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@ Optimising Electrical Interfacing between the Trimeric

Copper Nitrite Reductase and Carbon Nanotubes

Umberto Contaldo,® David Roura Padrosa,® Héléne Jamet,”™ Martin Albrecht,™

Francesca Paradisi,® and Alan Le Goff*®

Abstract: The immobilization of copper-containing nitrite
reductase (NiR) from Alcaligenes faecalis on functionalised
multi-walled carbon nanotube (MWCNT) electrodes is re-
ported. It is demonstrated that this immobilization is mainly
driven by hydrophobic interactions, promoted by the mod-
ification of MWCNTs with adamantyl groups. Direct electro-

chemistry shows high bioelectrochemical reduction of nitrite
at the redox potential of NiR with high current density of
1.41 mAcm™. Furthermore, the desymmetrization of the
trimer upon immobilization induces an independent electro-
catalytic behavior for each of the three enzyme subunits,
corroborated by an electron-tunneling distance dependence.

Introduction

Copper-containing nitrite reductases (NiRs) are metalloenzymes
responsible for the reversible monoelectronic reduction of
nitrite into nitric oxide: NO,” +2H* +e «—NO+H,0. NiRs are
present in the denitrification pathway of many denitrifying
bacteria and fungi. The reduction of NO,™ into NO is a critical
step in nitrification/denitrification processes."™ Beyond their
intrinsic biological role, these processes are also involved in the
growing and deleterious impact of nitrates and nitrites on the
environment and human health, caused by the extensive use of
fertilizers and food preservatives. This is a reason why nitrite
sensor development is required to provide a precise control
over nitrite levels in food, water, and waste. In this respect,
nitrite biosensors based on NiR-modified electrodes have been
developed to provide sensitive, selective and flexible nitrite
sensing.®® Furthermore, the NiR activity is involved in several
stages in the generation and emission of N,O gas, which
represents the main component of the greenhouse gas mix
besides carbonaceous compounds. The copper-containing NiR
from Alcaligenes faecalis is a homotrimer metalloenzyme (Fig-
ure 1). The C-terminal region of each monomer is constituted of
a large loop which wraps in an adjacent monomer and largely
contributes to the stability of the homotrimer. Each of these
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Figure 1. Schematic representation of A. faecalis NiR immobilized at CNT
modified with 4-(1-pyren)butyric acid adamantylamide. Licorice ribbon
representation (2FJS), homotrimer organization is shown by different surface
coloration of each monomer and Cu—T1 and Cu—T2 atoms are depicted as
cyan and brown spheres, respectively.

monomers contains a mononuclear type-l copper centre
(Cu—T1) playing the role of electron relay to the catalytic
mononuclear type-ll copper centre (Cu—T2) at which NO,™ is
activated and reduced.

When dealing with immobilizing enzymes at electrodes,
particular attention must be paid to interfacial electron trans-
fers. Most enzymatic biosensors rely on a redox partner,

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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immobilized or in solution, to ensure indirect electrical wiring
through this partner. This corresponds to second-generation
biosensors. However, achieving direct electrical contact pro-
vides the ability of the enzyme to operate by direct electro-
catalysis at the redox potential of its active site.”® These so-
called third-generation biosensors benefit from higher sensitiv-
ity and selectivity. In particular, specific selectivity is improved
owing to the absence of additional redox partners and the
ability of the redox enzymes to operate at their intrinsic redox
potential *'”

Direct electron transfer (DET) has already been evidenced
for NiR at planar pyrolytic graphite electrodes (PGE) or at gold
electrodes modified with self-assembled monolayers."" '3 A
particular aspect of NiR in DET configuration, as evidenced by
Canters and Jeuken, is the desymmetrization of each monomer
towards interfacial electron transfer represented by a disparity
of distances between each Cu—-T1. At both gold or PGE, this is
also accompanied by an additional disparity, typical of enzyme
electrodes, arising from the statistical distribution of orientation
of the homotrimer at the surface of the electrode.

