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Conformational protection of molybdenum 
nitrogenase by Shethna protein II

Philipp Franke1, Simon Freiberger1, Lin Zhang1 & Oliver Einsle1 ✉

The oxygen-sensitive molybdenum-dependent nitrogenase of Azotobacter vinelandii 
is protected from oxidative damage by a reversible ‘switch-off’ mechanism1. It forms a 
complex with a small ferredoxin, FeSII (ref. 2) or the ‘Shethna protein II’3, which acts as 
an O2 sensor and associates with the two component proteins of nitrogenase when its 
[2Fe:2S] cluster becomes oxidized4,5. Here we report the three-dimensional structure 
of the protective ternary complex of the catalytic subunit of Mo-nitrogenase, its 
cognate reductase and the FeSII protein, determined by single-particle cryo-electron 
microscopy. The dimeric FeSII protein associates with two copies of each component 
to assemble a 620 kDa core complex that then polymerizes into large, filamentous 
structures. This complex is catalytically inactive, but the enzyme components are 
quickly released and reactivated upon oxygen depletion. The first step in complex 
formation is the association of FeSII with the more O2-sensitive Fe protein component 
of nitrogenase during sudden oxidative stress. The action of this small ferredoxin 
represents a straightforward means of protection from O2 that may be crucial for  
the maintenance of recombinant nitrogenase in food crops.

The element nitrogen is a frequent limiting factor for organismic 
growth in habitats where organic detritus is not available; for instance, 
when pioneer organisms settle new habitats such as volcanic rocks or 
if biomass is systematically removed in an agricultural setting6. Diazo-
trophic bacteria and archaea then tap into the reservoir of atmospheric 
N2 and reduce the inert diatomic molecule to bioavailable ammonium, 
NH4

+, in the process of biological nitrogen fixation7. With a bond dis-
sociation energy of −946 kJ mol−1, the N2 triple bond is the most stable 
chemical bond to be broken in any enzymatic reaction, and only a sin-
gle family of enzymes, the nitrogenases, has evolved to perform this 
task. Nitrogenases exist in three structurally similar isoforms contain-
ing molybdenum, vanadium or only iron at their active site8,9 and 
catalyse the same reaction with a minimal stoichiometry of

N + 10 H + 8 e + 16 ATP → 2 NH + H + 16 [ADP + P ].2
+ −

4
+

2 i

Nitrogenases are two-component metalloenzymes, consisting of a 
reductase component, or Fe protein that provides electrons through 
a [4Fe:4S] cluster and is the site of ATP hydrolysis, and the actual 
dinitrogenase, MFe protein (M = Mo, V, Fe), where catalysis occurs8. 
Electrons are delivered by Fe protein one at a time, and the two com-
ponent proteins dynamically form a transient complex for every single 
transfer, that is, at least eight times for a single turnover10. Complex 
formation initially triggers the transfer of an electron from P-cluster in 
its all-ferrous PN state to the active site FeMo cofactor, and only subse-
quently is the P-cluster again reduced by Fe protein11. The catalysis of 
N2 reduction by nitrogenase is the focus of active research and has been 
reviewed extensively elsewhere8,12–16. The complex formed by the MoFe 
protein and two copies of the dimeric Fe protein has a total molecular 
mass of 360 kDa (ref. 17), and its synthesis under N-limited conditions 
is a considerable investment for the organism, justified primarily by 

