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Methanothermococcus thermolithotrophicusis the only known
methanogen that grows on sulfate as its sole sulfur source, uniquely
uniting methanogenesis and sulfate reduction. Here we use physiological,

biochemical and structural analyses to provide a snapshot of the complete
sulfate reduction pathway of this methanogenic archaeon. We find

that later stepsin this pathway are catalysed by atypical enzymes. PAPS
(3’-phosphoadenosine 5’-phosphosulfate) released by APS kinase is
converted into sulfite and 3’-phosphoadenosine 5’-phosphate (PAP) by a

PAPS reductase that is similar to the APS reductases of dissimilatory sulfate
reduction. A non-canonical PAP phosphatase then hydrolyses PAP. Finally,
the F,,o,-dependent sulfite reductase converts sulfite to sulfide for cellular
assimilation. While metagenomic and metatranscriptomic studies suggest
that the sulfate reduction pathway is present in several methanogens, the
sulfate assimilation pathway in M. thermolithotrophicus is distinct. We
propose that this pathway was ‘mix-and-matched’ through the acquisition
of assimilatory and dissimilatory enzymes from other microorganisms and

thenrepurposed to fill aunique metabolicrole.

The most common methane-producing microorganisms have a high
demand for sulfur due to their specific enzymes and metabolism.
While most of these methanogens use sulfides (HS™), some have been
shown to metabolize higher oxidation states of sulfur or even metal
sulfides (for example, FeS,) for sulfur acquisition'. However, Metha-
nothermococcusthermolithotrophicusisthe only known methanogen
capable of growing on sulfate (SOi_) asits sole sulfur source*®. The
metabolism of this marine hydrogenotroph, isolated from geother-
mally heated sea sediments near Naples (Italy), is paradoxical, as SOi_
reduction should lead to several physiological obstacles for a
methane-producing microbe. First, methanogens commonly thrive
inreduced sulfidic environments where all electron acceptors other
than CO,aredepleted, including SOi_ (refs.7,8).Second, at the inter-
face where methanogens and SOi_ ions coexist, hydrogenotrophic
methanogens must compete with dissimilatory SOi_-reducing micro-
organisms for the common substrate dihydrogen (H,)°. Third, meth-
anogens live at the thermodynamic limits of life and the adenosine

triphosphate (ATP) hydrolysis coupled to SOi_ reduction would be a
substantial investment for such energy-limited microorganisms®°.
Finally, the SOi_ reduction pathway generates toxic intermediates
that would interfere with cellular processes.

Toassimilate SOﬁ_, the organismwould have to capture the anion
and transport it into the cell using a transporter. Inside the cell, SOi_
is activated by an ATP sulfurylase (ATPS) to generate adenosine
5’-phosphosulfate (APS)" . From there, organisms can use different
strategies (Extended DataFig. 1, routes a—c): (1a) APSis directly reduced
by an APS reductase (APSR) to generate AMP and SO§_. (1b) Alterna-
tively, APS can be further phosphorylated to 3’-phosphoadenosine
5’-phosphosulfate (PAPS) by the APS kinase (APSK). A PAPS reductase
(PAPSR) will reduce PAPS to SO§_ and the toxic nucleotide
3-phosphoadenosine 5’-phosphate (PAP). PAP must be quickly hydro-
lysed to AMP and inorganic phosphate by a PAP phosphatase (PAPP).
Inboth scenarios, the final stepis carried out by a siroheme-containing
sulfite reductase, whichreduces the SO%‘ intoHS™. Thelatter canthen
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Fig.1| SOi_ growth dependency of M. thermolithotrophicus.

a, M. thermolithotrophicus cultures grown on Na,S (black squares, 0.5 mM)

and Na,SO, (grey squares, 0.5 mM). The consumption or release of SOi_ inNa,S
or Na,SO, cultures are shown by black and grey triangles, respectively. Data are
presented as mean * s.d. and individual values are shown as spheres (n =3
replicates). Differences between expected (0.5 mM) and measured (0.13 mM)
soi‘ concentration for the initial point are considered to be due to an artefact
from the medium (see Methods). b, M. thermolithotrophicus grown on 10 mM
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Na,SO, inthreeindependent fermenters. The sampling points are represented by
grey squares. ¢, Molybdate (Na,Mo0,) inhibition of Na,SO, assimilatory and
dissimilatory archaea. Growth experiments for M. thermolithotrophicus were
performed in duplicates and for A. fulgidus in quadruplicates (left) or triplicates
(right). Data are represented as mean and for the triplicates and quadruplicates +
s.d.d, Predicted operon for SOf reduction from the whole-genome shotgun
sequence of M. thermolithotrophicus.

be incorporated into biomass. (1c) In a different pathway, the sulfite
group of PAPS is transferred to another acceptor to build up sulfated
metabolites. Route 1a is very similar to the dissimilatory pathway
(Extended DataFig.1, route 2). However, dissimilatory APSRs and dis-
similatory sulfite reductases are structurally and phylogenetically
distinct from their assimilatory counterparts and indirectly couple
their reactions to membrane pumps, allowing for energy
conservation*¢,

Genes encoding putative enzymes associated with SOi_ reduction
have been found in the genomes of multiple methanogens”, including
M. thermolithotrophicus. For this methanogen, a theoretical, albeit
incomplete, SOi_ assimilation pathway canbe hypothesized. Here we
elucidated the complete SOi_ reduction machinery of this archaeon
and describe how this one methanogen can convert SOi_ into an
elementary block of life.

Results

A marine methanogen consuming SOi_

Cultures grown on Na,S were successively transferred to a sulfur-free
medium until no growth was observed. M. thermolithotrophicus showed
robust growth when at least 100 pM of Na,SO, was supplemented in
the medium and reached similar cell yields as the Na,S-grown culture.
Under these cultivation conditions, SOi_ isconsumed over time as cell
density increases (Fig.1a). When cells are grown only on Na,S, no SOi_
could be detected (Fig. 1a), indicating that M. thermolithotrophicusis
not performing sulfide oxidation.

Wethenchallengedthe SOi_-grown culture by switching frombatch
tofermenter conditions, where H,S canescape to the gas phase and does
notaccumulate compared to flask conditions. In this open system with
temperature and pH controlled, M. thermolithotrophicus grew
to amaximum optical density (OD)¢oonm Of 6.45 within 19 h (Fig. 1b).

One way to determine whether M. thermolithotrophicus relies on
canonical enzymes of the soi‘ reduction pathway is to use molybdate
(MoOi_). The structural analogue of soi‘ binds to the ATPS and trig-
gers molybdolysis, which hydrolyses ATP to AMP and p%/rophosphate
(PP,), resulting in cellular energy depletion*. A MoO; :SO;~ molar
ratio of 0.004:1 s sufficient to inhibit the activity of dissimilatory
Soﬁ_-reducing bacteriafor168 h, an effect mainly due to molybdolysis
by ATPS*2. SO2~ assimilation is also affected by MoO2>~, as demon-
strated by studies on plants®. Inthe latter, %rowth inhibition occurred
when Mooi_was inexcess comparedto SO; and the ATPS activity was
notably affected atal:1ratio’®. When applied on M. thermolithotrophicus,
a high Mooi_:NaZS ratio of 12.5:1 did not disturb growth of the Na,S
culture, indicating that MoOi_ is not interfering with their basal
metabolism. In contrast, a MoOi_:SOi_ ratio of 6.25:1 was inhibitory
tothe Soﬁ_-grown culture, whileal:1ratio was not (Fig. 1cand Extended
Data Fig. 2a). SOi_ addition to the MoOi_-inhibited culture restored
growth (Extended DataFig. 2b), indicating the reversibility of inhibition
and its strict control by the MoOi_:SOi_ ratio rather than the MoOi_
concentration. Incomparison, in Archaeoglobus fulgidus, an archaeon
that performs dissimilatory SO~ reduction to conserve energy, we
observed growth inhibition at a MoOi_:SOi_ ratio of 0.001:1 (Fig. 1c
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Fig.2 | MtATPS and MtAPSK catalyse the first steps of the SOi_ reduction
pathway. a, Top panel, reactions catalyzed by MtATPS and MtAPSK; Bottom
panel, the specific activity of M¢tATPS and MtAPSK, determined via a coupled
enzyme assay. -’ indicates the absence of the indicated reactant. Dataare
presented as mean + s.d. and individual values are shown as grey spheres (n =3
replicates). b, MtATPS homodimeric structure in which one monomer is shown in
light yellow surface and the other one in cartoon. ¢, Active site of MtATPS (yellow)
superposed on the ATPS from Thermus thermophilus HB8 (PDB: 1V47, grey)
containing the APS shown as balls and sticks with carbons coloured cyan.
Residues involved in substrate binding are highlighted in sticks and only the ones

from MtATPS are labelled. Hydrogen bonds between the ATPS from

T. thermophilus and APS are represented as dashed lines. Nitrogen, oxygen,
phosphorus and sulfur are coloured in blue, red, orange and yellow, respectively.
d, Sequence conservation across ATPS homologues. e, M¢APSK homodimeric
structure in which one monomer is shown in light orange surface and the other
oneincartoon. The flexible loop illustrated by the dashed line could not be
modelled. Inall structures, the N and C termini are shown by a blue and red
sphere, respectively. f, Sequence conservation across APSK homologues.
Fordandf, red bold residues are involved in substrate binding, while red and
black stars are perfectly and well-conserved residues, respectively.

and Extended Data Fig. 2c). These results suggest that M. thermolitho-
trophicusreduces SO} viaanassimilatory pathway containinga func-
tional ATPS. Genes coding for putative standalone ATPS and APSK were
indeed onthe same locus in the genome of the strain DSM2095 that we
hadre-sequenced (Fig. 1d) (refs.13,23). To confirm their functions, the
ATPS and APSK from M. thermolithotrophicus (MtATPS and MtAPSK,
respectively) were further characterized.

Aclassic ATPS/APSK to activate SO3~
The activity of the recombinantly expressed MtATPS and MtAPSK was
tested via a coupled assay (Fig. 2a and Supplementary Fig.1) and a

specific activity of 0.070 + 0.004 pmol of oxidized NADH min™ mg™
of MtATPS was measured. Under these conditions, the rate-limiting
step was the pyrophosphatase activity. This highlights the need for
rapid pyrophosphate degradation (Fig. 2a) to avoid aretro-inhibition
as previously shown for other ATPS?*. A MoO} :SO; ™ ratio of 1:1.25
decreased the activity by half (see Methods), corroborating that ATPS
is also reacting with MoO3~ as shown in other homologues®?.

