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Supplementary Tables 1‒8

Supplementary Table 1 | CO and CO2 utilizing enzymes
	Group
	Name
(EC number)
	Classification
	Origin
	PDB code
	Mediator use
	Reference

	Carbon monoxide dehydrogenase (CODH)
	Ni‒Fe CODH
(1.2.7.4)
	Homodimeric CODH
	Carboxydothermus hydrogenoformans
	Oxygen-sensitive type: 1SU6, 1SU7, 1SU8, 1SUF, 3B51, 3B52, 3B53, 3I39, 5FLE, 2YIV, 4UDX, 4UDY Less oxygen-sensitive type: 6ELQ, 7ERR, 7XDM, 7XDN, 7XDP
	BV, EV
	This study

	
	
	
	Desulfovibrio vulgaris
	6B6V, 6B6W, 6B6X, 6B6Y, 6DC2, 6ONC, 6OND, 6ONS, 6VWY, 6VWZ, 6VX0, 6VX1
	MV
	Source1

	
	
	
	Rhodospirillum rubrum
	1JQK
	BV, MV
	Source2

	
	
	
	Thermococcus onnurineus NA1
	‒
	BV, EV
	This study

	
	
	
	Thermococcus sp. AM4
	6T7J
	MV
	Source3

	
	
	Heteromeric ACS/CODH complex
	Clostridium autoethanogenum
	6YTT, 6YU9, 6YUA
	MV
	Source4

	
	
	
	Methanosarcina barkeri
	3CF4
	MV
	Source5

	
	
	
	Moorella thermoacetica
	3I01, 3I04, 1MJG, 1OAO, 6X5K, 2Z8Y
	MV
	Source6

	Formate dehydrogenase (FDH)
	Non-metal FDH
(1.17.1.9)
	Non-metal containing
	Arabidopsis thaliana
	3JTM, 3N7U, 3NAQ
	NAD+
	Source7

	
	
	
	Candida boidinii
	2FSS, 2J6I, 5DN9, 5DNA, 6D4B, 6D4C
	NAD+
	Source8

	
	
	
	Chaetomium thermophilum
	6T8Y, 6T8Z, 6T92, 6T94
	NAD+
	Source9

	
	
	
	Granulicella mallensis
	4XYB, 4XYG, 6T8C, 6T8J, 6T9W, 6T9X, 6TB6
	NADP+
	Source10

	
	
	
	Moraxella sp.C-1
	2GSD, 3FN4
	NAD+
	Source11

	
	
	
	Physcomitrium patens
	7ARZ
	
	 

	
	
	
	Pseudomonas sp. 101
	2GO1, 2GUG, 2NAC, 2NAD, 6JUJ, 6JUK, 6JWG, 6JX1
	NAD+, NAD
	Source12

	
	
	
	Thiobacillus sp. KNK65MA
	3WR5
	NAD+
	This study

	
	Mo FDH
(1.17.1.9)
	Mo (molybdenum) containing
	Cupriavidus necator
	6VW7, 6VW8
	BV, EV, NAD+
	Source13
Source14

	
	
	
	Escherichia coli
	1AA6, 1FDI, 1FDO, 1KQF, 1KQG, 2IV2
	BV
	Source15

	
	
	
	Methanospirillum hungatei
	7BKB, 7BKC, 7BKC, 7BKD, 7BKE
	BV
	Source16

	
	
	
	Rhodobacter capsulatus
	6TG9, 6TGA
	EV
	This study

	
	W FDH
(1.17.1.9)
	W (tungsten) containing
	Desulfovibrio gigas
	1H0H
	BV, MV
	Source17

	
	
	
	Desulfovibrio vulgaris
	6SDR, 6SDV
	BV, MV
	Source18,19

	
	
	
	Methanothermobacter wolfeii
	5T5I, 5T5M, 5T61
	
	 

	
	
	
	Methylobacterium extorquens
	7E5Z
	BV, EV, NAD+
	This study




Supplementary Table 2 | Numbers of surface aromatic residues in viologen-based CODHs and FDHs
	Group
	Metal at
D-cluster
	Organism
	Name (PDB code)
	No. of surface exposed F/Y/W
	No. of residues within 8 Å of Fe-S clusters
	No. of putative site

	Ni‒Fe CODHs
	4Fe4S
	Carboxydothermus hydrogenoformans
	ChCODH2
(1SU7)
	10
	3
	2

	
	
	Carboxydothermus hydrogenoformans
	ChCODH4
(6ELQ)
	22
	3
	1

	
	
	Rhodospirillum rubrum
	RrCODH
(1JQK)
	17
	5
	2

	
	
	Moorella thermoacetica
	MtCODH
(1MJG)
	22
	3
	1

	
	2Fe2S
	Carboxydothermus hydrogenoformans
	ChCODH5
(7B7Q)
	24
	6
	2

	
	
	Desulfovibrio vulgaris
	DvCODH
(6OND)
	14
	5
	2




Supplementary Table 3 | Summary of synthesized, cloned DNAs and the used primers in this study
a. Synthesised DNAs
	CODH
(vector)
	DNA sequence
	Reference

