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1. SUMMARY

This report summarizes the objectives, progress, and outcome of technical effort performed by
Universal Technology Corporation (UTC) under prime contract FA4819-11-C-0003, for the
period 3 January 2012-31 September 2013. The primary goal of the effort was to advance the
utility of enzymatic fuel cells (EFCs) for power generation. The work describes how
understanding fundamental biological and biophysical phenomena can be used to develop
rational biotechnology solutions for Air Force requirements. Particular emphasis throughout is
the integration of catalytically active biomolecules with support matrices and the utilization of
these hybrid materials for development of EFCs. This report is further to technical report AFRL-
RX-TY-TR-2012-0039 (DTIC # ADB384217).

This report summarizes research and development of EFCs, specifically in optimization of a
‘small laccase’ (SLAC) from Streptomyces coelicolor as a cathodic catalyst. The work includes
an optimized method for purification of homogeneous SLAC that improves on current published
methods. Previous recombinant expression and purification of SLAC has resulted in the isolation
of various forms of the enzyme that differ in amino acid length and polymeric structure, caused
by post-translational modifications of the protein. Recombinant expression systems were
developed whereby SLAC was truncated at both termini to mirror the native enzyme. Codon
usage was optimized to allow recombinant expression in Escherichia coli. The improved
expression and purification method provides a protein preparation that consists of one form of
the holoenzyme with more-consistent oxidative and electrochemical properties.

SLAC has a distinctive blue color that arises from very specific ligand-to-metal coordination
within the protein structure. In copper-containing proteins, the interaction between the axial
ligand and the copper (Cu) is dependent on several factors, including the identity of the ligand,
the distance between the ligand and the Cu, the local protein environment, the protein structure,
and the pH of the surrounding solution. In SLAC, the interaction with the type 1 (T1) Cu is via a
weak axial methionine (M) ligand, but computational results suggested that the changes in the
axial amino acid of the T1 Cu site would strongly influence the redox potential. Validation of the
theoretical observation was undertaken by experimental investigation to determine the effect of
specific mutations on the redox potential of the T1 Cu site. The overarching goal of increasing
the redox potential is to increase the half-cell potential, and hence overall productivity, of an
EFC. The electromotive force that drives the performance of an EFC is dictated by the inherent
thermodynamic potential of the enzyme’s redox center. Thus, increasing the redox potential of
multicopper oxidases by engineering the enzyme would have a significant impact on EFC
technological development.
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2. INTRODUCTION

Enzymatic fuel cells (EFCs) provide a technology solution to small, lightweight, sustainable
sources of power that use simple renewable fuels. EFCs have two primary operational
advantages over alternative technologies for generating power from organic substrates: high
conversion efficiency and operation at ambient temperatures. Conventional fuel cells use
inorganic catalysts and precious metals in anodic and cathodic half-reactions separated by a
barrier that selectively allows passage of positively charged ions. EFCs follow the same basic
principle but redox enzymes catalyze the electrochemical processes. EFCs use specific
enzyme(s) that, when electrically contacted with an electrode, will oxidize energy-rich abundant
organic raw materials such as alcohols, organic acids, or sugars in the anode. In the cathode,
substrates such as molecular oxygen (O2) or hydrogen peroxide (H202) are reduced. In
combination with the anodic reaction, this process generates electrical power (voltage and
current) [1].

Although enzymes have been tailored by Nature to serve as selective biocatalysts, coupling that
inherent activity with a functional surface (such as an electrode) can be technically challenging.
To integrate biocatalysis and electrochemistry, a mechanism of direct bioelectrocatalysis is
preferable, in which direct electron transfer (DET) is achieved between the enzyme catalytic
center and the conductive support. Several factors, however, influence the electron transfer
kinetics of DET, including the distance between the enzyme redox center and the electrode, the
difference between the potential of the electron donor and the electron acceptor, and the
reorganization energy of the protein and the surrounding solvent molecules [2]. It is important,
therefore, to evaluate various electrode designs, including electrode material and enzyme
tethering methods, to optimize the electron transfer kinetics. Previous reports have demonstrated
that the efficiency of DET is enhanced between carbon nanostructures, specifically carbon
nanotubes (CNTs) and redox enzymes [3—6]. Although effective DET on CNTs has been readily
demonstrated at the laboratory scale, the further application of this technology requires simple,
easy-to-fabricate, scalable architectures and rational design. The current most feasible concept is
to press CNTs into a planar sheet, known as buckypaper (BP) [4-8]. BP is held together via
physical forces (namely van der Waals attraction) and interlocking CNTs, and provides high
conductivity that negates the need for additional current collectors. However, a robust tethering
method to provide an optimal electronic connection is required between the enzyme redox center
and the conductive support to stabilize the biocatalyst on the CNT surface. One such tethering
method employs a heterobifunctional cross-linker, 1-pyrenebutanoic acid, succinimidyl ester
(PBSE). In prior technical efforts, PBSE was used to immobilize multicopper oxidases (MCOs)
on nanostructured carbon electrodes to produce enzyme-modified cathodes with high current
density [3, 4, 8—10].

2.1. Cathodic Catalysts: MCOs

The industrial and technological applications of MCOs include the oxidation of industrial
substances [11, 12], and the development of EFC cathodes for use in environmental settings [8]
or implantable devices [13—17]. The immobilization of biocatalysts on nanostructured carbon
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architectures can produce electrodes used to generate power in EFC. Fuel is oxidized (or
reduced) on the surface of the electrode with concomitant transfer of electrons to (or from) the
electrode via a tunneling event. MCOs are biocatalysts that reduce oxygen in a four-electron—
four-proton reaction in the presence of an electron donor [18]. The electron donor reduces the
type 1 (T1) Cu center from Cu(II) to Cu(I). The T1 complex is conserved in all MCOs and
involves three amino acid residues—two histidine (H) and one cysteine (C) [19]. The T1 Cu
center is reduced by the electron donor, and the electron is then transferred to three other Cu
centers, classified as type 2 (T2) and type 3 (T3), via an intramolecular transfer mechanism
involving the Cu—C bond [18, 20, 21]. The reduction of diatomic oxygen takes place at the
T2/T3 Cu cluster and is often considered to be the rate-limiting step in the electron transfer
pathway. The application of MCOs as oxygen reduction catalysts to generate cathodic current is
a highly desirable technology given the relatively positive onset potential compared to carbon
alone. Several MCOs have been applied as oxygen reduction catalysts, including bilirubin
oxidase and phenol oxidase; however, the operating conditions are limited to acidic, CI -free
environments. As an MCO, SLAC reduces oxygen under neutral conditions in both mediated and
DET bioelectronic systems [22].

