
nature microbiology

https://doi.org/10.1038/s41564-023-01398-8Article

Assimilatory sulfate reduction in the marine 
methanogen Methanothermococcus 
thermolithotrophicus
In the format provided by the 
authors and unedited

https://doi.org/10.1038/s41564-023-01398-8


Table of contents. 1 

 2 

1. Supplementary Fig. 1 

 

Page 2 

2. Supplementary Fig. 2 

 

Page 3 

3. Supplementary Fig. 3 

 

Page 4 

4. Supplementary Fig. 4 

 

Page 5 

5. Supplementary Fig. 5 

 

Page 6 

6. Supplementary Fig. 6 

 

Page 7 

7. Supplementary Fig. 7 

 

Page 8 

8. Supplementary Fig. 8 

 

Page 9 

9. Supplementary Table 1 

 

Page 10 

10. Supplementary Table 2 

 

Page 11 

12. Supplementary Constructs and gene codon optimisation 

 

Page 12-14 

13. Supplementary Discussion Page 15-16 

  3 



 4 

 5 

Supplementary Figure 1. Coupled enzyme assay and MoO4
2- inhibition. Scheme of the 6 

coupled enzyme assay used in this study and impact of MoO4
2- addition. When MoO4

2- binds to 7 

the active site of the ATP-sulfurylase, ATP is hydrolysed into AMP and PPi (molybdolysis). 8 



9 
Supplementary Figure 2. Crystalline packing of MtATPS suggests a homotetramer. a, b, 10 

Packing of the crystalline form 1 (a) and 2 (b) containing a monomer and a dimer in the asymmetric 11 

unit, respectively. All MtATPS are shown as cartoons with the main dimeric unit coloured in light 12 

yellow. The opposite dimer, related by a 2-fold axis symmetry, is coloured in light green and 13 

suggest a tetrameric unit, contradicted by the PISA server and gel filtration (see panel d). c, The 14 

two monomers from MtATPS form 2 superpose well (rmsd 0.253 Å for 348 Cα, coloured in yellow 15 

and green) as well as the monomer from MtATPS form 1 (rmsd 0.238 Å for 331 Cα, coloured as 16 

blue). d, Gel filtration profile of MtATPS and a high molecular weight calibration kit (GE 17 

Healthcare). The obtained experimental molecular weight of 58 kDa is smaller than the expected 18 

dimeric form (89 kDa calculated from the sequence) but refutes a homotetrameric arrangement. 19 



 20 

Supplementary Figure 3. Sequence conservation across MtATPS with homologues. Perfectly 21 

conserved residues are highlighted with a red background. Sequence alignment was done using 22 

MUSCLE1, secondary structure prediction was performed with ESPript 3.02. For more information 23 

regarding the PDB accession numbers, see Supplementary Table 1. 24 



 25 

Supplementary Figure 4. Sequence conservation across MtAPSK with other APS-kinases. 26 

Perfectly conserved residues are highlighted with a red background. Sequence alignment was done 27 

using MUSCLE1, secondary structure prediction was performed with ESPript 3.02. For more 28 

information regarding the PDB accession numbers, see Supplementary Table 2. 29 
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 34 

Supplementary Figure 5. Sequence conservation across MtPAPP with the putative PAPP 35 

from Methanocaldococcus infernus and structural homologues. Perfectly conserved residues 36 

are highlighted with a red background and a blue box highlights the DHH motif. MtPAPP: 37 

Methanothermococcus thermolithotrophicus PAP-phosphatase; M.infernus: Methanocaldococcus 38 

infernus (WP_013099421, putative PAPP); TtRecJ: Thermus thermophilus exonuclease RecJ 39 

(PDB: 1IR6); BsNrnA_5J21: Bacillus subtilis bifunctional oligoribonuclease and PAP-40 

phosphatase NrnA (PDB: 5J21). To allow a correct alignment, the “MGSSHHHHHHENLYFQS”-41 

tag from BsNrnA_5J21 was removed. Sequence alignment was done using MUSCLE1, secondary 42 

structure prediction was performed with ESPript 3.02. 43 

 44 
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 49 

Supplementary Figure 6. Sequence alignment of MtPAPP with archaeal homologues. 50 

Perfectly conserved residues are highlighted with a red background and a blue box highlights the 51 

