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MATERIALS AND METHODS 

Construction of a Methanosarcina acetivorans strain expressing ANME FsrII 

 The coding sequence for FsrII was previously PCR amplified from the metagenomic DNA, 
that was extracted from an ANME-2 dominated methane seep sediment, and cloned into the 
plasmid pCR4-TOPO (1). For the current study, from one such clone, called Fsr-5207-6D, the 
coding sequence was further amplified using the following primers (restriction sites underlined 
and names presented within the parentheses): forward primer, 5’-
AAGGAGGAAATTCATATGATGGCAAACGAAGAATATAA-3’ (NdeI); reverse primer, 5’-
GAAGTTATCAAGAAGCTTTCACACCTGATCCAGAACCTC-3’ (HindIII). The amplicon 
was then assembled with pJK027A (2), that was linearized via digestion with NdeI and HindIII, 
employing the In-FusionÒ HD Cloning assembly kit (Clontech, Mountainview, CA). In the 
resulting plasmid, pDS601, the FsrII coding sequence was placed under the control of the 
Methanosarcina barkeri mcrB promoter that was fused with the tetracycline operator 
(PmcrB(tetO1)) (2); pDS601 was propagated in E. coli WWM4489 under chloramphenicol selection 
(3). Then pDS601 carrying λattB sequence was combined with pAMG40 (2), an E. coli-
Methanosarcina shuttle vector that contained a λattP site, using BP clonase (Invitrogen, Carlsbad, 
CA). The fusion plasmid, called pDS701, was transformed into E. coli WWM4489, and the 
transformants were selected on LB agar plates containing 20 μg/mL kanamycin and 34 μg/mL 
chloramphenicol. Finally, pDS701 was introduced into M. acetivorans using a liposome-mediated 
transformation method and the transformant was selected on HS-TMA solid media containing 
puromycin (4). 

Size exclusion chromatography 

The size exclusion chromatography was performed as described previously (5, 6), 
employing a 7.8-mm × 30-cm TSK-GEL G3000SWXL column (TosoHaas, Montgomeryville, 
PA), a 6-mm × 4-cm SWxl guard column (TosoHaas), a Shimadzu Prominence HPLC system 
consisting of LC-20AD dual pumps, SIL-20A autosampler, SPD-M20A diode array detector, and 
CBM 20A controller system (Shimadzu Scientific Instruments, Columbia, MD), and the 
calibration standards that are listed in the legend of Fig. 1B. A 20 μL anaerobic solution of 20 μg 
ANME2c-FsrII-6D protein in 100 mM potassium phosphate buffer, pH 7, was analyzed. The 
elution was monitored at 280 nm. The UV-visible spectrum collected by using the diode array 
detector showed that the ANME2c-FsrII-6D was stable during the short duration of 
chromatographic analysis that employed an aerobic aqueous solution containing 100 
mM potassium phosphate buffer pH 7, and 100 mM NaCl as the isocratic mobile phase. 
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Figure S1 

 
Figure S1. A calibration plot for size-exclusion chromatography. The black dots represent the calibration standards of a, b, c, and d 
as shown in the inset of Fig. 1B. The apparent globular molecular mass of native ANME2c-FsrII-6D was estimated to be 289.44 kDa. 
The fitted location of ANME2c-FsrII-6D is shown with a red dot. 
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Figure S2 

 
Figure S3. Iron-sulfur cluster binding residues of FpoF and FqoF based on AlphaFold2 model prediction. Modeled structures of 
FpoF of M. mazei and FqoF of A. fulgidus with docked [Fe4-S4] cluster from M. marburgensis F420-reducing [NiFe]-hydrogenase (Frh, 
PDB ID: 3ZFS) (7). Cysteine residues of the motifs A’, B’ and C as shown in Fig. 4, are displayed in red, green, and blue colors, 
respectively. 
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Table S1. Catalytic Properties of siroheme-dependent nitrite/sulfite reductases. 