2.1.1. SLAC

Identification and isolation of SLAC from the soil bacterium Streptomyces coelicolor A3(2) was
first reported by Machczynski, et al. [23]. The enzyme is unique in the family of laccases and
four-copper oxidases, in that it is constructed of two domains rather than three, and exhibits an
exceptionally high phenol oxidase activity at pH 9.4 against 2,6-dimethoxyphenol (DMP). In
addition, SLAC is reported to be resistant to inhibition by chloride ions in both biochemical and
electrochemical settings [23, 24]. High relative activity at neutral pH and resistance to chloride
inhibition render SLAC suitable for various applications, such as EFCs and implantable devices
that operate in physiological conditions [13—16].

Diversifying the operating scenarios requires that the interaction of each MCO with the electrode
surface be understood to allow selecting the best available enzyme to thrive in the target
conditions. Whereas SLAC retains the aforementioned desirable aspects, the open circuit
potential (OCP) of SLAC-coated CNTs is ~0.15 V lower than an alternative MCO in identical
conditions [23-25]. Structural and bioelectrochemical aspects of SLAC that lead to its unique
kinetics and redox potential compared to other MCOs are central features of this study.

A desirable attribute of SLAC lies in its bacterial origin: the gene can be amplified, cloned,
expressed, and ultimately purified from Escherichia coli. The mass of SLAC was estimated by
mass spectrometry to be 32 kDa, but this is significantly lower than expected from the sequence
(36.9 kDa). N- and C-terminal sequencing analysis determined that the purified protein loses a
significant portion of the N-terminus and C-terminus (34—42 amino acids, and 7 amino acids
respectively). In addition, the enzyme in solution is a highly thermostable dimer. Gel filtration
chromatography confirmed the mass of the holoenzyme to be 69 + 8 kDa and a protein band
representing the dimer migrated intact after heating the protein preparation and measuring the
size by SDS-PAGE (sodium dodecyl sulfate—polyacrylamide gel electrophoresis). In a gel
activity stain with 3,4-dihydroxyphenylalanine, activity was retained in the dimer protein band,
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yet the monomer protein band was inactive [12]. Subsequent studies on SLAC led to conflicting
measurements of the monomer size and multimerization of the protein. In a 2008 study by Dubg,
et al., for example, the SLAC gene was cloned into a Streptomyces expression-secretion vector
and purified from the native strain with a monomer molecular weight of 32 kDa [12]. The
enzyme exhibited optimal catalytic efficiency for DMP oxidation at pH 9 and appreciable
activity was retained at 70 °C. The results were consistent with those reported by Machczynski,
et al. [23]. In contrast, the Dubé study did not report a dimer band in SDS-PAGE gels and
activity staining with 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) confirmed activity of
the preparation, but the assay was completed on a native PAGE gel and the size of the active
band was not determined. In contrast, recombinant expression of SLAC in Aspergillus oryzae
resulted in a truncated protein with activity observed only in the trimeric form [11]. The trimeric
structure of SLAC is stabilized by unique loops connecting neighboring protein chains. SLAC
possesses several unique structural characteristics; for example, the Cu centers are located near
the surface of the central part of the assembled trimer, making the substrate binding site more
accessible to solvent than similar proteins. In fact, SLAC lacks an a-helical region above the T1
complex, which exposes an H residue (H293) on the surface of the protein (Figure 1). The
shallow substrate binding pocket can interact with smaller substrates via van der Waals forces,
whereas larger substrates likely interact with more than one protein chain.

C288 in back

Figure 1: Representation of SLAC in the Assembled Trimeric Form (A) and the Amino
Acids Associated with T1 Catalytic Copper Site (B)

SLAC has a distinctive blue color that arises from the ligand-to-metal charge transfer (LMCT)
between cysteine and Cu and particular overlaps between the Cu—C orbitals [11, 23, 26-31]. The
d—d transition energies are relatively low and result in an absorbance band in the near infrared
(IR) region of the visible spectrum. In Cu-containing proteins, the interaction between the axial
ligand and the Cu is dependent on several factors, including the identity of the ligand, the
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distance between the ligand and the Cu, the local protein environment, the protein structure, and
the pH of the surrounding solution. In SLAC, interaction with the T1 Cu is via a weak axial
methionine (M) ligand, M298 (Figure 1). Engineering of the T1 redox center can be facilitated
by computational investigation [19]. Reduction potentials of the azurin T1 Cu center, for
example, were examined by replacing the axial ligand and several other residues in the redox
center [32]. In spite of the comprehensive nature of the study, a clear pattern that could be
applied toward the systematic tuning of the T1 Cu site was not established due to indirect effects
contributed by protein conformations.

Results from various simulations determined that the axial amino acid of the T1 Cu site (M298 in
SLAC) strongly influences the redox potential [26, 32—34]. In addition, prior calculations
demonstrated reasonable suppositions of the effect of altered redox potential through variation of
neighboring residues; namely, the proximate M 198 and T232 (Figure 2). Calculated electron
affinities based on the crystal structure of SLAC postulated that mutations of M198 and T232
could potentially increase the redox potential of the T1 Cu site in SLAC. Molecular dynamic
trajectory analyses demonstrated a larger expected T1 Cu potential when M 198 and T232 were
changed to valine (V) and leucine (L), respectively.

5
DISTRIBUTION A: Approved for public release; distribution unlimited.

AFCEC-201916; 14 June 2019.



Figure 2: Hydrophobic Binding Pocket in SLAC and Suggested Amino Acids for Variation
Based on the X-ray Crystal Structure for Various Model Compounds of SLAC (19).

A review of axial ligands in several MCOs revealed that the presence of a phenylalanine (F)
residue in the axial ligand position (such as in laccase from Trametes versicolor), correlated with
a higher redox potential than other MCOs, namely a Cu-dependent laccase of Bacillus subtilis
(CotA), laccase from Escherichia coli (CueO), and SLAC, which all have M axial ligands.
Therefore, the replacement of the M298 axial ligand with F was proposed. In addition to the
axial ligand, other proximal amino acid residues in the T1 binding pocket were considered.
Removal of the hydrogen bond between T232 and C288 (a Cu-binding C residue), for example,
could increase the electron density of the T1 Cu complex and/or enhance the mobility of the
protein backbone. Herein, we replaced the M298 axial ligand with a hydrophobic F residue
(M298F) and investigated the resulting biocatalytic, optical and electrochemical changes. We
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also investigated a double mutant, M298F-T232V, in which T232 was replaced with a small,
hydrophobic V residue.

Lastly, theoretical calculations suggested that the blue Cu SLAC can be transformed into a
‘green’ Cu protein by replacing the relatively weak axial ligand with a stronger axial ligand or
decreasing the distance between the ligand and the reactive T1 Cu atom. Validation of the
theoretical observations was undertaken by experimental investigation to determine if mutations
at these residues would increase the redox potential of the SLAC T1 Cu site.
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3. METHODS, ASSUMPTIONS, AND PROCEDURES
3.1. Amino Acid Abbreviations
For clarity, a summary of amino acid abbreviations used throughout is summarized in Table 1.