	ChCODH2
(pET28a)
	ATGGCGAAACAAAATCTGAAGAGCACCGACCGTGCGGTTCAACAAATGCTGGATAAAGCGAAGCGTGAGGGTATTCAAACCGTGTGGGATCGTTACGAGGCGATGAAGCCGCAGTGCGGTTTCGGCGAAACCGGTCTGTGCTGCCGTCACTGCCTGCAAGGTCCGTGCCGTATTAACCCGTTTGGCGATGAGCCGAAAGTGGGCATTTGCGGTGCGACCGCGGAAGTGATCGTTGCGCGTGGTCTGGACCGTAGCATTGCGGCGGGTGCGGCGGGTCATAGCGGTCATGCGAAGCACCTGGCGCACACCCTGAAGAAAGCGGTGCAGGGCAAAGCGGCGAGCTATATGATTAAGGACCGTACCAAACTGCACAGCATCGCGAAGCGTCTGGGTATTCCGACCGAAGGCCAAAAAGACGAGGATATTGCGCTGGAAGTTGCGAAAGCGGCGCTGGCGGACTTCCATGAGAAAGATACCCCGGTTCTGTGGGTGACCACCGTTCTGCCGCCGAGCCGTGTGAAGGTTCTGAGCGCGCATGGTCTGATCCCGGCGGGTATTGATCACGAAATCGCGGAGATTATGCACCGTACCAGCATGGGTTGCGACGCGGATGCGCAGAACCTGCTGCTGGGTGGCCTGCGTTGCAGCCTGGCGGACCTGGCGGGTTGCTACATGGGCACCGACCTGGCGGATATCCTGTTTGGTACCCCGGCGCCGGTGGTTACCGAAAGCAACCTGGGCGTGCTGAAGGCGGATGCGGTGAACGTTGCGGTGCACGGTCACAACCCGGTTCTGAGCGACATCATTGTTAGCGTGAGCAAAGAGATGGAAAACGAGGCGCGTGCGGCGGGTGCGACCGGTATCAACGTGGTTGGTATTTGCTGCACCGGCAACGAGGTGCTGATGCGTCACGGTATTCCGGCGTGCACCCACAGCGTTAGCCAGGAAATGGCGATGATCACCGGCGCGCTGGACGCGATGATCCTGGATTATCAGTGCATTCAACCGAGCGTGGCGACCATTGCGGAGTGCACCGGTACCACCGTTATTACCACCATGGAAATGAGCAAAATCACCGGTGCGACCCATGTGAACTTTGCGGAGGAAGCGGCGGTTGAGAACGCGAAGCAAATCCTGCGTCTGGCGATTGATACCTTTAAACGTCGTAAGGGTAAACCGGTGGAGATCCCGAACATTAAGACCAAAGTGGTTGCGGGCTTCAGCACCGAAGCGATCATTAACGCGCTGAGCAAGCTGAACGCGAACGATCCGCTGAAACCGCTGATTGACAACGTGGTTAACGGTAACATCCGTGGCGTGTGCCTGTTCGCGGGTTGCAACAACGTTAAGGTGCCGCAGGACCAAAACTTTACCACCATTGCGCGTAAGCTGCTGAAACAGAACGTTCTGGTGGTTGCGACCGGTTGCGGTGCGGGTGCGCTGATGCGTCACGGTTTTATGGACCCGGCGAACGTGGATGAGCTGTGCGGCGACGGTCTGAAAGCGGTTCTGACCGCGATCGGTGAAGCGAACGGTCTGGGTGGCCCGCTGCCGCCGGTGCTGCACATGGGTAGCTGCGTTGACAACAGCCGTGCGGTGGCGCTGGTTGCGGCGCTGGCGAACCGTCTGGGCGTTGACCTGGATCGTCTGCCGGTGGTTGCGAGCGCGGCGGAAGCGATGCATGAGAAGGCGGTGGCGATTGGTACCTGGGCGGTTACCATCGGTCTGCCGACCCACATTGGTGTGCTGCCGCCGATCACCGGCAGCCTGCCGGTGACCCAAATCCTGACCAGCAGCGTTAAAGATATTACCGGTGGCTACTTCATCGTTGAACTGGACCCGGAGACCGCGGCGGACAAACTGCTGGCGGCGATCAATGAGCGTCGTGCGGGTCTGGGTCTGCCGTGGTGA
	Source20

	ChCODH4
(pET28a)
	ATGGATAAAAGCAAGTTATCAGTAGATCCTGTGATCCCGAATTTATATCGTAAAGCCAGAGAGGAAGGGATTTCCACTGTTTTTGATCGTTATGAAGCACAGCAGCCTCAGTGCGGATTTGGGCTTACAGGCCTTTGCTGTCGTCATTGCGTGCAGGGACCGTGCCGCATAGATCCGTTTGGGGAAGGACCGCAAGCGGGCATTTGCGGTGCTACCGCCGAGGTAATAACGGCTCGCAATCTGCTGCGTCAAGTCACGGCGGGTGCTGCCGCCCATGTAGACCATGCGTATGATGTGCTGGAAGTTTTGGAACAAATCGCCCAAGGTACGGAATCATACAGTATCAAAGATCAAGAAAAGTTAAAGCAGGTCGCTTTTACCTTAGGTATAGATACCGCTAACAAAACAGAGCAGGAGATTGTTGAAGAGATGTGCCAAATTATCTATCGGGATTTTGCCAATTCTGGTGCAACACCGATGACCTATCTGAAAGCCAACTCTCCTCGGGAACGCCTTGAGACATGGGAAAAATTAGGGGTTCTGCCTCGTAACCCAGACCGTGAAATCAGAGAAGCCTTACACCAGACTACAATGGGGATGGATGCGGACCCAGTAAATTTAATCTTAAAAACTATTCGCCTTGGTCTGGTTGATGGTTTTGCGGGTCTCAAGTTAGCGACGGATTTACAGGACATCATTTTTGGCACTCCCCAGCCAGTTGTCACAGAAGCAAATCTGGGTGTACTCAAAGAAGATTATGTGAATATCATAGTCCACGGCCATGTTCCGTTACTTAGCGAAAAAATTGTTGAATGGAGCAGAAAGTTGGAAGATGAGGCGAAAAAAGCAGGGGCAAAAGGAATCAATCTTGCAGGTATATGTTGTACTGGTAACGAGGTGTTAATGCGTCAGGGTGTACCGTTAGCAACAAACTTCCTGGCCCAGGAGTTGGCGATTATTACGGGGGCAGTTGACTTAATGGTAGTGGATGTTCAGTGTATTATGCCCTCATTAGCAGAAATTGCTGCTTGCTATCATACCCGCTTAGTCACTACCATGCCGATTGTGAAAATTCCAGGTGCGGAGCATGTTCCGTTCACCACAGAAACTGCCGATGAGGCCTCGCAGCAGATTGTGCGTATGGCTATAGAGAGTTACCAAAAACGCAATCCAGCCAAGGTCTACATCCCCAGGGAAAAAGCCAAAGTTGTAGCAGGATTCAGCGTTGAGGCAATAGTAAAAGCGTTAGCGAAACTAAATCCTGACGATCCGTTAAAGCCCTTAATTGATAATATTGTGTCTGGCAACATTCTGGGTGTGGTCGCCACCGTTGGTTGTAACAATGTGAAGGTCAAGCATGATTGGTTCCACATAGAATTAGTAAAAGAACTAATTAAAAACAATGTGTTAGTGGTGACTACAGGCTGTTCCGCTCATGCGTTAGCGAAAGCAGGCTTGATGGACCCCGCAGCAGCCGAATGGGCTGGCGAGGGTTTACGAGCCGTCTTAACGGCAATAGGCACGGCTAATGATTTGGGCGGCCCGCTGCCGCCTGTTTTGCACATGGGATCGTGTGTTGATAACTCCCGAATCGGGGACTTAGTGATCGCCGTCGCAAACTACCTTAAAGTAAGTCCAAAAGACCTTCCGATTGCGGCTTCTGCACCTGAATACCAGCATGAAAAGGCTTTGAGCATCGGAACCTGGGCGGTAGCGATGGGTATTATGACCCACTTGGGAGTTGTTCCACCTGTGGTCGGAAGTTCAAAAGTTACCCGTATTCTTACCCAAGATGCCGAGGCTTTAATAGGCGGCAAATTTTATGTGGAAACGGACCCATATAAAGCAGCAGCGGGCATCATTGAACATATTAAGGCTAAACGGGCTCTACTGAATTTATAA
	Source20

