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In brief

Archaea produce [FeFe] hydrogenases,
previously thought to be only made by
bacteria and eukaryotes. These enzymes
are remarkably diverse, spanning
ultraminimal fermentative enzymes to
ancient hybrid complexes, and have
significant biotechnological potential.
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Minimal and hybrid hydrogenases are active
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SUMMARY

Microbial hydrogen (H,) cycling underpins the diversity and functionality of diverse anoxic ecosystems.
Among the three evolutionarily distinct hydrogenase superfamilies responsible, [FeFe] hydrogenases were
thought to be restricted to bacteria and eukaryotes. Here, we show that anaerobic archaea encode diverse,
active, and ancient lineages of [FeFe] hydrogenases through combining analysis of existing and new ge-
nomes with extensive biochemical experiments. [FeFe] hydrogenases are encoded by genomes of nine
archaeal phyla and expressed by H,-producing Asgard archaeon cultures. We report an ultraminimal hydrog-
enase in DPANN archaea that binds the catalytic H-cluster and produces H,. Moreover, we identify and char-
acterize remarkable hybrid complexes formed through the fusion of [FeFe] and [NiFe] hydrogenases in ten
other archaeal orders. Phylogenetic analysis and structural modeling suggest a deep evolutionary history
of hybrid hydrogenases. These findings reveal new metabolic adaptations of archaea, streamlined H, cata-
lysts for biotechnological development, and a surprisingly intertwined evolutionary history between the two
major Hy-metabolizing enzymes.

INTRODUCTION from H, oxidation for respiration and carbon fixation.*>~'° More

recently, electron-bifurcating hydrogenase complexes have

Molecular hydrogen (H,) is heralded as a future green energy
carrier. In a biological context, this energy-rich gas already plays
a central role in bioenergetics, and evolution has driven an elab-
orate H, economy. Numerous bacteria, archaea, and microbial
eukaryotes consume and produce H, gas (H, = 2 H* + 2 e7) us-
ing metalloenzymes called hydrogenases.'™ Three hydroge-
nases have independently evolved in microorganisms, namely
the [FeFe], [NiFe], and [Fe] hydrogenases, which differ in their
metal cofactors and catalytic mechanism.*~" H, serves multiple
roles in microbial physiology. Microorganisms spanning all three
domains produce H, to dispose of electrons during fermenta-
tion. Numerous bacteria and archaea also use electrons derived

been discovered that are critical for energy conservation in obli-
gate anaerobes.' """ Hydrogenases are now recognized as envi-
ronmentally ubiquitous and taxonomically widespread, encoded
in genomes from most bacterial and archaeal phyla as well as
many unicellular eukaryotes.'* "8 It is increasingly recognized
that microbial H, metabolism shapes global biogeochemical
cycling,'®?° supports biodiversity of diverse ecosystems,”'?
and influences health and disease.?®?* In addition, these effi-
cient enzymes have growing industrial applications in the devel-
oping H, economy?>*® and serve as an inspiration for the design
of synthetic catalysts.?”*® H, was likely the primordial electron
donor but continues to have a central role in microbiology,
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both as a desirable energy source and as a diffusible electron
sink.?%%° Moreover, it is proposed that H, exchange between
bacteria and archaea underlies eukaryogenesis, as described
in various syntrophy hypotheses.®' ¢

The three hydrogenase classes differ in their physiological
roles and taxonomic distribution. [FeFe] hydrogenases are typi-
cally fast acting but oxygen sensitive, and are best known for
their roles in obligate anaerobes. These enzymes currently
comprise four phylogenetically distinct groups (groups A-D),
which can be further subdivided through two different schemes
based on domain architecture and genetic organization.®’~>°
They include monomeric enzymes that couple ferredoxin oxida-
tion to fermentative H, production (group A1),” trimeric enzymes
that reversibly bifurcate electrons from H, to nicotinamide
adenine dinucleotide (NAD*) and ferredoxin (group A3),"" fila-
mentous complexes with formate dehydrogenase that catalyze
H,-dependent CO, conversion to formate (group A4),*° putative
sensory hydrogenases in which the catalytic hydrogenase
domain is fused with a PAS domain (group C),*' and several
functionally undefined groups (e.g., groups B and D)."*? Despite
this diversity, [FeFe] hydrogenases are all predicted to rely on the
same organometallic cofactor for catalysis, the “H-cluster.” To
date, these enzymes have been exclusively characterized in
anaerobic bacteria and eukaryotes and appear to be absent in
cultured archaea.’**"*3 [NiFe] hydrogenases are extraordinarily
structurally and functionally diverse enzymes, encoded by bac-
teria and archaea across all ecosystems. They are presently sub-
divided into four major groups (groups 1-4) and 29 subgroups
that each differ in their phylogeny, genetic organization, and
physiological roles.”®** The catalytic (large) subunit and elec-
tron-relaying iron-sulfur (small) subunit of the [NiFe] hydrogenase
associate with other subunits, depending on the subgroup; the
different complexes formed can mediate respiration, fermenta-
tion, energy-conversion, electron bifurcation, carbon fixation,
and H, sensing processes.’ In contrast, [Fe] hydrogenases are
a much narrower lineage that contribute to archaeal methano-
genesis.>*° The three hydrogenase classes are phylogenetically
unrelated, despite having some similar structural features, and
are not thought to genetically or structurally associate. [NiFe] hy-
drogenases are predicted to have been present in the last univer-
sal common ancestor (LUCA), whereas [FeFe] hydrogenases are
proposed to have evolved later in fermentative bacteria.’*°

In the 8 years since hydrogenase distribution has been
comprehensively surveyed,’ there has been a massive expan-
sion of known microbial diversity—primarily due to genome-
resolved metagenomics (i.e., the recovery of microbial genomes
from mixed community samples).*®~*® This expansion has been
particularly pronounced in the domain Archaea.*® Notable devel-
opments include the discovery of the Asgard superphylum from
which eukaryotes are predicted to have evolved,’°> the rapid
expansion of the DPANN superphylum that includes obligate
symbionts,*”°>>°" and the discovery of new lineages capable
of anaerobic alkane metabolism.’®*®" Most of these archaea
are uncultivated, necessitating culture-independent approaches
to characterize them. Many novel lineages appear to be capable
of H, metabolism. For example, the recently cultured Asgard ar-
chaeon “Candidatus Prometheoarchaeum syntrophicum” fer-
mentatively generates H,, seemingly through the activity of an
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electron-bifurcating/confurcating [NiFe] hydrogenase, which is
consumed by its syntrophic methanogenic partner.®® The H,-
metabolizing enzymes reported in these newly discovered
archaea fall into a range of established and novel [NiFe] hydrog-
enase subgroups.®**4+¢:52 Several genomic studies have also
suggested that [FeFe] hydrogenases may be encoded by uncul-
tivated DPANN archaea.’°%®® However, this remains debatable
given that archaea seemingly lack the three maturation enzymes
(HydEFG) required to synthesize the biologically unique catalytic
H-cluster of the [FeFe] hydrogenase® and, to date, there is no
evidence for archaeal [FeFe] hydrogenase activity.

Here, we systematically analyzed the diversity of [FeFe] hy-
drogenases in the domain Archaea by searching all publicly
available species-representative isolate genomes and metage-
nome-assembled genomes (MAGs), as well as multiple MAGs
generated for this study. We relied on two innovations to validate
these findings. First, we used AlphaFold2-based structural
modeling to test whether conserved gene clusters encode diver-
gent hydrogenase complexes.®>°® Critically, we then combined
heterologous enzyme production with artificial maturation to
confirm whether archaeal hydrogenases were catalytically active
and displayed H-cluster spectroscopic signals.®”°° Through
this integrated approach, we demonstrate that archaea harbor
active ultraminimal [FeFe] hydrogenases and identify unex-
pected complexes with distinct sequences, structures, and
probable functions to previously described enzymes, including
hybrid complexes with [NiFe] hydrogenases. These findings
revise our understanding of the distribution and evolution of mi-
crobial H, metabolism, and have broad biological, chemical, and
biotechnological ramifications.

RESULTS AND DISCUSSION

Structurally and genetically diverse [FeFe]
hydrogenases are encoded by nine archaeal phyla

We searched for the gene encoding the catalytic subunit of
[FeFe] hydrogenases (HydA) in the 2,339 archaeal species clus-
ters of the Genome Taxonomy Database (GTDB) and our re-
pository of unpublished archaeal MAGs. In total, 130 archaeal
genomes (90 previously reported, 40 novel) encoded [FeFe] hy-
drogenases, spanning 9 phyla and 17 classes (Figure 1;
Table S1). Except for some Asgard archaea, only one [FeFe] hy-
drogenase was present in each genome. The enzymes were veri-
fied and classified based on analysis of domain structure
(Table S2; Figure S1), genetic organization (Table S2; Figure S2),
maturases (Table S3; Figure 1), and primary phylogeny (detailed
below). The enzymes fell into six distinct groups, namely the ca-
nonical groups Al (n = 26), A3 (n = 44), and B (n = 12) and the
groups E (n = 30), F (n = 21), and G (n = 3) defined in this work
(Figure 1; Table S2). The archaeal group A1 and group E [FeFe]
hydrogenases are putative fermentative enzymes encoded by
three DPANN phyla (lainarchaeota, Micrarchaeota, and Nano-
archaeota). With average sequences of just 363 and 286 resi-
dues, respectively (after excluding any truncated sequences),
these enzymes are much smaller than the most minimal hydrog-
enase previously characterized (Chlamydomonas reinhardtii
HydA1; 457 residues®” ") (Table S2). The most widespread hy-
drogenase, however, is the electron-bifurcating/confurcating
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Figure 1. Phylogenetically and metabolically diverse archaea encode [FeFe] hydrogenases

The left portion of the figure shows a maximum-likelihood phylogenomic tree (model LG + F + G4) based on the concatenated 15 ribosomal marker proteins of
archaeal genomes that encode [FeFe] hydrogenases. Results are shown for the 118 (out of 130) genomes that are at least 60% complete, less than 5%
contaminated, and contain at least 75% of the 15 syntenic proteins. Branches are color coded, encoding according to the respective phylum. Black circles
indicate bootstrap support values over 80%. The middle portion shows the presence of key metabolic genes (in at least one genome) involved in different
metabolic processes. Carbon fixation: ATP-citrate lyase beta subunit (AcIB), acetyl-CoA synthase beta subunit (AcsB), 4-hydroxybutyryl-CoA dehydratase/vi-
nylacetyl-CoA-delta-isomerase (AbfD), carbon monoxide dehydrogenase/ acetyl-CoA synthase (CODH/ACS) complex subunit delta (CdhD), CODH/ACS
complex subunit gamma (CdhE), anaerobic CODH catalytic subunit (CooS), type II/ll ribulose-bisphosphate carboxylase (RbcL II/1l), and type Il ribulose-bi-
sphosphate carboxylase (RbcL Ill); respiration: reductive dehalogenase (RdhA), formaldehyde activating enzyme (Fae), formate dehydrogenase subunit alpha
(FdhA), and reversible succinate dehydrogenase and fumarate reductase flavoprotein (SdhA/FrdA); ATP synthesis: ATP synthase subunit alpha (AtpA) and ATP
synthase subunit beta (AtpB); fermentation: 2-oxoacid:ferredoxin or pyruvate:ferredoxin oxidoreductase alpha subunit (OorA/PorA), L-lactate dehydrogenase

(legend continued on next page)
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group A3 [FeFe] hydrogenase. This hydrogenase, together with
its partner diaphorase (HydB) and thioredoxin (HydC) subunits,
is encoded by at least six DPANN phyla, Thermoplasmatota
(class E2), and some Asgard archaea (class Lokiarchaeia)
(Figure 1).

