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This work reports on the direct electrochemistry of the
Desulfovibrio gigas aldehyde oxidoreductase (DgAOR), a
molybdenum enzyme of the xanthine oxidase family that
contains three redox-active cofactors: two [2Fe-2S] centers
and a molybdopterin cytosine dinucleotide cofactor. The
voltammetric behavior of the enzyme was analyzed at gold
and carbon (pyrolytic graphite and glassy carbon) elec-
trodes. Two different strategies were used: one with the
molecules confined to the electrode surface and a second
with DgAOR in solution. In all of the cases studied, electron
transfer took place, although different redox reactions were

responsible for the voltammetric signal. From a thorough
analysis of the voltammetric responses and the structural
properties of the molecular surface of DgAOR, the redox
reaction at the carbon electrodes could be assigned to the
reduction of the more exposed iron cluster, [2Fe-2S] I,
whereas reduction of the molybdopterin cofactor occurs at
the gold electrode. Voltammetric results in the presence of
aldehydes are also reported and discussed.

Keywords: aldehyde oxidoreductase; Desulfovibrio gigas,
electrochemistry.

Voltammetric techniques are useful for unraveling import-
ant aspects of the chemistry of metalloproteins and metal-
loenzymes [1-4]. Unlike the more conventional and widely
used potentiometric titrations, voltammetric methods
allow in situ measurement of reduction potentials together
with acquisition of information about the kinetics of the
electrode reactions and relevant variables of coupled
reactions, including catalysis.

Until recently, voltammetric methods have not been very
widely applied to high molecular mass enzymes. Although
they are generally large and flexible, some of the centers are
quite deeply buried, and therefore successful interaction
with an electrode is difficult to achieve. However, it is now
well recognized that the electron-transfer process between
a redox protein and a solid electrode is a protein—electrode
surface recognition process. Therefore, techniques devel-
oped for the study of protein electrochemistry in the late
1970s should be suitable for studying enzymatic systems. A
wide range of working electrodes and strategies have been
used to study direct electrode processes of metalloproteins
contained in solution. Two main different approaches have
been followed: (a) the use of bare electrodes, mostly carbon,
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which possess organic-like functionalities that can provide a
convenient surface for specific and favorable binding [5-10];
(b) the addition of a compound that binds to the electrode
surface or otherwise modifies the electrode interface and
encourages electron transfer to proceed [11,12].

Basically the same sort of electrodes have been used
in protein film voltammetry [13], where, to overcome the
problem of diffusion of the protein, the molecules under
investigation are deposited on a suitable electrode surface.
Adsorption should occur in such a way that molecules
retain their native fold and characteristic properties while
electron transfer occurs. In this case, a coadsorbate may be
required to achieve and optimize adsorption of the protein
and observation of voltammetric signals. It is interesting to
note that the latter approach ruled out the idea that protein
adsorption always posed an undesirable problem. The
important point is that, independently of the nature and
strength of the interactions between the biological molecules
and the electrode surfaces, their native properties should
be preserved. In undesirable situations, the interaction of
the protein with the electrode surface may lead to blocking
of the electrochemical activity, at least at the reversible
potential, as determined from potentiometric measure-
ments. In this case, significant changes in the rates of
electron transfer and hence reduction potentials are expec-
ted to be found.

Desulfovibrio gigas aldehyde oxidoreductase (DgAOR) is
a molybdopterin-containing enzyme belonging to the xan-
thine oxidase family. It is a homodimer of two 100-kDa
subunits with a low isoelectric point (pI = 4.7), roughly
globular, with a diameter of ~75 A [14-17]. A single
polypeptide of 907 amino-acid residues contains three redox
centers: the active site, formed by a fivefold-co-ordi-
nated Mo atom bound to two oxygen ligands, one sulfur
and one molybdopterin cytosine dinucleotide, and two
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spectroscopically distinguishable [2Fe-2S] centers, classified
as type I and type II [18]. These three redox centers are
aligned within the protein matrix to produce a suitable
intramolecular electron-transfer pathway. The molybdop-
terin cofactor contacts the nearest [2Fe-2S] cluster Fe-S I
through the exocyclic NH, of the pyranopterin ring system
and the S atom of one of the [Fe-S] cysteine ligands
(Cys139). The connection between the two [2Fe-2S] centers
involves seven main chain covalent bonds and one hydrogen
bond. [Fe-S] center I is buried, ~ 15 A below the molecular
surface, whereas cluster [2Fe-2S] II is more exposed to the
solvent via its Cys60.