the opportunity to outcompete non-diazotrophs in the same habitat. 
If bioavailable nitrogen in the environment is depleted, diazotrophs 
derepress their nitrogenase machinery and produce the enzyme system 
in large quantities that can amount to up to 20% of total cellular protein 
in efficient N2-fixers such as the free-living gammaproteobacterium 
Azotobacter vinelandii18,19. Production of the enzyme is downregulated 
swiftly once sufficient fixed N becomes available18. The ability to fix 
atmospheric N2 possibly predates the separation of prokaryotes and 
eukaryotes, whose last common ancestor was suggested to already 
possess a nitrogenase enzyme20. This was before the oxygenation of 
Earth’s atmosphere, in the absence of an evolutionary pressure to dis-
criminate N2 from the chemically similar O2. This helps to rationalize 
why all extant nitrogenases are highly sensitive to dioxygen, and are rap-
idly and irreversibly inactivated in the presence of small amounts of O2  
(ref. 21). Damage occurs at the sensitive metal clusters of the enzyme, 
most severely at the bridging [4Fe:4S] cluster of the Fe protein. Although 
not a high-priority issue for obligate anaerobic diazotrophs, it requires 
others, such as diazotrophic cyanobacteria, which even produce O2 
during photosynthesis, to take extensive countermeasures. Among 
these are the formation of specialized, thick-walled heterocysts that 
abandon photosynthesis and differentiate towards nitrogen fixation, 
or the diversion of a fraction of photosynthetic electron flux towards 
O2 detoxification22. An even more striking case is found in free-living 
soil bacteria that have perfected a diazotrophic lifestyle while relying 
on aerobic respiration to satisfy the substantial energy requirement 
of the nitrogenase reaction23. A. vinelandii belongs to this group and 
has evolved two distinct strategies to protect the nitrogenase system 
from oxidative damage. As a ‘respiratory protection’, it produces a 
variety of highly active oxidases that react with the gas and keep the 
cytoplasm in an anoxic state24. In addition, the organism can rapidly and 
reversibly inactivate its nitrogenases (switch-off), forming a transient, 
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protected state with substantially increased oxygen tolerance. This 
second process is dependent on the presence of a small ferredoxin, 
FeSII (ref. 1), that was discovered in 1968 as the ‘Shethna protein II’ by 
Beinert and co-workers3. FeSII reversibly forms a complex with both 
nitrogenase components25 that has been isolated and characterized2 
and, even when recombinant FeSII was produced and isolated from 
Escherichia coli26 it had a strong protective effect on the isolated com-
ponents of Mo-nitrogenase4,27. We observed that this protective effect 
was realized only when both components of nitrogenase were present, 
while FeSII did not stabilize either component alone5. The crystal struc-
ture of A. vinelandii FeSII showed that the protein was a member of the 
adrenodoxin type of [2Fe:2S] ferredoxins that are common in plants and 
mammals, but contained an extended, flexible ‘N-loop’ that constituted 
almost one-third of the protein chain and contained two short α-helices, 
hN1 and hN2. FeSII formed stable dimers. In the crystals, two out of three 
dimers had the N-loops in an extended conformation, packing against 
other monomers in the crystal lattice, while the remaining copy had 
them folded back to the protein core5. We further showed that the redox 
state of the protein altered its behaviour in size-exclusion chromatog-
raphy (SEC), causing the oxidized protein to elute earlier, and indicate 
that this apparently larger form had its N-loops extended or flexible 
and should be the one to interact with the nitrogenase components.

A FeSII–nitrogenase complex eluted from SEC with a main peak 
corresponding to 320 kDa, but its architecture and the mode of its 
formation remained elusive5. We therefore proceeded to optimize the 
preparation of this O2-protected complex in vitro using recombinant 

FeSII and natively isolated nitrogenase components. Structural analy-
sis by X-ray crystallography and cryo-electron microscopy (cryo-EM) 
single-particle analysis yielded high-resolution models for the reduced 
form of FeSII and for the complex of FeSII with both component proteins 
of the nitrogenase system and clarified its architecture.

The FeSII–nitrogenase complex
To investigate the interaction of FeSII with the nitrogenase components 
in vitro, we added 1 mM Na2S2O4 as a reductant and O2 scavenger to 
recombinant FeSII, isolated native MoFe and Fe proteins, and joined the 
components in molar ratios of 1:3:5 to produce MoFe:Fe:FeSII proteins 
under strict exclusion of dioxygen (Fig. 1a). ATP was added to allow 
for turnover conditions and O2 was supplied subsequently to the gas 
space to trigger oxic stress. After a short incubation, the sample was 
loaded onto a SEC column, where the formation of a large complex was 
evident. O2 was removed from a part of the sample and, after addition 
of dithionite, we observed separation into the component proteins, 
showing that complex formation is reversible (Fig. 1a). Using different 
amounts of O2, we found that reversible complex formation occurred 
from O2 concentrations between 0.1% and 20%, in samples exposed to 
the gas for 1 min or 5 min, and without visible damage or precipitation 
(Extended Data Fig. 1a). Complexes were identified on SDS–PAGE and 
could be dissociated by addition of dithionite (Extended Data Fig. 1b). 
In these samples, the protective effect of FeSII was clearly shown by 
activity assays (Extended Data Fig. 1c). The complexed sample was 
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Fig. 1 | Structure of the O2-protected FeSII–nitrogenase complex. a, Complex 
formation monitored by SEC detected by absorption at 280 nm. In a dithionite 
(DT)-reduced sample (top), the nitrogenase component proteins and FeSII 
elute as separate peaks without detectable complex formation. Upon removal 
of reductant and addition of 0.1 vol% O2, complex formation is observed. 
Reduction and O2 removal lead to complex dissociation (bottom). b, Cryo-EM 
map of a particle consisting of two copies each of the MoFe protein NifDK  
and the Fe protein NifH held together by a dimer of the ferredoxin FeSII.  
c, Top view of the complex shown in a. FeSII is fully buried, and the entire 
particle follows the C2 symmetry of the ferredoxin. d, Negative-stain TEM 

