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ABSTRACT: Flavin adenine dinucleotide-dependent bp-fructose ® Tr 427
dehydrogenase (FDH) from Gluconobacter japonicus NBRC3260, a P08 “Fructose p
membrane-bound heterotrimeric flavohemoprotein capable of direct

electron transfer (DET)-type bioelectrocatalysis, was investigated "

from the perspective of structural biology, bioelectrochemistry, and ."’_, 0 J. Heme 2c,

protein engineering. DET-type reactions offer several benefits in

biomimetics (e.g., biofuel cells, bioreactors, and biosensors) owing

to their mediator-less configuration. FDH provides an intense DET- | lecul

type catalytic signal; therefore, extensive research has been ntramolecular ﬁ’ = | >
conducted on the fundamental principles and applications of Electron Transfer .@J
biosensors. Structural analysis using cryo-electron microscopy and —‘
single-particle analysis has revealed the entire FDH structures with

resolutions of 2.5 and 2.7 A for the reduced and oxidized forms,

respectively. The electron transfer (ET) pathway during the catalytic

oxidation of p-fructose was investigated by using both thermodynamic and kinetic approaches. Structural analysis has shown the
localization of the electrostatic surface charges around heme 2c¢ in subunit II, and experiments using functionalized electrodes with a
controlled surface charge support the notion that heme 2c is the electrode-active site. Furthermore, two aromatic amino acid residues
(Trp427 and Phe489) were located in a possible long-range ET pathway between heme 2c and the electrode. Two variants (W427A
and F489A) were obtained by site-directed mutagenesis, and their effects on DET-type activity were elucidated. The results have
shown that Trp427 plays an essential role in accelerating long-range ET and triples the standard rate constant of heterogeneous ET
according to bioelectrochemical analysis.

Direct Electron Transfer

KEYWORDS: bioelectrocatalysis, direct electron transfer, cryo-electron microscopy, membrane-bound D-fructose dehydrogenase,
intramolecular electron transfer

H INTRODUCTION uration, the reaction can offer the following benefits in future
bioelectrochemical technologies: (i) minimized overvoltage,
(i) low cost, (iii) simple design, (iv) high degree of design
freedom, and (v) nontoxic and environmentally friendly
properties.'””™>> The third-generation biosensors, which
employ a principle of DET-type bioelectrocatalysis to detect
the target substances, have been considered ideal and
elegant.”® They are helpful for health management (e.g,, self-
monitoring of blood glucose (SMBG) or sweat sensing).””
In many cases, DET-type enzymes have a catalytic site that

Oxidoreductases are enzymes that catalyze redox reactions in
living organisms. They facilitate biological electron transfer
(ET) and play essential roles in several biochemical events
(e.g, photosynthesis, respiration, and nitrogen fixation). The
variety of these enzymes is extensive, accounting for one-fourth
of all enzymes. In contrast, oxidoreductases have been utilized
in bioelectrocatalysts to realize a variety of biotechnologies,
such as biosensors, biofuel cells, solar fuel production, carbon
dioxide capture and utilization, and cofactor-regeneration
systems. These systems are based on bioelectrocatalysis,

which couples electrode and enzymatic reactions.' "’ Received: August 11, 2023
Several metalloenzymes can communicate electronically Revised:  September 17, 2023
with suitable electrodes without redox mediators to shuttle Published: October 12, 2023

electrons between the enzyme and electrode. This phenom-
enon has been termed “direct electron transfer (DET)-type
bioelectrocatalysis”.'*™> Owing to the mediator-less config-
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Figure 1. (A) Side view of the entire structure of FDH analyzed by cryo-EM (PDB ID: 8JEJ). The membrane-bound region is shown as a surface
model (pale blue) with a superposition of structures in another class of FDH (PDB ID: 7W2]J). (B) Geometrical arrangement of cofactors in a
heterotrimer. FAD, 3Fe4S, hemes ¢, and UQ, are colored magenta, yellow, red, and green, respectively. Bidirectional arrows show edge-to-edge
distances between cofactors. (C) Top view of the entire structure of FDH showing the substrate binding pocket.

catalyzes the redox reaction of the target substrate and an
electrode-active site that communicates with an electrode.
Metal cofactors (Ni, Fe, W, and Mo) and non-metallocofactors
(such as flavin adenine dinucleotide (FAD) and pyrroloquino-
line quinone (PQQ)) are known as catalytic sites, whereas
heme moieties, iron—sulfur clusters, and other metal centers
are generally known as electrode-active sites.”*""