DHH motif. MtPAPP: Methanothermococcus thermolithotrophicus PAP-phosphatase; 52 

M.infernus: Methanocaldococcus infernus (WP_013099421); P.pacificus: Palaeococcus pacificus 53 

(WP_048165810); T.barophilus: Thermococcus barophilus (WP_013468329); T.paralvinellae: 54 

Thermococcus paralvinellae (WP_042682556); T.barossii: Thermococcus barossii 55 

(WP_088865569); T.peptonophilus: Thermococcus peptonophilus (WP_062389597); T.pacificus: 56 

Thermococcus pacificus (WP_088853513); P.yayanosii: Pyrococcus yayanosii (WP_048058414); 57 

M.bathoardescens: Methanocaldococcus bathoardescens (WP_048201137); M.formicicus: 58 

Methanotorris formicicus (WP_007044583); M.vulcanius: Methanocaldococcus vulcanius 59 

(WP_012819478). Sequence alignment was done using MUSCLE1, secondary structure prediction 60 

was performed with ESPript 3.02. 61 



 62 

Supplementary Figure 7. Sequence alignment of dissimilatory APS-reductases with 63 

MtPAPSR. Perfectly conserved residues are highlighted with a red background. MtPAPSR: 64 

PAPS-reductase from Methanothermococcus thermolithotrophicus, A.fulgidus_APSR: alpha 65 

subunit of the APSR from Archaeoglobus fulgidus (PDB: 2FJA), D.gigas_APSR: alpha subunit of 66 

the APSR from Megalodesulfovibrio gigas (PDB: 3GYX), and C.fijiensis: the putative APSR from 67 

Caldanaerobius fijiensis (CfAPSR, WP_073344903, closest homologue of MtPAPSR alpha). 68 

Sequence alignment was done using MUSCLE1, secondary structure prediction was performed 69 

with ESPript 3.02. 70 



 71 

Supplementary Figure 8. SO4
2--reduction associated genes across the seven orders of 72 

methanogens. The protein sequences from the biochemically and structurally characterized 73 

enzymes from M. thermolithotrophicus were used as reference. The NCBI accession numbers of 74 

the proteins (left) as well as the amino acid sequence identity (in %) in comparison to M. 75 

thermolithotrophicus enzymes are shown in brackets. Homologues below 28 % sequence identity 76 

or with a coverage below 85 % are not shown. 77 
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Supplementary Table 1. Sequence and structural alignment of MtATPS. Sequence alignment was 84 

performed using PyMOL version 2.2.0 (Schrödinger, LLC).  85 

Name of the 

organisms 
Abbreviation PDB code 

Alignment on 

Domain II 

Rmsd in Å (aligned  

Cα) 

Overall 

alignment 

Rmsd in Å 

 (aligned  Cα) 

Methanothermococcus 

thermolithotrophicus 
MtATPS    

Thermus  

thermophilus 
TtATPS 1V47 1.07 (121) 1.78 (296) 

Saccharomyces 

cerevisiae 
ScATPS 1J70 1.06 (112) 1.61 (266) 

Aquifex 

aeolicus 
AaATPS 2GKS 1.25 (125) 1.55 (272) 

Penicillium 

chrysogenum 
PcATPS 1I2D 1.12 (112) 1.54 (279) 

Allochromatium 

vinosum 
AvATPS 4DNX 0.83 (116) 1.44 (257) 

Riftia pachyptila 

symbiont 
RrsATPS 1JHD 0.92 (124) 1.42 (260) 

Glycine  

max 
GmATPS 4MAF 1.27 (110) 2.33 (315) 

Homo sapiens HsATPS1 1X6V 1.25 (105) 1.98 (252) 

Homo sapiens HsATPS2 7FH3 1.10 (105) 1.83 (261) 

  86 



Supplementary Table 2. Sequence and structural alignment of MtAPSK. Sequence alignment was 87 

performed using PyMOL version 2.2.0 (Schrödinger, LLC).  88 

Name of the organisms Abbreviation PDB code 
Overall alignment 

Rmsd in Å (aligned  Cα) 

Methanothermococcus 

thermolithotrophicus 
MtAPSK   

Synechocystis sp. PCC 6803 SsAPSK 5CB6 1.33 (129) 

Arabidopsis thaliana AtAPSK 3UIE 1.59 (104) 

