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The respiratory nitrate reductase complex (NarGHI) from Marinobacter hydrocarbonoclasticus 617 (Mh, for-
merly Pseudomonas nautica 617) catalyzes the reduction of nitrate to nitrite. This reaction is the first step
of the denitrification pathway and is coupled to the quinone pool oxidation and proton translocation to the
periplasm, which generates the proton motive force needed for ATP synthesis. The Mh NarGH water-
soluble heterodimer has been purified and the kinetic and redox properties have been studied through in-
solution enzyme kinetics, protein film voltammetry and spectropotentiometric redox titration. The kinetic
parameters ofMh NarGH toward substrates and inhibitors are consistent with those reported for other respi-
ratory nitrate reductases. Protein film voltammetry showed that at least two catalytically distinct forms of the
enzyme, which depend on the applied potential, are responsible for substrate reduction. These two forms are
affected differentially by the oxidizing substrate, as well as by pH and inhibitors. A new model for the poten-
tial dependence of the catalytic efficiency of Nars is proposed.

© 2012 Published by Elsevier B.V.
1. Introduction

Because of their respiratory flexibility, bacteria can utilize a di-
verse range of electron acceptors such as oxygen, nitrogen oxyanions
and oxides, elemental sulfur and sulfur oxyanions, within others. This
respiratory diversity contributes to the ability of prokaryotes to colo-
nize many of Earth's most hostile microoxic and anoxic environments
[1]. A good example of respiratory flexibility can be found inMarinobacter
hydrocarbonoclasticus 617 (Mh, formerly known as Pseudomonas nautica
617), a marine bacterium that besides aerobic respiration can develop a
complete denitrification pathway under denitrifying conditions (anaero-
biosis and a small amount of nitrate). In this pathway, the nitrate reduc-
tion is a way to consume the reducing equivalents generated by the
metabolism, a role played by dioxygen in aerobic respiration. During the
growth in micro-aerobic or anaerobic environments nitrate can be
exploited as respiratory substrate, contributing to the generation of the
proton motive force across the cytoplasmic membrane [2–5]. The nitrate
ap, periplasmic nitrate reduc-
noclasticus 617; Ec, Escherichia
cus denitrificans NCIMB 6944;
etic resonance; SHE, standard
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reductase (NR) responsible for this process in Mh catalyzes the first step
of the denitrification pathway, i.e., reduction of nitrate to nitrite according
to the reaction:

NO−
3 þ 2Hþþ 2e−→NO−

2 þH2O E0 ¼ 420 mVvs:SHE ð1Þ

Mh respiratory nitrate reductase (Nar) is a membrane-bound
heterotrimer protein belonging to the DMSO reductase family of
mononuclear Mo enzymes closely related to the Nar from Escherichia
coli K12 (Ec) and Paracoccus pantotrophus GB17 (Pp) [6,7]. These pro-
teins have a flower-like arrangement composed by two cytoplasmic
subunits, NarG (112–140 kDa) and NarH (52–64 kDa), and a mem-
brane subunit NarI (19–25 kDa) that is entirely buried into the phos-
pholipids bilayer (Fig. 1a) [2]. These enzymes can be purified as a
detergent-solubilized heterotrimer (NarGHI) or in a two-subunit
water-soluble form (NarGH), which is also catalytically competent
[8–10]. The largest subunit NarG contains the active site and a [4Fe–
4S] cluster (FS0) (Fig. 1b) [11,12]. The Mo ion is coordinated by four
thiolates of two pyranopterin molecules, forming the molybdopterin
guanine dinucleotide cofactor (Mo-bisPGD). The crystal structures of
Ec NarGHI and Ec NarGH revealed that the side-chain carboxylate of
Asp222 coordinates theMo ion in a bidentate fashion in the heterotrimer
and monodentate in the heterodimer with the sixth coordination posi-
tion being occupied by an oxo group, which is absent in the heterotrimer
[13,14]. Since crystals of both NarGHI and NarGH were grown under
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Fig. 1. (a) Crystallographic structure of the Ec NarGHI heterotrimer anchored to the cytoplasmic membrane through the NarI subunit (red). The NarGH subunits (gray and green) are
located in the bacterial cytoplasm. (b) The redox cofactors of the electron transfer pathway of NarGHI comprise two b-type hemes that gather electrons from the quinone pool, one
[3Fe–4S] and four [4Fe–4S] clusters, and the Mo-bis-PGD where the reduction of nitrate to nitrite occurs.

Scheme 1.Mechanism of nitrate reduction based on voltammetric evidences, proposed
by Anderson et al. [15] and Elliot et al. [16] for Pp NarGH and Ec NarGHI respectively.
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aerobic conditions, itwas concluded that in both coordinationmodes the
Mo ion is in the oxidized VI state. Furthermore, the structure of Ec
NarGHI showed that one of the pterins presents an open bicyclic config-
uration, which probably undergoes a reversible cyclization during catal-
ysis [13]. TheNarH subunit contains one [3Fe–4S] cluster (FS4) and three
[4Fe–4S] clusters (FS3, FS2, and FS1) and the small NarI subunit contains
two b-type hemes (Fig. 1b). All the redox cofactors in the heterotrimer
are aligned in a single chain within the distance for electron transfer
[13,14], allowing the communication between the Mo active site in
NarG with the distal b-type heme in NarI. The electron physiological
donor for nitrate reduction is the membrane quinol pool. The NarI sub-
unit is the site for quinol oxidation, process in which protons are trans-
located to the periplasm while electrons are directed through the
redox cofactors toward the Mo active site. This mechanism imply that
quinol oxidation and nitrate reduction occur at separate sites on the en-
zyme, in agreement with studies that showed that the kinetic behavior
of the quinol–nitrate oxidoreductase activity is consistent with a two-
site enzyme substitution mechanism [9].

The reaction mechanism of Ec and Pp Nars has been extensively stud-
ied by means of in-solution enzyme kinetics and protein film
voltammetry (PFV). These studies gave new insights on how the catalytic
reduction of nitrate occurs at theMo active site of these enzymes. All PFV
studies showed two-component electrochemical responses that were
interpreted in different ways as a potential-dependent activity of Nar
[15,16]. Based on the data obtained for PpNarGH, Anderson et al. [15] pro-
posed a scheme for substrate interaction and reduction where the
Mo(IV):nitrate complex can be achieved via two kinetically distinct path-
ways (Scheme 1).

