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Methyl-coenzyme M reductase (MCR) is the enzyme responsible for nearly all
biologically generated methane. Its active site comprises coenzymeF;,, a porphyrin-

based cofactor with a central nickel ion that is active exclusively in the Ni(l) state?>.
How methanogenic archaea perform the reductive activation of F,;, represents
amajor gap in our understanding of one of the most ancient bioenergetic systems
innature. Here we purified and characterized the MCR activation complex from
Methanococcus maripaludis. McrC, asmall subunit encoded in the mcroperon,
co-purifies with the methanogenic marker proteins Mmp7, Mmp17, Mmp3 and the
A2 component. We demonstrated that this complex can activate MCRinvitroina
strictly ATP-dependent manner, enabling the formation of methane. Inaddition, we
determined the cryo-electron microscopy structure of the MCR activation complex
exhibiting different functional states with local resolutions reaching 1.8-2.1A. Our
datarevealed three complex iron-sulfur clusters that formed an electron transfer
pathway towards F ;.. Topology and electron paramagnetic resonance spectroscopy
analyses indicate that these clusters are similar to the [8Fe-9S-C] cluster, a maturation
intermediate of the catalytic cofactor in nitrogenase. Altogether, our findings offer
insights into the activation mechanism of MCR and prospects on the early evolution

of nitrogenase.

Annually, methanogenic archaea release up to 1 Gt of methane (CH,)
into the environment'. The enzyme responsible for CH, formation is
methyl-coenzyme M reductase (MCR). MCR is one of the most abun-
dant enzymes on Earth and has animportant role in the carbon cycle,
especially because up to 50% of the CH, released worldwide is pro-
duced by MCR-containing microorganisms, significantly influencing
climate change*. MCR enzymatically reduces methyl-coenzyme M
(CH;-S-CoM) to CH,, with coenzyme B (CoB-SH) as the electron
donor for the concomitant formation of CoMS-SCoB heterodisulfide.
Similarly, methanotrophs and alkane-oxidizing archaea carry MCR
homologues that operate in reverse at considerably lower rates*¢. The
structure of MCR has been thoroughly described as a 275-kDa het-
erohexameric complex with an active site that contains coenzyme
F 40, @ Ni-coordinated tetrapyrrole cofactor sitting at the interface
of subunits McrA, McrB and McrG, arranged in an A,B,G, stoichiom-
etry?®. The nickel ion of F 5, can exist in the oxidation states of +1, +2
and +3; however, to initiate the catalytic cycle, nickel must be in the
Ni(l) state (MCR,.q). Onceisolated, F 5, is prone to auto-oxidize into the
inactive and electron paramagnetic resonance (EPR)-silent Ni(ll) state
(MCRg;en), Which exhibits remarkable resilience in reverting back to
MCR, 4. The Ni(lll) state is referred to as MCR,,; and, similar to MCR, .,

shows a characteristic EPR spectrum. By treating cells of Methano-
thermobacter marburgensis with H,, CO or Na,S, it has been possible
to reactivate MCR,,, back into the MCR,; state’ ™,

The mechanism by which methanogens achieve the redox potential
of the Ni(Il)/Ni(I) couple in the F;, cofactor (E°’ =-650 mV for the
isolated cofactor)" remains elusive. A clue emerged directly from
the mcrBDCGA operon. Although the mature complex consists
of McrABG, the functions of McrD and McrC were only partially
described. McrD has been proposed to facilitate the translocation
of F,;, to the active site of MCR™. Moreover, the addition of McrD
alleviated product inhibition during the synthesis of F 5, in vitro,
suggesting that it is a possible chaperone®. By contrast, McrC has
beenidentified in a multi-protein system, potentially activating F 5,
to the reduced Ni(l) state™. Previously, isolated fractions known as
A2, A3a and MCR were able to produce CH, when ATP, vitamin B,,,
Ti(lll) citrate, CH;—S-CoM and CoB-SH were supplied in the reac-
tion®. Later, the A2 component was established as an ATP-binding
cassette (ABC) homologue'®. A3a comprises several uncharacterized
methanogenic marker proteins” (Mmp) along with McrC and the
multi-enzyme complex Hdr-Mvh-Fwd, suggesting that electron
bifurcation may be necessary for the activation process. Nevertheless,
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structural and mechanistic evidence for a protein complex capable
of activating F,;, has yet to be obtained.

Here we report the MCR activation complex of Methanococcus
maripaludis as an ATP-dependent system. Using redox-controlled
cryo-electron microscopy (cryo-EM) single-particle analysis, we
resolved a structure (local resolution of 1.8 A) showing how the A2
component binds to MCR and is potentially involved in rearrange-
ments driven by ATP hydrolysis. We found three complex iron-sulfur
(FeS) clusters similarin structure to the L-cluster, a maturation inter-
mediate of the nitrogenase catalytic cofactor’®". These FeS clusters
form an unexpected electron transfer pathway to the F 5, site and may
direct low-potential electrons to reduce the nickelioninF ;. Overall,
our biochemical evidence, cryo-EM structures and spectroscopic
data pave the way towards understanding the unique MCR activation
machinery.

ATP drives complex binding and MCR activation

We integrated a Twin-Strep-tag into the genome of the mesophilic,
hydrogenotrophic methanogen M. maripaludis® at the N terminus of
McrC (Supplementary Tables 1and 2 and Extended DataFig. 1), and the
modified strain showed no growth perturbations when comparedtothe
wild type. By affinity purification of Twin-Strep McrC (Fig. 1a), the MCR
coresubunits McrA (61kDa), McrB (46.7 kDa) and McrG (29.6 kDa) were
pulled down. Along with Twin-Strep McrC (24.3 kDa), the methanogenic
marker proteins Mmp7 (34.9 kDa), Mmp17 (21.1kDa), Mmp3 (56.5 kDa),
A2 component (59.5 kDa) and a protein of unknown function (DUF2098;
10.6 kDa) were also co-purified. Twin-Strep McrC was verified by west-
ernblotusing ananti-Twin-Strep-tag antibody (Fig. 1a) and mass spec-
trometry, confirming all the co-purified subunits and post-translational
modifications in McrA (Supplementary Table 3 and Extended Data
Fig. 2a). The complex migrated as two major peaks (280 nm) during
size exclusion chromatography (SEC; Fig. 1b). Both peaks showed
absorbance at 430 nm owing to the presence of F,;,, but only the
larger peak (approximately 500 kDa) had a signal at 330 nm, indicat-
ing potential FeS clusters® in the MCR activation complex. The smaller
SEC peak (approximately 298 kDa) is in good agreement with that of
the MCR core alone (Fig. 1b and Extended Data Fig. 2b,c). Ultraviolet—
visible spectroscopy (UV-Vis) spectrashowed thatboth the activation
complex-bound MCR and the MCR core shared a maximum absorb-
ance ataround 420 nmand ashoulder at 447 nm, which was more pro-
nounced in the MCR core (Extended Data Fig. 2d,e). These electronic
features are consistent with those of Ni(Il)-MCRy;..>*?, leading us to
conclude that most of the F 5, rests in the Ni(ll) state in both the bio-
genesis intermediate and MCR. However, the Ni(Il[)-MCR,, features
inthe UV-Vis spectrum cannot be discarded either (see below).
Toinvestigate the ability of the purified complex to activate MCRin
an ATP-dependent manner, we established anin vitro assay following
the production of CH, (Fig. 1c). Before the reaction, 5 pM of the enzyme
was preactivated at 37 °C and pH 7 in the presence of Ti(lll) citrate,
CH,-S-CoM and ATP to avoid inhibition by the immediate formation
of CoMS-SCoB*? (Methods). Then, 12 pg of activated protein was
added to the mixture containing CH;-S-CoM, CoB-SH and the remain-
ingreaction components. Thereactionresultedin40 + 6 nmol of CH,
after 2h at 37 °C and pH 7 when the sample was preincubated in the
presence of 5 mMATP, doubling the CH, produced by the non-activated
enzyme (Extended Data Fig. 2f). Without external addition of ATP (‘as
isolated’), only 9 £ 2 nmol of CH, was produced (Fig. 1c). Strikingly,
when alkaline phosphatase wasincluded to deplete the ATPin the reac-
tion, no CH, production was detected. Hence, under the assay condi-
tions, Ti(lll) citrate at pH 7 cannot reduce the nickel ion in F 5, unless
ATP is present. Thus, the basal production of CH, is probably due to
trace amounts of ATP co-purified with the protein complex. Although
further attempts to determine activity rates were hindered because
of the low protein yields (less than 0.5 mg of the activation complex
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from10 [ of culture), our activity assays proved that the generation of
CH, is clearly ATP-dependent, requiring a minimal set of necessary
components for the activation of MCR.

We analysed the effect of ATP onthe formation of the activation com-
plex using mass photometry, a single-molecule technique (Extended
DataFig. 2g). For the ‘asisolated’ sample, mass photometry confirmed
an assembly of 502 kDa and defined peaks of smaller size, indicating
partial disruption when extensively diluted (0.03 uM protein). ATP
complementation stabilized the binding of the smaller subunitsto the
larger MCR activation complex. A similar effect was observed when
AMP-PNP, anon-hydrolysable ATP analogue, was used instead of ATP.
This demonstrates that ATP binding promotes the assembly of the A2
component with MCR, reinforcing the crucial function of A2 for full
complex formation.

Architecture of the MCR activation complex

To reveal the molecular structure of the MCR activation complex,
we vitrified the protein ‘as isolated’ and after incubating with 5 mM
ATP under redox-controlled anaerobic conditions (Methods), before
performing cryo-EM single-particle analysis. Addressing preferred ori-
entation effects, we used acombination of non-tilted and 20° pre-tilted
micrographsforthe ‘asisolated’ sample (Extended DataFig. 3), whereas
only 25° pre-tilted micrographs were used for the complex incubated
with ATP (Extended Data Fig. 4). Our analysis revealed two different
assembly intermediates from the ‘as isolated’ dataset. One map har-
bours the full activation complex, including the A2 component (58%
of particles) at a resolution of 2.5 A, whereas the second map repre-
sents an assembly lacking the A2 subunit (42% of particles), refined to
aresolution of 2.7 A. In line with our mass photometry observations,
the occupancy of the A2 component in the sample preincubated with
ATP drastically increased (92% of the particles). This dataset allowed
us to refine a structure with a global resolution of 2.1 A (Fig. 1d). Fur-
thermore, after masked 3D classification and local refinement steps,
the protein region containing F,;, and FeS clusters reached a local
resolution of 1.8 A (Extended Data Fig. 5). Therefore, the previously
observed role of ATP in the stabilization of the A2 component was
further confirmed.