image of a representative complex preparation. The assembly forms filaments 
of variable length and the refined particle structures are sub-averages of such 
filaments. e, Architecture of the FeSII-protected complex with labelled 
components. Each protomer of the small FeSII dimer directly contacts one 
NifH dimer and one MoFe protein. f, Filament formation occurs following the C2 
symmetry of MoFe protein, leading to an extended structure with a diameter of 
24 nm. g, The filament forms a right-handed helix with a pitch of approximately 
30 nm, corresponding to about 1 MDa per helical turn. Scale bars, 50 nm (d), 
24 nm (f), 10 nm (g).
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subsequently analysed by cryo-EM, where extended filaments were 
immediately apparent in negative staining (Fig. 1d and Extended Data 
Fig. 2a) and cryo-transmission electron microscopy (TEM) (Extended 
Data Fig. 2b) after SEC. Centring on the FeSII dimer, a core particle was 
built that included two copies each of Fe protein and MoFe protein 
(Fig. 1b) and refined to yield a 2.9 Å resolution structure of a ternary  
complex with two copies each of the Fe protein NifH2 and the MoFe pro-
tein NifD2K2 arranged around a central FeSII dimer (Fig. 1b,e, Extended 
Data Fig. 3 and Extended Data Table 1). All interactions were mediated 
exclusively by the small FeSII, which locked the components of the 
enzyme in place but kept them strictly separate, and the entire arrange-
ment followed the C2 symmetry of the FeSII dimer (Fig. 1c). Alternatively, 
we could choose a larger core particle consisting of five copies of MoFe 
protein, four FeSII dimers and eight Fe protein dimers, with a total mass 
of 1.8 MDa that yielded a reconstruction to 5.4 Å resolution (Extended 
Data Fig. 2d). This structure followed the same architectural principle as 
the core complex, but reflected the fact that FeSII can bind to both sides 
of the C2-symmetric MoFe protein. We regularly observed filaments with 
a length of 150–180 nm (5–6 MDa) that assembled into a right-handed 
helix with a diameter of 24 nm (Fig. 1f). This assembly includes two Fe 
protein dimers per single MoFe protein heterotetramer, reflecting 
the minimal stoichiometric ratio that may exist in the cell, although 
for in vitro activity assays the more O2-sensitive Fe protein compo-
nent is typically used in high molar excess. The FeSII–nitrogenase  
filament had a pitch of 30 nm with almost three basic units—or 1 MDa 

mass—per turn (Fig. 1g). In cells of A. vinelandii with a length of 2–5 µm, 
these are structures of considerable size28. Note also that, although  
A. vinelandii can produce all three isoforms of nitrogenase, this efficient 
protection by FeSII applies only to the Mo-dependent enzyme, which 
also has the highest catalytic activity and is produced preferentially 
by the organism4,9. Knowing the three-dimensional (3D) structures of 
the alternative nitrogenases, structural modelling shows that, in both 
VFe protein29 and FeFe protein15, the extra G-subunits would interfere 
directly with FeSII binding (Extended Data Fig. 6d–f). Accordingly, 
no complex formation was observed in the presence of dioxygen 
(Extended Data Fig. 6g). However, while Shethna protein II was known 
as an O2 protection system for Mo-nitrogenase1, it remained unclear 
whether the trigger for complex formation is the actual O2 concentra-
tion in the cytoplasm, other reactive oxygen species such as peroxide 
or superoxide radicals, or the overall redox state of the cell.

Conformational states of FeSII
FeSII follows the canonical topology of adrenodoxin-type ferredoxin 
(Extended Data Fig. 4a), and its flexible N-loop is formed primarily by 
insertion of helix hN2 (Extended Data Fig. 4b), which is absent in other 
members of the family. In our earlier structure for FeSII, we observed 
different conformations of the N-loop that we designated as ‘open’ 
and ‘closed’, which led us to suggest that its flexibility is a prerequisite 
for triggering complex formation5. As the crystals were grown in the 
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Fig. 2 | Conformational states of FeSII. a, Crystal structure of the reduced 
FeSII dimer viewed along the C2 axis, with the N-loops shown in grey and light 
blue. b, Closed dimer in the oxidized structure (PDB 5FFI). c, In the oxidized 
open state (PDB 5FFI), helices hN1 and hN2 of the N-loop extend outward, 
forming a paddle-like structure. d, As FeSII forms a complex with the nitrogenase 
component proteins, the N-loops in this locked state are retracted but the 
paddle arrangement is retained. hN1 interacts predominantly with NifH, while 
hN2 interacts with MoFe protein. e, In the reduced state, the cluster-binding 
loop P39–C50 faces inward, with K70 forming a hydrogen bond to D44. f, In all 
other structures, the cluster-binding loop faces outward, breaking the D44–K70 
interaction and making E41 available to interact with Fe protein (Fig. 3f).  
g, Monomer structures of the four observed states. Helix hN1 remains close to 

