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Abstract

Converting carbon dioxide to formate is a fundamental technology for building the C1 chemical
platform. Methylobacterium extorquens AM1(M. extorquens AM1) was reported to efficiently convert
carbon dioxide to formate in an electrochemical carbon dioxide reduction system. In this study, formate
dehydrogenase 1 of M. extorquens AM1(MeFDHI1) was verified as a key enzyme for the conversion of
carbon dioxide to formate by testing MeFDH1 knock-out mutant. To increase expression level of
MeFDH1, M. extorquens AM1 was engineered to harbor the recombinant expressing plasmid
containing MeFDH1 gene tagged with hexahistidine. Recombinant M. extorquens AM1 cultured under
optimal conditions showed a 2.5-fold higher formate productivity (2.53mM/g-wet cell/hr) than formate
productivity of wild-type M. extorquens AMI. This result demonstrates that M. extorquens AM1 was
successfully engineered to overexpress MeFDH1 and MeFDHI1 is an essential enzyme for synthesis of
formate from carbon dioxide. After optimizing the expression conditions of MeFDHI, the reaction
conditions of the electrochemical reduction system were studied to improve the production efficiency

of formate.
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Nomenclature

M. extorquens AM1: Methylobacterium extorquens AM1

MeFDHI1: Formate dehydrogenase 1 from Methylobacterium extorquens AM1
FMN: Flavin Mononucleotide

MYV: Methyl Viologen

EV: Ethyl Viologen

HPLC: High Performance Liquid Chromatography

FPLC: Fast Protein Liquid Chromatography



1. Introduction

The rapid development of a wide-range of industrial technologies using fossil fuel has led to
drastically increased level of atmospheric carbon dioxide (CO,).! Furthermore, a vast number of reports
confirm that elevated carbon dioxide level in the atmosphere can be a determining factor of global
warming via greenhouse effects.!”* The conversion of CO, to value-added chemicals has been posited
as an indispensable technology to slow down the rate of atmospheric [CO:] accumulation.*?
Fortunately, CO; is a promising renewable source to produce environmentally friendly chemical
platforms such as formate, dimethyl carbonate, its polymers and others.®

Among many candidates that could be produced from CO; as a feedstock, formate is reported as
one of the most desirable bulk chemicals in terms of economic and environmental benefits.” Especially,
direct formate fuel cell (DFFC) converting formate to electrical energy is a solution for storing
renewable energy because formate can easily store energy generated from various renewable sources
such as wind, solar, and hydro. Additionally, formate can be safely transported compared with hydrogen
gas because formate is non-flammable, non-toxic and moderately inert in environment.®”

Despite promising potential, conventional conversion technologies for CO, into valuable
compounds harbor critical limitations such as harsh reaction conditions and requirements of rare
precious metal catalysts and expensive reducing agents such as hydride and hydrogen.'®!! Even though
electro-catalysis of carbon dioxide is a promising alternative given relative low costs of electrical energy,
some chemical electro-catalysts frequently demonstrate insufficient reaction selectivity during the
conversion of carbon dioxide to formate due to the production of significant ratio of hydrogen gas as
by-product.'”> Accordingly, enzyme based electro-catalyzed production of formate from CO, has

received greater attention due to exceptional selectivity to formate.!>!

However, effective oxygen
tolerant biocatalysts capable of utilizing electrons supplied from cathode have been sought to render
biocatalytic formate production from CO feasible.'®

Previously, our group reported a new approach for the conversion of CO» to formate through electro-
catalysis using a whole-cell biocatalyst. Methylobacterium extorquens AM1 (M. extorquens AM1) as a
whole-cell catalyst showed excellent formate production capability from CO, with high oxygen-
stability in electrochemical reactors. However, the enzyme primarily responsible for the synthesis of
formate from CO; remained unknown. Previous studies were focused on the optimization of reaction
conditions such as electron mediators, cell mass concentration and pH value.!’