Aeropyrum pernix ApAPSK 2YVU 1.18 (117) 

Penicillium chrysogenum PcAPSK 1M7H 1.00 (120) 

Homo sapiens HsAPSK1 2OFW 1.13 (111) 

Homo sapiens HsAPSK2 2AX4 1.25 (123) 

Aquifex aeolicus AaAPSK 2GKS 1.77 (124) 

Thiobacillus denitrificans TdAPSK 3CR8 1.14 (116) 

Mycobacterium tuberculosis MtAPSK 4BZP 1.13 (111) 

Cryptococcus neoformans CnAPSK 6B8V 0.81 (111) 

 89 

 90 
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 100 

 101 

 102 



Constructs and gene codon optimisation. 103 

 104 

ATP-sulfurylase sequence from M. thermolithotrophicus  105 

(NCBI Accession number: WP_018153795.1) 106 
MVSKPHGGKLVNRVATEKTKEKILEEQNEFSKVQIREGTAIDLENIAHGVYSPLTGFLRKDEFQSVLDNMR107 
LPNELPWSIPIVLDVTEKEKNFGEGDVILLYYNDTPIAKMQVDEIYTYDKKEFAKKVFKTDEEAHPGVAKT108 
YALGEYLVGGEIELLNEVPNPFKSHTLRPVETRALFKEKGWETIVAFQTRNVPHLGHEYLQKLALTFVDGV109 
FVNPVIGKKKKGDYKDEVILKAYETLFEHYYPKDTDILATVRYEMRYAGPREAIHHAIMRKNFGCTHFIVG110 
RDHAGVGDYYGPYEAQEIFQNFPDLEISPIFFREFYYCKKCNAIVHDRICPHTSEYREHFSGTKIRNMIVNGE111 
LPPEYFMRKEVYETIRSFENPFVDE 112 

Codon optimized MtATP-sulfurylase sequence cloned into pET-28a(+):  113 
 114 
CATATGGTTAGCAAGCCGCACGGTGGCAAACTGGTGAATCGTGTGGCGACCGAGAAGACCAAGGAGA115 
AGATCCTGGAAGAACAGAACGAATTCAGCAAGGTGCAGATCCGTGAGGGTACCGCGATCGACCTGGA116 
AAACATTGCGCATGGTGTGTACAGCCCGCTGACCGGCTTCCTGCGTAAAGACGAGTTTCAAAGCGTTC117 
TGGATAACATGCGTCTGCCGAACGAACTGCCGTGGAGCATCCCGATTGTGCTGGATGTTACCGAGAAG118 
GAGAAGAACTTTGGCGAGGGCGACGTGATTCTGCTGTACTATAACGATACCCCGATCGCGAAGATGCA119 
GGTTGACGAGATTTACACCTATGATAAGAAAGAATTCGCGAAGAAAGTGTTTAAGACCGACGAGGAA120 
GCGCACCCGGGTGTTGCGAAAACCTACGCGCTGGGCGAGTATCTGGTGGGTGGCGAGATCGAACTGCT121 
GAACGAAGTTCCGAACCCGTTCAAGAGCCACACCCTGCGTCCGGTTGAAACCCGTGCGCTGTTCAAGG122 
AGAAAGGTTGGGAAACCATTGTGGCGTTTCAGACCCGTAACGTTCCGCACCTGGGTCACGAATACCTG123 
CAAAAACTGGCGCTGACCTTCGTGGATGGCGTGTTTGTTAACCCGGTTATCGGTAAGAAAAAGAAAGG124 
CGACTACAAGGATGAAGTGATTCTGAAAGCGTACGAAACCCTGTTCGAACACTACTATCCGAAGGACA125 
CCGATATCCTGGCGACCGTTCGTTACGAGATGCGTTATGCGGGTCCGCGTGAAGCGATCCACCATGCG126 
ATTATGCGTAAAAACTTCGGTTGCACCCACTTTATTGTGGGTCGTGACCACGCGGGTGTTGGTGATTAC127 
TATGGCCCGTATGAGGCGCAGGAAATTTTCCAAAACTTTCCGGACCTGGAGATCAGCCCGATTTTCTTT128 
CGTGAATTCTACTATTGCAAGAAATGCAACGCGATCGTGCACGATCGTATTTGCCCGCACACCAGCGA129 
GTACCGTGAACACTTTAGCGGTACCAAAATCCGTAACATGATTGTTAACGGCGAGCTGCCGCCGGAAT130 
ATTTTATGCGTAAGGAAGTTTATGAGACCATCCGTAGCTTTGAGAACCCGTTTGTTGATGAGTGAGGA131 
TCC 132 