We and others have shown the great advantages of using
functionalized carbon nanotubes (CNTs) for the efficient DET at
many types of metalloenzymes, especially multicopper
oxidases.""'® The modification of CNTs by covalent and non-
covalent functional groups induces the efficient immobilization
and control over orientations by hydrophobic/hydrophilic
interactions, influence on dipole moment or site-specific bind-
ing. The addition of functional groups with more hydrophobic
or hydrophilic character is aimed at targeting well-defined
amino-acid domains on the external shell of the protein.” These
interactions can both favor adsorption and orientation of the
enzyme, the latter depending on the localization of this domain.
If such domains are not present, site-specific binding via a
single amino acid has also proven to provide a powerful means
of immobilization and orientation of enzymes."?*” In particular,
we have shown the effects of hydrophobic molecules grafted at
the surface of CNTs for the efficient orientation of multicopper
oxidase such as laccases.”"? 4-(1-Pyren)butyric acid adamanty-
lamide has proven to strongly interact with the hydrophobic
cavity of laccases from Tv, providing highly stable electro-
catalytic activity towards oxygen reduction.?"

In this work, we adapted this technique to the immobiliza-
tion of Af NiR on MWCNTs. In particular, we investigated the
DET between NiR and CNTs, the effect of preferential
orientation of the homotrimeric enzyme and the final catalytic
efficiency and stability of immobilized NiR towards NO,~
reduction.

Results and Discussion

Functionalization of MWCNT electrodes was achieved by
soaking the electrode in 10 mM DMF solution of 4-(1-
pyren)butyric acid adamantylamide. Its strong m-m-stacking
interaction with MWCNT sidewalls affords the coverage of
MWCNTSs, noted ***MWCNT, with highly hydrophobic adamantyl
groups. The functionalized MWCNT electrodes were incubated
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in the presence of a solution of NiR (60 pM in 50 mM Tris-HCI
buffer pH 7.0) prepared as previously described.”® The cyclic
voltammograms (CVs) were recorded under argon in the
absence or in the presence of nitrite (Figure 2). In the presence
of nitrite, an irreversible electrocatalytic wave corresponds to
the electrocatalytic activity of immobilized NiR. This shape with
three distinct waves arises from the independent electro-
catalytic response from each monomer of the enzyme. No
catalytic response was observed for nonmodified MWCNT
electrodes (Figure S1). It is noteworthy that these electro-
catalytic irreversible waves are easy to distinguish as compared
to protein film voltammetry performed on adsorbed NiR on PGE
or gold electrodes.""™ Maximum current density of —0.48+
0.05 and —1.41£0.11 mAcm™ vs. NHE were measured at E=
—0.36 V vs. NHE for MWCNT and *"*MWCNT respectively.

As expected from the activity of the enzyme in solution, an
optimum pH of 7 was obtained for the bioelectrodes (Fig-
ure 2B). Interestingly, a substrate-dependent activation process
was observed over time for the NiR-functionalized bioelectrodes
towards NO,~ reduction (Figure 2C). Storing the NiR bioelectr-
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Figure 2. (A) CV of A. faecalis NiR-functionalized electrodes (a) before and (b)
after addition of 20 mM NaNO, for pristine MWCNT electrodes, and (c)
before and (d) after addition of 20 mM NaNO, for **MWCNT electrodes

(50 mM Tris-HCl buffer pH 7.0, 30 mM Na,SO, ; v=5 mVs™"). (B) Percentage
of maximum electrocatalytic activity against pH values; (C) Plot of the
percentage of maximum electrocatalytic activity over time. Filled black
squares () represent the electrodes used directly after NiR immobilisation
on MWCNTSs and stored in 50 mM Tris-HC| buffer pH 7.0, 10 mM NaNO, at
21°C under Ar atmosphere. Empty black squares ([]) represent the electro-
des pre-activated by chronoamperometry at the potential of —0.4 V vs. NHE
in presence of 20 mM NaNO, (50 mM Tris-HCI buffer pH 7.0, 30 mM Na,SO,).
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odes in presence of nitrite for at least 4 days allowed their
maximum activity to be reached. However, this slow activation
process can be bypassed by pre-activating the NiR bioelectr-
odes. Chronoamperometry experiments were performed at the
potential of —0.4V vs NHE in the presence of 20 mM NaNO,
until the reduction current reached its maximum value (Fig-
ure 2C). It is noteworthy that such activation step is also
performed at electrodes with other types of metalloenzymes
such as hydrogenases.*? Stability of the bioelectrodes
towards NO,~ reduction was monitored by performing period-
ical CVs in the presence of NO,™. A minor decrease of less than
5% of the initial maximum current density, accompanied with
no change in the CV shape nor onset potentials after one
month indicates both, reliable immobilization of the enzyme on
functionalized MWCNT electrodes as well as the intrinsic
stability of the immobilized protein (Figure 2C).