A typical feature of molybdopterin-containing enzymes
in general is the fact that the molybdenum active site is
rather deeply buried (=~ 10-15 A away from the surface)
but reachable through a channel which allows substrate
molecules to reach the active site and products to be
released. In the DgAOR, there is a funnel shaped cavity that
is wider on the surface (= 17 A diameter, measured from
Ala631 to Leu254) and becomes narrower when closer to
the Mo (=~ 6 A diameter, measured from Phe494 to
Leu626). Non-polar residues, at its half-length (Phe425,
Phed94, Leud97 and Leu626), dominate the tunnel. Under
conditions of enzymatic turnover (oxidation of aldehydes
to the corresponding carboxylic acids), electrons are trans-
ferred from the Mo site, via the two [2Fe-2S] centers to an
external electron acceptor [19].

The redox transitions involved have been studied by
EPR-potentiometric methods. The redox potentials of
the [Fe-S] centers and Mo site were found to be:
E°[Fe-S 1] = —280; E°[Fe-S 1] = —285; E° [Mo(VI)/
Mo(V)] = —450; E [Mo(V)/Mo(IV)] = —530 [all values
in mV and referred to the standard hydrogen electrode
(SHE)] [14,15,20]. An independent study indicated more
negative redox potentials for the [Fe-S] centers: —365 mV
(center I) and —330 mV (center II) [21].

Direct voltammetric investigations of the mononuclear
molybdenum enzymes are scarce. Some reports have
involved the enzymes nitrate reductase [22,23] and dimethyl
sulfoxide reductase from Escherichia coli [24], and, although
catalytic voltammetry was demonstrated, no voltammetric
response from the Mo active site of these enzymes was
observed in the absence of substrate.

A first nonturnover voltammetric response was reported
recently for dimethyl sulfoxide reductase from Rhodobacter
capsulatus, where distinct Mo""Y and Mo"""V couples were
seen [25]. The same group succeeded in achieving direct
electrochemistry of a bacterial sulfite dehydrogenase in the
absence of substrate and both Mo and heme-centered redox
responses were identified [26].

More recently, the direct electron transfer of chicken liver
sulfite oxidase was also reported [27,28] corresponding to
the redox transformation of the heme domain of sulfite
oxidase.

The electrochemistry of xanthine oxidase analysed on
glassy carbon and mercury electrodes showed that dena-
turation of the enzyme occurs, leading to the observation of
the voltammetric response of free FAD. No molybdenum
or [2Fe-25] electrochemistry was detected [29].

In this work, we report the first direct voltammetric
response under nonturnover conditions of DgAOR. Its
voltammetric behavior was analyzed using different tech-
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niques (cyclic, square wave, and differential pulse voltam-
metry) on carbon (glassy carbon and pyrolytic graphite) and
gold electrodes. Two strategies were used: (a) with the
molecules confined to the surface of the electrode, and so
absent from the electrolyte; (b) solutions containing the
enzyme. In some experiments, neomycin was also used.
In all cases the supporting electrolyte was 0.10 m KCl at
pH 7.6 (Tris/HCI buffer). Depending on the nature of the
electrode/solution interface, two separate redox reactions
were identified which could be assigned to the cluster
[2Fe-2S] IT and the Mo active site after careful analysis of
the voltammetric data and the structural properties of the
electrostatic molecular surface of DgAOR.

Materials and methods

DgAOR was isolated and purified as described previously
[14,15]. Neomycin was purchased from Sigma. All other
chemicals used were pro-analysis grade and all solutions
were made up with deionized water from a Milli-Q water
purification system.

Protein solutions with concentrations 75-120 pm were
prepared in 0.1 M KCl and 50 mm Tris/HCl buffer, pH 7.6.
The concentration of the oxidized form of the enzyme was
determined spectrophotometrically at 462 nm using the
molar asbsorptivity & = 20 000 cm™ M~ [19].

Voltammetric measurements were performed using a
potentiostat/galvanostat (Autolab/PSTAT 10) from ECO
Chemie (Utrecht, the Netherlands), as the source of applied
potential and as a measuring device. The whole system was
controlled by a personal computer that was also used in the
data analysis, processed by the GPEs software package from
ECO Chemie. In cyclic voltammetry (CV) the scan rate,
v, varied between 10 and 1000 mV-s~'. In square wave
voltammetry (SW), the square wave amplitude, Eg,, was
50 mV, the step height, AEg, was 10 mV, and the
frequency varied between 8 and 300 Hz. In differential
pulse voltammetry (DP), the pulse amplitude was 50 or
25 mV and the pulse duration, #,, varied between 25 and
75 ms. In all experiments the potential was varied between
an initial value FE;=205mV and a final value
Er = -795 mV vs. SHE.

