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Abstract

In this work we extended the generic approach for the site-directed immobilization of enzymes
based on maleimide\thiol coupling of engineered enzymes to the oriented immobilization of
variants of bilirubin oxidase from Magnaporthe oryzae (MoBOD) to electrodes. We show that
this approach leads to the stable attachment of the enzyme to the electrode surface and that the
immobilised MoBOD variants are active for bioelectrocatalytic reduction of di-oxygen through
direct (unmediated) electron transfer (DET) from the electrode. For the three MoBOD variants
studied significant differences are observed in the kinetics of DET that relate to the orientation of
the enzyme and the distance of the T1 site from the electrode surface. The stability of the
immobilized enzymes allows us to compare the DET and mediated electron transfer (MET)
pathways and to investigate the effects of pH and CI". Our studies show a change in the slope
of pH dependence at pH 6.0 and highlight the effect of CI” on the direct oxygen reduction by
MoBOD as a function of pH for the immobilized enzyme and the interconversion of the resting
oxidized (RO) form of the immobilized enzyme and the alternative resting (AR) state formed in

the presence of CI".

Keywords: bilirubin oxidase, direct electron transfer, oxygen reduction, site directed

mutagenesis, immobilization, maleimide

1. INTRODUCTION



Bilirubin oxidase (BOD) (EC 1.3.3.5) belongs to the multicopper oxidase (MCO) family, a large
group of enzymes, including laccase, CueO, Fet3p, and BOD.! The MCO family is one of a few
enzyme classes capable of reducing O, to water.? To date, seven BODs have been isolated,®
among which are BOD from Magnaporthae oryzae (MoBOD),> BOD from Myrothecium
verrucaria (MvBOD), BOD from Trachyderma tsunodae (TtBOD),* and BOD from Bacillus
pumilus (BpBOD).” The two recently identified enzymes, MoBOD and BpBOD show a high
activity at pH 7, good thermal stability and a low sensitivity toward chloride under physiological
conditions. These desirable features make these BODs attractive for possible application in
biofuel cells operating under physiological conditions.®

BODs contain four coppers classified depending on their optical and electron
paramagnetic resonance properties. Their exact electronic pathway has yet to be confirmed,
however it is assumed that the type one copper center (T1) receives electrons from an electron
donating substrate and relays them to the O, reduction site through ~13 A of Cys-His residues.
The O, reduction site is a trinuclear cluster (TNC), composed of one type two copper ion (T2)
and a pair of type three copper ions (T3).”® Only two crystal structures of BODs are available so
far, those for MoBOD* and MvBOD.*? Figure 1 (left) shows the Pymol generated image of the
structure of BOD, a 64-kDa protein, from Magnaporthe oryzae (MoBOD) showing the four Cu
centers. Figure 1 (right) shows the BOD active site with arrows marking electron flow from the
T1 to the TNC.* ™

The modification of electrodes is an effective method to improve the interfacial electron
transfer to BODs. Modification has been achieved using a range of methods, including covalent
modification by diazonium coupling® or oxidation of amines,”® physical adsorption** and
utilization of functionalized carbon nanotubes (CNTs)."® However, these reported approaches
do not allow precise control over the orientation and environment of the enzyme attached to the
electrode surface. To address this problem several selective immobilization methods that work
under mild conditions have been studied.*® We recently described a flexible, generic approach
based on the combination of site-directed mutagenesis, electrografting and solid phase
synthesis methodology that provides a modular approach that allows the different components
to be varied independently.’” ® In the present work we apply this to the immobilization of
bilirubin oxidase using the coupling of maleimide groups on the electrode surface to cysteine
residues introduced at specific positions on the enzyme surface. Three BOD variants have been

used in this study, modified to bear a free cysteine residue in different positions at the surface of



the enzyme. This allows us to investigate the effects of enzyme orientation on the
electrocatalytic reduction of oxygen. In addition, because of the excellent stability of the

immobilized enzyme, we are able to investigate the effects of pH and CI" on the catalytic

process.
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Figure 1. Left) Cartoon representation of the secondary structure of bilirubin oxidase from
Magnaporthe oryzae. The Type 2 and Type 3 (TNC) coppers are represented by orange spheres, the
Type 1 Cu is represented by the green sphere. The image was obtained with PyMol software, PyMol
visualisations are based on the crystal structure of MoBOD, PDB code 2L9Y.7 Right) Structure of the
BOD active site with arrows marking flow of substrate, electron (e-) from the T1 to the TNC, and O».
(Adapted with permission from reference 11. Copyright 2015, PLOS One under CC BY 4.0

2. METHODS

2.1 Chemicals and Materials. All chemicals were of analytical grade and used without
further purification unless otherwise stated; aqueous solutions were prepared using deionized
Millipore-Q water (18.2 MQ cm) from either a Purite or AQ 10 Milli-Q system. Argon (Pureshield,
99.998%) and oxygen were supplied by BOC gasses, ABTS (2,2-azino-bis-[3-

ethylbenzthiazoline-6-sulfonic acid]) was obtained from Fluka.