	DvCODH
(pET28a)
	ATGAGTTCTAGTAAGACTATCCGTAGCCGTTCGATTTGGGATGATGCACATGCAATGCTCGAAAAAGCGAAAGCAGAGGGTATCTCCACCGTCTGGGATCGAGCTGCGGAACAGACGCCAGCCTGTAAATTCTGTGAATTGGGCACCACCTGCCGCAATTGCATCATGGGCCCGTGCCGTATCGCCAACCGCAAGGACGGAAAGATGAGACTTGGCGTTTGTGGAGCAGATGCCGATGTAATCGTGGCGCGAAATTTTGGCCGTTTCATCGCTGGAGGAGCAGCTGGTCACTCAGATCACGGACGCGACCTGATCGAAACATTGGAAGCCGTAGCCGAAGGCAAAGCTCCTGGCTATACGATTCGTGACGTCGCAAAATTGAGAAGAATCGCGGCCGAATTGGGCGTAGCCGACGCAGCGACACGCCCCGCTCATGACGTGGCCGCTGACCTCGTCACCATATGTTATAACGACTTCGGCAGCCGGCGTAATGCTCTGGCCTTTCTGGCGCGTGCACCGCAGGTGCGGCGCGACTTGTGGCAACGCCTTGGCATGACCCCACGTGGCGTAGACCGCGAGATTGCCGAAATGATGCACCGCACTCATATGGGCTGTGATAACGACCACACATCTCTGCTCGTACATGCTGCGCGGACGGCGCTCGCAGACGGTTGGGGAGGTTCTATGATAGGCACTGAATTGTCCGATATTCTATTTGGCACGCCTAGACCGAGACAGTCAACAGTCAATCTCGGTGTCTTGCGCAAAGATGCCGTCAACATCTTAGTTCATGGACATAACCCAGTCGTCTCCGAAATGATCCTGGCCGCCACACGTGAACCGGCTGTAAGGCAGGCTGCACAGGACGCCGGCGCAGCAGACATCAATGTCGCGGGGCTATGTTGCACAGGTAACGAGCTGTTGATGCGACAGGGTATTCCCATGGCAGGCAACCACCTCATGACCGAACTCGCTATTGTCACAGGTGCGGCCGATGCAATTGTCGCAGATTATCAATGTATAATGCCAAGCCTGGTGCAGATTGCTGCGTGTTACCACACCCGCTTTGTAACGACTTCTCCTAAAGGGCGTTTTACTGGGGCCACTCATGTGGAGGTGCATCCGCACAATGCGCAAGAGAGGTGCCGTGAGATCGTGATGCTGGCAATTGATGCGTACACCAGACGAGATCCCGCGCGGGTTGACATACCGTCGCAACCCGTGTCAATAATGTCCGGGTTTTCCAATGAGGCCATTTTAGAAGCCCTTGGCGGCACTCCAAAACCTCTCATCGATGCTGTTGTGGCAGGGCAAATACGGGGATTTGTGGGCATCGTGGGTTGCAATAATCCAAAAATTCGTCAGGATTCAGCTAATGTAACGCTCACGCGGGAACTGATACGCCGCGACATAATGGTGCTTGCCACAGGATGTGTCACGACGGCTGCTGGCAAGGCCGGACTGCTGGTCCCTGAAGCTGCATCGAAAGCAGGCGAGGGGCTGGCCGCCGTGTGCCGCAGTCTTGGCGTGCCTCCGGTGCTGCATATGGGCAGCTGCGTTGATAATTCTCGCATCTTGCAGTTGTGCGCCCTGCTGGCAACCACTCTGGGCGTTGACATATCCGATCTGCCCGTGGGGGCCAGTTCACCAGAATGGTATTCCGAGAAAGCAGCGGCAATTGCCATGTATGCCGTGGCAAGCGGCATTCCCACGCATCTTGGTCTTCCGCCCAATATCTTAGGCAGCGAGAACGTAACCGCCATGGCCCTGCATGGGCTACAGGACGTGGTAGGAGCGGCCTTCATGGTTGAACCGGATCCTGTCAAGGCGGCTGATATGCTGGAAGCGCATATCGTGGCACGCCGCGCAAGGCTTGGTCTCACATCATAA
	Source20