The structure of MtATPS was refined to 1.97 A resolution and
obtained in an apo state despite co-crystallization with APS and SOﬁ_
(Extended Data Table 1). While the crystal packing suggests ahomote-
trameric assembly in two crystalline forms, size exclusion
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Fig.3|Aunique type of PAP phosphatase. a, Top panel, reaction catalysed

by MtPAPP; Bottom panel, specific activity of the MtPAPP determined via

the production of P; (left) and relative enzymatic activity towards different
nucleotides (right). Data are presented as mean = s.d. and individual values are
shown as grey spheres (n =3 replicates). b, Organization of MtPAPP shown in
cartoon representation. The N and C termini are highlighted as blue and red
balls, respectively. Carbon, nitrogen, oxygen and phosphorus of AMP is coloured
ascyan, blue, red and orange, respectively. ¢, Close-up view of the active site

of MtPAPP. The residues coordinating the AMP and Mn? ion are highlighted by
sticks and coloured asin b, with the residues from the DHH motif coloured in

pink. d, Cut-through view of MtPAPP structure shown in surface representation
and coloured by its sequence conservation across 168 archaeal homologues. The
colour gradient ranges from variable (teal) to conserved (magenta). e, Secondary
structure representation was done with ESPript 3.0 (ref. 61). The coloured

frame corresponds to the different domains: DHH domainin light green, linker
ingrey and DHHA1 domain in darker green. Perfectly and well-conserved
residues across 168 archaeal homologues are highlighted in red and yellow,
respectively. The secondary structures composing MtPAPP are labelled, in which
B-sheets, a-helices, and B-turns are highlighted as arrows, springs and bold TT,
respectively.

chromatography and surface analysis using PISA (www.ebi.ac.uk/pdbe/
pisa/) confirmed ahomodimeric state similar to bacterial homologues
(Extended Data Fig. 3a and Supplementary Fig. 2). The structure
exhibits the typical ATPS fold comprising three domains (domain |,
1-156; domain Il, 164-314 and domain IlI, 320-382; Fig. 2b). The
dimeric interface is mainly organized by domain Ill as observed in
T. thermophilus, a notable difference compared with other structural
homologues (Extended Data Fig. 3a,b) (refs. 25-27). Similar to many
thermophilic bacteria and archaea, the domain IIl contains a
zinc-binding domain (320-343; Extended Data Fig. 3c,d) that might
contribute to thermal stability”. MtATPS superposition with structural
homologues shows a slight domain rearrangement probably due to
the absence of substrate (Extended Data Fig. 3b). All residues critical
for the reaction are conserved in MtATPS, arguing for a conserved
reaction mechanism (Fig. 2c,d, Extended Data Figs. 3e,f and 4a, and
Supplementary Fig. 3).

The APS-kinase model from M. thermolithotrophicus, MtAPSK,
was refined to 1.77 A. MtAPSK forms a homodimer with an organi-
zation very similar to bacterial enzymes, which was expected due
to its high sequence conservation (Extended Data Figs. 4b and 5a).

Despite co-crystallization and soaking the crystals with APS and MgCl,,
the MtAPSK structure was obtained inits apo state withabound phos-
phate at the expected position of the ATP S-phosphate (Fig. 2e and
Extended Data Fig. 5b,c). The N terminus and region 125-152 (the lat-
ter being involved in substrate binding®**°) could not be modelled
duetothelack of electron density. However, the residues binding the
substratesand Mg?* are conserved (Fig. 2f, Extended DataFig. 5b,cand
Supplementary Fig. 4), suggesting that MtAPSK should be functional,
as confirmed by the coupled enzyme assay.

An exonuclease-derived PAP phosphatase

If the ATPS and APSK are active, they will produce PAPS, an interme-
diate that could follow the metabolic routes 1b or 1c (Extended Data
Fig.1). Bothroutes will lead to the production of the toxic product PAP,
which inhibits sulfotransferases and exoribonucleases, and disrupts
RNA catabolism*®*?, Therefore, it needs to be efficiently hydrolysed
by a PAP phosphatase. While the genome did not contain any related
PAP phosphatase, a gene coding for a putative phosphoesterase
(Fig.1d) was found in the genomic environment harbouring the ATPS
and APSK genes. This PAP-phosphatase candidate, belonging to the
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Fig. 4| MtPAPSR has a dissimilatory APS-reductase architecture butis
specific to PAPS. a, Top panel, reaction catalyzed by M¢tPAPSR; Bottom panel,
relative enzyme activity of M¢tPAPSR, determined via a coupled enzyme assay
(Extended Data Fig. 8). Data are presented as mean + s.d. and individual values
areshown as grey spheres (n =3 replicates). b, MtPAPSR organization with one
heterodimer insurface representation and the otherin cartoon. N and C termini
of both subunits are shown as balls and coloured in blue and red, respectively.
Heterodimeric partners are labelled with a prime. Carbon, nitrogen, oxygen,
phosphorus, iron and sulfur are coloured inlemon, blue, red, orange, brown
and yellow, respectively. ¢, Close-up of cofactors and the electron flow. [4Fe-4S]
clusters and cysteines coordinating them, FAD and the Trp42 proposed to
participate in the electron transfer are shown in sticks and balls and coloured
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asinb.d,e, Active sites of APSR (d) from A. fulgidus containing APS (AfAPSR,
PDB: 2FJA) and MtPAPSR with an artificially modelled PAPS (e) shown with a
transparent surface. Residues involved in substrate recognition (based on
modelled PAPS) arein balls and sticks and coloured asinb. A red arrow points
to where PAPS would clash. f, Sequence conservation across the alpha subunit
of MtPAPSR, AfAPSR, Megalodesulfovibrio gigas (DgAPSR, PDB: 3GYX) and the
putative APSR from Caldanaerobius fijiensis (CFAPSR, WP_073344903), which
shares 68% sequence identity with M¢PAPSR. Residues involved in APS binding for
APSRareinbold and red; perfectly and well-conserved residues are highlighted
withred and black stars, respectively. Trp206 and Tyr207 are involved in FAD
binding. The sequence alignment was done with MUSCLE®.

DHH family, was recombinantly expressed and produced inorganic
phosphate (P;) from PAP at fast rates (50.2 + 5.9 pmol of P; released
min™ mg™ of purified enzyme with manganese). The activity was stimu-
lated by manganese addition and showed a high specificity towards
PAP (Fig. 3a).

To decipher the mechanism of this uncanonical PAP phosphatase
(named M¢tPAPP), the enzyme was co-crystallized with manganese and
PAP. The structure, solved by molecular replacement with atemplate
generated by AlphaFold2 (refs. 32,33), was refined to 3.1 A resolution
and contained the product AMP and anioninits active site, modelled
asapartially occupied Mn* (Extended Data Table 1). While the MtPAPP
sequence does not align withhomologues belonging to the DHH fam-
ily (except for the DHH motif), it shares an overall fold similar to the
exonuclease RecJ or the oligoribonuclease NrnA from Bacillus subtilis
(BsNrnA, which also exhibits PAP-phosphatase activity; Extended Data
Fig. 6a) (refs. 34-36). The monomer is composed of an N-terminal
(DHH, residues 1-180) and a C-terminal domain (DHHA1, residues
211-315) interconnected by a linker region (residues 181-210), form-
ing a central groove (Fig. 3b). The DHH domain contains the catalytic
site and the DHHA1 domain serves as a scaffold to bind the substrate
with high specificity (Fig. 3b,c and Extended Data Fig. 6b). The motif
coordinating the Mn*"ionin RecJ and BsNrnA is perfectly conservedin
MtPAPP***¢ therefore we expect thatinitsactive state, MtPAPP would

beloaded with two Mn*", The first one, partially observed in the struc-
ture, is coordinated by four aspartates (Asp8, Asp10, Asp57, Asp127) and
along-range interaction with His6. The absent second Mn** would be
coordinated by the Asp10, Asp57, Asp127, the DHH motif (His76, His77)
as well as by water molecules (Extended Data Fig. 6c). While the AMP
shares a similar localization with structural homologues (39310311),
itis bound by a different interaction with the protein (Extended Data
Fig. 6b and Supplementary Fig. 5). The nucleotide binding site would
ideally place the 3’-phosphate of the PAP in front of the manganese
when the enzyme is in its closed state (Extended Data Fig. 6c). The
inter-domain movement, allowed by the linker, would facilitate a rapid
exchange of the substrate/product, increasing the turnover of MtPAPP.
The complete sequence of this PAP phosphatase was found in the
genome of 168 archaea in which the nucleotide binding site is con-
served (Fig.3d,e and Supplementary Fig. 6). This suggests acommon
enzymein archaeato detoxify PAP (Extended DataFig. 7a).

Adissimilatory APSR-like enzyme reduces PAPS

No genes encoding for a canonical PAPS reductase (route 1b) or
sulfo-transferase (route 1c) were found in the M. thermolithotrophicus
genome. However, genes annotated as dissimilatory APS reductase
(aand B subunit, APSR; Extended Data Fig. 7b and Supplementary Fig. 7)
arepresentand co-occur with the previously described genes (Fig.1d).
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T Mtr
complex

CH,-S-CoM

CH

S assimilation <— HS" Cytoplasm 4
@ Outside \

(v) CH,

as balls and sticks. Enzymes are abbreviated as follows: Fwd/Fmd,
formylmethanofuran dehydrogenases; Ftr, tetrahydromethanopterin (H,MPT)
formyltransferase; Mch, methenyl-H,MPT cyclohydrolase; Mtd, methylene-
H,MPT dehydrogenase; Mer, 5,10-methylene-H,MPT reductase; Mtr, N°-CH,-
H,MPT: coenzyme M methyl-transferase; Mcr, methyl-coenzyme M reductase;
Adk, adenylate kinase; Frh, F,,o-reducing [NiFe]-hydrogenase; Eha/Ehb,
energy-converting hydrogenase. The putative SOi_ transporters belonging to
the class DASS/SUIP are proposed to be WP_018154444/WP_018154062 and the
pyrophosphatase WP_018154121.

To experimentally confirm the activity and substrate specificity
of this APS-reductase-like enzyme, both subunits were co-expressed
in Escherichia coli, purified and tested for enzyme activity assays
(Fig.4a).Incontrast to dissimilatory APSRs which catalyse the revers-
iblereduction of APSto AMP and so§‘ (refs.37,38), we could not meas-
ure the reverse reaction (that is, AMP and so%‘, or PAP and SO§_ as
substrates) for M. thermolithotrophicus enzyme by using K;Fe(CN)4 as
an electron acceptor. Instead, we used a coupled enzyme assay to
reconstitute the pathway in vitro (Extended Data Fig. 8). MtATPS, a
pyrophosphatase and the MtAPSK were used to generate PAPS and
MtPAPP was added to remove PAP, a potential retro-inhibitor of the
reaction®. The activity was monitored via the oxidation of reduced
methylviologen (MV,4). When all components were present, a specific
enzymatic activity of 0.114 + 0.007 pmol of oxidized MV min* mg™ of
the APS-reductase-like enzyme was measured. A fivefold excess of the
APS-reductase-like enzyme resulted ina220% increase of the specific
enzyme activity, indicating that the enzyme was the rate-limiting step

ofthereaction (Extended Data Fig. 8c). However, the accumulation of
PAP (induced by the removal of MtPAPP or Mn?") strongly inhibited the
activity. The specific enzymatic activity with APS as a substrate (that
is, removal of MtAPSK) was 0.007 £ 0.001 pmol of oxidized
MV min? mg™ of the APS-reductase-like enzyme (Fig. 4a). Considering
the complexity of this coupled enzyme assay, kinetic parameters could
notbe determined. However, the assay did provide insights about the
substrate specificity and confirmed that the APS-reductase-like
enzyme from M. thermolithotrophicus exhibits traits of a PAPS
reductase.