Our structures revealed that the activation complex binds asymmet-
rically to only one of the MCR heterotrimers (Fig. 1d and Extended Data
Fig. 6a). The Mmp proteins collectively encircled one side of the MCR
core, with the heart of this complex formed by McrC, Mmp7, Mmp17
(partially resolved; Extended Data Fig. 6b) and Mmp3, which held the
core subunits together. McrC used a flexible loop (C138 to 1168) to bind
DUF2098 (Extended Data Fig. 6¢), whereas a second loop (V72Y“ to
K95M€) wedged into the N-terminal helix of the more proximal McrA,
whichbecame disordered and created agroove towards the F,;,at the
activesite (Fig. 2a,b). This unfolded N-terminal helix of McrA was held
in place by van der Waals contacts from Y404/F405M™° together with
P396/F399*?, mainly sandwiching L12/F16M° (Fig. 2c). In Methano-
sarcina acetivorans, the same region of McrA is recognized by McrD
before the translocation of F 5, (ref. 12). Therefore, this latch within
McrA emerged as akey interaction site with the activation machinery,
regulating access to the F ;o binding cavity.

The A2 component consisted of two ABC family domains arranged
antiparallel to each other (Extended Data Fig. 6d). A2 sits on the back-
side of MCR binding McrG through electrostaticinteractions, without
contacting the other activation subunits (Fig. 2d and Extended Data
Fig. 6e). The N-terminal region of A2 contains a highly flexible loop
coordinatinga Znion, which is conserved among methanogenic and
methanotrophicspecies (Extended DataFig. 6f). Our structure revealed
two ATP molecules and their coordinating Mg ions (Fig. 2d), indicat-
ing that the structure captured the enzyme in a pre-hydrolytic state.
This finding reinforces the basal production of CH, when ATP was not
addedinvitro (Fig. 1c).
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Fig.1|Composition, ATP-dependentinvitro activationand molecular
architecture of the MCR activation complex. a, Purified subunits of the MCR
activation complex and westernblotting of Twin-Strep McrC using an anti-Twin-
Strep-tagantibody. At least three independent polyacrylamide gels exhibited
thesame separation pattern (for uncropped gels, see Supplementary Fig. 1).

b, Separation of the MCR activation complex and MCR core by SEC (Extended
DataFig. 2b,c).c, CH, production assays showing the ATP-dependent activation
of MCRinvitro. Control, reaction with no protein; ~ATP, depletion of ATP with

Functional asymmetry in MCR during activation

Our model unveils a functional asymmetry within both active sites of
the MCR core (Fig. 3 and Extended Data Fig. 7). Both heterotrimers
contained an F ;o molecule, fitting neatly into a pocket formed by each
McrABG protomer. We defined the activation complex binding to the

180"9_.

180°9_.

alkaline phosphatase (Quick CIP; Methods); Asiso, ‘asisolated’ protein; +ATP,
external addition of ATP. All data points are presented as mean values + s.e.m.
(errorbars) from threeindependent biological replicates, each with three
technicalreplicates. Statistical analysis was performed using an unpaired t-test
tocomparethereaction without ATP (-ATP) versus ‘Asiso’ (significance level
P<0.0001)and +ATP versus ‘Asiso’ (significancelevel P<0.0001).d, Segmented
cryo-EM map (top) and corresponding protein model (bottom) of the MCR
activation complex.

‘proximalside’ of MCR. At the distal side ("), the architecture was consist-
entwiththereportedstructures of MCR>* (Fig. 3a). Axial coordination
of the Niion in F 3, by both Q151™ and the thiol in CoM-SH was pre-
sent, with the latter being stabilized by Y336 and Y367 hydroxy
groups. Similarly, the phosphate moiety of CoB-SH was kept in place by
the positively charged McrAresidues R229, K260 and methylated H261.

Nature | www.nature.com | 3



Article

Fig.2|Interactionsbetween MCR and the activation complex proteins.

a, Bottom view of the disordered N-terminal helix of McrA relative to McrC and
theactivation complex. Owing to the high flexibility, residues 31-58 of McrA
aremissingin the electron density (dashed line). The MCR coreis depicted asa
surface; only the unfolded region of McrA and the activation subunits are shown
ascartoons. The electron density is depicted as amesh (contour level 6 of 0.04).
b, Overlay of McrA and McrA’ (proximal and distal to the activation complex,

Inthe proximal active site, we found the CoMS-SCoB heterodisulfide
next to F,;, (Fig. 3b). However, the product interacted with the Niion
in a significantly different manner than earlier crystal structures®*
(Extended DataFig. 7a), in which the sulfonate oxygen atoms of CoM-
SHare perpendicularly oriented towards the tetrapyrrole plane of F 5,
withinanarrow hydrophobic pocket. In our model, the position of the
CoM-SH fraction runs parallel to the tetrapyrrole plane, nearly mir-
roring the distal side. In the middle, the newly formed S-S bondisin
close distance to the Niion (Fig. 3b). This coordination is particularly
relevant, representing a nascent disulfide intermediate discussedin all
proposed MCR mechanisms®%. Around the heptanoyl chain of CoMS-
SCoB, displacements above 3 A (more than10 Ainthe ‘asisolated’ struc-
ture) of loops F361-G371M“® and K244-E249M“* enabled the CoB moiety
to freely descend through the active pocket (Fig. 3c-e and Extended
Data Fig. 7b). Such conformational changes directly impact the CoB
fraction, which becomes very flexible asimplied by the electron density
maps (Extended Data Fig. 5b). On the opposite side of F 5, a5.5-Arear-
rangement in theloop containing the Ni-coordinating Q151 avoids
its canonical axial coordination (Fig. 3b,e). Hydrophobicinteractions
between L88/179¥"“ and V150M facilitated the formation of agroove
atthe N-terminal region of McrA (Fig. 2a and Extended Data Fig. 7¢,d).
Additionally, the electrostatic contacts of R177M“ with E156™™ stabi-
lized the opening. This remodelling may permit both the reduction of
F,0and further release of CoMS-SCoB from the active site.

When compared to the structure without the A2 component (Extended
Data Fig. 6a), no significant differences were found in the active site
or wedging loop of McrC. However, in the absence of A2 (Fig. 2c), the
N-terminal helix of McrA became completely diffusive (Extended Data
Fig. 6a). Altogether, this unique ATPase may not only stabilize the opening
latch of McrA but also facilitates ATP-dependent collective motionsinthe
activation complex subunits (Fig. 3 and Extended Data Figs. 3c and 5a).
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respectively) showing the displacement and loss of secondary structure from
the N-terminal section of McrA. ¢, Hydrophobic patches formed by the
C-terminal domain of Mmp3 and the A2 component to hold the disordered
N-terminal helix of McrA.d, A2 component (cartoon) sitting on the backside

of MCR (surface). ATP molecules bind within both active sites, suggesting a
pre-hydrolytic state (contour level 0 of 0.08). Mg ions are shown as pink spheres.

Nitrogenase-like FeS clusters pathway

Shapinga potential electron transfer pathway towardsF ,;,, we observed
threeelectron-richregions at theinterface of McrC, Mmp7 and Mmpl17
(Fig. 4a-cand Extended Data Fig. 8a). These densities neatly accommo-
dated two [4Fe-3S] clusters bridged by three non-protein ligands, which
formed abelt perpendicular to the axis defined by the two coordinating
residues (Extended Data Fig. 8b). The overall arrangement and com-
position closely resembled the catalytic cofactor of nitrogenase—the
M-cluster*? (Extended Data Fig. 8c). The three ‘belt sulfur’ atoms of
the M-cluster® perfectly fit the density features bridging the [4Fe-3S]
fragments. In addition, a weaker electron density at the centre of the
M-cluster suggests a coordinating carbide ion?, Similar features have
been observedinall cryo-EM structures of nitrogenases®**? (Extended
DataFig. 8d). Although the local resolution of these cofactors reached
1.8 A (Extended Data Fig. 5a), further experimental validation is
required for definitive assignment of the carbide ion. An average of
27 £+ 2 Feions, identified by inductively coupled plasma-mass spec-
trometry (Supplementary Table 4), supported the presence of three
[8Fe-9S-C] clusters, whereas the absence of stoichiometric amounts of
Mo orV, besides the lack of the homocitrate ligand, excluded a typical
nitrogenase M-cluster?**3, From our high-resolution map, we meas-
ured the atom-to-atom distances of Fe-Fe (average of 2.61 A), Fe-S
(average of2.25 A) and Fe-C (average of 1.99 A) (Fig. 4c). These values
are fairly similar to those of the M-cluster (Supplementary Table 5)
but contrast with another ‘bridged’ cluster, such asthe K-cluster (early
intermediate of M-cluster)*. Overall, the topology and composition
highly matched those of the L-cluster'®?, the [8Fe-9S-C] precursor of
the M-cluster in the biosynthesis of nitrogenase.

