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ABSTRACT: Direct electron transfer (DET)-type bioelectrocatalysis is a coupled redox reaction between enzymatic and elec-
trode reactions. Such mediatorless reactions are an environmentally safe approach that can be applied to various bioelectro-
chemical devices. We focused on fructose dehydrogenase (FDH), a membrane-bound heterotrimeric enzyme that catalyzes
DET-type D-fructose oxidation. Although the overall structure was recently elucidated, its membrane-bound region has not
been completely identified. Therefore, this study assumed that the heme 1c region and C-terminal hydrophobic region (CHR)
were bound to the membrane. A constructed double variant (A1cACHR_FDH) was soluble without any surfactants; addition-
ally, cryo-electron microscopy confirmed that this variant was downsized. A1cACHR_FDH exhibited a 14-fold higher catalytic
current density (11 + 1 mA cm-2) than that of the wild-type recombinant FDH (rFDH) at multi-walled carbon nanotube elec-
trodes. Kinetic analysis of the voltammograms suggested that downsizing of the enzyme and the removal of surfactants in-
creased the surface concentration of enzymes at the electrode. This study elucidates the membrane-binding mechanism of
proteins and efficient bioelectrocatalysis overcoming the interference of surfactants.

16 biofuel cells,6-22 biosupercapacitors,?3 and bioelectrosyn-

1. INTRODUCTION

Enzymes are useful catalysts that exhibit high activity and
selectivity under mild conditions (normal temperature,
normal pressure, and neutral pH). Oxidoreductases—the
largest class of enzymes—participate in biochemical elec-
tron transfer reactions, such as respiration, photosynthesis,
and fermentation, in all living organisms. Therefore, the dis-
advantages observed using organic, inorganic, and metallic
catalysts can be addressed by using oxidoreductases to con-
duct numerous green chemical reactions. Some oxidoreduc-
tases exhibit low selectivity for one of the two substrates
(an electron donor or acceptor), which can be replaced with
conductive electrode materials. The enzyme can proceed
with substrate conversion on the electrode using electrical
energy without additional redox mediators. This coupled
reaction is called direct electron transfer (DET)-type bioe-
lectrocatalysis,’® and has been used as a kinetically and
thermodynamically simple analytical method for the imple-
mentation of enzymes in applications such as biosensors,”-

thesis.24-28

Nanostructured electrode materials have been widely
used for enhancing DET-type bioelectrocatalysis.?-3* The
nanostructure contributes to: 1) the enlargement of the ef-
fective electrode area for enzyme adsorption, 2) increase in
the probability that the enzymatic electrode-active site
faces the surface of the electrode because of the curvature
of the pores of the electrode,?>3¢ and 3) acceleration of het-
erogeneous electron transfer at the edge of electrode pores
owing to the strengthened electric field.3”

The effects of surfactants must be considered in DET-type
bioelectrocatalysis using membrane enzymes. Surfactants
are required for the purification and stabilization of mem-
brane enzymes. However, surfactants can impede enzyme
adsorption on the surface of the electrode.’® Therefore, re-
moving surfactants from the enzymatic mixture may im-
prove DET-type bioelectrocatalysis.
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The membrane-bound fructose dehydrogenase (FDH)
from Gluconobacter japonicus NBRC3260 is a representa-
tive DET-type enzyme that catalyzes the oxidation of D-fruc-
tose to 5-keto-D-fructose.?® Because of its high activity and
substrate specificity, FDH has been used as a bioelectrocat-
alyst on DET-based fructose biosensors#’-52 and fructose/02
biofuel cells.>3-55 FDH is a 130-kDa heterotrimer comprising
a large catalytic subunit (subunit L; 60 kDa), a small chap-
erone-like subunit (subunit S; 17 kDa), and a membrane-
bound cytochrome c subunit (subunit C; 49 kDa). Subunit L
contains a covalently bound flavin adenine dinucleotide
(FAD) and an iron-sulfur cluster ([3Fe-4S]), whereas subu-
nit C has three hemes ¢ —1c¢, 2¢, and 3c—from N-terminus.
FDH physiologically works in the respiratory chain, and the
electrons extracted from D-fructose are finally transferred
to ubiquinone-10 (UQ1o) via FAD, [3Fe-4S], heme 3¢, heme
2¢, and heme 1c in this order.5¢ In contrast, electrode mate-
rials are accessible to heme 2¢ in the DET-type reaction.5’
Therefore, DET-type reactions do not require heme 1c. An
FDH variant deleting the heme 1c region (Alc_FDH) exhib-
ited a higher DET-type current density than that of the wild-
type recombinant FDH (rFDH) owing to an increase in the
amount of the downsized enzyme at the surface of the elec-
trode.>®