Restriction sites (NdeI and BamHI) 133 

 134 

APS-kinase sequence from M. thermolithotrophicus  135 

(NCBI Accession number: WP_018153797.1) 136 
MSEELNNGENSLLKNLEDGFTIWLTGPSGAGKSTLAYALEKKLLEKGFRVEILDGDVIRNTLYPNIGFSKEA137 
REMHNRVVIHLAKLLSKNGVITIVSLISPYRAVREYARKEIQNFMEVYIHSPLEVRIQRDPKGLYAKALKGEI138 
KGLTGYDGVYEEPENPELKIESHKMSIEEEVDTVIRTAQKLGYL 139 

Codon optimized MtAPS-kinase sequence cloned into pET-28a(+): 140 

CATATGAGCGAGGAACTGAACAACGGCGAAAACAGCCTGCTGAAGAACCTGGAGGACGGCTTCACCA141 
TTTGGCTGACCGGTCCGAGCGGTGCGGGCAAGAGCACCCTGGCGTACGCGCTGGAAAAGAAACTGCT142 
GGAGAAAGGCTTCCGTGTGGAAATCCTGGACGGTGATGTTATTCGTAACACCCTGTATCCGAACATTG143 
GCTTTAGCAAGGAAGCGCGTGAGATGCACAACCGTGTGGTTATCCACCTGGCGAAGCTGCTGAGCAAA144 
AACGGTGTGATCACCATTGTTAGCCTGATCAGCCCGTACCGTGCGGTGCGTGAATATGCGCGTAAAGA145 
GATCCAGAACTTTATGGAAGTGTACATTCACAGCCCGCTGGAAGTGCGTATCCAACGTGACCCGAAGG146 
GCCTGTATGCGAAGGCGCTGAAAGGTGAAATTAAAGGTCTGACCGGCTACGATGGTGTTTATGAGGAA147 



CCGGAAAACCCGGAGCTGAAGATCGAGAGCCACAAAATGAGCATTGAGGAAGAGGTGGATACCGTTA148 
TCCGTACCGCGCAGAAACTGGGTTACCTGTGAGGATCC 149 
 150 
Restriction sites (NdeI and BamHI) 151 

 152 

PAP-phosphatase sequence from M. thermolithotrophicus  153 

(NCBI Accession number: WP_018153796.1) 154 
MLVIHHWDTDGITSAALTIKALGLDDFINIVPPIGEFRFDGRVKKHIEEAEKVYILDLNLPQEVEDVEKDTVF155 
IDHHLQKKIKNPKVRQVNPILERMNGKEFPSASFVVSNHFSLWNSWSSLGAVGDIGNKAFEIPKTLELLKTE156 
GLTKNEALKLVQLIDSNYITMDRSAAEKAVELVLNRPLKELLEYEPWIKNLEEIERTIKDVLSGIEVKNDIAF157 
IEYSSPFNIISKIARKAVWEMGYNGAVVLNRSFHEKAQLYFRISPDLKEKIDMEGIIQILKNRGFNAGGKSEV158 
LGIIFEKNR IDEVLGIINGYLASL 159 