An electrochemical cell designed for small volumes from
BAS (ref. MF-1065; Bioanalytical Systems, West Lafyette,
IN, USA) was used. The cell featured a conventional three-
electrode configuration. The reference electrode was a silver/
silver chloride (BAS ref. MF-2052) with a potential of
205 mV vs. SHE, and the auxiliary electrode was a platinum
wire. The working electrodes were a gold disk with nominal
radius = 0.8 mm purchased from BAS (ref. MF-2014),
a glassy carbon electrode (GCE) also from BAS (ref. MF-
2012) with nominal radius = 1.5 mm, and a pyrolytic
graphite electrode (PGE) with nominal radius = 2 mm.

Before each experiment, or set of experiments, the
electrodes were washed with water, polished by hand using
a water/alumina (0.3 um) slurry (ref. 40-6352-006; Buelher
GmbH, Dusseldorf, Germany) on a polishing cloth, soni-
cated briefly to remove the adhering alumina, and finally
rinsed well with water.

The areas of the electrodes used were determined from
their response in a known concentration of the ferro/
ferricyanide couple [30]. They were found to be 0.0195 cm?



© FEBS 2004

for the gold electrode, 0.0651 cm? for the GCE, and
0.1195 cm? for the PGE.

Procedures

In the experiments with the molecules confined to the
electrode surface, a drop of 2 uL. DgAOR solution (in Tris/
HCI buffer) was placed on the electrode surface, which had
been polished previously. The electrode was allowed to dry
in air through moderate warming with a heat gun and then
immersed in the electrolyte solution. In some experiments,
2 mm neomycin was added to the DgAOR drop and/or the
electrolyte solution.

The solutions were deaerated for 15 min with U-type
nitrogen that had been previously passed through the
supporting electrolyte and then saturated with water.

All measurements were performed at least in duplicate in
a temperature-controlled room at 7= 20 = 1 °C.

Electrostatic surface potential calculations

Electrostatic surface potential was calculated with GrasP
[31]. These molecular surfaces show the electrostatic poten-
tial coloured from —10 kg7 (red) to 10 kg7 (blue), where kg
is the Boltzman constant, and 7 the absolute temperature.

Results and discussion

Electrochemical response of DgAOR at the PGE and GCE

In Fig. 1 are shown typical cyclic voltammograms obtained
from a drop of a solution of DgAOR (98 pm in Tris buffer)
placed on the surface of the PGE, then immersed in the
electrolyte solution. Similar voltammograms were obtained
using the same strategy on the GCE although the response
was less stable during repeated potential cycling. In any
case, no further redox signals were detected in the cyclic
voltammograms even when potentials as negative as
=795 mV vs. SHE (lower limit imposed by the breakdown
of the solvent) were used.
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Fig. 1. Cyclic voltammograms of 98 pm DgAOR immobilized on the
PGE with scan rates, v (mV-s™"), of 50 < v < 1000. Supporting
electrolyte: 0.10 m KClI and 50 mm Tris/HCl buffer (pH 7.6).
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Analysis of the cyclic voltammograms obtained either at
the PGE or at the GCE, show that both the cathodic and
anodic peak currents vary linearly (» > 0.999) with a null
intercept with the scan rate at least up to 500 mV-s~". As to
the width at half height, AE; ; », remains constant for both
the cathodic and anodic peaks over the scan rate range and
equal to 100 = 6 mV and 91 £ 6 mV, respectively. Peak-
to-peak separations, Ep, — E,, also remain constant with
v and equal to 35 £ 2 mV. This behavior indicates that
the voltammetric response arises from a diffusionless redox
process in which both oxidized and reduced forms are
adsorbed [32,33]. In spite of the fact that E,, — E, is not
zero, as it should be for rapid electron exchange with a
homogeneous population of noninteracting adsorbed spe-
cies, the redox process can be considered reversible because
Ep, — Epc is less then 50 mV and constant with scan rate.
This agrees with other work where finite peak separations
were reported for reversible electron transfer in which
the redox couple was immobilized on the electrode [34]. The
peak separation could not be explained on the basis of
the electron-transfer kinetics, and various explanations such
as molecule-molecule interactions have been suggested [35].
As to the number of electrons involved (7)), comparing
the values obtained for AE,;, with the theoretical value
for a reversible electron reaction, AE,;, = 90/n mV
(T = 20 °C) [32,33], we conclude that n must be one.

The formal reduction potential, E°,, can thus be
estimated from the average of the reduction and oxidation
peak potentials (E,c + Ep)/2. As (En + Ep)2 =
—259 + 5 mV vs. SHE at the GCE and (Epc + Epy)/2 =
—269 + 5 mV vs. SHE at the PGE, E°, = -264 £ 5 mV
vs. SHE.