Membrane-bound quinohemoproteins, flavohemoproteins,
and metallohemoproteins have been actively studied as DET-
type enzymes for the following reasons: (a) generation of clear
catalytic signals, (b) potential as biosensors for organic
substrates (such as sugars, alcohols, or aldehydes), (c) variety
of mutants, and (d) no loss of cofactors through covalent
bonding with an enzyme (in the case of flavohemoproteins and
metallohemoproteins).”” PQQ-dependent alcohol dehydro-
genase (ADH)” and molybdopterin-containing (Moco)
aldehyde dehydrogenase (AIDH)* from Gluconobacter oxy-
dans, PQQ-dependent ADH and AIDH from Gluconobacter
sp.33,”> FAD-dependent %lucose dehydrogenase (BcGDH)
from Burkholderia cepacia,”® and FAD-dependent p-fructose
dehydrogenase (FDH) from G. japonicus NBRC 3260°" are
known as DET-type enzymes. They have a heterotrimeric
structure with a large subunit that catalyzes substrate oxidation.
The subunit containing three heme ¢ moieties has a membrane
anchor and is physiologically responsible for ET from the
substrate to ubiquinone (UQ).”**” In addition, the small
subunit plays a role in its expression.*’

We discuss flavohemoproteins in more detail. BcGDH has
been investigated for SMBG, and its mechanism and stability
have been studied.’® In addition, a partial three-dimensional
(3D) structure of BcGDH, composed of large and small
subunits (BcGDHya), was elucidated (PDB ID: 6A2U).*" The
site-directed mutagenesis and electron paramagnetic resonance
(EPR) spectrum has indicated that three Cys residues in the
Cys-rich region in the large subunit constitute the 3Fe-4S
cluster (3Fe4S), which is thought to mediate the ET between
FAD and heme ¢ moieties.” Another partial 3D structure
composed of large and small subunits and a truncated
cytochrome subunit, leaving only one heme ¢ moiety
(BcGDHya-trf3), was also elucidated (PDB ID: 8HDD) to
support this discussion.”> However, the overall structure of the
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membrane-bound subunit, including heme ¢ moieties respon-
sible for the electrode-active site, remains unknown. FDH is a
particular enzyme with intense DET-type bioelectrocatalytic
activity and has been extensively investigated from electro-
chemistry, protein engineering, and spectroscopy perspec-
tives.”” FDH comprises subunits I (67 kDa), II (51 kDa), and
I (20 kDa). Subunit I contains a covalently bound FAD, and
subunit II carries three heme ¢ moieties from its N-terminus
called hemes 1¢, 2¢, and 3¢.**** The redox potentials of hemes
¢ in FDH and several variants were investigated using
bioelectrochemical and spectroscopic methods.**~** The ET
pathway of DET-type bioelectrocatalysis of FDH was
examined with site-directed mutagenesis to replace the axial
ligand of heme ¢ and to delete the heme ¢ moiety.”* ™" These
studies have shown that the electron is transferred from the
reduced FAD through heme 3¢ to heme 2c¢ and then to the
electrode; heme 1c¢ does not seem to be involved in the
reaction."¥7>° However, the entire 3D structure of FDH, as
well as other membrane-bound quinohemoproteins, flavohe-
moproteins, and metallohemoproteins, remained unknown
until our first discovery of the FDH structure reported in a
preprint article in 2022.>" Therefore, a quantitative discussion
of their DET-type reaction was difficult.

In the present study, we aimed to elucidate the 3D structure
of FDH using cryo-electron microscopy (cryo-EM) and single-
particle image analysis. The ET pathway of the DET-type FDH
reaction has been quantitatively discussed from the viewpoints
of structural biology, bioelectrochemistry, and protein
engineering. Structural analysis has shown the localization of
electrostatic surface charges around heme 2, and experiments
using functionalized electrodes with a controlled surface charge
have supported the idea that heme 2c is the electrode-active
site. Focusing on aromatic residues that have been reported to
enhance long-range ET,>>* we constructed variants in which
the corresponding residues were each replaced with alanine.
Based on the entire structure and the experimental results, we
elucidated the enhancement of long-range ET by Trp427,
which is located in the middle of the ET pathway from heme
2¢ to the electrode.

