recorded every 60 s, for 2 h; the decrease in absorbance (Abs) with
time is indicated with the arrow. Inset absorbance change at 360 nm,
as a function of time, observed in the presence of 0.1 (a), 0.2 (), 0.5
(c) and 1 mM (d) arsenite
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Table 1 Arsenate formed during the reaction of Mo-Rd with arsenite

Initial arsenite concentration (mM) Arsenate formed (UM)?

1.0 29+£03
2.0 4.6+0.3
3.0 73£02
4.0 95+£0.1
5.0 144 +£0.2

% Concentration of arsenate formed during the reaction of 50 pM
Mo-Rd with the indicated arsenite concentrations, for 2 h, in 50 mM
MES buffer, pH 5.5, at room temperature. The arsenate concentra-
tion was determined in triplicate with the molybdenum blue test as
described in “Materials and methods* (values are means + standard
deviation)

was achieved with the molybdenum blue test [41, 42],
which was also used to quantify the amount of arsenate
formed (Table 1). The arsenate formation was found to pro-
ceed slowly, with an initial rate of 0.58 & 0.05 wM/min for
the oxidation of 5 mM arsenite by 50 uM Mo-Rd, and the
reaction extent was small, with <1 % of arsenate formed
after 2 h (Table 1).

Even though Mo-Rd cannot be considered an efficient
“arsenite oxidizer” (in comparison with the true arsenite
oxidase enzyme, which has a k_, and a K,, of 27 s~ and
8 uM, respectively [67, 75]), our results demonstrate that
Mo-Rd can promote arsenite oxidation. In line with the
known mechanism of reaction of the molybdoenzymes, we
suggest that the Mo-Rd {MOVIOZ} moiety would be con-
comitantly reduced to {Mo'VO}. The insertion of molyb-
denum into apo-Rd transforms a one-electron transfer pro-
tein (Fe-Rd) into an oxygen atom/two-electrons transfer
“arsenite oxidase” (Mo-Rd). This alteration of function is
noteworthy, in particular if one takes into account that the
Mo-Rd does not hold a specific “substrate-binding pocket”
to promote correct and efficient arsenite binding. There-
fore, Mo-Rd can be considered as a functional model of
arsenite oxidase.

Conclusions

In conclusion, Rd was successfully reconstituted with
molybdenum and suggested harboring a Mo=O(OH)(-
SCys), center or, after treatment with exogenous thiol com-
pounds, a Mo=O(SR)(-SCys), center. The reconstituted
site in Mo-Rd is, thus, suggested to mimic the active site
of a Mo-bis PGD enzyme, in terms of (1) the nature of the
ligands present in the first coordination sphere of molybde-
num, (2) spectroscopic properties and (3) ability to insert
an oxygen atom in a “substrate”. The Mo-Rd molybdenum
center can thus be considered a structural and functional
analog of some Mo-bis PGD enzymes. The rich sulfur

@ Springer

coordination provided by the four apo-Rd cysteine resi-
dues can be extended by a wide range of ligands, includ-
ing terminal oxo or sulfur-coordinating atoms in a versatile
coordination sphere as seen in enzymes that include ter-
minal =0, —-OH, —-OH,, =S, —SH group(s), and/or serine,
aspartate, cysteine, or selenocysteine residue(s) from the
polypeptide backbone of the protein. More detailed kinetic
studies of the arsenite oxidase activity of Mo-Rd center are
in progress, as well as of the reaction of this center with
other relevant substrates.
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