	RrCODH
(pET28a)
	ATGACGCATCATGACTGTGCCCATTGTTCCTCCGATGCCTGCGCGACCGAAATGTTGAATTTAGCCGAGGCCAACAGCATAGAAACCGCTTGGCATCGCTACGAAAAGCAGCAGCCCCAATGCGGCTTTGGCTCGGCCGGCCTGTGTTGCCGCATCTGTTTAAAAGGCCCATGTCGCATCGATCCCTTTGGCGAAGGCCCGAAGTACGGAGTCTGTGGCGCCGACCGCGACACCATCGTCGCCAGGCATCTGGTGCGCATGATTGCGGCCGGCACCGCAGCCCATTCCGAGCACGGCCGGCACATTGCCCTGGCCATGCAACATATTTCACAAGGCGAGTTACACGATTATAGCATCCGCGATGAGGCCAAGCTCTATGCCATCGCCAAGACACTGGGCGTGGCCACAGAGGGACGTGGTCTGTTAGCGATCGTAGGCGATTTGGCGGCGATAACTCTGGGAGACTTCCAGAATCAGGATTACGATAAACCTTGCGCTTGGCTTGCAGCGTCTCTCACGCCGCGTCGGGTGAAGCGCTTGGGTGATCTGGGTCTGCTGCCACACAATATTGATGCTAGCGTTGCGCAGACGATGTCACGCACTCATGTGGGTTGCGATGCCGATCCAACCAATCTGATTCTGGGTGGCTTGAGGGTTGCCATGGCCGATCTTGACGGTTCAATGCTGGCGACAGAGTTATCTGATGCACTGTTTGGCACGCCACAGCCTGTGGTTAGTGCCGCCAATCTGGGTGTCATGAAGCGCGGAGCCGTAAATATAGCCGTCAATGGTCATAACCCGATGCTCAGCGATATCATTTGTGATGTGGCAGCGGATCTGCGAGACGAAGCAATCGCCGCTGGGGCAGCCGAGGGGATTAACATCATTGGCATTTGCTGTACCGGCCATGAAGTTATGATGCGCCATGGCGTTCCGCTTGCCACCAATTACTTATCGCAGGAATTACCTATCCTGACCGGCGCATTAGAGGCGATGGTCGTCGATGTACAGTGTATAATGCCGAGTCTTCCTCGCATTGCCGAATGCTTCCACACCCAGATCATCACCACCGACAAACACAATAAAATCAGTGGCGCTACCCATGTGCCCTTCGATGAGCACAAGGCAGTTGAGACTGCCAAGACGATTATTAGAATGGCGATTGCCGCCTTTGGACGGCGTGATCCTAACCGCGTCGCTATTCCTGCTTTTAAACAGAAATCAATTGTAGGCTTTTCAGCCGAAGCAGTCGTCGCCGCCCTGGCCAAAGTTAATGCGGACGATCCGCTAAAGCCGCTGGTTGATAATGTTGTAAACGGCAATATACAAGGTATAGTGCTTTTTGTCGGCTGCAACACGACCAAGGTTCAGCAAGACAGCGCGTATGTAGATCTAGCAAAGTCTCTCGCCAAGCGCAATGTGCTTGTGCTTGCAACTGGCTGTGCCGCCGGCGCCTTCGCCAAAGCTGGATTAATGACCTCCGAAGCGACCACCCAATATGCTGGCGAAGGCTTGAAAGGGGTACTGTCAGCCATCGGTACGGCCGCCGGTCTGGGAGGGCCACTGCCATTGGTCATGCACATGGGCTCTTGCGTCGATAACAGTCGAGCGGTTGCTTTGGCCACAGCTTTAGCCAATAAGTTAGGTGTAGATCTCTCTGATCTGCCGCTGGTCGCCAGTGCTCCGGAATGCATGAGCGAGAAGGCCCTGGCCATCGGCTCGTGGGCGGTGACTATTGGTCTGCCGACCCATGTCGGCTCGGTTCCTCCGGTCATAGGTTCGCAGATCGTGACTAAGCTGGTGACCGAAACGGCAAAAGACTTGGTGGGCGGTTATTTTATCGTTGATACCGACCCCAAAAGTGCCGGGGACAAGCTTTATGCCGCAATTCAAGAACGTAGAGCCGGGCTTGGCCTGTAA
	This study

	RrCooCTJ
(pCDFDuet)
	ATGAAAATTGCGGTGACTGGGAAAGGCGGTGTTGGCAAGTCCACTATCGTTGGTATGCTGGCACGTGCTTTGAGCGACGAGGGTTGGAGGGTGATGGCAATTGATGCCGATCCGGATGCGAATTTAGCTTCTGCCATTGGCGTACCGGCTGAAAGACTAAGCGCGCTTTTACCGATATCAAAAATGACCGGTTTAGCCCGCGAACGGACCGGGGCTTCCGAAACAACGGGCACCCATTTTATTCTAAACCCTCGGGTTGATGATATTCCTGAACAGTTTTGTGTAGACCATGCAGGAATAAAACTGCTGTTGATGGGAACGGTTAATCACGCCGGTTCTGGTTGCGTCTGTCCAGAACATGCCCTGGTACGCACACTGCTGCGACATATACTGACTAAACGTAAGGAATGTGTTTTAATTGACATGGAAGCTGGAATCGAGCACTTCGGCCGTGGGACAATTGAAGCGGTAGATTTGTTAGTGATAGTGATCGAGCCTGGCTCTAGAAGTTTACAGACAGCTGCTCAGATAGAAGGTCTGGCACGCGATCTGGGGATCAAAACGATCTGTCATATTGCTAATAAACTGGCTTCGCCCGTCGATGTGGGCTTTATTCTTGATCGTGCAGACCAATTCGATCTTTTGGGAAGTATTCCATTTGACAGCGCAATCCAAGCTGCAGACCAGGCCGGTCTGTCATGCTATGATCTTTCACCGGCATGCCGTGATAAGGCACACGCCCTGATGGCCGCTTTACTTGAACGCGTCGGTCCAACCCAGGGAGTTAGTTAAataaggagatataccATGTGTATGGCAAAAGTTGTGTTAACCAAAGCAGATGGTGGACGCGTAGAAATCGGTGATGTTTTGGAAGTACGTGCCGAAGGCGGTGCGGTGCGGGTCACTACACTGTTTGATGAAGAACATGCTTTTCCGGGGCTGGCTATTGGACGTGTTGACCTGAGATCAGGCGTTATTTCACTTATAGAGGAGCAGAATCGTTAAataaggagatataccATGACCGAATCTCCTGAACGTGGTCGTAAAAGATTAGGAATATATTTAGCGCATTTTTTAGATCATGTTGAGGGTCACATGGGCGAGATTGGGGTTCAGCGTGATGCTTTGGCCGAAGATGCTCGGTTAGGTGCATTAATCGATCGTGCATTAGCAGATATGGCTGTGGCTCGCGCCTCGCTTAATGCAGTCTTACGCGATTTAGATGGAGAAGCACCGGCACCGGCAAGCCCCGAAGCAGTACATAGTCCATTTCATTCCCATGCACATTCTCACGACCACGATCATGCACACGGCCATTCACATGACCATGCCCACGATCATTGTCATTGCCATGATCATCCTTAA
	This study