Multi-walled carbon nanotube (MWCNT) working electrodes were prepared as described
in our previous work.'” Briefly, 5 pL of a DMF dispersion of 1 mg cm™ of carbon nanotubes

(Aldrich, > 8% carboxylic acid functionalized, average diameter and length 9.5 nm and 1.5 pum)



were placed onto a 3 mm diameter glassy carbon (GC) surface (SIGRADUR HTW
Hochtemperatur — Werkstoffe GmbH, Germany) using a plastic mask to control the spread of
the dispersion, and then left to dry at ambient temperature for 2 days. To ensure reproducibility
the glassy carbon was first polished using silicon carbide (grade 1200 paper) and alumina (1.0
and 0.3 um, Buehler) followed by sonication in deionized water and ethanol. This method gives
a reasonably uniform coating of MWCNTSs across the electrode surface with a total surface area

of around 12 cm? and good (+/- 10%) reproducibility and stability. *"*°

A standard three electrode arrangement was used with either a homemade saturated
calomel (SCE) or saturated mercurous sulfate (SMSE) reference electrode and large area Pt
gauze counter electrode. Either a pAutolab type Il or an Autolab PGSTAT 302 (Ecochemie,

Netherlands) was used.

2.2. Modification of GC/MWCNT electrodes with maleimide. The modification of the
multiwalled carbon nanotube electrodes followed the procedure described previously’’ and
summarized in Figure 2. The nanotubes were modified by electrografting from a TBATFB (0.1
M) acetonitrile (HPLC grade, Fisher Scientific) solution containing a mixture of two primary
amines; N-Boc-1,6-hexanediamine (2 mM, Sigma Aldrich) and N-(2-aminoethyl) acetamide (18
mM, Sigma Aldrich). The electrografting was carried out in deoxygenated solution by
potentiostatic oxidation of the amines at +2 V vs. SCE for 180 s. After attachment of the amines
the electrode was washed (acetonitrile) and then the BOC protecting group removed by gently
stirring for 45 min in 4 M HCI in dioxane (Certified ACS grade, Fisher Scientific). In the next step
a 6 carbon-spacer was coupled to the free amine by placing the electrode for 16 h in a DMF
solution of N-Boc-6-aminohexanoic acid (10 mM, Sigma Aldrich), N-(3-dimethylaminopropyl)-N'-
ethylcarbodiimide (EDC, 0.1 M, Sigma Aldrich) and N-hydroxysuccinimide (NHS, 60 mM, Sigma
Aldrich). After coupling, the electrode was washed (acetonitrile then water) and dried before
again removing the BOC protecting group as before (gently stirring in 4 M HCl/dioxane for 45
min). In the final step the maleimide was coupled to the free amine using N-maleoyl-B-alanine
(25 mM, Sigma Aldrich), NHS (60 mM) and EDC (0.1 M) in DMF by immersion for 16 h followed

by washing (acetonitrile then water) and drying.

2.3. MoBOD variants. pPicZa vector and E. coli DH5a and P. pastoris GS115 strains
were obtained from Invitrogen. LB (Luria-Bertani) medium, YPD (yeast extract dextrose)
medium and MMH (Minimal Methanol Histidine) were prepared following the Pichia Expression
Kit (Invitrogen). AKTA purifierl0 UV-900, prepacked HiLoad 26/10 Phenyl Sepharose HP (53
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mL) columns were obtained from GE Healthcare Bio-Sciences AB (Uppsala, Sweden), Amicon
Ultra ultrafiltration columns were from Millipore (Molsheim, France). VivaFlow 200 cassettes
were purchased from Sartorius. UV-visible measurements were carried out using a Cary 100
system (Varian) fitted with a Peltier thermostable multicell holder. Polymerase chain reactions
were carried out in a VWR automated thermal cycler. An Eppendorf electroporator was used to
introduce DNA into E. coli and P. pastoris GS115.

The construction vector for the WT production was previously described.® Briefly the open
reading frame of the BOD (Genbank accession EDJ95889.1) from M. oryzae, deleted from its
first 24 amino acids, was introduced in a pPicZa in Nhel and Notl. A QuickChange site-directed
mutagenesis kit was used for the mutations. For each mutant, two primers were designed for

PCR-based site-directed mutagenesis to create the BOD Cys mutants.