In thefirst pathway, theMo(VI) ion is one-electron reduced toMo(V),
then nitrate binds and a subsequent one-electron reduction of the metal
centerwill provide the electronneeded to complete the redox reaction. In
the second pathway, the Mo(VI) ion is two-electron reduced to Mo(IV),
then nitrate binds and it is immediately reduced. Based on this scheme,
the authors proposed that the preferential pathwaywouldbe determined
by the rate of electron and substrate addition to the active site. Thismodel
was used to explain the substrate concentration-dependence of the
waveshape of the catalytic voltammograms of Pp NarGH [15]. It was ob-
served that at low substrate concentrations the waveshapes are charac-
terized by a local maximum that disappears at substrate saturating
conditions. This behavior was explained assuming that catalysis via
Mo(IV):nitrate complex proceedswith a lower specificity constant com-
pared to the catalysis via Mo(V):nitrate. Moreover, at higher substrate
concentrations the kinetic distinction between both pathways is lost as
the catalysis becomes enzyme-limited, yielding a sigmoidal catalytic
waveshape. PFV data obtained for EcNarGHIwas interpreted in a differ-
ent way by Elliott et al. [16]. The catalytic waves obtained for the
heterotrimer were characterized by two distinct activities at high and
low potential, respectively. The KM values obtained for these activities
were different, indicating a potential dependence of the nitrate binding
affinity. This evidence supported the proposal that the Mo center plays
an important role in determining the current-potential profile, making
unlikely other contributions such as an influence of the oxidation



Table 1
KM, kcat and Ki (N3

−) values determined by in-solution enzyme kinetics for NO3
−, ClO3

−

and ClO4
− with reduced methyl viologen as electron donor to nitrate reductase. nd,

not determined.

NarGH KM [μM] kCat [s−1] kcat/KM [s−1/μM] KiC [μM] (N3
−) KiU [μM] (N3

−)

NO3
− 225 355 1.58 0.9 3.1

ClO3
− 1677 579 0.35 nd nd

ClO4
− 1471 18 0.01 nd nd
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state of the Fe–S clusters, resulting in the existence of two distinct active
conformations of the enzyme on the electrode [16].

To gain further insight into the reaction mechanism of respira-
tory nitrate reductases, we report in-solution enzyme kinetic, spec-
tropotentiometric redox titration, and PFV studies in Mh NarGH.
The kinetic and PFV studies were performed in the presence of nitrate, al-
ternative substrates, and inhibitors. Although the potential-dependent ac-
tivity of Mh NarGH is similar in several aspects to those observed for Ec
NarGHI and Pp NarGH, the results obtained with alternative substrates
suggest a rather different catalytic scheme, which gives an alternative ex-
planation for the two-component electrochemical response.

2. Materials and methods

2.1. Cells growth and NarGH purification

Marinobacter hydrocarbonoclasticus 617 (Mh) was grown under
denitrifying conditions in artificial seawater at 303 K with 10 mM ni-
trate as electron acceptor [17,18]. The NarGH was purified using a
heat treatment protocol in order to release the heterodimer from
the membrane fraction as reported by Correia et al. [10]. Briefly, the
membrane fraction of Mh obtained after ultracentrifugation of the
crude extract presented nitrate reductase activity and was used as
source for the purification of the heat-solubilized NarGH heterodimer.
SDS-PAGE of the as-isolated NarGH obtained after three chromato-
graphic columns showed two bands with respective molecular masses
of ca. 140 and 58 kDa. These molecular masses are similar to those de-
termined for NarGH from E. coli K12 and P. pantotrophus GB17 [6,7].
The UV–visible spectrum of the oxidizedMh NarGH showed the typical
broad shoulder around 400 nm, characteristic of the Fe–S centers ab-
sorption. The sample used for these studies presented a high purity
ratio deduced from UV–vis spectroscopy (A400/A280~4).

2.2. Spectrophotometric kinetic assays

Nitrate reduction was monitored following the oxidation of the ar-
tificial donor methyl viologen at 604 nm (ε604=13.6 mM−1 cm−1,
Sigma) as reported by Craske et al. [8] using a TIDAS/NMC301-
MMS/16 VIS/500-1 diode array spectrophotometer (J&M, Analytische
Mess und Regeltechnik, Aalen, Germany). The data were acquired and
analyzed using the BioKine32 software. The total volume of the reac-
tion mixture was 1 ml and comprised 100 mM Tris–HCl 7.60 and
1 mM methyl viologen. Sodium dithionite was added till one unit of
absorbance was obtained. The reaction was started by adding potassi-
um nitrate, chlorate, or perchlorate at the desired concentration. Ni-
trate reductase specific activity is expressed in micromoles of
nitrate reduced per minute per milligram of enzyme (U/mg). All mea-
surements were performed in a glovebox (O2b1 ppm) and in quartz
cells (1 ml) provided with magnetic stirrers.

2.3. Electrochemical measurements

Cyclic voltammetry was performed on a potentiostat μAUTOLAB
Type III (Eco Chemie, Utrecht, The Netherlands). The data were col-
lected using the GPES (Eco Chemie) software package. All the re-
agents and the buffer–electrolytes were of analytical grade (Merck
and Panreac) and were prepared using Milli-Q water of resistivity
18 MΩ·cm. An all-glass cell with a three-electrode configuration was
employed for voltammetry. The cellwas housed in an anaerobic glovebox
(Argon atmosphere, O2b1 ppm). A pyrolytic graphite (PG) rotating disk
electrode (RDE) was used combined with the CTV101 Speed Control
Unit (Radiometer Analytical). The counter electrode was a platinum
wire, and the reference electrode was an Ag/AgCl (3.5 M KCl) electrode.
All potentials were corrected versus standard hydrogen electrode (SHE)
using ESHE=EAg/AgCl+205 mV at room temperature [19]. The PG elec-
trode was polished with 1.0, 0.3 and 0.05 μm water alumina slurry
(Buehler), sonicated in water and then smeared with 2 μl of enzyme so-
lution (~30 μM NarGH) in 10 mM Tris–HCl buffer, pH 7.60, containing
2 mM neomycin (Fluka). The electrode was rotated at 2000 rpm, and
the potential was cycled at a scan rate of 0.02 V/s. The electrolyte used
was 10 mM Tris–HCl buffer, pH 7.60. Under these conditions it was pos-
sible to record several catalytic responses for different substrate concen-
trations using the same film.