Among cultured archaea, [FeFe] hydrogenases are only en-
coded in the Asgard archaeal enrichment cultures. We detected
group B [FeFe] hydrogenases in the genomes of both “Ca. P.
syntrophicum”® (Figure 1; Table S1) and our recently reported
culture “Candidatus Lokiarchaeum ossiferum”®® (Table S4).
Although “Ca. P. syntrophicum” has previously been inferred
to fermentatively produce H,, this activity was assumed to
originate from its group 3c [NiFe] hydrogenase and its [FeFe] hy-
drogenase was misannotated as an F4o9H>-dependent dehydro-
genase subunit®®; based on previously reported transcrip-
tomes,*® the [FeFe] hydrogenase is expressed at similarly high
levels (309 reads per kilobase million [RPKM]) to the [NiFe] hy-
drogenase (333 RPKM), suggesting that it may contribute to
observed H, production. We also conducted proteomic and
transcriptomic analyses to gain insights into the metabolic capa-
bilities of “Ca. L. ossiferum” (Table S4); this archaeon also syn-
thesizes an [FeFe] hydrogenase at high levels (18.03 label-free
quantification [LFQ] intensity [log,]), but its [NiFe] hydrogenase
(24.00 LFQ intensity [log,]) is among the most abundant com-
plexes in the cell and thus likely dominates H, production
(Table S4). Nevertheless, the [FeFe] hydrogenase may contribute
to H, production, given that these enzymes typically have higher
activities than their [NiFe] counterparts and all biochemically
characterized group 3c [NiFe] hydrogenases oxidize H, under
cellular conditions.””""? Given the extremely slow growth rates
and vyields of both cultures,®*® we are currently unable to
conduct deeper analyses of the differential roles of these en-
zymes in vivo. Diverse [FeFe] hydrogenases are also encoded
by MAGs of several other Lokiarchaeia and Heimdallarchaeia
(Figure 1; Table S1).

To better understand the structure and function of putative
archaeal [FeFe] hydrogenases, we performed structural mod-
eling using AlphaFold2. Archaeal group A1 and E [FeFe] hydrog-
enases are monomeric enzymes (HydA only) predicted to fold
into a H-cluster domain with a solvent-exposed catalytic
H-cluster (Figures 2A and 2B; Figures S3A and S3B). However,
in contrast to bacterial [FeFe] hydrogenases, the loop structures
of these enzymes are condensed and additional iron-sulfur clus-
ters are absent (Figure S4). Each of the modeled enzymes con-
tained the cysteine residues required to ligate the H-cluster,
though differed in their proton-transferring residues (Figures
S4A-S4C). Thus, despite their small size, these enzymes are
theoretically capable of H, catalysis. The group B [FeFe] hydrog-
enase from “Ca. P. syntrophicum” (denoted Ps) modeled as a
heterodimer between the HydA and HydC subunits encoded
by the gene cluster; it contains two 2 x [4Fe-4S] ferredoxin-
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like domains, one that acts as an electron relay from the
H-cluster and the other of unknown function separate from the
main body of the protein (Figure 2C). Structural modeling also
supported the notion that archaeal group A3 [FeFe] hydroge-
nases form trimeric electron-bifurcating complexes (HydABC)
similar to those recently structurally characterized in fermenta-
tive and acetogenic bacteria’*"* (Figure 2D; Figure S3D).

Archaeal [FeFe] hydrogenases are catalytically active
and display H-cluster spectroscopic signals
We tested whether group A1, B, and E [FeFe] hydrogenases from
archaea bind the catalytic H-cluster and produce H,. To do so,
we heterologously expressed five enzymes in Escherichia coli
BL21(DE3), anaerobically matured them using the synthetic
mimic [2Fe]*™ ([Fe,(azadithiolate)(CO)4(CN).]° ), and measured
H> production of whole-cell lysates using gas chromatography
as per established protocols (Table S5; Figure S5A).°7%%7° H,
production was clearly discernible relative to negative controls
in enzymes matured from all three groups (Figure 3A; Table
S5). The highest activity was observed from a Micrarchaeota
group A1l enzyme (denoted Mu). Cell lysates containing Mu
evolved H, at half the rate of the well-known [FeFe] hydrogenase
HydA1 from the green alga C. reinhardtii, which was included in
all assays as a positive control.®® The homologous enzyme from
the groundwater archaeon “Ca. lainarchaeum andersonii”’® (de-
noted la) also produced H,, though at a 100-fold lower rate. We
further observed substantial activity of the group B enzyme from
the Asgard archaea (Ps)®® and the group E enzyme from the
groundwater archaeon “Ca. Forterrea multitransposorum”’’
(denoted Fm). We note that the observed H, production activities
should not be considered as specific activities given potential
variations in the efficiency of heterologous expression, folding,
and maturation between the enzymes; this is illustrated by the
differences in activity between the Mu and la hydrogenases
despite their high degree of sequence homology. Nevertheless,
these results validate that both DPANN and Asgard archaea
encode functional [FeFe] hydrogenases and that the minimal
group A1 and ultraminimal group E enzymes are both active.
The group E [FeFe] hydrogenase Fm was isolated as a repre-
sentative example to provide more detailed insight into the prop-
erties of these ultra-minimalistic enzymes. Following purification
under strictly anaerobic conditions and semi-enzymatic recon-
stitution of the iron-sulfur clusters, the iron content of the enzyme
was determined to be 4.2 + 0.4 per protein (Figures S5B and
S5C), in agreement with the structural modeling indicating that
this enzyme contains a single [4Fe4S] cluster (Figure 2). The re-
constituted Fm hydrogenase was subsequently incubated with
[2Fe]®®. Successful H-cluster assembly was verified through
attenuated total reflection Fourier transformed infrared (ATR-
FTIR) spectroscopy, given that sharp cofactor bands in the ex-
pected CO/CN ligand band region of the FTIR spectra were

(Idh), ADP-forming acetyl-CoA synthetase (AcdA), acetate kinase (Ack), phosphate acetyltransferase (Pta), acetyl-CoA synthetase (Acs), and formate
C-acetyltransferase (PfID); fatty acid degradation: acyl-CoA dehydrogenase (ACAD); aromatics degradation: flavin prenyltransferase (UbiX); sulfur metabolism:
sulfur dioxygenase (Sdo), sulfate adenylyltransferase (Sat), adenylylsulfate kinase (CysC), sulfate adenylyltransferase subunit 1 (CysN), and anaerobic sulfite
reductase subunit A (AsrA). The right portion shows the diverse environments from where the archaeal genomes were retrieved. Note that the phylum QMZS01
was classified as Aenigmatarchaeota in GTDB R06-RS207, while Thermoproteota class EX4484-205 was proposed as Brockarchaeia.

See also Figures S1-S3 and S6.
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Figure 2. Archaea encode genetically and structurally diverse [FeFe] hydrogenases

Catalytic domain structure, genetic organization, and AlphaFold2-based structural modeling of representative [FeFe] hydrogenases encoded in archaeal
genomes.

(A) Group A1 [FeFe] hydrogenase from UBA95 sp002499405 (Micrarchaeota).

(B) Group E [FeFe] hydrogenase from “Ca. Forterrea multitransposorum”.

(C) Group B [FeFe] hydrogenase complex from “Ca. Prometheoarchaeum syntrophicum.”

(D) Group A3 [FeFe] hydrogenase complex from DSALO1 sp011380095 (Altarchaeota).

For each panel, the catalytic domain (H-cluster), iron-sulfur binding motifs, and amino acid sequence length are shown at the top. Genes encoding hydrogenase
structural subunits are shown in their genetic context beneath, labeled and colored consistent with the corresponding subunit in the structural models. Predicted
cofactors are positioned based on the structures of homologous proteins. A zoomed view of the H-cluster and conserved coordinating cysteine residues (C4 to
Cs) is shown for each group. For group B and A3 enzymes, FeS clusters within plausible electron transfer distance are connected by dashed lines. hydA, [FeFe]
hydrogenase; hydB, diaphorase; hydC, thioredoxin; hydD, nuoG-like conduit protein; hyd6TM, uncharacterized 4- to 6-helix transmembrane protein associated
with group A [FeFe] hydrogenases; (His)[4Fe4S], (Cys)sHis-ligated [4Fe4S] cluster binding domain; [2Fe2S], [2Fe2S] cluster binding domain; [4Fe4S], [4Fe4S]
cluster binding domain; 2[4Fe4S], bacterial ferredoxin-like 2[4Fe4S] cluster binding domain; 6Cys, putative iron-sulfur cluster binding domain. * HydC protein in
group A1 gene cluster was not predicted to form a complex with HydA. Surface structures are used for the multisubunit group B and A3 [FeFe] hydrogenases, with
ribbon diagram versions provided in Figure S3.

See also Figures S1-54.

readily observed (Figure 3B; Figure S5D). Our spectroscopic
analysis suggested that the enzyme was isolated in an inhibited
state. However, photochemical reduction resulted in the transi-
tion to catalytically active states (Figure 3B; Figure S5E) reminis-
cent of the oxidized active ready states (Hox and HoxH'®) and a
further reduced state (Hreq'”>°).

The catalytic properties of Fm were studied by protein film
electrochemistry (PFE). Cyclic voltammetry traces of the enzyme
recorded under a H, atmosphere showed the typical bidirec-
tional catalytic behavior commonly associated with [FeFe] hy-
drogenases®' (Figure 3C). A comparison of the reducing and
oxidizing currents observed at high driving force (300 mV vs.
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Figure 3. Three classes of [FeFe] hydrogenases encoded by archaea are catalytically active

(A) Hx gas production monitored from cell lysates in E. coli BL21(DE3) cells expressing group A1, B, and E [FeFe] hydrogenases from archaea. All cell lysates,
including the blank, were activated by addition of [2Fe]*®. H, was measured by gas chromatography (GC) after addition of methyl viologen and dithionite to
activated cell lysates, set to pH 6.8 with 100 mM KPi buffer. Activities are normalized for number of cells used (nmol H, min~" ODgoo ") and error bars reflect
standard deviation from biological triplicates. The strain expressing prototypical CrHydA1 was used as a positive control while “blank” represents the same strain
but containing an empty vector.

(B) FTIR spectra of the group E [FeFe] hydrogenase from “Ca. Forterrea multitransposorum” (Fm) after heterologous expression, semisynthetic maturation with
[2Fe]®®, and purification. The absorbance spectrum (top) indicates a CO-inhibited di-ferrous H-cluster state (Hsox-CO). The difference spectra (bottom) illustrates
the transitions of Fm into catalytically active states through photoreduction (illumination after the addition of eosin Y as a photosensitizer and triethanolamine as a
sacrificial electron donor). During illumination, bands associated with the highly oxidized CO-inhibited state decreased (gray bands), while new bands reflecting
reduced and catalytically active H-cluster states appear, assigned to HoxH (cyan), Hox (blue), and H,eq (red) (spectra arranged chronologically from top to bottom).
(C) Cyclic voltammetry traces of immobilized Fm (orange) with H, oxidation current densities at high potentials and H* reduction currents at low potentials. The
2H*/H, redox couple potential is indicated with a dashed line (E°’2H‘,H2). Scan direction is indicated by black arrows. The blank trace (gray) represents the
electrode without an immobilized enzyme film. The experiments were performed on two independent films for each enzyme at pH 7.0 (5 MM MES, 5 mM CHES,

5 mM HEPES, 5 mM TAPS, 5 mM sodium acetate [NaOAc], 0.1 M Na,SO,) and under 1 atm H,.

See also Figures S5.

reversible hydrogen electrode [RHE]) indicated that the enzyme
is clearly biased toward H* reduction catalysis relative to Hp
gas oxidation. This is in contrast to its closest characterized ho-
molog, the group C [FeFe] hydrogenase from the bacterium
Thermotoga maritima (28% sequence identity), which showed
a clear preference for H, oxidation.*’ Collectively, these results
show that archaeal monomeric [FeFe] hydrogenases bind a
redox-active H-cluster in a very well-defined environment and
suggest that they mediate fermentative H, production.