To gain further molecular insights into the unconventional
APS-reductase-like enzyme from M. thermolithotrophicus, the enzyme
was crystallized under anaerobic conditions. The structure was solved
by asingle-wavelength anomalous dispersion experiment measured at
the Fe K-edge and refined to1.45 A resolution (Extended Data Table1).

The complex organizes as an o232 heterotetramer, with the same
assembly as dissimilatory APS reductases (Fig. 4b and Extended
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Fig.6| SOi_ reduction potential in Methanococcales. a, Methanocaldococcus
infernus has the genomic potential to perform the whole soﬁ‘ assimilation
pathway. WP_013099421 has 59.68% amino acid sequence identity with the
MtPAPP, WP_013099422 has 70.60% sequence identity with M¢ATPS and
WP_157198836 has 75.44% sequence identity with MtAPSK. The APSR
(WP_013100115) and PAPSR (WP_013099852) are similar to the biochemically
characterized APSR and PAPSR from M. jannaschii (68.64% and 58.35% amino acid
sequence identity, respectively), which have been shown to reduce APS/PAPS***,
WP_013099852 is not homologous to MtPAPSR but homologous to WP_018154242,
aputative PAPS reductase in M. thermolithotrophicus. WP_013100746 has 65.30%
sequence identity to Group I M¢Fsr. b, Growth of M. thermolithotrophicus and

M. infernus on2 mM Na,S, without an additional sulfur source,2 mM Na,SO;,2 mM
Na,SO, or2 mMNa,SO,with2 mMNa,S. The SO%“ inbracketsindicates that it was
used as the sulfur substrate for the inoculum. Represented are the maximum
OD¢g0nm Of the cultures, in triplicates, shown as mean + s.d. M. infernus cultures
grown without sulfur,Na,SO, and on Na,S with Na,SO, arein duplicates. The
individual data point of each replicate is shown as a sphere.

Data Fig. 9). It is, however, drastically different from characterized
single-domain assimilatory APS/PAPS reductases, which are thiore-
doxin/glutathione-dependent. Assimilatory APS/PAPS reductases
share no sequence or structural homology with the M. thermolitho-
trophicus enzyme, and several motifs that are proposed to mediate
substrate binding and catalyticactivity inassimilatory APS/PAPS reduc-
tases are absent (Extended Data Fig. 9) (ref. 40).

In M. thermolithotrophicus, the o subunit, containing the flavin
adenine dinucleotide (FAD), is a member of the fumarate reductase
family***? and the  subunit is mainly composed of a ferredoxin-like
domaininwhich two[4Fe-4S]clusters are coordinated by eight cysteine
residues (Fig. 4c). While there are no assimilatory P/APS-reductase
homologues to M. thermolithotrophicus enzyme, it shares 38%
sequence identity with the a.subunit of the dissimilatory APSreductase
from A. fulgidus (AfAPSR PDB: 2FJA, rmsd of 1.02 A for 437 Ca aligned
on the a subunit). The residues coordinating APS, invariable in the
dissimilatory family, differ in M. thermolithotrophicus and might pro-
voke aswitch of specificity from APS to PAPS. Despite ashort soak with
PAP, the putative substrate pocket contains only solvent, and we used
the AfAPSR to artificially model PAPS in the active site of the enzyme
(Fig.4d,e). The different substitutions mainly carried by loop104-123
would accommodate the additional 3’-phosphate group by salt-bridge

interactions and hydrogen bonds (Fig. 4d-f).In APS reductases, how-
ever, a conserved glutamine (a145in A. fulgidus) would clash with this
phosphate group. The catalytic residues proposed in dissimilatory APS
reductases are retained in the enzyme of M. thermolithotrophicus
(Extended DataFig.9 and Supplementary Fig. 7). We therefore propose
anidentical reaction mechanism on the basis of a nucleophilic attack
of the atom N5 of FAD on the sulfur PAPS, which creates a FAD-PAPS
intermediate that decays to PAP and FAD-SO§_ (refs. 37,42). Taking
together the enzyme rates and the structural analysis, we propose that
M. thermolithotrophicus harbours a unique class of PAPS reductase
(MtPAPSR) used to convert PAPS into SO§_ and PAP.

F,,o-dependent sulfite reductase catalyses the last step of the
pathway

The so§‘ generated by MtPAPSR must be further reduced toHS™. In
hydrogenotrophic methanogens, SO§_ damages the methane-
generating machinery and must be detoxified by the F,,,-dependent
sulfite reductase (Fsr)***. We previously identified and characterized
Group I Fsrin M. thermolithotrophicus (MtFsr) and determined arobust
enzymatic activity towards SO§_(ref. 23).Besidesasecond Fsrisoform,
M. thermolithotrophicus does not contain other potential sulfite reduc-
tases. While mass spectrometry confirmed that the Fsrisolated from
Soi_-grown cellsisthe characterized Group I MtFsr, the physiological
role of the second Fsrisoform remains unknown?. Therefore, M¢Fsr is
thebest candidate to catalyse the final reduction of Sog_to HS™. Native
polyacrylamide gel electrophoresis (native PAGE) with cell extracts of
cultures grown on different sulfur substrates confirmed the absence
of MtFsrfrom cells grown on Na,S and its high abundancein cells grown
on so§‘ (refs. 23,43).

We determined a specific sulfite reductase activity of
18.42 + 0.13 pmol of oxidized MV min™ mg™ of cell extract from
Na,SO;-grown cells, in comparison to 7.31 + 0.63 pmol of oxidized
MV min™ mg™ of cell extract from Na,SO,-grown cells, whereas cell
extract from an Na,S-grown culture had a specific sulfite reductase
activity of3.04 + 0.25 pmol of oxidized MV min™ mg™ (Fig. 5a). In agree-
ment, we observed aband compatible with Fsr on the native PAGE for
the SOi_-grown culture but in lower amounts compared with SO§_
conditions (Fig. 5b). The MtFsr structure recently published by our
group was obtained from SOi_-grown cells, which confirmed thatitis
thesame enzyme expressed asunder Sog_conditions“.Taken together,
these results argue that MtFsr is used as the last enzyme in the SOi_
reduction pathway (Fig. 5¢).

Genetic potential is not enough to sustain SOi_ growth
Methanogens commonly use HS™ as a sulfur source, and the ones that
express Fsrtypelcanalsogrowon SO§_ (refs.13,23,43). Interestingly,
some methanogens have genes that encode for proteins of the complete
or partial SOi_ reduction pathway (Supplementary Fig. 8) (ref.13). So
why is M. thermolithotrophicus the only methanogen so far that has
been provento grow on SOi_? We used Methanocaldococcus infernus
asamodel organismtoinvestigate this further. M. infernusis amarine
hyperthermophile that sharesavery similar physiology with M. thermo-
lithotrophicus and can grow in the same medium. It contains all genes
coding for the enzymes characterized in this study except for the
described PAPSR. However, the M. infernus genome encodes for a puta-
tive thioredoxin-dependent PAPSR and APSR, which share high
sequenceidentities with the biochemically characterized assimilatory
APSR and PAPSR fromM. jannaschii (Fig. 6a and Extended Data Fig. 7b)
(refs. 44,45). Therefore, based on genomic information, M. infernus
should be able to assimilate SOi_.

M. thermolithotrophicus and M. infernus were grown in the same
medium and under the same cultivation conditions except that
M. infernus was kept at 75 °C and M. thermolithotrophicus at 65 °C.
M. infernus grew on 2 mM Na,S and Na,SO, but was unable to use SO3
asasolesource of sulfurin contrast to M. thermolithotrophicus (Fig. 6b).
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This raises the question about the physiological function of the
genesrelatedto SOﬁ_ assimilationinmethanogenic archaea.Based on
ourdata, it could be that other methanogensstill require these enzymes
to acquire sulfur via the route 1c (Extended Data Fig. 1). The sulfur
group would be transferred to an acceptor by a non-canonical
sulfo-transferase, which might be important for uncharted biosyn-
thetic pathway(s). This could explain why the gene coding for the PAPP
is still present in methanogens also harbouring the genes encoding an
ATPS as well as an APSK. A counterargument to this hypothesis is the
presence of the thioredoxin-dependent PAPSR or APSR, characterized
in M. jannaschii, which rather argues for route 1b (refs. 13,44,45). It is
worth noting that the gene coding for this putative assimilatory APSR
also exists in M. thermolithotrophicus (WP_018154242.1). Therefore,
further biochemical investigations will be needed to elucidate the
physiological roles of these enzymes in methanogens.

Discussion

This work unveiled the unique SOi_-assimilation metabolism of a
methanogenicarchaeon, offering amolecular snapshot of the complete
set of enzymes involved in the pathway. M. thermolithotrophicus acti-
vates SOﬁ_ by conventional ATPS and APSK, but transforms it further
by uncanonical enzymes (Fig. 5c).

PAPS produced by the APSK is usually metabolized by thioredoxin-
or glutathione-dependent assimilatory PAPS reductases, which are
organized as homo-oligomers. In contrast, M¢PAPSR inherited the
heterotetrameric organization and FAD-based catalytic mechanism
from dissimilatory APS reductases (Fig. 4, and Extended Data Figs. 1
and 9). We propose that the substitution of only a few amino acids
switched the specificity towards PAPS (Fig. 4d-f), which might have
been the result of a fine-tuned evolutionary adaptation to promote
assimilatory SOi_ reduction. It would be worthwhile to exchange the
residues that confer PAPSR traits at the active site (Ser122, Lys120,
Argl21) with those of APSR and observe the effects on substrate
affinity.

The generated PAP is efficiently hydrolysed by MtPAPP. This PAP
phosphatase belongs to the DHH family of phosphoesterases and
shares structural homology with exonucleases but has no sequence
homology with them. In comparison, conventional PAP phosphatases
(part of the FIG superfamily) have a different fold (that is, CysQ) and
use three magnesium ions to hydrolyse the 3’-phosphate of PAP*°.
MtPAPP appears to be aremarkable example of convergent evolution,
illustrating how archaea developed their own apparatus to detoxify
PAP efficiently.