In this study, we clearly demonstrate that formate dehydrogenase 1 (MeFDH1), a heterodimeric
protein composed of alpha and beta subunits, is the essential enzyme in formate synthesis from CO, in

M. extorquens AM1 cells. The MeFDH1 coding gene-knockout verified the role of this enzyme in the

synthesis of formate from CO,. In addition, we generated a homologous recombinant M. extorquens
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AMI expressing gene of MeFDHI1 tagged with hexahistidine (6xHis-tag). Recombinant M. extorquens
AMI not only provide higher MeFDH]1 expression than wild-type, but also allow us to confirm optically
the expression level of MeFDHI1 through Western blotting. Furthermore, the 6xHis-tag of recombinant
MeFDHI1 enables the easy and high purity purification using Ni-NTA resin. Various factors, including
the concentration of metal ions (tungstate) and induction time using methanol as inducer, were
optimized for improved MeFDH1 expression and increased formate conversion from CO; in MeFDH1
recombinant M. extorquens AM1. Also, we improved efficiency of electrochemical CO; reduction
system using purified MeFDHI1 by studying working electrode, reaction potential and the ratio of
MeFDHI to electron mediator.



2. Results and discussion

2.1. Determination of essential enzyme for formate production from CO; in M. extorquens AM1
The M. extorquens AM1 genome is known to contain four formate dehydrogenase coding genes
(fdhl, fdh2, fdh3 and fdh4).*>*' Among these formate dehydrogenase coding genes, the fdhl gene for
MeFDHI1 (GenBank accession No. ACS42636.1(a-subunit), ACS42635.1(B-subunit)) was selected for
the generation of M. extorquens AMI1 knock-out mutants because MeFDH1 was assumed to be an
essential enzyme for CO; reduction in our previous study using fast protein liquid chromatography
(FPLC). Cell extract of M. extorquens AM1 was separated into several fractions using FPLC (Figure
1(a)). Some fractions showed CO; reduction activity in electrochemical reduction system. Protein
sequence analysis with 34 and 35fractions showing CO, reduction activity clearly suggested that
MeFDHL is responsible enzyme for the reduction of CO; to formate (Figure 2). Even though MeFDHI1
was previously reported to be the principal formate dehydrogenase during whole-cell oxidation of

supplied formate, there was no report for the CO, reducing activity of MeFDH1?!

Accordingly, three
species of M. extorquens AM1 mutants summarized Table 1 were generated (Figure 3). As shown in
Figure 4, while wild type (WT) and the MeFDH1 recombinant expression mutant (F1A-P1) could
synthesize formate from CO; in the electrochemical reaction system, neither the MeFDHI1 alpha
knockout mutant (F1A) nor the MeFDHI1 beta knockout mutant (F1AB-P1B) produced any detectible
level of formate from CO,. These results support the hypothesis that MeFDH1 is the key enzyme
responsible for the conversion of CO» to formate. In addition, both the a- and B-subunits of MeFDH1
were proven simultaneously required for MeFDHI1 to function properly. The a-subunit of MeFDHI
(MeFDH1a) is reported to contain binding sites for bis-tungstopterin guanine dinucleotide cofactor,
three 4Fe4S clusters and one 2Fe2S cluster. The B-subunit of MeFDH1 (MeFDH1p) harbors binding
sites for flavin mononucleotide (FMN), NAD" and one 4Fe4S cluster.”> A purified recombinant -
subunit of MeFDHI1 at atmosphere was successfully applied for the regeneration of NADH by utilizing
methyl viologen as an artificial electron mediator in the electrochemical reactor.?® This result implies
that the B-subunit of MeFDHI is essential for the reduction of CO; catalyzed by MeFDH1 since FMN
of MeFDH1p may be the sole site to accept electrons from MV.

The M. extorquens AM1 mutant (F1A-P1) showed higher formate production (0.98 mM/hr/g-wet
cell) compared to the formate production (0.68 mM/hr/g-wet cell) in WT M. extorquens AM1, as shown
in Figure 4. The F1A-P1 strain harbored a homologously expressed recombinant MeFDH1 coded by
pCM110(fdhl) since plasmid pCM110 contains P which was reported as a strong inducible

promoter in M. extorquens AM1. This promoter can significantly increase the expression of MeFDH1



because of its high promoter strength compared to other promoters.?* Based on results of Figure 4, we

supposed that MeFDH1 expression in vivo can directly affect formate production.

Table 1. Bacterial strains and their plasmids for knockout or for recombinant expression.