The protein environment around these FeS clusters, from now on
referred to as FeS,, FeS, and FeS,, (Fig. 4a,b), is primarily provided by



Fig.3|Asymmetric catalyticsites during the activation of MCR. a, Distal
activesite showing the substrates CoB-SH and CoM-SH. b, Proximal active
site containing the CoMS-SCoB by-product. Key residues rearranged to
expand the pocket surrounding CoMS-SCoB. All distances between relevant
atoms (dashed lines) are inangstrom (A). ¢,d, Comparison of the structural

McrC and the McrC-like domain of Mmp?7. Similarities between McrC
and Mmp7 became apparent when superimposed (Extended Data
Fig. 8e), despite their sequence identity (26.3%) and size difference
(Supplementary Table 3). The three clusters were nested in grooves
reminiscent of the secondary coordination sphere surrounding the
M-cluster in nitrogenases>, mostly because of the abundant hydropho-
bicand hydrogen-bondingresidues (Extended DataFig. 8e,f). However,
they show specific differencesin coordination. FeS,islocated inMcrC,
about 9 A away from the closest carboxylate group in F 5, (Fig. 4a,b)
andingood distance for rapid electron transfer®, Strikingly, both ter-
minal Fe ions of FeS, are ligated to histidines, namely H49M“ (Fel) and
H118M"¢ (Fe8), which would substantially reduce the redox potential
compared to cysteine coordination®. In nitrogenases, the M-cluster is
covalently boundtoacysteine and coordinated by a histidine** 2 FeS,,
has unique coordination (Fig. 4b) with both residues being cysteines,
namely C55M¢ (Fel) and C12M"¢ (Fe8). Owing to its close proximity,
C90M™7 could additionally serve as a bridging ligand between Fe3
and Fe7 in FeS, (Extended Data Fig. 8g). However, this would demand
replacement of the belt sulfur atom thatis also presentin FeS,;and FeS,;,.
Therefore, we cannot rule out C90M™’ coordinating FeS,.. Most distal
from the active site, the FeS, cluster was near the surface (Fig. 4a,b),
specifically at the interface of Mmp7 and Mmpl7. In this case, Fel is
coordinated by C143"™7, whereas H84"™’ ligates to Fe8 in a topology
closely resembling that of the M-cluster in nitrogenases®* 32, Overall, we

CoMS-SCoB

; 2 McrB
{ R,

CoMS-SCoB

) 3.1A

) s QsA/

-

arrangements at the distal () (c) and proximal (d) catalytic sites of MCR. MCRiis
depictedasasurface. e, Superposition of distal (orange) and proximal MCR
subunits relative to the activation complex. The indicated loops in McrA and
McrBarereoriented whenMcrC and the activation complex bind.

assume that differences in coordination modulate the redox proper-
ties of these FeS clusters and allow for directional electron transfer.
Toexplore the electronic nature of the cofactorsin the MCR activa-
tion complex, we used EPR spectroscopy (Fig. 4d and Extended Data
Fig. 8h-k). Two different EPR signals can be distinguished, exhibiting
an unambiguous difference in their temperature dependence. The
low-field signal (g, = 2.23, g, = 2.17 and g; = 2.15) was most prominent at
higher temperatures and can be assigned to the MCR,; state, accepted
to form a Ni(Ill) thiolate potentially in equilibrium with a high-spin
Ni(Il) coupled to a thiyl radical form®~°, The results of previous studies
indicate that the EPR signal of MCR,,; may remain strong even under
reducing conditions and may coexist with Ni(I) or Ni(ll) species®®. Thus,
on the basis of the EPR data, we observed minor amounts of MCR,; in
our sample. However, as evidenced by the UV-Vis bands (Extended
DataFig. 2d,e), amajor part of the F 5, in our sample seemed torestin
an EPR-inactive Ni(Il)-MCR;. state. In the high-field part of the EPR
spectrum (between g=2.15and 1.70), acomplex signal appeared at
low temperatures. This signal probably originated from a multitude of
paramagnetic FeS cluster species that resemble the maturationinter-
mediates of the M-cluster®**°, Differences in the spectral pattern, com-
pared to typical K-and L-cluster-type species®, are probably related to
variationsinboth coordination and structure, for example, the two-fold
histidine ligation of FeS, (Fig. 4b). Because there were no indications
of additional high-spin states in the low-field region (Extended Data
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Fig.4 |Nitrogenase-like FeS clusters are coordinated by McrCand Mmp?7.
a, Edge-to-edge distances between the FeS clusters and F,;, at the proximal
activesite. b, FeSclustersin their electron density and coordinating residues
(contour levels 0of 0.168 for FeS,and 0.235 for FeS; and FeS,;). ¢, Electron
density cloud of sulfur atomsin FeS, at acontour level 6 of 0.32. Selected bond

Fig. 8h), all signals seemed to arise from S =2 ground state, which
is also characteristic of K- and L-clusters?. Notably, the FeS clusters
were interacting magnetically, which can be derived from the signifi-
cant broadening of the signals when lowering the temperature and
power-dependent saturation curve (Extended Data Fig. 8i). The pres-
ence of the reductant sodium dithionite had aminor effect on the FeS
cluster signals but clearly lowered the intensity of the Ni(Il[)-MCR,,
signal (Extended Data Fig. 8j). By contrast, only weakly paramagnetic
FeS species were present after incubating the protein with the oxidant
thionine (Extended Data Fig. 8k), indicating that most of the clusters
were diamagnetic under mildly oxidizing conditions. Although further
investigation is required to unveil how these FeS clusters specifically
operate, their arrangement and coordination imply arole in electron
transfer during the activation of MCR.

MCR activation and nitrogenase evolution

The presence of [8Fe-9S-C] clusters had only been described in proteins
belonging to the Nif family, where they compose the catalytic cofactor
of nitrogenases and nitrogenase-like reductases®**>*, Our discovery
of potential [8Fe-9S-C] clusters in the MCR activation complex raised
the following question: in which of these enzymatic systems did such
clusters come first, MCR or the Nif family? To assess their phylogenetic
origin, wereconstructed phylogenetic trees for McrC and Mmp7, which
carry [8Fe-9S-C] cluster-binding sites (Extended Data Fig. 9a,b). Both
proteins are present in Euryarchaeota; members of the TACK group
(named after Thaumarchaeota, Aigarchaeota, Crenarchaeota and
Korarchaeota); and Asgard Archaea, with individual tree topologies
that each broadly align with established archaeal phylogenies**. This
supportstheir presence inthe last common ancestor of these archaeal
lineages, consistent with other studies that also found MCR to be pre-
sentin this ancestor as well**. We also reconstructed a phylogeny of NifB
(Extended DataFig. 9¢), the enzyme that synthesizes [8Fe-9S-C] clusters
used by the Nif family*. NifB has been shown to be essential in other
methanogens, even those lacking nitrogenase-encoding genes*¢ ™3,
andis probablyinvolvedin the formation of FeS clusters for the activa-
tion of MCR. Rooting this tree proved challenging because of several
duplications and horizontal gene transfers. Nevertheless, NifB is also
present in Euryarchaeota, TACK and Asgard archaea, suggesting that
itoriginated atleast as early as MCR, McrC and Mmp7. We next investi-
gated whether the Nif family could be as old as MCR and its activation
machinery. Inaddition to nitrogenases and nitrogenase-like proteins,
the Niffamily includes CfbD, a very distant homologue that takes part
in the biosynthesis of coenzyme F;, and does not contain [8Fe-9S-C]
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clusters™*. The phylogeny of CfbD resembled that of McrC and Mmp7
(Extended Data Fig. 9d), with an originin the last common ancestor of
TACK, Asgard and Euryarchaeota. CfbD is probably the oldest branch
onthe Nif phylogeny because all other Nif homologues resulted from
aseries of gene and operon duplications that the homodimeric CfbD
did not undergo (Extended Data Fig. 9e). Furthermore, we inferred a
separate phylogeny for all members of the Nif family that are either
suggested to contain [8Fe-9S-C] clusters or to act on their maturation
process (Extended Data Fig. 9f). Our phylogenetic analysis implies a
root of the wide Nif family in Euryarchaeotabecause we found only very
scattered evidence of TACK or Asgard archaeal members, each of which
was a clear horizontal transfer from Euryarchaeota. No evidence was
found for [8Fe-9S-C] cluster-containing Nif proteinsin the last common
ancestor of TACK, Asgard and Euryarchaeota, pointing to an origin
either atthe base orinside Euryarchaeota. Together, our phylogenetic
resultsimply that the [8Fe-9S-C] cluster was first used for MCR activa-
tion and later incorporated into nitrogenases and nitrogenase-like
systems (Extended Data Fig. 9g).

Discussion

We validated that our purified complex activates MCR through an
ATP-dependent process, and the cryo-EM structure confirmed the
involvement of the A2 component (an ABC-type ATPase)'. Upon
the addition of Ti(lll) citrate, previous studies on the activation of
MCR®? achieved a maximum activity of 0.1 umol CH, min™ mg™ (or
0.1U mg™), not much different from our results after 2 h of reaction
(0.028 U mg™). Nevertheless, such values remain low compared to
the average activity of mature MCR from Methanothermobacter
species (20 U mg™ (ref. 22), with 100 U mg™ being the maximum
ever reported®). By contrast, our purification strategy captured a
low-abundance and highly transient biogenesis intermediate, chal-
lenging a direct comparison with a fully mature MCR. This discrepancy
indicates an incomplete understanding of the activation process,
in which additional factors might be required to efficiently reduce
the nickel in F;,. Accordingly, no activity was detected when Ti(IlII)
citrate was replaced by dithiothreitol (DTT) (Extended Data Fig. 2f),
asreported previously™, suggesting that auxiliary proteinsinthe A3a
fraction may be critical for lowering the redox potential barrier to
activate F;o. In M. marburgensis, genes encoding for more Mmp pro-
teins are clustered in a single open reading frame (MTBMA c04360-
c04410, followed by nifB), whereas Methanosarcina species even
containthe A2 component gene within anequivalentlocus. Therefore,
homologues of these extra Mmp proteins are presumably required in



M. maripaludis for the physiological activation of F 5, although they
are widely dispersed around the genome.

We suggest that the role of the A2 component extends beyond stabi-
lizing the activation complex, making F,;, accessible within the active
site (Fig. 2). From this perspective, the binding of ATP in A2 facilitates
interactions with MCR and the activation of F5,, as confirmed by the
production of CH,. When ATP was replaced by AMP-PNP, not only the sta-
bilization persisted but amoderateincreasein the CH, concentrationwas
observed (Extended Data Fig. 2f,g). This suggests that conformational
states influenced by nucleotide binding (like the lost coordination of
Q151M*) already affected activation and potentially modulated the redox
potential of F,;,. As a free ligand, F 3, has a midpoint redox potential of
-650 mV (ref. 11), and Ti(llI) citrate at pH 9-10 had shown enough reduc-
ing power foritsactivation®®. However, the binding and hydrolysis of ATP
couldtheoretically increase the redox potential, such that Ti(lll) citrate
(E°’ =-480 mVat pH 7) (ref. 50) reduced Ni(Il) to Ni(I). Comparably, dur-
ingthe ATP-drivenactivation of some corrinoids, ATP hydrolysis drasti-
cally increased the midpoint redox potential of the Co(lI)/Co(I) couple
from =500 to —250 mV (ref. 51). Moreover, more Mmp interactors may
push the redox potential of F 5, even further, allowing the reduction of
nickel by milder reducingagents, suchas DTT (£ = =320 mV) (ref. 14),and
physiological electron donors, such as ferredoxin (£ = approximately
-400 mV) (ref. 52). Altogether, this places the function of the A2 com-
ponentalongside other prominent nucleotide-switching machines that
can drive either catalytic activation or product release****, Although
further details on the redox cycle of F 5, are still unknown, ATP binding
and hydrolysis seem to trigger such acomplex mechanism.