This exceptional stability is not only due to the robust
character of NiR but also to the excellent ability of such MWCNT
electrodes to accommodate metalloenzymes over a long period
of time with negligible sign of denaturation.”"*” No difference

0.45 4
0.40 4
0.354
0.30
0.25
0.20 4
0.15
0.10 4
0.05 . T T ‘ ‘ :

pH

0.0 02 0.4

E (V vs NHE)

Potential (V vs NHE)

Figure 3. Evolution of E,,, between pH 3.5 and 9.5; (inset). CV of A. faecalis
NiR-functionalized *°*MWCNT electrode (50 mM Tris-HCI buffer pH 7.0,
30 mM Na,SO, ; v=5mVs™')
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Figure 4. Background-subtracted CV of A. faecalis NiR-functionalized *°*-

MWCNT electrode. The simulated red trace takes into account the average
between the backward and forward scan. (50 mM Tris-HCl buffer pH 7.0,
30 mM Na,SO, ; v=5mVs')
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in terms of activation or stability was observed at MWCNT and
APAMWCNT electrodes. In the absence of nitrite, one distinct
reversible system is observed at E,,=0.24V vs. NHE (pH 7.0)
(inset, Figure 3), This value matches the redox potential of AfNIR
previously measured by redox titration and was attributed to
the redox signal of the Cu—T1.%'>% On classic planar electrodes,
this system has been rarely observed in non-turnover con-
ditions and again confirms the excellent DET between NiR and
MWCNT electrodes. As expected, the variation of this redox
system against pH gives 58.3 mV per pH unit, which is the
typical behavior for a one proton/one electron redox system
(Figure 3). By integration of the charge under this system, a
surface coverage of 0.68+0.2 and 25+0.4 nmolcm™ was
obtained for MWCNT and “®*MWCNT, respectively.

The three irreversible waves were fitted according to
models developed by F. A. Armstrong and colleagues"***”
(Figure 4, Figure S2, see Supporting Information for
details).®***3" The irreversible system at both MWCNT and
APAMWCNT was fitted using three independent electrocatalytic
system corresponding to each monomer electroactivity and
sharing the same catalytic redox potential, E.,,= +0.259 V vs.
NHE (pH 7.0). Fitting parameters are reported in Table S1. The
striking difference between each wave is the p ratio which
relates to the relevant difference in the distance between
Cu—T1 and surface of MWCNTs for each monomer of the
enzyme. When fitting curves at different nitrite concentration,
apparent Michaelis-Menten dependence was obtained for each
electrocatalytic system (Figure S3, Table S2).The apparent Mi-
chaelis-Menten constant Ky, (0.38, 0.32 and 0.77 mM) remains
similar for all monomers, independent of their distance to the
MWCNT surface. Using measured surface coverages, different
values for k., suggest that the catalytic activity is influenced by
the distance between the monomer and the electrode surface
(Table S2). These differences suggest that access of nitrite to
the active site could be influenced by the position of the
monomer since the monomer which is located the furthest
from the electrode shows the highest k., value. It is important
to note that the parameter fd, which accounts for dispersion
of interfacial electron transfer rates,®” can be considered as
negligible (8d,=0.01).2** This underlines the unprecedentedly
high homogeneity in the distribution of orientations of
immobilized NiR at both MWCNT and "°"MWCNTs.['>161820
Added to the fact that dissymmetry between each monomer is
clearly seen on the electrocatalytic signal, this suggests that a
preferential orientation of the enzyme is observed at both
MWCNT and *°*MWCNTs. In addition, adamantyl groups, which
provide a more hydrophobic character to the surface of
MWCNTs, enhance both NiR surface coverage and interfacial
electron transfer rates. This strongly suggests that the immobi-
lization of NiR is enhanced by hydrophobic interactions.

When looking at surface analysis of the homotrimer (Fig-
ure 5), the three symmetric facets of the trimer exhibit a strong
hydrophobic character, as compared to both sides of the
homotrimer. This suggests that NiR might be interfaced with
MWCNTSs near this hydrophobic domain of the protein.