The heterotrimeric structure of FDH is conserved among
DET-type respiratory chain dehydrogenases of acetic acid
bacteria, such as alcohol, aldehyde, and gluconate dehydro-
genases.>°-62 The glucose dehydrogenase from Burkholderia
cepacia exhibited high similarity to FDH.3 FDH contains a
membrane-bound helix at the C-terminus, which is referred
to as a C-terminal hydrophobic region (CHR); however,
other enzymes have N-terminal membrane-bound helices
or transmembrane regions.®#¢> CHR was identified using a
SOSUI signal,®¢ and this region was assumed to be the only
membrane-bound site in FDH. However, an FDH variant de-
leting CHR (ACHR_FDH) was still localized to the membrane

fraction, suggesting that subunit C contains additional
membrane-bound sites.¢” The structure of FDH (including
the CHR) was observed using cryo-electron microscopy
(cryo-EM) analysis in 2022.5¢ The CHR was confirmed to be
in close proximity to the heme 1c region containing the
UQ1o-binding site (Figure 1A). Therefore, the heme 1c re-
gion was assumed to be a membrane-bound site that could
not be computationally estimated. Additionally, the im-
proved performance of DET-type bioelectrocatalysis was
hypothesized because of the surfactant-free solubilization
of FDH.

In this study, a double variant (A1cACHR_FDH) was con-
structed by deleting the heme 1cregion (Pro27-Ile169) and
CHR (Gly454-Trp476) in subunit C (Figure S1). Cryo-EM
analysis was performed to structurally assess the ad-
vantages of A1cACHR_FDH. The bioelectrochemical proper-
ties of A1cACHR_FDH were then compared with those of
rFDH and single variants (A1c_FDH and ACHR_FDH) using a
multi-walled carbon nanotube (MWCNT) as an electrode.
The suitability of CNTs as platforms for DET-type reactions
of FDH have been previously reported.*3505456.68

2. EXPERIMENTAL

2.1. Materials and reagents. MWCNTSs (outer diameter:
10 = 1 nm, inner diameter: 4.5 + 0.5 nm, and length: 3-6 um)
were purchased from Sigma-Aldrich (USA). A protein ladder
marker for sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) was purchased from Nacalai
Tesque (Japan). All other reagents were purchased from
Wako Pure Chemical Industries (Japan). All aqueous solu-
tions were prepared using distilled water. Bacterial strain
and plasmids used in this study are summarized in Table S1.
The G. oxydans NBRC12528 AadhABAaldFGH strain®® was
used as an expression host. A plasmid for the expression of
A1cACHR_FDH was prepared by VectorBuilder, Japan.

Figure 1. Structures of rFDH (A, PDB: 8]E] and 7W2]) and A1cACHR_FDH (B, PDB: 9JQA). Subunits L, S, and C are highlighted in
green, magenta, and cyan, respectively. The heme 1c region and CHR are highlighted in white and black, respectively. Structure
“A” is created by merging peptide chains of subunits L and S as well as all cofactors from the 8]JE] model and a peptide chain of
subunit C from the 7W2] model. This was used to clarify the locations of UQ10 and CHR that were identified in monomeric and

dimeric models, respectively.
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2.2. Enzyme purification.