2.4. Spectropotentiometric redox titration

EPR mediated redox titrations were carried out in an anaerobic
glovebox at room temperature working at an oxygen concentration
below 1 ppm. A platinum–silver/silver chloride combined electrode
(Crison) calibrated with a reference standard buffer, pH 7.00 (SIGMA),
and saturatedwithquinhydronewas used todetermine the electrochem-
ical potential of the solution. The protein solution (~150 μM) was incu-
bated with the mediators dyes (5 μM each): methylene blue (11 mV),
resorufin (−51 mV), indigo disulphate (−125 mV), di-hydroxy 1,4-
naphtoquinone (−145 mV), phenosafranin (−225 mV), and benzyl
viologen (−340 mV). The electrochemical potential was dropped using
a sodium dithionite solution dissolved in 10 mM Tris–HCl, pH 7.60. Sam-
ples for EPR spectroscopy (100 μl) were taken after equilibration at each
potential and frozen in liquid nitrogen. Values of redox potentials are
expressed relative to the standard hydrogen electrode (SHE). X-band
EPR spectra were recorded using a Bruker EMX spectrometer equipped
with rectangular dual mode cavity (model EPR 4102ST) and a helium
continuous flow cryostat (Oxford Instruments).

3. Results

3.1. Spectrophotometric kinetic studies in solution

The heat-solubilized form of the enzyme (NarGH) showed a spe-
cific activity of 16 U/mg. The activity vs. pH profile of Mh NarGH
showed that the activity is constant between pH 6.00 and 8.00,
dropping significantly above pH 8.00 (data not shown). For this rea-
son, all kinetic studies were performed at pH 7.60, a pH value in
which the enzyme presents good stability.

The catalytic properties of Mh NarGH were studied using stereo-
chemically distinct substrates: nitrate (planar), chlorate (pyramidal)
and perchlorate (tetrahedral). The active site of respiratory nitrate re-
ductases present a high flexibility, making them able to catalyze the
reduction of anions with geometries different from that of nitrate,
as have been described already for Ec NarGHI, Pd NarGHI and Pp
NarGH [8,9,15]. This is in contrast with periplasmic nitrate reductases,
which are highly specific toward trigonal planar nitrate molecules.
The kinetic data of reduction of nitrate, chlorate and perchlorate of
Mh NarGH were analyzed assuming a Michaelis–Menten model. The
kinetic constants KM and kcat for these three substrates were obtained
through the direct linear plot analysis and are summarized in Table 1.
The Michaelis constant determined for nitrate (KM=225 μM) is very
similar to those obtained for Ec NarGHI (KM=420 μM) [9], Pd NarGHI
(KM=283 μM) [8], and Pp NarGH. Pp NarGH yields kinetic constants
very similar to those of Pd NarGHI (J. Butt, personal communication).
For Mh NarGH, the KM values for chlorate and perchlorate are about
seven-fold larger than for nitrate.



1075J. Marangon et al. / Biochimica et Biophysica Acta 1817 (2012) 1072–1082
Morpeth et al. [9] reported that the turnover rate of Ec NarGHI for
chlorate (700 s−1) is higher than the value obtained for nitrate
(450 s−1) yielding a kcat (chlorate)/kcat (nitrate) ratio of 1.55. A sim-
ilar ratio between these turnover rates was obtained for Mh NarGH
(1.63). Nevertheless, despite the kcat for chlorate being almost the
double of that obtained for nitrate, the kcat/KM ratios indicate that
Mh NarGH is ca. five-fold more specific for nitrate than chlorate
(Table 1). The kcat/KM ratio for perchlorate is significantly smaller
than those of nitrate and chlorate, suggesting very poor affinity of
Mh NarGH for this bulky anion.

The inhibitory properties of azide in Mh NarGH were also investi-
gated. The analysis of Dixon and Cornish plots (used to determine the
competitive and uncompetitive constants, respectively) showed that
azide is a mixed inhibitor of the nitrate reduction when reduced
methyl viologen is used as electron donor (Fig. S1a). The KiC and KiU

values presented in Table 1 indicated that azide is a strong inhibitor,
as also observed in Ec NarGHI [16]. In addition, KiC (competitive) is
three-fold smaller than KiU (uncompetitive), indicating that this com-
pound is mainly a competitive inhibitor under the experimental con-
ditions used for the enzymatic assay.

3.2. Catalytic voltammetry with nitrate, chlorate and perchlorate

Like Pp NarGH [15] and Ec NarGHI [16], Mh NarGH is easily
adsorbed onto the pyrolytic graphite electrode in the presence of neo-
mycin. Because of the polar functionalities such as –COOH and –COH
groups, hydrophobic areas present in the graphite, and the positively
Fig. 2. (a) Catalytic responses of Mh 617 NarGH adsorbed on a pyrolytic graphite electrode
derivatives (δi/δE) of the voltammograms obtained with nitrate (top), chlorate (middle)
and pH 7.60, at a scan rate of 20 mV/s and with the electrode rotated at 2000 rpm. Forward
has been made.
charged neomycin, the electrode works as a “combinatorial” surface
where proteins can interact and bind [20]. These interaction forces
are weak and usually do not affect the natural folding and activity
of the enzyme [21]. In the case of Mh NarGH, the electrode surface
mimics the membrane subunit NarI and the physiological redox part-
ner, the quinone pool. By this way, the NarGH redox centers can be
controlled by modulating the applied potential at the electrode sur-
face, and the current-potential profile obtained in the presence of
the substrate is the result of the variation of the enzyme catalytic ac-
tivity as a response to the applied potential. This technique is known as
protein film voltammetry (PFV) and is an effectivemethod for real-time
monitoring the catalytic performance of an enzyme [20,22,23]. The cat-
alytic response becomes more consistent if the interfacial electron
transfer (1/iE) and the substrate mass transport (1/itrans) are not limit-
ing factors. When the inherent catalytic properties of the enzyme (1/
icat) represent the slowest event in the process (1/ilim~1/icat), the posi-
tion, steepness, and shape of the catalytic wave correspond to intrinsic
thermodynamic and kinetic properties of the enzyme, as well as its in-
teraction with the substrate [24].

Cyclic voltammograms of Mh NarGH adsorbed onto a pyrolytic
graphite disk electrode were recorded in the absence and presence
of nitrate. In the absence of substrate non-turnover signals could
not be detected, indicating that probably the electro-active coverage
is very low. In the presence of nitrate a catalytic response was ob-
served. The intensity of this catalytic signal increased with the sub-
strate concentration reaching a maximum at 1 mM nitrate. Typical
voltammograms with the background capacitance contribution
in the presence of nitrate (top), chlorate (middle) and perchlorate (bottom). (b) First
and perchlorate (bottom). All the experiments were performed at room temperature
and backward scans are depicted in black and gray, respectively. A blank subtraction



Table 3
KM values for NO3

−, ClO3
− and ClO4

− obtained by PFV. The KM values are presented for
the high‐ (ECat) and low‐potential (EBoost) activities. The competitive (KiC) and uncom-
petitive (KiU) inhibition constants of azide are also reported for both activity regions.
nd, not determined.