the [2Fe:2S] cluster in the reduced and locked states, and also in the closed 
oxidized states, although the H-bond to K70 is broken (brown). Helix hN2 is 
disordered in the closed oxidized state, but moves only slightly between the 
reduced and open oxidized state (green). The cluster loop differs only in the 
reduced state (red in  e). h, Upon activation, FeSII does not form a complex with 
MoFe protein as analysed by analytical SEC (upper panel) (masses: (1) MoFe, 
227 kDa (calculated (calc.), 230 kDa); FeSII, 31 kDa (calc., 26 kDa)). By contrast, 
oxidized FeSII readily engages with Fe protein (lower panel), binding one or  
two copies per dimer (masses: (1) (NifH2)2:FeSII2, 152 kDa (calc., 152 kDa);  
(2) NifH2:FeSII2, 91 kDa (calc., 90 kDa); (3) NifH2, 61 kDa (calc., 64 kDa); FeSII, 
26 kDa (calc., 26 kDa)).
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absence of reductant, both forms should contain an oxidized [2Fe:2S] 
cluster. We therefore crystallized FeSII under reducing conditions 
and obtained a new crystal form with a single FeSII dimer per asym-
metric unit that yielded a structural model at 1.45 Å resolution (Fig. 2a, 
Extended Data Fig. 5 and Extended Data Table 2), with a fully defined 
N-loop that differed from the previously observed states. Together with 
the conformation observed in the complex with the nitrogenase com-
ponents, which differed from all others, four distinct structural snap-
shots now provide a sound basis for understanding FeSII activation.

Consistent in all four models are conformational changes in the 
N-loop, but also in the loop coordinating the iron–sulfur cluster con-
taining the ligands C42, C47 and C50, and in the C terminus at residue 
A122. In the reduced-state structure that represents the inactive state of 
FeSII (Fig. 2a), the N-loops were folded back onto the core of the dimeric 
protein, fully ordered and resolved, including the α-helices hN1 (residues 
69–78) and hN2 (84–91). The lid helix hN1 resides above the [2Fe:2S] clus-
ter (Extended Data Fig. 5a) and hN2 points towards the dimer interface, 
allowing residues R92 and D93 to interact with the other FeSII protomer. 
D93 formed a short hydrogen bond to K53′ (that is, in the other mono-
mer), while R92 contacted the C-terminal carboxylate of the second 
chain (A122′) that will play a vital role in complex formation with NifH 
(Extended Data Fig. 4c). In the oxidized closed state (Fig. 2b), helix hN1 
remained close to the cluster, but residues K83–R92 that include helix 
hN2 were disordered, which also released the C terminus of the other 
protomer. The predominant conformation of FeSII in the oxidized state, 
however, had helices hN1 and hN2 in the parallel, paddle-like arrange-
ment described earlier (Fig. 2c). Here, the N-loop was released as the 
interactions E71:R99 and D44:K70 were severed, and R92 moved away 
from the carboxylate of the other protomer, releasing its C terminus. The 
D93:K53′ interaction was retained, so that the N-loop gained flexibility 
and was released from the core of FeSII (ref. 5), and the formerly separate 
helices hN1 and hN2 rearranged into the parallel paddle arrangement 
(Extended Data Fig. 4d). In the cryo-EM structure of the complex with 
the nitrogenase components, the N-loops of FeSII showed yet another 
conformation that we designate ‘locked’, as it kept the complex stably in 
place (Fig. 2d). The N-loop was retracted to the FeSII core, re-establishing 
the E71:R99 salt bridge, but not the interaction of D44 and K70, as these 
residues were involved in protein–protein interactions with the enzyme. 
R92 and D93 rotated away from the other FeSII protomer, so that the 
C termini at A122 became accessible (Extended Data Fig. 4e).

Most recently, Murray and co-workers proposed that the arrangement 
observed in the original crystals, in particular the open conformation 
of the N-loops, might be due to domain swapping of the N-loop caused 
by crystal packing interactions30. This suggestion is consistent with 
the structural data, but nevertheless requires that, in the open state, 
the N-loop is able to leave its position at the same protomer to interact 
with another one. Comparing these earlier structures with the reduced 
state reported here, an important difference in the cluster environment 
becomes apparent in the cluster loop. The reduced state prominently 
features a salt bridge between residue D44 in the cluster loop and K70 
in the N-loop (Fig. 2e). In all other structures, this salt bridge is broken 
due to a shift of the entire cluster loop that makes residues E41 and D44 
in this loop available for interactions with the nitrogenase component 
proteins (Fig. 2f). This release of one of only three interaction of the 
N-loop with the core domain of FeSII (Extended Data Fig. 5a) is probably 
key to the increased flexibility observed upon oxidation.