2.2.1. rFDH and A1c_FDH. rFDH and Alc_FDH were pu-
rified according to the procedure in the literature with sev-
eral modifications.5”70 All purification steps were per-
formed at 4 °C. First, the collected cells were resuspended
in 20 mM (M = mol dm-3) phosphate buffer (pH 6.0), and
disrupted twice at 100 MPa using a French Press (FA-080R,
Thermo Fisher Scientific, USA). The removal of cell debris
from the suspension was performed via centrifugation for 5
min at 12,000 x g. The supernatant was then centrifuged for
1 h at 100,000 x g. The enzyme was solubilized via the re-
suspension of the precipitated membrane fraction in 20 mM
phosphate buffer (pH 6.0) containing 50 mM fructose, 1 mM
2-mercaptoethanol, 10% sucrose, and 1% Triton® X-100.
The suspension was mixed for 8 h, then centrifuged for 1 h
at 100,000 x g. The supernatant was added to a
TOYOPEARL® DEAE-650M column (Tosoh Corporation, Ja-
pan), which was equilibrated with 20 mM phosphate buffer
(pH 6.0) containing 5 mM fructose, 1 mM 2-mercaptoetha-
nol, 10% sucrose, and 0.1% Triton® X-100. The column was
washed using 5 column volumes of the same buffer. The
flowthrough fraction was collected and applied to a CHT ce-
ramic hydroxyapatite column (Bio-Rad, USA) equilibrated
with the same buffer. The column was washed using 5 col-
umn volumes of 20 mM phosphate buffer (pH 6.0) contain-
ing 10% sucrose and 0.1% Triton® X-100 to remove fruc-
tose and 2-mercaptoethanol. rFDH and Alc_FDH were
eluted using a linear concentration gradient (20-500 mM)
of phosphate buffer (pH 6.0) containing 10% sucrose and
0.1% Triton® X-100. The purified enzyme was concentrated
using ultrafiltration, then frozen in liquid nitrogen.

2.2.2. ACHR_FDH. ACHR_FDH was purified according to
the procedure in the literature with several modifications.%¢
The method described in Section 2.2.1. was followed until
the flowthrough fraction was collected using a
TOYOPEARL® DEAE-650M column. The flowthrough frac-
tion was applied to a TOYOPEARL ® CM-650M column (To-
soh Corporation, Japan), which was equilibrated with 20
mM phosphate buffer (pH 6.0) containing 5 mM fructose, 1
mM 2-mercaptoethanol, 10% sucrose, and 0.1% Triton® X-
100. The column was washed using 5 column volumes of 20
mM phosphate buffer (pH 6.0) containing 10% sucrose and
0.1% Triton® X-100 to remove fructose and 2-mercaptoeth-
anol. ACHR_FDH was eluted using a linear concentration
gradient (20-500 mM) of phosphate buffer (pH 6.0) con-
taining 10% sucrose and 0.1% Triton® X-100. The purified
enzyme was concentrated using ultrafiltration, then frozen
in liquid nitrogen.

2.2.3. A1cACHR_FDH. The collected cells were resus-
pended in 20 mM phosphate buffer (pH 6.0) containing 50
mM fructose, 1 mM 2-mercaptoethanol, and 10% sucrose,
and disrupted twice at 100 MPa using a French Press. Cell
debris was removed from the suspension via centrifugation
for 5 min at 12,000 x g. The supernatant was centrifuged for
1hat100,000 x g. The membrane fraction had little activity
for fructose oxidation, while the activity increased in the
soluble fraction, owing to the deletion of the membrane-
bound regions. Thereafter, the soluble fraction was applied
to a TOYOPEARL® DEAE-650M column, which was equili-
brated with 20 mM phosphate buffer (pH 6.0) containing 5
mM fructose, 1 mM 2-mercaptoethanol, and 10% sucrose.
The column was washed using 5 column volumes of the