Strai Deletio Knock-out Recombinant Selective
train
n gene plasmid plasmid antibiotic
Wild
- - - Rif
type
FI1A Afdhlo. pCM184(Afdhla) - Rif, Kan
pCM184(Afdhlia) )
F1A-P1 Afdhlo. pCM110(fdhl) Rif, Tet
pCM157(cre)
pCM184(Afdhla),
F1AB- Afdhlo Rif, Kan,
pCM157(cre), pCM110(fdhl o)
PIB b Tet
pCM184(Afdhip)
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Figure 1. FPLC analysis of M. extorquens AM1 cell extract. (a) Factions separated by two steps
chromatographic (Hitrap SP HP and Hitrap Q HP, GE healthcare Life Science), (b) SDS-PAGE of

fractions: protein marker (M), fraction numbers (30~42).
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M EEE: Mascot Search Results

011489698156  Mass: 107273  Score: 202  Matches: 30(6) Sequences: 16(5] emPAI: 0.20
formate dehydrogenase subunit alpha [Methylobacterium extorguens]

[]Check to include this hit in error tolerant search

Observed Mr(expt) Mr(cale) Delta Miss Score Expect Rank Unique Peptide
597.5551 1193.0857 1192.5216 0.5741 0 44 8.7 2 R.ACMVEIEGER.V + Carbamidomethyl (C)
610.3266 1218.6387 1218.5517 0.0871 O 61 0.18 1 R.EATWEEALDR.A
611.1366 1220.2587 1218.5517 1.7071 0  (33) 1.le+02 4 R.EATWEEALDR.A
643.3021 1284.5897 1284.5986 -0.0089 O 7 0.0031 2 K.GSNEEAYLFQK. L
W~ T11.7576 1421.5007 1421.6643 -0.1636 0  (56) 0.6 1 K.MASVCGIDAETLR.E + Carbamidomethyl (C)
™ 719.7436 1437.4727 1437.6592 -0.1865 0 67 0.043 1 K.MASVCGIDAETLR.E + Carbamidomethyl (C): Oxidation (M)
]| 746.2621 1490.5097 1450.7001 -0.1904 O 35 78 1 U  K.SGGQAAPDPSGSYGIK.D
™ 747.7366 1493.4587 1492.7344 0.7243 0 (64) 0.093 1 R.EVQVEDVIGMAYR.A
™ 755.3856 1508.7567 1508.7293 0.0274 0 87 0.00047 1 R.EVQVNDVIGMAYR.A + Oxidation (M)
W~ 756.1901 1510.3657 1508.7293 1.6364 0 (73) 0.0098 1 R.EVQVNDVIGMAYR.A + Oxidation (M)
759.3176 1516.6207 1516.8362 -0.2155 0  (39) 32 2 U  R.VQIAQPVVAPPGDAR.Q
760.5751 1519.1357 1517.8202 1.3155 0 41 20 1 U  R.VQIAQPVVAPPGDAR.Q + Deamidated (NQ)
801.7876 1601.5607 1600.7957 0.7650 0 76 0.0053 1 U  R.IVYAEGVNGPANQNR.L
837.4481 1672.8817 1672.9373 -0.0556 1 29 38402 6 U  R.RVQIAQPVVAPPGDAR.Q
889.7201 1777.4257 1776.7634 0.6624 0 56 0.54 1 U  K.SLCPYCGVGCQVSYR.V + 3 Carbamidomethyl (C)
™ 914.9961 1827.9777 1827.9440 0.0337 0  (60) 0.23 1 R.AGVLDALEPEAVAFMAPK . E
™ 923.2381 1844.4617 1843.9390 0.5228 0 69 0.029 1 R.AGVLDALEPEAVAFMAPE.E + Oxidation (M)
|| 941.4621 1880.9097 1881.8394 -0.9297 O 33 le+02 1 K.DANDQVDPANPWTHFR . E
M 993.2311 1984.4477 1984.0452 0.4026 1  (30) 2.4e+02 1 R.RAGVLDALEPEAVAFMAPK.E
™ 1001.0071 1899.5997 2000.0401 -0.0403 1  (42) 15 1 R.RAGVLDALEPEAVAFMAFE.E + Oxidation (M}
W~ 1001.9636 2001.9127 2000.0401 1.8727 1 59 0.29 1 R.RAGVLDALEPEAVAFMAPK.E + Oxidation (M}
729.8219 2186.4437 2185.9521 0.4917 0  (37) 4 3 R.GMFVEGENPAMSDPDLNHAR . H
1094.3426 2186.6707 2186.9361 -0.2654 0  (24) 9.2e+02 2 R.GMFVEGENPAMSDPDLNHAR.H + Deamidated (NQ)
] 1102.0271 2202.0397 2201.9470 0.0927 0 59 8,57 X R.GMFVEGENPAMSDPDLNHAR.H + Oxidation (M)
735.1815 2202.5227 2202.9310 -0.4083 0  (51) 17 a R.GMFVEGENPAMSDPDLNHAR.H + Oxidation (M): Deamidated (NQ)
1110.1761 2218.3377 2217.9419 0.3958 0  (30) 2.1e+02 4 R.GMFVEGENPAMSDPDLNHAR.H + 2 Oxidation (M)
~ 740.5075 2218.5007 2218.9259 -0.4252 0  (48) T E R.GMFVEGENPAMSDPDLNHAR.H + 2 Oxidation (M): Deamidated (NQ)
™ 1333.1791 2664.3437 2663.3517 0.9921 O 25 6.2e402 1 U  K.IVPAATVPPDEVPDDEFPMVLSTGR.V
894.2612 2679.7617 2679.3466 0.4151 0  (25) 6.9e+02 6 U  K.IVPAAIVPPDEVPDDEFPMVLSTGR.V + Oxidation (M)
1599.7131 3197.4117 3197.4829 -0.0712 0O 51 1.6 2 U  R.EGAVTYPVDAPDQPGNEITFYAGFETESGR.A + Deamidated (NQ)