[FeFe] and [NiFe] hydrogenases associate into
complexes in uncultivated archaea

Remarkably, the group F [FeFe] hydrogenases appear to form
complexes with [NiFe] hydrogenases. 21 genomes encoded
these complexes through five gene clusters, including from the
classes Bathyarchaeia, Brockarchaeia, Thermoplasmata, Ther-
moproteia, and Lokiarchaeia (Figure 1; Table S2). Their defining
feature is the fusion of a C-terminal [FeFe] hydrogenase catalytic
domain (HydA) with an N-terminal domain homologous to the
group 3 [NiFe] hydrogenase small subunit (HyhS) (Figure 4A;
Figures S3E and S3F). Four other genes are contiguous with
this fusion: the large subunit of the group 3 [NiFe] hydrogenase
(HyhL), the diaphorase (HydB) and thioredoxin (HydC) subunits
of the electron-bifurcating/confurcating group A3 [FeFe] hydrog-
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enase, and a conduit subunit containing four iron-sulfur clusters
(herein HydD) (Figure S2). The thioredoxin, diaphorase, and
conduit subunits are, respectively, homologous to NuoE (subunit
E), NuoF (subunit F), and NuoG (subunit G), which together form
the NADH dehydrogenase module of complex 1.5% All four genes
are also present in the recently identified and structurally charac-
terized electron-bifurcating [NiFe] hydrogenase from Acetomi-
crobium mobile'*; however, the archaeal complex is distinct,
given it contains a true [FeFe] hydrogenase catalytic subunit
with an H-cluster domain that is fused to [NiFe] hydrogenase
small subunit. Of the archaeal [FeFe] hydrogenases, the group
F enzymes show the most conserved genetic organization in
archaea, presumably due to their association with [NiFe] hydrog-
enases (Figure S2). The genetically and phylogenetically distinct
group G [FeFe] hydrogenases, exclusive to the Brockarchaeia
genus JAAOZOO1, are also likely to form hybrid complexes (Fig-
ure S2; Table S2).

To confirm the catalytic activity of the group F [FeFe] hydrog-
enase, we recombinantly expressed and artificially matured two
HydA-HyhS fusion proteins from the candidate lineage Thermo-
plasmata SG8-5. One of these enzymes rapidly produced H,
over the time course (Th1), with relative activities of 5%
compared with the C. reinhardtii enzyme (Figure 4D; Table S5).
In contrast, the other enzyme (Th2) exhibited only low levels of
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Figure 4. [FeFe] and [NiFe] hydrogenases encoded by archaea are predicted to form unique complexes

(A) Catalytic domain structure and predicted operon encoding a putative complex of a group F [FeFe] hydrogenase and group 3 [NiFe] hydrogenase in Ther-
moplasmatota UBA147 sp002496385. hydA, [FeFe] hydrogenase catalytic domain (fused with hyhS); hydB, diaphorase; hydC, thioredoxin; hydD, nuoG-like
conduit protein; hyhL, group 3 [NiFe] hydrogenase catalytic subunit; hyhS, group 3 [NiFe] hydrogenase small/iron-sulfur domain (fused with hydA).

(B) Predicted surface structure, cofactor composition, and electron flow through four potential arms in the hybrid hydrogenase complex. [FeS] clusters are
numbered and labeled according to their subunit of origin (e.g., A1, A2, and A3 originate from the HydA subunit).

(C) Atomic structure of the predicted [FeFe]- and [NiFe]-hydrogenase active sites in the hybrid enzyme. Distances between catalytic cluster and coordinating
residues of less than 2.5 A are shown as blue dotted lines.

(D) Hz gas production monitored from cell lysates in E. coli BL21(DE3) cells expressing the Th1 and Th2 [FeFe] hydrogenases from archaea. The cell lysates were
activated by addition of [2Fe]®. H, levels were measured every 15 min for 2 h by gas chromatography after addition of methyl viologen and dithionite to activated

cell lysates, set to pH 6.8 with 100 mM KPi buffer. Activities are normalized for number of cells used (nmol H, ODgoo "

) and error bars reflect standard deviations

from two biological triplicates. Blank represents the same strain but contains an empty vector.

See also Figures S1-S4 and S7.

activity (Figure 4D). The proteins proved challenging to purify,
preventing a detailed in vitro characterization. It is likely that
these enzymes would display even higher activity if assembled
into a complex with the other subunits, though this would be
exceptionally challenging to achieve given that the archaea
encoding them are uncultivated and [NiFe] hydrogenases are
recalcitrant to heterologous production. These measurements
nevertheless confirm that these are bona fide hydrogenases
and that their activities are attributable to the H-cluster.

Finally, we performed AlphaFold2 modeling to infer whether
the [FeFe] and [NiFe] hydrogenases associate (Figures 4B and
4C). When modeled alone, the hybrid subunit was predicted to
contain a [FeFe] hydrogenase catalytic domain and a [NiFe] hy-
drogenase iron-sulfur cluster domain separated by a long flex-

ible linker (Figure S3F). Conserved cysteine ligands required to
ligate both the H-cluster of the [FeFe] hydrogenase and the three
electron-relaying [4Fe4S] clusters of the [NiFe] hydrogenase
component were both observed (Figure 4C; Figures S4A-S4C).
However, modeling of all five genetically contiguous subunits
(HydA-HyhS, HydBCD, HyhL) suggests that they form a stable
electron-bifurcating/confurcating complex (AG = —97.06 to
—219.7 kJ mol~"; PISA analysis) that associates through multiple
hydrogen bonds and salt bridges (Figure S3l). The structural
model suggests that the complex receives electrons through
the [FeFe] hydrogenase arm or the [NiFe] hydrogenase via a se-
ries of iron-sulfur clusters to a possible electron-converging
[4Fe4S] cluster on the hybrid subunit, or vice versa. Thereafter,
electrons are predicted to be simultaneously transferred to the
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high-potential NAD* at the HydC subunit and an undetermined
low-potential acceptor (likely ferredoxin) at the glutamate syn-
thase (GlItA) domain of the HydB subunit (Figure 4B). These ob-
servations are remarkable, given that [NiFe] and [FeFe] hydroge-
nases are not known to associate. Moreover, they suggest
surprising modularity of the [NiFe] hydrogenase small subunit,
given it has evidently co-evolved with both [NiFe] and [FeFe]
hydrogenases.

[FeFe] hydrogenases enable fermentation and electron
bifurcation in diverse archaea
We sought to understand the role of the various [FeFe] hydroge-
nases in the metabolism of archaea. To do so, we annotated the
high-quality archaeal genomes for genes associated with major
energy conservation and carbon acquisition processes. All
[FeFe] hydrogenase-encoding archaea are predicted to be obli-
gate anaerobes, given they lacked terminal oxidases. This is
consistent with the retrieval of the genomes from typically anoxic
ecosystems, especially groundwater, anaerobic digesters, and
sediments from hot springs, hydrothermal vents, and freshwater
(Figure 1; Table S1). Based on the retrieved genomes, most
DPANN archaea are likely to be symbiotic obligate fermenters
dependent on host-derived organic compounds; consistently,
they often encoded genes for the degradation and fermentation
of carbohydrates (primarily starch) and aromatic compounds,
but generally lacked respiratory reductases or carbon fixation
pathways (Figure 1). The other archaeal phyla were predicted
to be capable of a wider range of metabolic strategies, in line
with their larger genome sizes (Figure S1), including B-oxidation,
anaerobic respiration, and carbon fixation to varying extents
(Figure 1). Notably, some Asgard archaea encoded fumarate re-
ductases (Frd), reductive dehalogenases (Rdh), and anaerobic
sulfite reductases (Asr), with the latter enzyme also encoded in
certain MAGs from four other phyla. Several lineages were also
predicted to be capable of autotrophy through the Wood-
Ljungdahl (Lokiarchaeia, Thermoproteota) or reverse tricarbox-
ylic acid (Lokiarchaeia, Heimdallarchaeia, Thermoplasmatota)
pathways (Figure 1; Table S1). Most of the MAGs also encoded
ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO)
lineages known to function in nucleoside salvage.®®

The group A, B, and E [FeFe] hydrogenases likely facilitate
cofactor regeneration during organic carbon fermentation in
diverse archaea. Half of the archaea encode 2-oxoacid-
ferredoxin oxidoreductases, such as pyruvate-ferredoxin oxido-
reductases that couple the oxidation of the end product of
glycolysis (pyruvate) to the reduction of ferredoxin, and most
can gain ATP by converting the derived acetyl-coenzyme A
(CoA) to the end product acetate via the acetyl-CoA synthetase
or acetate kinase reaction (Figure 1). As supported by the struc-
tural modeling (Figure 2), the monomeric group A1, B, and E hy-
drogenases are predicted to couple ferredoxin reoxidation to H,
production. Also consistent with this role, 2-oxoacid-ferredoxin
oxidoreductase genes are frequently adjacent to [FeFe] hydrog-
enase genes in Nanoarchaeota and Micrarchaeota MAGs (Fig-
ure S2). By contrast, the trimeric group A3 [FeFe] hydrogenases
are predicted to simultaneously reoxidize ferredoxin (reduced
primarily by pyruvate-ferredoxin oxidoreductase) and NADH
(e.g., reduced during glycolysis) (Figure 2), in line with their bac-
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terial counterparts.’""*"* Congruently, the electron-bifurcating/
confurcating group A3 [FeFe] hydrogenases are associated with
those DPANN archaea harboring relatively complex carbohy-
drate degradation pathways (i.e., Woesearchaeles, Altarch-
aeota, some lainarchaeota) through which both NAD* and ferre-
doxin will be reduced (Figure 1). It is also notable that many
DPANN archaea encode the minimal group A1 and ultraminimal
group E [FeFe] hydrogenases as their sole Ho-metabolizing en-
zymes (Table S1); in conjunction with the simpler maturation
pathways of [FeFe] hydrogenases compared with [NiFe] hydrog-
enases, these genome-reduced microorganisms (average com-
pleteness-normalized genome size: 1.2 Mbp) have minimized
the genetic and cellular costs of metabolizing H. Further studies
are needed to determine what biochemical features differentiate
the monomeric group A1, B, and E [FeFe] hydrogenases and
whether they have distinct physiological roles. It cannot be ruled
out that the group B enzymes instead consume H, to support
anaerobic respiration or carbon fixation in Asgard archaea;
however, this seems unlikely given their reported H,-evolving ac-
tivities (Figure 3), structural features (Figure 2), and the hydroge-
nogenic lifestyle of “Ca. P. syntrophicum.”*®

The physiological role of the hybrid hydrogenases is unclear.
These enzymes are exclusively encoded by more metabolically
versatile archaea, including those with the capacity for carbon
fixation, B-oxidation, and energy-conversion using group 4
[NiFe] hydrogenases (Figure 1). The predicted structures sug-
gest that that these enzymes contribute to electron bifurcation
by transferring electrons from H, to both NAD* and likely ferre-
doxin, or vice versa (Figure 3). However, it is peculiar that a single
complex contains two seemingly redundant hydrogenase mod-
ules. A potential explanation is that one of the hydrogenase mod-
ules might act on a substrate other than H,, especially given
group 3 [NiFe] hydrogenases can serve as sulfhydrogenases
in vitro (i.e., mediating reduction of elemental sulfur to hydrogen
sulfide).®* A further rationale is that the two hydrogenase mod-
ules may differ in their affinities and/or oxygen tolerance,
enabling efficient H, oxidation across a wide range of environ-
mental conditions. However, perhaps the strongest possibility
is that the complexes act as redox valves, transferring electrons
either from NADH and reduced ferredoxin to a Ho-evolving [FeFe]
hydrogenase when reductant accumulates or from a H,-con-
suming [NiFe] hydrogenase to NAD* and oxidized ferredoxin
otherwise; this is consistent with previous observations that
electron-bifurcating hydrogenases act as H,-producing redox
valves during heterotrophic growth of bacteria in response to
variations in substrate availability and redox state.’® Other
enzyme complexes regulating opposite reactions have recently
been reported, namely between glutamate synthase (GItAB)
and glutamate dehydrogenase (GudB),®® with the GItA domain
of these enzymes also shared in the hybrid hydrogenase
complex.