Al64C: Froward : ccccgeccgaggactgcectcaacctceee

Reverse : ggggaggttgaggcagtcctcggcgggg

S362C: Forward : ccaccgccaaaagtgcgagtggegcatc
Reverse : gatgcgccactcgcacttttggcggtgg
N375C: Forward : cctttgccgacgtctgcaaccgcatgcetcgec

Reverse : ggcgagcatgcggttgcagacgtcggcaaagg

The presence of mutations was verified by DNA sequencing after amplification of the DH5a and
the extraction of the plasmid with the Qiaprep spin Miniprep Kit. The pPicZa-mutant was then
linearized and transfected in P. pastoris GS115 strain. Positive clone was selected on YPD-agar
plate with 600 pug/mL zeocin (Invitrogen). A positive clone was cultivated overnight in 50 mL
YPD with 100 pg/ml zeocin overnight at 30 °C and 190 rpm. 5mL of culture was used to
inoculate 2 L of MMH medium with 5 g/l glycerol in a 5 L flask and cultivated 48 h at 30°C and
190 rpm. After 48 h, 0.15 mM CuSO, was added to the culture and the temperature was set at
25 °C. The protein induction was performed with 0.5 % of methanol (v/v) and was repeated daily

for 3 days. The culture was finally centrifuged at 6000 g for 20 min at 4 °C to remove yeast cells.



The culture supernatant was then filtered (0.5 um) and concentrated to 100 mL with a VivaFlow

200 30 kDa before purification. The BODs were purified as previously described.®

2.4. Enzyme assay. The BOD activity was measured at 37 °C in pH 4 citrate—phosphate buffer
(Mcllvaine) using the oxidation of 4 mM ABTS at 420 nm (¢ 420 nm 36 mM™* cm™ ). One unit is
defined as the amount of enzyme that oxidizes 1 mol of substrate in 1 min. The activities were
564430 U/mg for A164C, 516 + 38 U/mg for S362C and 375 + 48 U/mg for N375C. Activities
were also measured in a 100 mM pH 7 phosphate buffer with 90 uM syringaldazine (€ sz3onm = 64
mM*cm™), they were: 8 + 1 U/mg for the WT, 7.0 + 0.6 U/mg for A164C, 7.0 + 0.5 U/mg for
S362C and 6.2 £ 0.8 U/mg for N375C. The BOD variants were stored in 25 mM sodium
phosphate buffer (pH 6.0) at -80 °C. The storage buffer was exchanged for 50 mM, pH 7.0,
phosphate buffer using mini dialysis devices with a PES membrane (10 kDa cut off, Fisher
Scientific). After dialysis, 3 pL of the solution of the selected BOD variant was placed on the
maleimide modified electrode and left overnight to react at 4 °C.

2.5. Oxygen reduction. Measurements of the oxygen reduction currents were made in 200 mM
phosphate, 100 mM citrate (Mcllvaine) buffer solution, pH 7.0. Solutions were sparged with

oxygen for 8 min before measurement to ensure saturation.

Linker

...........................
8 o,

............................

..............................
...........................

.............................

Passivating group

Electrode surface
Electrode surface

Reactive group 3

Electrode surface



Figure 2. Sequential electrochemical and solid-phase preparation of maleimide-modified working
electrodes. 1) Attachment of linker and capping group at the electrode surface via electrochemical
oxidation of N-Boc-1,6-hexanediamine and N-(2-aminoethyl)acetamide in acetonitrile containing
TBATFB, applying a constant potential of 2 V vs. SCE for 180 s. 2) Boc-deprotection of the linker in 4
M HCI in dioxane (45 min), followed by EDC/NHS coupling of 6C- spacer in DMF (16 h). 3) Boc-
deprotection of the spacer in 4 M HCl in dioxane (45 min), followed by EDC/NHS coupling of
maleimide group in DMF (16 h).

3. RESULTS AND DISCUSSION

Three genetically engineered MoBOD variants, S362C, A164C and N375C have been used in
this study. They were modified to bear a free single cysteine residue in different positions on the
enzyme surface (there are no —SH residues on the surface of the wild type enzyme) allowing
site-specific attachment to the maleimide-modified electrodes, Figure 3. The distances between
the T1 site and the cysteine modification are: S362C 1.33 nm, N375C 2.29, nm and A169C 3.98

nm.
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Figure 3. Cartoon representation showing the secondary structure of the three MoBOD variants
and their attachment to the maleimide modified surface. The location of the engineered cysteine
residue on the surface is highlighted in blue. (PyMol visualisations are based on the crystal
structure of MoBOD, PDB code 2L9Y.7)