same buffer. The flowthrough fraction was collected and ap-
plied to a CHT ceramic hydroxyapatite column equilibrated
with the same buffer. The column was washed using 5 col-
umn volumes of the same buffer. The enzyme was eluted us-
ing a linear concentration gradient (20-500 mM) of phos-
phate buffer (pH 6.0) containing 5 mM fructose, 1 mM 2-
mercaptoethanol, and 10% sucrose. After desalting via
buffer exchange, the collected fraction was applied to a
TOYOPEARL ® CM-650M column equilibrated with 20 mM
phosphate buffer (pH 6.0) containing 5 mM fructose, 1 mM
2-mercaptoethanol, and 10% sucrose. The column was
washed using 5 column volumes of 20 mM phosphate buffer
(pH 6.0) containing 10% sucrose to remove fructose and 2-
mercaptoethanol. A1cACHR_FDH was eluted using a linear
concentration gradient (20-500 mM) of phosphate buffer
(pH 6.0) containing 10% sucrose. The purified enzyme was
concentrated using ultrafiltration, then frozen in liquid ni-
trogen.

2.2.4. Enzyme assay. Figure S2 shows the SDS-PAGE re-
sults. Subunit C of each variant was successfully downsized.
The protein concentrations were determined using a BCA
protein assay kit (Thermo Fisher Scientific, USA), which em-
ployed bovine serum albumin as the standard. Spectropho-
tometric analysis of the fructose-oxidizing/ferricyanide-re-
ducing activity of the enzymes was performed at 25 °C and
pH 4.5 using a ferric-dupanol reagent.”* One unit (U) was
defined as the amount of enzyme that reacted with 1 umol
of fructose per minute.

2.3. Cryo-EM analysis of A1cACHR_FDH.

2.3.1. Data collection. A 2.5-pL aliquot of the
A1cACHR_FDH solution (1 mg mL-1) without sucrose was
applied to a Quantifoil holey carbon support film grid (Cu
R1.2/1.3), which was then frozen in liquid ethane using a
FEI Vitrobot™ Mark IV (Thermo Fisher Scientific, USA) un-
der conditions at 4 °C and 100 % humidity (L = dm?). Blot-
ting and drain time were set for 3 s and 2 s, respectively.
Sample data were collected using a CRYO ARM 300 (JEOL,
Japan) system equipped with a K3 direct electron detector
camera (Gatan, USA), an Q-type energy filter with a 20-eV
slit width, and a cold field-emission electron gun operated
at 300kV. Images were recorded using Serial-EM7? and
holes were detected using YoneoLocr.”3 Movie frames were
recorded using the K3 camera at a calibrated magnification
of x60,000, which was corresponding to a pixel size of
0.87 A. The defocus range was set from -1.0to -2.0 pm.
These movie frames were recorded without gain normali-
zation and with TIFF-LZW compression. The data collection
was performed in counting mode, with a total dose of ~80
electrons A-2 and a total exposure of 3 s fractionated into 40
frames. Another grid was prepared with a 2.5-puL aliquot of
the A1cACHR_FDH solution (5 mg mL-1) containing 0.9% n-
octyl-B-D-glucoside (0OG) in consideration of the preferred
orientation challenge.”* The data collection was conducted
in the same procedure above. 7,091 and 12,975 movies
were totally collected from the OG-uncontained and OG-
contained grids, respectively.

2.3.2. Single particle analysis. Single particle analysis
was performed using CryoSPARC ver. 4.2.0. After patch mo-
tion correction was performed to align all micrographs and
estimate the contrast transfer function (CTF) parameters,
particles representing proteins were automatically chosen
by auto-picking, and the selected particles were extracted
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into a box of 256 x 256 pixels. 7,016,675 particles were se-
lected from 22,933,325 auto-picked particles using 2D clas-
sification. The initial 3D reference was obtained using ab-
initio reconstruction. The first 3D classification (job name:
heterogeneous refinement) into three classes with C1 sym-
metry showed a single clear class (3,932,443 particles).
These processes were performed with binning by 4. After
performing particle re-extraction into a box of 256 x 256
pixels from unbinning images, the second 3D classification
into three classes with C1 symmetry showed a single clear
class (1,987,357 particles). Subsequently, the selected par-
ticles were re-extracted into a box of 320 x 320 pixels after
local motion correction. The third 3D classification into
three classes with C1 symmetry showed a single clear class
(1,703,212 particles). A final density map with a 2.15 A res-
olution was obtained after Fourier shell correlation (FSC)-
mask auto-tightening, subsequent homogenous refinement,
and further CTF refinement. The whole process is summa-
rized in Figure S3. The numerical data are listed in Table S2.