[FeFe] hydrogenases have been acquired by archaea on
multiple occasions and have an ancient association with
[NiFe] hydrogenases

We investigated the evolutionary history of [FeFe] hydrogenases
through phylogenetic analysis of its catalytic subunit (Figure 5)
and three maturases (Figure S6). In agreement with their
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Figure 5. [FeFe] hydrogenases are diverse and ancient in archaea
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An unrooted maximum-likelihood phylogenetic tree of the catalytic subunit (HydA) of [FeFe] hydrogenases and the hybrid hydrogenases. The tree was con-
structed based on 3,677 amino acid sequences using the LG + C20 + R + F model. The numbers at the branches indicate the aLRT (approximate likelihood ratio
test) and ultrafast bootstrap (within bracket) support values, each with 1,000 replicates. The scale bar corresponds to the expected number of substitutions per
site. Colored circles at the tip indicate sequences from eukaryotes and major archaeal groups. All other sequences are from bacteria.

See also Figures S1-S3.

classification into known groups, the archaeal group A1, A3, and
B [FeFe] hydrogenases clustered with various bacterial and eu-
karyotic homologs; the group A enzymes form at least six radia-
tions, suggesting that they were laterally acquired from bacterial
enzymes over several independent events, whereas the archaeal
group B and E enzymes each formed a monophyletic clade (Fig-
ure 5). Based on phylogenies constructed using the best sup-
ported model (Figure 5) and their structural simplicity (Figure 2B),
the ultraminimal fermentative group E enzymes of archaea form a
sister clade to the multidomain sensory group C hydrogenases of
bacteria.”*"%%” We also re-examined the putative origin of
[FeFe] hydrogenases in eukaryotes in light of the syntrophy hy-
potheses for eukaryogenesis,'° given our finding that [FeFe]
hydrogenases are present both in Asgard archaea and unicellular

eukaryotes. Our data do not support the hypothesis that all eu-
karyotic [FeFe] hydrogenases were vertically acquired from an
Asgard archaeal ancestor. The eukaryotic enzymes cluster into
atleast five disparate clades, spanning both groups Aand B, sug-
gesting multiple horizontal acquisitions (Figure 5). In addition,
[FeFe] hydrogenases are absent from the Asgard genomes
most closely related to the archaeal ancestor of eukaryotes (Fig-
ure 1) and the alphaproteobacterial genomes most related to
mitochondria, %29 though this view could change with the addi-
tion of new genomes. Nevertheless, archaeal and eukaryotic
[FeFe] hydrogenases clustered together in three of these lineages
(including Lokiarchaeia with Tritrichomonas), suggesting that
some eukaryotes and archaea may have laterally exchanged
[FeFe] hydrogenase genes during their diversification (Figure 5).
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We also studied the distribution and phylogeny of the three
maturases that synthesize the [FeFe] hydrogenase cofactor,
HydE, HydF, and HydG. Of the 130 archaeal genomes encoding
[FeFe] hydrogenases, just five encode a full set of maturases and
three others encode an incomplete set (Table S3). Though
genome incompleteness means that the co-occurrence of hy-
drogenases and maturases will be underestimated, this does
not explain the absence of maturases in most genomes. Indeed,
maturase genes are even absent in the genome of the cultured
hydrogenogenic archaeon “Ca. P. syntrophicum”®® and the
closed genome of “Ca. F. multitransposorum” from which an
active [FeFe] hydrogenase was heterologously produced (Fig-
ure 3). In turn, it is likely that archaea synthesize [FeFe] hydrog-
enases through an alternative pathway. The existence of an
alternative pathway is consistent with reports that various eu-
karyotes lacking all (Giardia, Entamoeba®®°") or some (Mastiga-
moeba®?) maturases still make catalytically active Ho-producing
hydrogenases, as well as recent reports of a cytosolic [FeFe] hy-
drogenase in Trichomonas vaginalis® and the reported heterol-
ogous production of active [FeFe] hydrogenases in Synechocys-
tis cells lacking maturases.”® In line with findings for the
structural subunits, phylogenetic analysis of HydE, HydF, and
HydG suggests that archaea acquired maturases on several oc-
casions (Figures S6). Several archaeal maturases are closely
related to those that we recently identified in Chlamydiae and
eukaryotes.®°

Phylogenetic analyses also suggest an ancient origin of the
hybrid hydrogenases. In phylogenetic trees of the [FeFe] hydrog-
enase catalytic subunit, sequences of group F and G hydroge-
nases together formed a monophyletic branch distant from the
group A and group B-E superclades, suggesting an early diver-
gence of these archaeal enzymes (Figure 5). These sequences
formed long branches, given their divergence from other hydrog-
enases (~25% sequence identity to the model hydrogenase
C. reinhardtii HydA1). The discovery of these divergent archaeal
hydrogenases raises the question of whether [FeFe] hydroge-
nase first evolved in archaea or bacteria; however, the absence
of non-hydrogenase homologs ancestral to [FeFe] hydroge-
nases precludes the confident rooting of the tree needed to
make strong inferences. In phylogenetic trees of [NiFe] hydroge-
nases, the catalytic (large) subunits of the fusion proteins formed
multiple clusters (Figure S7A). In contrast, the iron-sulfur (small)
domain fused to the group F [FeFe] hydrogenase and the iron-
sulfur subunit downstream of the group G [FeFe] hydrogenase
each form distinct monophyletic subgroups within the group 3
[NiFe] hydrogenases (Figure S7B). Thus, as dictated by the
gene fusion, the iron-sulfur domain of hybrid complexes more
strongly co-evolved with the [FeFe]- than the [NiFe]-hydroge-
nase catalytic subunits. We propose that the components of
the hybrid hydrogenases are formally recognized as distinct lin-
eages, namely the group F and G [FeFe] hydrogenases and
group 3f and 3g [NiFe] hydrogenases, given their distinct phylog-
enies, structures, and potential physiological roles.

Limitations of the study

Although our combinatorial approach shows that [FeFe] hydrog-
enases from archaea are active, this study does not directly
observe their activity in their native hosts. Aimost all archaea en-
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coding these enzymes are uncultured, with the exception of
two extremely slow-growing, low-yield enrichment cultures of
Asgard archaea, and thus no genetic or biochemical systems
are currently available to study them in native hosts. Though
heterologously expressed archaeal hydrogenases incorporated
a synthetic catalytic H-cluster and often displayed high rates of
catalytic activity, it cannot be ruled out that some archaea
natively produce a distinct but related catalytic cluster for H,
catalysis through an unknown pathway, especially given that
most archaea lack the three conventional [FeFe] hydrogenase
maturases. Given its reliance on heterologous expression
and semisynthetic maturation, this study cannot determine
the native activity rates of these hydrogenases, especially for
those enzymes predicted to form multisubunit complexes. In
addition, while genome-wide metabolic analysis and structural
modeling are useful to infer the possible functions of [FeFe]
hydrogenases in the host cell, extensive experiments in host
cells are necessary to confirm their physiological roles and
interactions.

Conclusions

Archaea have evolved remarkably disparate ways to use [FeFe]
hydrogenases to adapt to anoxic environments. On one hand,
DPANN archaea have evolved ultraminimal enzymes to efficiently
dispose of reductant derived from carbohydrate fermentation.
Conversely, lineages such as Brockarchaeia and Lokiarchaeia
use distinct hybrids of [NiFe] and [FeFe] hydrogenases—among
the most complex hydrogenases described to date—to support
their diverse redox biology. These discoveries expand the
[FeFe] hydrogenases from four to seven groups, each with
distinct phylogenies, structures, and functions. In addition to
increasing our understanding of archaeal biology, these findings
also redefine our understanding of hydrogen metabolism and hy-
drogenase biochemistry by revealing: (1) [FeFe] hydrogenases
from all three domains of life are active, (2) the two dominant hy-
drogenase classes have co-evolved, and (3) a size minimum for
hydrogenases. The ultraminimal hydrogenases also provide ideal
templates both to understand enzymatic H, catalysis, for
example, determinants of rate, directionality, affinity, and oxygen
sensitivity, as well as flexible scaffolds for directed evolution of
efficient Ho-converting biocatalysts. More broadly, our approach
also emphasizes the potential of combining genome-resolved
metagenomics with accurate protein structure prediction and
heterologous production studies to discover new enzymes and
functions in uncultured microorganisms.
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Dithiothreitol VWR M109-5G
Ammonium iron(ll) sulfate Sigma 215406-100G
L-Cysteine Sigma C7352-100G
Recombinant cysteine desulfurase E. coli IscS Kindly provided by Prof. Marc N/A

Fontecave and Dr. Sandrine Ollagnier
de Choudens, CEA Grenoble'®°
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NucleoSpin Soil DNA extraction kit Macherey-Nagel 740780.250

mirVana miRNA isolation kit Invitrogen AM1561

TURBO DNase Invitrogen AM2239

iST lysis buffer Preomics NC1699276

Deposited data

Genome Taxonomy Database Parks et al.'"" GTDB 06-RS202 (https://gtdb.
ecogenomic.org/)

PATRIC Wattam et al.'®? https://www.bv-brc.org/

HydDB Sendergaard et al.'® https://services.birc.au.dk/hyddb/

40 assembled [FeFe] hydrogenase
encoding archaeal MAGs

Proteomes of ‘Ca. Lokiarchaeum
ossiferum’ B35 enrichments
Transcriptomes of ‘Ca. Lokiarchaeum
ossiferum’ B35 enrichments

Archaeal hydrogenase classification, structural
modelling, and ATR-FTIR data and description

This paper

This study

This study

This study

Figshare (dx.doi.org/10.6084/
m9.figshare.25587258)

PRIDE Archive (PXD047696)

NBCI (BioProject PRUNA1054498)

Figshare
(dx.doi.org/10.26180/25590891)

Recombinant DNA

Genes encoding Mu, la, Ps, Na, Fm were codon Genscript Gene Synthesis N/A
optimized for expression in E. coli, and cloned in Services. See codon-optimized

pET-11a(+) using restriction sites Ndel and BamHI sequences in Table S5

Software and algorithms

AlphaFold multimer v2.1.1 Tunyasuvunakool et al.'%® N/A
BLAST+ v2.9.0 Camacho et al.'” N/A
Bowtie v2.5.1 Langmed and Salzberg'®® N/A
CD-HIT v4.6 Fuetal.'®® N/A
CheckM Parks et al.'%” N/A
Clustal Omega v1.2.2 Sievers and Higgins'%® N/A
DIAMOND v0.9.31 Buchfink et al.'* N/A
dRep v.3.3 Olmetal.'" N/A
ETE v3.0.0 Huerta-Cepas et al.’"’ N/A
gggenes v0.4.1 https://github.com/wilkox/gggenes N/A
GOOSO0S https://github.com/jwestrob/GOOSOS N/A
GTDB-Tk v1.4.0 Chaumeil et al."'? N/A
HMMER v3.2.1 Wheeler and Eddy'"® N/A
IQ-TREE v1.6.12 Nguyen et al."'* N/A
iTOL v6.3.2 Letunic and Bork''® N/A
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KofamKOALA v1.3.0 Aramaki et al.""® N/A

MAFFT v7.304 Katoh and Standley''” N/A

METABOLIC Zhou et al.'® N/A

MMseqgs2 v13-45111 Steinegger and Séding’'® N/A

MsReport v0.0.14 Hollenstein et al.'®° N/A

Pfamscan Mistry et al.'?’! N/A

Prodigal v2.6.3 Hyatt et al.?? N/A

PSORTb v3.0.3 Yuetal.'*® N/A

QT-PISA Krissinel'** N/A

Spectronaut v17.6 https://biognosys.com/software/spectronaut/ N/A

StringTie v2.2.1 Perea et al.'?° N/A

trimAl Capella-Gutiérrez et al.’*® N/A

Trimmomatic v0.36 Bolger et al.’ N/A

Geneious Basic Kearse et al.'*® https://www.geneious.com;