https://doi.org/10.1021/acscatal.3c03769
ACS Catal. 2023, 13, 13828-13837
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B RESULTS AND DISCUSSION

Cryo-EM Structures of FDH. Figure 1A shows the 3D
structure of recombinant (native) FDH (rFDH) based on
cryo-EM single-particle image analysis with a resolution of 2.5
A (rFDH-R), which was retained in the reduced form with
sodium dithionite. The structure of the FDH oxidized with
potassium ferricyanide was also determined with a resolution
of 2.7 A (tFDH-O), and Figure S2 shows the superposition of
their 3D structures. Because the root-mean-square deviation
value is sufficiently small (0.19 A), we concluded that the
heterotrimeric structure and geometrical arrangement of
cofactors in the enzyme were almost identical regardless of
the redox equilibrium state. Although rFDH forms a dimer of
heterotrimers in solution according to our previous study,’®
the cryo-EM maps after CTF refinement and 3D refinement
with C1 symmetry covered the monomer of the heterotrimer
that lacks the membrane-bound region at the C-terminus of
subunit II (Figures S3 and S4). This is probably due to the
structural flexibility of its membrane-bound regions, as inferred
from the 3D variability analysis (Figure SS). We previously
reported the first entire structure as a dimer of FDH (rFDH-D;
Figure S6) in a preprint article in 2022.°" The resolution of the
map, in which two heterotrimers form a dimer through
interaction with the membrane-bound regions solubilized by a
surfactant (Triton X-100), was much lower (3.6 A) than those
in the present study due to a flexible dimer arrangement
(Figure S7).

Figure 1B shows the edge-to-edge distances between the
cofactors of rFDH-R. Three of the four sequential cysteine
residues in subunit I (Cys88S, Cys891, and Cys895) form the
3Fe-4S iron—sulfur cluster (3Fe4S) as in the case of
BcGDH** (Figure S8A and B). Considering the reported
limit of 14—20 A for the long-range ET distance,’”*’ 3Fe4S
serves as an ET relay between FAD and heme 3c. In addition,
clear elongated densities were observed between heme 1c and
the membrane-bound region in the 3D maps of both rFDH-R
and rFDH-O (Figure S8C and D). Based on the physiological
role of FDH, we considered that UQ, was the most probable
candidate for these densities.”""> Reverse-phase high-perform-
ance liquid chromatography (HPLC) was performed on the
organic extracts of the rFDH solutions, and the results
confirmed the presence of UQ,, (Figure S9). UQ,, was
quantified as 1% of the molar amount of rFDH, indicating that
UQ, bound weakly and partially to the enzymes. This is
consistent with the relatively low resolution of the densities,
and similar results have been confirmed in the case of ADH
and AIDH from G. oxydans.63 Furthermore, we confirmed a
clear cavity around the FAD catalytic site in the top view of the
structure (Figure 1C).

Various structural prediction techniques have been devel-
oped. For FDH, prediction using SWISS-MODEL (homology
prediction tool) was conducted, and possible ET pathways
were discussed.”* AlphaFold2 is also a powerful predictive
tool.”> We compared the results of these prediction techniques
with those of our structural analysis. Although the accuracy for
subunits I and III was relatively good, the accuracy for subunit
II and the heterotrimer was poor (Figures $10 and S11). These
results indicate that the prediction accuracy of membrane-
bound proteins remains insufficient and the present study
provides essential findings in structural biology.

We now discuss the intramolecular ET in rFDH. The long-
range ET rate constant (kET) can be expressed using eq 1,
based on Marcus’ theory.

T (—/1 N nFAE
ex —
ETC SP\YRT T 2RT

exp(—pAd
Josp(-paa) 0
Here k° is the standard rate constant, 4 is the reorganization
energy, R is the gas constant, T is the absolute temperature, # is
the electron number, F is the Faraday constant, AE®" is the
potential difference between the cofactors, # is the decay
coefficient of the long-range ET (assumed to be 1.4 A™" for
proteins in general), and Ad is the edge-to-edge distance
between the cofactors. Based on the assumptions reported thus
far,’° eq 1 can be simplified to eq 2.