2.3.3. Molecular modeling. Atomic model building of
A1cACHR_FDH was performed using a Crystallographic Ob-
ject-Oriented Toolkit (COOT). PHENIX was used for real-
space refinement of the models based on the map of
A1cACHR_FDH obtained using cryo-EM. Cofactors were
added based on previously described information.>¢ The
atomic models covered residues 2-542 in subunit L (541
residues), 177-444 in subunit C (268 residues), and 47-183
in subunit S (137 residues). The cryo-EM density map was
deposited in the Electron Microscopy Data Bank with acces-
sion code EMD-61725. The atomic coordinate was depos-
ited in the Protein Data Bank with the accession code 9]QA.

2.4. Electrode fabrication. Glassy carbon (GC) elec-
trodes (diameter: 3 mm, BAS, Japan) were polished with

Figure 2. Local structures in proximity to the heme 2¢ of
rFDH (A, PDB: 8]E]) and A1cACHR_FDH (B, PDB: 9]JQA).

0.05-pum alumina slurry, sonicated, and washed using dis-
tilled water. MWCNTSs were dispersed in N-methyl-2-pyr-
rolidone (NMP) at a final concentration of 1 mg mL-! via
sonication for 2 h. A 10-pL aliquot of the MWCNT dispersion
was placed on the GC electrodes, and NMP was evaporated
at 70 °C. This electrode was labelled CNT/GC. A 20-pL ali-
quot of the enzyme solution (1 mg mL-') was applied to the
surface of the electrodes. The electrodes were left in a wa-
ter-saturated atmosphere for 2 h at4 °C. For rFDH, A1c_FDH,
and ACHR_FDH, the enzymes were adsorbed on CNT/GCs in
the presence of 0.1% Triton® X-100, while the
A1cACHR_FDH solution did not contain Triton® X-100. The
electrodes were labelled rFDH/CNT/GC,A1c_FDH/CNT/GC,
ACHR_FDH/CNT/GC, and A1cACHR_FDH/CNT/GC, respec-
tively.

2.5. Electrochemical measurements. Electrochemical
measurements were performed at 25 °C in Mcllvaine buffer
(pH 4.5) using a voltammetric analyzer (ALS650E, BAS, Ja-
pan) and a rotating disk electrode instrument (RRDE-3, BAS,
Japan). Homemade Ag|AgCl|sat. KCl and platinum wire elec-
trodes were used as reference and counter electrodes, re-
spectively. All potentials in this study are shown against the
reference electrode. Errors were identified using the Stu-
dent’s t distribution at a 90% confidence level.

3. RESULTS AND DISCUSSION

3.1. Structural properties of A1cACHR_FDH. As men-
tioned in Section 2.2.3., A1cACHR_FDH was purified without
any surfactants. Therefore, FDH was proved to be bound to
the membrane at both the heme 1c region and CHR. Figure
1B shows the 3D structure of A1cACHR_FDH reconstructed
based on the cryo-EM map at a resolution of 2.15 A. The size
of subunit C became smaller than that of rFDH as expected,
whereas no conformational changes were observed in sub-
units L and S. The molecular mass of subunit C decreased by
35% (from 49 to 32 kDa) and 13% (from 130 to 113 kDa)
for the heterotrimer owing to deletion. In addition, the sin-
gle particle images obtained via cryo-EM analysis (Figure
S3B) indicated that A1cACHR_FDH is a monomer of the het-
erotrimer. A previous study showed that rFDH is a dimer of
heterotrimers, and CHR anchors each other for stabilization
in solution.>® Therefore, the deletion of CHR contributed to
the stabilization of A1cACHR_FDH as a monomer.