b. Cloned genes of CODH and FDHs
	Name
	Origin
	Gene (locus tag)
	Vector
	Host*
	Reference

	ToCODH
	Thermococcus onnurineus NA1
	cooS (TON_1018)
	pET28a
	Escherichia coli BL21
	Source21

	MeFDH1
	Methyloacterium extorquens AM1
	fdh1AB (MexAM1_META1p5031‒5032)
	pCM110
	M. extorquens AM1
	Source22

	RcFDH
	Rhodobacter capsulatus
	fdhABC (RCAP_rcc03035‒03037), fdhE (RCAP_rcc03033)
	pTrcHis A
	E. coli MC1061
	Source23 



c. Primers used in this study
	Mutation
	Primer (5' to 3')
	Vector
	Host*

	Ch2_W29A
	F- caaaccgtggcggatcgttacgaggcgatg, R- gtaacgatccgccacggtttgaataccctc
	pET28a
	E. coli BL21

	Ch2_Y32A
	F- tgggatcgtgccgaggcgatgaagccgcag, R- catcgcctcggcacgatcccacacggtttg
	pET28a
	E. coli BL21

	Ch2_F41A
	F- cagtgcggtgcgggcgaaaccggtctgtgc, R- ggtttcgcccgcaccgcactgcggcttcat
	pET28a
	E. coli BL21

	Ch2_F61A
	F- attaacccggctggcgatgagccgaaagtg, R- ctcatcgccagccgggttaatacggcacgg
	pET28a
	E. coli BL21

	Ch2_F154A
	F- ctggcggacgcccatgagaaagataccccg, R- tttctcatgggcgtccgccagcgccgcttt
	pET28a
	E. coli BL21

	Ch2_Y224A
	F- gcgggttgcgccatgggcaccgacctggcg, R- ggtgcccatggcgcaacccgccaggtccgc
	pET28a
	E. coli BL21

	Ch2_F234A
	F- gatatcctggctggtaccccggcgccggtg, R- cggggtaccagccaggatatccgccaggtc
	pET28a
	E. coli BL21

	Ch2_F386A
	F- attgataccgctaaacgtcgtaagggtaaa, R- acgacgtttagcggtatcaatcgccagacg
	pET28a
	E. coli BL21

	Ch2_W636A
	F- ggtctgccggcgtgaggatccgaattcgag, R- ggatcctcacgccggcagacccagacccgc
	pET28a
	E. coli BL21

	Ch2_M116A
	F- ggcgagctatgcgattaaggaccgtaccaaa, R- ggtccttaatcgcatagctcgccgctttgcc
	pET28a
	E. coli BL21

	Ch2_M355A
	F- caccatggaagcgagcaaaatcaccggtg, R- tgattttgctcgcttccatggtggtaataacg
	pET28a
	E. coli BL21

	Ch2_C344A
	F- cattgcggaggcgaccggtaccaccgttat, R- tggtaccggtcgcctccgcaatggtcgcca
	pET28a
	E. coli BL21

	Ch2_C496A
	F- ggatgagctggcgggcgacggtctgaaagc, R- gaccgtcgcccgccagctcatccacgttcg
	pET28a
	E. coli BL21

	Ch2_R57E
	F- ggtccgtgcgaaattaacccgtttggcgat, R- cgggttaatttcgcacggaccttgcaggca
	pET28a
	E. coli BL21

	Ch2_R57G
	F- ggtccgtgcggtattaacccgtttggcgat, R- cgggttaataccgcacggaccttgcaggca
	pET28a
	E. coli BL21

	Ch2_R57S
	F- ggtccgtgctctattaacccgtttggcgat, R- cgggttaatagagcacggaccttgcaggca
	pET28a
	E. coli BL21

	Ch2_R57F
	F- ggtccgtgcttcattaacccgtttggcgat, R- cgggttaatgaagcacggaccttgcaggca
	pET28a
	E. coli BL21

	Ch2_R57Q
	F- ggtccgtgccaaattaacccgtttggcgat, R- cgggttaatttggcacggaccttgcaggca
	pET28a
	E. coli BL21

	Ch2_R57A
	F- ggtccgtgcgctattaacccgtttggcgat, R- cgggttaatagcgcacggaccttgcaggca
	pET28a
	E. coli BL21

	Ch2_N59L
	F- tgccgtattcttccgtttggcgatgagccg, R- gccaaacggaagaatacggcacggaccttg
	pET28a
	E. coli BL21