Table 1. Amino Acid Abbreviations

ABBREVIATIONS

AMINO ACID 3-LETTER 1-LETTER
Cysteine Cys C
Histidine His H
Leucine Leu L
Methionine Met M
Phenylalanine Phe F
Threonine Thr T
Tyrosine Tyr Y
Valine Val \%

3.2.  Preparation of SLAC Variants

The SLAC gene used in this study was synthesized de novo by GenScript (Piscataway, NJ). The
gene was engineered by encoding an M and residues 42—317 of the full-length protein sequence
(GenBank accession # CAB45586) and adding stop codons at the 3’ terminus. Codon
optimization for E. coli was also completed by GenScript using a proprietary OptimumGene™
Gene Design algorithm. This wild type (WT) gene variant was cloned into pET15b (Novagen,
EMD Millipore, Billerica, MA) at the Ndel and BamHI recognition sequences. Mutant genes
with axial ligand replacements were synthesized in the same manner as the WT with the
following changes: a single mutant was created in which M298 was replaced by an F and a
double mutant was created by replacing T232 of the M298F mutation by a V (M298F-T232V).
Proximal residue replacements included five purified and expressed variants—M198L, T232V,
T232F, M198L-T232V, and M198L-T232F. Y229C, a variant in which a surface tyrosine (Y)
residue was replaced by a C residue, was also synthesized. Truncated mutations of the SLAC
gene were synthesized de novo by GenScript as above.

Growth media was manufactured by Difco (Becton, Dickinson and Company, Franklin Lakes,
NJ) and all other chemicals were purchased from Sigma—Aldrich (St. Louis, MO) unless
otherwise noted. E. coli was cultured in double-strength yeast tryptone broth supplemented with
chloramphenicol (0.034 g L") and ampicillin (0.1 g L™!). All cultures were grown at 37 °C with
shaking unless otherwise noted. An overnight culture (15 mL) of E. coli BL21 (DE3) pLysS Star
(Invitrogen, Thermo Fisher Scientific, Waltham, MA) was transformed with each plasmid in a
separate 1.5-L culture. When the optical density (OD; 600nm) reached ~1.5, 0.8 mM of isopropyl
B-D-1-thiogalactopyranoside was added and the temperature was decreased to 25 °C. After 16 h
of incubation, the cells were pelleted and resuspended in sodium phosphate buffer (10 mM, pH
7.2) (PhB) with 1 mM CuSOs, DNase (0.30 g), RNase (0.03 g), and 1 mL of protease inhibitor
cocktail. Cell-free extracts were made by passing cell suspensions twice through a French press
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at 16 kpsi cell pressure (SLM Instruments, Inc. Urbana, IL). Cell-free extracts were centrifuged
at 15,000 rpm for 30 min using a Sorvall SS-34 rotor and RC 5B plus centrifuge (Thermo Fisher
Scientific) and supernatant was collected and dialyzed against three exchanges of PhB (2 L),
containing 1 mM CuSO4s4 (step 1), followed by 1 mM ethylenediaminetetra-acetic acid (EDTA;
step 2), and finally with PhB only. Lysate volumes were reduced in an Amicon Ultra 15 spin filter
concentrator (10k MWCO, Amicon Ultra 15, Millipore EMD, Billerica, MA) according to the
manufacturer’s instructions. Concentrated lysates were diluted (1:1) with 20 mM potassium
phosphate buffer, 500 mM NaCl, and 20 mM imidazole at pH 7.2 (equilibration buffer; EqB) and
loaded onto a cobalt—nitrilotriacetic acid affinity column (GE Healthcare, Piscataway, NJ). All
column chromatography was completed on a Pharmacia Biotech HPLC System (Uppsala,
Sweden). Polyhistidine (His-tag) column purification was completed according to the
manufacturer’s instruction. Fractions containing SLAC variants were eluted with EqB containing
500 mM imidazole. Fractions were concentrated using spin filter concentrators as described
above and repeatedly diluted with 10 mM sodium phosphate (pH 7.5) and concentrated until the
imidazole and NaCl concentrations were below 50 uM. Final concentration was completed using
spin filter concentrators until the protein concentration was greater than 10 mg mL™!. The product
was stored at —20 °C until further use.

3.2.1. SLAC Activity Assays

Syringaldazine assays were performed on a Synergy 4 Microplate Reader (Biotek Inc.,
Winooski, VT). The assay was completed in 96-well microtiter plates with 3—10 mg mL' SLAC
using a standard protocol (Sigma—Aldrich, SPSYRIOI) and a total reaction volume of 0.3 mL.
Changes in optical density were monitored at 530 nm. Activity assays containing DMP were
completed with the same protocol using 5 mM DMP as the substrate.

3.2.2. Spectrophotometric Characterization of SLAC

SLAC variant solution concentrations and purity were determined spectrophotometrically at 590
nm (e = 4400 M! cm™) and at 280 nm (e = 1000 M™! cm™). The absorbance value at 590 nm is
indicative of the T1 Cu center and was used to determine the concentration of active SLAC
monomer. Total protein concentration was determined at 280 nm and purity was determined by
the ratio of the two concentrations (Cs9onm/C2s0nm). pH titration curves were established as
follows: purified SLAC solutions (M298F, 8.5 mg mL"!; M298F-T232V, 7.0 mg mL™") were
added to 0.1 M buffer (phosphate/citrate at 3<pH<8; Tris at pH 9) and allowed to equilibrate for
16 h at 4 °C. An aliquot of SLAC suspension (0.1 mL) was loaded into a 0.1 mL quartz cuvette
(path length = 0.1 cm) and placed in a Jasco EMC-759 Ultra Microcell Holder (Jasco Products
Company, Oklahoma City, OK) and scanned from 700 nm to 340 nm using a Jasco V-670
spectrophotometer and associated software.

3.3. PBSE Modification of BP Electrodes

Circular discs (A = 0.13 cm?) of various CNT BP materials consisting of: 1) BP prepared from 100%
multiwalled CNTs (MWBP), 2) BP prepared from single-walled CNTs (SWBPs), and 3) BP
prepared from 100% oxidized or “functionalized” multiwalled CNTs (MWBP-F) (Buckeye
Composites; NanoTechLabs, Kettering, OH). Electrodes were conditioned in PBSE (10 mM in
dimethylsulfoxide [DMSO)]) for 1 h at room temperature, blotted to remove excess PBSE/DMSO
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and rinsed in potassium phosphate buffer (10 mM, pH 7.0) (10). After rinsing in buffer, the BP
electrodes were immediately incubated with SLAC (2 mg mL™! (based on the absorbance at 590
nm)) for 2 h at room temperature. Electrodes were used immediately or stored in buffer used for
electrochemical measurements at 22 °C.