NarGH KM [μM] KM [μM] KiC [μM] KiU [μM] KiC [μM] KiU [μM]

Cat Boost (N3
−) Cat (N3

−) Boost

NO3
− 36 56 0.06 3.35 0.03 9.24

ClO3
− 820 822 nd nd nd nd

ClO4
− 1191 2276 nd nd nd nd
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subtracted are shown in Fig. 2. After a careful analysis of the influence
of the potential scan and electrode rotation rates, the values of
20 mV·s−1 and of 2000 rpmwere chosen to guarantee independence
from interfacial electron transfer and substrate mass transport rates.
Neomycin was fundamental for the enzyme–electrode interaction
since no stable film was obtained in the absence of this promoter.
Voltammograms recorded in the ionic strength range from 0 up to
100 mM NaCl showed no significant differences.

As shown in Fig. 2a, the forward and reverse scans for nitrate re-
duction are superimposed, indicating the reversibility of the process.
The catalytic responses for only a few substrate concentrations are il-
lustrated in Fig. 2 for clarity. The shape of the catalytic wave of Mh
NarGH is independent of the substrate concentration in the range
0.005–2 mM (KM/4–100×KM). The catalytic waveform for all nitrate
concentrations is characterized by a small sigmoidal component at
high redox potential (e.g., from 120 to −70 mV, inflection point,
ECat, ca. 2 mV, for 1 mM nitrate), followed by a second sigmoidal com-
ponent (activity boost) at lower potentials (e.g., from −70 to
−400 mV, inflection point, EBoost, ca. −201 mV, for 1 mM nitrate). It
Table 2
Maxima (ECat and EBoost) and half-height widths (δCat and δBoost) of the catalytic cur-
rents first derivatives obtained for nitrate, chlorate and perchlorate at saturating con-
centrations (1, 5 and 24 mM, respectively).

Substrate ECat [mV] δCat [mV] EBoost[mV] δBoost [mV]

NO3
− 2 134 −201 260

ClO3
− −49 144 −309 293

ClO4
− 32 90 −160 180
is also evident that at redox potentials below −400 mV the catalytic
current does not reach a plateau, but instead a residual slope is ob-
served. The catalytic response was independent of product accumula-
tion since nitrite addition to the electrolyte solution did not affect the
voltammograms waveshape. A different behavior was particularly ev-
ident for the voltammograms obtained for Pp and Ec Nars at low ni-
trate concentrations (substrate-limiting conditions), since a catalytic
current maximum was observed [15,16]. However, at high substrate
concentrations (enzyme-limiting conditions) the bi-sigmoidal re-
sponse obtained inMhNarGH is similar to that observed in EcNarGHI.

The electrochemical behavior of Mh NarGH was also investigated
in the presence of chlorate and perchlorate using the same experi-
mental conditions as for nitrate. The voltammograms for the three
substrates were recorded using the same protein film due to its out-
standing stability on the PG electrode. Film loss and enzyme denatur-
ation were negligible since the catalytic signal in the presence of
nitrate at the end of a set of experiments displayed identical current
intensity and waveshape to the initial response. The waveshape of
the catalytic voltammograms for both chlorate and perchlorate was
similar to that observed for nitrate, i.e., the signals presented two sig-
moidal components and a residual slope at more negative potentials
(Fig. 2). However, significant differences were observed in the magni-
tudes of the catalytic currents (Fig. 2) and in the position of ECat and
EBoost (Fig. 3 and Table 2). Note that ECat and EBoost were identified
as ECat1 and ECat

2 or ESwitch in [15,16].
The kinetic constants of an enzyme are usually obtained plotting

the maximal catalytic current (i) at the plateau of the sigmoidal
curve for each substrate concentration. In the case of Mh NarGH, the
catalytic currents were measured at the potential corresponding to
the end of each sigmoidal component, which depends on the sub-
strate concentration (see inset of Fig. 2a). This method was chosen
since i measured at a fixed potential value yielded incorrect KM

values. The data obtained for the three substrates were interpreted
assuming a Michaelis–Menten model (Eq. (2), Fig. S2)

i ¼ iLim � CSubstrate

KM þ CSubstrate
ð2Þ

The KM values determined for the “Cat” and “Boost” processes for
each substrate are reported in Table 3. The determination of turnover
numbers from the limiting catalytic currents (iLim) was not possible
from these PFV assays since Mh NarGH did not present non-turnover
signals, preventing the determination of the electroactive coverage.

As can be seen in Table 3, the KM values for both processes deter-
mined by PFV are considerably lower than those obtained through
spectrophotometric assays for each substrate (Table 1). Similar differ-
ences have been observed for Pp NarGH and Ec NarGHI and were
interpreted on the basis of the physical and chemical distinctions be-
tween the two types of assays [8,9,15,16]. Nevertheless, a similar
trend of affinity between the enzyme and the different substrates
was verified for spectrophotometric assays and PFV. Namely, in both
the “Cat” and “Boost” processes, the iMax and KM values for chlorate
are larger than those of nitrate. The iLim obtained for perchlorate
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were significantly smaller than those of nitrate and chlorate, while
the KM values were higher (Table 3).

Plotting the first derivative of the catalytic current with respect to
applied potential (δi/δE vs. E) is a useful method to highlight features
in a cyclic voltammogram, namely the position and the steepness of
the curve [15]. The first derivatives for nitrate, chlorate and perchlo-
rate display two well-defined positive components representing the
two different enzyme behaviors (Fig. 2b). The maximum of the peaks
correspond to the midpoint redox potentials (ECat and EBoost) of each
catalytic event. For the three substrates analyzed, both ECat and EBoost
shifted to more negative potentials as the concentration increased.
The variations observed for nitrate and chlorate are presented in
Fig. 3a (data for perchlorate are not shown due to the low resolution
of the first derivatives). The ECat values obtained at the lowest and
highest concentrations of nitrate and chlorate differ in 46 and 66 mV,
respectively. In the case of EBoost, larger shifts of the values were ob-
served, namely 84 mV for nitrate and 130 mV for chlorate. The shifting
of both ECat and EBoost with substrate concentrationwas also observed in
PpNarGH [15]. It is important to highlight that, despite the bi-sigmoidal
waveshape being always observed independently from the substrate,
the ECat and EBoost values were remarkably affected by the type of sub-
strate (Table 2), indicating that both redox events are related to the en-
zyme–substrate complex rather than to intrinsic properties of the free
enzyme. In other words, enzyme–substrate complex formation occurs
before any redox event.