	Ch2_N59A
	F- tgccgtattgctccgtttggcgatgagccg, R- gccaaacggagcaatacggcacggaccttg
	pET28a
	E. coli BL21

	Ch2_N59F
	F- tgccgtatttttccgtttggcgatgagccg, R- gccaaacggaaaaatacggcacggaccttg
	pET28a
	E. coli BL21

	Ch2_N59K
	F- tgccgtattaagccgtttggcgatgagccg, R- gccaaacggcttaatacggcacggaccttg
	pET28a
	E. coli BL21

	Ch2_N59D
	F- tgccgtattgatccgtttggcgatgagccg, R- gccaaacggatcaatacggcacggaccttg
	pET28a
	E. coli BL21

	Ch2_N59G
	F- tgccgtattggtccgtttggcgatgagccg, R- gccaaacggaccaatacggcacggaccttg
	pET28a
	E. coli BL21

	Ch2_R57G/N59L
	F- tgcggtattcttccgtttggcgatgagccg, R- gccaaacggaagaataccgcacggaccttg
	pET28a
	E. coli BL21

	Ch2_R57G/N59F
	F- tgcggtatttttccgtttggcgatgagccg, R- gccaaacggaaaaataccgcacggaccttg
	pET28a
	E. coli BL21

	Ch2_R57G/N59K
	F- tgcggtattaagccgtttggcgatgagccg, R- gccaaacggcttaataccgcacggaccttg
	pET28a
	E. coli BL21

	Ch2_A559W
	F- gcgcggcggaatggatgcatgagaaggcggtgg, R-tctcatgcatccattccgccgcgctcgcaacc
	pET28a
	E. coli BL21

	Ch2_GLW
	F- tgcggtattcttccgtttggcgatgagccg, R- gccaaacggaagaataccgcacggaccttg
F-gcgcggcggaatggatgcatgagaaggcggtgg, R-tctcatgcatccattccgccgcgctcgcaacc
	pET28a
	E. coli BL21

	Dv_F44A
	F- agcctgtaaagcctgtgaattgggcaccac, R- ccaattcacaggctttacaggctggcgtct
	pET28a
	E. coli BL21

	Rr_F43A
	F- aatgcggcgctggctcggccggcctgtgttg, R- ccgagccagcgccgcattggggctgctgctt
	pET28a
	E. coli BL21


* The host E. coli BL21 strain contains pRKISC plasmid carrying Fe–S cluster assembly proteins.

Supplementary Table 4 | F41-neighbouring residues
	Category
	Residues in ChCODH2

	Within 4 Å at F41
	C39‒G40, G42‒C47, R57‒N59

	· Inward-facing side chain
	G42, G45, I58

	· D-cluster maintenance
	C39, G40, C47

	· Backbone interaction with F41
	L46, T44

	· Substrate tunnel-forming residues
	E43

	Remaining residues
	R57, N59




Supplementary Table 5 | KM for viologens in CODHs and FDHs
	Group (EC no.)
	Name
	Viologens*
	Km (mM)
	Temp. (°C)/pH
	References

	CODH (1.2.7.4)
	ChCODH2
	EVox
	2.3 ± 0.1
	30°C/pH 8
	This study

	
	 
	MV
	4
	20°C/pH 9.5
	Source24

	
	ChCODH4
	EV
	1.3 ± 0.1
	30°C/pH 8
	This study

	
	MbCODH
	MV
	7.1 ± 0.01
	25°C/pH 7
	Source5

	
	MtCODH
	MV
	3.0 ± 0.01
	50°C/pH 8.4
	Source25

	
	ToCODH
	EV
	2.4 ± 0.2
	30°C/pH 8
	This study

	FDH (1.17.1.9)
	MeFDH1
	EVred
	0.03 ± 0.002
	30°C/pH 7
	This study

	
	RcFDH
	EVred
	0.01 ± 0.001
	30°C/pH 7
	This study


Abbreviations: CODH, carbon monoxide dehydrogenase; FDH, formate dehydrogenase; ox, oxidized; red, reduced; EV, ethyl viologen; MV, methyl viologen, Ch, Carboxydothermus hydrogenoformans; Mb, Methanosarcina barkeri, Me, Methylobacterium extorquens; Rc, Mt, Moorella thermoacetica, Rhodobacter capsulatus; To, Thermococcus onnurineus.

Supplementary Table 6 | Kinetic constants of ChCODH2 N59 variants
	Enzyme
	Specific activitya
(U/mg)
	KMEV
(mM)
	kcatEV
(s-1)
	kcat/KMEV
(s-1⸱mM-1)

	Wild type
	
	
	
	

	ChCODH2
	1,800 ± 29
	2.3 ± 0.1
	2,200 ± 28
	1,000 ± 11

	ChCODH2 N59 variants
	
	
	

	N59A
	5,800 ± 29
	1.1 ± 0.1
	5,600 ± 17
	5,200 ± 811

	N59D
	5,200 ± 28
	0.6 ± 0.1
	4,600 ± 50
	7,800 ± 601

	N59F
	1,600 ± 20
	1.7 ± 0.1
	1,400 ± 35
	800 ± 191

	N59G
	5,100 ± 30
	0.9 ± 0.1
	5,000 ± 47
	5,500 ± 481

	N59K
	2,600 ± 25
	2.5 ± 0.1
	1,700 ± 35
	700 ± 261

	N59L
	3,400 ± 19
	1.6 ± 0.1
	3,100 ± 34
	1,900 ± 491


a Specific activities were determined at 20 mM ethyl viologen (EV) in HEPES buffer saturated with CO (30°C, pH 8). Values are the means ± standard variation, n = 3.
* Kinetic data were assayed at 30°C, pH 8. The kinetic parameters were calculated by fitting the initial rates obtained at six different EV concentrations (0.0625–32 mM) to the Hanes–Woolf equation using SigmaPlot 10.0. All enzymatic activities were determined in triplicate (see details in the Methods section).
† The values of kcat were calculated from Vmax for EV.