Organisms 
(Archaeon, A; 
Bacterium, B; 

Plant, P) 

Protein Name 
(NCBI ORF 

Number) 
Reaction 

Electron Donor Electron Acceptor 

Refs. Electron 
Donor 

Km (μM) Electron 
Acceptor 

Km (μM) 

ANME-2c (A) 
ANME2c-FsrII-
6D 
(MH823235) 

3F420H2 + NO2
− + 2H+→  

3F420 + NH4+ + 2H2O 
F420H2 13.9 ± 2.4 

(with DTT) NO2
− 

4.2 ± 0.5 
(with DTT) This study 

F420H2 + NH2OH + H+ →  
F420 + NH4+ + H2O F420H2 ND NH2OH 

10.5 ± 1.3 
(with DTT) This study 

F420H2 + (2MV2+ + Metro) →  
F420 + (2MV•++ Metro) + 2H+ 

F420H2  4.7 ± 0.8 
(with DTT) MV2+ ND This study 

3F420H2 + HSO3
− ↛  

3F420 + HS− + 3H2O 
F420H2 NR HSO3

− NR This study 

6MV•+ + HSO3
− + 6H+ →  

6MV2+ + HS− + 3H2O 
MV•+ 

 
136.5 ± 26.3 
(with DTT) HSO3

− 
129.2 ± 19.8 
(with DTT) This study 

Methanocaldococcus 
jannaschii (A) 

DFTR 
(Mj_1536) 

F420H2 + MjTrx1ox →  
F420 + MjTrx1red F420H2 28.6 ± 2.5 MjTrx1 6.3 ± 2 (6) 

Fsr 
(Mj_0870) 

3F420H2 + HSO3
− →  

3F420 + HS− + 3H2O 
F420H2 21.2 ± 3.8 HSO3

− 12.2 ± 1 (8) 

Archaeoglobus 
fulgidus (A) 

Dsr 
(Af_0423-4) 

6MV•+ + HSO3
− + 6H+ → 

6MV2+ + HS− + 3H2O 
MV•+ ND HSO3

− ND (9, 10) 

FqoF 
(Af_1833) 

F420H2 + (2MV2+ + Metro) →  
F420 + (2MV•++ Metro) + 2H+ 

F420H2 ND MV2+ ND (11) 

F420H2 + DMN →  
F420 + DMNH2 F420H2 50 DMN 190 (12) 

Desulfovibrio 
vulgaris (B) 

Dsr 
(Dvu_0402-3) 

6MV•+ + HSO3
− + 6H+ → 

6MV2+ + HS− + 3H2O 
MV•+ ND HSO3

− 60 (13) 

6MV•+ + NO2
− + 8H+→  

6MV2+ + NH4+ + 2H2O 
MV•+ ND NO2

− 28 (13) 

2MV•+
 + NH2OH + 3H+ →  

2MV2+ + NH4+ + H2O 
MV•+ ND NH2OH 4800 (13) 
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Organisms 
(Archaeon, A; 
Bacterium, B; 

Plant, P) 

Protein Name 
(NCBI ORF 

Number) 
Reaction 

Electron Donor Electron Acceptor 

Refs. Electron 
Donor 

Km (μM) 
Electron 
Acceptor 

Km (μM) 

Methanosarcina 
mazei (A) 

FpoF 
(Mm_0627) 

F420H2 + (2MV2+ + Metro) →  
F420 + (2MV•++ Metro) + 2H+ 

F420H2  7 MV2+ ND (14) 

Escherichia coli (B) 

SiR 
(ECK2758-9) 

3NADPH + HSO3
− + 3H+ →  

3NADP+ + HS− + 3H2O 
NADPH 4.5 HSO3

− 4.3 (15) 

3NADPH + NO2
− + 5H+ →  

3NADP+ + NH4+ + 2H2O 
NADPH  26 NO2

− 800 (15) 

NADPH + NH2OH + 2H+ →  
NADP+ + NH4+ + H2O 

NADPH  53 NH2OH 10300 (15) 

NrfA 
(ECK4063) 

6MV•+ + NO2
− + 8H+ →  

6MV2+ + NH4+ + 2H2O 
MV•+ ND  NO2

− 22 (16) 

NirB 
(ECK3353) 

3NADH + NO2
− + 5H+ →  

3NAD+ + NH4+ + 2H2O 
NADH ND NO2

− 11 (17) 

NADH + NH2OH + 2H+ →  
NAD+ + NH4+ + H2O 

NADH ND NH2OH 2910 (17) 