Group I Fsr catalyses the final step of the SOi_ reduction pathway.
This enzyme shows distinct traits of dissimilatory sulfite reductases,
with the active site composition of an assimilatory one”. By encoding
the fsr gene on a different locus and most probably under a different
regulator for its expression (for example, sulfite sensor), the metha-
nogen is able to uncouple rapid SO§_ detoxification from expressing
the whole SOﬁ_ assimilation machinery. While the M¢tATPS, MtAPSK
and MtPAPSR show rather slow catalytic rates (see Supplementary
Discussion), MtFsr and the MtPAPP have high specific activities com-
pared withthefirst steps, triggering the equilibrium towards HS pro-
duction and efficiently eliminating toxic intermediates. Although our
proposed pathway (Fig. 5c) would allow favourable thermodynamics,
thefirst reactions should be regulated to avoid unnecessary ATP hydrol-
ysis. We suspect that M(ATPS, MtAPSK and MtPAPSR are cross-regulated
by the accumulation of their own products, as already shown for homo-
logues®***’, which would allow direct retro-control to harmonize the
intracellular sulfur flux.

M. thermolithotrophicus lives at the thermodynamic limit of life
but the described SOi_ assimilation requires the hydrolysis of three
ATP to ADP for one processed SOﬁ_. Nevertheless, it is expected that
under natural conditions, the benefit of fixing SOi_ counterbalances
the energy expenditure. The SOi_-grown cultures are not hampered

by the additional energy requirement, which can be explained by our
cultivation conditions that provide a high and constant H, partial pres-
sure. Under environmental conditions, with alower and fluctuating H,
partial pressure, growth on SOi_ is likely to be more challenging for
M. thermolithotrophicus. While the methanogen cannot avoid the ATP
investment, it may have found an energy-saving strategy for the
8-electron reduction reaction from PAPS to HS™. Fsr oxidizes F,oH,,
whichis reduced back by the F,-reducing hydrogenase**¢. F,,,H, or
NAD(P)Hwould be advantageous electron donors for MtPAPSR, but it
would require the assistance of an oxidase partner that has not yet been
identified. Alternatively, the standalone MtPAPSR may depend on
reduced ferredoxin, which could be obtained from the H,-dependent
ferredoxinreductionviathe Eha/Ehb complex, another advantageous
strategy of hydrogenotrophs to provide reducing power to fuel ana-
bolicreactions (proposed in Fig. 5c) (ref. 49).

Sofar, it appears that the concomitant process of methanogenesis
and complete SOi_ reduction to HS™ is restricted to M. thermolitho-
trophicus. Strikingly, the only apparent difference between M. thermo-
lithotrophicus and other methanogens with the genomic potential to
perform SOi_ reductionis the acquisition of a PAPS reductase, which
appears to belong to the dissimilatory family (Supplementary Fig. 8,
Extended DataFig. 7b and Supplementary Discussion). The physiologi-
calfunctionofthese SOi_-reduction-associated genesinother metha-
nogens remains to be uncovered, as well as the advantages of
assimilating SOﬁ_ for M. thermolithotrophicus. From anecological point
of view, it might be beneficial, if not essential, for M. thermolithotrophi-
cus survival to be able to switch from H,S uptake to SOi_ reduction
under environmental conditions (see Supplementary Discussion).

Thetransplantation of the M. thermolithotrophicus SOi_reduction
systeminto methanogenic hosts, which are already used as gas convert-
ers (forexample, Methanothermobacter), would circumvent the need
for highly toxic and explosive H,S by using inexpensive and abundant
SOi_. Beyond opening fantastic possibilities for safer biotechnological
applications, a SOi_-reducing hydrogenotrophic methanogen also
reinforces the question about the extent of an intertwined methano-
genesis and sulfate reduction pathway during the evolution of early
archaea. M. thermolithotrophicus has most probably assembled the
entire SOi_ reduction pathway progressively via a ‘mix-and-match’
scenario, providing a competitive advantage under fluctuating
sulfur-source conditions and expanding its ecological niches.

Methods

Archaea strains and cultivation media

M. thermolithotrophicus (DSM 2095), M. infernus (DSM 11812) and
A. fulgidus (DSM 4304) cells were obtained from the Leibniz Insti-
tute DSMZ-German Collection of Microorganisms and Cell Cultures
(Braunschweig, Germany). M. thermolithotrophicus and M. infernus
were cultivated in the same previously described minimal medium
with some modifications” (see Extended Data for the complete com-
position of the media).

Anaerobicgrowth of Archaea

Cell growth was followed spectrophotometrically by measuring the
0Dy The purity of the culture was checked by light microscopy. The
methanogens were cultivated with 1 x 10° Pa of H,:CO, at an 80:20
ratio in the gas phase. M. infernus was cultivated at 75 °C in 250 ml
glass serum flasks and M. thermolithotrophicus was grown at 65 °C in
flasks or fermenters. The serum flasks were not shaken but standing.
A. fulgiduswas cultivated in anaerobic and sealed 22 ml Hungate tubes,
with 0.8 x 10° PaN,:CO,. DSM 4304 culture (0.5 ml) was grown in 10 ml
of classic media (see Supplementary Materials for the complete com-
position of the media composition) containing a final concentration
of20 mM D/L-lactate. The culture was incubated at 80 °C, standing. All
cultures were stored at room temperature inthe dark under anaerobic
conditions. For the A. fulgidus medium, we found that high molybdate
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concentrations made it unstable. One of the bottles with a highMoO,*
concentration turned yellow (unrelated to O, contamination) and
was omitted, resulting in triplicate instead of quadruplicate cultures
(Fig.1c, right panel).

Adaptation of M. thermolithotrophicusto S0,  and minimal
S0 requirement

M. thermolithotrophicus cells grown on 2 mM Na,S were successively
transferred to 10 mlsulfur-free cultivation medium. After two transfers,
the carry-over sulfur concentration of the inoculum did not support
growth of M. thermolithotrophicus. By supplementing 2 mM Na,SO,,
M. thermolithotrophicus growth was resumed. No reducing agent was
added to cope with the absence of HS”, which normally establishes a
suitable reducing environment. Incubation without shakingis particu-
larly important for reproducibility. Therefore, after inoculation, the
cultures were incubated at 65 °C, standing for one night followed by
shakingat180 revolutions per minute (r.p.m.) until they reached their
maximum OD,,. The gas phase was refreshed after the overnight
incubation to maintain the pressure at1x 10° Paof H,:CO, To measure
the minimal SO;~ concentration required to sustain growth,
sulfur-limited M. thermolithotrophicus cells (using an inoculum to
medium ratio of 1:20) were provided with 2 mM, 1 mM, 0.5 mM,
0.25mM, 0.1 mM and 0.04 mM Na,SO,. Growth was still observable for
cellsgrown on 0.1 mM but not on 0.04 mM Na,SO,.

S03” measurements viaion chromatography

lon chromatography (Methrom ion chromatograph) was used to
measure the SO3~ concentrations, analysed via the software IC MagIC
Net 3.2. A volume of 8 ml per sample was required, with a maximum
concentration of 0.5 mM SO2~. SO3~-reducing M. thermolithotrophicus
cells were therefore grown in 11 Duran bottles with 100 ml sulfur-free
media, which was supplemented with 0.5 mM SO>~ before inoculation.
Asanegative control, 0.5 mM Na,S-grown M. thermolithotrophicus cells
were used, inoculated and collected similarly as the SO;”"-reducing
cultures. Allsamples were taken aerobically and were passed through
a0.45 uMfilter (Sartorius). If the cell densities were too high to be fil-
tered, the samples were centrifuged at 13,000 x gfor7 minat4 °Cand
the supernatant was taken for ion chromatography measurements.
The samples were stored at 4 °C if the measurements were not imme-
diately performed.

Growth of M. thermolithotrophicusin afermenter

M. thermolithotrophicus was grown in three independent fermenters
at60 °C,with10 mM Na,SO, as sole sulfur source. For each fermenter,
7 lof anaerobic cultivation medium (see Sulfur-free cultivation medium
for Methanococcales) supplemented with10 mM Na,SO, was continu-
ously bubbled with H,:CO, (80:20,3 I min™). Under stirring (220 r.p.m.),
the medium was inoculated with 360 ml preculture (with an ODg,
higher than 3). One hour after inoculation, the culture was stirred at
800 r.p.m. NaOH (1 M) was used as a base to readjust the pH upon
acidification, which was controlled using a pH probe. The cells were
grown until late exponential phase (0D, 0f 6.25-6.8) and thenimme-
diately transferred in an anaerobic tent (N,:CO, atmosphere at aratio
0f90:10). Cells were collected by anaerobic centrifugation for 30 min
at 6,000 x gat4 °C. The highest OD¢,, recorded for M. thermolitho-
trophicus in a SO, -grown fermenter was 6.8 after 20 h. SO3~ Culture
(7 1) withan OD,,, of 6.8 yielded 54 g of cells (wet weight). The cell pellet
was transferred in a sealed bottle, gassed with 0.3 x10° Pa N,, flash
frozeninliquid N,and stored at -80 °C.

Synthetic gene constructs

The DNA sequences of the ATP sulfurylase, the APS kinase, the
PAP phosphatase and the PAPS reductase a and  subunits from
M. thermolithotrophicus were codon optimized for E. coli, synthe-
sized and cloned into pET-28a(+) vectors. For MtATPS, MtAPSK and

MtPAPP, therestriction sites Ndel and BamHI were used, with astop
codon (TGA) incorporated before BamHI. For MtPAPSR, a His-tag
was placed at the C terminus of the o subunit and a ribosome bind-
ing site was inserted between the coding sequences of the a and 3
subunits. The M¢tPAPSR construct had the restriction sites Ncol and
BamHI, with one stop codonincorporated after the His-tag for the o
subunit and one stop codon before BamHI for the 3 subunit. These
steps were performed by GenScript (GenScript). All sequences used
are detailed in Supplementary Information under Constructs and
gene codon optimization.

Enzyme overexpression and purification

All constructs were overexpressed and purified under aerobic condi-
tions following a similar protocol, except for M¢tPAPSR which was over-
expressed and purified under an anaerobic atmosphere. All enzymes
were passed on aHisTrap high-performance column (GE Healthcare),
followed, if necessary, by tag cleavage and gel filtration (see Supple-
mentary Materials for the complete protocol).

Protein crystallization

Purified MtATPS, MtAPSK and MtPAPP were keptin25 mM Tris/HCI pH
7.6,10% v/v glycerol, 2 mM dithiothreitol and 150 mM NaCl. MtPAPSR
was kept in the same buffer without NaCl. Freshly prepared unfrozen
samples were immediately used for crystallization. MtATPS, MtAPSK
and MtPAPP crystals were obtained under aerobic conditions at18 °C.
MtPAPSR crystals were obtained anaerobically (N,:H,, gasratio of 97:3)
by initial screening at 20 °C. The sitting drop method was performed
on 96-well MRC 2-drop crystallization plates in polystyrene (SWISSCI)
containing 90 pl of crystallization solution in the reservoir.