Figure 2 shows the structures of rFDH and A1cACHR_FDH
in proximity of heme 2c. Heme 2¢ was exposed by the sol-
vent owing to the deletion of the heme 1c region; however,
the structure on the opposite side was well-conserved.
Trp244 was particularly reported to be responsible for ac-
celerating the long-range electron transfer from heme 2c to
an electrode.5¢ Therefore, the conserved position and angle
of Trp244 indicate that the standard rate constant in the
heterogeneous electron transfer (k°) of ALcACHR_FDH is as
high as that of rFDH. Because the intramolecular electron
transfer pathway from FAD to heme 2¢ was also conserved
in A1cACHR_FDH, the catalytic constant in DET-type bioe-
lectrocatalysis (k:) was likely equal between rFDH and
A1cACHR_FDH. Assuming that unintended conformational
changes do not occur in single variants (Alc_FDH and
ACHR_FDH), no changes to the k° and k. values of A1c_FDH
and ACHR_FDH should be observed. These suggestions
were investigated in the following sections.
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The ferricyanide-reducing activities in solution of rFDH,
Alc_FDH, ACHR_FDH, and A1cACHR_FDH were 1170 + 50,
740 + 50, 780 £ 90, and 780 + 90 U mg-!, respectively. A re-
duction in the activity for variants is likely owing to the de-
letion of the heme 1c region and/or CHR. This result indi-
cates that the catalytic cycle of FDH in solution is somewhat
kinetically controlled by a ferricyanide-reducing process at
hemes 1c or 2c.

3.2. Bioelectrochemical characterization of
A1cACHR_FDH. Cyclic voltammograms (CVs) recorded at
enzyme-modified CNT/GCs are shown in Figure 3. All elec-
trodes exhibited sigmoidal catalytic waves derived from
fructose oxidation. The catalytic current densities of rFDH,
Alc_FDH, ACHR_FDH, and A1cACHR_FDH at 0.5 V were 0.8
+0.1,2.4+0.3,0.32+0.06,and 11 + 1 mA cm~?2, respectively.
The rates of the change in catalytic current relative to rFDH
were 3.0 £ 0.5, 040 + 0.09, and 14 + 3 for Alc FDH,
ACHR_FDH, and A1cACHR_FDH, respectively.
A1cACHR_FDH exhibited improved DET-type bioelectroca-
talysis. This result suggests that downsizing the enzyme and
removing surfactants increased the surface concentration
of the enzyme effective for DET (I:efr). The effect of down-
sizing was also confirmed at the A1c_FDH/CNT/GC; how-
ever, the rate of increase in the catalytic current (3.0 £ 0.5)
was much higher than the value simply estimated from the
actual downsizing rate (13%). This contradiction suggests
that the enzyme orientation at the electrode surface can be
improved by deleting the heme 1c region. However, distinct
non-catalytic redox signals of the enzyme were not ob-
served in the CVs of all variants in the absence of fructose
(Figure S4), compared with CVs of the enzyme-unmodified
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CNT/GC (Figure S5). Therefore, [t cannot be electrochem-
ically estimated.

A1cACHR FDH/CNT/GC was prepared with the
A1cACHR_FDH solution containing 0.1% Triton® X-100 to
estimate the level of interference by surfactants. The cur-
rent density of the electrode (1.5 £ 0.3 mA cm-2 at 0.5 V) was
approximately 90% lower than that prepared without Tri-
ton® X-100 (Figure 4). This result indicates that the surface
of the electrode can adsorb Triton® X-100; therefore, Tri-
ton® X-100 and the enzyme compete for access to the sur-
face of the electrode. Furthermore, although the sizes of
A1cACHR_FDH and Alc_FDH were similar, the current den-
sity of the A1cACHR_FDH/CNT/GC prepared with Triton®
X-100 was lower than that of A1¢_FDH/CNT/GC. Therefore,
A1cACHR_FDH likely exhibited weaker hydrophobic inter-
actions with MWCNTSs than those of Alc_FDH and Triton®
X-100 because of the deletion of CHR. This finding was con-
sistent with that of the difference in catalytic current den-
sity between ACHR_FDH and rFDH.