3.4. Electrochemical Analysis

Enzyme-functionalized BP circular electrodes were placed on a glassy carbon disk electrode
(Metrohm USA, Riverview, FL) and secured with a Teflon® cap fabricated to fit. A reference
electrode Ag/AgCl (Metrohm) and a platinum wire counter electrode (Metrohm) completed the
three-electrode system. The electrodes were placed in an electrochemical chamber (50 mL
European five-neck flask; Ace Glass, Vineland, NJ). Electrochemical characterizations were
carried out using a potentiostat (Versastat 3, Princeton Applied Research; Oak Ridge, TN) and
the associated software. All potentials were reported vs. Ag/AgCl throughout. All electrochemical
characterizations were performed in oxygen-saturated electrolyte. OCP, cyclic voltammetry
(CV), and steady-state current densities were obtained by using a freshly prepared electrode for
each analysis set. OCP measurements were performed by allowing the recorded voltage to
stabilize for 30 min. CV scan rates were 5 mV/sec. Current densities were obtained by applying
0.15 V for 10 min intervals. Electrochemical activity measurements were performed in 0.1 M
Mcllvain’s buffer for pH values 4.3, 5, 6, 7, and 8 in the presence of bubbling O2. OCP, CV, and
steady-state current density were obtained using a fresh electrode for each pH value. CVs were
used to determine onset potentials and half-wave potentials. Onset potentials were defined as the
voltage value corresponding to a change in current equal to three times the standard deviation of
the average current at 0.4 V. Half-wave potentials (or the inflection point in a sigmoidal
function) were determined by taking the second derivative of the cathodic sweep as zero.

3.5. Scanning Electron Microscopy (SEM)

BP samples were sputter-coated with gold for 30 s using a Desk-V gold sputter (Denton
Vacuum, LLC, Moorestown, NJ) and imaged with a S-2600N SEM (Hitachi High Technologies,
Inc., Pleasanton, CA) at an accelerating voltage of 25 kV.

3.6.  Characterization of Y229C SLAC on Gold Nanoparticles (AuNPs)

The orientation of Y229C SLAC on gold was verified with SLAC—AuNP suspensions. SLAC
proteins were conjugated to AuNPs (20 nm; ~1 As2o units mL ") with and without the addition
of dithiothreitol (DTT) [35]. WT SLAC and Y229C (60 uM) were incubated with 10 mM DTT
in 10 mM phosphate buffer (pH 8.0) at room temperature for 30 minutes prior to the addition of
AuNPs (1% v/v final concentration). The suspensions were subjected to gel electrophoresis to
determine the extent of interaction between SLAC and the AuNPs. The SLAC—AuNP solutions
were incubated for 10 min at room temperature, then mixed with glycerol (5 % v/v final
concentration), and loaded into agarose gel (0.8%; 22.5 mM Tris—borate, | mM EDTA; pH 8.3).
The gels were run at 75 V for 1 h.
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3.6.1. UV-Vis Spectral Characterization of Y229C SLAC-AuNP Suspension

SLAC proteins (WT and Y229C; 60 uM) were incubated with 1 mM DTT in 10 mM phosphate
buffer (pH 8.0) for 30 min at room temperature before the addition of AuNPs (20% v/v final
concentration). The SLAC—AuNP solutions were incubated for 2 h at 4 °C and allowed to warm
to room temperature. Absorbance measurements were performed using a Cary 3E UV—Vis
spectrophotometer to characterize absorbance peak changes associated with surface plasmon
resonance (SPR).
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4. RESULTS AND DISCUSSION

MCOs comprise a large family of enzymes, and many MCOs (e.g., laccase and bilirubin oxidase)
have been applied as oxygen reduction catalysts on various electrode architectures. Although the
OCP of such systems can approach optimal thermodynamic values, the operating conditions are
limited to acidic pH and CI -free environments. SLAC, by comparison, reduces oxygen in the
neutral to basic pH range and can tolerate Cl environments. The OCP of SLAC on CNT-based
electrodes, however, is ~0.150 V lower than with laccase as a catalyst. Therefore, it is prudent to
explore the structural components of the catalytic center and modify the redox potential of SLAC
for application as a fuel cell catalyst. Recent molecular dynamic simulations characterized
structure—function relationships between SLAC and other MCOs, and identified potential
mutations that would alter the T1 Cu redox potential [19]. Herein, variant forms of SLAC were
purified from an E. coli recombinant expression system and characterized based on
electrochemical properties to validate the theoretical models.

4.1. Purification of SLAC

The SLAC gene was expressed in a Novagen® pET system vector with the 5’ and 3’ ends of the
gene truncated to eliminate post-translational modifications that occur after enzyme synthesis.
Codon usage of the gene was optimized for enhanced expression in E. coli and a His-tag affinity
system was adopted for ease of purification. The purification method provided consistent
preparations of active SLAC at ~70% purity (Appendix A). Direct bioelectrocatalysis of the
purified WT SLAC on BP electrodes was confirmed via CV in oxygen-saturated electrolyte
(Figure 3).
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Figure 3: Cyclic Voltammograms of BP (1) and SLAC-Modified BP (2) in Oxygen-
Saturated Electrolyte, pH 7.0
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The OCP of the SLAC—BP clectrode was determined to be 0.395 V + 0.007; n=4. The cathodic
wave beginning at ~0.250 V is indicative of a catalytic process; this process is not observed in
the absence of the biocatalyst. The small peak present in the cathodic sweep at ~0 V is due to the
reduction of surface-confined oxygen. Potential regions > 0 V indicate catalytic processes

limited by mass transport. The half-wave potential was calculated using the cathodic sweep and
was determined to be 0.096 V + 0.01; n=3.

4.2.  Analysis and Characterization of SLAC Variants

All SLAC variants were purified as a single peak from affinity chromatography and purity varied
between 50-70% (Appendix A). After dialysis with Cu”, all variants exhibited catalytic activity
for oxidation of syringaldazine and DMP. All variants were shown to contain a T1 Cu site,
evidenced as absorbance maxima at 590 nm. A comparison of UV—Vis spectra obtained for each
SLAC variant confirmed that the blue appearance of each protein preparation corresponded to an
absorbance band at ~600 nm associated with T1 coordination sphere and correlates with the low
energy region or the pr(C)-to-Cu** LMCT band (Figure 4) [26-28, 30, 31, 34, 36]. An additional
absorbance band at ~400 nm associated with the pa(C)-to-Cu?>" LMCT was not observed for any
of the variants. This result suggests that amino acid replacements did not contribute to distortions
of the T1 coordination sphere associated with the coupled distortion model.

Enzyme-catalyzed oxygen reduction reactions (ORRs) typically reach an optimal catalytic
turnover rate, Keat, in acidic conditions due to the demand for four protons during the four-
electron reduction process. When DMP is the electron donor, SLAC exhibits an optimal Kear at
pH ~8.0 and a low Michaelis—Menten constant, Ku, in basic conditions [23]. Hence, catalytic
efficiency, Kea/Kw, is highest near pH 9.0. This atypical catalytic performance is likely due to the
hydrophobicity of the T1 binding cleft, the pKa of DMP and binding pocket Y residues.
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Figure 4: Absorbance Spectra of SLAC Variants
Note: The absorbance band at 590 nm is associated with the LMCT band resulting from the Cu-
C bond.

