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Abstract

Multicopper oxidases (MCOs) catalyzed two half reactions (linked by an intramolecular electron transfer) through a Ping-Pong mechanism:
the substrate oxidation followed by the O, reduction. MCOs have been characterized in details in solution or immobilized on electrode surfaces.
The nature of the rate-limiting steps, which is controversial in the literature, is discussed in this mini review for both cases. Deciphering such
rate-limiting steps is of particular importance to efficiently use MCOs in any applications requiring the reduction of O, to water.
© 2017 The Authors. Published by Elsevier B.V. on behalf of Société Frangaise de Biochimie et Biologie Moléculaire (SFBBM). This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Blue multicopper oxidases (MCOs) are ubiquitous and
several structures have been resolved for ascorbate oxidase,
ceruloplasmin, fungal laccases or bilirubin oxidase [1]. MCOs
catalyze two half reactions linked by an intramolecular elec-
tron transfer (IET) step:

(i) The substrate oxidation which is specific to each MCOs:
(Eq. 1: 4 substrate — 4 product 4+ 4e~ + 4H™) followed by,

(i) A common reduction of O, to water, without producing
any toxic oxygen intermediates.

(Eq. 2: O, + 4e” + 4H" — 2 H,0).

MCOs have been characterized in details [2]. Briefly, the
catalytic center is composed of four copper atoms: one T1, one
T2 and two T3 which composed the trinuclear center (TNC).
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They are classified according to their optical and magnetic
properties. The T1 has characteristic spectrum in EPR and the
blue color of the MCOs under oxidized form is due to the
intense absorption band around 600 nm due to the binding T1-
S(Cys). The oxidation of substrates occurs on the T1 site
whose redox potential varies in function of the axial residue of
the pseudo-bipyramid trigonal formed by amino acid residues
around the T1. The T2 has also a characteristic feature in EPR.
The pair of T3 is silent in EPR, because there are coupled by a
strong antiferromagnetic exchange interaction, and has a
characteristic absorption band at 330 nm. The T1 accepts the
electron from the substrates which are then shuttled to the
TNC through ~13 A of Cys—His residues [3]. The reduction of
O, into H,O occurs at the TNC.

MCOs present a great interest for any applications
requiring the reduction of O, to water, among which enzy-
matic biofuel cells that may power future implantable medical
devices [4,5]. The nature of the rate-limiting step of the global
reaction is controversial in the literature either for the enzy-
matic studies in solution or for the electrochemical studies
with immobilized MCOs on electrodes surfaces. For both
cases it could be associated to any steps shown in Schemes 1|
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Scheme 1. General reaction and individual steps of the Ping-Pong Bi Bi system using the Cleland notation. E and F are two different stable enzyme forms. Each
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Scheme 2. Different steps for electron transfer for enzymes in solution (A) and immobilized (B) with Direct electron transfer (DET) or Mediated electron transfer

(MET) techniques.

and 2. In addition, in solution it can also be due to any
isomerization step or conformational rearrangement [6,7].

In this mini review, we summarized the different arguments
through examples of the assignment of the rate-limiting step of
MCOs. We will distinguish two types of experiments: in ho-
mogenous solution where occur classical redox reactions and
immobilized on electrodes surfaces where the enzymes are
artificially reduced.

2. Enzymatic studies in solution

To determine the rate-limiting step of the global reaction,
the classical method is to compare the k., determined at
steady-state with the individual rate constant of each molec-
ular step. Steady-state kinetic studies showed that MCOs
followed BI BI Ping-Pong [6] type mechanism as represented
with the Cleland notation (Scheme 1).

Scheme 2A represents the well admitted different steps for
electron transfer (ET) for MCOs in solution. Substrate