The half-height width (δ) of the first derivative reflects the steep-
ness of the corresponding catalytic wave and should enable the deter-
mination of the apparent number of electrons (napp) involved in the
process [22,25]. In particular, δ values of 90 and 45 mV are predicted
for one- and two-electron transfer reactions, respectively. In the case
ofMh NarGH, the δ values (δCat and δBoost in Fig. 2b) span in the range
78–132 mV for ECat and 110–248 mV for EBoost, in the case of nitrate
(Fig. 3b). For chlorate, δ values in the range 90–144 mV for ECat and
166–296 mV for EBoost were obtained (Fig. 3b). The δ values for both
nitrate and chlorate are considerably larger than 45 mV, which is
the value expected for the two-electron reduction, hindering an accu-
rate calculation of the apparent number of electrons involved in the
“Cat” and “Boost” processes. The high complexity of the system and
the possible convolution of concerted electron transfer and coupled
chemical events are probably responsible for this broadening. At the
light of the present results and the explanations found in the litera-
ture it is impossible to draw any conclusion about the processes in-
volved in the δ values broadening. Nevertheless, it is interesting to
point out that, independently of the type and concentration of the
substrate, the δBoost value is about twice that of δCat. In addition,
both δCat and δBoost increase with substrate concentration, suggesting
the existence of a substrate-dependent effect on the half-height wid-
ths not related to mass transfer limitation and to the mere number of
electrons involved, which by itself should be independent from the
substrate concentration.

3.3. Catalytic voltammetry in the presence of azide

The inhibition properties of azide inMh NarGHwere also analyzed
by PFV. For increasing concentrations of azide, the intensity of the cat-
alytic current decreased, confirming that the electrocatalytic profile
observed in the absence of azide reflects features related to the en-
zyme active site reaction with the substrate. Concentrations above
5 μM produced a complete inhibition of the catalytic response, with
the voltammogram being undistinguishable from that obtained with
a nitrate-free solution. The same film of protein was then tested in a
fresh nitrate-saturated electrolyte and the catalytic response was
completely recovered (not shown), showing that azide is a reversible
inhibitor of Mh NarGH. The inhibition effect was analyzed by varying
the nitrate concentration between 5 and 2000 μM in the absence and
in the presence of 0.5 and 2.0 μM sodium azide. Fig. 4a shows the cur-
rent profile in the presence of 80 μM nitrate and 0.5 μM azide, which
clearly evidences that both the high- and the low-potential activities
are affected by the inhibitor. The first derivative of the catalytic wave
highlights the different features of the forward and backward signals
(Fig. 4b). The forward curve presents the profile described in Fig. 2,
with two peaks corresponding to the inflection points of the high-
and low-potential activities. In contrast, the backward catalytic
wave is characterized by a single sigmoidal component, which does
not superimpose the forward scan (Fig. 4a), with a first derivative
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characterized by a single broad peak (Fig. 4b). This profile was con-
served after successive scans.

The type of inhibition and the respective inhibition constants can
be determined through the analysis of the variation of the catalytic
currents as a function of substrate concentrations for several concentra-
tions of the inhibitor. The values reported in Table 3 were obtained
using the Dixon and Cornish plots (Fig. S1b) and revealed that azide be-
haves as a competitive inhibitor for both the high- and the low-
potential activities. This is in linewith the spectrophotometric kinetics as-
says (see Section 3.1) and previous reports for Ec NarGHI, Pp NarGH and
Pd NarGH [8,15,16]. For Mh NarGH, the KiU / KiC ratio is approximately
60 for the high potential activity (ECat) and 350 for the low-potential ac-
tivity (EBoost), indicating an increase in the competitive character of
azide at lower potentials. It is also remarkable that the competitive con-
stantKiC at lowpotential is about half of that calculated for thehighpoten-
tial activity, suggesting a higher affinity of the inhibitor molecule to the
reduced active site.

3.4. Catalytic voltammetry at different pH values

The catalytic voltammetric response of Mh NarGH at different pH
values was analyzed using a nitrate concentration of 1 mM (substrate
saturating conditions). A single Mh NarGH film yielded a catalytic re-
sponse in the pH range 5.0–9.5, enabling the possibility to analyze the
effect of the pH on the ECat and EBoost values. As observed in Ec NarGHI
[16], the catalytic current intensity increases at lower pH (not shown),
indicating that the enzyme catalyzesmore effectively the reduction of ni-
trate in mild acid media. This effect is not observed in the spectrophoto-
metric activity assays (Vmax constant between pH 6.0–8.0) likely due to
the different nature of the experiment, i.e., the capability of the electron
donor dithionite/methyl viologen might be negatively affected at lower
pH. The ECat and EBoost values were determined from the first-derivative
plots (δi/δE) of the voltammograms at each pH assayed. Similar to Ec
NarGHI [16], the ECat value shifts to more negative potentials (from 7 to
−39 mV) as the pHbecomesmore alkaline, while the EBoost remains con-
stant at ca.−200 mV in the pH range 5.0–9.5 (Fig. 5). This confirms that
EBoost is not tuned by any acid–base transition in the range analyzed,
whereas ECat is affected by a species subjected to an acid–base equilibri-
um. The experimental data was fitted using the same model as Elliot et
al. (E=Eº−º(RT/nF)×ln{1+(KOx/[H+])}) [16]. This model yield a
pKa

Ox~6.5, a value considerably lower than the pKa
Ox=7.8 reported for

Ec NarGHI. In addition, an unexpected small slope was observed in the
variation of the ECat vs. pH, which yield an n=4. This value is not compa-
rable to those obtained through the analysis of the δ values and then they
cannot be correlated. At present we are not able to explain this behavior
though, the dependence of ECat and EBoost with pH in Mh NarGH is in
agreement with that of Ec NarGHI [16].