The WT keat was determined experimentally (at pH ~7.7) and is in good agreement with previous
work [12].Optimal activity for T232V and T232F shifted toward the acidic direction and was

determined to take place at pH ~7.0 and 6.7, respectively (Table 2).

Table 2: Electrochemical and Biochemical Characterization of SLAC Variants

OCP (V)? lov (LA) 2D 8/n)s§:t Potential Ex (V)2 II)HCoptirlzlur;l
SS cat

WT 0.403 +£0.001 -35.1+3.6 0.307+0.007 0.096 +0.010 5.6 7.7
T232F 0.392+0.009 -9.76+0.2 0.358+0.001  ND¢ 5.8 7.0
T232V 0.390+0.008 -30.61+8.6 0.335+0.009 0.149+0.014 5.7 6.7
MI98L 0.401 £0.007 —46.9 £6.1 0.297+0.007  0.133+0.002 5.5 7.3
MI198L-T232F 0.382+0.003 -7.51+0.7 0.352+0.007 ND°¢ 5.7 6.6
M198L-T232V  0.404 +0.004 -29.0+4.2 0.359+0.004  0.145+0.030 5.7 6.2

3pH 7.0. Plov: Current obtained from CV at OV. ®ls: Steady-state current. “DMP activity. *ND:

not determined.
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Replacement of M 198 with L caused a modest shift in the acidic direction, the maximum Kecat
taking place at pH ~7.3. Double variants, M198L—T232V and M198L-T232F exhibited the most
dramatic shifts with optimal pH values at ~6.2 and 6.6, respectively. The threonine (T)-to-V
replacement yielded higher activity than the T to F replacement. When normalized to the Keat, of
the WT the relative activities of T232V, M198L-T232V, T232F, and M198L-T232F were
approximately 99, 39, 34, and 7%, respectively. Shifts in optimal pH values and decreased Kcat
values indicate that the efficiency of the binding step is dictated by the binding pocket
environment. Furthermore, replacement of T with F resulted in a decrease in biochemical
activity, possibly associated with distortion of the T1 pocket.

The native blue Cu proteins can be transformed into ‘green’ Cu proteins by replacing the
relatively weak axial ligand with a stronger axial ligand or decreasing the distance between the
ligand and the reactive T1 Cu atom. Herein, we replaced the weak axial M ligand (M298) with F.
A second variant, in which a nearby T residue was replaced by V (M298F-T232V), was also
examined. The “blue” native SLAC exhibited an absorbance band at 590 nm and shifts in the
LMCT band from the low-energy state to the high-energy state were evidenced by the
appearance of an absorbance band at 420 nm for both M298F and M298F-T232V (Figure 5).
The double variant exhibited a higher absorbance band ratio than M298F; however, it is not clear
that this characteristic is influenced by pH. Both variants retained biochemical and
electrochemical activity, although comparison to native SLAC performance revealed a marked
decrease.

Replacement of F as in M298F (0.302 V £ 0.005) and M298F-T232V (0.294 V £ 0.018) both
exhibited decreased OCP relative to the native SLAC (0.395 V £ 0.007). Given the solid
evidence that the coupled distortion model has been demonstrated in the SLAC variants, we
propose that replacement of M with F has distorted the T1 binding pocket and forced the Cu
atom to interact with the oxygen of a nearby Y residue.
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Figure 5: UV-Vis Absorption Spectra of SLAC WT, M298F, and M298F-T232V

Electrochemical studies were performed to assess the electron transfer process characteristics of
the SLAC variants. The rate of the electron transfer process, Ker, is dictated by several terms
described by the semi-classical Marcus equation [2, 40, 55]. The term Has is the coupling
between the electron donor and acceptor, which can be dictated by the distance between the CNT
and the T1 site [53]. In addition, the vibronic, or reorganizational, energy, A, associated with the
protein and the surrounding solvent molecules is considered. Lastly, the driving force, AEo, or
the potential difference between the CNT and the T1 site also influences ker. Moreover, it is
important to consider that the overall reaction rate includes not only Ker, but also several other
elementary steps, including intramolecular electron transfer between the T1 site and the T2/T3
oxygen reduction site, and a series of steps completing the ORR.

The OCP of the SLAC-BP electrode in oxygen-saturated electrolyte (pH 7.0) was 0.403 V £ 0.001
(Table 2). OCPs of the variants deviated very little from the control (0.382 to 0.404 V). Given that
the predicted OCP increase did not occur, the direct bioelectrocatalysis of SLAC was assesed using
CV. All of the variants exhibited DET as evidenced by cathodic waves produced in the presence
of oxygen. Cathodic current at 0 V was comparable to the WT for T232V, M198L, and M198L—
T232V; however, the current density exhibited by variants T232F and M198L—T232F decreased
~sixfold. The decreased bioelectrocatalytic activity associated with the replacement of T232 with
F correlates with the observed decreased biochemical activity, indicating that in spite of the
differing catalytic mechanisms, the replacement impaired the overall reaction rate. Given the
aromaticity of the F moiety, physical interactions (for example, n—r interactions and van der
Waals forces) could have distorted the binding pocket enough to decrease Ker.
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4.3. Indirectly Establishing the Coupled Distortion Model in SLAC: Transforming a
Blue Copper into a Green Copper Protein

Within the SLAC protein, when the ligand increases in strength and/or moves closer to the Cu, a
process referred to as coupled distortion can occur [27]. When the axial ligand is weakly
coordinated to the Cu, the unique trigonal geometry makes it possible for the dXZ_y2 ground state

of Cu(II) to overlap with 4pz of the C ligand, resulting in a short Cu—C bond and giving a strong
4p7r(C)-to-Cu LMCT absorbance band at ~600 nm. However, when the axial ligand becomes
stronger, the interaction between the ligand and the Cu results in a correspondingly longer Cu—C
bond and rotation of the dXZ_y2 ground state of Cu(Il) to overlap the 4po orbital of C. Thus, a

more intense 4po(C)-to-Cu?* LMCT absorbance band associated with higher energy (~400 nm)
is observed and the 4pz(C)-to-Cu charge transfer (CT) band at ~600 nm becomes less intense.
This coupled distortion results in a strong green color instead of blue. For T1 Cu centers, the
relative absorption ratio is a good measure of the strength of axial ligand—Cu interaction.