oxidation occurs at the T1 site (step 1). The reduction rate
constant of the T1 is very efficient and fast as shown by the
bleaching of the T1 followed at 600 nm after addition of a
reductant [8]. The difference of reduction rate constants
observed between different MCOs depends on the rate of
intermolecular ET between the substrate and the T1. It also
depends on the accessibility of the T1 site of each MCOs [8].
Steady-state kinetic studies on laccases with several substrates
have permitted to highlight a linear relationship between the
log(ke./Kn) and the redox potential difference between the T1
site and the substrate [9]. From those experiments, the rate-
limiting step is attributed to the substrate oxidation [2,3,9].
As said by Page and coworkers [10] and according to the
Marcus theory [11] the tunneling rates remain higher than
catalytic rates (kc) at typical physiological AG (0 to
—0.1 eV). The IET (step 2) rate constant (kIET) from the T1
to TNC has been studied by pulse radiolysis or laser flash
photolysis experiments [12—14]. In laccase from Rhus verni-
cifera, kIET is >kcat so IET is not the rate-limiting step [15].
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In human ceruloplasmin, kIET is ~kcat and IET seems to be
associated to the rate-limiting step [12]. In ascorbate oxidase,
KIET is accelerated in the presence of O, [16]. If the IET does
not seems to be associated with the rate-limiting step of the
overall reaction [16], it appears difficult to generalize for all
the MCOs since kIET also depends on the presence of O, and
on the redox state of the TNC [17].

The second half-reaction catalyzed by MCOs (step 3) is
associated with the O, reduction through a two-electron steps.
It appears very efficient and not associated to the rate-limiting
step. The binding of O, leads to the formation of the peroxy
intermediate (PI) which decays to the native intermediate (NI)
with a fast rate constant (>350 sfl). In NI, the O—O bond is
cleaved but two oxygen atoms remain bond to the TNC [3]. In
absence of reduced substrate, the NI will turn slowly into the
oxidized resting form of the enzyme.

3. Electrochemical studies

Electrochemistry and in particular protein film electro-
chemistry [18] is a powerful tool to decipher ET within
immobilized MCOs and to elucidate the different redox state
of MCOs [19,20]. Two techniques are widely used to electri-
cally contact MCOs on electrode surfaces: Direct Electron
Transfer (DET, Scheme 2B) where the enzyme is directly
connected to the electrode surface and Mediated Electron
Transfer (MET, Scheme 2B) where a redox mediator is used to
shuttle electrons from the electrode to the enzymes. We will
only consider the case of 4 copper containing MCOs dis-
playing an activity towards the reduction of O,. While in
homogeneous solution the rate-limiting step has often been
attributed to the rate of oxidation of substrates, in electro-
chemistry, the rate-limiting step depends on numerous
parameters.

Once the MCOs are immobilized onto electrodes surfaces
(Scheme 2B), the limiting step can be step 1 if enzymes are
not properly oriented on the electrode surface or if the applied
electrode potential is not reducing enough [3]. To ensure fast
ET, the distance between the T1 and the electrode surface
needs to be as short as possible. For example, when laccases
were properly oriented on steroid modified carbon nanotubes,
it was reported that the heterogeneous ET rate between the T1
and the electrode could be as high as 3000 s~ 1 [21]. In addi-
tion, immobilized enzymes have to be as stable as possible on
the electrode surfaces. Leaching or reorganization of the
enzyme on the electrode surface may also have a significant
impact on step 1 [22]. The IET (step 2) between the T1 site
and the TNC can also be the rate-limiting step. For example,
dos Santos et al. [23] studied the behavior of BOD from
Myrothecium verrucaria covalently immobilized on graphite
electrode through diazonium coupling. They demonstrated
that at pH 8, the limiting step was the IET while at pH 5 it was
step 1. Step 3, which represents the reduction of O, by the T2/
T3 is usually a fast process with apparent bimolecular con-
stants ~10° M~'-s™! and is generally not considered as a
limiting step [24]. Finally, the diffusion of O, to the electrode
surface (step 4) can also be the rate-limiting step particularly

in electrochemistry. Very recently, it has also been hypothe-
sized that by an adequate immobilization of bilirubin oxidase
it would be possible to short circuit the IET and inject directly
electrons to the TNC (step 5) [25].

In addition to the above mentioned rate-limiting steps, in
MET, three additional can be identified: steps 6 and 8 which
corresponds respectively to the ET from the electrode to the
redox mediator and from the redox mediator to MCOs. It will
also of course depend if the redox mediator is soluble or
immobilized onto the electrode surface. In the particular case
where redox polymers are used, such as osmium based redox
polymers for example, the ET within the redox mediators may
also be a limiting step (step 7) [26,27].