3.5. EPR-mediated redox titration

An EPR redox titration was performed to evaluate the population dis-
tribution of the Mo oxidation states in the potential range in which the
catalytic response of Mh NarGH was observed by PFV. The redox poten-
tial of the Mo6+/5+ and Mo5+/4+ couples were studied following the in-
tensity of the EPR signal of the Mo(V) ion at pH 7.6 (Fig. 6), which was
the pH used in our PFV experiments. It is important to mention that
upon freezing, a solution buffered with Tris–HCl, pH 7.6, can increase
its pH up to 9.0. Though, it was already demonstrated that this process
does not affect the EPR signal inMh Nar [10]. A representative EPR spec-
trum followed during the titration and its line shape dependence on pH
variation from 7.6 to 9.0 is shown in Fig. S3. The intensity of the high-pH
Mo(V) signal was essentially independent of the electrochemical poten-
tial across the range +50 to +250mV, indicating that the reduction po-
tential of the Mo6+/5+ redox couple is higher than +250mV and
therefore out of the range analyzed by PFV. At potentials below
−150 mV the Mo(V) EPR signal was no longer observable, indicating
that the Mo(V) population was transformed into the EPR silent Mo4+

species. A least-squares fit to the data of the Mo(V) signal with a
Nernstian function (n=1) yielded E=−30 mV (Fig. 6). This value is
similar to the ECat and considerably distant from the EBoost.

Several authors that studied Mo enzymes through protein film
voltammetry proposed that the two catalytic events observed in the
voltammograms are related to the oxidation state of the Mo ion that
will coordinate the substrate [15,16,26,27]. This conclusion was
mainly supported by EPR-mediated spectropotentiometric titrations
in which some authors found that the ESwitch value (named EBoost for
Mh NarGH) is similar to the reduction potential of the Mo5+/4+

redox couple [27]. On this basis, the high potential activity (centered
at ECat) was attributed to the interaction of the substrate with the Mo
(V) ion, while the low potential activity (centered at ESwitch or EBoost)
was considered with the Mo(IV) ion [27].

The discrepancy between the redox potential of the Mo5+/4+ couple
and the ESwitch/Boost was also observed in Ec NarGHI and Pp NarGH,
suggesting that the model proposed by Anderson et al. [15] and Elliot
et al. [16] would not be valid to explain the waveshape of the
voltammograms of Nars. A more correct approach would be to deter-
mine the reduction potential of the Mo5+-nitrate/Mo4+-nitrate couple.
However, this value cannot be determined by spectropotentiometry
since adding dithionite or reducedmethyl viologen to aMhNarGH sam-
ple incubated with the substrate results in enzyme turnover yielding a
Mo(V) EPR signal, which is different from that obtained by incubation
in the absence of any reducing agent [10].

4. Discussion

Protein film voltammetry is a powerful tool to characterize the
mechanism of redox enzymes. Under conditions where neither inter-
facial electron transfer nor substrate mass transport are limiting, the
magnitude and shape of the catalytic current versus applied potential
provide valuable information about intrinsic properties of the en-
zyme. Mh NarGH was adsorbed onto a pyrolytic graphite electrode
surface to promote direct electron transfer between the electrode
and the redox centers of the protein. The outstanding stability of
the NarGH film allowed the use of the same film under different con-
ditions, enabling a fast and precise evaluation of the enzyme perfor-
mance as a function of pH and ionic strength, and its behavior
toward different substrates and inhibitors. The catalytic activity in
the potential domain revealed a complex response, composed by
two sigmoidal components plus a residual slope at very negative



Scheme 2. Proposed reaction scheme for substrate reduction by Mh NarGH based on kinetic and voltammetric evidences. Gray arrows represent the pathway that is unlikely to
occur given the high pKa of the acid–base equilibrium of the enzyme form responsible for the low-potential activity.

1079J. Marangon et al. / Biochimica et Biophysica Acta 1817 (2012) 1072–1082
redox potentials (Fig. 2). The catalytic behavior of Mh NarGH with ni-
trate, chlorate and perchlorate is in line with in-solution spectropho-
tometric kinetics assays using methyl viologen (reduced with sodium
dithionite) as electron donor (Table 1 and 3). Both PFV and kinetic as-
says showed that nitrate is the substrate with the highest specificity,
though chlorate showed higher turnover rates. In contrast, perchlo-
rate as substrate displayed a very low affinity and reactivity
(Tables 1 and 3); a fact that can be ascribed to the bulky nature of
the perchlorate anion (tetrahedral) compared to nitrate (planar)
and chlorate (pyramidal) anions. According to the ECat and EBoost
values obtained for the three substrates (perchlorate shows E values
higher than nitrate and chlorate, Table 2) and the Arrhenius equation
used in enzymology [28], the perchlorate reduction is thermodynam-
ically more favorable but its higher activation energy makes the pro-
cess kinetically unfavorable, as evidenced by the slower turnover
rates.

4.1. The general model accepted for Mo enzymes

The catalytic voltammetric response ofMh NarGH is different from
those reported for nitrate reductases of the DMSO reductase family of
Mo enzymes [15,16,26,29–31]. Ec NarGHI and Pp NarGH showed a
catalytic current waveform dependent on the substrate concentration
[15,16]. At low nitrate concentration (substrate limiting condition)
the voltammogram is characterized by a local maximum from
which the catalytic current decreases at more negative potentials
reaching a constant value (stationary phase). In contrast, at higher
substrate concentration (enzyme limiting condition) the waveshape
converts into a sigmoidal signal followed by a catalytic current
boost at more negative potentials. Scheme 1 summarizes the reaction
mechanism for these two enzymes showing the two kinetically dis-
tinct pathways. In this model, it was proposed that only Mo(V) and
Mo(IV) can bind the substrate, and that the Mo(V) ion has a higher af-
finity for nitrate, as expected from the electrostatic repulsion be-
tween the nitrate anion and the more negatively charged Mo(IV)
site. On this basis, at high potential and both at low and high concen-
trations, the Mo(VI) site would be reduced to Mo(V) because of the
high redox potential of the Mo6+/5+ couple (~400 mV). Then, nitrate
coordinates to the Mo(V) ion and the catalysis continues with the ad-
dition of a further electron and two protons followed by product re-
lease. In contrast, at more negative potentials the electron transfer
rate is higher and thus, at low nitrate concentrations, the Mo(VI) is
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reduced to Mo(IV) before substrate binding. This results in a slower
turnover rate (smaller catalytic current) because of the lower affinity
of nitrate to the Mo(IV) ion compared to the Mo(V). However, at
higher nitrate concentrations the different affinities for Mo(V) and
Mo(IV) become negligible and both catalytic pathways occur, resulting
in a catalytic boost in the case of Ec NarGHI [16]. In this case the rate of
catalysis is enzyme limited and the two-sigmoidal response is observed.
It is important to stress that in the case of PpNarGH, Anderson et al. [15]
assumed that under this condition a plateauwas attained (rather than a
boost), though the potential window was very narrow (between 0.4 V
to −0.2 V) and the last part of the voltammogram clearly does not
reach a stationary current value.