The stronger axial ligand—Cu interaction has been shown to lower the redox potential of the T1
Cu center [34]. In 2010, Clark, et al., replaced the weak M axial ligand with a relatively stronger
C ligand, which resulted in an optical transition favoring the higher energy LMCT and a decrease
in redox potential of ~0.1 V [34]. Conversely, Basumalick, et al.—using a green Cu nitrite
reductase—replaced a relatively strong M axial ligand with T and converted the green Cu site
into a blue Cu site [33]. In this case, the M axial ligand induced the coupled distortion,
underlining the importance of not only the presence and identity of the ligand, but also the
distance between the ligand and the Cu center and indirect effects caused by protein
conformation [30, 32].

In previous work, replacement of a relatively strong axial ligand with a weaker one resulted in a
lessening of the coupled distortion effect. In this case, replacement of the axial ligand with a
hydrophobic residue induced the coupled distortion effect. A plausible explanation is that the
physical bulkiness of F has pushed the Cu, causing it to form a new axial ligand with a nearby
polar residue (or moiety). A good axial ligand candidate is the hydroxyl group found on T230,
which is situated opposite to the axial M298 and is close enough to interact with Cu (Figure 1).
In addition, the F could interact—via n—r interactions or van der Waals—with the binding
pocket and induce a rearrangement that favors the lengthening of the Cu—C ligand. The double
variant, M298F-T232V, exhibits optical evidence (a higher Rr) that it favors the po(C)-to-Cu®*
LMCT band, which indicates that the binding pocket could be rearranging more than the single
variant’s (M298F) binding pocket.

4.3.1. UV-Vis Spectral Characterization of Green SLAC Variants
The UV—Vis spectra of SLAC variants M298F and M298F-T232V, along with that of WT
SLAC, were compared to confirm that the blue and green appearance of each protein preparation
corresponded to an absorbance band at ~600 nm associated with the T1 coordination sphere of
the WT and an additional absorbance band at ~400 nm associated with distortion of the T1
coordination sphere in the two variants. At pH 7.0, the WT spectrum revealed a maximum
absorbance at 590 nm, which correlates with the low-energy region, the 4pz(C)-to-Cu CT band
(Figure 5) in good agreement with those obtained for similar proteins [26, 27, 30, 34]. Spectra of
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the M298F and M298F-T232V variants exhibited a second absorbance peak at 420 nm,
associated with a higher 4pa(C)-to-Cu CT band, which suggests that an axial ligand stronger
than the removed M ligand is inducing the trend predicted by the coupled distortion model. It
should be noted that the double variant, M298F-T232F, did not exhibit absorbance in the visible
spectrum and did not exhibit catalytic activity (biochemical or electrochemical). Given that both
CT bands are observed when the axial ligand is removed and replaced by an F residue, the ratio
of the two absorbance peaks (i.e., the ratio of the high-energy state to the low-energy state), RL,
can be an indicator of the extent of the contribution from each CT state; a low Rr indicates more
contribution from the 4pz(C)-to-Cu CT state, and a high Ry is indicative of more contribution
from the 4pa(C)-to-Cu CT state and lengthening and weakening of the Cu—C bond. Furthermore,
deprotonation of the chemical moiety serving as the axial ligand could enhance the Cu—C bond
and increase Rr [34]. A pH titration of M298F and of M298F-T232V revealed an increase in RL
for M298F as pH increased from 6 to 9 (Figure 6).
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Figure 6: Ry, Values Obtained for M298F (A) and M298F-T232V (B) at pH 5-9

The stronger interaction with Cu(Il) in basic conditions points toward an amino acid residue or
chemical moiety with pKa > 9; for example, Y has pKa ~10. Compared to M298F, M298F—
T232V exhibited a higher Rr at all pH values and did not demonstrate a discernible trend,
suggesting that several factors contribute to the interaction between the ligand and the Cu(II)
center. According to Machczynski, et al., the predicted pl (isoelectric point) of the apoenzyme is
6.2, whereas pl of the Cu(Il) form is 8.2 [23]. It is also possible that the double variant is less
stable than the single variant.

4.3.2. Biochemical and Electrochemical Activity of Green SLAC Variants

In 2004, Machczynski, et al. reported that SLAC exhibited optimal catalytic turnover rate, Keat, at
pH ~8.0 [23]. Given that the ORR requires acidic conditions to flourish, this atypical catalytic
performance is explained by a decreased Kwm in basic conditions. Hence, catalytic efficiency,
Keat/Kw, 1s highest at pH ~9.0. This is likely due to abundant hydrophobic residues in the T1
binding cleft and the pKa of DMP and binding pocket Y residues. Our experimentally determined
WT Keat is in good agreement with the previous Machczynski report, with a maximum that occurs
at pH ~7.7 [23]. Optimal activity for M298F and M298F-T232V exhibited a modest shift in the
basic direction and was determined to take place at pH ~7.8 and 8.1, respectively (Table 3).

18
DISTRIBUTION A: Approved for public release; distribution unlimited.

AFCEC-201916; 14 June 2019.



However, Kcat decreased for both M298F and M298F-T232V and was roughly 9% and 1%,

respectively, of WT SLAC. Retention of the basic keat pH indicates that the efficiency of the
binding step dictated the reaction rate in spite of the overall catalytic impairment caused by

distortion of the catalytic site.

Table 3: pH Optima of WT SLAC and “Green” SLAC Variants
Based on DMP Activity and Electrochemical Activity (OCP at pH 7.0)

WT M298F M298F-T232V
Keat pH optimum? 7.7 7.8 8.2
Iss pH optimum® 5.6 5.0 5.1
OCP (V)© 0.395 +£0.007 0.302 + 0.005 0.294+0.018

aDMP activity. Plss: Steady-state current. pH 7.

The OCP of the SLAC-BP electrode in oxygen-saturated electrolyte (pH 7.0) was 0.395 + 0.007 V
(Table 3). OCPs for the M298F and M298F—T232V variants decreased to 0.302 £ 0. 005 V and
0.294 + 0.018 V, repectively (Table 3) (Appendix A). This ~0.1 V decrease is in good agreement
with previous work and can be related to the energy level of the dX2_y2 orbital [34]; when the

energy of the highest dz level is lower, the energy of the ligand field increases and results in a
higher reduction potential [28]. Direct bioelectrocatalysis was demonstrated by obtaining CV in
the presence of oxygen for the WT and the M298F and M298F-T232V variants (Figure 7). Both
variants exhibited modest cathodic current indicative of ORR and DET to the T1 site.

Steady-state current densities were obtained in the pH range 4.2-9.0 for the WT and the M298F,
and M298F-T232V variants and optimal bioelectrocatalytic activity was found to occur at pH
5.6, 5.0, and 5.1, respectively. This optimal activity agrees well with a previously published
report that characterized the electrochemical activity of SLAC in the presence of an osmium-
complex mediator [24]. Reduction of the T1 Cu site takes place via electron tunneling and this
process differs from the DMP oxidation mechanism: in direct bioelectrocatalysis, the three terms
outlined by Marcus theory—Hag, 4, AE’— play a prominent role and formation of the enzyme—
substrate follows the Michaelis—Menten model. Optimal bioelectrocatalytic activity decreased to
~8% and ~10% of the WT activty for M298F and M298F-T232V, respectively; this activity
decrease is in good agreement with activity trends revealed by DMP assays.
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Figure 7: CV of BP (A), with M298F (B), and with M298F-T232V (C)
Measurements in Oxygen-Saturated Electrolyte; pH = 5.0; Scan Rate =5 mV sec!