Multiwall carbon nanotube modified glassy carbon electrodes (GC/MWCNT) were used
because they give a high surface area combined with a relatively low capacitance. These were

modified with maleimide groups following a modular approach combining electrochemical
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surface attachment and solid phase synthesis methodology.'” *® This provides a diluted
coverage of maleimide groups on the surface, allows control over the length of the linker and
allows the surrounding surface to be passivated by modification with other groups chosen to be
compatible with the enzyme. In this case a 10 % coverage of maleimide was chosen with a 6-
carbon spacer together with acetamide passivating groups (Figures 2 and 3) based on our
earlier work with cellobiose dehydrogenase.'’ The coverage was controlled by choice of the
relative concentrations of the two primary amines.?® Note that the tether has a total length of ~3
nm but is flexible so that the distance for electron transfer will be less than this. The use of the
maleimide group allows specific coupling to the free thiol of the surface cysteine at pH 7 without
the need of added reagents providing a very flexible approach to the stable, orientated

immobilization of enzymes at electrode surfaces.

3.1. Direct electron transfer at BOD-modified electrodes. GC/MWCNT electrodes modified
with the BOD-S362C variant were tested for direct electron transfer (DET) and mediated
electron transfer (MET) by cyclic voltammetry in pH 7.0 phosphate-citrate buffer solution. Figure
4 shows results for DET (black and green curves) and MET with 2, 2’-azino-
bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) as the solution mediator (blue and red
curves). Considering the DET first, in oxygen saturated solution (Figure 4A green line) the
current onset starts at around 0.46 V vs. SCE and reaches a plateau at about 0.3 V vs. SCE.
The position of the electro-catalytic wave agrees with that reported in the literature for adsorbed
BOD at carbon nanofiber,'® gold nanoparticle,”* and carbon nanotube® electrodes. Note that
the first voltammetric cycles in the presence of oxygen differ from the second and subsequent

cycles (a point we return to below) and so, unless otherwise stated, the second cycles are

shown.
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Figure 4. Comparison of the results for DET and MET. The black and green curves show DET in
deoxygenated and oxygen-saturated solutions. The blue and red curves show MET in deoxygenated
and oxygen-saturated solutions containing 0.3 mM ABTS for the same electrodes. In each case the
second scan is shown. A) Electrode with BOD variant S362C immobilized by covalent attachment
through maleimide. B) Control electrode prepared using maleimide-modified GC/MWCNT
electrode and wild type MoBOD made by drop casting 3 pL of the enzyme solution on the electrode.
C) Control electrode prepared using bare GC/MWCNT electrode and the S362C BOD variant made
by drop casting 3 pL of the enzyme solution on the electrode. Voltammograms recorded at 10 mV s
Lin pH 7.0 phosphate-citrate buffer.

To verify that the BOD variant was immobilized at the electrode surface through covalent
bonding through the surface cysteine, we carried out two control experiments: using the
maleimide modified electrode with the wild type MoBOD that has no surface cysteine residues
(Figure 4B), and using an unmodified GC/MWCNT electrodes with the S362C MoBOD variant
(Figure 4C). In both these cases non-specific adsorption of the enzyme can occur but not site
specific covalent linkage. The DET voltammetry in oxygen free solution (black curves) shows
very similar background capacitance for the two maleimide modified electrodes (Figure 4A and
B) but slightly larger capacitance for the bare GC/MWCNT electrode (Figure 4C). This reflects
the effect of the covalently attached maleimide and acetamide groups on the MWCNT surface.

In oxygen saturated buffer solution the electrode with the covalently attached S362C
variant and the two control electrodes show clearly different responses. Although direct electron
transfer and catalytic reduction of oxygen is observed in all three cases (Figure 4 green curves)
the responses for the two control electrodes (Figure 4B and C) are lower, more drawn out with
potential, and do not reach a plateau. Clearly the non-specifically adsorbed enzyme is able to
undergo DET but this is not as effective as for the covalently linked enzyme under these
conditions. For the MWCNTSs used we expect the surface to be negatively charged at pH 7%
and this can affect to possible orientation(s) of the adsorbed enzyme.?* ?* The drawn out shape
of the voltammograms for the adsorbed enzyme can be explained in terms of disorder among
the immobilised enzyme molecules participating in DET resulting in a spread of electron transfer
rates reflected by the trailing edge in the catalytic cyclic voltammogram.?® Similar behavior has

27-30

been observed for several multi-centered redox enzymes and even for simpler systems such

as cytochrome ¢ peroxidase.*! Thus, the results in Figure 4 are consistent with covalent binding



of the cysteine-modified MoBOD at the maleimide-modified electrodes in a well-defined
orientation and much faster DET to the covalently bound S362C variant.