4. Discussion

From the literature, two consensuses emerge from the study
of the rate limiting steps in MCOs. In homogeneous condi-
tions, the rate-limiting step is generally attributed to the sub-
strate oxidation. However, there is at least one example where
the IET seems to be associated with the rate-limiting step in
ceruloplasmin. Of course, it is not excluded that differences
observed in homogenous solution are not due to different
experimental conditions. pH, salts, temperature, etc... may
influence the enzymes kinetics and therefore the nature of the
rate limiting step [28]. Either in homogeneous or heteroge-
neous conditions the reduction of O, is not associated with the
rate-limiting process.

In heterogeneous conditions, most of the time the rate
limiting step is different from the one observed in homogenous
solution. Even though it is most likely due to the ET to the T1,
it is much more complicated to definitely conclude about it.
For immobilized enzymes, several interrelated parameters
must be taken into account to identify the nature of the rate-
limiting step of the reaction: the intrinsic nature of the
enzyme, its method of immobilization on the electrodes sur-
faces, its orientation, the diffusion of substrate or product, the
electrode materials and geometry, the presence or absence of a
redox mediator, the efficiency of the redox mediators and
etc.... In addition, conformational dynamics of enzyme and
ET are often linked [29] and the properties of confined or
unconfined enzymes within an electrode may be different. So
it cannot be excluded that the differences observed between
enzymes in solution or immobilized are due to differences in
protein motion, particularly when porous electrodes are used.

Different analytical tools have been developed to elucidate
the nature of rate limiting steps of immobilized enzymes.
Protein thin film voltammetry has been used with success to
decipher mechanism of immobilized enzymes in DET [18].
Due to the complexity of numerous enzymatic systems, and of
the numerous interrelated parameters to be taken into account,
the combination of different analytical tools is also explored.
For example, Lojou et al. combined surface plasmon reso-
nance, polarization-modulated infrared reflection absorption
spectroscopy to correlate the loading, conformation and ac-
tivity of Bilirubin oxidase immobilized on carbon nanotubes
electrode [30]. Blanford et al. used Quartz Crystal
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Microbalance with Dissipation and electrochemistry to
correlate catalytic activity and enzymes motion on electrodes
surfaces [31]. Atanassov et al. used molecular docking simu-
lations and electrochemistry to gain insight into interaction
between quinones and immobilized glucose dehydrogenase on
electrodes surfaces [32]. In the same time, a more engineering
approach is used to improve ET rate using directed evolution,
semi-rational or rational methods [33]. Recently, interesting
strategies have been developed and consist in screening en-
zymes directly on electrode surfaces to maximize orientation
and ET [34,35]. An example of a successful combined
approach is the cofactor redesign of glucose oxidase which
minimizes the competition between O, and redox mediator for
the electrons generated by the oxidation of glucose [36].

5. Conclusion

In this mini review, we discussed the rate limiting steps of
MCOs both in solution and immobilized on electrodes sur-
faces. Even though some trends may appears, predicting the
behavior of immobilized MCOs on electrode surfaces from the
results obtained in solution remains elusive. Deciphering the
kinetic mechanism of immobilized MCOs is of tremendous
importance to develop, for example, new generation of enzy-
matic biofuel cells which are currently limited by the MCOs
cathodic enzyme. More generally, enzymes are not naturally
designed to operate immobilized on electrode surface. If the
ability to tailor enzymes at will for biotechnological applica-
tions in homogeneous solution has been routinely used with
success [37—39], redesigning functional enzymes for bio-
electrochemical applications is a challenging task. Due to the
numerous interrelated parameters, elucidating the rate limiting
steps of immobilized enzymes with the objective to improve
them will require new approaches by combining the latest
experimental techniques and theoretical methods [40].

Conflict of interest
The authors declare no conflict of interest.
Acknowledgments

The authors thank la Région Aquitaine, University of
Bordeaux and ANR (RATIOCELLS -ANR-12-BS08-0011-01)
for financial supports. Elodie Roussarie thanks the Ministry of
National Education, Research and Technology for a MENRT
research grant.

References

[1] H. Komori, Y. Higuchi, Structural insights into the O, reduction mech-
anism of multicopper oxidase, J. Biochem. 158 (2015) 293—298.

[2] E.I. Solomon, U.M. Sundaram, T.E. Machonkin, Multicopper oxidases
and oxygenases, Chem. Rev. 96 (1996) 2563—2606.