RRID:SCR_010519

GPES software v4.9.006 Metrohm/Autolab N/A

OPUS software v8.2 Build:8,2,21 (20181203) Bruker Optik GmbH'*°

Origin 8 Northampton, https://www.originlab.com/;
MA 01060 US RRID:SCR_014212

PGSTAT10 Eco/Chemie N/A

Other

ATR unit was sealed with a custom build PEEK cell BioRadll from Harrick; N/A

that allowed for gas exchange and illumination Vertex V70v, Bruker'?°

mounted in a FTIR spectrometer

Cell Kit for Rotating Electrodes (1x 24/25, Equilabrium SAS AKCELL3

4x 14/20), 150 mL, water-jacketed

Bearing Assembly (fits AFE6BMB or Equilabrium SAS ACO1TPA6M

AFE9MBA shafts to 24/25 joint)

MSR Shaft for ES/ESTQ/E5HT RDE Equilabrium SAS AFE6MB

Tips and E6/E7/E8 RRDE Tips

E5 RDE Tip, 5mm OD edge plane PG (epoxy Equilabrium SAS AFE5T050GEPK

encapsulated), 15mm OD PEEK shroud

Graphite Counter Electrode Kit, 14/20 sleeve Equilabrium SAS AFCTR3B

Glass fritted tube, 12 mm OD, 14/20 Port Equilabrium SAS RRPG097

PTFE Adapter, 12 mm OD tube to 14/20 Equilabrium SAS ACEP1420R12

Reference Electrode (silver chloride, Equilabrium SAS RREF0021

single jxn, pin connector, 14/20 adapter)

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Chris

Greening (chris.greening@monash.edu).

Materials availability

Plasmids and bacterial strains generated in this study are available upon request from the Berggren Group, Uppsala Universitet.

Data and code availability

® Archaeal hydrogenase classification, structural modelling, and ATR-FTIR data and description have been deposited to Fig-
share (https://doi.org/10.26180/25590891). Assembled genomes reported can be accessed at Figshare (https://doi.org/10.
6084/m9.figshare.25587258). Mass spectrometric proteomics and transcriptomics data of Ca. Lokiarchaeum ossiferum B35

Cell 187, 3357-3372.e1-€9, June 20, 2024  e3


mailto:chris.greening@monash.edu
https://doi.org/10.26180/25590891
https://doi.org/10.6084/m9.figshare.25587258
https://doi.org/10.6084/m9.figshare.25587258
https://biognosys.com/software/spectronaut/
https://www.geneious.com
https://www.originlab.com/

¢? CellPress Cell

OPEN ACCESS

enrichment culture have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the data-
set identifier PXD047696 and NCBI under BioProject ID PRINA1054498, respectively.

® There is no original code reported in this publication.

® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Strains, media and growth conditions
‘Ca. Lokiarchaeum ossiferum’ B35 enrichments for transcriptomic and proteomic analyses were grown in MLM medium®® at 20 °C
under a headspace atmosphere of 80:20 N,:CO, (0.3 bar). Per litre, the medium contains 20.7 g NaCl, 5 g MgCl,-6H.0, 2.7 g
NaHCO3, 1.36 g CaCl,-2H,0, 0.54 g NH,4CI, 0.14 g KH,POy4, 0.03 g Na,S-9H,0, 0.03 g cysteine-HCI, 0.5 ml of acid trace element
solution, 0.5 ml of alkaline trace element solution, 1 ml Se/W solution, and 0.1% casein hydrolysate (w/v). The acid trace element
solution (per litre) contains 1.491 g FeCl,-4H,0, 0.062 g H3BO3, 0.068 g ZnCl,, 0.017 g CuCl,-H,0, 0.099 g MnCl,-4H,0, 0.119 g
CoCl,-6H,0, 0.024 g NiCl,-6H,0, and 4.106 ml HCI (37%). The alkaline trace element solution (per litre) contains 0.017 g
NaySeOs3;, 0.033 g Na,WO,, 0.021 g Na,MoO,, and 0.4 g NaOH. The medium pH was adjusted to 7.5 and contained ampicillin, kana-
mycin, and streptomycin (200 ng ml~' each). The cultures were sampled every 14 days and DNA was extracted using the NucleoSpin
Soil DNA extraction kit (Macherey-Nagel) according to the manufacturer’s instructions. Growth was monitored by gPCR assays using
primers LkF (5'- ATC GAT AGG GGC CGT GAG AG) and LkR (5’- CCC GAC CAC TTG AAG AGC TG,) targeting lokiarchaeal 16S rRNA
genes as previously described.>®

Chemically competent E. coli BL21(DE3) and E. coli Origami™ B(DE3) strains were used as vectors for heterologous expression of
archaeal [FeFe] hydrogenases. Starter cultures were grown overnight in LB medium containing 100 pg mL™" ampicillin at 37°C. These
cultures were subsequently used to inoculate M9 medium (22 mM Na,HPQO4, 22 mM KH,PO,4, 85 mM NaCl, 18 mM NH,4CI, 0.2 mM
MgSOQO,, 0.1 mM CaCly, 0.4% (v/v) glucose) containing 100 pg/mL ampicillin and 15 pg/mL kanamycin for protein expression and pu-
rification. Cultures were grown at 37°C and 150 rpm.

METHOD DETAILS

Genome sources

In this study, 130 archaeal genomes encoding [FeFe] hydrogenases were analysed. 40 genomes are MAGs retrieved from our un-
published datasets at ggKbase (https://ggkbase.berkeley.edu/archaeal_hydrogenases). 77 genomes were retrieved from the
Genome Taxonomy Database (GTDB) R06-RS202'°" following a search of all 2,339 archaeal species representative genomes.
GTDB was chosen as the data source as it offers a standardised taxonomy, a manageable search space due to pre-clustered se-
guences, and genomes pre-annotated with gene predictions.’*° In addition, 13 other Asgardarchaeota genomes were retrieved
from PATRIC."% Full details of the genomes analysed are provided in Table S1. All 130 genomes were examined for completeness
and contamination with CheckM'°” and manually curated through taxonomic profiling in ggKbase. Initial taxonomic classification of
genome bins was performed with GTDB-Tk-R202""? and subsequently confirmed by constructing phylogenetic trees. All archaeal
genomes analysed were dereplicated at 95% average nucleotide identity using dRep v.3.3."1°

Metagenomic assembly and binning

The 40 MAGs were retrieved from a range of anoxic ecosystems. Most MAGs came from previously reported study sites, namely Guay-
mas Basin hydrothermal vents (7 MAGs; Gulf of California, Mexico),'®' Lac Lavin freshwater lake (6 MAGs; central France),'* Crystal
Geyser (6 MAGs; Utah, USA),'** Chinese hot springs (5 MAGs; 2 from Yunnan Province and 3 from Tibetan Plateau, China),'®* an aquifer
(3 MAGs; Napa County, California, USA),"*® Manure lagoon (2 MAGs, California, USA),'*® an aquifer adjacent to the Colorado River (3
MAGs; Rifle, Colorado, USA),"*® a wetland soil (2 MAGs; Napa County, California, USA),"®” Alum Rock mineral spring (1 MAG; San
Jose, California),’*® Zodletone Spring (1 MAG; Anadarko, Oklahoma, USA), Azore Islands hot springs (1 MAGs, Portugal),'*® a borehole
(1 MAG, Muzunami, Japan)."®® Sampling, DNA extraction, sequencing library preparation, and sequencing methods were previously
described. Briefly, metagenomic sequencing reads assembled using IDBA-UD.'*® Contigs larger than 2.5 kb were retained, and
sequencing reads from all samples were mapped against each resulting assembly utilizing Bowtie2."% Differential coverage profiles,
filtered with a 95% read identity threshold, were then used for genome binning using a suite of binning tools (MetaBAT2,"’
VAMB,'** MaxBin2,'*® Abawaca (https:/github.com/CK7/abawaca), with the final bin choice determined by DAS Tool.'** Additionally,
1 MAG was obtained from samples from Corona Mine drainage at the Oat Hill Mine, Napa County, California, USA; in this case, water was
filtered through 2.5 and 0.1 um filters sequentially, DNA was extracted from each filter separately, and two runs of lllumina paired-end
sequencing were performed at 150 bp and 250 bp read lengths. 1 MAG were also obtained from hyporheic zone water sampled from
beneath the riverbed of the East River, Gunnison County, Colorado, USA,; in this case, water was filtered through a 0.1 um filter, DNA
was extracted from the filter, and lllumina sequencing was performed with a read length of 150 bp. For the East River and Oat Hill
Mine samples, genome data were assembled using MetaSPAdes v3.15.5"“° with default k-mer values. Draft genomes reconstructed
using the MetaBAT2,"'*' VAMB, '“? MaxBin2,'** and via ggKbase manual binning tools and the best genome selected using DAS Tool.'*
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Identification of archaeal [FeFe] hydrogenase genes

The process of identifying [FeFe] hydrogenase enzymes in archaea involved matching a “training” profile of known [FeFe] hydrog-
enases against a database of “candidate” protein sequences. Representative archaeal genomes from GTDB R06-RS202 were used
as the data source for candidate hydrogenases.'®" The training data was the catalytic domains of the [FeFe] hydrogenases identified
in the HydDB.'® The analysis pipeline was written using the Nextflow pipeline framework, which allowed for the analysis to be run
reproducibly in containers, which were executed in parallel across nodes of the computing cluster.’“® The first process in the pipeline
performed a multiple sequence alignment of training sequences, which was then used to build a hidden Markov model (HMM) using
hmmer3''® that modelled the primary sequence of the [FeFe] hydrogenase catalytic domain. Candidate protein sequences with
length greater than 100,000 amino acids were first excluded from the analysis. Each protein sequence from each representative
genome was then matched against the HMM to obtain a bit score, which represented the similarity of the candidate sequence to
the known enzyme profile. Preliminary matches with a positive bit score were retained and then filtered by the presence of the CxxxC
motif required to ligate the [FeFe] hydrogenase catalytic centre. The matches passing this filter were then aggregated into a report,
along with their taxonomy and bit score. Following this, the matches were manually inspected through a combination of Conserved
Domain Database (CDD) annotations'*” and phylogenetic analysis to derive a bit score cutoff. A final cutoff of 15.9 was chosen to
include all true positives and exclude all other sequences.

Analysis of [FeFe] hydrogenase domain architecture

[FeFe] hydrogenases are often multidomain proteins comprising a conserved H,-activating domain named the H-cluster and various
accessory domains at the N- and C-terminals involved in electron transfer or H, sensing.'*” To locate the positions of the H-cluster,
all retrieved archaeal [FeFe] hydrogenase sequences were aligned against the trimmed reference [FeFe] hydrogenase H-cluster se-
quences from HydDB'® using Clustal Omega v1.2.2 (default setting).'® N- and C-terminal regions outside of the H-cluster were ex-
tracted and annotated against CDD v3.19'*" using rpsblast (-evalue 0.01 -max_hsps 1 -max_target_segs 10) in BLAST+ v2.9.0."%*
The N-terminal fusion of the small subunit of [NiFe] hydrogenase with certain archaeal [FeFe] hydrogenases was confirmed by
searching against Pfam protein family database v34.0'“® and protein structural modelling as detailed below. The N- and C-terminal
sequences of [FeFe] hydrogenases were further searched for the presence of signature iron-sulfur cluster motifs or specific pattern of
cysteine residues that are potentially involved in electron transfer: plant ferredoxin-like [2Fe2S] (Cx10-11Cx2Cx11-15C); bacterial ferre-
doxin-like 2[4Fe4S] (CyoCyxoCyx3Cxo3-32Cx2Cx2CxaC); (Cys)sHis-ligated [4Fe4S] (Hyo-3CxoCxsC).”° Based on the domain organization
and the classification scheme by Land et al.>’, archaeal [FeFe] hydrogenases were assigned into different subclasses. Domain anno-
tation and subclass classification results of the [FeFe] hydrogenases are summarized in Table S2.