Figure 2. Protein identification result by protein search engine (Mascot, Matrix Science). M. extorquens

AM1 alpha subunit showed the highest score.
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Figure 3. Diagram of the gene-knockout system for the construction of M. extorquens AM1 mutants.
Sequences located on both sides of the target gene in the genome of M. extorquens AM1 were amplified
by PCR and cloned into pCM 184. The target gene was exchanged with the loxP-kan-loxP gene through
homologous allelic recombination between M. extorquens AM1 and pCM184. For extraction of
pCM184, M. extorquens AMI1 mutants (Atarget, KanR) were cultivated in media without kanamycin.
Next, cre recombinase was expressed on pCM157 to eliminate the kanamycin resistance gene between

loxP genes through site-specific recombination.
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CO; gas purging (99.999%, rate: 1 mL/s).



2.2. Confirmation of recombinant MeFDH1 expressed from M. extorquens AM1 (F1A-P1)

The crude lysate of homologously expressed recombinant (F1A-P1) was used for SDS-PAGE and
Western blotting to analyze the expression level of MeFDHI1 in M. extorquens AM1 (F1A-P1). The
target bands for MeFDH1a and MeFDH 1 were difficult to distinguish due to the their relatively weak
expression in SDS-PAGE (see Figure 5(a)) despite molecular weight estimates of 108 kDa and 62 kDa,
respectively. However, the a-subunit and B-subunit of MeFDH1 were clearly confirmed through
western blotting as shown in Figure 5(b). Interestingly, expression of MeFDH1a appeared slightly
decreased after the 41 hours incubation, even though the recovered expression level was observed
repeatedly at 48 hours. These observations imply that a considerable fraction of homologously

expressed recombinant MeFDHI1 can be degraded through endogenous metabolism.?
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Figure 5. Time profile of MeFDH1 expression level. (a) SDS-PAGE (10%) of mutant (F1A-P1) crude
extracts, (b) Western blotting of mutant (F1A-P1) crude extracts: protein marker (M), incubation times

(19hr, 24hr, 41hr, 48hr).
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2.3. Optimized culture conditions for increasing MeFDH1 expression of mutant (F1A-P1) and
formate production in an electrochemical CO; reduction system

Methanol was added to the culture medium to induce the expression of MeFDHI1, as well as to
supply a carbon source for M. extorquens AMI since expression of MeFDHI1 is controlled by the
methanol-inducible promoter P,.r.>* The methanol concentration in the culture medium affected
MeFDHI1 expression in mutant (F1A-P1). Figure 6 shows that the higher methanol concentration
produces greater MeFDHI1 expression in mutant (F1A-P1), especially after a 48 hours incubation. As
predicted, mutant (F1A-P1) cultured in medium with initial 2.0% methanol concentration showed 2.11
mM-formate/hr/g-wet cell as the highest formate production rate in the electrochemical CO; reduction
system. This result strongly supports our hypothesis that MeFDHI1 expression has a proportional
relationship with the formate production through CO; reduction. In other words, much higher
expression of MeFDHI is expected to result in the higher production of formate since recombinant
MeFDHLI is the critical limiting biocatalyst.