To both confirm this hypothesis and understand the
favorable effect of the functionalization by adamantane, docked

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

35U9D17 SUOWLLIOD 3AIERID 3|qedtjdde ay) Aq pauienob afe sa e YO ‘8sN JO Sa|NJ 40} Aleiq1 73Ul UO AB]IAA UO (SUOIPUCI-PUE-SLLLIBYLIOD" A3 | 1w ATe1q 1jpU1 [UO//:SANL) SUONIPUOD PUe SWwS 1 8u13eS *[€202/TT/LT] uo Akeigiauliuo A31Im ‘sad|v ajqousio a1sieAlin Ag TSETOEZ0Z WaYI/Z00T OT/I0p/wod A8 1M Aleigpuljuo ado.ne-Ans iwey//sdny woij papeojumoq ‘i ‘€40z ‘S9LET2ST



Chemistry

Research Article Europe
doi.org/10.1002/chem.202301351

European Chemical
Societies Publishing

Chemistry—A European Journal

Facets with
hydrophobic =g
character

Figure 5. A. Faecalis NiR (2FJS) molecular lipophilicity potential analysis.
Surface is colored from hydrophilic (black) to hydrophobic (purple) residues
according to the hydrophobicity scale of Kyte and Doolittle.??

studies were performed by using the Autodock 4.0 software®

(see Supporting Information for details). Different positions
were generated and ranked in a histogram according to a
scoring function correlated to the interactions. Two binding
modes emerge, one closer to Cu—T1 and the other to Cu-T2
(see Figure 6A). The surface analysis of the homotrimer shows
that the position of the adamantane close to Cu-T2 corre-
sponds to the substrate hydrophobic channel of NiR, formed by
two adjacent monomers (Figure 6B). This pocket was already
described as the active site of the copper nitrite reductase® and
a superposition of the two pockets is given in Fig S5. This
position fits well with the main hydrophobic protein domain

Figure 6. The docked positions of adamantane in the subunit A (slate purple)
and B (salmon) of the A. Faecalis NiR (2FJS) structure (position close to

Cu—T1 site (scoring function —5.47 kcal/mol, population: 19%), position
close to Cu—T2 site (scoring function —4.47 kcal/mol, population: 74 %).
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proposed to drive the protein immobilization (Figure 5). It is
noteworthy that hydrophobic groups such as adamantane or
anthracene have also been proposed as DET promoters of
Trametes versicolor laccases via hydrophobic interactions with
the hydrophobic substrate pocket.?'**% Despite the fact that
the T2 centre could be at tunneling distances of the electrode
surface, several studies have demonstrated the importance of
the T1 copper centre on the electron transfer and the NiR
enzymatic activity.*?¥

By plotting the logarithm of apparent k,"** derived from the
ratio p of the model (Table S1 and S2), against the minimal
distance between Cu-T1 of each monomer and the most
favorable hydrophobic domain obtained by docking simulation
at the surface of the homotrimer (Figure S4), the apparent linear
dependence is consistent with a single exponential decay
behavior according to the equation (kgoxexp (—fdys) and
corroborates the possible orientation of the homotrimer
proposed in Figure 6. However, the measured apparent expo-
nential distance decay constant (2.2 nm™') is lower compared to
the decay constant predicted by simulation® or measured in
copper proteins by electrochemistry,?** attachment of photo-
active probes (8-11 nm™")* or by electrochemical tunneling
spectroscopy (2.9-5 nm™").#"

We must emphasize that this model has important limits.
Distances measured from the tridimensional crystallographic
structure of NiR are likely overestimated and do not take into
account the exact nature of the electron tunneling pathway
and the dynamics of the adsorption of the enzyme at the
surface of CNT sidewalls. Furthermore, MWCNT electrodes often
induce diffusion limitations and decrease the amount of
immobilized enzymes participating to the electrocatalysis.
Nevertheless, the apparent single exponential decrease against
estimated distances is consistent with a preferential orientation
via the hydrophobic domain over an immobilization of the
enzyme via the larger face of the homotrimer (which would
have homogenized interfacial electron transfer rates across all
monomers).

Conclusions

We report the immobilization of copper-containing NiR on
MWCNTs and adamantyl-modified MWCNTs. The hydrophobic
nature of the CNT sidewalls and their enhanced hydrophobic
character brought by adamantyl groups afford a highly efficient
and highly stable immobilization of NiR. Docking simulations
suggest NiR immobilization is stabilized by strong interactions
between functionalized CNTs and the NiR hydrophobic sub-
strate pocket. This leads to unprecedented bioelectrocatalytic
reduction of nitrite where the desymmetrized three-dimen-
sional structure of the homotrimer induces an independent
response of each of the three subunits, controlled by their
respective tunneling distance to the surface of MWCNT side-
walls. These functionalized nanostructured bioelectrodes not
only lead to highly efficient bioelectrodes for nitrite reduction
but also pave the way for the electrochemical study of
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multimeric redox proteins immobilized in a preferential orienta-
tion at nanostructured electrodes.