Taken together, the different conformational states of FeSII thus 
outline the activation process of the ferredoxin (Fig. 2g). In the absence 
of O2, FeSII resides in the reduced state, where the separated N-loop 
helices hN1 and hN2 allow residue R92 to bind and block the C-terminus 
of the second protomer (Extended Data Fig. 4c). Oxidation of the cluster 
then changes the conformation of the cluster loop. However, while a 
transition to the oxidized closed state leaves hN1 in place but leads to 
flexible disorder of the C termini, the oxidized open state largely leaves 
hN2 in place, including the R92–A122′ interaction. Instead, hN1 folds 

outward to form the paddle structure. Both structures underline the 
newly gained flexibility of the N-loop that is required for interaction 
with Fe protein (see below). In the complex with Fe protein and MoFe 
protein, this paddle structure is retained but, as hN1 returns to its posi-
tion at the [2Fe:2S] cluster, the entire N-loop is tightly bound to the FeSII 
core, and the interaction of R92 with the C-terminal carboxylate is no 
longer possible. Instead, this carboxylate then can occupy a position 
directly above the labile [4Fe:4S] cluster of the Fe protein (see below).

Interactions of FeSII with nitrogenase Fe protein
On analytical SEC, FeSII interacted readily with the Fe protein NifH2, 
but not with MoFe protein in the absence of NifH2 (Fig. 2h), establishing 
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that the FeSII2–NifH2 complex forms first. In particular, the substoichio-
metric provision of MoFe protein led to an accumulation of FeSII:NifH 
complexes of variable stoichiometry (Fig. 2h and Extended Data 
Fig. 1d,e), while all MoFe protein was found in a set of different com-
plexes (Extended Data Fig. 1f,g). Under all conditions tested, the FeSII 
protein formed a stable dimer but its initial interaction with dimeric 
NifH2 was through one protomer only. In the protected complex, FeSII2 
inserted itself between NifH2 and NifD2K2 (Fig. 3a), covering the func-
tional interface of the two nitrogenase components (Extended Data 
Fig. 6). In the complex, each FeSII monomer had a NifH2 homodimer 
bound (Fig. 3b). The FeSII2 dimer interface was identical to the one 
observed in the uncomplexed structures of the ferredoxin (Fig. 2a–c), 
and the N-loop was in the locked conformation (Fig. 2d, Extended Data 
Fig. 3e), giving the protomer a globular shape (Fig. 3c and Extended 
Data Fig. 4b). As FeSII2 interacted with Fe protein, the initial point of 
contact is probably through the N-loop paddle of activated FeSII in its 
oxidized state (Fig. 2c). As the N-loop retracts, it pulls both proteins 
closely together into a tight complex, with the [2Fe:2S] cluster of FeSII 
close to the [4Fe:4S] cluster of NifH2. The minimal distance of the clus-
ters of 12.5 Å allows for efficient electron transfer. The interaction of 
FeSII2 and NifH2 was asymmetric, and the N-loop interacted predomi-
nantly with one monomer (Fig. 3d). In detail, the N-loop formed two 
new salt bridges to NifH2, R72:E69H (superscript denotes residues of 
NifH) and K76:E112H, as well as hydrogen bonds from N73 to E69H and 
from N108H to the backbone carbonyl of K76 (Fig. 3e). The sum of these 
interactions constitutes a significant binding strength for complex 
formation. Residues R72, K76 and N73 are all part of helix hN1 in the 
N-loop. Note that the NifH2 dimer that binds to one FeSII protomer 
does not form any interactions with the second protomer. The sec-
ond interface of interaction within the complex not only brings the 
two metal clusters of the protein partners close together, but it also 
places the C-terminal amino acid A122 of FeSII in a position directly 

above the most sensitive spot of NifH2—the bridging [4Fe:4S] cluster 
(Fig. 3f). In the reduced structure of FeSII2, this terminus was fixed by 
the other protomer (Fig. 2a), but it gained flexibility in the open state 
(Fig. 2c). Once the complex locks in place, A122 is again well defined 
and stabilized by a hydrogen bond to residue E41 in the cluster-binding 
loop. The C-terminal carboxylate at A122 is also hydrogen-bonded to 
residue E118 of FeSII that in turn forms a salt bridge to R101H (Fig. 3f). 
Interestingly, in the NifH2D2K2 complex structures locked in place with 
either ADP–AlF4