1/2
{ k,-ik,;fexp( nFAE) } /
SKART exp(=/Ad) 2)

ET

Here k; and k; are the self-exchange rate constants for the
electron donor and acceptor (designated as i and j,
respectively), S is the steric factor (=0.1), and K, is the
encounter equilibrium constant (0.4 M™").° The f value in
eq 2 is described in the Supporting Information (eq S1). The
redox potentials of FAD and hemes ¢ were based on previous
studies.*”®” For 3Fe4S, redox titration using EPR was
performed to roughly estimate the redox potential (Figures
S12 and S13). Moser et al. analyzed data obtained from many
intramolecular ET reactions and found that the kg correlates
well with Ad assuming = 1.4 A7.%° Figure 2 shows the
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Figure 2. Thermodynamic and kinetic diagram of the intramolecular
ET. Horizontal and vertical axes show the edge-to-edge distances
between cofactors and their redox potentials, respectively. Arrows
represent the ET rate constant predicted by eq 2.

thermodynamic and kinetic diagrams of intramolecular ET.
Detailed descriptions of the ET rate constants are provided in
the Supporting Information (Table S4). This prediction with a
general value of # (1.4 A™') indicates that the ET process
between FAD and 3Fe4S seems to be the rate-determining
step. However, smaller f values have also been provided to ET
in some proteins (e.g, f = 0.66 A~ for azurin,” = 0.68 A~
for ruthenated cytochromes’”). According to previous studies,
aromatic residues accelerate long-range ET.”*~> Although no
aromatic amino acid residues were identified in the ET
pathway downstream of 3Fe4S, Trp780 was found in the
middle of the ET pathway between FAD and 3Fe4S (Figure
S15). Accordingly, we hypothesized that Trp780 plays an

https://doi.org/10.1021/acscatal.3c03769
ACS Catal. 2023, 13, 13828-13837
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essential role in the intramolecular ET. To further investigate
the hypothesis, the following two studies will be necessary: (1)
bioelectrochemical studies of site-directed variants focusing on
Trp780 and (2) more accurate quantification of the self-
exchange rate constants of the cofactors of FDH.
Bioelectrochemical and Structural Elucidations of
DET-Type Bioelectrocatalysis of FDH. Next, we discuss the
ET pathway of DET-type bioelectrocatalysis in FDH from
bioelectrochemical and structural perspectives. Previous
studies have shown that heme 1c does not seem to be
involved in the reaction and that heme 2c is the most likely
electrode-active site."">° The distance from the individual
cofactors to the a-carbon of the amino acid residues on the
enzyme surface indicates that hemes 2¢ and 1c are close to the
enzyme surface (Figure S16). Furthermore, we attempted to
calculate the electrostatic potential distribution on the rFDH
surface using the PDB 2PQR web service”' and PyMOL APBS
plugin.”* Figure 3A and B show the distribution of the surface

(B)

Figure 3. Electrostatic potential distributions of rFDH-R (PDB ID:
8JE]) at (A) pH 4.5 and (B) pH 6.0 (blue, positive; red, negative)
calculated using the PDB 2PQR web service and the PyMOL APBS
plugin.

charges at pH 4.5 and 6.0, respectively. Most of the rfFDH
surface was positively charged at pH 4.5, as inferred from the
isoelectric point of rFDH (6.597%). Interestingly, the negative
charge was concentrated near heme 2c. The enzyme surface
was less positive at pH 6.0. Based on this unique charge
difference around heme 2¢, we conducted electrochemical
measurements using electrodes functionalized with different
surface charges.

Glassy carbon (GC) electrodes were modified with multi-
walled carbon nanotubes (MWCNTSs) for electrochemical
measurements. The charging current value at 0.15 V for each
electrode ranged between 0.14 and 0.16 mA cm™> (data not
shown). Assuming the double-layer capacitance at 0.15 V is