Unlike other common formate dehydrogenases, MeFDHI1 is known to contain W-pterin guanidine
dinucleotide instead of Mo as its prosthetic group.?! Generally, the availability of tungsten is reported
to be much lower compared to its counterpart molybdenum.?® Even though chemical properties of W
and Mo are known to be quite similar, microbes appear to prefer one over the other based on its specific
transporter.?” Tungstate concentration initially added in the culture medium also affected the MeFDH1
expression level of mutant (F1A-P1). As shown in Figure 7, mutant (F1A-P1) cultured in 2x tungstate
(60 uM) resulted in increased expression of MeFDH1. However, 4x tungstate (120 uM) did not increase
the expression of MeFDHI1. This result may be related to observations that high concentrations of
tungstate and W-pterin guanidine dinucleotide cofactor intermediates in the pterin pathway can cause
cellular toxicity.?*? Interestingly, optimum concentration of tungstate seems to repress the degradation
of recombinant MeFDH1 (Figure 8), which implies that tungstate deficiency may cause improper
production of apoprotein, and apoprotein may be more vulnerable to endogenous degradation.*

An artificial electron mediator was used for the electron transfer from copper plate cathode to
MeFDHI in electrochemical CO; reduction system. Among many electron mediators, the mutant (F1A-
P1) produced formate from CO> when methyl viologen (MV) and ethyl viologen (EV) were employed
as electron mediator, on the while other mediator such as FMN and NR did not work with the mutant
(F1A-P1). (Figure 9). Additionally, there are other papers reporting that MV was most suitable electron
mediator for CO; reduction reaction in electrochemical system using tungsten containing formate
dehydrogenase.’!¥
Based on the experimental results shown in Figure 6 and 7, the balance between the expression

level of the apo-form and the flux rate of its cofactor pathway may be an indispensable requirement to
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obtain a significant quantity of the holo-form of MeFDH1 in M. extorquens AM1. The mutant (F1A-
P1) produced over 30 mM of formate from carbon dioxide within 24 hours in electrochemical reactions.
This was three times greater than the production of wild type M. extorquens AM1 at optimal methanol
and tungstate concentrations (Figure 10). Wild-type M. extorquens AMI1, however, showed 0.77
mM/hr/g-wet cell, which is three times lower than that of recombinant mutant (F1A-P1). Furthermore,
a less significant difference between optimum conditions and previous conditions was observed (Figure
10). This result demonstrates that in contrast with the promoter Py of recombinant mutant (F1A-P1),
the unknown promoter of the gene encoding MeFDHI1 of M. extorquens AM1 wild type was not affected
by methanol or tungstate concentrations in culture medium. Until now, the production of formate from
carbon dioxide was proportional to the level of expression in recombinant MeFDH1. Consequently, a
strong and simply regulated promoter such as P,..r was a core factor for homologous expression of

recombinant MeFDH1 with an optimal tungstate concentration in the medium.
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Figure 6. Relative expression level of MeFDHI1 depending on methanol concentration and formate
productivity in electrochemical CO» reduction system (0.6 g wet-cell, 10 mM MYV, pH 6.0, -0.75V (vs
AgCl); CO, gas purging (99.999%, rate: 1 mL/s)).
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Figure 8. Western blotting of mutant (F1A-P1) crude extracts depending on cofactor(W)
concentration: 1x tungstate (30 uM), 2x tungstate (60 uM), 4x tungstate (120 uM), protein marker
(M), and incubation times (19hr, 24hr, 41hr, 48hr).
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Figure 10. The comparison between formate production of wild type and that of mutant (F1A-P1)
cultured under optimum conditions: WT cultured in basic conditions (0.5% (v/v) MeOH, 1x
tungstate(30 uM)) (o), WT cultured in optimum conditions (2.0% (v/v) MeOH, 2x tungstate(60 pM))
(V), F1A-P1 cultured in optimum conditions (2.0% (v/v) MeOH, 2x tungstate(60 uM)) (0.6 g wet-cell,
10 mM MV, pH 6.0, -0.75V (vs AgCl); CO, gas purging (99.999%, rate: 1 mL/s)) (®).
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2.4. Optimization of electrochemical CO; reduction system