In contrast with the results reported for Pp NarGH and Ec NarGHI,
the catalytic voltammograms of the Mh NarGH did not show any
waveshape dependence on the substrate concentration, even though
the substrate limiting conditions were guaranteed by starting at sub-
strate concentrations six-, ten- and four-fold below the KM of nitrate,
chlorate and perchlorate, respectively (Table 3). The different catalyt-
ic waveshapes of Mh NarGH could be related to the different amino
acid composition of the NarG subunit when compared to those of Ec
and Pp. However, primary sequence alignments reveal that the
three enzymes share 77% identity and the key amino acids at the ac-
tive site are conserved. On the other hand, Ec DMSOr [27] and Naps
[29,34] yield similar electrochemical responses, though they share
very low sequence identity and have different substrate specificity.
Based on this, it is difficult to correlate at present the amino acid com-
position with the catalytic waveshape of an enzyme. The only evi-
dence found in the literature showed that the low potential current
switch observed in the native Rs NapAB is replaced by a boost in the
M153A mutant suggesting that changes in key amino acids would af-
fect the catalytic waveshapes [32]. Surely, the production and study of
Mh NarG site-directed mutants will help to address this issue.

As shown in Fig. 2, similar waveshapes were obtained for all sub-
strates analyzed both at low and high concentrations. Taking into ac-
count the model of Scheme 1, the lack of local current maximum and
the presence of a boost at low substrate concentration would imply
that in Mh NarGH the Mo(IV)–substrate interaction is more efficient
than the Mo(V)–substrate for the three substrates, which is counterin-
tuitive based on electrostatic considerations. Moreover, the model of
Scheme 1 does not take into account that nitrate, chlorate and perchlo-
rate showed remarkable different catalytic potentials (E values) that
tend to shift towardmore negative values once the substrate concentra-
tion is increased (Anderson et al. [15] reported that voltammograms
obtained with Pp NarGH and chlorate as substrate yielded ECat values
slightly different from those obtained with nitrate, but owing to the
small difference no conclusions were drawn). The model proposed as
explanation to the Ec NarGHI and Pp NarGH catalytic response relates
both ECat and ESwitch/Boost to the molybdenum oxidation state but does
not consider the substrate interaction with the Mo site. Based on the
EPR redox titration and the voltammetric data, our results are in agree-
mentwith the fact thatwhen the potential scan is started in the PFV ex-
periment, a Mo(V) ion might be present at the enzyme active site
(Fig. 6). Elliot et al. [16] already showed that electrons could flow
through the enzyme in the absence of substrate, as non-turnover signals
were observed for Ec NarGHI through SWV, which led these authors to
conclude that active site reductionmight happen before substrate bind-
ing. However, this is in contrast with our results, which clearly demon-
strates that the ECat and EBoost values are tuned by the nature of the
ligand interacting with the active site, indicating that the addition of
the electrons needed to complete the reaction happens after substrate
binding both in the “Cat” and the “Boost” processes. Therefore, ECat
and EBoost are the reduction potentials of twoMo–substrate complexes,
which are somehow different in terms of geometrical and/or electronic
configuration of the active site for the different substrates. These species
are interchangeable and dependent on the applied potential. A similar
model was proposed by Anderson et al. [15] to explain the different
potential-dependent turnover rate based on the midpoint potential of
a redox center rather than the active site. However, this would not ex-
plain the dependence of the ESwitch/Boost value on the substrate concen-
tration (and type in the case ofMh NarGH).

The order of addition where the substrate binds the active site first
and then electrons are transferred from the electron donor has al-
ready been proposed in early kinetic studies performed in Ec NarGHI
and Pd NarGHI [8,9]. The authors proposed that using viologen dyes
as electron donor and nitrate as electron acceptor the enzyme follows
a Theorell–Chance mechanism (i.e., compulsory order with no signif-
icant accumulation of ternary complexes) in which nitrate binding to
the enzyme is required to promote the electron transfer from the
donor to the active site. Instead, when quinols were used as electron
donor, the nitrate reduction was more consistent with a two-site en-
zyme substitution mechanism, where the sequence of substrates ad-
dition is the same but accumulation of ternary complexes is now
significant. These evidences together with our results indicate that
the scheme used to model the voltammograms of Ec NarGHI and Pp
NarGH (Scheme 1) has some flaws, mainly in the Switch/Boost pro-
cess, where the two electrons needed for substrate reduction are
transferred before the binding of the substrate. In agreement with
these kinetic studies, EPR data from Ec NarGHI [33] and Mh NarGHI
(not shown) identified different Mo(V) signals when native Nar
(i.e., as-isolated in aerobic conditions) is incubated in the presence
of nitrate, chlorate or perchlorate. This indicates different Mo coordi-
nation environments and also suggests that these compounds can ac-
cess to the active site prior to any redox event.
4.2. Alternative proposal for substrate reduction by Nars

On the basis of all the evidences discussed above, we propose a
different model (Scheme 2) to explain the two-components observed
in the catalytic voltammograms, as well as the dependence of the E
values on both the pH and the substrate (nature and concentration).
In order to elaborate a more general scheme, we will not associate
any species to the oxidation states of the Mo ion; instead we will
label them as A and B. The species A would be responsible for the pro-
cess denoted as “Cat” while species B for the “Boost.”

The alternative model implies that a reversible redox event switches
between two catalytically distinct species A and B. These two forms of
Nar have different kCat and affinity for the substrate. Anderson et al. [15]
already proposed this model but, since their catalytic voltammograms
recorded in the presence of nitrate or chlorate were very similar (both
inwaveshape and E values), they assumed that the electrochemicalmod-
ulations of Pp NarGH activity occur independently of substrate-specific
interactions within the active site. In contrast to this and as mentioned
in Section 3.2, we were able to observe that both ECat and EBoost values
are remarkably affected by the nature of the substrate, indicating that
the enzyme–substrate complex formation must occur before any redox
event. In other words, this implies that the redox switch would occur be-
tween species AS andBS at highpHandbetween species AH+SandBH+S
at low pH. It is important to highlight that the redox switch proposed in
our model occurs only under catalytic conditions and then, should not
be related to the redox potential of the Nar cofactors.