identical, we confirmed that the electroactive surface area did
not vary significantly between the electrodes. The electrodes
were functionalized with 1-pyrene methylamine (PyNH,) or 1-
pyrene acetic acid (PyAA)’* to investigate the differences
between the positively and negatively charged electrodes
(PyNH,/MWCNT/GCE and PyAA/MWCNT/GCE, respec-
tively). We also investigated the effect of ionic strength on
DET-type activity. The enzyme assay in solution indicated that
FDH activity remained unchanged with the addition of up to
50 mM NaCl (Figure S17). Thus, SO mM NaCl was added to
the solution to investigate the effects of different ionic
strengths on the DET-type reaction. Rotating disk linear
sweep voltammograms (RDLSVs) were recorded at pH 4.5
and 6.0 in the presence of 0.2 M p-fructose (Figure S18). At
pH 4.5, the DET-type bioelectrocatalytic current density for p-
fructose oxidation was higher for PyNH,/MWCNT/GCE than
for PyAA/MWCNT/GCE (Figure 4A). In the case of PyNH,/
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Figure 4. Background-subtracted RDLSVs of p-fructose oxidation at
rFDH-adsorbed PyNH,/MWCNT/GCE (blue circles) and PyAA/
MWCNT/GCE (red squares) in three-times-diluted McIlvaine buffer
containing 0.2 M D-fructose at (A) pH 4.5 or (B) pH 6.0 under Ar-
saturated conditions at 25 °C, @ = 4,000 rpm, and v = 20 mV s~
Errors were evaluated using the Student’s t-distribution at a 90%

confidence level (N = §).

MWCNT/GCE, increasing the ionic strength by adding 50
mM NaCl decreased the limiting current density, indicating
that the electrostatic attraction was suppressed (Figure S19A).
By contrast, in the case of PYAA/MWCNT/GCE, an increase
in ionic strength increased the current value, suggesting that
the electrostatic repulsion was relaxed (Figure S19A). In
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addition, the current values were almost equal for both
electrodes at the high ionic strength of SO mM NaCl (Figure
S19A). Therefore, we concluded that electrostatic interactions
between the enzyme and electrode were responsible for the
differences in the DET-type reactions. When the electrode
surface is positively charged, an attractive electrostatic
interaction occurs between the negatively charged region
near heme 2c¢ and the electrode surface, which induces a
favorable orientation of rFDH in the DET-type reaction, with
heme 2c facing the electrode surface. By contrast, the catalytic
current was not significantly affected by the electrode surface
charge at pH 6.0 (Figure 4B). This was probably due to an
increase in the negative charge on other enzyme surfaces in
addition to the region near heme 2c. Increasing the ionic
strength of the buffer solution did not affect the limiting
catalytic current at pH 6.0, either (Figure S19B). These results
clearly indicate that heme 2c¢ is the electrode-active site in the
DET-type reaction of rFDH.

Characterization of Variants Being Focused on
Aromatic Residues. In this section, we focus on aromatic
amino acid residues that have been reported to enhance ET
and discuss the origin of the intense DET-type activity of
FDH. Two residues (Trp427 and Phe489) are located in the
middle of the ET pathway from heme 2c¢ to the top surface
(Figure S), whereas there are no aromatic amino acid residues

.Phed489
/

. SN
Trp427

Heme 3c

Heme 2¢

Figure 5. Aromatic residues on the shortest ET pathway from heme
2¢ to the top surface of FDH.

around the other heme ¢ moieties. To investigate the possible
influence of these residues on the DET-type reaction, we
constructed site-directed FDH variants in which either Trp427
or Phe489 was substituted with alanine (F489A or W427A
FDH, respectively).

The variants were successfully constructed and purified.
These enzymes showed specific activity and an optimal pH
similar to those of rFFDH (Figure S20). In addition, the oxygen
consumption rates (vo,) of whole cells harboring pSHO13 (for
rFDH), pYSFO1 (for F489A FDH), or pYSF02 (for W427A
FDH) were examined using D-fructose or D-glucose as an
electron donor (Figures S21 and S$22). No significant
differences in vy, were observed between these variants.

Therefore, it can be inferred that no structural changes that
would significantly alter the activity occurred in these variants.

We performed electrochemical measurements with these
variants using uncharged electrodes to minimize the effects of
specific electrostatic interactions. The aryl diazonium salt
electro-reduction onto CNT has been widely used as a scaffold
to obtain improved performance of DET-type bioelectrocatal-
ysis.”~” MWCNT/GCEs modified with 2-aminoanthracene
(2-ANT) diazonium were utilized for the measurements to
elucidate the effect of aromatic residues.”” Figure 6A shows

(A)
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Q
~
0
-5 1 1 1
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E/V (vs. Ag|AgCl|sat. KCI)
(B)
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E vs.Ag|AgCl(sat.KCl)/V