− or AMPPCP17,31, the arginine residues R101H form the 
only salt bridges in the interface of the component proteins, making 
them a main contributor to complex stability (Extended Data Fig. 6a–c). 
FeSII thus stably binds to Fe protein, preventing its interaction with 
MoFe protein and protecting the sensitive [4Fe:4S] cluster of Fe pro-
tein. Characterized by numerous, strong salt bridges and supported by 
further hydrogen-bonding interactions, this first association is strong, 
but a 3D variability analysis of the cryo-EM maps shows that the NifH 
dimers bound to FeSII in the complex retain significant flexibility (Sup-
plementary Video 1). Note also that we observed in vitro that FeSII alone 
did not prevent oxidative damage to Fe protein in the absence of MoFe 
protein5. Although the rapid interaction of FeSII with Fe protein is the 
key initiation event of complex formation, the subsequent binding of 
MoFe protein to this core unit (Fig. 3b) is indispensable for attaining 
its protective function.

Complex formation with MoFe protein
Tight binding to Fe protein has left the activated FeSII with its N-loops 
retracted, in a conformation that is probably close to the locked state. 
Through this it gains affinity to MoFe protein, allowing for the associa-
tion of the larger nitrogenase component to bind, thereby providing a 
starting point for filament formation. FeSII interacts mostly with the 
surface of NifD (Fig. 4a), covering a patch above the FeMo cofactor that 
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was suggested to serve as one entry point for the protons required for 
N2 reduction, terminating in residue H196D (Fig. 4b)8. In addition, K63 
of FeSII forms a salt bridge to D204D of MoFe protein, and the negative 
end of the helix dipole of hN2 points directly at the FeMo cofactor 
(Fig. 4b). The only interaction with NifK occurs through a short, pro-
truding loop of the subunit, 119TEDAAVFG126, which contains the highly 
conserved F125K (in bold) that is also found as F125D in NifD (Fig. 4c). 
Due to the asymmetric binding of FeSII2 onto the NifDK heterodimer, 
this second phenylalanine is not in contact with any other component 
of the complex (Fig. 4d). The two F125 residues are conserved in this 
position in all known structures of nitrogenases, where they symmetri-
cally support the formation of the complex with Fe protein. There, the 
phenylalanine resides in a pocket on the surface of Fe protein, whereas 
in the FeSII protein interaction it packs into a groove directly adjacent 
to the [2Fe:2S] cluster (Fig. 4c,d). In its asymmetric position on NifD, 
FeSII does not cover the surface position above P-cluster, that is, the 
twofold pseudosymmetry axis of the NifDK heterodimer. However, it 
extends residue R24 to form a hydrogen bond to the backbone carbonyl 
of L158D, so that the positively charged guanidinium moiety of the argi-
nine side chain is situated almost precisely on this pseudo-twofold axis 
(Fig. 4f). The small ferredoxin thus specifically occupies the interaction 
interface of the two nitrogenase components, separating them while 
shielding access to their oxygen-sensitive metal clusters. Key to the 
interaction with MoFe protein is the conformation of helix hN2 in the 
locked state (Fig. 2c). Although this helix interacts with NifD only at its 
C-terminal end, its arrangement in the N-loop paddle (Fig. 2b) rather 
than in the open conformation of the reduced state of FeSII (Fig. 2a) 
is a strict prerequisite for the observed mode of complex formation.

Intermolecular electron transfer
Our structural and biochemical data show that FeSII first associates 
with Fe protein—the most sensitive component of the nitrogenase 
system—and that this core complex then recruits MoFe protein, as 
detailed above. Upon complex formation, the [2Fe:2S] cluster of FeSII 
is in its oxidized state, whereas under diazotrophic conditions its inter-
action partner, Fe protein, will mostly be in the reduced state. With a 
midpoint potential of −262 mV versus standard hydrogen electrode26, 
FeSII can obtain an electron by the more strongly reducing Fe protein 
NifH (E0′ = −420 mV versus standard hydrogen electrode32), so that the 
[2Fe:2S] cluster in FeSII is again reduced (Figs. 3b and 5)33. When bound 
to NifH, the N-loop paddle retains its conformation seen in the oxidized 
state and, rather than returning to the free reduced and inactive state, 
FeSII attains its locked conformation (Fig. 2d). Only with the retracted 
N-loop in the paddle conformation can the FeSII–NifH complex now 
bind to the MoFe protein, where the same process at the opposite NifDK 
protomer then leads to filament growth. The bidirectional extension 
of the protected filaments that these sequential interactions enable 
assures the most rapid response possible to oxygen stress, with a mini-
mum required amount of FeSII. The two protomers of the FeSII dimer 
interact independently with two copies of the Fe protein dimer, but we 
have found earlier that the oxidation of both clusters shows positive 
cooperativity, providing another means of accelerating complex for-
mation5. There is no indication of a further redox event between FeSII 
and NifDK. The midpoint potential of reduced FeSII should not be suf-
ficiently negative to reduce the P-cluster of the catalytic dinitrogenase 
but, while the reverse process is feasible on the basis of potential differ-
ences, we did not observe any complex formation of FeSII with NifDK 
in the absence of NifH (Fig. 2h). Our model implies that the interaction 
with NifDK requires FeSII to already be in its locked conformation, that 
is, bound to NifH, and the sequential binding can then be rationalized 
independent of whether the protective effect of the complex extends 
to the more stable MoFe protein itself. What remains to be explained is 
how the complex dissociates once the acute phase of oxidative stress 
is overcome. All metal clusters in the protected filament are shielded 