Crystallization of MtATPS

MtATPS (0.7 pl) at a concentration of 14 mg mI™ (MtATPS form 1,
Extended Data Table 1) or at a concentration of 27 mg ml™ (MtATPS
form 2) was mixed with 0.7 pl reservoir solution. MtATPS at 27 mg ml™
was co-crystallized with 2 mM AMPcPP as well as 2 mM Na,SO,. For
MtATPS form1, transparent star-shaped crystals appeared after a few
weeks in the following crystallization condition: 35% w/v pentaeryth-
ritol ethoxylate (15/4 EO/OH) and 100 mM 2-(N-morpholino)ethane-
sulfonic acid (MES) pH 6.5. For MtATPS form 2, transparent, long but
thin plate-shaped crystals appeared after afew weeks in the following
crystallization condition: 20% w/v polyethylene glycol 8000,100 mM
MES pH 6.0 and 200 mM calcium acetate.

Crystallization of MtAPSK

MtAPSK (0.7 pl) ata concentration of 17.6 mg ml™ was mixed with 0.7 pl
reservoir solution and co-crystallized with 2 mM MgCl,. Transparent,
plate-shaped crystals appeared after afew weeks in the following crys-
tallization condition: 20% w/v polyethylene glycol 3350 and 100 mM
tri-sodium citrate pH 5.5. MtAPSK was also crystallized with2 mM MgCl,
and 2 mM APS but the obtained structures of those crystals were of
lower resolution and without any substrate or product present in the
activesite.

Crystallization of MtPAPSR
MtPAPSR (0.7 pl) at a concentration of 20 mg ml™ was mixed with
0.7 pl reservoir solution and co-crystallized with FAD (0.5 mM final
concentration). The crystal used for phasing was a brown flat square
and appeared after a few days in the following crystallization condi-
tion:40% v/v 2-methyl-2,4-pentanediol and 100 mM Tris/HCI pH 8.0.
The crystal used to refine at high resolution was brown with an
elongated plate shape. It appeared after a few days in the following
crystallization condition: 35% v/v 2-methyl-2,4-pentanediol, 100 mM
Tris pH 7.0 and 200 mM NacCl. Before transfer to liquid N,, the crystal
was soaked in 10 mM disodium 3’-phosphoadenosine 5’-phosphate
for 7 min.
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Crystallization of MItPAPP

MtPAPP (0.7 pl) ata concentration of 20 mg ml™ was mixed with 0.7 pl
reservoir solution and co-crystallized with Tb-Xo4 (10 mM final concen-
tration), MnCl, (2 mM final concentration) and 2 mM PAP. The Tb-Xo4
isanucleating/phasing agent™, which should increase the crystalliza-
tion performance; however, in this case, the same crystalline form was
obtained in the absence of the compound and diffracted to similar
resolution. Transparent, bipyramid crystals appeared after afew weeks
inthe following crystallization condition: 1.6 M tri-sodium citrate.

X-ray crystallography and structural analysis

MtPAPSR crystal handling was done inside the Coy tent under anaerobic
atmosphere (N,:H,, 97:3); the other crystals were handled under aerobic
conditions. The crystals were directly plungedinliquid nitrogen or were
soaked for5-30 sintheir crystallization solution supplemented with a
cryoprotectant before being frozenin liquid nitrogen. For M¢ATPS form
2,30% glycerolwas used as cryoprotectant. For MtAPSK, 25% ethylene
glycol was used as cryoprotectant.

Crystals were tested and collected at 100 K at different synchro-
trons (Extended Data Table 1). Data were processed with autoPROC*
except for MtPAPP, which gave better statistics withindexation by the
X-ray Detector Software (XDS) and the scaling step performed with
SCALA®. All data collection statistics are provided in Extended Data
Table1. MtATPS forms1and 2, MtAPSK and MtPAPP were solved by using
PHENIX with the following templates: 1V47 (ATPS from T. thermophilus)
for MtATPS form 1, MtATPS form 1 for MtATPS form 2 and 5CB6 (APS
kinase from Synechocystis sp.) for MtAPSK. For MtPAPP, the template
was created de novo using AlphaFold 2 (ref. 32).

For MtPAPSR, an X-ray fluorescence spectrum on the Fe K-edge
was measured to optimize the data collectionat the appropriate wave-
length. Datasets were collected at 1.73646 A for the single-wavelength
anomalous dispersion experiment. Native datasets were collected ata
wavelength of 0.97625 A on another crystal. Data were processed and
scaled with autoPROC?.. Phasing, density modification and automatic
building were performed with CRANK-2 (ref. 53).

Allmodels were manually rebuilt with COOT and further refined with
PHENIX>**. During the refinement, non-crystallographic symmetry and
translational-libration screw were applied. For all structures except for
ATPS form1, hydrogens were added in riding position in the last refine-
ment cycle. Hydrogens were removed in the final deposited models.

All models were validated using MolProbity*¢. Data collection
and refinement statistics, as well as PDB identification codes for the
deposited models and structure factors are listed in Extended Data
Tablel. Figures were generated with PyMOL (Schrédinger). The metal
in MtATPS was modelled as zinc using CheckMyMetal*’.

High-resolution clear native PAGE (hrCN PAGE)

To visualize the expression levels of MtFsr when cells were grown on
different sulfur sources, hrCN PAGE was performed. M. thermolitho-
trophicus cultures (2 x 10 ml) were supplemented with either 2 mM
Na,S, 2 mM Na,S0,, 2 mM Na,S and 2 mM Na,SO,, or 2mM Na,SO, as
sulfur substrates and grown for one night at 65 °C, standing. Cells
were collected by anaerobic centrifugation at 6,000 x g for 20 min
at room temperature and the cell pellets were resuspended in 2 ml
lysis buffer (50 mM tricine pH 8.0 and 2 mM sodium dithionite). The
cells were sonicated 4x at 70% intensity for 10 s, followed by a30 s
break (MS 73 probe, SONOPULS Bandelin). The hrCN PAGE was run
anaerobically and the protocolis detailed in Extended Data under hrCN
PAGE preparation. One gel withan 8-15% acrylamide gradient was run
(shown in Fig. 5b) and another one with a 5-15% acrylamide gradient
(seeSource DataFig. 5).

Coupled enzyme activity of MtATPS/M¢tAPSK
The activity of both enzymes was determined by the production of
ADP which was coupled to NADH oxidation via pyruvate kinase and

lactate dehydrogenase®®. The assays were performed in a final vol-
ume of 100 pl 96-well deep-well plates and spectrophotometrically
monitored (Omega multimode microplate reader) at 360 nmat 35 °C.
KH,PO, (100 mM) at pH 7.0, supplemented with 1.5 mM MgCl, and
100 mM KCl, was used as a buffer. For NADH, a molar extinction coef-
ficient of 4,546.7 cm™ M was experimentally determined for the
above-named conditions. To the buffer,1 mM NADH, 2.5 mM Na,SO,,
1 mM phosphoenolpyruvate (PEP), 2 mM ATP, 2 U inorganic pyroph-
osphatase (Saccharomyces cerevisiae, 10108987001, Sigma-Aldrich),
1.1U ml™ lactate dehydrogenase, 0.8 U ml™ pyruvate kinase (rabbit
muscle, P0294, Sigma-Aldrich) and 0.5 mg mI™ MtAPSK (all final con-
centrations) were added. The reaction was started by the addition
of 0.5 mg mI™ MtATPS. Addition of 0.02 mM Na,Mo0, did not affect
activity (0.116 + 0.027 pmol of oxidized NADH min” mg™), but the
addition of 2 mM Na,MoO, resultedina decrease (0.068 + 0.019 pmol
of oxidized NADH min™ mg™). All assays were performed in triplicates.

MtPAPP enzyme assay

The activity of the MtPAPP was determined by the production of
orthophosphate, which was quantified using the malachite green
phosphate assay kit (Sigma-Aldrich) by the formation of agreen com-
plex. The assays were performed in 96-well deep-well plates and the
absorbance at 620 nm was spectrophotometrically followed (Omega
multimode microplate reader). Tris/HCI (25 mM) at pH 7.64 was used
as a buffer. Buffer, 40 uM PAP or 90 uM of AMP/ADP/ATP/APS or PP,
1mg ml™ bovine serum albumin, 50 uM MnCl, and/or 50 pM MgCl,
(final concentration) were mixed in a 1.5 ml Eppendorf tube on ice.
Previously frozen MtPAPP (0.5 pg ml™ final concentration) was added
and the mixture (final volume of 40 pl) wasimmediately incubated for
5 min at 40 °C. Next, 14 pl of the reaction mix was diluted in 66 pl of
filtered Milli-Q H,0 andimmediately flash frozenin liquid N, to quench
thereaction. Then, 20 pl of malachite greenreagent was added to the
samples, the mixture was incubated at room temperature for 30 min
and the formation of the green complex was measured at 620 nm. All
assays were performed in triplicates. The measurements presented in
Fig.3acome fromtwo different experiments (left and right subpanels).
Bothexperiments were performed at two different days with the same
enzyme preparation.

Coupled MtPAPSR assay

Since PAPS is unstable at high temperatures, we first tried to determine
the activity of M¢tPAPSR in the direction of PAPS production, as previ-
ously described for dissimilatory APS reductases for APS production’,
PAPS oxidation was determined in 50 mM Tris/HCl buffer (pH 7.5) con-
taining 5 mM Na,SO;,2 mM PAP or 2 mM AMP (final concentrations) and
3.27 ng mI MtPAPSR. The reaction was started with a final concentra-
tion of 0.5 mM K;Fe(CN),. The decrease in absorbance at 420 nm was
measured and corrected for the background reaction withoutenzyme.
Noactivity was detected. Therefore, we used the physiological reaction
to monitor MtPAPSR activity. To perform the coupled MtPAPSR assay,
the enzymes needed to be purified at the same time and immediately
used for the assay (see Supplementary Materials for the detailed puri-
fication protocol for the enzymes used in this assay).

MtPAPSR activity assays were carried out in an anaerobic atmos-
phere (100% N,) at 45 °C. The assays were performed in 200 pl final
volumein 96-well deep-well plates and spectrophotometrically moni-
tored on a SPECTROstar Nano microplate reader. HEPES (50 mM, pH
7.0) supplemented with 50 mM KCl, 1.5 mM MnCl, and 1.5 mM MgCl,
was used as a buffer. Reduced methyl viologen (MV,4, 0.5 mM) served
as an electron donor for MtPAPSR. The molar extinction coefficient
(£s00nm = 8,133.3 cm™ M™) was experimentally determined using the
above-named conditions and by reducing methyl viologen with
2 mM sodium dithionite. For the assay, methyl viologen was reduced
with carbon monoxide by the CO-dehydrogenase from Clostridium
autoethanogenum according to a previously published protocol®.