NADH + 2cyt cox →  
NAD+ + 2cyt cred + H+ 

NADH 48.8 Cyt c ND (17) 

Spinacia oleracea 
(P) 

Fd-NiR 
(LOC110805491) 

6Fdred
 + NO2

− + 8H+ →  
6Fdox + NH4+ + 2H2O 

Fd 33  NO2
− 17 (18) 

6MV•+ + NO2
− + 8H+ →  

6MV2+ + NH4+ + 2H2O 
MV•+ ND  NO2

− 1.3 (18) 

Desulfovibrio 
desulfuricans (B) 

NiR 
(NA) 

6MV•+ + NO2
− + 8H+ →  

6MV2+ + NH4+ + 2H2O 
MV•+ ND NO2

− 1140 (19) 
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Organisms 
(Archaeon, A; 
Bacterium, B; 

Plant, P) 

Protein Name 
(NCBI ORF 

Number) 
Reaction 

Electron Donor Electron Acceptor 

Refs. Electron 
Donor 

Km (μM) 
Electron 
Acceptor 

Km (μM) 

Arabidopsis thaliana 
(P) 

NIA1 
(AT1G77760) 

3MV•+ + NO3
− + 4H+ →  

3MV2+ + NO + 2H2O 
MV•+ ND NO3

− 2120 ± 160 (20) 

3NADH + 2NO3
− + 5H+ →  

3NAD+ + 2NO + 4H2O 
NADH ND NO3

− 17 (20) 

BV•+ + NO2
− + 2H+ →  

BV2+ + NO + H2O 
BV•+ ND NO2

− 35.5 ± 2.7 (20) 

NIA2 
(AT1G37130) 

3MV•+ + NO3
− + 4H+ →  

3MV2+ + NO + 2H2O 
MV•+ ND NO3

− 443 ± 26 (20) 

3NADH + 2NO3
− + 5H+→  

3NAD+ + 2NO + 4H2O 
NADH ND NO3

− 35 (20) 

BV•+ + NO2
− + 2H+→  

BV2+ + NO + H2O 
BV•+ ND NO2

− 13.7 ± 3.3 (20) 

Candidatus 
Methylomirabilis 
lanthanidiphila (B) 

NiR  
(NA) 

3CH4 + 8NO2
− + 8H+ →  

3CO2 + 4N2 + 10H2O 
CH4 2.6 NO2

− 7 (21) 

Haloferax 
mediterranei (A) 

NiR  
(HFX_2005, 
HFX_1918) 

6MV•+ + NO2
− + 8H+ →  

6MV2+ + NH4+ + 2H2O 
MV•+ 1900 ± 200 NO2

− 8600 ± 200 (22) 

Nitrososphaera 
viennensis (A) 

NiR  
(NVIE_019250) 

6BV•+ + NO2
− + 8H+ →  

6BV2+ + NH4+ + 2H2O 
BV•+ ND NO2

− 287 (23) 

2BV•+
 + NH2OH + 3H+ → 

2BV2+ + NH4+ + H2O 
BV•+ ND NH2OH 97 (23) 

Abbreviation: Km, Michaelis-Menten constant in μM; ND, not determined; NR, no reaction; NA, not available; DMN, 2,3-dimethyl-1,4-
naphthoquinone; Fd, ferredoxin; F420H2, reduced cofactor F420; F420, oxidized cofactor F420; Metro, metronidazole; MV•+, reduced methyl viologen; 
MV2+, oxidized methyl viologen; BV•+, reduced benzyl viologen; BV2+, oxidized benzyl viologen; Cyt c, cytochrome c; DFTR, deazaflavin-dependent 
flavin-containing thioredoxin reductase; Fsr, F420-dependent sulfite reductase; Trx, thioredoxin; Dsr, dissimilatory sulfite reductase; FqoF, F420:quinone 
oxidoreductase subunit F; FpoF, F420:phenazine oxidoreductase subunit F; SiR, sulfite reductase; NrfA, cytochrome c-dependent nitrite reductase 
subunit A; NirB, NADH-dependent nitrite reductase subunit B; Fd-NiR, Ferredoxin-dependent nitrite reductase. 
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