Codon optimized MtPAPP sequence cloned into pET-28a(+):  160 

CATATGCTGGTGATTCACCACTGGGACACCGATGGTATCACCAGCGCGGCGCTGACCATTAAAGCGCT161 
GGGTCTGGACGATTTCATCAACATTGTTCCGCCGATCGGCGAGTTCCGTTTTGACGGTCGTGTGAAGAA162 
ACACATCGAGGAAGCGGAAAAAGTTTACATTCTGGATCTGAACCTGCCGCAGGAAGTGGAAGACGTT163 
GAGAAGGATACCGTGTTTATCGACCACCACCTGCAGAAGAAAATTAAGAACCCGAAAGTGCGTCAAG164 
TTAACCCGATCCTGGAGCGTATGAACGGCAAAGAGTTCCCGAGCGCGAGCTTTGTGGTTAGCAACCAC165 
TTCAGCCTGTGGAACAGCTGGAGCAGCCTGGGTGCGGTGGGTGATATCGGTAACAAGGCGTTTGAGAT166 
TCCGAAAACCCTGGAGCTGCTGAAGACCGAAGGTCTGACCAAGAACGAAGCGCTGAAACTGGTTCAA167 
CTGATCGACAGCAACTACATTACGATGGACCGTAGCGCGGCGGAGAAGGCGGTGGAACTGGTTCTGA168 
ACCGTCCGCTGAAAGAGCTGCTGGAGTATGAACCGTGGATTAAGAACCTGGAGGAAATCGAACGTAC169 
CATTAAAGACGTGCTGAGCGGCATCGAGGTTAAGAACGATATCGCGTTCATTGAATACAGCAGCCCGT170 
TTAACATCATTAGCAAGATTGCGCGTAAAGCGGTTTGGGAGATGGGCTACAACGGTGCGGTGGTTCTG171 
AACCGTAGCTTCCACGAAAAAGCGCAGCTGTATTTTCGTATCAGCCCGGACCTGAAGGAGAAAATTGA172 
TATGGAAGGCATCATTCAAATCCTGAAAAACCGTGGTTTCAACGCGGGTGGCAAGAGCGAAGTGCTG173 
GGTATCATTTTTGAGAAGAACCGTATCGACGAAGTTCTGGGCATCATTAACGGTTATCTGGCGAGCCT174 
GTGAGGATCC 175 

Restriction sites (NdeI and BamHI) 176 

 177 

PAPS-reductase subunit sequences from M. thermolithotrophicus 178 

PAPS-reductase subunit alpha sequence from M. thermolithotrophicus 179 
(NCBI Accession number: WP_018153799.1)  180 
MDVKKIFTDILIIGGGAAGCQAAIRAKEIDKNLDVLIVEKANIIRSGCLAAGVNAINAYLNEGETPESYVEYV181 
KKESSGLIREDLTYTIGKRLNKMAKKLEEYGLPIQKDENGRYVARGKRSIKINGESIKPILAEATLKAGVKV182 
LNNTIATNYILKDETVCGAYAFSIKENKFYVIMAKAVICTTGGASGIYKPNNPGAARHKMWYSPFNTGAGF183 
AMGLRAGAEMTTFEMRFIALRVKDVISPTGTIAQGVKVSQINALGEKYMEKYENNTTPMRLYATLIENLEG184 
RGPCYLDTRGISDEDVQKLKEAYLSMSPGIILKWKDEKINPKNTPIEICGSEPYIVGGHGQAGYWVDINRKT185 
TLEGLYAAGDVVGGSPKKYVTGCMAEGEIAVEAAIEYIKSMENDIEIDEQEIAKEIDRVFYPLNNKKGEFSP186 
DEIEERMQKVMDEYAGGISSYYRVNESKLLIARELLKAIEEDLSKIKVRNRYELMKYHEVVDRILVARAVV187 
EHLLYRKETRWKCYQERVDYPEIDDNWFKFINSKYNSQTNDIEIIEREYEKFNPVINNDH 188 
 189 
PAPS-reductase subunit beta sequence from M. thermolithotrophicus 190 
(NCBI Accession number: WP_018153800.1)  191 
MTIRIIEEICIGCGLCTKVCPGNLLYQREDGKSEIMDKRDCWDCAACVKECPVNAIEMYLQPEIGGRGSTLK192 
AKKTDDSIVWIITDNNGEEEVIEVKNKKTFDM 193 



 194 
Codon optimized PAPS-reductase sequences cloned into pET-28a(+): 195 
 196 
CCATGGATGGATGTTAAGAAGATATTCACAGATATACTCATAATAGGTGGTGGTGCAGCAGGTTGCCA197 