Nature Microbiology | Volume 8 | July 2023 | 1227-1239

1236


http://www.nature.com/naturemicrobiology

Article

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

CO was exchanged for N, and the MV, ., was immediately used for
the assay. To the buffer and MV,.4, 5mM ATP, 1 mM sodium dithion-
ite, 0.2 U pyrophosphatase (£. coli, MFCD00131379, Sigma-Aldrich),
0.127 mg ml™ MtATPS, 0.12 mg ml™ MtAPSK, 0.1 mg ml™ MtPAPP and
0.0645 mg mI” MtPAPSR were added. The reaction was started by the
addition of 5 mM Na,SO, and followed by oxidation of MV, .4at 600 nm.
Allassays were performed in triplicates.

Sulfite reductase activity in cell extracts

To determine the sulfite reductase activity from M. thermolitho-
trophicus, cultures were grown on either 2 mM Na,S, 2 mM Na,SO,
or Na,SO, in10 ml of the above-mentioned medium in serum flasks.
Cells (9 ml) were collected in late exponential phase (ODy,: 3.45 for
2 mM Na,S, 3.91 for 2 mM Na,S0,, 3.37 for Na,SO,) by centrifugation
at 6,000 x g for 10 min at 4 °C. The supernatant was discarded and
the cell pellets were frozen in liquid N,. The pellets were then resus-
pendedin1ml0.5 MKH,PO, pH7.0. The cells were lysed by sonication
(2x10 sat50% intensity, probe MS73, SONOPULS Bandelin), followed
by centrifugation at 4 °C at 15,600 x g. The supernatant was passed
througha 0.2 pmfilter and the protein concentration was determined
by the Bradford method (6.63 mg ml™ for 2 mM Na,S, 6.14 mg ml™
for 2mM Na,S0O; and 6.31 mg ml™ for Na,S0O,). The activity assays
were performed under an anaerobic atmosphere (100% N,) at 50 °C
in 96-well deep-well plates and spectrophotometrically monitored
(SPECTROstar Nano microplate reader). The assay mixture contained
0.5 M KH,PO, pH 7.0, 118 pM MV, (final concentration, previously
reduced with the equimolar amount of sodiumdithionite) and 30 uM
Na,SO; (final concentration). Under these conditions, a molar extinc-
tion coefficient of £4p0nm = 9,840 cm™ M was experimentally deter-
mined. The reaction was started by the addition of 0.05 pg of cell
extract, followed by oxidation of MV, .4 at 600 nm. All assays were
performed intriplicates.

Phylogenetic trees
For a detailed description of the phylogenetic analysis, see Supple-

mentary Materials®.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Allstructures used for structural comparison are accessible from the
Protein Data Bank and accordingly cited in the text. The structures
were deposited inthe Protein Data Bank under the ID: 8A8G for MtATPS
form1, 8A8D for MtATPS form 2, 8A8H for MtAPSK, 8ASK for MtPAPP
and 8A80 for MtPAPSR. The data for this study are available in the
paper and its Supplementary Information. Source data are provided
with this paper.
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Extended DataFig. 1| Sulfate (SOi_)-reduction pathways. Assimilatory SOﬁ_
-reduction. (Route1a,1b, 1c) SOi_ isactivated by the ATP-sulfurylase (for example
Glycine max, PDB: 4MAF) to APS. (1a) APS gets directly reduced to sulfite (SO§_)
and AMP by a one [4Fe-4S]-cluster containing APS-reductase (for example
Pseudomonas aeruginosa, PDB: 2GOY, thioredoxin dependent). (1b, ¢)
Alternatively, the APS gets further phosphorylated by an APS-kinase (for example
Arabidopsis thaliana, PDB: 3UIE) to produce PAPS. (1b) A PAPS-reductase
(Saccharomyces cerevisiae, PDB: 20Q2, thioredoxin dependent) converts PAPS
into SO§_ and PAP. The PAP will be hydrolysed to inorganic phosphate (P;) and
AMP by a PAP-phosphatase (for example Mycobacterium tuberculosis, PDB: 5DJ]J).
(1a, b) Asulfite-reductase (Escherichia coli, PDB: 1AOP) reduces the SO§_ intoS%,
which can then be incorporated into biomass. In the route 1c, a sulfotransferase
(for example A. thaliana, PDB: SMEK) catalyses the transfer of the sulfo-group

(energy conservation)

(R-0SO;") from PAPS to an alcohol or amine acceptor. Dissimilatory SOf
-reduction. SOi_ isactivated by the ATPS to APS and further reduced to SO%‘ by
an APS-reductase (for example Archaeoglobus fulgidus, PDB: 2FJA), which
contains two [4Fe-4S]-cluster and a FAD. A sulfite-reductase (for example A.
fulgidus, PDB: 3MM5) reduces the SO§_ and branchesitonthe carrier DsrC. The
membrane complex DsrMKJOP (for example Allochromatium vinosum) reduces
the sulfurinto HS” concomitantly withion translocation for energy conservation.
Sirohemes, FAD and [4Fe-4S]-clusters are represented in sticks and spheres, with
carbon, oxygen, nitrogen, sulfur and iron coloured in pink, red, blue, yellow and
orange. The enzymes are shown in cartoon and transparent surface in their
oligomeric state. The ATPS of A. fulgidus was modelled using Alphafold2*? and
coloured in green. The bifunctional ATP-sulfurylase CysDN using an additional
GTP, was not presented here to simplify the scheme.
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Extended DataFig. 2| Impact of Molybdate (MOO:_) on SOi_-reducing
archaea. a, MoOi_ tolerance of M. thermolithotrophicus. The archaeon was
grownon SOi_ (grey square), SOi_ supplemented with an equimolar amount of
MoOi_ (wheat square) and SOi_ supplemented with an excess of MoOi_ (dark
red square). As a control, Na,S grown cultures (S%, black triangle) and Na,S grown
cultures with an excess of MoOi_ (red triangle) were used. This growth
experiment was performed in duplicates. b, Effect ofMoOi_:Soi_ ratiosin M.
thermolithotrophicus cultures grown on 0.5 mM Na,SO,. Grey squares indicate
the growth curve ofSOi_-reducers without addition of Mooi_. Thered squares

80

indicate the growth curve of SOﬁ_ reducers exposed to 5 mM of MoOﬁ_, followed
by the addition of 25 mM Na,SO,. Black, dashed arrows indicate time ofMoOi_
and SOi_ addition. This growth experiment was performed in triplicates.c,
Archaeoglobus fulgidus sensitivity towards MoOi_. Here,a MoOf“:SOﬁ_ ratio of
0.001:1is sufficient to inhibit growth of A. fulgidus. The data shown are
quadruplicates except for the lowest and the highest Mooi‘:soi‘ ratio, which
were performed in triplicates. All experiments are represented as datamean and
forb, c + standard deviation (s.d.).
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a MtATPS 1VA47 (T. thermophilus)

1JHD

4MAF (G. max)
(R. pachyptila Symbiont) £

S

Extended Data Fig. 3| ATP-sulfurylase of M. thermolithotrophicus (MtATPS).

a, Comparison of ATPS in surface representation, coloured by the domain

composition | (yellow), Il (light green), Ill (wheat) and APS kinase (dark orange).

The grey surfaces corresponds to the opposing monomer. SCATPS organizes as
homohexamer. b, Monomers of MtATPS (yellow), TtATPS (grey), SCATPS (navy
blue), RrsATPS (magenta), GmATPS (green) and AaATPS (cyan) are superposed
ondomainIland shown as cartoons. Abbreviations and rmsd can be found in
Supplementary Table 1. c,d, Surface area involved in the oligomerization of
MtATPS (c) and TtATPS (d). One monomer is shown in surface representation
and one monomer is displayed in cartoon. The monomer-monomer contacts,

1J70 (S. cerevisiae)

+—Domain |

S .
29 +Domain I

+ Domain |l

established by the domain Il of one chain (in orange for MtATPS and black for
TtATPS), are shown as ared surface. The wheat coloured surface highlights
domainlll. The framed inletis a close up of the Zn binding motif and residues
coordinating the Zn are drawn as sticks. Carbon, nitrogen and sulfur are coloured
as orange/white, blue and yellow, respectively. e,f, Catalytic site of MtATPS

(apo, e) and TtATPS with bound APS (f). Elements are coloured as ininlets

(c, d) with oxygen and phosphorus in red and orange, respectively. Residues
belonging to the canonical motifs of the ATPS are highlighted by pink coloured
carbon atoms.
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Nitrosomonas communis (WP_046848813)
Allochromatium vinosum DSM 180 (AAF27546)
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Wolinella succinogenes (WP_011138904)
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ANME-2 cluster archaeon HR1 (PPA79733)
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Arabidposis thaliana (Q43870)

Brassica rapa (RID58104)

Brachypodium distachyon (KQJ81641)

Glycine max (4MAF)

Sulfur-oxidizing endosymbiont of Riftia pachyptila (1JHD)

ﬁHmmF

Allochromatium vinosum (4DNX)
Saccharomyces cerevisiae (1J70)

Aquifex aeolicus (2GKS)

Penicillium chrysogenum (112D)

Thermus thermophilus (1V4T7)
Methanocaldococcus infernus (WP_013099422)

Methanothermococcus thermolithotrophicus

L)

Allochromatium vinosum (WP_012971630) ‘o

Penicillium chrysogenum (1D6J)

'|: Cryptococcus neoformans (6B8V)
Arabidopsis thaliana (3UIE)

’|: Chlamydomonas reinhardtii (BAF46286)

—— Mycobacterium tuberculosis (4BZP)

,J— Homo sapiens (2AX4)
L

Homo sapiens (20FW)

Aquifex aeolicus (2GKS)
Thiobacillus denitrificans (3CR8)
Aeropyrum pernix (2YVU)

L|: Methanothermococcus thermolithotrophicus
Methanocaldococcus infernus (WP_157198836)
Calothrix sp. PCC 7103 (WP_035174174)
Nostoc sp. PCC 7107 (WP_044500498)
Oscillatoria sp. PCC 10802 (WP_017716042)
Anabaena sp. PCC 7108 (WP_016950032)
Synechocystis sp. (5CB6)

Gloeothece verrucosa (WP_013322291)

Pleurocapsa sp. PCC 7319 (WP_019504653)

Extended Data Fig. 4 | Phylogenetic analysis of M¢ATPS and M¢APSK. a, The subunit CysN (light red) and a catalytic subunit CysD (blue). Satisinvolvedin
heterodimeric sulfate adenylyltransferase (CysDN) with the homo-oligomeric bothassimilatory and dissimilatory soﬁ‘ reduction (light orange). MtATPS and
ATP-dependent sulfurylase (sat) and b, APS-kinases. For panel a: the MtAPSK are highlighted in bold red. Bootstrap support values =90 % are shown as

heterodimeric assimilatory ATP-sulfurylase is composed of a regulatory GTPase dotsoninterior nodes.
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Extended Data Fig. 5| MtAPSK belongs to the APSK family. a, Left panel,
homodimeric MtAPSK apo (orange) superposed to its closest homologue
Synechocystis sp. PCC 6803 (SsAPSK, white, PDB: 5CB6) in complex with APS
and AMP-PnP. The ligands are shown in sticks and spheres and the missing part
125-152 in MtAPSK (indicated by balls) is highlighted in black in SSAPSK. Carbon,
nitrogen, oxygen, sulfur and phosphorus are coloured in light orange/white/
cyan, blue, red, yellow and orange, respectively. Right panel: superposition of