Analysis of [FeFe] hydrogenase genetic organization

To characterise the genetic context and potential interacting proteins of archaeal [FeFe] hydrogenases, up to 10 genes upstream and
downstream of the catalytic subunits were retrieved. These neighbouring genes were annotated against CDD v3.1 947 using rpsblast
(-evalue 0.01 -max_hsps 1 -max_target_segs 5)in BLAST+ v2.9.0,'%* the Pfam protein family database v34.0"“® using PfamScan v1.6
(default setting),’®! and the NCBI RefSeq protein database release 202'“° using DIAMOND v0.9.31 blastp algorithm (-max-hsps 1
—max-target-segs 1).'%? Protein subcellular localization and the presence of internal helices of the gene were predicted using
PSORTb v3.0.3 (-archaea).'® The subgroup lineage of the flanking gene that encodes large subunit of [NiFe] hydrogenase was clas-
sified using HydDB.'® To facilitate curation of the annotation results and identification of conserved neighbouring genes, all flanking
genes were clustered at an identity threshold of 30% and a minimum coverage of 80% using MMseqs2 (-min-seqg-id 0.3 -c 0.8 —cov-
mode 1 —cluster-mode 2 -s 7.5)."'® The R package gggenes v0.4.1 (https://github.com/wilkox/gggenes) was used to construct gene
arrangement diagrams. All sequences, annotations, and genetic arrangements are summarized in Table S2.

Identification of archaeal [FeFe] hydrogenase maturases

To probe the maturation pathway and evolution of [FeFe] hydrogenases in Archaea, we performed a genomic survey of the three
conserved [FeFe] hydrogenase maturases (HydE, HydF, HydG) in all representative archaeal species in GTDB R06-RS202.'°" We
first compiled a comprehensive database of known [FeFe] hydrogenase maturase sequences from bacteria and eukaryotes and
expanded the dataset based on BLAST searches against the NCBI non-redundant protein database (Nov 2021)."°° New and
authentic divergent hits including from archaea were included in the final database, which was then used to screen for the presence
of [FeFe] hydrogenase maturases in archaeal genomes. To enable the discovery of phylogenetically novel maturases, a relaxed
default setting of the DIAMOND v0.9.31 BLASTp algorithm was first applied.'%° False positive hits were filtered by further searching
against CDD v3.19'%" for the presence of rSAM_HydE (TIGR03956), rSAM_HydG (TIGR03955), and GTP_HydF (TIGR03918) do-
mains. The [FeFe] hydrogenase maturase databases and hits from the archaeal genomes are provided in Table S3.

‘Ca. Lokiarchaeum ossiferum’ transcriptomic analysis

When ‘Ca. L. ossiferum’ B35 cells reached mid to late exponential growth (~8.0 x 10° 16S rRNA gene copies/mL), 35 ml of enrich-
ment culture was centrifuged at 20,000 x g for 30 minutes, 4°C. The resulting pellet was used for RNA extraction, which was per-
formed using the mirVana miRNA isolation kit (Invitrogen), according to the manufacturer’s instructions. To remove any leftover
genomic DNA, the samples were incubated with TURBO DNase (Invitrogen) at 37°C for 1 h. The absence of DNA was confirmed
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through lokiarchaeal 16S rRNA gene PCR assays. Metatranscriptomic analysis was performed using the NovaSeq PE150 platform
through the services of the company Novogene (United Kingdom). The RNA-seq data were analyzed with Trimmomatic v0.36' to
remove adaptor sequences and filtering low-quality reads using the following parameters: LEADING:3 TRAILING:3 MINLEN:36. High
quality reads from both replicates (s1 and s2) were mapped to the genome of ‘Ca. L. ossiferum’ B35 using bowtie2 v2.5.1."%° Tran-
script expression was normalized into transcripts per million (TPM) using StringTie v2.2.1."2°

‘Ca. Lokiarchaeum ossiferum’ proteomic analysis

Pellets of exponential growth phase ‘Ca. L. ossiferum’ enrichments were suspended in 100 uL iST lysis buffer (Preomics). To lyse
cells, the suspensions were heated (95°C, 1,000 rpm, 10 min), sonicated (water bath, 3 mins), homogenized (Beatbox (Preomics),
10 mins, high setting), and further heated (95°C, 1,000 rpm, 10 min). Samples were then centrifuged at 10,000 x g for 1 min and
50 pL supernatants were digested using the iST kit following the vendor’s protocol (Preomics). Peptides were separated on a
Vanquish Neo nano-flow chromatography system (Thermo-Fisher), using a pre-column for sample loading (Acclaim PepMap
C18, 2 cm x 0.1 mm, 5 pm, Thermo Fisher), and a C18 analytical column (Acclaim PepMap C18, 50 cm x 0.75 mm, 2 um,
Thermo-Fisher), applying a segmented linear gradient from 2% to 35% and finally 80% solvent B (80 % acetonitrile, 0.1 % formic
acid; solvent A 0.1 % formic acid) at a flow rate of 230 nL min™' over 120 min. Eluting peptides were analyzed on an Exploris 480
Orbitrap mass spectrometer (Thermo Fisher), which was coupled to the column with a FAIMS pro ion-source (Thermo-Fisher) us-
ing coated emitter tips (PepSep, MSWil). The mass spectrometer was operated in DIA mode with the FAIMS CV set to -45, the
survey scans were obtained in a mass range of 350-1200 m/z, at a resolution of 60k at 200 m/z and a normalized AGC target at
300%. 60 MSMS spectra with variable isolation width between 7 and 191 m/z covering 349.5-1200.5 m/z range, including 1 m/z
windows overlap, were acquired in the HCD cell at 30% collision energy at a normalized AGC target of 1000% and a resolution of
30k. The max. injection time was set to auto. Raw data were processed using Spectronaut software v.17.6 (https://biognosys.
com/software/spectronaut/) with the DirectDIA+ workflow. A custom database that included the Ca. L. ossiferum B35 proteins
and the most common contaminants was used. The searches were performed with full trypsin specificity and a maximum of 2
missed cleavages at a protein and peptide spectrum match false discovery rate of 1%. Carbamidomethylation of cysteine resi-
dues were set as fixed, oxidation of methionine and N-terminal acetylation as variable modifications. The cross-run normalization
was turned off and all other settings were left as default. Computational analysis was performed using Python and the in-house
developed Python library MsReport v.0.0.14."?° Protein intensity less than 1000 was set to missing to remove the low-quality
quantification values. LFQ protein intensities reported by SpectroNaut were log,-transformed and normalized across samples us-
ing the ModeNormalizer from MsReport. The missing normalized LFQ intensity values were imputed by drawing random values
from a normal distribution after filtering out contaminants, proteins with less than 2 peptides and less than 1 quantified values
in at least one group.

AlphaFold2 structural modelling

[FeFe] hydrogenase models were generated using AlphaFold multimer v2.1.1 implemented on the Monash University MASSIVE M3
computing cluster.?® %% The amino acid sequences for HydA from each of the [FeFe] hydrogenase groups (A1, A3, B, E, and F) shown
in Table S5 and below were modelled both alone and with the sequences of putative complex partners present in the hydrogenase
gene cluster. Modelling with putative complex partners was performed iteratively, with output models assessed to determine if a
credible complex was generated. Predicted complexes were then modelled with higher stoichiometries, where possible given lim-
itations of GPU RAM (~2,500 amino acids), to predict larger order structures. Models produced were validated based on confidence
scores (pLDDT) with only regions with a confidence score of >85 utilised for analysis. Where complexes were predicted subunit in-
terfaces were inspected manually for surface complementarity and the absence of clashing atoms. Interfaces were also analysed for
stability using the program QT-PISA,'**"*" with only interfaces predicted to be stable utilised for analysis. To assign cofactors to
[FeFe] hydrogenase models generated by AlphaFold the closest homologous structures or domains were identified by searching
the PDB database using NCBI BLAST or the DALI server.'®?'°® The homologous structures were aligned with the AlphaFold models
and cofactors were added in corresponding positions to that of the experimental structures, providing all conserved coordinating
residues were present. Cofactor position was then manually adjusted to optimise coordination and to minimise clashes. The PDB
IDs for the structures were used to model cofactors for the archaeal hydrogenases are:

o Group A1 — UBA95 sp002499405 (Micrarchaeota), ‘Ca. lainarchaeum andersonii’: HydA = 6GMO Chain A

® Group A3-DSALO01 sp011380095 (Altarchaeota): HydA = 6GMO Chain A; HydB (NuoF-like) = 7E5Z chain B; HydC (NuoE-like) =
7E5Z chain A

® Group B -‘Ca. Prometheoarchaeum syntrophicum’: HydA = 6GMO0 Chain A ([FeFe] hydrogenase domain), 7BKD Chain A (ferre-
doxin domain); HydC (NuoE-like) = 8E9G Chain E

o Group E - CABMGNO1 sp902385635 (Nanoarchaeota), ‘Ca. Forterrea multitransposorum’: HydA = 6GMO Chain A

® Group F - UBA147 sp002496385 (Thermoplasmatota): HydA = 6GMO chain A ([FeFe] hydrogenase domain), 50DC chain E
(INiFe] hydrogenase small domain); HyhL = 50DC chain L; HydD (NuoG-like) = 7T2R chain A, 50DC chain E; HydB (NuoF-
like) = 7E5Z chain B, 7MFM chain |I; HydC (NuoE-like) = 7E5Z chain A
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Protein expression and characterization

All chemicals used during the protein production and characterization were purchased from VWR and used as received unless other-
wise stated. The genes encoding group A, B, E, and F [FeFe] hydrogenases (Table S1) were codon optimized for expression in E. coli,
synthesized, and cloned in pET-11a(+) by Genscript using restriction sites Ndel and BamHI. Codon optimized sequences can be
found in Table S5. Expression constructs were re-transformed in chemically competent E. coli BL21(DE3) cells to express the
apo-forms of the hydrogenases lacking the diiron subsite of the H-cluster. Starter cultures were grown overnight in 5 mL LB medium
containing 100 pg mL™" ampicillin at 37°C. These cultures were subsequently used to inoculate 80 mL of M9 medium (22 mM
Nay,HPO4, 22 mM KH,PO,4, 85 mM NaCl, 18 mM NH4CI, 0.2 mM MgSO,, 0.1 mM CaCl,, 0.4% (v/v) glucose) containing 100 pg
mL™" ampicillin. Cultures were grown at 37°C and 150 rpm until an optical density (ODgg0) of approximately 0.4 to 0.6 was reached.
Protein expression was induced by the addition of 0.1 mM FeSO,4 and 1 mM IPTG. Induced cultures were incubated at 20°C and
150 rpm for approximately 16 h. Cells were thereafter harvested by centrifugation at 4,930 x g for 10 mins at 4°C. All subsequent
operations were carried out under anaerobic conditions to prevent hydrogenase inactivation by atmospheric oxygen in an
MBRAUN glovebox ([O5] < 5 ppm). The cell pellet was resuspended in a 0.5 mL lysis buffer (30 mM Tris-HC pH 8.0, 0.2 % (v/v) Triton
X-100, 0.6 mg mL™ lysozyme, 0.1 mg mL™' DNase, 0.1 mg mL™' RNase). Cell lysis was performed by three cycles of freezing/thawing
in liquid N», and the supernatant was recovered by centrifugation (29,080 x g, 10 mins, 4°C).