The amount of active enzyme on the electrode surface can
be evaluated through the dependence of either the cathodic
or anodic CV peak currents, /,(A), on the scan rate v (Vs™)
using the relationship valid for reversible reduction of an
adsorbed species [32,33]:

I, = 9.39 x 10°> An*T'y (1)

where I (mol-cm ) is the surface concentration of adsorbed
DgAOR, A (cm?) is the electrode area, and the other
symbols have the meaning previously defined. Taking the
average values calculated at both the PGE and GCE, we
calculated the coverage I’ = (2.6 + 0.6) x 10" molem™,
using the electrode surface area determined as described
in Materials and methods. From this value, one can
compute the area ‘occupied’ by each DgAOR molecule as
(6 = 1) x 107"*cm? equivalent to a circle of radius 14 A or
a square with sides of 25 A. The significance of this value
will be discussed below.

SW was also used to follow DgAOR redox behavior from
a drop of solution of the enzyme deposited on the surface of
either the PGE or the GCE, which were then immersed in
the cell containing the electrolyte solution. As an example,
in Fig. 2 are shown the SW voltammograms obtained at the
GCE in the frequency range, f, 8 < f < 100 Hz. Similar
SW voltammograms were observed at the PGE. In both
situations, the normalized SW peak currents, Ip/(}‘)l/z,
depart from a constant value for low f, then increasing
with the frequency, as can be seen in the inset of
Fig. 2. The peak and half-width potentials of the SW
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Fig. 2. Square wave voltammograms of 98 pm DgAOR immobilized on
the GCE with frequencies, f (Hz), of 8 < f < 300. Supporting elec-
trolyte: 0.10 M KCl and 50 mm Tris/HCI buffer (pH 7.6). Inset: vari-
ation in the SW normalized peak current with the square root of the
frequency.

voltammograms both remain constant with f'and equal to
E,=-272 £+ 5mV vs. SHE and W, =116 £ 5mV,
respectively (values shown are averages obtained at the PGE
and GCE). These features also show that we are looking at a
reversible one-electron process in which both the reactant
and the product are adsorbed [36,37]. Peak potential values
of the SW voltammograms are then a direct measure of
the formal potential of reduction, i.e. E°, = —272 + 5 mV,
which is in perfect agreement with the value determined by
cyclic voltammetry.

More experiments were performed using DP following the
procedure described. Just one reduction peak was observed
with a peak current that depended on the pulse width, while
its peak and half-width potentials remained constant
and equal to E, = -249 £ 5mV vs. SHE and W, =
92 £ 2 mV, respectively. This corresponds to a one-
electron reversible redox reaction with a formal potential
of B, = E, + AE)2 = =274 + 5 mV vs. SHE [33,38].

A new set of experiments was carried out using CV, but
this time placing the electrodes in the solution containing the
electrolyte as well as the enzyme (98 pm). A poor response
was obtained at the GCE, but well-defined and stable cyclic
voltammograms were obtained at the PGE, as shown in
Fig. 3. In Fig. 4A, one can see the variation in the logarithm
of the cathodic and anodic CV peak currents with the log
of the scan rate, whereas in Fig. 4B the variation in the
cathodic and anodic CV peak potentials with the logarithm
of v can be seen.

In Fig. 4A, two linear portions are apparent with
different slopes: a slope close to 0.5 for scan rates
5 <y < 100 mV-s™', and a slope that tends to 1 for the
higher scan rates. These observations suggest that two
mechanisms are operating: mainly a diffusion-controlled
one for the lowest scan rates, and reduction from an
adsorbed state for the highest scan rates [33]. The enzyme
must approach close to the electrode and interact with the
electrode surface so that electron transfer can occur.
Desorption and diffusion away from the electrode then

© FEBS 2004
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Fig. 3. Cyclic voltammograms of 98 pm DgAOR in solution at the PGE
with scan rates, v mV-s™"): (A) 5 < v < 100; (B) 100 < v < 1000.
Supporting electrolyte: 0.10 M KCl and 50 mm Tris/HCl buffer
(pH 7.6).

takes place, the relative importance of the diffusion and
diffusionless processes depending on the scan rate.

As to the dependence of peak potentials on the scan rate,
atratesof 5 < v < 100 mV-s~' they remain fairly constant.
The same happens with the peak potential separations,
which remain close to Ep, — Ej,. = 88 + 5 mV. From the
cyclic voltammograms, the difference |E, — E,»| = 60 mV
was also determined. For v in the range 100 <
y < 1000 mV-s™' the peak potentials clearly become
dependent on the scan rate.