MtAPSK (wheat), AtAPSK (orange, PDB: 3UIE), ApAPSK (slate, PDB: 2YVU) and
PcAPSK (white, PDB: 1IM7H) on one monomer and shown in cartoon. The active
site positionisindicated by a black arrow. Abbreviations and rmsd can be found
inSupplementary Table 2. b, ¢, Catalytic site of apo MtAPSK (b) and SSAPSK
bound to APS and AMP-PnP (c). Elements are coloured as in (a), left panel. In (b),
arrows indicate the missing part 125-152.
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Extended Data Fig. 6 | MtPAPP shares similar structural features with ingreen. ¢, Close-up of the Mn?* coordination between MtPAPP, BsNrnA (PDB:
exonucleases. a, Folding conservation across the MtPAPP, the NanoRNase A from  51Z0) and DrRec) (PDB: 5F55). Mn?" are shown as purple spheres and the residues
Bacillus subtilis (BsNrnA, PDB: 51UF) and the recombinase RecJ from Deinococcus coordinating them are highlighted as stick and balls. Carbon, nitrogen, oxygen

5

radiodurans (DrRec), PDB: 5F55). For BsNrnA and DrRecJ, the structures only and phosphorus atoms are coloured respectively in green/grey, blue, red and
represent the DHH and DHHA1 domains and the secondary structure orange. Residues belonging to the canonical DHH-motif have pink coloured
motifs are renumbered to simplify the comparison with M¢PAPP. carbon atoms. The structure used for BsNrnA is the His103Ala variant, and the
b, Differencesin the nucleotide binding between MtPAPP, NanoRNase A and the side chain of the His160 has not been modelled in the DrRec] structure.

recombinase RecJ with the surface residues interacting with the ligand coloured
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Extended DataFig. 7| Phylogenetic analysis of MtPAPP and MtPAPSR. MtPAPSR and MtPAPP are highlighted inbold red. Bootstrap support values 290
a, PAP-phosphatases with bifunctional oligoribonucleases and PAP- % are shown as dots on interior nodes. Asteriks (*) in front of Methanocaldococcus
phosphatases, as well as exonucleases (Rec)), and b, dissimilatory APS- Jjannaschiisequences highlight the two enzymes previously biochemically
reductases (a-subunit) and (putative) assimilatory APS/PAPS-reductases. characterized.
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Extended DataFig. 8 | Invitro reconstitution of the SOi_ reduction pathway
to measure M(PAPSR activity. a, Scheme of the coupled enzyme assay used to
measure MtPAPSR activity via the oxidation of reduced methyl viologen (MV,,) at
600 nmunder an N,-atmosphere and at 45 °C. The enzymes were recombinantly
expressed in E.coli, except for the pyrophosphatase, which was commercially
obtained. The reaction mix contained all enzymes, metals (Mn**, Mg?"), HEPES
buffer at pH7.0 and the substrates SOi_ and ATP. The reaction was started by the
addition ofSOi_. b, ¢, ‘Blank’ corresponds to a solution containing the buffer, the
substrates, MV,.4and dithionite but no enzymes. ‘All components’ contained
every compound shown inscheme (a). b, Substrate specificity of MtPAPSR. ‘No
MtAPSK’ corresponds to all components except MtAPSK, which prevented the

MVred MVOX
LA» PAP + SO
MtPAPSR VItPAPP
AMP + Pi

H,O

0 T T T T T 1
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Time (min)
Blank = All components e 5 x more M{PAPSR

generation of PAPS from APS. With APS as the substrate, a specific enzymatic
activity of 0.007 + 0.001 pmol of oxidized MV.min.mg™ of PAPSR was measured,
whichis only 6.54 % of the activity with the APSK (corresponds to Fig. 4a, +APS
-ATPS -APSK). The difference can be attributed to an instability of the added APS.
¢, Impact of different concentrations of MtPAPSR on the activity: A fivefold
addition of MtPAPSR resulted in a stimulation of the MV oxidation rate by 220 %
(shownindark green squares, ‘5 x more MtPAPSR’). After 30 minutes the five-fold
addition of the MtPAPS-reductase led to aggregation, which is why the ODnm
started toincrease after this time point. All experiments were performed in
triplicates and represented as datamean +s.d.
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Extended Data Fig. 9 | Comparison of a dissimilatory APS-reductase and
assimilatory P/APS-reductases with the M¢PAPSR. All structures are shown in
cartoon with their (metallo)-cofactors in balls and sticks. Close-ups of the active
sites (on the right) with residues important for substrate binding are highlighted
as balls and sticks. The dissimilatory APS-reductase from Archaeoglobus fulgidus
isaheterotetramer, composed of two (af3)-subunits. Each B-subunit contains two
[4Fe-4S]-cluster and each a-subunit one FAD. The presented assimilatory APSR
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from Pseudomonas aeruginosais ahomotetramer. It contains one [4Fe-4S]-
cluster per monomer. The assimilatory PAPSR from Saccharomyces cerevisiae
ishomodimeric. The elements oxygen, nitrogen, phosphorus, sulfur andiron
are colouredred, blue, orange, yellow and brown, respectively. The carbon of
the substrate/product s coloured in cyan, and in yellow for the FAD. Catalytic
residues are highlighted with red labels.
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Extended Data Table 1| X-ray analysis statistics for the presented structures

MIATPS MIATPS MtAPSK MtPAPP MiPAPSR MtPAPSR
form 1 form 2 Fe K edge
Data collection
Synchrotron source SOLEIL, SOLEIL SLS, SLS, PETRAIII, SLS,
Proxima-I Proxima-I X06DA X06DA P11 X06DA
Wavelength (A) 1.00000 1.03320 1.00003 1.64566 1.73646 0.97625
Space group 1222 2 P2, 14 P2, P2,

78.79 - 1.97 65.94-2.10 47.74-1.77 126.38-3.10  85.51-1.89 86.04 —1.45

Resolution (A) (2.22-197)  (2.162.10)  (1.81-1.77)  (327-3.10) (2.17-1.89) (1.64—1.45)

Cell dimensions

a.b,c(A) 55.70, 154.46, 185.28,54.52, 51.54,176.18, 174.05, 63.53,122.82, 63.71, 123.65,
> 157.57 85.43 51.61 174.05, 183.80 88.53 88.84
a, B,y (°) 90, 90, 90 90,95.91,90 90, 105.78, 90 90, 90, 90 90, 105.01,90 90, 104.44, 90
Rmrge(%)a 15.1 (174.0) 13.5(114.9) 4.4 (92.8) 19.7 (248.3) 20.0 (169.8) 7.9 (105.6)
Rpim (%) 4.2 (48.3) 5.5(47.5) 1.8 (39.8) 5.6 (68.0) 6.9 (62.5) 3.3 (42.5)
CCip' 0.998 (0.641)  0.997 (0.57) 1.0 (0.685) 0.998 (0.477) 0.998 (0.6) 0.997 (0.567)
I/csla 12.7 (1.6) 10.2 (1.6) 22.7 (1.7) 12.3 (1.1) 12.0 (1.8) 11.9 (1.7)
Spherical completenessa 58.2(9.9) 82.3(51.2) 80.0 (64.5) 92.1 (100.0) 55.7(8.3) 62.3 (10.2)
Ellipsoidal completenessa 93.2 (62.3) 95.6 (98.3) 83.1(96.3) / 91.8 (59.4) 95.0 (73.8)
Redundancya 13.7 (13.9) 6.9 (6.6) 6.8 (6.2) 13.3 (14.3) 18.2 (14.4) 6.8 (7.1)
. a 28,197 41,069 68,557 45,681 58,277 146,296
Nr. unique reflections (1,410) (2,053) (3,427) (7,240) (2,915) (7,316)
Refinement
Resolution (A) 49.73 - 1.97 52.28 -2.10 44.04 - 1.77 57.79 - 3.10 1.45
Number of reflections 28,185 41,057 68,551 45,643 14,6283
Rwork/Rfreeb (%) 18.85/21.79 19.86/23.94 15.40/18.09 18.57/21.96 15.14/17.80
Number of atoms
Protein 3,155 6,205 4,753 15,234 10368
Ligands/ions 49 71 88 183 223
Solvent 208 354 606 0 879
Molprobity clash 2.9 2.09 3.38 4.67 334
score, all atoms
Ramachandran plot
Favoured regions (%) 97.11 97.45 99.30 96.92 97.75
Outlier regions (%) 0 0 0 0 0
rmsdc bond angles (O) 1.138 0.823 0.935 0.613 0.917
PDB ID code 8A8G 8A8D 8ASH 8ASK 8A80

2Values relative to the highest resolution shell are within parentheses. "Ry, was calculated as the R, for 5% of the reflections that were not included in the refinement. °rmsd, root mean

square deviation.
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A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
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For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Spectrophotometer for growth measurement: Spectrophotometer UV/VIS UVmini-1240 SHIMADZU.
lon-Chromatography: Metrohm 930 Compact IC Flex.
Plate reader: SPECTROstar® Nano Microplate Reader and Omega multi-mode Microplate Reader.
Synchrotron data collection are all stated in the Extended Data Table.

Data analysis Microsoft Excel 16 (16.05356.1000)
IC MagIC Net 3.2
MEGA version 11.0
autoPROC 1.0.5 (20201211)
XDS (for MtPAPP), VERSION Feb 5, 2021 BUILT=20210323
SCALA (for MtPAPP) version 3.3.22 from CCP4 package 7.0.078
PHENIX 1.19.2_4158
CRANK?2, version 2.0.227
COOT version 0.8.9.2
Open-source Pymol Version 2.2.0

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All structures used for structural comparison are accessible on the Protein Data Bank and accordingly cited in the text. The structures were deposited in the protein
data bank under the ID: 8A8G for MtATPS form 1, 8A8D for MtATPS form 2, 8A8H for MtAPSK, 8A8K for MtPAPP and 8A80 for MtPAPSR. The data for this study are
available in the paper and in the Supplementary Information. Source data are provided with this paper.
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Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender n.a.

Population characteristics n.a.
Recruitment n.a.
Ethics oversight n.a.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.
Sample size Three biological replicates were performed for the growth experiments, except if stated otherwise. Sample sizes were chosen based on
statistical relevancy. Error bars were omitted for duplicates.
The ion-chromatography measurements were also performed in biological triplicates. For all enzymatic assays, experimental triplicates were
performed.
Data exclusions | No data was excluded from the analyses

Replication All replicates were successful. The number of replicates are mentioned in the text.