from access to external electron donors. We find that the complex is 
stabilized in the presence of O2 and dissociates upon addition of dith-
ionite (Fig. 1a and Extended Data Fig. 1), but it is unknown whether the 
release of the components is a simple first-order reaction or whether 
more components are involved.

In summary, the data presented here highlight the remarkable features 
of the small ferredoxin FeSII that can sense oxidative stress and react by 
polymerizing the far larger nitrogenase components into a protected 
filament to overcome short phases of intermittent oxidative stress. 
The free-living diazotroph A. vinelandii is well adapted to generating 
intracellular anaerobicity through its high respiration rates, and argu-
ably this situation is of high relevance for the use of a heterologously 
produced nitrogenase. The most promising strategy for producing 
functional nitrogenase in food crops focuses on plant mitochondria34,35. 
As energy-conserving organelles they can provide the ATP required by 
the enzyme, and the aerobic respiratory chain in their inner membrane 
renders their inner matrix space the most anoxic environment in a plant 
cell. In particular at night, when no oxygenic photosynthesis occurs, 
mitochondria operate on the complete oxidation of sugars or fatty acids 
and provide a rather constant low-O2 environment were a recombinant 
nitrogenase can mostly operate safely, whereas the presence of FeSII can 
provide short-term protection during short oxygen bursts, as it does in its 
native host A. vinelandii. FeSII production in this context seems feasible 
in eukaryotic mitochondria that contain the machinery for iron–sulfur 
cluster biogenesis36,37, making the 1968 discovery of this second ‘Shethna 
protein’ a valuable addition to the puzzle of nitrogenase bioengineering 
aimed at alleviating the dependency of food crops on inorganic fertilizer.
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Methods

Production of recombinant A. vinelandii FeSII
A codon-optimized gene encoding A. vinelandii FeSII (AVIN_39700) 
was synthesized (GeneArt) and inserted into the multiple cloning site 
of the expression vector pET21a (Novagen) by means of Gibson assem-
bly, excluding the hexahistidine affinity tag offered by the vector38. 
Chemically competent E. coli BL21(DE3) C43 cells39 were transformed 
with the plasmid40. For protein production, the cells were cultivated 
at 37 °C in LB medium supplemented with 100 µg ml−1 of ampicillin. 
Gene expression was induced by the addition of 0.1 mM isopropyl-β-d-
1-thiogalactopyranoside at an optical density at 600 nm (OD600nm) 
of 0.6 and collected by centrifugation after 5 h. The cell pellet was 
resuspended in 50 mM sodium acetate buffer at pH 5.2 and disrupted 
by three passages through a microfluidizer at 150 MPa (Maximator 
HPL6). After readjusting the pH to 5.2, cell debris was removed by cen-
trifugation at 80,000g for 45 min. The supernatant was loaded onto a 
cation exchange column (5 ml HiTrap SP HP, Cytiva) equilibrated with 
50 mM sodium acetate buffer at pH 5.2. After washing, the column was 
developed with a step gradient from 0 to 100 mM NaCl. Fractions con-
taining FeSII were pooled, concentrated by ultrafiltration and subse-
quently loaded on a HiLoad Superdex 75 26/600 (Cytiva) size-exclusion 
column equilibrated with 50 mM HEPES/NaOH buffer at pH 8.0 and  
100 mM NaCl. Fractions containing FeSII were pooled, concentrated 
by ultrafiltration (10 kDa MWCO, Sartorius), flash frozen and stored 
in liquid nitrogen.