[3] E.L Solomon, C.H. Kjaergaard, D.E. Heppner, Molecular Properties and
Reaction Mechanism of Multicopper Oxidases Related to Their Use in
Biofuel Cells, Electrochemical Processes in Biological Systems, John
Wiley & Sons, Inc, 2015, pp. 169—212.

[4] M. Rasmussen, S. Abdellaoui, S.D. Minteer, Enzymatic biofuel cells: 30
years of critical advancements, Biosens. Bioelectron. 76 (2016)
91—102.

[5] M. Cadet, S. Gounel, C. Stines-Chaumeil, X. Brilland, J. Rouhana,
F. Louerat, N. Mano, An enzymatic glucose/O, biofuel cell operating in
human blood, Biosens. Bioelectron. 83 (2016) 60—67.

[6] L.C. Petersen, H. Degn, Steady-state kinetics of laccasse from Rhus
vernicifera, Biochim. Biophys. Acta 526 (1978) 85—92.

[71 A. Fersht, Structure and Mechanism in Protein Science: A Guide to
Enzyme Catalysis and Protein Folding, W.H. Freeman, New York, 1999.

[8] L. Quintanar, C. Stoj, A.B. Taylor, P.J. Hart, D.J. Kosman, E.I. Solomon,
Shall we dance? How a multicopper oxidase chooses its electron transfer
partner, Accounts Chem. Res. 40 (2007) 445—452.

[9] F. Xu, Oxidation of phenols, anilines, and benzenethiols by fungal lac-
cases: correlation between activity and redox potentials as well as halide
inhibition, Biochemistry 35 (1996) 7608—7614.

[10] C.C. Page, C.C. Moser, X. Chen, PL. Dutton, Natural engineering
principles of electron tunnelling in biological oxidation-reduction, Na-
ture 402 (1999) 47—-52.

[11] R.A. Marcus, N. Sutin, Electron transfers in chemistry and biology,
Biochim. Biophys. Acta Rev. Bioenerg. 811 (1985) 265—322.

[12] O. Farver, L. Bendahl, L.K. Skov, I. Pecht, Human ceruloplasmin.
Intramolecular electron transfer kinetics and equilibration, J. Biol. Chem.
274 (1999) 26135—26140.

[13] G. Tollin, T.E. Meyer, M.A. Cusanovich, P. Curir, A. Marchesini,
Oxidative turnover increases the rate constant and extent of intra-
molecular electron transfer in the multicopper enzymes, ascorbate oxi-
dase and laccase, Biochim. Biophys. Acta 1183 (1993) 309—314.

[14] S. Wherland, O. Farver, 1. Pecht, Multicopper oxidases: intramolecular
electron transfer and O, reduction, J. Biol. Inorg. Chem. Publ. Soc. Biol.
Inorg. Chem. 19 (2014) 541-554.

[15] D.E. Heppner, C.H. Kjaergaard, E.I. Solomon, Molecular origin of rapid
versus slow intramolecular electron transfer in the catalytic cycle of the
multicopper oxidases, J. Am. Chem. Soc. 135 (2013) 12212—12215.

[16] O. Farver, S. Wherland, O. Koroleva, D.S. Loginov, I. Pecht, Intra-
molecular electron transfer in laccases, FEBS J. 278 (2011) 3463—3471.

[17] S.M. Jones, E.I. Solomon, Electron transfer and reaction mechanism of
laccases, Cell. Mol. Life Sci. CMLS 72 (2015) 869—883.

[18] C.Léger, P. Bertrand, Direct electrochemistry of redox enzymes as a tool
for mechanistic studies, Chem. Rev. 108 (2008) 2379—2438.

[19] C.H. Kjaergaard, F. Durand, F. Tasca, M.F. Qayyum, B. Kauffmann,
S. Gounel, E. Suraniti, K.O. Hodgson, B. Hedman, N. Mano,
E.I. Solomon, Spectroscopic and crystallographic characterization of
“alternative resting” and “resting oxidized” enzyme forms of bilirubin
oxidase: implications for activity and electrochemical behavior of mul-
ticopper oxidases, J. Am. Chem. Soc. 134 (2012) 5548—5551.

[20] J.A. Cracknell, C.F. Blanford, Developing the mechanism of dioxygen
reduction catalyzed by multicopper oxidases using protein film electro-
chemistry, Chem. Sci. 3 (2012) 1567—1581.