To exclude the possibility that the differences in the catalytic currents might be due to
significant differences in the enzyme loadings on the different electrodes we used ABTS as a
mediator.®® This solution mediator should be able to react with all of the enzyme molecules on
the surface of the electrode.*® The same three electrodes were re-tested by monitoring the
catalytic current caused by MET in the presence of 0.3 mM ABTS as a mediator (Figure 4 blue
and red curves). Note that the increasing the ABTS concentration to 0.75 mM had no significant
effect on the catalytic current indicating that mass transport of mediator was not rate limiting.

Looking at the results in the oxygen free solution (Figure 4, blue curves) we can see the
ABTS voltammetry at around 0.45 vs. SCE. In oxygen saturated solution in each case (red
curves) there is a clear catalytic wave around 0.45 V rising to a plateau at more negative
potentials. Comparing the results in Figure 4A for the direct and ABTS mediated oxygen
reduction at the electrode with the covalently bound MoBOD variant S362C we can see that the
ABTS has little effect on the limiting catalytic current indicating that the DET was not rate limiting
at negative potentials. In contrast for the two control electrodes it is clear that the mediated
electron transfer through the ABTS is more effective that the direct electron transfer in both
cases (compare Figures 4B and 4C).

To further confirm the covalent immobilization of the S362C variant on the maleimide
modified electrode surface the stability over time of the electrode was compared with that for the
physically adsorbed wild-type BOD on the maleimide-modified GC/MWCNT electrode. The
electrodes were tested in oxygen saturated buffer at regular intervals and stored in a
deoxygenated wet condition at 4 °C between measurements. Figure 5 shows that the covalent
immobilized enzyme (black curve) shows better stability than the control (red curve) with around
95% of the initial response retained after 3 days storage and around 48% retained after 6 days.
Previous work on engineered cellobiose dehydrogenase immobilised through the
thiol/maleimide linkage on the same type of electrodes has shown stability for over 1 month'’ so
we do not believe that the decrease seen for the immobilized S362C BOD variant can be
attributed to loss of MWCNT from the electrode surface or to cleavage of the thiol/maleimide
linkage. We speculate that in the present case the slow decay of activity is due denaturation of
the enzyme and/or loss of copper from the enzyme-active site; this speculation is consistent

with the findings of several published studies on BOD modified electrodes.>**
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Figure 5. The maximum electrocatalytic activities of the maleimide modified GC/MWCNT
electrodes covalently modified with S362C-BOD variant (black line) and adsorbed WT-BOD (red
line) as a function of the length of storage. Electrocatalytic currents were measured in oxygen-
saturated pH 7.0 phosphate-citrate buffer at 0.0 V vs. SCE.

3.2. The effect of enzyme orientation. Two further BOD variants (see Figure 3 for the
structures) with a cysteine residue introduced at a different location on the protein surface were
investigated to study the effect of the orientation of the enzyme on the surface. The three
different variants, S362C, A164C and N375C place the T1 copper site of the enzyme at different
distances (S362C closest, A164C furthest) from the electrode surface. The three variants were
immobilized onto maleimide modified GC/MWNT electrodes as before. Figure 6 shows
voltammetry for the three electrodes in pH 7.0 buffer in the oxygen-saturated solution for both
DET (green curves) and for mediated electron transfer with ABTS (red curves). Note that these
results were reproduced on at least two replicate electrodes for each variant. All three variants
show bioelectrocatalytic activity towards oxygen reduction in both DET and MET starting at
onset potentials of around 0.46 V vs. SCE. For the A164C and N375C variants the DET current
does not reach a plateau (Figure 6B and C, green curves) indicating that interfacial electron

transfer was slower® *” than for the S362C variant.

Comparing the results for mediated electron transfer at the three electrodes (Figure 6, red
curves) the currents for the S362C and A164C variants are very similar, indicative of similar
loadings for the two variants. Thus we can conclude that the fast direct electron transfer

achieved for the S362C variant is due to a more favourable orientation of this variant on the
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surface of the electrode rather than due to higher enzyme surface coverage. This can be
attributed to the different orientation of the BOD variant on the electrode surface that places the
T1 site closer to the electrode surface (Figure 3). The MET current for the N375C variant is
notably smaller (Figure 6C) and this result was confirmed in replicate measurements and using
different preparations of the N375C. It can be explained by the lower activity of this mutant due

to the mutation and/or by some hindrance in coupling to the cysteine residue at this position.
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Figure 6. Typical cyclic voltammograms showing the response of GC/MWCNT electrodes for
various covalently immobilized variants: (A) S362C, (B) A164C and (C) N375C to ORR in oxygen-
saturated (red) and deoxygenated (black) pH 7.0 phosphate-citrate buffer solution, and after the
addition of 0.3 mM ABTS (red), scan rate of 10 mV s'L. In each case the second scan is shown. The
GC/MWCNT electrodes were prepared by drop casting of 5 pL of 1 mg mL-t MWCNT dispersion
onto the cleaned surface of GC. The MoBOD variants were immobilised at the electrode surfaces via

the thioether bond.