4.4. SLAC Variants Tailored to Interface with AuNPs

DET between the T1 Cu center and a conductive surface occurs when the distance between the
catalytic center and the electrode is reduced enough to enable effective electron tunneling.
Although there are numerous reports in which carbon electrodes have performed direct
bioelectrocatalysis, DET between MCOs and gold surfaces has been demonstrated to a lesser
extent [34, 35]. Efficient immobilization along with the orientation of the redox center on the
surface of gold could serve to enhance the DET process. One way to accomplish both
immobilization and favorable orientation of SLAC simultaneously is to replace a solvent-
accessible residue near the T1 binding pocket with a C residue. The sulfur moiety of C will bind
to the gold surface, essentially anchoring SLAC on the surface of the gold. Herein, a variant of
SLAC was evaluated for interaction with a gold surface via specific addition of a C residue
(Y229C). Replacement of the solvent-accessible Y residue near the T1 binding pocket resulted in
specific interaction between SLAC and AuNPs via the available thiol. Verification of the specific
interaction was achieved by suspending Y229C with AuNPs and subjecting the suspension to gel
electrophoresis and UV-vis absorbance measurements. The migration of colloidal gold along an
agarose gel in the presence of an applied voltage requires the modification of the AuNPs with a
capping agent or charged group. Proteins are large, charged, amphiphilic molecules able to coat
AuNPs via nonspecific interactions. Therefore, mixing protein suspensions with AuNPs will
result in coated particles capable of migration on an agarose gel. Given that the protein will
nonspecifically interact with the particle, a blocking molecule, DTT, is introduced into the
suspension [47]. DTT interacts with gold via the thiol moiety and blocks proteins from the gold
surface. DTT also reduces disulfide bonds to thiols; exposure to DTT prevents Y229C from
forming disulfide bonds with other SLAC assemblies (monomers, dimers, or trimers). Figure 8
shows the migration of SLAC—AuNP suspensions on an agarose gel. When WT SLAC was
incubated with DTT, the AuNPs did not migrate along the gel; however, in the absence of DTT,

20
DISTRIBUTION A: Approved for public release; distribution unlimited.

AFCEC-201916; 14 June 2019.



the particles migrate and exhibit a characteristic red band associated with AuNPs. A suspension
of AuNP and Y229C, however, migrates along the gel, regardless of the presence or absence of

DTT. This observation can be explained by a decrease in nonspecific interactions between
Y229C and the AuNPs.

Figure 8: Gel Electrophoresis of SLAC—AuNP Suspensions
Key: Lanes 1 and 2 are WT SLAC pre-incubated with and without DTT, respectively. Lanes 3
and 4 are Y229C pre-incubated with and without DTT, respectively
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5. CONCLUSIONS

The catalytic center of SLAC comprises three Cu sites: The T1 Cu site accepts electrons from an
electron donor and transfers them to the T2/T3 cluster, where O: is reduced to H20 in a four-
electron reaction. Molecular and dynamic simulations comparing SLAC to other MCOs with
higher T1 redox potentials (¢°) predicted mutations that would exhibit an increased T1 Cu redox
potential. Quantum mechanics/molecular mechanics and molecular dynamics simulations
predicted €° for four MCOs, including SLAC, and were used to identify mutations likely to
increase the T1 potential. M198L (M198 replaced with L) and T232V (T232 replaced with V)
were selected and characterized based on DMP activity and bioelectrocatalytic performance.

Recombinant expression of SLAC was achieved in E. coli in an effort to generate a uniform
preparation of purified SLAC protein. Similar to the prior studies, a pET system vector was used
for expression, but with additional deletions at the 5" and 3’ ends of the gene that eliminate post-
translational modifications that occur after production of the enzyme. Codon usage of the gene
was optimized for enhanced expression in E. coli and a His-tag affinity system was adopted for
ease of purification. The purification procedure resulted in consistent and reproducible active
preparations of SLAC with purity typically >70%.

SLAC activity assays using DMP as the electron donor revealed optimal-pH shifts toward acidic
values. WT SLAC exhibited an optimal activity at pH ~7.7, and M198L, T232V, and M198L—
T232V (double mutant) revealed optimal activity at pH ~7.4, ~6.6, and ~6.6, respectively. The
OCP with respect to Ag/AgCl reference electrodes did not reveal a significant change in €° when
SLAC was immobilized on CNT electrodes; however current density for M198L was higher than
for the WT, especially when the purity of the protein preparation was taken into account. Half-
wave potentials (E12)—for M198L, T232V, and M198L-T232V—were comparable or slightly
higher than for the WT; this was confirmed in both quiescent conditions and on rotating disc
electrodes (RDEs) (Appendix B). RDE experiments using platinum rings detected H202
production, indicating either a two-electron reduction process or multiple electron transfer
mechanisms. Future studies are needed to verify the three-dimensional stability of SLAC and the
interaction between the T1 Cu site and the surface of the electrode. Furthermore, the continuation
of this study can enhance fundamental knowledge regarding structure—function relationships of
MCOs and superior strategies for technological development. Work in this area continues and
recent reports document findings that agree with our observations and apply alternative
approaches, such as paramagnetic NMR, to elucidate the mechanisms of electron transfer within
SLAC [36-39].

Direct bioelectrocatalysis of the purified SLAC protein was evaluated on BP electrodes with WT
SLAC and seven SLAC variants. Further studies could shed light on DET and provide insight into
approaches to maximize current density and enhance the electrode fabrication process. Enzymatic
bioelectrodes offer advantages in catalytic specificity and could potentially enable useful Air Force
applications. However, power density of an EFC is still 2~3 orders of magnitude lower than that of
chemical fuel cells, amongst other known limitations. Although promising approaches for stable
and efficient bioelectrodes have been proposed, there are still barriers to effective enzyme-modified
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electrodes that need to be addressed. The variant proteins described herein may expand/improve
the suite of ORR biocatalysts for EFC. If that advance is achieved, it may provide a technological
breakthrough that could be used in large-scale applications for “stand-alone” energy supplies.
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Appendix A: ELECTROCHEMICAL CHARACTERIZATION OF WT AND VARIANTS

OF SLAC
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Figure Al: Polarization Curves of WT and Variants of SLAC
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Appendix B: ROTATING DISK ELECTRODE (RDE) STUDIES OF WT AND
VARIANTS OF SLAC

Electrochemical data provided by Sofia Babanova, UNM

RDE is a hydrodynamic working electrode used in a conventional three-electrode system.
Herein, the RDE approach was used for WT SLAC and all variant SLACs; measurements are
reported vs. 3M Ag/AgCl reference electrode with a Pt wire as the counter electrode.