[21] M. Tominaga, A. Sasaki, M. Togami, Laccase bioelectrocatalyst at a
steroid-type biosurfactant-modified carbon nanotube interface, Anal.
Chem. 87 (2015) 5417—5421.

[22] D. Pankratov, J. Sotres, A. Barrantes, T. Arnebrant, S. Shleev, Interfacial
behavior and activity of laccase and bilirubin oxidase on bare gold sur-
faces, Langmuir 30 (2014) 2943—2951.

[23] L. Dos Santos, V. Climent, C.F. Blanford, F.A. Armstrong, Mechanistic
studies of the ‘blue’ Cu enzyme, bilirubin oxidase, as a highly efficient
electrocatalyst for the oxygen reduction reaction, Phys. Chem. Chem.
Phys. 12 (2010) 13962—13974.

[24] S.-K. Lee, S.D. George, W.E. Antholine, B. Hedman, K.O. Hodgson,
E.I. Solomon, Nature of the intermediate formed in the reduction of O, to
H,O at the trinuclear copper cluster active site in native laccase, J. Am.
Chem. Soc. 124 (2002) 6180—6193.

[25] M. Dagys, A. Laurynenas, D. Ratautas, J. Kulys, R. Vidziunaite,
M. Talaikis, G. Niaura, L. Marcinkeviciene, R. Meskys, S. Shleev, Ox-
ygen electroreduction catalysed by laccase wired to gold nanoparticles
via the trinuclear copper cluster, Energy Environ. Sci. (2017), http://
dx.doi.org/10.1039/C6EE02232D.


http://refhub.elsevier.com/S2214-0085(17)30001-9/sref1
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref1
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref1
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref1
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref2
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref2
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref2
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref3
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref3
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref3
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref3
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref3
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref3
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref4
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref4
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref4
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref4
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref5
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref5
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref5
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref5
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref5
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref6
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref6
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref6
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref7
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref7
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref8
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref8
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref8
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref8
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref9
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref9
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref9
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref9
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref10
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref10
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref10
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref10
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref11
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref11
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref11
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref12
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref12
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref12
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref12
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref13
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref13
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref13
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref13
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref13
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref14
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref14
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref14
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref14
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref14
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref15
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref15
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref15
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref15
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref16
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref16
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref16
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref17
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref17
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref17
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref18
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref18
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref18
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref18
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref19
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref19
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref19
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref19
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref19
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref19
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref19
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref20
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref20
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref20
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref20
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref21
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref21
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref21
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref21
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref22
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref22
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref22
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref22
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref23
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref23
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref23
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref23
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref23
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref24
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref24
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref24
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref24
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref24
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref24
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref24
http://dx.doi.org/10.1039/C6EE02232D
http://dx.doi.org/10.1039/C6EE02232D

40 C. Stines-Chaumeil et al. / Biochimie Open 4 (2017) 36—40

[26] J.W. Gallaway, S.A. Calabrese Barton, Effect of redox polymer synthesis
on the performance of a mediated laccase oxygen cathode, J. Electroanal.
Chem. 626 (2009) 149—155.

[27] E. Mao, N. Mano, A. Heller, Long tethers binding redox centers to
polymer backbones enhance electron transport in enzyme “Wiring”
hydrogels, J. Am. Chem. Soc. 125 (2003) 4951—4957.

[28] 1.H. Segel, Enzyme Kinetics: Behavior and Analysis of Rapid Equilib-
rium and Steady State Enzyme Systems, Wiley, New York, 1975.

[29] T.M. Hedison, S. Hay, N.S. Scrutton, Real-time analysis of
conformational control in electron transfer reactions of human cy-
tochrome P450 reductase with cytochrome ¢, FEBS J. 282 (2015)
4357—4375.

[30] C. Gutierrez-Sanchez, A. Ciaccafava, P.Y. Blanchard, K. Monsalve,
M.T. Giudici-Orticoni, S. Lecomte, E. Lojou, Efficiency of enzymatic O,
reduction by Myrothecium verrucaria bilirubin oxidase probed by sur-
face plasmon resonance, PMIRRAS, and electrochemistry, ACS Catal. 6
(2016) 5482—5492.