Reduction of DgAOR from solution does not differ
significantly from reversibility, as can be concluded from the
nondependence of £, values on v, being the formal potential
of reduction (Ep. + Epy)/2 = E° = =257 mV vs. SHE.
One electron is exchanged, as can be concluded from the
peak-to-peak separation and the difference |E, — E,p|
(theoretical values of 58/n and of 56/n mV at 20 °C,
respectively, for a nersntian process [33]). An estimation of
the diffusion coefficient, D (cm>s™"), of DgAOR can be
computed from the slope of the straight line of [,(A) vs.
VI2(vs )2 for 5 < v < 100 mV-s™! according to Eqn (2),
which is valid for a reversible process [33]:

I, =2.69 x 10° An’/>CD'/?y'/2 (2)

where C (molcm™) is the concentration of the enzyme
in solution and the other symbols have the meaning
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previously defined. A value of D = (8 + 1) x 1077 cm*s™"
was computed, which compares quite well with
D=7x10" cm*s™', estimated from the expression
valid for spherical molecules with high molecular mass
D = 3.3 x 107/(PM)'? (where PM is the molecular mass
of the DgAOR) [39]. This further corroborates the previous
discussion.

For the higher scan rates, reduction from the adsorbed
state seems to predominate over the diffusion process, and
as the anodic to cathodic peak potential separation steadily
increases with the scan rate, the redox reaction departs
from reversibility. Although Eqn (1) is strictly valid for a
reversible process, it is interesting to note that the electro-
active DgAOR coverage estimated from the slope of the
straight line of 7, vs. v obtained for the highest scan rates
was I = 4 x 10" molem™. This corresponds to an area
per molecule of 4 x 107 cm?, equivalent to a circle with
radius close to 12 A or a square of 20 x 20 A. These values
agree, within experimental error, with those obtained with
the enzyme absent from the electrolyte solution and
confined to the electrode surface.

As (Epe + Ep,)/2 remains constant within experimental
error, E°, can be computed as the mean value over the
scan rate range. The value obtained is shown in Table 1,
together with those previously presented.

Our first observation is that, within experimental error,
all values agree fairly well. This is not surprising for the
values obtained at both the PGE and GCE for the
diffusionless process. The difference in the response
stability reported at the carbon electrodes is related to
the degree of functionality on the surface, which may be
different at the PGE from the GCE. However, the formal
potential of reduction is not affected. It is more surpris-
ing for the diffusion-controlled reduction of the
DgAOR-containing solution at the PGE observed for
y< 100 mV-s~! because, in this case, E° refers to the
species in solution and not to the electrochemical reaction
of the adsorbed species. The two formal potentials are
related through Eqn (3) [40]:

Table 1. Comparison of formal potential values vs. SHE for the
reduction of DgAOR estimated from voltammetric techniques at carbon
electrodes. Medium: 50 mm Tris/HCI (pH 7.6).

Conditions Ccv SW DP
Solution - 257* - -
(pyrolytic graphite) - 280°
Adsorption - 259 - 273 - 270
(glassy carbon)
Adsorption - 269 - 271 -277
(pyrolytic graphite)
2y £ 50mVs™; %y > 100 mVs~'.

E°y = E — (RT/nF)In(bo/bR) (3)

where bg and by are equilibrium parameters related to the
adsorption of the oxidized (O) and reduced (R) species,
respectively. So, the location of E, with respect to E°
depends on the relative strength of adsorption of the oxidized
and reduced species. From the values shown in Table 1 we
can conclude that bg =2 by as E o'a = E°’, which means that
the reactivity of adsorbed DgAOR is comparable to that
of the enzyme free in solution. This supports the suggestion
that the native structure of the enzyme seems to be preserved
in the adsorbed state. As to the type of adsorption, if
both species are either strongly or weakly adsorbed the
qualitative behavior will be about the same [41].
Identification of the redox center responsible for the
voltammetric signal is a crucial step at this stage of the
analysis. As only one electron is exchanged, as concluded
from a careful analysis of the voltammetric data and
taking into account the redox potentials determined by
mediated potentiometry followed by EPR, i.e. E°[Fe-S1] =
—280; E°[Fe-S II] = -285; E°[Mo(VI)/Mo(V)] = —450;
E°[Mo(V)/Mo(IV)] = —530 (all values in mV and referred
to the SHE) [14,15,20], the redox reaction can be assigned to
center II which is exposed to the solvent through its Cys60
residue. An independent study indicated more negative
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redox potentials for the [Fe-S] centers: —365 mV (center 1)
and —330 mV (center II) [21]. The reason for the discrep-
ancy between the two sets of values is not obvious. The
voltammetric data reported here are more consistent with
the values determined in [15]. Analysis of the electrostatic
surface potential in the region of the molecule close to the
exposed [Fe-S II] center shows that, within a radius of
~9 A (defined from GInl31 to Cys30, as shown in
Fig. 5A), there is a predominance of positively charged
residues. This positively charged region might correspond to