The center of Scheme 2 depicts the redox equilibrium between the
enzymes forms responsible for the activity at high and low potentials,
as well as the acid–base transition to which they can be subjected
depending on the pH. The pKa

A explain the pH dependence of the ECat
value (Fig. 5) and means that species A can be protonated at pH
below ~6.5. Since no pH dependence of EBoost was observed (Fig. 5),
the pKa

B might be above the pH range studied in our work. A pKa
B>10

would imply that species B are immediately protonated upon redox
switch between the high potential activity to the low potential activity
and then, that the low potential activity is carried out only through the
protonated form.
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The reactionmechanism through any of the three possible pathways
(starting in X=A, AH+ or BH+) implies that the enzyme binds the sub-
strate forming, for example, AS (rate dependent on [S], k1 and k−1).
Substrate binding triggers the transfer of the electrons needed to cata-
lyze the oxygen-atom transfer reaction ÄS→A=O+P (rate dependent
on k2). This effect was clearly observed in the monomeric periplasmic
nitrate reductase (NapA) from Desulfovibrio desulfuricans ATCC 27774
(Dd). When Dd NapA was incubated with reduced MV, neither the
4Fe-4 S cluster nor the Mo(VI) ion were reduced, despite of the low
redox potential of the electron donor (−420 mV) being enough to re-
duce at least the FeS center (−390 mV). Addition of nitrate triggered
the oxidation ofMV indicating that substrate interactionwith the active
sitewas needed to enable electron transfer through the enzyme [34,35].

After product release, the species A=O needs to be protonated
(rate dependent on k3) to release a water molecule and regenerate
the enzyme to the initial state A. The fact that the current intensities
of both the “Cat” and “Boost” processes increase at lower pH (not
shown) might indicate that protonation of the oxo-group bound to
the active site affects the global reaction rate. The same behavior
was observed in Ec NarGHI (Fig. 3 of reference [16]). The more likely
explanation is that at lower pH more protons are available to catalyze
the protonation, leading to the dehydration and regeneration of the
enzyme to the starting state, which depends on the applied potential
and pH.

4.3. Inhibition studies

Both in-solution kinetic assays and PFV studies indicated that
azide is a competitive inhibitor of Mh NarGH. The voltammograms
recorded at 20 mV/s showed hysteresis/irreversibility (Fig. 4a),
which is best observed in the first-derivative of the catalytic current
that clearly evidences the differences between the forward and the
backward catalytic currents (Fig. 4b). This behavior may indicate
that the affinity of azide for the low potential form of the Mo active
site is stronger than for the high potential form, in agreement with
the magnitude of the competitive inhibition constants obtained for
the high and low potential catalyses, where it was observed that KiC

for the “Cat” process is twice that of the “Boost.” A rather different in-
terpretation was given for Ec NarGHI [16], in which it was proposed
that azide has more affinity for the active site of the high potential
catalytic activity. The reason behind this difference is striking, and
might be due to the different analysis of the kinetic data performed
by the authors.

4.4. Use of PFV to understand the physiological behavior of Nars

The steady-state kinetic and PFV data are in line with earlier in-
solution kinetic studies performed by Boxer et al. [9]. The comparison
between the two data sets allowed us to draw some interesting con-
clusions about how differently the two methodologies can affect the
enzyme kinetics. Boxer et al. [9] carried out in-solution kinetic studies
using both the heterotrimer (NarGHI) and the heterodimer (NarGH)
testing two different electron donors: reduced methyl viologen
(MV) and duroquinol (DQ) which is similar to the physiological elec-
tron donor menaquinol. Inhibition studies suggested that MV can di-
rectly reduce the molybdenum active site, while the quinols can only
interact with the quinol-binding site present in the subunit NarI. The
different interactions of MV and DQ yielded considerably different ki-
netic constants. The Michaelis constant obtained by Boxer et al. [9]
using MV is very similar to the KM of Mh NarGH using the same elec-
tron donor (Ec NarGHI KM

MV=420 μM, Mh NarGH KM
MV=225 μM).

More interestingly, the KM obtained by PFV is of the same order of
magnitude of that reported by Boxer et al. [9] using DQ as electron
donor, and very different from the constant determined using MV (Ec
NarGHI KMDQ=2 μM, Mh NarGH KM

PFV=36 μM, Table 3). Similar results
were observed by Craske et al. [8] for the Pd Nar GHI (KMMV=283 μM
and KM
DQ=13 μM). These evidences lead us to consider again the kinetic

model proposed by Boxer et al. [9] and, for the first time, to assert that
the different kinetic parameters obtained by in-solution kinetics and
PFV (observed for many others systems before [15,16]), are likely due
to different mechanisms related to the nature of the reducing substrate
rather than simple effects related to the technique. In this scenario, the
graphite electrode is confirmed to play a role similar to that of the phys-
iological donor, driving to kinetic constants close to the physiological
ones. On the other side, MV is established to be far from being physiolog-
ical and it is clear how its action on the redox centers is random. This is
supported by studies performed by Buc et al. [36] on EcNarGH that dem-
onstrated how the reduced MV can directly reduce all four Fe–S centers
and the Mo cofactor. If not taken into consideration, the reducing sub-
strate can lead to an easy misinterpretation of the enzyme kinetic
properties.

5. Concluding Remarks

In the present paper is reported the first study where very differ-
ent ECat and EBoost values are obtained for alternative substrates, indi-
cating that electrochemical modulations of the activity of Mh NarGH
depends on substrate-specific interactions within the active site.
This contradicts the models proposed by Anderson et al. [15] and
Elliot et al. [16] for Pp NarGH and Ec NarGHI, respectively. The
model on Scheme 1 could explain that the substrate interaction af-
fects the ECat value. However, the fact that the two electrons needed
to catalyze the substrate reduction in the “Switch/Boost” process are
transferred before substrate binding, would not affect its position.

Based on our results and earlier kinetic and spectroscopic evidences
[8,9,33] we proposed a model that explains the two-sigmoidal wave-
shapes of the catalytic voltammograms and their dependence on the
type of substrate and the pH used in the assay.

It is clear that these enzymes are far from being completely under-
stood. For instance, the unexpected large δ values observed in the first-
derivative of the catalytic voltammograms, which should be indicative
of the electrons involved in the catalysis, as well as their dependence on
both substrate concentration and nature (Fig. 3b) cannot be explained
at present and deserves further investigation.

Supplementary data related to this article can be found online at
doi:10.1016/j.bbabio.2012.04.011.
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