GGCAGCAATAAGGGCAAAGGAGATAGATAAGAACCTCGATGTTCTCATAGTTGAGAAGGCAAACATA198 

ATAAGGTCAGGTTGCCTCGCAGCAGGTGTTAACGCAATAAACGCATACCTCAACGAGGGTGAGACAC199 

CCGAGTCATACGTTGAGTACGTTAAGAAGGAGTCATCAGGTCTCATAAGGGAGGATCTCACATACACA200 

ATAGGTAAGAGGCTCAACAAGATGGCAAAGAAGCTCGAGGAGTACGGTCTCCCCATACAGAAGGATG201 

AGAACGGTAGGTACGTTGCAAGGGGTAAGAGGTCAATAAAGATAAACGGTGAGTCAATAAAGCCCAT202 

ACTCGCAGAGGCAACACTCAAGGCAGGTGTTAAGGTTCTCAACAACACAATAGCAACAAACTACATA203 

CTCAAGGATGAGACAGTTTGCGGTGCATACGCATTCTCAATAAAGGAGAACAAGTTCTACGTTATAAT204 

GGCAAAGGCAGTTATATGCACAACAGGTGGTGCATCAGGTATATACAAGCCCAACAACCCCGGTGCA205 

GCAAGGCACAAGATGTGGTACTCACCCTTCAACACAGGTGCAGGTTTCGCAATGGGTCTCAGGGCAGG206 

TGCAGAGATGACAACATTCGAGATGAGGTTCATAGCACTCAGGGTTAAGGATGTTATATCACCCACAG207 

GTACAATAGCACAGGGTGTTAAGGTTTCACAGATAAACGCACTCGGTGAGAAGTACATGGAGAAGTA208 

CGAGAACAACACAACACCCATGAGGCTCTACGCAACACTCATAGAGAACCTCGAGGGTAGGGGTCCC209 

TGCTACCTCGATACAAGGGGTATATCAGATGAGGATGTTCAGAAGCTCAAGGAGGCATACCTCTCAAT210 

GTCACCCGGTATAATACTCAAGTGGAAGGATGAGAAGATAAACCCCAAGAACACACCCATAGAGATA211 

TGCGGTTCAGAGCCCTACATAGTTGGTGGTCACGGTCAGGCAGGTTACTGGGTTGATATAAACAGGAA212 

GACAACACTCGAGGGTCTCTACGCAGCAGGTGATGTTGTTGGTGGTTCACCCAAGAAGTACGTTACAG213 

GTTGCATGGCAGAGGGTGAGATAGCAGTTGAGGCAGCAATAGAGTACATAAAGTCAATGGAGAACGA214 

TATAGAGATAGATGAGCAGGAGATAGCAAAGGAGATAGATAGGGTTTTCTACCCCCTCAACAACAAG215 

AAGGGTGAGTTCTCACCCGATGAGATAGAGGAGAGGATGCAGAAGGTTATGGATGAGTACGCAGGTG216 

GTATATCATCATACTACAGGGTTAACGAGTCAAAGCTCCTCATAGCAAGGGAGCTCCTCAAGGCAATA217 

GAGGAGGATCTCTCAAAGATAAAGGTTAGGAACAGGTACGAGCTCATGAAGTACCACGAGGTTGTTG218 

ATAGGATACTCGTTGCAAGGGCAGTTGTTGAGCACCTCCTCTACAGGAAGGAGACAAGGTGGAAGTG219 

CTACCAGGAGAGGGTTGATTACCCCGAGATAGATGATAACTGGTTCAAGTTCATAAACTCAAAGTACA220 

ACTCACAGACAAACGATATAGAGATAATAGAGAGGGAGTACGAGAAGTTCAACCCCGTTATAAACAA221 

CGATCACAGCAGCGGCCACCACCACCACCACCACTGAGCTAGCATGACTGGTGGACAGCAAATGGG222 

TCGCGAAGGAGATATACCATGACAATAAGGATAATAGAGGAGATATGCATAGGTTGCGGTCTCTGCAC223 

AAAGGTTTGCCCCGGTAACCTCCTCTACCAGAGGGAGGATGGTAAGTCAGAGATAATGGATAAGAGG224 

GATTGCTGGGATTGCGCAGCATGCGTTAAGGAGTGCCCCGTTAACGCAATAGAGATGTACCTCCAGCC225 

CGAGATAGGTGGTAGGGGTTCAACACTCAAGGCAAAGAAGACAGATGATTCAATAGTTTGGATAATA226 

ACAGATAACAACGGTGAGGAGGAGGTTATAGAGGTTAAGAACAAGAAGACATTCGATATGTGAGGA227 

TCC 228 

 229 

Red = Insertion of an internal RBS, Blue=linker, Restriction sites (NcoI and BamHI) 230 