Hydrogenase semisynthetic maturation

The subsite [2Fe],; subsite mimic, (Et4N)o[Fex(SCH,NHCH,S)(CO)4(CN),] ([2Fe]?¥), was synthesized in accordance to literature pro-
tocols with minor modifications and verified by FTIR spectroscopy.®>°° Incorporation of cofactor was performed by addition of
100 pg the [2Fe]®™ subsite mimic (final concentration 80 pM) to 380 ulL of the supernatant in potassium phosphate buffer
(100 mM, pH 6.8) and 1 % (v/v) Triton X-100. The reaction mixture was enclosed in an airtight vial and was anaerobically incubated
at 20°C for 1-4 hr. The non-purified lysate containing the [2Fe]*™! subsite mimic was mixed with 200 pL of potassium phosphate buffer
(100 mM, pH 6.8) with 10 mM methyl viologen and 20 mM sodium dithionite. Reactions were incubated at 37°C up to 120 mins. H,
production was determined by analysing the reaction headspace every 15 mins using a PerkinElmer Clarus 500 gas chromatograph
(GC) equipped with a thermal conductivity detector (TCD) and a stainless-steel column packed with Molecular Sieve (60/80 mesh).
The operational temperatures of the injection port, oven, and detector were 100°C, 80°C, and 100°C, respectively. Argon was used as
carrier gas at a flow rate of 35 mL min~". The three biological replicates were run at varying times (1-4 hours) of incubating the cell
lysates with the [2Fe]*¥ subsite mimic. Incubation time was not found to influence the observed H, production. Thus, variation in
H-cluster formation rates did not appear to have a substantial influence on the outcome of the screening process.

Hydrogenase purification

Expression construct with verified sequence of the group E [FeFe] hydrogenase from ‘Ca. Forterrea multitransposorum’ (Fm) was
retransformed in chemically competent E. coli Origami™ B(DES3) cells since the strain yielded the highest expression levels from
the small-scale expression tests. Starting cultures were grown overnight in 10 mL LB medium containing 100 pg/mL ampicillin
and 15 pg/mL kanamycin at 37°C. These cultures were subsequently used to inoculate 1 L of M9 medium (22 mM Na,HPOQ,,
22 mM KH,PO,, 85 mM NaCl, 18 mM NH,CI, 0.2 mM MgSO,, 0.1 mM CaCl,, 0.4% (v/v) glucose) containing 100 ng/mL ampicillin
and 15 pg/mL kanamycin. Cultures were grown at 37°C and 150 rpm until an optical density (ODggg) of approximately 0.4 was
reached. Protein expression was induced by the addition of 0.1 mM FeSO,4 and 1 mM IPTG. Induced cultures were incubated at
20°C and 150 rpm for approximately 16 h. Cells were thereafter harvested by centrifugation in a Beckman Coulter Avanti J-25 centri-
fuge (4,424 x g, 10 min). All subsequent operations were carried out under anaerobic conditions in the glovebox to prevent hydrog-
enase inactivation by atmospheric oxygen. The cell pellet was resuspended in 100 mM Tris-HCI pH 8.0, with NaCl (150 mM), MgCl,
(10 mM), lysozyme from chicken egg white (1 mg/mL), DNAse | from bovine pancreas (0.05 mg/mL), RNase A from bovine pancreas
(0.05 mg/mL), and a tablet of cOmplete™ EDTA-free protease inhibitor cocktail, and was incubated inside the glovebox for 30 min.
Cell lysis was performed by three cycles of freezing/thawing in liquid N,. Cell debris was removed by centrifugation in a Beckman
Coulter Optima L-90K Ultracentrifuge (222,592 x g, 60 min). The supernatant was collected and filtered (0.45 um syringe filter) before
being loaded on a StrepTrap™ XT (Cytiva) affinity column using a BioLogic DuoFlow™ FPLC system (Bio-Rad) and purified according
to the manufacturers instructions. Products eluted by 50 mM biotin were concentrated using Amicon®Ultra 30 kDa molecular weight
cut-off (MWCO) centrifugal filters (Merck Millipore Ltd.). The StrepTrap™ eluates were further separated using size exclusion chro-
matography via Superdex™ 200 10/300 GL, equilibrated in 100 mM Tris-HCI, 150 mM NaCl pH 8.0, to acquire purified Fm
(Figures S5B and S5C). Samples were stored anaerobically at —80 °C. Coomassie-stained SDS-PAGE was used to assess purity.
Protein estimations were performed via Bradford assay using bovine serum albumin as a standard.'** Quantification of Fe-content
was performed using a previously reported assay'®® using a commercially available Fe?* standard for AAS TraceCERT (Sigma Al-
drich) for the calibration curve.

Activation of purified hydrogenase

To semi-enzymatically reconstitute the iron-sulfur clusters of Fm, a solution of 50 uM apoprotein in 100 mM Tris-HCI, 150 mM NaCl
pH 8.0 was incubated with 500 uM dithiothreitol (DTT) under strictly anaerobic conditions for 10 min at room temperature. The iron
and sulfur sources were ferrous ammonium sulfate and L-cysteine, respectively, both added in 1.5-fold molar excess to the desired
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number of Fe-atoms to be added. Reconstitution was initiated by adding a 1% molar equivalent of recombinant cysteine desulfurase
(E. coli 1scS), slowly releasing sulfide in situ from cysteine. Reaction mixtures were incubated at room temperature up to 2 hours. At
the same time, the increase of absorbance around 405 nm was monitored by UV/Vis (Figures S5B and S5C). The reconstitution pro-
cess was stopped by running the reaction mixture through a PD-10 column (GE Healthcare), equilibrated in 100 mM Tris-HCI, 150 mM
NaCl pH 8.0. To activate Fm with [2Fe]®®, under strictly anaerobic conditions, the reconstituted enzyme (50 1M) was mixed with so-
dium dithionite (1 mM, 20x excess) in 100 mM phosphate buffer, pH 6.8 and incubated in room temperature for 10 minutes. Cofactor
incorporation started with the addition of [2Fe]* (600 M, 12x excess), and the reaction mixture was incubated for 1 h. The mixture
was loaded onto a PD-10 desalting column (GE Healthcare) equilibrated with 10 mM Tris-HCI pH 8.0. The sample was concentrated
using Amicon®Ultra 30 kDa MWCO centrifugal filters (Merck Millipore Ltd.), aliquoted into PCR tubes, and transferred into airtight
serum vials (3-5 pL each) before they were flash-frozen in liquid N, and stored at -80°C until further use.

Protein film electrochemistry

Protein film electrochemistry experiments were carried out under anaerobic conditions at 20°C and pH 7.0. The three-electrode sys-
tem was made up of (1) Ag/AgCI (4 M KCI) as reference electrode, (2) rotating disk 5 mm OD pyrolytic graphite edge (PGE) plane
(epoxy encapsulated) as working electrode, and (3) graphite rod as the counter electrode. The gas-tight glass cell used featured a
water jacket for temperature control and a cell gas inlet/outlet for hydrogen flow control. The buffer used was composed of 5 mM
MES, 5 mM CHES, 5 mM HEPES, 5 mM TAPS, 5 mM sodium acetate (NaOAc), with 0.1 M Na,SO, as carrying electrolyte titrated
with H,SO,4 to pH 7.0, and purged with N, for 3 to 4 hours. The PGE working electrodes were polished with P1200 sandpaper
and rinsed with purified water before they were brought into the glovebox. To remove residual O, in the PGE electrode, cyclic vol-
tammograms were run at 100 mV/s from -100 to -600 mV (vs. standard hydrogen electrode (SHE)) for 40 scans. The cyclic voltammo-
gram of the blank electrode (no enzyme immobilized) was then recorded at 10 mV/s with the working electrode rotated at 3 krpm.
Polycationic polymyxin B sulfate (5 uL of 0.2 mg/mL) was added onto the deaerated PGE surface before adding 5 uL of 5 uM acti-
vated enzyme. The mixture was left for 10 min for maximal adsorption before the excess solution was removed by pipet. The cyclic
voltammogram of the system with the immobilized enzyme was then recorded at 10 mV/s under 1 atm of H,. Electrochemical data
was acquired using an Eco/Chemie PGSTAT10 and the GPES software (Metrohm/Autolab). Data were analyzed using Origin 8 soft-
ware. All values are referenced versus SHE. Experiments were conducted on two independent enzyme films, with each film scanned
at least three times.

ATR-FTIR spectroscopy

2 pL enzyme solution (110 uM of Fm) in 10 mM Tris buffer (pH 8) was deposited on the ATR crystal. The ATR unit (BioRadll from
Harrick) was sealed with a custom build PEEK cell that allowed for gas exchange and illumination mounted in a FTIR spectrometer
(Vertex V70v, Bruker).'?° The sample was dried under 100% nitrogen gas and rehydrated with a humidified aerosol (100 mM Tris-HCI,
pH 8). Spectra were recorded with 2 cm™ resolution, a scanner velocity of 80 Hz and averaged of varying number of scans (mostly
1000 Scans). All measurements were performed at ambient conditions (room temperature and pressure, hydrated enzyme films).
Photochemical reduction was achieved through a previously established protocol.'®®'>” In short, an enzyme film prepared as
described above also including Eosin Y (6 mM, 0.5 pL) and triethanolamine (TEOA, 200 mM, 2 ul) was illuminated using a Schott
KL2500LCD cold light source. Spectra shown in Figure 3 are representative examples of two technical replicates. Data were analysed
using OPUS'?° and Origin 2019 Software.

Genome-wide metabolic annotations

For all archaeal genomes encoding [FeFe] hydrogenases, genes were predicted using Prodigal v2.6.3."?? Preliminary functional an-
notations were established and cross-referenced using KEGG HMMs, UniRef100 and UniProt, and collections of metabolic capac-
ities in genome bins were reviewed using ggKbase genome summaries, as previously described.’® Each open reading frame in the
archaeal genomes was assigned a KEGG Orthology if the best-scoring KEGG HMM surpassed the bitscore cutoff. For a targeted
profiling of the metabolic capacity of the archaeal genomes, we performed a homology-based search against our custom curated
database (https://doi.org/10.26180/c.5230745) consisting of metabolic marker genes involved in carbon fixation (RbcL, AcsB,
AclB, Mcr, Hbs), alternative electron donors (FdhA, CoxL, CooS, McrA, MmoA, PmoA, IsoA, FCC, Sar, Sor, SoxB, PsaA, PsbA,
ARO), alternative electron acceptors (AsrA, DsrA, NarG, NapA, NirS, NirK, NrfA, NosZ, NorB, Nod, MtrB, OmcB, YgfK, RdhA), respi-
ration (SdhA, FrdA, CoxA, CcoN, CyoA, CydA, AtpA) using DIAMOND v.2.0.11 with filtering cutoffs described previously.** Briefly,
hits were filtered based on a minimum query cover of 80% and an identity threshold of 50%, except for CoxL, MmoA, and RbcL (all
60%), AtpA, ARO, IsoA, PsbA, and YgfK (all 70%), Hbs (75%), and PsaA (80%). The functional annotations were expanded to include
marker genes for fermentation, fatty acid degradation, aromatic compound degradation, carbohydrate metabolism, and sulfur meta-
bolism using curated HMMs from METABOLIC''® and KofamKOALA v1.3.0"'® with default bitscore thresholds. Hits were further in-
spected and filtered through searching the NCBI CDD database and final annotation results are summarized in Table S1.