3.3. Kinetic analysis of voltammograms. To quantita-
tively evaluate the kinetic and thermodynamic parameters
of FDH variants, the voltammograms were analyzed using
the DET-type bioelectrocatalysis model as follows.”s
L nSchrE,eff
N S )

T+5+ 2

f f
In Equation (1), ns is the electron number of substrate oxi-
dation (2 in this instance), and F is the Faraday constant. k¢
and k» are the heterogeneous electron transfer rate con-
stants for oxidation and reduction, respectively, as de-
scribed by the following Butler-Volmer equation.

2.5

,|1B
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Figure 3. CVs representing DET-type fructose oxidation at (A) rFDH/CNT/GC, (B) A1c_FDH/CNT/GC, (C) ACHR_FDH/CNT/GC,
and (D) A1cACHR_FDH/CNT/GC. Measurements were performed in Mcllvaine buffer (pH 4.5) containing 100 mM D-fructose
under Ar-saturated conditions at 25 °C, a scan rate (v) of 10 mV s-1, and a rotation speed (w) of 4000 rpm (solid lines). Dotted
lines indicate CVs in the absence of D-fructose. Black lines in B, C, and D indicate CVs at rFDH/CNT/GC.
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ke = k° exp {% (E - EDE)} (2)
'eF
ky, = k°exp {— a:; (E - °E)} 3)

a is the transfer coefficient (generally a value of 0.5), n'g is
the electron number of heterogeneous electron transfer
(generally a value of 1), E°'; is the formal potential of the
electrode-active cofactor of the enzyme (heme 2¢ in this in-
stance), R is the gas constant, and T is the absolute temper-
ature. To incorporate the enzyme orientation in the model,
four k° values were distributed: k1 (k°max; the maximum k°),
k2 (K°max/10), k3 (k°max/102), and k4 (k°max/103). The propor-
tion of k° was set to p1, pz, p3, and ps (1 — p1 — p2 — p3), which
corresponded to ki, k2, k3, and ks, respectively. Therefore,
Equation (1) can be rewritten as follows.
4

. Komax 1'% - -1 -
] = nSchFE,effz Pryl+ k. 1071 +7 (4)
c

n=1

n=exn " 5 £op) (5)

Using kel Eefr, K°max/ ke, E°'E, p1, p2, and ps as adjustable param-
eters, Equation (4) was fitted to voltammograms based on
the non-linear regression analysis calculated by Gnuplot®.
Refined parameters are summarized in Table 1. Refined
curves are shown in Figure 5.
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Figure 4. (A) CVs recorded at A1cACHR_FDH/CNT/GC
prepared with Triton® X-100. Measurements were per-
formed in Mcllvaine buffer (pH 4.5) containing 100 mM
D-fructose under Ar-saturated conditions at 25 °C, v = 10
mV s-1, and w = 4000 rpm (solid line). A Dotted line indi-
cates a CV in the absence of D-fructose. A red line indicates
a CV at A1cACHR_FDH/CNT/GC prepared without Tri-
ton® X-100.

(B) Enlarged view of A.

Based on the aforementioned structural information, the
value of k. was likely constant in the presence or absence of
the heme 1c region and/or CHR. Therefore, the Iterr and
k°max values can be compared using the kc[Eerr and k°max/ke
values, respectively. Discussion on Ikerr is identical to the
description in Section 3.2., that is, effects of downsizing of
the enzyme and interference of surfactants were suggested
for the variants. The k°max values of rFDH and its variants
were similar. This result is consistent with the structural in-
formation that the interfacial electron transfer pathway
from heme 2c¢ to the electrode is conserved between rFDH
and A1cACHR_FDH.