The working electrode reduces the electron mediator and provides an environment in which the
MeFDHI1 can synthesize formate from CO,. However, the copper ions produced by copper plate as
working electrode decrease the activity of MeFDH1. *3-3* To avoid toxicity of copper ions, several types
of electrodes were compared. As shown in Figure 11, all candidates showed higher formate productivity
than copper plate. Among them, carbon felt showed the highest formate productivity because the largest
surface area. In addition, since carbon felt is cheaper than other electrodes, it is advantageous for scale-
up. Based on these results, the copper plate electrode was replaced with a carbon felt.

After confirming that MeFDHI is an essential enzyme for CO; reduction, we confirmed the faradaic
efficiency of electrochemical CO- reduction system depending on the ratio of MeFDH1 unit (U) to
electron mediator. One unit (U) means the conversion of 1 micro-mole of substrate per minute. Figure
12 showed faradaic efficiency depending on MeFDH1 unit (U). There was no difference in the faradaic
efficiency depending on the MeFDHI1 unit. Therefore, the unit (U) of MeFDH1 was fixed at 25 and the
faradaic efficiency depending on the concentration of electron mediator was measured. As shown in
Figure 13, when the CO; reduction reaction was conducted using 10mM EV, the faradaic efficiency was
about 70%. In other conditions (0.1mM, 1mM, and SmM of EV), the faradaic efficiency was about 80%.
The reason for decrease in efficiency is the dimerization of viologen. The irreversible radical cation
dimerization of viologen consumed electrons and decreased the efficiency of formate production. the
higher concentration of viologen, the easier irreversible dimerization occurs. Therefore, the lowest
faradaic efficiency was obtained when using 10mM EV. The dimerization of viologen has been reported
in several articles.>3¢

The reaction potential affects faradaic efficiency. Figure 14 showed faradaic efficiency depending
on potential. When the reaction potential was -0.54V or -0.94V (vs AgCl), formate was not detected by
high-performance liquid chromatography (HPLC) analysis. Since the average current was less than 50
micro-amperes at -0.54V (vs AgCl), the concentration of formate was too low to perform the HPLC
analysis even if the formate was synthesized by MeFDH]1. On the other hand, at -0.94V (vs AgCl)
relatively high current initially flowed, but the electron transport ability of EV was lost during the
stabilization process due to dimerization of viologen, so that the formate was not synthesized. In other
potential conditions, the efficiency was more than 80%. However, this value was calculated without
considering the base current when the MeFDHI1 is not added. Considering the base current, faradaic
efficiency is over 99%. The reason for this high result is that the base current value under the MeFDHI1
added condition is lower than the predicted current. If the amount of hydrogen gas produced during
reaction can be measured, a more accurate faradaic efficiency can be obtained.

From these results we can confirm faradaic efficiency of electrochemical CO; reduction system
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depending on various conditions such as enzyme unit, electron mediator concentration and reaction
potential. In particular, we demonstrated that MeFDH 1 efficiently convert CO; to formate at -0.64V (vs
AgCl), which is the thermodynamic reduction potential of CO; in aqueous solution. However, in terms
of productivity, the formate productivity of -0.64V (vs AgCl) condition was 5 times lower than the
condition of -0.84V (vs AgCl). This result was derived from the difference in the reduction rate of EV.
Therefore, if the concentration of EV or the surface area of the electrode were increased, high formate

productivity can be expected at -0.64V (vs AgCl).
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Figure 11. The formate productivity depending on type of working electrode in electrochemical CO;

reduction system (1 mg MeFDHI1, 10 mM MYV, pH 7.0, -0.75V (vs AgCl); CO; gas purging (99.999%,
rate: 1 mL/s)).
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Figure 12. Faradaic efficiency depending on MeFDHI unit (25-100unit MeFDH1, 10mM EV, pH 7.0,
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3. Conclusion