Genome-level phylogenetic analysis

To construct the archaeal genome tree, 15 conserved syntenic ribosomal proteins'°® were retrieved, aligned, and concatenated us-
ing GOOSOS (https://github.com/jwestrob/GOOSOS) using all archaeal genomes at least 60% complete and less than 5%
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contaminated (based on CheckM'%"). Genomes containing at least 75% of the 15 syntenic proteins were retained. The concatenated
ribosomal protein sequences were aligned using MAFFT,""” followed by trimming with trimAl'2® using the -gt 0.1 option. The final
length of the trimmed concatenated protein alignment was 3224 amino acids for 118 genomes. Branch support was obtained using
the ultrafast bootstrap method'>® implemented in IQ-TREE v1.6.12"'* and the phylogeny was estimated utilizing the following param-
eters -bb 1000 -m LG+F+G4. All trees were visualized using iTOL v6.3.2.""°

Gene-level phylogenetic analysis

The amino acid sequences of [FeFe] hydrogenases catalytic subunits (HydA) were retrieved from three datasets: the archaeal ge-
nomes analysed in this study, all reference sequences from the hydrogenase database (HydDB),'® and additional eukaryotic ge-
nomes.®° For all datasets, taxonomy was assigned to each sequence using ETE v3.0.0""" and CD-HIT v4.6'°° was used to reduce
the dataset at the 80% amino acid sequence identity level. The multiple sequences retrieved were aligned using MAFFT v7.304 (set-
tings: —localpair -maxiterate 1000 —reorder).''” The resulting alignment was trimmed using trimAl (settings: -gt 0.1)'?® and manually
inspected with Geneious'?® to remove partial sequences (Dataset S1). Using ModelFinder with default parameters implemented in
IQ-TREE v1.6.1,"™ the best-fit model according to Bayesian information criterion (BIC) was determined to be LG+C20+R+F.
Maximum likelihood phylogenetic trees using the LG+F+G4 substitution model were constructed using IQ-TREE v1.6.1""* (setting:
-m LG+C20+R+F -nt AUTO -bb 1000 -alrt 1000). To ensure the robustness of the phylogenetic inference, trees were built with 1000
ultrafast bootstraps and 1000 aLRT (Approximate Likelihood Ratio Test)'®° (Dataset S1). The models were applied to 3,677 amino
acid sequences of the catalytic subunit (HydA) of [FeFe] hydrogenases, including the hybrid hydrogenases.

QUANTIFICATION AND STATISTICAL ANALYSIS

No statistical comparison was made in this study. The experimental data were shown as the mean + SEMs and the number of rep-
licates was specified in figure legends where appropriate. No data were excluded for data analysis.
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Figure S1. Genome statistics, hydrogenase maturases, and hydrogenase domain structure of 130 [FeFe] hydrogenase-encoding archaeal
genomes, related to Figures 1, 2, 4, and 5

(A and B) Bar charts showing the size and completeness (CheckM) of [FeFe] hydrogenase-encoding archaeal genomes from GTDB R05-RS202 (77 in total), newly
assembled metagenomes (40 in total), and PATRIC (13 in total).

(C) Heatmap showing the detection of known [FeFe] hydrogenase maturase (HydEFG) homologs based on homology search (Table S3). Navy shading denotes
the presence of the homolog.

(D) Domain and iron-sulfur cluster organization of archaeal [FeFe] hydrogenase.

Incomplete open reading frames are denoted by asterisks (*) next to arrows. Subclass (protein domain structure-based scheme) and subgroup (protein phy-
logeny-based scheme) classification of [FeFe] hydrogenases are based on Land et al.>” and Greening et al.,” respectively, with modifications proposed by the
current study. H-cluster, catalytic domain of [FeFe] hydrogenase; hyhS, [NiFe] hydrogenase small subunit/iron-sulfur domain; (His)[4Fe4S], (Cys)sHis-ligated
[4Fe4S] cluster binding domain; [2Fe2S], [2Fe2S] cluster binding domain; [4Fe4S], [4Fe4S] cluster binding domain; 2[4Fe4S], bacterial ferredoxin-like 2[4Fe4S]
cluster binding domain; 6Cys, putative iron-sulfur cluster binding domain. Note that the phylum QMZS01 was classified as Aenigmatarchaeota in GTDB R06-
RS207, while Thermoproteota class EX4484-205 was proposed as Brockarchaeia.
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Figure S2. Genetic organization of 136 archaeal [FeFe] hydrogenases, related to Figures 1, 2, 4, and 5

Up to 10 genes upstream and downstream of the [FeFe] hydrogenase (hydA) are shown. Gene length is shown to scale. hydA, [FeFe] hydrogenase; hydS, [FeFe]
hydrogenase small subunit; hydB, [FeFe] hydrogenase diaphorase subunit; hydC, [FeFe] hydrogenase thioredoxin subunit; hydD, [FeFe] hydrogenase nuoG-like
conduit protein; hydF, [FeFe] hydrogenase H-cluster maturation GTPase; hyd6TM, uncharacterized 4 to 6-helix transmembrane protein associated with group A
[FeFe] hydrogenases; hyhL/hoxH, group 3 [NiFe] hydrogenase catalytic subunit; hyhS/hoxY, group 3 [NiFe] hydrogenase small subunit; hyhD/hoxD, group 3 [NiFe]
hydrogenase iron-sulfur subunit D; hyhB, group 3 [NiFe] hydrogenase diaphorase electron transfer subunit; hyhG, group 3 [NiFe] hydrogenase diaphorase
catalytic subunit; hyaD, [NiFe] hydrogenase maturation protease; hypABCDEF, [NiFe] hydrogenase maturation factors; hdrABC, CoB-CoM heterodisulfide
reductase subunits; oorAB/porAB, 2-oxoacid:acceptor or pyruvate:ferredoxin oxidoreductase alpha and beta subunits. Detailed information on loci, annotations,
and amino acid sequences of each gene are available in Table S2.
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Figure S3. Analysis of AlphaFold2 models of archaeal [FeFe] hydrogenases, related to Figures 1, 2, 4, and 5

(A) Genetic organization and model of the group A1 [FeFe] hydrogenase from Ca. lainarchaeum andersonii.

(B) Genetic organization and model of the group E [FeFe] hydrogenase from CABMGNO1 sp902385635 (Nanoarchaeota).

(C) Model of the group B [FeFe] hydrogenase complex from Ca. Prometheoarchaeum syntrophicum.

(D) Model of the group A3 [FeFe] hydrogenase complex from DSALO1 sp011380095 (Altarchaeota).

(E) Model of the complete group F [FeFe] hydrogenase from Thermoplasmatota UBA147.

(F) Model of the HydA-HyhS fusion from the group F [FeFe] hydrogenase from Thermoplasmatota UBA147.

(G-) The stability of protein-protein interfaces predicted by AlphaFold2 for each subunit of the group A3 Altarchaeota hydrogenase (G), the group B Ca. P.
syntrophicum hydrogenase (H), and the group F Thermoplasmatota hydrogenase (I) shown with the relevant subunit displayed as a cartoon, with the rest of the
complex shown as a surface view (top). PISA software package predicted parameters indicating the stability of each interface shown as a bulls-eye plot, with a
larger blue area indicating that the complex is stable (bottom).
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(legend on next page)



¢ CelPress Cell

OPEN ACCESS

Figure S4. Conservation of active site residues in different classes of [FeFe] hydrogenases, sequence comparison of archaeal [FeFe] hy-
drogenases against bacterial [FeFe] hydrogenases, and structural comparison of the ultraminimal group E [FeFe] hydrogenase Fm, related
to Figures 2 and 4

(A) Structural view of the active site of Clostridium pasteurianum [FeFe] hydrogenase (Cpl, PDB: 4XDC) showing the H-cluster and interacting amino acid residues.
(B) Normalized consensus logos of [FeFe] hydrogenase groups A-F generated in Jalview using a ClustalQ sequence alignment of sequences retrieved from
Greening et al.” and this work. Coloring is based on the Clustal X color scheme. Numbering is based on Cpl and black numbers are illustrated in the top panel.
(C) Amino acid sequences of the archaeal [FeFe] hydrogenases heterologously expressed in this work.

(D) A sequence alignment of archaeal [FeFe] hydrogenases expressed in this study with the prototypical [FeFe] hydrogenases from Chlamydomonas reinhardftii
(CrHydA1) and Clostridium pasteurianum (Cpl). Positions corresponding to the catalytic cysteines are highlighted in red. Gaps in the group E [FeFe] hydrogenases
(Na and Fm) that contribute to the small size of this group are highlighted in blue.

(E) Cartoon representations of archaeal minimal group E and A1 [FeFe] hydrogenases, and structurally characterized minimal, monomeric, and multimeric [FeFe]
hydrogenases from bacteria.

(F) A comparison of Fm with HydA1 from C. reinhardtii (PDB: 6GM5) with the location of connecting loops or structural elements with reduced size in Fm labeled L1
to L6 to aid comparison.

(G) A comparison of Fm with Clp from C. pasteurianum, displayed and labeled as in (F).
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Figure S5. Heterologous expression of archaeal [FeFe] hydrogenases, and isolation, reconstitution of the [4Fe-4S]* cluster, FTIR difference
spectra, and redox state kinetics of Fm, related to Figure 3

(A) Expression constructs with verified sequences were transformed in chemically competent E. coli BL21(DE3). Protein bands are shown from before induction
with IPTG in lane B, after induction (name-subclass and with the expected kDa size in parenthesis), and lysate or supernatant after cell lysis and centrifugation in
lane L. The bands in each after-induction lane corresponded well with the expected molecular weights in kDa. Both group A1 [FeFe] hydrogenases (Mu and la)
had the highest expression and solubility levels. In contrast, the group F (Th1, Th2) and group B (Ps) enzymes exhibited moderate expression levels but poor
solubilities in agueous solutions. The group E (Na and Fm) enzymes exhibited high expression levels but poor solubility.

(B) SDS-PAGE gel of purified Fm (33 kDa), obtained following expression in E. coli Origami B(DE3) and StrepTrap XT purification. Target protein indicated with
horizontal arrow.

(C) UV-visible spectra of Fm (205 M) after reconstitution of [4Fe-4S]?* cluster (blue spectrum), indicated by the absorbance at 405 nm. The Fe/protein content
was 4.2 + 0.4 after reconstitution, in agreement with the presence of a single [4Fe-4S] cluster. Upon addition of 20x excess sodium dithionite (NaDT, red
spectrum), a decrease in absorbance at 405 nm is observable, indicating the reduction of [4Fe-4S]?* cluster to [4Fe-4S]*. Spectra were collected in a 1-mm path
length cuvette.

(D) The full set of difference spectra of the photoreduction experiment shown in Figure 3B in the main text. The super-oxidized CO-inhibited Hsox-CO species (gray
bands) depopulates in favor of the one-electron-reduced oxidized states HoxH (cyan bands) and Hox (blue bands). During continuous photoreduction, the
oxidized species are further reduced to the [4Fe4S] cluster reduced state H,o4’ (red bands). lllumination that facilitates photoreduction was applied for 88 s.

(legend continued on next page)
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(E) The summed delta peak area of each redox state of the difference spectra in (D) is plotted over the time course of the photoreduction experiment. The
illumination period is indicated by the gray area. The depopulation of the super-oxidized CO-inhibited Hsox-CO species (black) is mostly completed within 44 s. At
the same time the oxidized states HoxH (cyan) and Ho (blue) reach their maximum population during photoreduction. Subsequently during the illumination period
Hred’ @accumulates at the expense of the oxidized species (until 88 s). After photoreduction (88 s) H,.4' converts back into the oxidized species. Note that no re-
population of Hgox-CO was detected.
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and Jones-Taylor-Thornton (JTT) matrix-based model with 50 bootstrap replicates and midpoint rooting.
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Figure S7. Phylogenetic trees of the [NiFe] hydrogenase large/catalytic subunit (HyhL) and iron-sulfur domain/small subunit (HyhS), with
focus on group 3 [NiFe] hydrogenases, related to Figure 4
(A) HyhL. The subunits predicted to associate with [FeFe] hydrogenases are shown in red (for group F [FeFe] hydrogenases) and purple (for group G [FeFe]
hydrogenases).
(B) The domain that fuses with the group F [FeFe] hydrogenases is shown in red. The unfused subunit encoded downstream of group G [FeFe] hydrogenases is
shown in purple.
Evolutionary history was inferred using the maximum-likelihood method and Jones-Taylor-Thornton (JTT) matrix-based model with 50 bootstrap replicates and
midpoint rooting.
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