Supplementary Table 7 | Gas compositions of industrial off-gas and waste plastic syngas
	Provider
	Coke oven gas
(COG)
	Blast furnace gas
(BFG)
	Lintz–Donawitz gas
(LDG)
	Solid refuse fuel
(SRF)-derived gas

	
	Hyundai Steel
	Hyundai Steel
	Hyundai Steel
	Korea Institute of Energy Research

	Component
(%)
	CO
	6.2 ± 0.1
	25.5 ± 0.3
	49.4 ± 1.9
	7.7 ± 0.9

	
	H2
	55.4 ± 0.5
	3.8 ± 0.2
	1.4 ± 0.4
	2.6 ± 0.6

	
	N2
	8.6 ± 0.6
	46.7 ± 0.1
	29.2 ± 1.9
	38.5 ± 7.4

	
	CO2
	2.4 ± 0.1
	23.6 ± 0.2
	19.3 ± 0.6
	42.8 ± 3.1

	
	CH4
	24.2 ± 0.4
	–
	–
	4.5 ± 1.4

	
	CmHn
	3.1 ± 0.1
	–
	–
	4.0 ± 1.3

	
	O2
	0.1 ± 0.02
	0.01 ± 0.00
	0.01 ± 0.02
	–


* Compositions of industrial off-gases are from the previous study20.
† Solid refuse fuel (SRF) derived from the gasification of mixed plastic waste was provided by the Korea Institute of Energy Research26,27.

Supplementary Table 8 | Statistics for data collection and refinement
	Data set
	R57G/N59L apo
(PDB ID: 8ISF)
	R57G/N59L with EV (PDB ID: 8ISG)
	R57G/N59L with BV (PDB ID: 8ISH)

	A. Data collection
	
	
	

	Space group
	C2
	C2
	C2

	Unit-cell length (a, b, c, Å)
	112.0, 74.5, 71.3
	112.2, 74.9, 71.3
	112.6, 75.4, 72.2

	Unit-cell angle (α, β, γ, °)
	90.0 111.5, 90.0
	90.0, 111.2, 90.0
	90.0, 111.8, 90.0

	Resolution range (Å)
	50.0-2.10 (2.14-2.10)*
	50.0-2.60 (2.64 –2.60)*
	50.0-3.10 (3.15 –3.10)*

	Total / unique reflections
	761,977 / 31,652
	1,411,162 / 16,995
	539,895 / 10,065

	Completeness (%)
	99.7 (99.4)*
	99.4 (99.1)*
	98.8 (98.8)*

	Average I/σ (I)
	15.4 (2.2)*
	15.4 (3.9)*
	9.6 (2.6)*

	CC1/2
	99.3 (84.0)*
	98.7 (88.9)*
	97.4 (87.3)*

	Rmerge† (%)
	10.4 (66.2)*
	10.8 (36.7)*
	14.8 (44.3)*

	
	
	
	

	B. Model refinement statistics
	
	
	

	Resolution range (Å)
	37.27-2.10
	40.86-2.60
	35.32-3.11

	Rwork / Rfree‡(%)
	15.7 / 20.6
	19.5/ 25.2
	20.1/ 29.1

	Number / average B-factor (Å2)
	
	
	

	Protein nonhydrogen atoms
	4,671 / 30.0
	4,671 / 35.3
	4,671 / 53.0

	Non-protein atoms
	44 / 42.6
	26 / 54.5
	32 / 63.9

	Viologen (EV/BV) atoms
	
	16 / 59.2
	26 / 73.3

	Water oxygen atoms
	299 / 34.7
	119 / 33.3
	

	R.m.s. deviations from ideal geometry
	
	
	

	Bond lengths (Å)
	0.008
	0.012
	0.011

	Bond angles (°)
	0.962
	1.303
	1.369

	Protein-geometry analysis
	
	
	

	Ramachandran preferred (%)
	96.5
	94.5
	92.1

	Ramachandran allowed (%)
	3.3
	5.5
	7.8

	Ramachandran outliers (%)
	0.2
	0.0
	0.1


* Values in parentheses refer to the highest-resolution shell (2.14-2.10 Å, 2.64-2.60, and 3.15 – 3.10 Å).
† Rmerge = ΣhklΣi | Ii(hkl) – <I(hkl)> | / ΣhklΣi Ii(hkl)i, where I(hkl) is the intensity of reflection hkl, Σhkl is the sum over all reflections, and Σi is the sum over i measurements of reflection hkl.
‡ R = Σhkl | |Fobs| – |Fcalc| | / Σhkl |Fobs|, where Rfree was calculated for a randomly chosen 10% of reflections, which were not used for structural refinement, and Rwork was calculated for the remaining ones.