The genetic engineering of M. extorquens AM1 and optimization of culture conditions allowed
improved formate production in electro-biocatalysis. Importantly, this study demonstrated that
MeFDHLI is a critical enzyme in the catalysis of carbon dioxide to produce formate. Furthermore, the
expression level of recombinant MeFDHI1 and the tungstate concentration as a MeFDHI1 cofactor
significantly improved microbial formate production. Engineered M. extorquens AM1 demonstrated
enhanced production of formate, reaching 2.53 mM/hr/g-wet cell, 2.5 times greater than wild type M.
extorquens AM1. These results clearly showed the microbe genetic engineering is able to enhance
whole-cell biocatalyst activity. In addition, the optimization of electrochemical CO; reduction system
demonstrated faradaic efficiency of over 85% at low voltages. Based on the conditions of 85%
efficiency, -0.74V (vs AgCl) and 90KRW per 1kWh, the production cost of 1 ton of formate is about
200USD which is 3times lower than conventional production cost (about 602USD). Although the
calculation considers only electricity charges, this result suggests that electrochemical CO, reduction

system using MeFDHI1 can play an important role in reducing CO, emissions economically.

24



4. Materials and methods

4.1. Microbial strain and culture condition

Methylobacterium extorquens AM1 (ATCC 14781, GenBank accession No. CP001510.1) was used
in this study. Culture medium was composed of a carbon source (16 g/L succinate) and minimal salt
medium supplemented with trace elements and sodium tungstate. Minimal salt medium contained 1.62
g/L NH4Cl, 0.2 g/LL MgS0s, 2.21 g/L KoHPO4, and 1.25 g/L NaH,PO4-2H,0. Trace elements contained
15 mg/L Na,EDTA»-H0, 4.5 mg/L ZnSO47H,0, 0.3 mg/L CoCl,-6H-0, 1 mg/L MnCl,-4H,0O, 1 mg/L
H3BO:;3, 2.5 mg/L CaCl,, 0.4 mg/L of NaxMo0O4-2H,0, 3 mg/L FeSO47H>0, and 0.3 mg/L CuSO4-5H,0.
After incubation for 19 hours, methanol (final concentration: 124 mM) was added as an inducer. The
final concentration of antibiotics was 50 ug/mL rifamycin (Rif), 50 pg/mL kanamycin (Kan) and 10
ug/mL tetracycline (Tet) in culture medium. Incubation proceeded at 26°C in 1 L Erlenmeyer shake

flasks (200 mL working volume) in a 200-rpm shaking incubator.
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4.2. Gene-knockout system and one-step sequence-and ligation-independent cloning (SLIC)
Gene-knockout was performed as described previously.?” DNA located both upstream and
downstream of tMeFDH1 (GenBank accession No. ACS42636.1(o-subunit), ACS42635.1(B-subunit))
was amplified by PCR. These sequences were cloned to locate both sides of the loxP and kanamycin
genes of pPCM 184 (Addgene plasmid 46012). When M. extorquens AM1 was transformed with pCM 184,
allelic exchange occurred and M. extorquens AM1 acquired loxP and kanamycin genes but lost a partial
gene sequence of MeFDHI1. When M. extorquens AM1 was transformed with pCM157 (Addgene
plasmid 45863), cre recombinase expressed on pCM157 extracted the kanamycin gene between the
loxP sites through site-specific recombination. When M. extorquens AM1 was transformed with
pCM110 containing MeFDH1 gene, MeFDHI1 expression of M. extorquens AM1 was recovered. For
all cloning, one-step SLIC was applied.*® SLIC uses T4 DNA polymerase as exonuclease. This vector
was linearized by restriction enzymes and sequences generated by PCR. NEB 2.1 buffer (B7202S,
BioLabs) and T4 polymerase was then added. This mixture was incubated at room temperature for 2.5
min, then immediately transferred to ice for 10 min. After 10 min, 1 pl of mixture was added to 100 pl
of competent E. coli DH5a cells (RBC). DHS5a cells were incubated on ice for 20 min. Then, 950 pl of
LB broth was added and incubated at 37°C for 16 hours. M. extorquens AM1 mutants generated by

gene-knockout are summarized in Table 1.
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4.3. Western blot analysis for MeFDH1 expression level