Figure 6. (A) RDLSVs of p-fructose oxidation at the FDH-adsorbed
2-ANT/MWCNT/GCE in three-times-diluted Mcllvaine buffer (pH
4.5) containing 0.2 M p-fructose under Ar-saturated conditions at 25
°C, = 4,000 rpm, and v = 20 mV s~! (1, rFDH (black); 2, F489A
FDH (red); 3, W427A FDH (blue)). The inset shows normalized
voltammograms for each catalytic current at 0.5 V. (B) Background-
subtracted RDLSVs of p-fructose oxidation at rFDH (black circles),
F489A FDH (red triangles), and W427A FDH (blue squares)
adsorbed 2-ANT/MWCNT/GCEs. Dashed lines indicate refined
curves estimated by non-linear regression analysis based on eq 3.
Errors were evaluated using the Student’s t-distribution at a 90%
confidence level (N = 4).

RDLSVs of FDH-adsorbed 2-ANT/MWCNT/GCE recorded
in three-times-diluted Mcllvaine buffer (pH 4.5) at a rotating
speed (@) of 4000 rpm and a scan rate (v) of 20 mV s~ in the
presence of 0.2 M p-fructose. Clear DET-type catalytic waves
corresponding to D-fructose oxidation were observed for all of
the enzymatic electrodes. The F489A FDH-adsorbed electrode
produced a similar catalytic wave approaching a limiting value
at 0.5 V, which is nearly identical to rfFDH. Therefore, Phe489
did not affect DET-type reactions. By contrast, the W427A
FDH-adsorbed electrode showed a linearly increasing part, the
so-called residual slope”® of the steady-state wave. The catalytic
current density at 0.5 V was reduced to approximately 35% of
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that of rFDH. This result indicates that Trp427 plays a crucial
role in the DET-type reaction of rFDH. Kinetic analyses were
performed in the next session to quantitatively evaluate the
effect of ET acceleration between heme 2¢ and the electrode
surface.

We also constructed two other variants (Alc-site FDH and
W427A Alc-site FDH) to carefully consider the effect of heme
Ic. In Alc-site FDH and W427A Alc-site FDH, the sequences
of heme 1c binding site “CAACH”, in which two cysteines
(Cys235 and Cys238) and a heme 1c were covalently linked,
were replaced with “AAAAH” to eliminate the heme 1c moiety.
The vo, values of the whole cells harboring pYUF23 (for the

Alc-siteFDH) and pYSFO3 (for the W427A Alc-siteFDH)
were also examined (Figures S21 and $22). The v values with

D-fructose were much lower than those with D-glucose,
suggesting that the fructose-oxidizing respiratory chains did
not function in the two strains. Considering that the edge-to-
edge distance between heme 2¢ and UQy is too far to transfer
electrons (24 A), these results demonstrated that Alc-site
FDH and W427A Alc-site FDH did not possess a heme 1c
moiety. The RDLSVs of the two variant-adsorbed 2-ANT/
MWCNT/GCEs are shown in Figure S23. An accelerating
effect in the DET-type reaction with Trp427 was also observed
in the variants without heme 1c. These results support our
hypothesis that heme 2c¢ is the electrode-active site and that
Trp427 plays an essential role in DET.

Bioelectrochemical Discussion on ET Acceleration by
a Tryptophan Residue. As reported in previous studies with
DET-type enzymes, the DET-type reaction provides the
residual slope region on the voltammogram.'”~>* Thus, we
estimated the kinetic parameters of the DET-type reaction at
the FDH-adsorbed electrodes using a random orientation
model.””” In this model, j., (steady-state catalytic current
density of the DET-type reaction) is expressed as follows:””

kn

=(1+n) +n°

©

o = n|
CPA ) B 4 p)exp(—pAs) + 1

]cat,lim

©)

where jo, i is the limiting catalytic current density, kg, is the
standard rate constant of the heterogeneous ET at the closest
approach in the best orientation of the enzyme, Ax is the
difference in the distance between the closest and farthest
approaches of the redox center of the electroactive enzyme, k,
is the catalytic constant of the enzyme, and «a is the transfer

coefficient (0.5, in general).é8 n is defined as follows:

n= P{ RT (EE E)} @

where ny is the number of electrons in the rate-determining
step of the heterogeneous ET (1, in general), E is the electrode
potential, and Eg’ is the formal potential of the electrode-active
site. The background-subtracted catalytic currents were used
for the analysis. Equation 3 was fitted to the steady-state
catalytic waves using non-linear regression analysis in Gnuplot
using kg../k, PAx, and j i, as adjustable parameters by
setting @ = 0.5. The Eg’ value was set to 0.032 V based on the
non-catalytic signal reported previously.””