Inaddition to the activation process, our findings offer insightsinto
the catalytic mechanism of MCR. So far, no other structure has captured
differentenzymatic states within the same MCR core (Fig. 3). This obser-
vation aligns with the ‘two-stroke engine’ mechanism*, proposing that
conformational changesinduced by one active site directly influence
the other inactive site. In our model, this allostery is reflected by an
expanded proximal active site holding CoMS-SCoB, in contrast to the
rather narrow distal pocket containing the substrates. This proximal
site reorganization agrees with previous *’F-electron-nuclear dou-
ble resonance spectroscopy*® results, in which a less rigid structural
framework was necessary for CoB-SH to approach the Niion in F ;.
Furthermore, the proposed mechanism of MCR theorizes a heterodi-
sulfide anion radical (CoMS-SCoB°) that reduces Ni(Il) back to Ni(l),
followed by product release?. Although we cannot directly observe a
radical intermediate, our structure revealed a CoMS-SCoB inhibited
state'?*, which partially explains the Ni(lll)-MCR,, signal observed
by EPR¥ (Fig. 4d). Additionally, product release might be hindered by
the binding of the activation machinery. In general, our findings shed
light on a previously unknown link between the catalytic mechanism
and activation process of MCR.

Strikingly, three uniquely coordinated FeS clusters (Fig. 4) constitute
anelectron transfer pathway towardsF ;. Whereas the high-resolution
electron density of such cofactors clearly suggests the [8Fe-9S-C] topol-
ogy of an L-cluster (Fig. 4 and Supplementary Table 5), the electron
weak interstitial carbide ion requires thorough spectroscopic efforts
for validation. Techniques, such as valence-to-core X-ray emission spec-
troscopy®, electron spin echo envelope modulation” and C**-labelling
coupled to electron-nuclear double resonance spectroscopy*®, have
successfully identified the carbide signal in both M- and L-clusters.
Similar methods can be used to characterize the metallocofactors bind-
ing the MCR activation complex. Moreover, our structure shows the
existence of these clusters beyond the Nif family members, providing
acritical missing link in the evolution of nitrogenases. We propose that
the [8Fe-9S-C] cluster originated firstin the methanogenesis context,
specifically for theactivation of MCR. As suggested by our phylogenetic
reconstructions (Extended DataFig. 9), these cofactors were later incor-
porated into a protein scaffold most likely derived from CfbD, whose
relationship to nitrogenases has been previously known**°, Thus, the

proteinscaffold and catalytic cofactors of the nitrogenase family (like
FeMoco) would ultimately derive from the same physiological function:
the biosynthesis and activation of coenzymeF ;.

Overall, our high-resolution structure of the strictly ATP-dependent
activation complex of MCR provides a platform for investigating this
processinsimilar systems, thatis, methanotrophic or alkane-oxidizing
archaea. Understanding such mechanistic details is crucial for more
robust strategies about bioengineering of CH,-converting organisms
or the heterologous production of MCR, ultimately aiming to mitigate
CH, emissions.
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Methods

Plasmids and M. maripaludis transformation

We performed genome editing in M. maripaludis ) Aupt (referred to
as M. maripaludis) using the CRISPR-LbCas12a system®. In brief, suit-
able genome-targeting guide RNA (gRNA) sequences were designed in
CHOPCHOP* (https://chopchop.cbu.uib.no/), setting the parameters
for Casl2a (Cpfl) and TTTN as the 5’PAM. The DNA sequence of mcrC
(MMJJ_12790) and the reference genome of M. maripaludis]) (DSM
2067) were used asinputs. From this prediction, oligonucleotide frag-
ments were designed, including 5’-PaqCl digestion sites, followed by
the gRNA lacking the protospacer adjacent motif (PAM) sequence (Sup-
plementary Table 1). Both primers were annealed at 94 °C for 2 minand
cloned into the shuttle plasmid pMM002p? (Supplementary Table 2)
through Golden Gate Assembly. A synthetic fragment containing the
coding sequence of a Twin-Strep-taginthe 5’ sequence of mcrC, includ-
ing 750-bp homology extensions upstream and downstream, was
designed and further synthesized (Twist Bioscience). The synthetic
block was then cloned through Gibson Assembly into the pMM002p/
gRNA plasmid and transformed in Escherichia coli DH5a competent
cells, resulting in the plasmid pMMO0O02p/TS-mcrC. All cloning steps
were confirmed by sequencing (Microsynth AG). For the transformation
of M. maripaludis, 2 ng of plasmid was added to 5 ml of cells (OD,, of
approximately 0.8) inMcC medium®?and immediately overpressurized
to1.5 bar of H,/CO,/H,S (75:20:5) before incubating for 4 hat 37 °Cand
200 rpm. The recovered cells were centrifuged at 1,500g for 2 min at
room temperature, resuspended in 100 pl of fresh McC medium and
plated on solid McC with 2.5 pg m1™ of puromycin. The plates were
storedinatightly closed anaerobic chamber overpressurized to1.5 bar
of the same gas mix as before. Colonies were obtained after 3-5 days of
incubation at 37 °C and further confirmed by colony polymerase chain
reaction (PCR). To curate M. maripaludis from the pMMOO2p/TS-McrC
plasmid, selected colonies were inoculated and grown in McF medium®
free of antibiotics for 3 days and then plated on solid McC containing
0.25 mg ml™ of 6-azauracil. Finally, the curated colonies were confirmed
by colony PCR and sequencing of the Twin-Strep-containing region
(Extended DataFig.1).

Culture conditions, expression and purification of the MCR
activation complex

Cultures of M. maripaludis expressing Twin-Strep McrC were grown at
37°Cand180 rpmin10 I of McC media until they reached an OD,,0f 0.8
(late exponential phase; Extended Data Fig. 1d). Initially, pre-cultures
in serum bottles with 100 ml of McC were used to inoculate 700 ml of
production mediumin 2-1bottles sealed with rubber stoppers. Before
addingcells, all cultures were reduced with 2.5% Na,S (1 ml I™?) and fur-
ther inoculated with 2% of the cell volume. The bottle headspace was
filled with1.5 bar of H,/CO, (80:20) and flushed every 12 h until collec-
tion. All further steps were performed under strict anaerobic condi-
tions in a vinyl anaerobic chamber (Coy Laboratory Products) filled
with 95% N, and 5% H,. The cells were collected by centrifugation at
12,000gfor 35 minat4 °Cbefore being resuspended in buffer A (20 mM
HEPES and 150 mM NacCl; pH 7.6) with 1 mM phenylmethylsulfonyl
fluoride (PMSF). The cells were then lysed by sonication following 30 s
ON/30 s OFF cycles for 10 min onice with output and maximum power
of 5and 60%, respectively. The lysate was centrifuged at 17,000g for
35min at4 °Cand further purified using a gravity column containing
Strep-Tactin Sepharose resin (IBA Lifesciences). Finally, the eluted
fractions were recovered with buffer A plus 2.5 mM desthiobiotin and
concentrated using a 30-kDa Amicon Ultra centrifugal filter (Merck
Millipore). Protein concentration was determined by both Bradford
and bicinchoninicacid assays, on the basis of a calibration curve using
bovine serum albumin. We used 15% sodium dodecyl sulfate (SDS)
gels to assess protein quality, and we performed a semi-dry western
blotwithahorseradish peroxidase (HRP)-coupled anti-Twin-Strep-tag

antibody (1.5 mg ml™; IBA Lifesciences) to visualize and confirm the
presence of Twin-Strep McrC.

MCR activation and activity assay

The activation of MCR was assayed following the production of CH,.
Inbrief, 5 UM enzyme was preincubated with buffer B (20 mM HEPES,
150 mM NaCl and 15 mM MgCl,; pH 7) supplemented with 10 mM
CH,;-S-CoM, 20 mM Ti(lll) citrate and 5 mM ATP (optional) for 30 min
at37 °Cbefore placing the tubes onice. Other conditions, suchas 5 mM
AMP-PNP, 2.5 U Quick CIP (New England Biolabs) or 5 mMDTT (instead
of Ti(lll) citrate), were also tested under the same pre-incubation condi-
tions. For the activity assay, 12 pg of preincubated enzyme was mixed
infresh buffer B plus 10 mM CH,-S-CoM, 2 mM CoB-SH (Supplemen-
tary Methods), 0.20 mM cyanocobalamin and 20 mM Ti(llI) citrate
(or 5mMDTT) to afinal volume of 20 pl. The reaction was placed in
tightly closed 2-ml gas chromatography vials within 20-ml adaptors and
incubated for2 hat37 °C. Gas from the bottle headspace was analysed
inaClarus 690 system (gas chromatography-flame ionization detec-
tor/thermal conductivity detector; PerkinElmer) with a custom-made
column circuit (ARNL6743) operated with the TotalChrom v.6.3.4 soft-
ware (PerkinElmer). The headspace samples were injected using a Tur-
boMatrix 110 autosampler (PerkinElmer) and heated at 45 °C for 15 min
before injection. The samples were further separated on a HayeSep
column (7" HayeSep N 1/8” Sf; PerkinElmer), followed by a molecu-
lar sieve (9” Molecular Sieve 13 x 1/8” Sf; PerkinElmer) kept at 60 °C.
Subsequently, CH, was detected using both flame ionization detector
(250 °C) and thermal conductivity detector (200 °C). For comparison,
activity assays lacking the pre-incubation step were assayed manually
by injecting 100 pl from the headspace of 2-ml gas chromatography
vialsinan Agilent 6890 gas chromatography-flameionization detector
system connected to OpenLab CDS software (Agilent Technologies).
The column used was an HP-Al,0,/KCI 19091P-K15 (50 m x 0.32 mm;
8 um; 7’; Agilent Technologies), and the run was kept at 40 °C, 25 psi
and 3.8 ml min~ helium. The FID was set at 250 °C under 35 ml min™*
hydrogen, 350 ml min™air and 29 ml min™ helium. In all cases, CH,
quantification was based onlinear calibration curves fromthe samples
withknownamounts of gas. At least three activity assay replicates were
carried out from three independent protein preparations.