3.3. Effect of solution pH. It is widely believed that the cathodic current onset at around 0.46 V
vs. SCE at pH 7 (see Figure 4) corresponds to the BOD-T1 site.***! Indeed, it has been difficult
to obtain electrochemical evidence for BOD electroactivity at lower potentials. However, some
authors have tried to assign peaks in the range 300-500 mV vs. Ag/AgCl to the BOD-T3 site®
4243 and peaks in the range 100-300 mV vs. Ag/AgCl to the BOD-T2 site.** *?

In this study we investigated the pH dependence of the DET oxygen reduction for the
immobilized S362C variant over the range pH 4.0 to 7.6 (Figure 7A). Whilst the limiting current
for oxygen reduction remains practically constant at about 16 pA the onset potential for O,
reduction clearly shifts with pH (Figure 7B). Between pH 6 and 7.6 (using a universal buffer

system, phosphate (200 mM)-citrate (100 mM) (Mcllvaine) buffer) the onset potential shifts by
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about -57 mV for each unit change in pH corresponding to a 1e/1H" process. In the region
between pH 4 and pH 6 the shift is less, about -28 mV for each unit change in pH. Similar, sub-
Nernstian responses have been reported for T1 Cu sites in other multicopper oxidases® ** 4°
and are probably due to the involvement of protonation/deprotonation of amino acid residues in

the neighbourhood of the T1 site.

In a recent study Filip and Tkac*® observed a decrease of the redox potential for the T1
site with pH with a slope of -66 mV/pH in two different buffer systems (acetate and HEPES) for
pH between 5.0 and 7.5. . In another study Weigel et al.*’ reported a slope of -54.5 mV/pH for
the dependence of the T1 site in BOD over the range pH 4.0 to 8.0 in citrate-phosphate buffer.
However, Shleev et al.* reported a variation of the BOD-T1 site potential with pH of -23 mV/pH
in a universal buffer (phosphoric, boric and acetic acids) for pH between 4.2 and 7.0. These
differences could be due to the different enzyme immobilization methods and/or the different

buffers used for the measurements.*®
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Figure 7. (A) Cyclic voltammograms of S362C at maleimide-modified GC/MWCNT electrode in
various oxygenated solutions (pH 4.0, 5.0, 6.0, and 7) at 10 mV s-1. In each case the second scan is
shown. Measurements were performed in universal buffer system (200 mM phosphate, 100 mM
citrate (Mcllvaine buffer). Note potentials are with respect to SMSE to avoid contamination by Cl-
(see text). (B) The onset potential of reduction of O, plotted vs. pH.

The clear break in the pH dependence of the onset potential seen at pH 6.0 in Figure 7B
indicates a change in the protonation state of the species involved in the redox process. The pH
dependence seen here is consistent with published studies of other copper enzymes, such as

azurin®®*® or CueO” but, to the best of our knowledge, there are very few studies of the effect
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of the amino acids involved in proton-coupled electron transfer in electrochemical studies of
BODs.

In a recent study Cosnier et al.*

suggested that a pKy of 6.0 (where K. is the proton
dissociation constant for the oxidized form of BOD-T1 copper) is related to the protonation of an
amino acid, such as histidine (His) in the vicinity of the BOD-T1 copper center (see Figure 8),
which effects structural rearrangement of the copper during the redox process. In addition, there
is agreement that two acidic amino acids, namely, glutamic acid (Glu) and aspartic acid (Asp),*®

both highly conserved amongst all MCOs,**>?