Cells were lysed with urea buffer (6 M urea, 200 mM NaCl, 20 mM Tris, pH 8.0) and crude extract
was separated on SDS-PAGE (10% Tris/glycine) and transferred to PVDF membrane (Cat. No. KDM?20,
10 cm x 10 cm, KOMA BIOTECH) through semi-dry transfer (AE-8130, ATTA) with transfer buffer
(24.9 mM Tris, 2.5 M methanol, 191, 8 mM glycine, pH 8.4). After transfer, the membrane was wetted
with blocking buffer (PBST; 10 mM phosphate buffer, 2.7 mM KCl, 137 mM NaCl, 1% (w/v) Tween
20) (2% (w/v) skim milk) and was gently shaken for 1 hour. The membrane was washed 4 times for 20
min in PBST buffer and then transferred to blocking buffer mixed with primary antibody and gently
shaken for 1 hour. Next, the membrane was washed 4 times for 20 min in PBST buffer and then
transferred to blocking buffer mixed with secondary antibody and gently agitated for 1 hour. Finally,
the membrane was washed 4 times for 20 min in PBST buffer and then stained with BCIP' /NBT Liquid
substrate solution (B1911, SIGMA). For the MeFDHI1 alpha subunit, the primary antibody was Anti-
6x His tag antibody (ab18184, ABCAM) (1:1000 dilution), and the secondary antibody was rabbit anti-
mouse (ab6729, ABCAM) (1:2000 dilution). For the MeFDH1 beta subunit, a customized primary
antibody was used (ABFRONTIER) (1:1000 dilution) and the secondary antibody was goat anti-rabbit
(ab6722, ABCAM) (1:2000 dilution). The intensity of bands in western blot to analyze relative
expression level of MeFDH1 was quantified by using Gel-Doc system (Gel-Doc XR system, Bio-Rad).
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4.4. Electrochemical CO; reduction system and formate analysis

Electrochemical CO» reductions were performed as previously reported.!” The electrochemical
reduction system consisted of a copper plate cathode (2 x 1.5 cm), a reference electrode (Ag/AgCl, 3M
NaCl), and a platinum wire as anode electrode. During CO; reduction reactions, the platinum wire
submerged in 1 mM H,SOs4 aqueous solution (initial volume: 10 mL) and generated both electrons and
protons, which passed through a proton-exchange membrane (Nafion 115, 0.005-inch thickness, 30 x
30 cm, Sigma-Aldrich, USA) to the cathode section. The cathode section (initial volume: 10 mL) with
0.6 g of wet-cell as whole-cell biocatalyst, 200 mM potassium phosphate buffer and 10 mM electron
mediator (MV or EV) worked to reduce CO» to formate by utilizing electrons and protons supplied by
the anode section. The cathode section solution was saturated with high purity CO, gas (99.999%,
purging rate: 1 mL/s) and stirred at 300 rpm at room temperature. When the Ag/AgCl electrode (MF-
2079, BASi) was used as reference electrode, the electric potential of redox was constantly controlled
by a potentiometer (MultiEnStat3, PalmSens, Netherlands). Scheme 1 is graphical abstract of
electrochemical CO; reduction system.

The concentration of formate produced by whole-cell catalysis reaction was analyzed with HPLC.
HPLC analysis was performed at 30 °C and used a refractive index detector (RID) with an Aminex HPX
87-H Ion Exclusion Column (300 x 7.8 mm, Bio-Rad). The mobile phase was 5 mM H,SO4 (0.6

mL/min).
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Scheme 1. Graphical abstract of electrochemical CO; reduction system.
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4.5. MeFDH1 assays and purification

MeFDHI activity was measured at 30°C by reduction of NAD™ (340nm, €340 = 6220 M'-cm™). The
reaction buffer contained 50mM MOPS/KOH (pH 7.0), 30mM sodium formate, 0.5mM NAD" and
20ng of MeFDHI1 in final volume of 2.0mL.

MeFDHI purification used Ni-NTA resin. Cell was suspended in A buffer (SOmM MOPS/KOH
pH7.0, 20mM imidazole) and sonicated in ice (VCX750, SONICS, USA). Cell debris was removed by
centrifugation (12000rpm, 20min, 4°C). The supernatant of cell lysis was flowed through the Ni-NTA
column (Ni-NTA Agarose, QIAGEN, Germany). In this step, MeFDHI1 containing 6xHis-tag and
impurities were bound to the Ni-NTA resin. In washing step, A buffer was flowed through the Ni-NTA
column to remove impurities. In final step, B buffer (50mM MOPS/KOH pH?7.0, 300mM imidazole)
was flowed through the Ni-NTA column for elution of MeFDHI1 that was bound to resin. The enzyme

concentration was measured using nanodrop (NanoDrop One, Thermo Fisher Scientific, USA).
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