 231 



Supplementary Discussion.  232 

Enzymatic rates. 233 

The specific activities for the coupled enzymes ATPS-APSK are low but within the range described for 234 

other organisms (i.e. Zea mays ATPS has a specific enzyme activity of 0.000246 µmol/min/mg; 235 

Arabidopsis thaliana ATPS has a specific enzyme activity of ~0.145 µmol/min/mg; Saccharomyces 236 

cerevisiae ATPS has a specific enzyme activity of 0.69-140 µmol/min/mg according to the Brenda 237 

database).  238 

MtATPS, MtAPSK and MtPAPSR are assimilating enzymes. Therefore, their turnover may not be as high 239 

as dissimilatory ones. They may even be tightly regulated (i.e. competitive inhibition by end products, as 240 

shown by the retro-inhibition of PAP in the absence of PAPP) to avoid excessive cellular energy 241 

consumption. 242 

We cannot exclude that our experimental set-up had a negative effect on the enzymatic rates, as we could 243 

not use high salt concentrations (high KPO4
2- concentrations have been shown to increase enzymatic 244 

activity for certain hydrogenotrophic methanogens3, but cannot be used here as PO4
2- is a reaction product 245 

that would disturb the assay equilibrium), nor could we work at physiological temperature (65 °C) because 246 

we used enzymes from mesophiles (i.e. pyrophosphatase from E. coli) in the coupled assays. In addition, 247 

the artificial electron donor methyl viologen is a surrogate, and the physiological electron donor could 248 

significantly favour the reaction towards sulfite production, thus triggering the equilibrium. 249 

 250 

Origin of the enzymes constituting the SO4
2--assimilatory pathway. 251 

Our structural and phylogenetic analyses suggest that MtATPS and MtAPSK are closely related to the 252 

thermophilic gram-negative bacterium Thermus thermophilus and marine archaeon Aeropyrum pernix, 253 

respectively. Since ATPS and APSK coding genes have only been found in less than 40 methanogens 254 

(Supplementary Fig. 8), it would argue for a lateral gene transfer rather than an ancestral origin common to 255 

all methanogens followed by the loss of these genes4. Retrieving the original donors to the different 256 

methanogen species would require deeper analyses and a larger set of sequences. 257 

The tree suggests that MtPAPSR is of bacterial origin and was probably acquired by horizontal gene transfer 258 

from a bacterium (possibly from Thermincola potens or within its clade).  259 

The archaeal PAP phosphatases form their own clade. Once more, only a limited number of methanogen 260 

genomes harbour a PAPP coding gene (Supplementary Fig. 8). Therefore, the genes might have been 261 

horizontally transferred from an archaeon (e.g. belonging to the Thermococcales). Since archaeal PAP-262 

phosphatases belong to the DHH family, we propose that this new class probably evolved from an ancestor 263 

containing the DHH motif. 264 

It has been proposed that methanogenesis and sulfate reduction may have been intertwined pathways for 265 

more than 3.4 Gyr.5 Sulfate assimilation might have been more prevalent in ancient methanogens, and while 266 

most of them lost the ability to assimilate SO4
2-, some may have retained the required enzymes and adapted 267 

them to serve a hitherto unknown sulfur trafficking function. The pathway presented in our work would 268 

require a set of genes that only a few methanogenic genomes encode. If sulfate reduction was used in ancient 269 

methanogens, then it is unlikely that it was the one described in M. thermolithotrophicus. 270 



 271 

Why would M. thermolithotrophicus assimilate SO4
2-? 272 

The archaeon was collected in geothermally heated sediments in an active volcanic area close to the shore 273 
of Naples. If the environment mimics a volcanic area, there could be soluble iron (Fe2+) that will react with 274 
the sulfide and, with that, deplete it as bioavailable sulfur. While other methanogens have been shown to 275 
use metal sulfides as a source of iron and sulfur, this still needs to be clarified for M. thermolithotrophicus. 276 
Volcanic sulfate aerosols or marine sulfate ions are an alternative sulfur source. As shown in our results, a 277 
sulfate concentration in the range of 100 µM would be enough to sustain robust sulfur assimilation that 278 
should be available in this niche. Future in situ work and meta-transcriptomics on samples from this site 279 
would provide additional clues if M. thermolithotrophicus is indeed fixing sulfate in its native environment. 280 

 281 

 282 
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