are crucial for the enzymatic activity with
participation in proton transfer during catalysis. For MoBOD as used here, Glu/464 and Asp/107
are present in close proximity to the trinuclear cluster (TNC), Figure 8. In their work Filip and
Tkac* suggested that the Asp identified in the exit channel of MvBOD-TNC is involved in the
reductive separation of the oxygen-oxygen bond at acidic pH, in supporting protonation of the
hydroxyl groups bound to the BOD-T2 copper ion, or in governing protonation of a Glu residue
and in the activation of the proton of the BOD-T2 bound water at high pH. However, Glu located
in the O, entrance channel of the MvBOD-TNC was shown to be involved in a proton transfer to
the peroxide during the reductive separation of the oxygen-oxygen bond at around pH 7.%% >
Hence, the break point observed at pH 6 (Figure 7B) could be attributed to the protonation of
the His/463 in the vicinity of the T1 copper or the Glu/463 or Asp/107 residues; although in the
latter case it is not clear how amino acids identified in the BOD-TNC influences the BOD-T1
electrochemistry even though it is known that the T1 site is firmly interconnected in terms of

electrochemical disruption to the BOD-TNC.*® %

Figure 8. A schematic representation of BOD with the Cu active sites and positions of Asp 107, Glu
464 and His 463 amino acids in the enzyme shown. The BOD structure was rendered with PyMol
software, PyMol visualisations are based on the crystal structure of MoBOD, PDB code 2L9Y.”
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3.4. The effect of chloride. The study of the pH dependence discussed above was initially
carried out using an SCE reference electrode. However, unusual behavior was observed in the
voltammetery at pH 4 that was traced to chloride contamination from the reference
electrode.These effects disappeared when the reference electrode was changed to SMSE. The
effects of pH and chloride ions on the BOD activity are of great importance, particularly for the
application of BOD-based bio-cathodes operating in physiological conditions,® yet, apart from a
very recent contribution,'® there has not been a detailed study undertaken to understand the
related effect of CI” and pH on the electrochemistry of immobilized BODs.

The influence of chloride concentration on the electrocatalytic activity of the covalently
immobilised S362C variant was investigated. Figure 9 shows the results for electrocatalytic
oxygen reduction at pH 4, 6 and 7 at different concentrations of chloride. It is clear that the
inhibition by CI" is more pronounced at lower pH suggesting that it could be related to the amino
acid residue protonation below pH 6.0 discussed above. At pH 4, before the addition of NaCl,
the onset for O, reduction is observed at 0.6 V vs. SCE (Figure 9A, black curve) and a sigmoidal
wave, typical of the catalytic reduction of O, is observed. Upon addition of 1.5, 5, and 10 mM
NacCl to the solution, a progressive decrease in the catalytic current occurs. Furthermore, on the
forward scan, the onset for O, reduction shifts by -50, -100, and -120 mV respectively. However
the reverse scan is less influenced by NaCl, suggesting that O, reduction is more efficient after
the enzyme has been exposed to reducing potentials.

This unusual CV shape indicates an inactivation/reactivation of BOD for O, reduction
similar to the behavior observed with the thermostable BOD from Bacillus pumilus adsorbed on
a graphite electrode modified with CNFs.'® Taking into account that both CI” and OH™ bind to the
T2/T3 TNC Cu cluster and obstruct electron transfer from the T1 site to the TNC without
affecting the ability of TNC to bind O,, it can be concluded that the inhibition by chloride is due

to the formation of an alternative resting form of the enzyme.
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Figure 9. Voltammograms showing the response of GC/MWCNT/S632C-BOD electrode for oxygen
reduction in oxygen saturated phosphate-citrate buffer solution (A) pH 4 (B) pH 6 and (C) pH 7
(black lines) and after the addition of different C1~ concentrations (coloured lines), scan rate 10 mV
s'L. In each case the second scan is shown. The GC/MWCNT electrode was prepared by drop casting
of 5 pL. of 1 mg mL! MWCNT dispersion onto the cleaned surface of GC. The S362C-BOD was
immobilized on the GC / CNT electrode using covalent attachment.

A number of investigations® * ** " have explored the precise details of the electron
transfer steps in BOD. Starting from the fully reduced state, reduction of O, occurs at the TNC,
T2/T3 copper center, in two, sequential two-electron steps, where the first two-electron step
produces the peroxide intermediate (PI). In the second two-electron step, the O-O bond is
rapidly cleaved leading to the formation of water leaving the enzyme in the native intermediate

(NI) state.®® A sequence of steps of oxidation of substrate at the T1 site and four sequential
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transfers of electrons to the TNC then completes the catalytic cycle™, Figure 10. In the absence

of substrate the NI state slowly transforms into a resting oxidized state (RO).

RO

l cl-
2e-

AR

more -V&  Fully Reduced
potentials <—/€"

Figure 10. The MoBOD catalytic cycle showing the relationship between the different states of the
immobilized enzyme. The transformation of NI to RO is slow on the voltammetric timescale.