Cryo-EM and grid preparation

For cryo-EM dataacquisition, QUANTIFOILR1.2/1.3 grids on copper 300
mesh (Quantifoil Micro Tools) were glow discharged for 25 switha cur-
rentof15mAinaPELCO easiGlow device (Ted Pella), before pipetting
4 plof-asisolated’ protein (1.2 mg ml™) and automatically plunge grids
into liquid ethane using a Vitrobot Mark IV (Thermo Fisher Scientific)
withblotting force 7 for 7 sat4 °C and100% humidity. To determine the
structure of the MCR activation complex after the exogenous addition
of ATP (5 mM), purified protein (1.2 mg ml™) was mixed with the CH,
reaction components, except Ti(lll) citrate. A final volume of 20 pl was
incubated for 30 min at room temperature before plunging 4 pl onto
the cryo-EM grids under the conditions described above. Vitrifica-
tion and handling of the samples were always performed under strict
anaerobic (redox-controlled) conditionsin a vinyl anaerobic chamber
(Coy Laboratory Products) filled with 95% N, and 5% H,.

Data collection, processing and model building

Cryo-EM data for both ‘as isolated” and ATP-incubated samples were
acquired using Smart EPU Software on a TFSKrios G4 Cryo-TEM operat-
ing at an accelerating voltage of 300 keV and equipped with a Falcon
4iDirect Electron Detector (Thermo Fisher Scientific) and Selectrics
Energy Filter set at a 10 eV slit width. For the ‘as isolated’ sample
(Extended DataFig. 3), datawere acquired at anominal magnification
of x165,000 corresponding to a calibrated pixel size of 0.732 A. Images
were acquired with an exposure dose of 60 e” A2in counting mode
and exported as an electron-event representation (EER) file format.
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Anon-tilted and 20° pre-tilted dataset containing 9,767 and 7,781 micro-
graphs were acquired, respectively. The entire process was carried
out in CryoSPARC®. The EER files were fractionated into 60 frames,
motion corrected using patch motion correction®, followed by con-
trast transfer function (CTF) estimation. Particles were initially picked
manually and then subsequently used for training a Topaz model®®
on a small subset of the data containing 1,000 micrographs. For the
non-tilted dataset, roughly 1.02 million particles could be extracted
and used to generate three ab initio classes. Two ab initio major classes
containing 406,130 particles (with the A2 component) and 216,922
particles (without the A2 component) were refined to 3.2 and 3.3 A,
respectively, but showed elongation artefacts because of the preferred
orientation of the particles. To overcome the orientation bias detected
in the non-tilted dataset, we extracted 534,235 particles from the 20°
pre-tilted dataset and 3D-classified them using previously generated
abinitio models. Particles from the best classes were combined with
particles from the non-tilted dataset (both with and without the A2
component) and used in heterogeneous refinement to generate five
more classes. For the maps containing the A2 subunit, two classes with
220,928 and 263,088 particles, respectively, were re-extracted with
abox size of 500 pixels. The combined particles were subjected to
non-uniform refinement, followed by a reference-based motion cor-
rectionand another non-uniformrefinement, generatingamap witha
resolution of 2.5 A (Fourier shell correlation cut-off = 0.143). Similarly,
aclasswithout an A2 subunit, consisting of 349,437 particles, could be
resolved to a resolution of 2.7 A. Furthermore, we took advantage of
masked local refinement to refine the area containing the three FeS
clusters (Extended Data Fig. 5¢). The mask was placed on the density
map without an A2 subunit, and local refinement yielded a map at a
resolution of 2.8 A. Additionally, for the peripheral subunits, which are
dynamic and highly flexible, we used 3D masked classification without
alignment to generate the best aligning particles, which were then
used for masked local refinement. For the Mmp3 subunit, a mask was
placed on the map without A2 and was 3D classified into six classes.
The top 4 classes were subjected to local refinement using the same
mask, which gave areconstructed map with aresolution of 3.34 A. The
same steps were repeated to refine the A2 component in the map with
the A2 subunit. In total, seven classes were 3D classified, and then the
best six classes were locally refined to obtain amap in which the A2
component was refined to a nominal resolution of 3.17 A.

To resolve the high-resolution cryo-EM structure of the MCR com-
plex incubated with ATP (Extended Data Fig. 4), data were acquired
atamagnification of 215,000, which corresponds to a physical pixel
size of 0.573 A. To counter the preferred orientation already observed
inthe ‘asisolated’ dataset, we decided to acquire the data at a pre-tilt
of 25°. A total of 30,000 images were acquired with an exposure of
60 e A2in counting mode and exported as an EER file format. All EER
frames were imported to CryoSPARC and fractionatedinto 60 frames,
followed by motion correction and CTF estimation. Micrographs with a
CTFbelow3.5 Awere discarded, and 28,171 micrographs were used for
the final processing. Aninitial set of particles were manually selected
from a subset of 100 micrographs, which were then used as input to
train a Topaz model. This was followed by iterative rounds of Topaz
training to generate a model that was used to select particles from all
micrographs. A total of 0.95 million particles were picked, extracted
with a box size of 320 pixels and subjected to generate three ab initio
models. Of the three ab initio classes, two good classes containing
279,356 and 299,435 particles that showed the MCR complex bound
to the A2 component were combined and subsequently subjected
to two rounds of heterogeneous refinement. The remaining 171,180
particles were used for 3D classification without alignment, which
gave a clean class of MCR complex with the A2 component (118,247
particles). These particles were re-extracted using a bigger box size of
600 pixels and subjected to non-uniformrefinement toyieldamap with
aglobal resolution of 2.4 A. To further enhance the resolution of the

reconstructed map, the particles were polished using reference-based
motion correction and refined again using non-uniform refinement to
generate a map with a resolution of 2.1 A. The local resolution of the
mapincreased to1.8 A, which allowed us to accurately model the core
of the complex containing the F,;, and FeS clusters. Furthermore, to
investigate the occupancy of the A2 component in the MCR complex,
we performed masked 3D classification by placing a soft mask on A2 and
used the class containing 171,180 particles. For this job, seven classes
were generated, and all except one class contained the A2 component
boundto the MCR complex. The class without the A2 component con-
tained 21,000 particles (8%) and was refined up to aresolution of 2.7 A.
The map of the MCR complex without the A2 subunit was identical
totheone previously obtained fromthe ‘asisolated’ dataset. Torefine
the A2 component from the other six classes, we performed a masked
local refinement to yield a map with a resolution of 2.45 A. To further
improve the quality of McrC, Mmp7 and Mmp3, we placed a soft mask
onthese regions using the map that was refined at aresolution of 2.1 A
and performed local refinement. The map could be refined with local
resolutions as highas 1.8 A.

We performed all initial modelling of the MCR complex using Mod-
elAngelo (v.1.0)% by taking the protein sequences of M. maripaludis))
(DSM2067; locus tag MM]JJ). Moreover, AlphaFold2 (ref. 67) individual
homology models were used to enrichModelAngelo’s output and fur-
ther fitted into the electron density using UCSF Chimera (v.1.17.3). Coot
(v.0.9.8.92) was used to manually rebuild the model followed by itera-
tive real-space refinements in PHENIX (v.1.21-5207). All ligands were
importedinto Coot and manually fitted to the maps before refinement.
Allfigures were prepared using UCSF ChimeraX (v.1.6.1).

Molecular size determination and UV-Vis

We performed SEC by injecting 100 pl of purified proteinintoaSuper-
dex200 Increase10/300 GL column (Cytiva), previously equilibrated
with buffer Aand attached to an UltiMate 3000 HPLC system (Thermo
Fisher Scientific) with a diode array detector from which the UV-Vis
spectrum was also registered. SEC runs were performed under strict
anaerobic conditions inside of a vinyl anaerobic chamber with 95% N,
and 5% H, (Coy Laboratory Products). Chromeleon v.7.2.10 (Thermo
Fisher Scientific) was used to register the UV-Vis spectrum from
selected peaks inthe sample running at 0.4 ml min™, facilitating further
dataacquisition. A mixture of proteins from the Gel Filtration Calibra-
tionKit (Cytiva) was used as the standard. Alternatively, aOneMP mass
photometer connected to AcquireMP v.2.3 (Refeyn) was used to analyse
the molecular weight of the protein complex. Videos were recorded at
1kHz, with exposure times varying between 0.6 and 0.9 ms, adjusted
to maximize camera counts while avoiding saturation. Silicon gaskets
were fixed to clean glass slides, and the instrument was calibrated using
the NativeMark Protein Standard (Thermo Fisher Scientific) immedi-
ately before measurements. To blank and find the focus, 18 pl of buffer
A with 20 mM Ti(lll) citrate and 5 mM nucleotides (ATP or AMP-PNP)
was pipetted into a well, and the focal position was locked using the
autofocus function of theinstrument. The measurement started after
adding 2 plof 0.3 uM protein onto the gasket well, resultingina ten-fold
dilution of the sample before measurement (two repetitions). Data
analysis was conducted using DiscoverMP v.2.3 (Refeyn).