Supplementary Figures 1‒10 
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Supplementary Figure 1 | Viologens' inability to traverse substrate tunnels due to size constraints. a, The van der Waals diameter of viologens (MV, methyl viologen; EV, ethyl viologen; BV, benzyl viologen). b, Bottleneck diameter of substrate tunnels derived from B-cluster in ChCODH2. c, The bottleneck diameter of substrate tunnels from catalytic C-cluster in ChCODH2. The substrate were tunnels predicted as light blue through CAVER analysis.
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Supplementary Figure 2 | Surface-exposed aromatic and sulfur-containing residues in ChCODH2. a, Distance between surface aromatic residues (F/Y/W) and Fe‒S cluster. b, Distance between surface sulfur-containing residues (C/M) and Fe-S cluster. The cysteine residues interacting with Fe-S were depicted in grey sticks, including C48, C51, C56, and C70 in the B-cluster; C295, C295, C333, C446, C476, and C526 in the C-cluster; and C39 and C47 in the D-cluster.
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Supplementary Figure 3 | Relative activities of C496A, M116A and M355A variants. Enzymatic activity is anaerobically measured through CO oxidation at 30°C in CO-saturated HEPES buffer pH 8 containing 20 mM EVox. The relative activities of variants were calculated by comparison of the WT’s specific activity. The data represent the mean ± S.D., determined from n= 3 independent experiments. C344 was not expressed in E. coli. 
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Supplementary Figure 4 | Multiple alignments of ChCODH-related sequences. In the amino acid alignments of ChCODHs, the amino acid residues are displayed in black shading with white letters (identical residue, >90% threshold for shading). The characterized CODHs are marked with asterisks (*). The boxes indicate cysteine residues coordinating each Fe‒S cluster (B, C, D): C48, C51, C56, and C70 for B-cluster; C294‒295, C333, C446, and C476 for C-cluster; C39, C47, C'39, and C'47 for D-cluster. The CODHs are as follows: ChCODH1 (WP_011344718), ChCODH2 (WP_011343033), ChCODH4 (WP_011343666), ChCODH5 (WP_011342982) from Carboxydothermus hydrogenoformans; DsCODH from Desulfofundulus salinum (WP_121452276); RrCODH from Rhodospirillum rubrum (WP_011389181); DvCODH from Desulfovibrio vulgaris (WP_010939375); DtCODH from D. termitidis (WP_035067836); DveCODH from Desulfocurvus vexinensis (WP_028588641); DhCODH from Desulfofaba hansenii (WP_100393885).
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Supplementary Figure 5 | Coordinating amino acid sequences in proximity to the D-cluster. a, Sequence logo representing the frequency in the region 36‒63 of ChCODH2 sequences. The sequence logo was generated using WebLogo28. b, Partial alignments of CODHs and HCPs (hybrid cluster proteins). The boxes indicate cysteine (orange) and phenylalanine (magenta) residues that coordinate D-cluster. c, Phylogenetic tree of CODHs. The phylogenetic trees showed orthologous relationships based on the amino acid sequences of the CODH proteins (see Methods for details). The CODHs are as follows: ChCODH1 (WP_011344718), ChCODH2 (WP_011343033), ChCODH4 (WP_011343666) from Carboxydothermus hydrogenoformans; CfeCODH from C. ferrireducens (WP_028051453); DsaCODH from Desulfofundulus salinum (WP_121452276); DthCODH from D. thermocisternus (WP_084327079); RruCODH from Rhodospirillum rubrum (WP_011389181); DvCODH from Desulfovibrio vulgaris (WP_010939375); DteCODH from D. termitidis (WP_035067836); DveCODH from Desulfocurvus vexinensis (WP_028588641); DhaCODH from Desulfofaba hansenii (WP_100393885); DmCODH from Desulfobulbus mediterraneus (WP_028583186); DfCODH from Desulfoplanes formicivorans (WP_069856808); DsCODH from Dethiosulfatarculus sandiegensis (WP_044349155); FpCODH from Ferroglobus placidus (WP_083777753); HaCODH from Halodesulfovibrio aestuarii (WP_027361784); SfCODH from Syntrophobacter fumaroxidans (WP_011699717); TaCODH from Thermodesulfobium acidiphilum (WP_108307686); DhCODH from Desulfacinum hydrothermale (WP_084057374);  DiCODH from Desulfacinum infernum (WP_073036188); DcCODH from Desulfosoma caldarium (WP_123291211); MeCODH from Methanofollis ethanolicus (WP_067052819); MhCODH from Methanomethylovorans hollandica (WP_015324787); SaCODH from Syntrophorhabdus aromaticivorans (WP_028894724); TnCODH from Thermodesulforhabdus norvegica (WP_093393560).

[image: ]
Supplementary Figure 6 | Hanes–Woolf plots. Catalytic properties of ChCODH2 mutants for EV were estimated from Hanes–Woolf plots. a, CODH WTs. b, ChCODH2 F41A and RrCODH F43A. c, ChCODH2 R57 mutants. d, ChCODH2 N59 mutants. e, ChCODH2 double and triple mutants. The values of appkcat were calculated from Vmax for EV. The data represent the mean ± S.D. determined from n= 3 independent experiments.
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Supplementary Figure 7 | EV-interacting and tunnel-forming residues in ChCODH2 W559. The locations of residues, including R57, N59, and W559, were displayed with tunnels of the ChCODH2 variant (PDB ID: 7XDM). F41, R57, and N59 (cyan stick) were found to be distantly located from W559 (red stick) and were also observed to be separated from the protein substrate tunnel exits.
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[bookmark: _Hlk100553463]Supplementary Figure 8 | Fo – Fc difference electron density maps of clusters and viologens in the G57/L59 variant. a, The Fo – Fc difference electron-density maps of B, C, and D clusters in the G57/L59 variant are contoured at 3σ. Fe, S, and Ni atoms are colored orange, yellow and green, respectively. In the C cluster, WT (1SU7) contains two alternative positions at the Fe2 atom, while the G57/L59 variant shows a partial second occupation for the Fe2 atom. Only the major conformation was modeled based on the Fe anomalous difference map. The B and C clusters adopt the same conformation in all structures. b, The Fo – Fc difference electron-density maps of ethyl and benzyl viologens in the G57/L59 variant under anaerobic conditions are contoured at 2σ. Electron density maps are colored grey.
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Supplementary Figure 9 | Distance of the putative interacting site for mediators from metal clusters. The distances between each Fe‒S cluster (B, C, D) were determined for the four structurally characterized CODHs (ChCODH2, ChCODH4, DvCODH, and RrCODH).
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Supplementary Figure 10 | Supplementary Figure 13 | Predicting putative mediator-interaction sites in gas-utilizing enzymes. a, Schematic representation of the workflow for predicting putative mediator-interaction sites. Through a simple method based on specific criteria (surface-exposed F, Y, W residues; 8 Å distance from the cluster; outward-facing side chains), we can specify candidate mediator-interaction sites and their corresponding residues in industrially important metalloenzymes (FDH, H2ase (hydrogenase), N2ase (nitrogenase)). b, Predicted residues potentially involved in mediator interactions for gas-utilizing enzymes.
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