[Burtoce Fotaiiial |

Burfecs Polint lal

Fig. 5. Electrostatic surface potential for DgAOR calculated using
GRASP [31] in two orientations. These molecular surfaces show the
electrostatic potential colored from —10 kg7 (red) to 10 kg7 (blue).
(A) This representation is oriented in the direction of the exposed
[2Fe-2S] cluster II which is the site of transfer of electrons to an
external electron acceptor. (B) This representation faces the entrance
through the funnel-shaped cavity into the molybdenum active site.
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the (unknown) physiological acceptor-docking site. Thus, a
strong electrostatic attraction must exist between this
positively charged domain on the surface of DgAOR and
the negatively charged surface of the electrodes through
deprotonation (pK = 5.6 [5]) of acidic C-O functionalities
of carbon. Note also that there is good general agreement
between the surface area coverage, and hence the area
effectively occupied by each DgAOR molecule previously
estimated by the CV data, and the area assigned to this
positively charged domain (3 x 107'* ecm? per molecule).
This further corroborates that, on a carbon electrode and in
spite of the overall negative charge of the enzyme and the
negative charge of the electrode surface, DgAOR positions
itself in such an orientation that the cluster [2Fe-2S] 11
interacts with the electrode and electron transfer takes place.
Taking the mean of the values shown in Table 1, the formal
potential of reduction is (E°) = =270 &+ 8 mV vs. SHE.

Electrochemistry of DgAOR at the gold electrode

Using gold electrodes, no relevant response was obtained
with the enzyme either placed on its surface or dissolved
in the electrolyte solution unless neomycin was present,
indicating that, in both situations, interaction of the enzyme
with the electrode surface is promoted by this aminoglyco-
side. However, weak and unstable waves were obtained with
the enzyme confined to the surface of the gold electrode.
Repeated cycling showed that the signals diminished rapidly
after the first scan even with neomycin present, both in the
coating and the electrolyte solutions.

Reproducible and stable voltammograms were only
obtained for the reduction of DgAOR in the electrolyte
solution, containing neomycin. Typical cyclic voltammo-
grams at the gold electrode are shown in Fig. 6 for a
solution containing 92 um DgAOR, 0.1 m KCI, Tris/HCI
buffer, pH 7.6, and 2 mm neomycin for scan rates in the
range 5-1000 mV-s~". Just one reduction wave appears at
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Fig. 6. Cyclic voltammograms of 92 pm DgAOR in solution containing
2 mm neomycin sulfate at the gold electrode with scan rates, v (mV-s™")
of 20 < v < 1000. Supporting electrolyte: 0.10 M KCI and 50 mm
Tris/HCl buffer (pH 7.6). Insets: variation (A) in the CV cathodic peak
current with the scan rate and (B) in the CV cathodic peak potential
with the logarithm of the scan rate.
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potentials considerably more negative than those observed
with the PGE and GCE. For the highest scan rates, an
anodic counterpart develops, the peak current of which
increases with the increase in v and the peak potential of
which depends on the scan rate. Further analysis of the
voltammograms revealed that a very good linear relation-
ship with a null intercept of I, vs. v was always obtained
(r > 0.999) (inset in Fig. 6 shows the plot of the CV
cathodic peak current against scan rate). The variation in
the potential, shown in the inset in Fig. 6, clearly indicates
that two behaviors are observed: for the lowest scan rates
(10-100 mV-s~"), E, changes linearly with log v, the slope
being close to 60 mV; for higher values of v (100-
1000 mV-s™"), there is still a linear variation of Eyvs. log v
but with a steeper slope (close to 120 mV). Simultane-
ously, an anodic counterpart begins to appear with the
increase in scan rate. Over this range of scan rates
(100 < v < 1000 mV-s™), (Epe + Epy)/2 values were rea-
sonably constant and equal to —530 + 10 mV vs. SHE.
The same happened with the difference |E, — E, |, which
was equal to 88 £ 6 mV.

The dependence of the peak currents on the scan rate,
and not on the square root of the scan rate, clearly
indicates that the reduction is affected by adsorption. The
E, dependence on v suggests that two mechanisms can
operate. Indeed, in the case of a nonreversible reduction,
for both surface-confined species and diffusion-controlled
processes, peak potentials depend on the scan rate but in
different ways. For a totally irreversible diffusion-con-
trolled reduction, E, shifts in the negative direction by the
amount 30/an, mV (25 °C) for every 10-fold increase in v.
However, for a nonreversible reduction of an adsorbed
species, this variation is 60/or, mV (25 °C), where o is the
charge transfer coefficient and n, the number of electrons
involved in the rate-determining step [32,33]. Therefore, it
looks as if a mixture of diffusion-controlled and surface-
confined behaviors occurs. For the lowest scan rates, the
reduction of the enzyme from solution seems to predom-
inate, being responsible for the peak potential behavior,
whereas the reduction of DgAOR adsorbed on the
electrode determines both the [, and E, behaviors found
for the highest scan rates.