Mass spectrometry

For proteinidentification, 15% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis bands were cut out and intensively washed twice
with a buffer solution containing 60 mM (NH,),CO;, 50% acetonitrile
and 30 mM thioglycolic acid (pH 8.2) before adding 100% acetoni-
trile and drying the samples. The samples were incubated overnight
at30°Cin5 pg ml™ mass spectrometry-approved trypsin (SERVA),10%
acetonitrile and 50 mM NH,HCO;. To analyse the post-translational
modificationsin McrA, 9 pg of protein was dilutedin 50 mM NH,HCO,
with 0.5% sodium lauryl sulfate and then subjected to an SP3 protein



purification protocol following the manufacturer’s instructions (GE
HealthCare). After washing, the beads were reconstituted in 100 pl
of the same digestion buffer, incubated for 6 h at 30 °C and magneti-
callyremoved after two extraction steps with 0.1% trifluoroacetic acid
(TFA).In all cases, the resulting peptide solutions were purified ina
CHROMABOND C18 WP spin column (20 mg; Macherey-Nagel) and
eluted with400 pl of amixture composed of 50% acetonitrile and 0.1%
TFAbefore finally redissolvingin100 pl of 0.1% TFA. Peptides were then
analysed using liquid chromatography-mass spectrometry inan Orbit-
rap Exploris 480 instrument connected to an UltiMate 3000 RSLCnano
system with a nanospray ion source (Thermo Fisher Scientific). We
performed peptide separation onareverse-phased high-performance
liquid chromatography column (75 um x 42 cm) packed with C18 resin
(2.4 pm; Dr.Maisch) running in a45-min gradient (0.15% formic acid to
0.15% formicacid + 50% acetonitrile). The mass spectrometry datawere
analysed using Byonic (Protein Metrics by Dotmatics) and interpreted
using Proteome Discoverer 1.4 (Thermo Fisher Scientific) on the basis
of the protein sequence information of M. maripaludis}) (DSM 2067).

For determination of metalions, inductively coupled plasma-triple
quadrupole-mass spectrometry (ICP-QQQ-MS) was carried out. In
brief, purified and desalted protein samples were subjected to acid
digestionby incubatingthemin11% (v/v) HNO, (Suprapur grade; Merck
Millipore) for 3 h at 80 °C. Subsequently, the samples were diluted
with ultra-pure water to obtain a final HNO, concentration of 2% (v/v).
Calibrationstandards ranging from 0.005 to 500 pg I were prepared
by serially diluting the ICP multi element standard solution XVI (Merck
Millipore) in 2% (v/v) HNO,. A rhodium internal standard solution was
addedtoallthe samples, resulting in a final concentration of 1 pg I™". We
analysed the samples using a high-resolution ICP-QQQ-MS system Agi-
lent 8800 (Agilent Technologies) in directinfusionmode with aninte-
grated autosampler. The injection system consisted of a Peltier-cooled
(2°C) Scott-type spray chamber with a perfluoroalkoxyalkane nebu-
lizer, operating at a speed of 0.3 rps for 45 s, using an internal tube
diameter of 1.02 mm. Different metals were simultaneously quantified
fromthe Merck XVIstandard solution. To mitigate polyatomic interfer-
ences, we used an Octopole Reaction System (ORS3) with a collision/
reaction cell. Helium and hydrogen were introduced into the collision/
reaction cell as collision and reaction gases, respectively, at flow rates
of2.5and 0.5 ml min™, respectively. The carrier gas (argon) maintained
aflowrate of 2.7 ml min™. For each metal, both the first (Q1) and second
(Q2) quadrupoles were set to the same m/z value with an integration
time of 1sin an autodetector mode. All measurements were normal-
ized using the internal standard. Furthermore, all other parameters
were optimized using the autotune function in the MassHunter 4.2
operation software (Agilent Technologies).

Electron paramagnetic resonance

The protein samples were analysed at a concentration of 0.01-0.03 mM
(approximately 90 pl). Incubation with 0.6 mM dithionite or 0.1 mM
thionine was carried outinan anaerobicbox (100%N,). The experimen-
tal datawererecorded on a Bruker EMXplus X-Band spectrometer with
an ER355 4122 super-high Q resonator installed. An Oxford ITC4 tem-
perature controller was used to control the temperature of an ESR900
helium flow cryostat (Oxford Instruments). Because of the very low
concentration of the samples, a baseline correction was thoroughly
performed. Therefore, areference spectrum obtained from buffer A
recorded withidentical experimental parameters was subtracted from
the spectrum of the sample. Additionally, a spline function was used
to correct broad baseline drifts. The experimental parameters used
were a microwave frequency of 9.3 GHz, a modulation amplitude of
10 G and amodulation frequency of 100 kHz.

Phylogenetic analysis
Sequences for McrC, Mmp?7, CfbD and the Nif reductases family were
collected from the National Center for Biotechnology Information

BLASTP and aligned using Multiple Alignment using Fast Fourier
Transform (MAFFT)®, For the Nif reductases tree, we searched for
homologues of the molybdenum nitrogenase NifK/D and their mat-
urases NifE/N, group IV nitrogenases (including MarK/D), group VI
nitrogenases and maturases of the vanadium nitrogenase (VnfE/N).
As our goal was to resolve the relationships among the early branch-
ing, plausibly L-cluster-using members of this family, we excluded
protochlorophyllide reductases and related enzymes (which reduce
tetrapyrrole compounds and do not contain L-clusters®®). We did not
consider iron or vanadium nitrogenase catalytic subunits (AnfK/D
and VnfK/D, respectively) because it has been established that they
descend from molybdenum nitrogenases®®’®. Thus, we obtained a
more manageable dataset for multiple sequence alignment. For NifB,
we collected sequences using BLASTP from the National Center for
Biotechnology Information and supplemented them with sequences
found by blasting versus the Genome Taxonomy Database, specifically
within the archaeal taxa. We decided to include the group VI nitroge-
nases, although there is debate over whether they contain an active
site cluster. This makes our inference conservative with respect to the
earliest possible utilization of L-clusters in this family, making it pos-
sible for group VInitrogenases to secondarily lose such a cofactor. We
decided to infer the Nif reductases tree separately from a CfbD tree,
although they are part of the same family, and the root of the com-
bined tree probably lies within CfbD (see section ‘MCR activation and
nitrogenase evolution’). Given that CfbD (ahomodimer) is structurally
different from all other family members (heterotetramers), it would
have been difficult to align it with other members of the family. The
combined alignment of CfbD, Nif and Nif-like reductases was trimmed
using trimAI” with the ‘strict’ option, which resulted in only 143 posi-
tions and was therefore too short to consider deep relationships with
high confidence. Even if this highly trimmed alignment was used, the
branch separating CfbD from all heterotetrameric members of this
family would be considerably long (more than one), making its place-
ment highly unreliable within CfbD and Nif/Nif-like paralogues. For
this reason, we inferred the CfbD phylogeny separately and rooted it
between TACK and Euryarchaeota, according to the archaeal species
phylogeny**** The Nif and Nif-like reductase tree was then rooted such
that the deepest branch separates all D or D-like paralogues from all K
or K-like paralogues. This minimizes the number of gene and operon
duplications as well as gene losses relative to roots within both the K
and D clades. Lineage-specific insertions were trimmed out of McrC,
Mmp7 and CfbD manually because their alignments contained only a
few gaps. Because of the different lengths of the Nif sequences, this tree
was more challenging to trim. Therefore, we again used trimAl with the
‘strict’ option for the first trim, before manually trimming the termini
of the obtained alignment. Gene trees were inferred using IQ-TREE”2
The best-fit models were inferred using the in-built ModelFinder”
routine (-m MFP) of IQ-TREE, using Bayesian information criterion
(BIC) as the model choice criterion for McrC, Mmp7, CfbD and the Nif
tree; for NifB, Akaike information criterion (AIC) was chosen instead.
Statistical support was assessed using ultrafast bootstrap™ (1,000 for
McrC, Mmp7, CfbD and Nif reductases; 10,000 for NifB).

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

Data availability

The cryo-EM maps reported in this article are available in the Elec-
tron Microscopy Data Bank with the accession codes EMD-51767 (MCR
activation complex + A2 after incubation with ATP), EMD-19787 (MCR
activation complex asisolated + A2) and EMD-19788 (MCR activation
complexasisolated without A2). The local refined mask maps for A2, FeS
containing subunits and Mmp3 were submitted along with EMD-51767
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and EMD-19787. The atomic models are deposited in the Protein Data
Bank under the codes 9HIL (MCR activation complex + A2 after incu-
bation with ATP), 857V (MCR activation complex asisolated + A2) and
857X (MCR activation complex as isolated without A2). Structural
dataused for comparison are availablein the Protein Data Bank under
the codes 3M32 (MCR from M. marburgensis bound to CoMS-SCoB),
1HBM (MCR from Methanothermobacter thermautotrophicus bound
to CoMS-SCoB), 8CRS (cryo-EM structure of Mo-nitrogenase from
Azotobacter vinelandii), 8DPN (cryo-EM structure of Mo-nitrogenase
from A. vinelandii D)), 6FEA (V-nitrogenase from A. vinelandii), 8OIE
(cryo-EM structure of Fe-nitrogenase from Rhodobacter capsulatus),
8BOQ (Fe-nitrogenase from A. vinelandii), 3U7Q (Mo-nitrogenase from
A. vinelandiiat atomic resolution), 3PDI (precursor-bound NifEN from
A.vinelandii DJ) and 7BI17 (P-cluster-bound NifB from M. thermauto-
trophicus). Sequences for comparison with the A2 component are
available in UniProt with accession numbers AOAST3WS5C7, D9PXN?7,
D7DTWS, Q7LYRS5, Q58639, Q8TIZ1, AOAOE3R7TS, AOAOE3N9D]1,
FS8ANN2, A6USB5, AOA8J8F9M9 and AOA8S9VY72. Original sequence
alignments and phylogenetic trees have been deposited into Edmond,
the Open Research DataRepository of the Max Planck Society, for public
access and available at https://doi.org/10.17617/3.UZSFCW. All data
neededto evaluate the conclusionsin the paper are present inthe paper
and/or the Supplementary Information. Source data are provided with
this paper.
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Extended DataFig.1|Integration of DNA sequence encoding for N-terminal