The half-wave potential of WT SLAC was determined to be 155 mV, by taking the first
derivative of the polarization curve at rotation speeds of 1600 rpm (Figure B1). There is an
observable difference in generated current when using an RDE compared to a stationary
electrode. Due to slow kinetics, however, saturation is not reached.
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Figure B1: RDE Measurements of WT SLAC

There is an extremely small difference between the currents observed at the different rotating
speeds, due to the fact that the enzyme does not attain the diffusional limit because of the poor
kinetics. The half-wave potential for T232F is 170 mV, which is higher than the Ei2 of the WT
(Figure B2). However, its observed current is ~ 4x lower than for the WT.

30
DISTRIBUTION A: Approved for public release; distribution unlimited.

AFCEC-201916; 14 June 2019.

-2.0x10°

-4.0x10°

6.0x10%
4.0x10*

2.0x10*



Current (A)

0.0
0.0, »
< 4 -5.0x10°
€
-5.0x10° g ] ot
5.0x10 8 . M 1.0x10
. MW 1.5x10°
-1.0x10° 4
A/MW -2.0x10°
o ‘ ‘ ‘ ‘ ‘ 4 20x10°
-1.5x107°
¢ 0 rpm r )
1 W’ — ggg rpm § - | w,l[v'\‘lN - 1.0x10*
2.0x10° rpm Ll il T
L ——— 1200 rpm B W\"(Wn N MW\WW‘JV‘NJ,)M‘W m st e LW ),‘wluw'huﬂwmﬂ" v
— 1600rpm “ WWWW i - 0.0
2.5x10° . ; ; . T I J
0.0 0.2 0.4 0.6 0.8 + + -1.0x10"*
0.1 02 05 06

} 0.3 0.4
Potential (V) Potential (V)

Figure B2: RDE Measurements of T232F SLAC Variant

The same conclusion can be drawn for mutant T232V as for T232F (Figure B3). The currents
that these two mutants produce, when normalized to enzyme loading, are statistically identical
(-56.5 pA/mg for T232F and -52.9 pA/mg for T232V). This indicates that the replacement of T
with V and/or F is shifting E12 to more positive values, but lowers the overall activity of the
enzyme. When the hydroxyl group of the amino acid at the 232 position is removed, the overall
activity drops, but the type of amino acid (V or F) does not appear to play a significant role. This

raises the question does the hydroxyl group lie close to the T1 center or coordinate directly with
Cu from the T2/T3 center.
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Figure B3: RDE Measurements of T232V SLAC Variant

Mutation M198L does not statistically change the half-wave potential, 155 mV (+ 5 mV),

relative to the WT; however, it had the highest activity of all the variants characterized (Figure
B4).
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Figure B4: RDE Measurements of M198L. SLAC Variant

The E12 of M298F-T232V is equivalent to the single mutants’ in which T was replaced (170
mV) (Figure B5). The activity of this double mutant is slightly higher than that observed for the
single variant T232V.
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Figure BS: RDE Measurements of M298F-T232V SLAC Variant

For the double variant M198L-T232F, we theorize that the M198L mutation is dominant and as a
result produces results comparable to those of the single mutant M198L (Figure B6).
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Figure B6: RDE Measurements of M198L-T232F SLAC variant

In the case of the double variant M198L-T232V the influence of both mutations can be seen:

higher Ei2 and comparatively lower enzyme activity in comparison with the single T232V
mutant (Figure B7).
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Figure B7: RDE Measurements of M198L-T232V SLAC Variant

Comparison of WT and SLAC variants

Figure B8 represents the WT and SLAC results directly as recorded. Even though the procedure
is optimized, the surface area of the electrode after CNT deposition can vary, and some of the
observed differences may be attributed to differences in surface area. In addition, protein
loadings are not equal for each variant.
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Figure B8: RDE of WT and SLAC variants

Figure B9 shows the data with capacitance subtracted. It can now be seen that the double mutant
M198L-T232V has a higher onset potential and higher current, amongst all the mutants tested. It
must be noted, however, that the loading of this mutant is approximately two times higher.
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Figure B9: RDE (with capacitance subtracted) of WT and SLAC variants
Finally, Figure B10 represents the data with the capacitance subtracted and the current

normalized to enzyme loading. All data is summarized in Table 1.
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Figure B10: RDE Measurements (with Capacitance Subtracted) of WT and SLAC
Variants, Normalized to Enzyme Loading

Table B1. Summary of RDE electrode potentials
Enzyme loading (mg)  Alossv-ov(uA mg™!) Ei2(mV)

MWCNT (control) 0 0 N/A
WT 0.10 -429.4 155
T232F 0.13 -56.5 170
T232V 0.18 -52.9 170
M198L 0.06 -86.8 160
M298F-T232V 0.08 -74.3 170
MI198L-T232F 0.09 -82.6 156
MI198L-T232V 0.20 -76.4 170
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LIST OF SYMBOLS, ABBREVIATIONS, AND ACRONYMS

°C
Ag/AgCl
AuNP
BP

C

CNT
CT

Cu

(O\Y
DET
DMP
DMSO
DTT
Ein
EDTA
EFC
EqB

F

H

Hag
His-tag
IR

Iss

kcat

KeT

Km

L
LMCT
M
MCO
MD
MWBP
MWBP-F
MWCNT
MWCO
NMR
OCP
oD
ORR
PBSE
PhB
pKa
RDE
Rr

degrees Celsius

silver/silver chloride

gold nanoparticle

buckypaper

cysteine (Cys)

carbon nanotube

charge transfer

Copper

cyclic voltammetry

direct electron transfer
2,6-dimethoxyphenol
dimethylsulfoxide
dithiothreitol

Half-cell potential
ethylenediaminetetraacetic acid
enzymatic fuel cell
equilibration buffer
phenylalanine (Phe)

histidine (His)

coupling between electron donor and acceptor
histidine-tag

infrared

steady-state current

catalytic turnover rate

electron transfer rate constant
Michaelis—Menten constant
leucine (Leu)

ligand-to-metal charge transfer
methionine (Met)

multicopper oxidase

molecular dynamics
multiwalled CNT BP
functionalized multiwalled CNT-BP
multiwalled CNT

molecular weight cutoff
nuclear magnetic resonance
open circuit potential

optical density

oxygen reduction reaction
I-pyrenebutanoic acid, succinimidyl ester
phosphate buffer

acid dissociation constant
rotating disc electrode

ratio of the high-energy state to the low-energy state
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SLAC
SWBP

T1
T2/T3
UV-Vis

WT

small laccase from Streptomyces coelicolor
single walled CNT BP

threonine (Thr)

type 1 Copper

type 2/Type 3 copper

ultraviolet—visible

valine (Val)

wild type

tyrosine (Tyr)
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