Randomization  Randomization were applied to generate the Rfree set for the protein refinement. Except for structural analyses, randomization was not
applied.

Blinding N/A. Each biological and biochemical experiment in this study is rationally designed and leads to a specific conclusion, therefore, blinding was
not required in this study.

Behavioural & social sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description Briefly describe the study type including whether data are quantitative, qualitative, or mixed-methods (e.g. qualitative cross-sectional,
quantitative experimental, mixed-methods case studly).

Research sample State the research sample (e.g. Harvard university undergraduates, villagers in rural India) and provide relevant demographic




Research sample

Sampling strategy

Data collection

Timing

Data exclusions

Non-participation

Randomization

information (e.g. age, sex) and indicate whether the sample is representative. Provide a rationale for the study sample chosen. For
studies involving existing datasets, please describe the dataset and source.

Describe the sampling procedure (e.g. random, snowball, stratified, convenience). Describe the statistical methods that were used to
predetermine sample size OR if no sample-size calculation was performed, describe how sample sizes were chosen and provide a
rationale for why these sample sizes are sufficient. For qualitative data, please indicate whether data saturation was considered, and
what criteria were used to decide that no further sampling was needed.

Provide details about the data collection procedure, including the instruments or devices used to record the data (e.g. pen and paper,
computer, eye tracker, video or audio equipment) whether anyone was present besides the participant(s) and the researcher, and
whether the researcher was blind to experimental condition and/or the study hypothesis during data collection.

Indicate the start and stop dates of data collection. If there is a gap between collection periods, state the dates for each sample
cohort.

If no data were excluded from the analyses, state so OR if data were excluded, provide the exact number of exclusions and the
rationale behind them, indicating whether exclusion criteria were pre-established.

State how many participants dropped out/declined participation and the reason(s) given OR provide response rate OR state that no
participants dropped out/declined participation.

If participants were not allocated into experimental groups, state so OR describe how participants were allocated to groups, and if
allocation was not random, describe how covariates were controlled.

Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description

Research sample

Sampling strategy

Data collection

Timing and spatial scale

Data exclusions

Reproducibility

Randomization

Blinding

Briefly describe the study. For quantitative data include treatment factors and interactions, design structure (e.g. factorial, nested,
hierarchical), nature and number of experimental units and replicates.

Describe the research sample (e.g. a group of tagged Passer domesticus, all Stenocereus thurberi within Organ Pipe Cactus National
Monument), and provide a rationale for the sample choice. When relevant, describe the organism taxa, source, sex, age range and
any manipulations. State what population the sample is meant to represent when applicable. For studies involving existing datasets,
describe the data and its source.

Note the sampling procedure. Describe the statistical methods that were used to predetermine sample size OR if no sample-size
calculation was performed, describe how sample sizes were chosen and provide a rationale for why these sample sizes are sufficient.

Describe the data collection procedure, including who recorded the data and how.
Indicate the start and stop dates of data collection, noting the frequency and periodicity of sampling and providing a rationale for
these choices. If there is a gap between collection periods, state the dates for each sample cohort. Specify the spatial scale from which

the data are taken

If no data were excluded from the analyses, state so OR if data were excluded, describe the exclusions and the rationale behind them,
indicating whether exclusion criteria were pre-established.

Describe the measures taken to verify the reproducibility of experimental findings. For each experiment, note whether any attempts to
repeat the experiment failed OR state that all attempts to repeat the experiment were successful.

Describe how samples/organisms/participants were allocated into groups. If allocation was not random, describe how covariates were
controlled. If this is not relevant to your study, explain why.

Describe the extent of blinding used during data acquisition and analysis. If blinding was not possible, describe why OR explain why
blinding was not relevant to your studly.

Did the study involve field work? |:| Yes |:| No

Field work, collection and transport

Field conditions

Location

Access & import/export

Describe the study conditions for field work, providing relevant parameters (e.g. temperature, rainfall).

State the location of the sampling or experiment, providing relevant parameters (e.g. latitude and longitude, elevation, water depth).

Describe the efforts you have made to access habitats and to collect and import/export your samples in a responsible manner and in
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Access & import/export [compliance with local, national and international laws, noting any permits that were obtained (give the name of the issuing authority,
the date of issue, and any identifying information).

Disturbance Describe any disturbance caused by the study and how it was minimized.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies & |:| ChIP-seq
Eukaryotic cell lines & |:| Flow cytometry
Palaeontology and archaeology & |:| MRI-based neuroimaging

Animals and other organisms

Clinical data
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Dual use research of concern

Antibodies

Antibodies used Describe all antibodies used in the study, as applicable, provide supplier name, catalog number, clone name, and lot number.

Validation Describe the validation of each primary antibody for the species and application, noting any validation statements on the
manufacturer’s website, relevant citations, antibody profiles in online databases, or data provided in the manuscript.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) State the source of each cell line used and the sex of all primary cell lines and cells derived from human participants or
vertebrate models.

Authentication Describe the authentication procedures for each cell line used OR declare that none of the cell lines used were authenticated.

Mycoplasma contamination Confirm that all cell lines tested negative for mycoplasma contamination OR describe the results of the testing for
mycoplasma contamination OR declare that the cell lines were not tested for mycoplasma contamination.

Commonly misidentified lines | Name any commonly misidentified cell lines used in the study and provide a rationale for their use.
(See ICLAC register)

Palaeontology and Archaeology

Specimen provenance Provide provenance information for specimens and describe permits that were obtained for the work (including the name of the
issuing authority, the date of issue, and any identifying information). Permits should encompass collection and, where applicable,

export.

Specimen deposition Indicate where the specimens have been deposited to permit free access by other researchers.

Dating methods If new dates are provided, describe how they were obtained (e.g. collection, storage, sample pretreatment and measurement), where
they were obtained (i.e. lab name), the calibration program and the protocol for quality assurance OR state that no new dates are
provided.

|:| Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.




Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals For laboratory animals, report species, strain and age OR state that the study did not involve laboratory animals.

Wild animals Provide details on animals observed in or captured in the field; report species and age where possible. Describe how animals were
caught and transported and what happened to captive animals after the study (if killed, explain why and describe method, if released,
say where and when) OR state that the study did not involve wild animals.

Reporting on sex Indicate if findings apply to only one sex; describe whether sex was considered in study design, methods used for assigning sex.
Provide data disaggregated for sex where this information has been collected in the source data as appropriate; provide overall
numbers in this Reporting Summary. Please state if this information has not been collected. Report sex-based analyses where
performed, justify reasons for lack of sex-based analysis.

Field-collected samples | For laboratory work with field-collected samples, describe all relevant parameters such as housing, maintenance, temperature,
photoperiod and end-of-experiment protocol OR state that the study did not involve samples collected from the field.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  Provide the trial registration number from ClinicalTrials.gov or an equivalent agency.

Study protocol Note where the full trial protocol can be accessed OR if not available, explain why.
Data collection Describe the settings and locales of data collection, noting the time periods of recruitment and data collection.
Qutcomes Describe how you pre-defined primary and secondary outcome measures and how you assessed these measures.

Dual use research of concern

Policy information about dual use research of concern

Hazards

Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
in the manuscript, pose a threat to:

Yes

[] Public health

|:| National security

|:| Crops and/or livestock
|:| Ecosystems
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|:| Any other significant area

>
Q
L
C
=
(D
5,
o)
=
o
=
-
@
S,
o)
=
>
@
wv
e
3
=
QO
=
A




Experiments of concern
Does the work involve any of these experiments of concern:
Yes
Demonstrate how to render a vaccine ineffective
Confer resistance to therapeutically useful antibiotics or antiviral agents
Enhance the virulence of a pathogen or render a nonpathogen virulent
Increase transmissibility of a pathogen
Alter the host range of a pathogen
Enable evasion of diagnostic/detection modalities
Enable the weaponization of a biological agent or toxin

Any other potentially harmful combination of experiments and agents
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ChlP-seq

Data deposition

|:| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|:| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links For "Initial submission" or "Revised version" documents, provide reviewer access links. For your "Final submission" document,
May remain private before publication. | provide a link to the deposited data.

Files in database submission Provide a list of all files available in the database submission.
Genome browser session Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to
(e.g. UCSC) enable peer review. Write "no longer applicable" for "Final submission" documents.

Methodology
Replicates Describe the experimental replicates, specifying number, type and replicate agreement.
Sequencing depth Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of reads and
whether they were paired- or single-end.
Antibodies Describe the antibodies used for the ChiIP-seq experiments; as applicable, provide supplier name, catalog number, clone name, and lot

number.

Peak calling parameters | Specify the command line program and parameters used for read mapping and peak calling, including the ChIP, control and index files

used.
Data quality Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold enrichment.
Software Describe the software used to collect and analyze the ChlP-seq data. For custom code that has been deposited into a community

repository, provide accession details.

Flow Cytometry

Plots

Confirm that:
|:| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|:| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|:| All plots are contour plots with outliers or pseudocolor plots.

|:| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Describe the sample preparation, detailing the biological source of the cells and any tissue processing steps used.

Instrument Identify the instrument used for data collection, specifying make and model number.




Software Describe the software used to collect and analyze the flow cytometry data. For custom code that has been deposited into a
community repository, provide accession details.

Cell population abundance Describe the abundance of the relevant cell populations within post-sort fractions, providing details on the purity of the
samples and how it was determined.

Gating strategy Describe the gating strategy used for all relevant experiments, specifying the preliminary FSC/SSC gates of the starting cell
population, indicating where boundaries between "positive" and "negative" staining cell populations are defined.

|:| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design

Design type Indicate task or resting state; event-related or block design.
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Design specifications Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial
or block (if trials are blocked) and interval between trials.

Behavioral performance measures State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used
to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across

subjects).
Acquisition

Imaging type(s) Specify: functional, structural, diffusion, perfusion.

Field strength Specify in Tesla

Sequence & imaging parameters Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size,
slice thickness, orientation and TE/TR/flip angle.

Area of acquisition State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

Diffusion MRI [ ]used [ ] Notused

Preprocessing

Preprocessing software Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction,
segmentation, smoothing kernel size, etc.).

Normalization If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Normalization template Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.g.
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Noise and artifact removal Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and
physiological signals (heart rate, respiration).

Volume censoring Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and
second levels (e.qg. fixed, random or mixed effects; drift or auto-correlation).

Effect(s) tested Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether
ANOVA or factorial designs were used.

Specify type of analysis: [ | Whole brain [ | ROI-based [ ] Both

Statistic type for inference Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.
(See Eklund et al. 2016)

Correction Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte Carlo).




Models & analysis

n/a | Involved in the study
|:| |:| Functional and/or effective connectivity

|:| |:| Graph analysis

|:| |:| Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation,
mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph,
subject- or group-level, and the global and/or node summaries used (e.g. clustering coefficient, efficiency,
etc.).

Multivariate modeling and predictive analysis Specify independent variables, features extraction and dimension reduction, model, training and evaluation
metrics.
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