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Methanol fuel is paid much attention as an alternative lower carbon
fuel for internal combustion and other engines. In this work, the
bioelectrocatalytic methanol production from formaldehyde with
alcohol dehydrogenase from Saccharomyces cerevisiae (ADH) using
methylviologen (MV?*) as an electron mediator was developed
toward establishing a method for synthesizing CO, to methanol.
When a single-electron reduction potential of MV2* (—700 mV vs.
Ag/AgCl electrode as a reference) was applied in the presence of
ADH, reduction of formaldehyde to methanol was observed. After
90 min continuous external bias of —700 mV, 22.6% formaldehyde
consumption based on methanol production was observed in this
bioelectric catalyst system.

Various alcohols instead of liquid hydrocarbon are used as fuel
for internal combustion engines." The first four aliphatic
alcohols (methanol, ethanol, propanol, and butanol) are of
interest as fuels because they can be synthesized chemically or
biologically.> Thus, these alcohols have characteristics with
utilization in internal combustion engines. Of these alcohols,
methanol has received a lot of attention as a low-carbon fuel.
Although methanol is generally more toxic and has lower
energy density, it is less expensive to produce sustainably than
ethanol fuel. Methanol is synthesised from hydrocarbon or
renewable resources, in particular natural gas and biomass,
respectively.> Methanol can also be produced by multi-
electron-multi-proton concerted CO, reduction. The CO,
reduction to methanol is classified into electrochemical, photo-
chemical and thermocatalytic methods.*”® For thermocatalytic
methods, recently, attention has been focused on the produc-
tion of methanol from direct CO, hydrogenation with hydrogen
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gas. Cu, Au, Pd, Mo and lanthanide-based catalysts are widely
used in this reaction. Many studies on electrocatalytic methods
have been reported for CO, reduction to methanol without
using hydrogen gas.””"> Renewable energy, such as solar cells,
is used as a power source for electrochemical CO, reduction,
and there is no need to use hydrogen gas. As the CO, reduction
to methanol requires six-electrons coupled to six-protons, the
reaction is considered to be kinetically slower, and thus, highly
active and selective catalysts are needed. Research on Cu
electrodes has been widely used in the electrochemical
reduction of CO,. With Cu electrodes, which are widely used
in electrochemical CO,, the key issue is how to achieve selec-
tivity for methanol production due to the wide variety of
products. To achieve selectivity for methanol production due
to the electrochemical CO, reduction, a method using a bioca-
talyst having excellent reaction specificity has attracted a great
deal of attention. For direct CO, reduction, dehydrogenases
have been particularly paid high interest. Moreover, dehydro-
genase enzymes are capable of reducing CO, into alcohols
selectively and directly under ambient conditions and in aqu-
eous environments.**™® For example, CO, reduction to metha-
nol is feasible with a three-step enzyme cascade including
formate dehydrogenase (FDH), formaldehyde dehydrogenase
(FIdDH), and alcohol dehydrogenase (ADH), as shown in
Fig. 1.">1°