[31] K. Singh, T. McArdle, PR. Sullivan, C.F. Blanford, Sources of activity
loss in the fuel cell enzyme bilirubin oxidase, Energy Environ. Sci. 6
(2013) 2460—2464.

[32] S. Babanova, I. Matanovic, M.S. Chavez, P. Atanassov, Role of quinones
in electron transfer of PQQ—glucose dehydrogenase anodes—mediation
or orientation effect, J. Am. Chem. Soc. 137 (2015) 7754—7762.

[33] D.M. Mate, M. Alcalde, Laccase engineering: from rational design to
directed evolution, Biotechnol. Adv. 33 (2015) 25—40.

[34] S. Abdellaoui, A. Noiriel, R. Henkens, C. Bonaventura, L.J. Blum,
B. Doumeche, A 96-well electrochemical method for the screening of
enzymatic activities, Anal. Chem. 85 (2013) 3690—3697.

[35] A. Pinczewska, M. Sosna, S. Bloodworth, J.D. Kilburn, P.N. Bartlett,
High-throughput synthesis and electrochemical screening of a library of
modified electrodes for NADH oxidation, J. Am. Chem. Soc. 124 (2012)
18022—18034.

[36] E. Tremey, E. Suraniti, O. Courjean, S. Gounel, C. Stines-Chaumeil,
F. Louerat, N. Mano, Switching an O, sensitive glucose oxidase bio-
electrode into an almost insensitive one by cofactor redesign, Chem.
Commun. (Camb) 50 (2014) 5912—5914.

[37] M.L. Azoitei, B.E. Correia, Y.E. Ban, C. Carrico, O. Kalyuzhniy, L. Chen,
A. Schroeter, P.S. Huang, J.S. McLellan, P.D. Kwong, D. Baker,
R.K. Strong, W.R. Schief, Computation-guided backbone grafting of a
discontinuous motif onto a protein scaffold, Science 334 (2011) 373—376.

[38] N. Yeung, Y.W. Lin, Y.G. Gao, X. Zhao, B.S. Russell, L. Lei,
K.D. Miner, H. Robinson, Y. Lu, Rational design of a structural and
functional nitric oxide reductase, Nature 462 (2009) 1079—1082.

[39] N.M. Marshall, D.K. Garner, T.D. Wilson, Y.G. Gao, H. Robinson,
M.J. Nilges, Y. Lu, Rationally tuning the reduction potential of a single
cupredoxin beyond the natural range, Nature 462 (2009) 113—116.

[40] C. Greco, V. Fourmond, C. Baffert, P.-h. Wang, S. Dementin, P. Bertrand,
M. Bruschi, J. Blumberger, L. de Gioia, C. Leger, Combining experi-
mental and theoretical methods to learn about the reactivity of gas-
processing metalloenzymes, Energy Environ. Sci. 7 (2014) 3543—3573.


http://refhub.elsevier.com/S2214-0085(17)30001-9/sref26
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref26
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref26
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref26
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref27
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref27
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref27
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref27
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref28
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref28
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref29
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref29
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref29
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref29
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref29
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref30
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref30
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref30
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref30
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref30
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref30
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref31
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref31
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref31
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref31
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref32
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref32
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref32
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref32
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref32
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref32
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref33
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref33
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref33
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref34
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref34
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref34
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref34
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref35
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref35
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref35
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref35
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref35
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref36
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref36
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref36
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref36
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref36
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref36
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref37
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref37
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref37
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref37
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref37
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref38
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref38
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref38
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref38
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref39
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref39
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref39
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref39
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref40
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref40
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref40
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref40
http://refhub.elsevier.com/S2214-0085(17)30001-9/sref40

	The nature of the rate-limiting step of blue multicopper oxidases: Homogeneous studies versus heterogeneous
	1. Introduction
	2. Enzymatic studies in solution
	3. Electrochemical studies
	4. Discussion
	5. Conclusion
	Conflict of interest
	Acknowledgments
	References