We successfully analyzed the data for rFDH and F489A
FDH with a good fit (Figure 6B). The refined data are
summarized in Table 1. The limiting currents of the W427A

Table 1. Refined Parameters by the Non-linear Regression
Analysis of Voltammograms®

FDH Ko/ ke BAx Jeatim/MA cm™>
FDH 4.6 + 02 9.7 + 0.1 14 + 1
F489A FDH 42 + 04 92 + 03 11+2
W427A FDH 1.5+ 02" 27 + 3 14°

“Errors were evaluated from Student’s t-distribution at a 90%
confidence level (N = 4). bAnalytical result assuming jo, i, = 14
mA cm™?

FDH-adsorbed electrodes could not be determined exper-
imentally, and it was not easy to precisely evaluate the amount
of effective enzyme on the electrode. Accordingly, we
performed the analysis by fixing either SAx or jm, which
contributes to the magnitude of the limiting current. We
obtained a good fit for W427A FDH in the analysis at fAx >
20 A (Figure 6B, Table SS). Although the values of fAx and
jeatlim are mutually dependent, the value of kj,./k. was not
affected by SAx under the conditions (fAx > 20 A).
Concerning kg, /k., the value for W427A FDH was
approximately one-third of those for rFDH and F489A FDH.
Because it is reasonable to assume the same k. for these
variants, the acceleration effect of Trp427 is considered to have
tripled the value of k..

When we fixed fAx = 9.7 based on the analytical result of
rFDH, the fitting curve for W427A FDH-adsorbed electrodes
showed a sigmoidal character (Figure S24). This characteristic
is not consistent with the linear characteristics obtained in the
experiments. In addition to k., similar effective amounts of
adsorbed enzyme can be reasonably assumed for these variants.
Thus, the j., i value (S £ 1 mA cm™) obtained when fixing
PAx at 9.7, which is quite smaller than that for rFDH, is also
not acceptable (Table SS). Accordingly, this result suggests
that fAx of W427A FDH is larger than that of rFDH. Because
Ax can be assumed to be identical among site-directed
variants, the apparent f# value in the long-range ET pathway
from heme 2¢ to the electrode (approximately 10—14 A) is
also suppressed by Trp427.

Finally, the two different pathways for intramolecular ET
and DET of FDH are shown in Scheme 1. In solution,
intramolecular ET proceeds in the order from FAD, 3Fe4S,
heme 3¢, heme 2¢, heme 1¢, and UQy to the respiratory chain.
By contrast, in the DET-type reaction, the ET route branches
off from heme 2¢ and the electrons from the substrates are
transferred to FAD, 3Fe4S, heme 3¢, heme 2¢, and the
electrode in this order.

B CONCLUSIONS

In this study, we clarified the 3D structure of FDH using cryo-
EM and single-particle image analysis. This is the first study to
report the entire structures of membrane-bound flavohemo-
proteins, quinohemoproteins, and metallohemoproteins capa-
ble of DET-type bioelectrocatalysis. Long-range ET kinetics
through FAD, 3Fe4S, and hemes 3¢, 2¢, and 1c were examined
based on Marcus’ theory. In addition, heme 2c¢ is identified as
the electrode-active site in the DET-type reaction of FDH
from structural biology and bioelectrochemical viewpoints.
Furthermore, the ET rate between heme 2¢ and the electrode
decreases significantly when Trp427 is substituted with
alanine. Kinetic analysis of steady-state catalytic waves has
revealed that Trp427 triples the value of k,,, in the ET. These
findings provide vital information for searching for critical
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Scheme 1. Ilustration of the Intramolecular ET and DET Pathways in rFDH, W427A FDH, and F489A FDH
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elements for DET-type reactions and a reasonable explanation
for the outstanding DET-type activity of FDH. A previous
study also reported that the “double-tryptophan” variant,
which was constructed by the substitution with Trp, enhanced
the intramolecular ET.*” The appropriate mutation of aromatic
residues to accelerate ET between an enzyme and an electrode
will be a novel way to create new DET-type enzymes and
innovative biomimetics.
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