FDH
CO, + NADH + H* ——> HCOOH + NAD*
HCOOH + NADH + H*
ADH
HCHO +NADH +H* —— CH,OH + NAD*

FIdDH
—> HCHO + NAD*+ H,0

Total reaction

CO, +3 NADH + 3 H* —> CH;OH + 3 NAD* +H,0

Fig. 1 Reaction steps for the enzyme-catalyzed CO, reduction to metha-
nol through a three-step cascade of dehydrogenases (FDH, FIdDH and
ADH) with NAD*/NADH redox coupling.
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In this system, NADH functions as a common co-enzyme for
the three dehydrogenases. However, electrochemically recy-
cling NAD" to NADH requires overcoming technically high
hurdles. Usually, electrochemical NAD" reduction results in
the production of the single-electron reduced NAD' and then
the formation of the NAD dimer, (NAD),."”' Moreover, the
reaction between NAD' and (NAD), is an irreversible process,
since (NAD), is an inactive co-enzyme for NAD'-dependent
dehydrogenases such as FDH, AlIdDH and ADH. To prevent
the dimerization of NAD(P)', it has been reported that NAD(P)"
electrochemically is reduced to NAD(P)H via ferredoxin-NADP"
reductase (FNR) and diaphorase using methylviologen (MV>")
as an electron mediator. Moreover, the electrochemical
reduction of ketone or aldehyde to alcohol with ADH has also
been reported.>” Even if the electrochemical reduction of
NAD(P)" to NAD(P)H could be achieved, the affinity between
NAD(P)H and ADH does not change; thus, ADH catalytic activity
cannot be controlled in the electrochemical system using
NAD(P)'/NAD(P)H redox coupling. In addition, FNR is a very
expensive biocatalyst, and the NADH regeneration system using
diaphorase has problems for poor reproducibility. On the other
hand, some studies are also underway on systems that directly
use electron mediators such as MV>* as co-enzymes for bioca-
talysts instead of NAD". The single-electron reduced MV (cation
radical form; MV™*) has been found to function as a co-enzyme
for many NAD* dependent dehydrogenases.**** Since MV>* can
be easily reduced to MV' electrochemically (lower applied
potential >—1.0 V vs. Ag/AgCl), it can be expected to be useful
for enzyme-catalyzed CO, reduction to methanol through a
three-step cascade of dehydrogenases (FDH, FIdDH and ADH)
without any other additional biocatalysts, FNR or diaphorase.
In order to improve the efficiency of the system for electro-
chemical CO, reduction to methanol using MV>" as an electron
mediator, it is necessary to improve the efficiency of each of a
three-step cascade of dehydrogenases (FDH, FIdDH and ADH).

In this study, the bioelectrocatalytic formaldehyde reduction
to methanol with ADH from Saccharomyces cerevisiae using
MV>" as an electron mediator as shown in Fig. 2 was developed
toward establishing a method for synthesizing CO, to
methanol.

To investigate the effectiveness of the electron mediator
MV>" for ADH-catalyzed formaldehyde reduction to methanol,

Carbon

Fig. 2 Outline for bioelectrocatalytic formaldehyde reduction to metha-
nol with ADH from Saccharomyces cerevisiae using MV2* as an electron
mediator.
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a docking simulation was investigated to clarify the validity of
the binding of MV>" or MV™ to the substrate-binding site of
ADH. The crystal structure of ADH was obtained from the
Protein Data Bank (PDB) database (PDB ID: 4W6Z)* to prepare
a molecular model of ADH for docking simulation with MV>*
MV'*. The docking simulation using the molecular model of
ADH with MV>* or MV"* was carried out by the MyPresto
version 5.0 program provided by the Next Generation Natural
Product Chemistry (N2 PC).”® As a docking site for the sub-
strate, the grid size was set to 40 x 40 x 40 points with a grid
spacing of 0.61 A centered on the original ligand of the ADH
crystal structure. The grid box contains the entire substrate-
binding pocket of ADH, providing enough space for the ligand
translational and rotational walk. The standard docking proto-
col for rigid and flexible ligand docking was carried out. In the
MV>* or MV** binding to ADH, 6 amino acid residues (Cys43,
Thr45, His48, His66, Glu67, Cys153) composed of the substrate-
binding pocket of ADH possibly move flexibly and suit for MV>*
or MV**. The molecular models were subjected to 100 indepen-
dent runs per ligand, and other parameters were set to the
default values. Fig. 3 shows the docking simulation for MV>*
MV' or NAD" to the substrate-binding site of ADH. Fig. 3(d)
shows the relationship between root mean square deviation
(RMSD) and docking score in MV>" (blue) or MV** (red) to the
substrate-binding site of ADH. The RMSD value was estimated
as the measure of the average distance between the backbone
atoms of superimposed ADH. The docking score for MV>** or
MV binding to ADH was a calculated value of binding affinity
by a score function. The binding mode of MV** or MV™* to the
substrate binding site of ADH was evaluated from the relation-
ship between RMSD and the docking score. From the result of
Fig. 3(d), there is no significant difference in RMSD value
between MV>" and MV,
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Fig. 3 Docking simulation for MV2* (a), MV** (b) and NAD™ (c) to ADH.
The substrate-binding pocket with amino acid residues (Cys43, Thr45,
His48, His66, Glu67, Cysl53) of ADH is also shown in each figure.
Relationship between RMSD and docking score in MV2* (blue) or
MV** (red) to ADH.
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A docking model in which MV*" or MV"* is bound closest to
the substrate binding site of ADH (the one with the smallest
RMSD value) is shown in Fig. 3(a or b). As shown in Fig. 3(a
and b), it also was suggested that there was no significant
difference in the binding mode to ADH in MV>* and MV™. It
was presumed that MV>" or MV™ was closely located at the
NAD" binding site of ADH, as shown in Fig. 3(c). From these
results, it is presumed that MV>" or MV*™® can bind to the
substrate binding site of ADH and can contribute to formalde-
hyde reduction to methanol. We previously reported that the
FDH-catalyzed CO, reduction requires two electrons and the
important process is how to supply electrons from MV"® to CO,
twice in FDH on the basis of the docking simulation and
electrochemical techniques such as cyclic voltammogram.?’
As the formaldehyde reduction catalyzed by ADH also requires
two molecules of MV'®, thus, it is presumed that the electro-
chemical reduction of formaldehyde by ADH also proceeds by
the same mechanism in the previously reported FDH-based
system.