The appearance of an anodic counterpart while v
increases suggests that another process is coupled to the
redox reaction (following it), which is triggered by the
highest scan rates. Additional evidence for this can be
found in the variation in I;,/I,. with the scan rate which
tends to increase with v. In the case of a coupled process
following up the electron transfer (the equivalent of an EC
mechanism i.e., chemical reaction following charge trans-
fer), the wave also shifts towards negative potentials with
the increase in v by an amount depending on the degree of
reversibility of the redox reaction and the occurrence of
adsorption [33,42].

Undoubtedly, the redox reaction occurs by different
mechanisms, and assignment to the redox centers respon-
sible for the voltammetric signal is more complicated. Even
information on the number of electrons exchanged is
far from conclusive. The experimental |E, — E,p| =
88 £ 6 mV values can be explained in terms of (a) the
nonreversibility of the redox reaction [33], (b) possible
interaction between the enzyme molecules near the electrode
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surface [40,43], and (c) in terms of two redox processes that
are not well separated, which would cause the individual
waves to be merged into a broader wave [44].

Taking into account (a) the reasonable constancy
of (Ey + Ep)/2 values over a 10-fold increase in v
(=530 £ 10 mV), (b) the redox potentials determined
by potentiometry for the Mo redox center, and (c) the
results obtained for the reduction of DgAOR on the carbon
electrodes, the redox wave must be due to the reduction
of molybdenum. Although this is a stepwise reduction,
Mo(V) — Mo(V) and Mo(V) — Mo(IV), just one
broad wave would be detected in CV as E° yorvyMov) —
E° MoeviyMo(vy > —180 mV [44].

Again, the nature of the electrode surface and the
structural and electrostatic properties of the molecular
surface should explain the reduction behavior of DgAOR
from solutions at a gold electrode in the presence of
neomycin. Neomycin is an aminoglycoside with a spatial
arrangement of NH; " groups on a quasi-rigid framework,
with a charge higher than 4 at pH 7 [9]. Like other positively
charged compounds, such as poly(L-lysine), neomycin has
been used to promote stable interaction between graphite
electrodes and small negatively charged electron-transfer
proteins and enzymes [45]. It has also been successfully used
to achieve a direct electrochemical response of a negatively
charged protein at a gold electrode [46]. Interaction with the
electrode surface takes place through the nitrogen atoms,
while the NH;* groups oriented towards the solution are
able to build up a suitable domain for the interaction with
the negatively charged domain on the protein.

In DgAOR, the molybdenum site is buried but accessible
to the protein surface through a 15-A-deep tunnel as
described above. As shown in Fig. 5B, a negatively charged
region surrounding the channel entrance dominates the
electrostatic potential at the surface of the protein in
this region. Therefore, a favorable electrostatic interaction
should exist between this negatively charged region on the
surface of DgAOR and the electrode surface through the
NH; " groups of neomycin. The enzyme can position itself
on the electrode surface in such an orientation that it
allows the electron-transfer flow to the active site. The area
‘occupied’ by each DgAOR molecule can be estimated from
the dependence of the peak current on the scan rate using
Eqn (1). The calculations were performed with n = 1 and
n=2,and 2 x 107" cm? per molecule and 7 x 10" cm?
per molecule were the values obtained, respectively. Taking
the average value, one can say that each molecule interacts
with the electrode through a region defined by a circle of
radius 4 A. This is additional evidence that, on a gold
electrode and in the presence of neomycin, the redox
reaction observed is due to the reduction of the Mo atom of
the molybdopterin cofactor. Indeed, although the molyb-
denum site is buried, it is accessible to the protein surface
through a funnel shaped depression of diameter ~ 17 A on
the surface, which becomes narrower when closer to the
Mo active site (Fig. 5B).