¢, PCR confirmation of the TS-tag integration before mcrCin1% agarose gel.
Twin-Strep (TS) tag in the genome of M. maripaludis. a, mcr operonin Atleast threeindependent gels showed the same separation pattern (for
M. maripaludis. The N-terminal TS-tag was inserted before mcrC.b, Plasmidmap  uncropped gelsee Supplementary Fig.1).d, Growth curve of M. maripaludis))
of pMMOO02p/TS-mcrC (see Supplementary Table 2). The dashed line shows Aupt (blackcircles) and cells carrying TS-mcrC (white circles). Datapoints are the
the homology overhangs covering 750 bp of the upstream and downstream

mean+s.e.moftwoindependentbiological replicates, measuredin duplicates.
sequences fromthe TSinsertionsite viathe CRISPR/Cas12asystem (seeMethods). e, Sanger sequencing with genome-specific primers (see Supplementary Table1).
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Extended DataFig. 2| Characterization of the MCR activation complex.

a, MS analysis of post-translational modifications in McrA. Left: structures
oftheamino acid modifications (residue number in McrA). Middle: peptide
fragmentation. Right: daughterion assignments for digested peptides.
mHis261and mArg275were foundinaunique peptide, as well as tGly448 and
mCys455.b, Fractions obtained by SEC and calibration curve. Standard
proteins are shown as red circles [ovalbumin (Ov), 44 kDa; conalbumin (Co),

75 kDa; aldolase (Al), 158 kDa; ferritin (Fe), 440 kDa] and the sample fractions as
graytriangles [EF1-a (F3),47 kDa; MCR (F2), 298 kDa; MCR +activation complex
(F1), 551 kDa - out of calibration limit]. ¢, SDS-gel with fractions obtained from
b (foruncropped gel see Supplementary Fig.1). At least two gels were tested for
confirmation.d, UV-Vis absorption spectraof MCR +activation complex (F1)
and MCR core (F2); seeband c. Dashed lines denote wavelengths at 386,412
(red), 420 and 447 nm. At least threeindependent biological replicates were
carried out, taking one representative to plot. e, Electronic spectrum ofthe ‘as
isolated’MCR +activation complex (F1). Data fitted witha minimum of three
Voigt functions and a single-order polynomial “baseline”, x*= 0.009 (residuals
aremultiplied x10 for visualization). The spectrum agrees with abroad

Mass [kDa)

Mass [kDa) Mass [kDa]

componentat412 nm (blue, FWHM =40) and more narrow components at

424 nm (magenta, FWHM =18) and 447 nm (cyan, FWHM = 24). The envelope
(red) accounts for the sum of these three bands and the polynomial baseline. All
fits were performed with Global Gauss Fit v7.0 (courtesy of Dr. Petko Cherney,
Uppsala University). Tentatively, the highest energy band is assigned to an
oxidized iron-sulfur cofactor”, i.e., similar to [4Fe-4S]". The bands at lower
energieslikely represent the F,;, cofactorin the Ni(Il) state (424 nmand 447 nm,
MCRy;ene)”®. Contributions from Ni(I)-F,;, (386 nm, MCR ;) cannot be excluded
butdid notincrease thefit quality.f, Activity assays showing CH, per pg of total
proteinincluding complementary experiments [(AMP-PNP,DTT instead of
Ti(lll)-citrate, and without pre-activation (*, see Methods)]. All data values are
shownasmeants.e.m. (error bars) fromtwo (AMP-PNP, not pre-activated) or
three (DTT) independentbiological replicates, with three technical replicates
each. Two-sided unpaired t-tests performed to compare the reactions with
AMP-PNPvs‘asiso’ (p=0.004); ATPvs‘asiso’ (p <0.0001); ATPvs DTT (p <0.0001)
and ATPvs ATP*(p < 0.0001). g, Mass photometry histograms of MCR+activation
complex ‘asisolated’ (left), and after incubation with20 mM Ti(lll)-citrate plus
5SmMATP (middle) or 5mM AMP-PNP (right).
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Extended DataFig. 5| CryoEM maps resolution and quality. a, CryoEM maps obtained fromthe ‘asisolated’ sample. Lower resolution in the N-terminal
colored by their local resolution calculated by GSFSC (plots). Two orthogonal domain of Mmp3 suggestsincreased motion. b, Electron-density maps of
views (leftand middle) and a central cut-open view (right) are shown for (1) the representative domains, secondary structure, ligands and post-translational
complexwiththe A2component, as well as the locally refined regions for modifications. The contour level is shownbetween brackets. The density map
(2) subunits carrying FeS clusters, (3) the A2 component and (4) Mmp3. ofthe flexible CoMS-SCoB is shown for both the sampleincubated with ATP (left)

(1-3) correspond to the dataset after the incubation with ATP, whereas (4) was and ‘asisolated’ (right).
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Extended DataFig. 6 | Main features of the MCR activation complex
components.a, CryoEM segmented map of MCR’s activation complex
‘asisolated’ with (left) and without (right) the A2 subunit. The disordered
N-terminal region of McrAis enclosed inasquare.b, Top:incomplete Mmp17
domain (green) as obtained from the electron-density maps and AlphaFold2
model of full Mmpl17 (magenta, Uniprot AOA2L1C8U1). RMSD =1.15 Awhen
aligned. Therest of themodelis shownindark gray surface. Bottom:front and
bottom views of two overlayed sets of the activation complex (clear and dark
gray surfaces) bindingupon the MCR core (cartoon). The overlapping Mmp17
subunits (clear and dark green) avoid the simultaneous binding of the activation
machinery onboth halves of MCR. ¢, Secondary structure topology of the
McrC domain. The a-helices and 3-sheets are depicted as squares and arrows,
respectively. Dashed linesrepresentloops interacting with McrA (pink) and
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DUF2098 (gray). Residues coordinating FeS clusters are shown as orange dots.
d, Structure ofthe A2 component, composed by two antiparallel ABC domains
(magentaand purple) joined together by alinker (green). Znis depicted as
agray sphere. The dashed square isazoom-in of the Zn-binding motif with
coordinating cysteines depicted as sticks. e, Electrostaticinteractions between
the A2component (cartoon) and the proximal McrG (surface). The positively
chargedresidues from A2 are shown as blue spheres, while McrGis colored
from the more negative (red) to the more positive (blue) charges. f, Multiple-
sequence-alignment (MSA) showing conservation of the Zn-binding motif
(dashed square) in the A2 component of methanotrophic (ANME-1, ANME-2)
and methanogenic species (all others). The arrow indicates the model
methanogen utilized in this study (M. maripaludis). The MSA was built in MUSCLE
and rendered with ESPript 3.0.
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Extended DataFig. 7| Conformational changesintheactive site of MCR and theK244-E249M* [oop are shown. ¢, Zoom-in of McrC wedging towards
binding to the activation complex. a, Close-up of the active sites in X-ray McrA’. Salt bridges between McrA’ (E156) and McrC (R177) stabilize the opening.
crystallographic structures of MCR showing an alternative product-bound d, Superposition of distal (orange) and proximal McrG subunits showing the
state>?*. b, Superposition of models of the proteinvitrified ‘asisolated’ (gray) displacement caused by the interactions withMcrC.

and after incubating with ATP. High flexibility of the CoB moiety in CoMS-SCoB
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Extended DataFig. 8 |See next page for caption.



Extended DataFig. 8| Topological analysis and EPR of the FeS clustersin
theactivation complex. a, Different views of the FeS clusters found in the
activation complex of MCR. The electron-density clouds were obtained ata
contourlevel of 0.23 0. b, Structure of an L-cluster depicted as a coordinate
system. Modified from®.candd, Structure and electron-densities of

the M-cluster, respectively, taken from cryoEM resolved structures of
nitrogenases®%. The homocitrate moiety is shown in gray sticks and the black
sphere represents molybdenum, vanadium oriron. e, Superposition of McrC
(cyan) and the McrC-like domain of Mmp?7 (blue, RMSD = 2.5 A). For clarity, only
theamino acid residues composing the second coordination sphere of FeS,
(McrC) and FeS,;; (Mmp7) are shown. f, Amino acid residues composing the
second coordination sphere around the M-cluster in the molybdenum- (green,
8CRS), vanadium- (pink, 6FEA) and iron-only nitrogenases (tan, 8OIE). The
ligand and residue numbering correspond to those in the Mo-nitrogenase from
A.vinelandii.g, Alternative coordination of the FeS,, cluster by COOM™” possibly
bridging between Fe3 and Fe7. The side chain of Cys90™™” was reoriented
manually and S5A was deleted for visualization. Contour level 0.2 6. h, EPR
wide-field scans of the as-isolated (1), sodium dithionite (2) and thionine (3)
treated samplesrecorded at10 K. i, Power-dependent saturation curves of the