Spectroscopic characterization, supported by crystallographic data, suggests that for
MoBOD there are two, distinct, inter-convertible resting forms: the RO form and the AR form,
detected in the as-isolated enzyme and upon CI” addition to the RO form.™ > ** For this
alternative resting (AR) state it has been demonstrated that the TNC is partially reduced
whereas in the RO state all three TNC Cu sites are oxidized.>” Thus, once the immobilized
enzyme enters the AR resting state it cannot re-enter the catalytic cycle until it is fully reduced at
more negative potentials and the existence of these resting states shows up in differences
between the first and subsequent potential cycles. This is consistent with the observation of
Kjaergaard et al.' of a lower potential TNC Cu which needs to be reduced in the AR before the
enzyme rejoins the catalytic cycle, whereas the RO form is re-activated at the higher potential of
the T1 Cu.

Figure 11 shows the response of an S362C-BOD madified GC/MWCNT in oxygenated pH
7.0 phosphate-citrate buffer. The voltammetry on the first scan (black) and second (red) scans
are different, with onset of catalytic current at around 425 mV vs. SCE on the first scan, shifting

to 470 mV on the second scan. This is consistent with the existence of the two resting forms,

17



RO and AR, where the AR form present on the first scan (black curve) needs a be reduced at a
low potential in order to rejoin the catalytic cycle and to be active for O, reduction whereas the
RO form present on the second scan (red curve) is catalytically active from the start. Thus the
peculiar CV shape in the presence of chloride (Figure 9A) and the reactivation process at low
potential (Figure 11), may be attributed to the coexistence of the two resting forms of the

enzyme, RO and partially oxidized AR, as previously identified for MoBOD.*

10 |
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Figure 11. Typical cyclic voltammograms showing the response of a GC/MWCNT/BOD electrode to
ORR in deoxygenated (green line) and oxygenated 200 to100 mM phosphate-citrate (Mcllvaine)
buffer solution, pH 7.0, first scan (black line), second scan (red line)at 10 mV s-1. The S362C- BOD
was immobilized on the GC/MWCNT electrode using covalent attachment. The experiment was
conducted in the absence of Cl- using an SMSE as reference. The potentials have been converted to
the SCE scale for ease of comparison.

Returning to Figure 9, at pH 6 and 7 (Figure 9B and C) the MoBOD remains in its oxidized
resting state even after addition of CI” on the timescale of the experiment so we do not see such
a marked effect. Similar results have recently been reported for Bacillus pumilus BOD by Lojou

et al."’ as a first indication that the inter-conversion between the two resting forms generated by

addition of NaCl is pH-dependent. Indeed, RO/AR reciprocal conversion is not particular or
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unique to MoBOD. It is a common feature of BODs as well as other MCOs containing four
coppers. For instance the same effect has been reported of laccase from Bacillus subtilis™® and

Myrothecium verrucaria.'*
4. CONCLUSIONS

In this work we have extended the generic approach for the site-directed immobilization of
enzymes based on the modular modification of the electrode using electrografting of amines
and solid phase synthesis methodology together with the coupling of cysteine residues,
introduced at the enzyme surface using site directed mutagenesis, to maleimide groups at the
electrode surface. We have shown that this approach leads to the stable attachment of bilirubin
oxidase from Magnaporthe oryzae (MoBOD) to the electrode surface and that the immobilised
MoBOD is active for bioelectrocatalytic reduction of di-oxygen through direct (unmediated)

electron transfer from the electrode.

Three different MoBOD variants were studied where the site of mutation was chosen to
allow immobilization of the enzyme in three different orientations. Significant differences are
observed for the three variants with the S362C variant in which the enzyme is oriented with the
T1 Cu site closest to the electrode surface giving the fastest direct electron transfer. In contrast,
for the A164C variant, in which the enzyme is oriented with the T1 site away from the electrode,
the kinetics of DET were much slower leading to a drawn out catalytic current that only slowly
increases with increasing overpotential. The final variant (N375C) was found to be less active
possibly because of perturbation to the tertiary structure caused by the mutation and/or less

efficient coupling to the surface.

The very good stability of the immobilized enzymes allows a detailed study of the kinetics of the
electrocatalytic oxygen reduction both for comparison of DET and MET pathways and for
systematic studies of the effects of pH and CI". Our studies show that there is a change in the
slope of the potential vs. pH plot of the electrocatalytic oxygen reduction wave at pH 6.0 from -
28 mV to -57 mV per pH unit indicating the influence of an amino acid residue, possibly histidine

463, glutamate 464 or aspartate 107, in the catalytic cycle.

Our work also highlights the effect of CI” on the direct oxygen reduction by MoBOD as a
function of pH for the immobilized enzyme. We have shown that for the immobilized MoBOD the

resting oxidized (RO) form transforms into the alternative resting (AR) state in the presence of
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CI” and that a more negative potential is required to reduce the AR state and reactivate it for

electrocatalysis of oxygen reduction.
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