The electrochemical formaldehyde reduction to methanol
with a platinum wire electrode (counter electrode), carbon
fabric paper (FCP) electrode (working electrode) and Ag/AgCl
electrode as a reference was carried out using a H-type electro-
chemical cell, as shown in Fig. 4. The volume of each cell was
28.0 mL. MV** dichloride was supplied by Tokyo Kasei Co. Ltd.
ADH and the proton permeable film, Nafion® 117 film, were
purchased from Sigma-Aldrich Co. Ltd. Carbon fabric paper
(CFP) (TGP-H-030) was obtained from TORAY INDUSTRIES,
INC. Extremal bias was applied against an Ag/AgCl electrode.
ADH was added to the working electrode side. The chambers of
the working and counter electrode sides were connected via the
Nafion®™ 117. The active area of CFP was adjusted to be
3.75 cm®. Current was measured with an electrochemical
analyzer (ALS1200C BAS Inc.). The electrolyte on the counter
electrode side is composed of 17 mL of argon gas-saturated
solution containing 1.0 mM sodium pyrophosphate buffer
(pH 7.4). The electrolyte on the working electrode side is
composed of 17 mL of argon gas-saturated solution containing
100 mM MV**, 0.13 mM formaldehyde and ADH in 50.0 mM
sodium pyrophosphate buffer (pH 7.4). The amount of ADH
added varied between 2.36 and 23.6 nmol. Extremal bias was
set to —700 mV against the Ag/AgCl electrode due to the single-
electron reduction potential of MV>",

Reference electrode (RE)
(Ag/AgCl)

>

Working™

1/2CH;0H §
1/2HCHO + H*

Nafion film|

Fig. 4 Experimental setup for the electrochemical formaldehyde
reduction to methanol with a platinum wire electrode (counter electrode),
carbon fabric paper (FCP) electrode (working electrode) and Ag/AgCl
electrode as a reference using a H-type electrochemical cell.
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Fig. 5 Time course of current density with continuous voltage application
(=700 mV vs. Ag/AgCl electrode) in the electrochemical formaldehyde
reduction to methanol with MV2* and ADH (a). Time course of the amount
of decrease in formaldehyde with continuous voltage application
(=700 mV vs. Ag/AgCl electrode) in the electrochemical formaldehyde
reduction to methanol with MV2* and ADH (b). Blue: ADH 2.36 nmol, red:
ADH 11.8 nmol, green: 23.6 nmol.

The formaldehyde concentration was quantified using a
Nash reagent consisting of acetylacetone and acetic acid/
ammonium acetate buffer. A colour reaction for formaldehyde
depends on the synthesis of diacetyldihydrolutidine (DDL;
absorption maximum: A,.x = 410 nm) from acetylacetone and
formaldehyde in the presence of excess of ammonium salt. The
solution on the working electrode side was sampled for each
reaction time, and the formaldehyde concentration was quan-
tified with UV-visible absorption spectroscopy (SHIMADZU,
MultiSpec-1500) using the Nash method. Fig. 5(a) shows the
time dependence of the current density with continuous voltage
application (—700 mV vs. Ag/AgCl electrode) in the electroche-
mical formaldehyde reduction to methanol with MV** and
ADH. In all cases, a reduction current of approximately
—3.2 mA cm ? was observed with the extremal bias of
—700 mV against the Ag/AgCl electrode. This indicates that
the amount of ADH has almost no effect on the reduction
current with extremal bias application. As shown in the photo-
graph below Fig. 4, the colour of the solution on the working
electrode side changes to blue due to the production of MV, Tt
was suggested that MV>" could be efficiently reduced to MV** by
using this electrochemical system. Fig. 5(b) shows the time
dependence of the amount of decrease in formaldehyde with
continuous voltage application under various amounts of ADH.