Experimental Section

Materials and Methods

All reagents were purchased from Sigma Aldrich and used without
further purification. All solvents were of analytical grade. Commer-
cial grade thin multi-walled carbon nanotubes (MWCNT, 9.5 nm
diameter, purity >95%). 1-pyrenebutyric acid adamantyl amide
was prepared as previously described.*® The Alcaligenes faecalis
nitrite reductase (NiR) was expressed and isolated as previously
described.”®* When not used, the enzymatic preparations were
stored at —80°C. Distilled water was passed through a Milli-Q water
purification system.

Electrochemical Measurements

The electrochemical experiments were carried out in a three-
electrode electrochemical cell using a Biologic VMP3 Multi
Potentiostat. The MWCNT-based bioelectrodes were used as work-
ing electrodes. Pt wire was used as counter electrode and the
saturated calomel served as reference electrode. Potentials are
referred to the normal hydrogen electrode according to Eyue_Esce +
0.242 V. All current densities are normalized towards the geo-
metrical surface of the glassy carbon electrode (0.071 cm™?). The
experiments were conducted at 21°C and under argon atmosphere
inside an anaerobic glove box (0, <2 ppm, Jacomex). The support-
ing electrolytes was 50 mM Tris-HCI buffer pH 7.0, 30 mM Na,SO,
for all experiments except for the redox titration of the reversible
system for several pH values: 50 mM Bis-Tris propane buffer, 30 mM
Na,SO, for 6.5, 7.0, 7.5, 8.0, 8.5, 9.0, 9.5, and 100 mM NaAcetate
buffer, 30 mM Na,SO, for 3.5, 4.0, 4.5, 5.0, 5.5, 6.0. The electro-
catalytic current (average of forward and backward scan) was
modeled using the Equation (1) (modified from ref®"):

Preparation of the Glassy Carbon-Modified MWCNT Electrode

The working electrodes were glassy carbon electrodes (GCE, 3 mm
diameter). NMP dispersions of MWCNTs were prepared by 30 min
sonication of 5 mg MWCNTs dispersed in 1 mL NMP until homoge-
neous black suspension was obtained. Then 20 pL of the MWCNTs
solution were drop-casted on a GCE and NMP was removed under
vacuum resulting in a 5-pm-thick film. Pristine MWCNT-modified
electrodes were soaked for 30 min in DMF solution containing
10 mM 1-pyrenebutyric acid adamantyl amide and after rinsed in
DMF solution and two times in Milli-Q water in order to remove the
non-specific adsorbed 1-pyrenebutyric acid adamantyl amide.

Functionalization of MWCNT-Based Electrodes with NiR

Pristine MWCNT and ADA-MWCNT electrodes were functionalized
with A. faecalis NiR via drop casting of 20 uL enzymatic preparation
at 60 uM in 50 mM Tris-HC| buffer pH 7.0 and incubated for 3 h at
21°C under Ar atmosphere. The electrodes were finally rinsed in
50 mM Tris-HCl buffer pH 7.0 in order to remove the non-specific
adsorbed enzyme. When not used the NiR functionalized MWCNT-
based bioelectrodes were stored soaked in 50 mM Tris-HCI buffer
pH 7.0, 10 mM NaNO, at 21 °C under Ar atmosphere.

Chem. Eur. J. 2023, 29, e202301351 (5 of 6)

Computational Methods

Docking calculations were done by using the Autodock 4.0 software
on the AFaecilis NIR structure (pdb:2FJS).% The input files were
prepared with ADT Tools by using gasteiger partial charges for
both the enzyme and the adamantane. A grid of 60x60x60 points
centered on the CU1 of the subunit A and separated by 0.375 A
was used. Copper atom is treated as a metal ion and specific
parameters were added with the file AD4-parameter (3.50 for Rii=
sum of vdW radii of two like atoms (in Angstrom) and 0.005 for
epsii =vdW well depth (in Kcal/mol)). A conformational search was
performed using a genetic algorithm with an initial population of
300 randomly placed individuals, a maximum number of 2.5x10°
energy evaluations, a maximum number of 2.7 x 10* generations, a
mutation rate of 0.02, and a crossover rate of 0.8. Fifty different
conformers of the ligand were generated and the energy values of
conformers were reported as a histogram. Positions on subunit B
are generated by symmetry.
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