The nature of the process coupled to the redox reaction
and responsible for the appearance of an anodic counterpart
on the cyclic voltammograms can now be assigned to an
intramolecular reaction through which electrons flow from
the reduced Mo to the iron-sulfur centers. Indeed the
redox active cofactors of DgAOR are inserted into the



1336 M. M. Correia dos Santos et al. (Eur. J. Biochem. 271)

protein matrix in close proximity, suggesting a plausible
electron-transfer pathway. Once Mo(VI) is reduced to
Mo(IV), electrons can be transferred through the pterin and
hydrogen bond, pterin-NH,—-Sy-C139 to the [Fe-S] center 1.
Electron transfer proceeds further via seven covalent bonds
and one hydrogen bond (NH Alal36-O=C C45) towards
the exposed cluster [2Fe-2S] II [16,20].

Electrochemistry of DgAOR in the presence of aldehydes

Cyclic voltammetry was used to analyze the behavior of
DgAOR in the presence of increasing concentrations of
benzaldehyde and acetaldehyde. The voltammetric data
obtained for DgAOR at the carbon electrodes, assigned
to the redox process involving the exposed [Fe-S] center,
showed that the response remains invariant in the presence
of aldehydes. More interesting is the behavior found for the
molybdenum redox reaction at the gold electrode, where
an increase in the cathodic peak current was observed on
aldehyde additions (benzaldehyde and acetaldehyde, as can
be seen in Fig. 7 for benzaldehyde). All other characteristics
of the CV voltammograms remained unchanged, such as
the peak potentials and the dependence of I, on the scan
rate (Fig. 7 and insets).

These results can only be interpreted in terms of a
catalytic process. Figure 8 shows the variation in the
catalytic peak current intensity (corrected for the current
detected in the absence of substrate) vs. the acetaldehyde
concentration, as measured at the gold electrode. The curve
was adjusted to the Michaelis-Menten enzyme kinetics
description (Eqn 4), using the CERN library Fortran
program MINUIT algorithm:

Cald X Imax
le Cald + Km (4)
where Cyq is the aldehyde concentration, I,,x the catalytic
current observed at the maximum turnover rate, and K,,, the
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Fig. 7. Cyclic voltammograms of 92 pm DgAOR at the gold electrode
in the presence of benzaldehyde: (a) 0, (b) 10, and (¢) 91 pm. Scan rate
300 mV-s~'. Supporting electrolyte: 0.10 M KCI, 50 mm Tris/HCI
buffer (pH 7.6) and 2 mm neomycin sulfate. Insets: variation (A) in the
CV cathodic peak current with the scan rate and (B) in the CV cathodic
peak potential with the logarithm of scan rate. Benzaldehyde con-
centration: (&) 0; (A) 10; (O) 91 pm.
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Fig. 8. Variation in the cathodic catalytic current of DgAOR with
acetaldehyde concentration detected at the gold electrode. The solid line
represents the fitting of the experimental data using Michaelis—Menten
kinetics, with K, = 118 puM and I,.x = 6 pA.

Michaelis constant. The fitting shows the experimental data
to be in good agreement with Eqn (4), yielding a K, of
118 + 10 um for acetaldehyde. The corresponding value
for benzaldehyde was 15 £+ 3 pm. The presence of increas-
ing amounts of benzoic acid, benzyl alcohol, acetic acid
or ethanol in the electrolyte solution had no effect on
the voltammetric signal.

These observations are intriguing and deserve further
study. In general, the AOR activity is measured using
aldehydes as electron donors and a dye (DCPIP) as electron
acceptor [19]. The present data indicate a new catalytic
activity of the enzyme, reducing aldehyde probably to
alcohol. We have detected the formation of ethanol from
acetaldehyde using NMR and GC (our unpublished data
[47]). A detailed study of the reaction of the enzyme with
substrates is underway.

Conclusions

In this work we report the direct electrochemistry of
DgAOR. As the electron-transfer reaction between a
protein and an electrode is mainly a recognition process,
the assignment of the cofactors involved was possible from
a thorough analysis of the voltammetric responses and the
structural properties of the molecular surface of DgAOR.
Many factors can modulate the electrochemical behavior of
redox proteins, but electrostatic interactions are particularly
important in determining electron-transfer reactions of
these molecules [48].

It is important to stress the relevance of the different
orientations of the enzyme towards the electrode surfaces.
This is also apparent from the results shown here where
the behavior found for the reduction of DgAOR at two
different interfaces is related to the type of interaction
established. The results obtained at the gold electrode,
which were due to reduction of the molybdenum cofactor,
are relevant because they can be used to probe other
mechanisms such as those related to the enzymatic activity
of DgAOR. Indeed this is a clear demonstration that
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electrodes act as ‘redox partners’, and the enzyme surface
(shape and charge) will determine the interaction with the
electrode.

The state of an enzyme on interaction with an electrode

surface is always a major concern. The observation of
catalytic currents suggests a competent enzyme. Also, the
electrochemical arguments put forward confirm that
the native structure of the enzyme is probably preserved in
the adsorbed state.
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