The E°’k values of rFDH and its variants were similar
when the condition for electrode fabrication was standard-
ized to include Triton® X-100 in the enzyme solution. This
indicates that the formal potential of heme 2c¢ was not af-
fected by the deletion of the heme 1c region and/or CHR. In
contrast, a negative shift in E°'t by approximately 15 mV
was observed for A1cACHR_FDH in the absence of Triton®
X-100. Because the heme 2¢ of A1cACHR_FDH was exposed
by the solvent (Figure 2), the presence of Triton® X-100 may
have altered the formal potential of heme 2c. A similar in-
teraction between hemin and surfactants were reported us-
ing microperoxidase 11.76

Differences in the enzyme orientation of rFDH and its var-
iants were clarified. The p: and p: values of Al1c_FDH were
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Figure 5. (A) Background-subtracted voltammograms
representing the DET-type fructose oxidation at
rFDH/CNT/GC (black circles), A1lc_ FDH/CNT/GC (green
triangles), = ACHR_FDH/CNT/GC  (blue squares),
A1cACHR_FDH/CNT/GC prepared without Triton® X-100
(red diamonds), and A1cACHR_FDH/CNT/GC prepared
with Triton® X-100 (purple crosses). Dotted lines indicate
refined curves obtained by regression analysis.

(B) Enlarged view of A.
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Table 1. Refined parameters for rFDH and its variants.

y bt enafke B mV pi /% p2/%  ps/%  pa/%
rFDH 41+£0.5 0.32+£0.04 -2+5 50£2 15+1 10+1 24+1
Alc_FDH 12+1 0.35£0.01 2+1 57+2 25+1 7t1 101
ACHR_FDH 1.6+£0.3 0.28+£0.02 -5+4 49+2 15+2 101 25+3
(AperA]J(é:lII-‘Igd_l\:/\?igloutTriton® X-100) 60*8 0.28+£0.02 -18+3 31+3 2812 16+1 24+2
(AplrisAp(;I:?&I:/\ll)lgl Triton® X-100) 812 0.34+£0.03 -3+2 47+2 206 10+1 2312

higher than those of rFDH. Therefore, Alc_FDH exhibited
ASSOCIATED CONTENT

improved enzymatic orientation compared with that of
rFDH. In contrast, the p:1 value of A1cACHR_FDH was lower
than that of rFDH, Alc_FDH, and ACHR_FDH. However, the
p1value increases in the presence of Triton® X-100, suggest-
ing that the incorporation of surfactants control the orien-
tation of FDH for DET. These results corroborate the find-
ings of a previous study, which showed that the DET activity
of FDH at thiol-modified gold electrodes depended on the
hydrophobicity and hydrophilicity of the surface of the elec-
trode.38

Compared with rFDH and the other variants,
A1cACHR_FDH exhibited the highest performance for DET-
type fructose oxidation based on the quantitative analysis
of kinetic and thermodynamic parameters. The downsized
surfactant-free variant exhibited a 14-fold higher catalytic
current density than that of rFDH. A 10-mV reduction in the
overpotential was also attained. However, the removal of
surfactants marginally reduced the precision of the orienta-
tion of the enzyme. DET-type bioelectrocatalysis can be im-
proved by implementing various techniques for electrode
functionalization and protein engineering.

4. CONCLUSIONS

The DET-type bioelectrocatalysis of FDH was improved by
using a variant truncating the heme 1c region and CHR. The
double variant, A1cACHR_FDH, was expressed in the soluble
fraction owing to the deletion of membrane-bound regions
of FDH. Cryo-EM analysis revealed that A1cACHR_FDH was
downsized without the occurrence of conformational
changes that can interfere with its catalytic activity. An in-
crease in the Ieerr value of A1cACHR_FDH at the MWCNT
electrode was attributed to the effects of the downsizing of
the enzyme and removal of surfactants. As a result,
A1cACHR_FDH exhibited a 14-fold higher catalytic current
density than that of rFDH. Kinetic analysis of voltammo-
grams showed that the addition of surfactants resulted in a
marginal change in E°'t and improved the orientation of the
enzyme. Similar approaches can improve other membrane-
bound DET-type enzymes. This study improves the under-
standing of the structural mechanism of membrane-bound
proteins and represents a step forward in the development
of DET-based bioelectrochemical system.

Supporting Information

SDS-PAGE of the enzymes, bacterial strains, plasmids, and ad-
ditional structural and electrochemical data are described in
the Supporting Information.

This material is available free of charge via the Internet at
http://pubs.acs.org. XXXXXXX.
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