EPRsignals fromF,;,and the FeS clustersrecorded at15 K between 8 pW and
126 mW. The normalized experimental data were fitted using the empirical
relation from Portis and Castner’””°, describing the expected power saturation
behavior.Sisthesignal intensity, P, , is the power of half-saturation and

b corresponds toinhomogeneous (b =1) orhomogenous (1>b >3) broadening
ofthesignals. Avalue for b <1ischaracteristic for dipolarinteraction witha
paramagneticsite in the vicinity®®. The paramagnetic nickel species (g =2.23)
was saturated over the entire monitored power range. The power saturation
curve fromtheFeS clustersignalatg=1.91clearly shows adecreased saturation,
whichindicatesanenhanced spinrelaxationrate, suggesting a dipolar coupling.
Thisis confirmed by the calculated b-value of 0.3.jand k, Temperature-
dependent EPR spectraofthe complexincubated with sodium dithionite and
thionine, respectively. The weak signalat g=1.77 (*) in the sample reduced with
dithionite (j) does not exhibit an unambiguous temperature dependence and
could notbe assigned to any specific species. The field positions for the power
saturation experiments (i) are labelled with arrows. The sharp lineatg =2.003
ink (#) is presumably related to a minor population of an organic radical formed
duringthionine treatment.
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Extended DataFig. 9 | Maximum likelihood phylogenetic trees of McrC (a),
Mmp?7 (b), NifB (c), CfbD (d) and phylogeny of Nif members (e, f, g). Treesa,b
anddwererooted between Proteoarchaeota [including TACK archaea
(Thermoproteati, Methanomethylicota and Bathyarchaeota)], Asgard archaea
(Helarchaeota) and Euryarchaeota. The Proteoarchaeotagroup contains
several Euryarchaeal sequences (Syntropharchaeum, Methanoliparia,
Archaeoglobi and Methanofastidiosa), which are horizontal acquisitions also
observed in the phylogeny of MCR®.. In ¢, the phylogeny of Nif B was arbitrarily
rooted. Theroot was placed between one group containing most Proteoarchaeota
sequences and another containing most Euryarchaeotasequences, implying
several horizontal transfer events from Proteoarchaeaotato Euryarchaeota,
and from Proteoarchaeotato Bacteria or vice versa. The exact root position is
unclear onthistree, but NifBis clearly widely distributed in TACK, Asgard, and
Euryarchaeaota. Ultrafastboostrap areindicated at the key nodes. e, Gene
duplicationevents from the homodimericancestor CfbD. CfbDis the only
homodimeric member of the Nif family, likely representing the outgroup to all
other heterotetrameric members comprising two different paralogs (usually

designated D and K for complexes that functionasreductases, or Eand N for
maturase complexes). The exact order of divergence between group Vland
VnfE/Nisunresolved (dashed arrows) and whether either group binds L- or
M-clustersis not currently known. f, Reconstructed phylogenetic tree of Nif
proteins. This tree was rooted between the D and K paralogs. The D clade is
expanded to show Proteoarchaeota (TACK/Asgard, red), Euryarchaeaota (blue)
and Bacteria (gray) sequences within each paralog. Proteoarchaeal sequences
areveryscattered across the tree,implyinglater horizontal acquisitions of
cluster-bearing Nif proteinsin this group, rather thanan originin the last
common ancestor of Euryarchaeotaand Proetoarchaeota. Ultrafast bootstrap
supportisshown at the key nodes. g, Simplified scheme on the origin of
L-cluster binding proteins, mapped on asimplified archaeal species phylogeny.
MCR and its associated maturation machinery are presentin the lastcommon
ancestor of TACK, Asgard and Euryarchaeota. L-cluster bearing Nif-reductases
only appearin methanogenic members of Euryarchaeota, no earlier than the
last common ancestor of this group.
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Extended Data Table 1| CryoEM data collection, refinement and validation statistics

MCR activation complex + A2

MCR activation complex + A2

MCR activation complex

component after incubation with ATP component without A2 component
(EMDB-51767) (EMDB-19787) (EMDB-19788)
(PDB 9H1L) (PDB 8S7V) (PDB 8S7X)

Data collection and
processing
Magnification 215,000x 165,000x 165,000x
Voltage (kV) 300 300 300
Electron exposure (e—/A?) 60 60 60
Defocus range (um) 0.5-2.0 0.5-2.0 0.5-2.0
Pixel size (A) 0.57 0.73 0.73
Symmetry imposed Cl1 Cl1 C1
Initial particle images (no.) 944,627 1,023,667 534,235
Final particle images (no.) 118,247 484,016 349,437
Map resolution (A) 2.17 2.56 2.78

FSC threshold 0.143 0.143 0.143
Map resolution range (A) 1.8-3.4 22-32 2.2-32
Refinement
Initial model used de novo (ModelAngelo, de novo (ModelAngelo, de novo (ModelAngelo,

AlphaFold) AlphaFold) AlphaFold)

Model resolution (A) 2.17 2.56 2.78

FSC threshold 0.5 0.5 0.5
Model resolution range (A) 2.1-2.8 2.5-3.1 2.7-3.1
Map sharpening B factor (A?) 45.4 73.1 100.2
Model composition

Non-hydrogen atoms 32,524 32,524 28,139

Protein residues 4,143 4,143 3,596

Ligands F43:2,COM: 1, TP7:1, SHT: 1, F43:2,COM: 1, TP7:1, SHT: 1,  F43:2,COM: 1, TP7:1, SHT:

S5Q: 3, ATP: 2, MG: 2, ZN: 1 S5Q: 3, ATP: 2, MG: 2, ZN: 1 S5Q: 3

B factors (A?)

Protein 84.35 101.52 71.94

Ligand 71.36 112.11 78.48
R.m.s. deviations

Bond lengths (A) 0.003 0.003 0.003

Bond angles (°) 0.758 0.915 0.949
Validation

MolProbity score 2.05 222 2.15

Clashscore 5.84 9.5 9.45

Poor rotamers (%) 3.31 3.31 2.82
Ramachandran plot

Favored (%) 95.23 95.44 95.62

Allowed (%) 4.58 443 435

Disallowed (%) 0.20 0.12 0.03

Processing and refinement data are shown for the different functional states of the MCR activation complex.
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For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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Coot, PHENIX and eLBOW packages and tools; Prediction of structural models: AlphaFold 2and ModelAngelo v.1.0; Quality assessment of the
protein model: MOLPROBITY; Size exclusion chromatography data: Chromeleon 7.2.1; Mass photometry data: DiscoverMP v2.3; Gas
chromatography data: OpenlLab CDS and TotalChrom v.6.3.4; Phylogenetic analysis: MAFFT, trimAl, UFBoot2, IQ-TREE2. Electronic spectrum
data: Global Gauss Fit v.7. DNA sequencing: SnapGene 8.0.
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reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.




Data

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

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

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

The data that support this study are available from the corresponding author upon request. The cryo-EM maps reported on this article are available in the Electron
Microscopy Data Bank (EMDB) with the accession codes EMD-51767 (MCR activation complex + A2 after incubation with ATP) [https://www.ebi.ac.uk/emdb/
EMD-51767], EMD-19787 (MCR activation complex as isolated + A2) [https://www.ebi.ac.uk/emdb/EMD-19787] and EMD-19788 (MCR activation complex as
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3M32 (MCR from M. marburgensis bound to COMS-SCoB) [https://doi.org/10.2210/pdb3m32/pdb], 1HBM (MCR from M. thermautotrophicus bound to CoMS-
SCoB) [https://doi.org/10.2210/pdb1hbm/pdb], 8CRS (cryoEM structure of Mo-nitrogenase from A. vinelandii) [https://doi.org/10.2210/pdb8crs/pdb], 8DPN
(cryoEM structure of Mo-nitrogenase from A. vinelandii DJ) [https://doi.org/10.2210/pdb8dpn/pdb], 6FEA (V-nitrogenase from A. vinelandii) [https://
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(precursor-bound NifEN from A. vinelandii DJ) [https://doi.org/10.2210/pdb3pdi/pdb], and 7BI7 (P-cluster-bound NifB from M. thermoautotrophicus). Sequences
for comparison with the A2 component are available in Uniprot with the accession numbers AOA8T3W5C7, D9PXN7, D7DTWS8, Q7LYR5, Q58639, Q8TIZ1,
AOAOE3R7T8, AOAOE3N9D1, FBANN2, A6USB5, AOA8J8FIMY, and AOA8SIVY72. Activity assays measurements, size exclusion chromatography and spectroscopic
data have been provided as Source Data. Original sequence alignments and phylogenetic trees have been deposited into Edmond, the Open Research Data
Repository of the Max Planck Society, for public access and available under https://doi.org/10.17617/3.UZSFCW. All data needed to evaluate the conclusions in the
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Life sciences study design

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

Sample size Sample size was not predetermined by statistical methods but three biological sample sizes and three technical replicates were used for in
vitro analysis to provide datasets that enable statistics for the relevant experiments. The in vitro assays are tried-and-tested procedures that
have been successfully performed by the authors in their laboratories on a day-to-day basis. The sample sizes were diligently chosen and
accurately illustrate the differences throughout the various conditions. For cryoEM, two datasets containing 30,000 micrographs (incubated
with ATP and 252 tilted) and 17,548 micrographs (sample as isolated, 20° tilted and non-tilted combined) were used in order to have a
sufficient number of MCR's activation complex particles - with and without the A2 component - resulting in 3D reconstructions with a
resolution of 2.1 (+A2 component, incubated with ATP), 2.56 (+A2 component, as isolated) and 2.78 Angstrom (-A2 component, as isolated).

Data exclusions  For strictly anaerobic enzymes, oxygen contamination cannot always be excluded and leads to a significant effect the experiments. If a
measurement in the activity assays was obviously differing from the other replicates, this measurement was excluded from the dataset. For
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cryoEM, particles visibly containing the activation complex and/or the A2 component were chosen for determination of the high resolution
structures.

Replication Enzymatic assays were performed from three independent biological replicates with at least three technical repetitions each. Spectroscopic
data was obtained from three independent biological replicates. Sample separation via polyacrylamide gels and size exclusion
chromatography was performed at least three times from independent biological repetitions, whereas mass photometry took place from two
independent biological repetitions. All replication attempts were successful. For cryoEM, one dataset of 30,000 micrographs (incubation with
ATP) and a second one of 17,548 micrographs (as isolated) were analyzed.

Randomization  Resolution determination was carried out with two independent half sets randomly selected by the cryoSPARC processing software according
to the Gold-Standard FSC procedure. For all other experiments, randomization was not applicable, since in microbiological assays all
parameters are tightly controlled and therefore covariates are not relevant to our study.

Blinding Blinding was not relevant to our study since no higher order species were used. Moreover we have repeated experiments from three
independent biological replicates with at least three technical replicates.
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experiments. This is according to the information from https://www.iba-lifesciences.com/strepmab-classic-hrp/2-1509-001
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Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
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