As the amount of ADH increased, the amount of decrease in
formaldehyde also tended to increase, as shown in Fig. 5. In any
case of the amount of ADH, the amount of decrease in
formaldehyde after 90 min continuous voltage application
exceeds the initial amount of ADH. As the apparent amount
of methanol produced was estimated from the decrease in
formaldehyde, the turnover number (TON) in the system of
2.36, 11.8 and 23.6 nmol of ADH after 90 min continuous
voltage application was estimated to be 131.4, 28.0 and 20.9,
respectively. In general, it is predicted that TON is independent
of the amount of ADH with the excess of formaldehyde and
MV'*. However, the re-reduction of MV*" bound to the sub-
strate binding pocket of ADH is an important factor in the
conversion of ADH-catalyzed formaldehyde to methanol using

Energy Adv, 2022,1,247-251 | 249
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Fig. 6 Gas chromatogram of the sample in the working electrode side
with continuous voltage application (—700 mV vs. Ag/AgCl electrode) for
60 (—) and 240 min (—) (a). (b) Chromatogram using mass spectrometry as
a detector (m/z 32). (c) The mass spectra of methanol peaks in GC-MS
analysis of the working electrode side with continuous voltage application.
Inset: 1.0% methanol aqueous solution as a reference sample.

the electrochemical reduction of MV>".*’ It is considered that
the MV** bound to the substrate binding pocket of ADH is easy
to be reduced under the condition of the lower amount of ADH.
Therefore, it is predicted that a difference in TON with respect
to the amount of ADH was observed. The conversion yields for
formaldehyde (initial amount: 2.21 pmol) to methanol in the
system of 2.36, 11.8 and 23.6 nmol of ADH after 90 min
continuous voltage application were estimated to be 14.0,
14.9 and 22.3%, respectively. Although the amount of decrease
in formaldehyde was estimated as the apparent amount of
methanol produced, the methanol produced could not be
directly verified in this system. Thus, direct detection for
methanol was attempted using gas chromatography-mass
spectrometry (GC-MS; GCMS-QP2020 SHIMADZU Corpora-
tion). A crossbond dimethyl polysiloxane column (Restek Rtx-
1; column length: 0.32 mm I.D. x 60 m; film thickness: 5.0 pm)
was equipped for detecting methanol. The temperatures of the
column and detector were 40.0 and 200.0 °C, respectively. He
gas was used as the carrier gas. The electrochemical reduction
was the same as in Fig. 5, and ADH was adjusted to 23.6 nmol.
Fig. 6(a) shows the gas chromatogram of the sample in the
working electrode side with continuous voltage application
(=700 mV vs. Ag/AgCl electrode). The chromatogram of 1.0%
methanol aqueous solution as a reference sample was also
indicated in the inset of Fig. 6(a). Fig. 6(b) also shows the
chromatogram using mass spectrometry as a detector (m/z 32).

From the chromatogram of the standard methanol sample,
a methanol-based signal was observed with a retention time of

250 | Energy Adv., 2022,1, 247-251
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4.9 min. As shown in Fig. 6(a), the signal peak with a retention
time of 4.9 min was increased with increasing continuous
voltage application time. Moreover, the signal peak with a
retention time of 4.9 min using mass spectrometry as a detector
(m/z 32: molecular weight of methanol) also was increased with
increasing continuous voltage application time. Fig. 6(c) shows
the mass spectra of methanol peaks in GC-MS analysis of the
working electrode side with continuous voltage application. As
shown in Fig. 6(c), the m/z 29, 31 and 32 peaks based on
methanol were observed by applying a continuous voltage
application for 240 min. Thus, it also was confirmed by GC/
MS that methanol was produced in this system. As shown in
Fig. 6(c), the fragmentation pattern differs from that of pure
methanol. The different fragment patterns are presumed to be
due to the inflow of air from outside the system or oxygen
produced on the counter electrode side.

In conclusion, a system for formaldehyde reduction to
methanol with ADH as a catalyst is developed only by electro-
chemical reduction of MV** without using a NADH regenera-
tion using FNR or diaphorase toward establishing a method for
CO, reduction to methanol. After 90 min continuous external
bias, the conversion yield for formaldehyde to methanol was
improved up to 22.3%.
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