Production of nitrogenase component proteins
A. vinelandii (Lipman 1903, DSM2289)41 was cultivated oxically in modi-
fied Burk medium42. A preculture of 100 ml was inoculated with cells 
from a glycerol stock and grown diazotrophically to an OD600nm of 
2.5. The culture was then used to inoculate main cultures of 500 ml, 
which were grown to an OD600nm of 2.5 and collected by centrifuga-
tion. All subsequent steps were performed anoxically in an inert gas 
chamber (95% N2, 5% H2 atmosphere, Coy Laboratory Products) or 
by using modified Schlenk techniques. All buffers were degassed by 
repeated cycles of vacuum and N2 and were supplemented with 2.5 mM 
Na2S2O4 adjusted to pH 7.5 with Tris base. The cell pellet was resus-
pended in 50 mM Tris-HCl buffer at pH 7.4 and disrupted by three pas-
sages through a microfluidizer at 150 MPa (Maximator HPL6) under an 
N2-atmosphere. Cell debris was removed by centrifugation at 80,000g 
for 30 min and the supernatant was loaded on an anion exchange 
column (50 ml Q Sepharose, GE Healthcare) equilibrated with 50 mM 
Tris-HCl buffer at pH 7.4. After washing, the protein was eluted with a 
linear gradient of NaCl. The MoFe protein eluted at a conductivity of 
27 mS cm−1, while Fe protein eluted at 42 mS cm−1. The concentrated 
proteins were further purified separately by SEC (HiLoad Superdex 
200 26/600, Cytiva), equilibrated with 20 mM Tris-HCl buffer at pH 7.4 
with 200 mM NaCl. The purified proteins were concentrated by ultra-
filtration (100 kDa and 30 kDa MWCO, Sartorius), flash frozen and 
stored in liquid nitrogen.

Activity assays
Nitrogenase activity was monitored by following the non-physiological 
reduction of acetylene to ethylene that can be quantified straightfor-
wardly by gas chromatography carried out as described elsewhere5. 
In brief, in a 10 ml Wheaton vial, 1 ml of reaction mixture was prepared 
anoxically, containing 0.65 µmol of NifD2K2 and 1.3  µmol of NifH2 and, 
if applicable, 1.3 µmol of FeSII dimer. The mixture further contained 
125 mg l−1 of phosphocreatine kinase, 15 mM of phosphocreatine, 
2.5 mM ATP, 5 mM MgCl2 and 20 mM Tris-HCl buffer at pH 7.4. Pure O2 
gas was added through a gastight syringe to the desired final concen-
trations and incubated for variable times. After 1 or 5 min, oxygen was 
removed by flushing the headspace with 100% Ar, and subsequently 
Na2S2O4 was added to a final concentration of 2.5 mM. For the assay, 

the respective missing components were added and 1 ml of C2H2 was 
injected to the headspace with a gastight syringe and the reaction was 
allowed to proceed for 3 min at 30 °C and then stopped by addition of 
250 µl of glacial acetic acid. A sample of 1 ml of headspace was taken 
and injected into a gas chromatograph for quantification of ethylene.

Complex formation
The following steps were performed anoxically in an inert gas cham-
ber. MoFe protein (NifD2K2), Fe protein (NifH2) and FeSII (dimer)) inert 
were combined in a molar ratio of 1:3:5 and their buffer solution was 
exchanged to anoxic 20 mM Tris-HCl buffer at pH 7.4 with 40 mM NaCl, 
5 mM MgCl2 and 1 mM Na2S2O4, using a NAP-5 desalting column (Cytiva). 
The protein mixture was transferred to a 12 ml vial containing a stirrer, 
sealed with a rubber septum and N2 turnover was initiated by the addi-
tion of 2.5 mM ATP under vigorous stirring. After 1 min, 60 µl of the gas 
phase were exchanged for air, resulting in an oxygen concentration of 
0.1%. For assays with alternative nitrogenases, the final oxygen con-
centration was 1%. After 5 min of incubation and stirring, the protein 
mixture was loaded onto a Superose 6 Increase 10/300 GL column 
(Cytiva), equilibrated with anoxic 20 mM Tris-HCl buffer at pH 7.4 with 
5 mM MgCl2. Fractions for cryo-EM analysis were collected in anoxic 
vials under positive N2 pressure. For other experiments, molar ratio 
of proteins, salt concentration, oxygen concentration and incubation 
time were the same unless indicated otherwise.

Analytical size-exclusion chromatography
To analyse the potential binary precursor complexes FeSII:NifDK and 
FeSII:NifH, the following steps were carried out in an inert gas cham-
ber. For FeSII:NifDK, the buffers of oxic FeSII (35 mg ml−1, 1.2 mg) and 
dithionite-containing NifDK (64 mg ml−1, 3.6 mg) in a molar ratio of 3:1 
were exchanged separately to anoxic, dithionite-free 20 mM Tris-HCl 
buffer at pH 7.4 with 25 mM NaCl, 5 mM MgCl2 using a NAP-5 desalting 
column. The proteins were collected in the same reaction tube leading 
to a volume of 500 µL, incubated for 5 min and sterile filtered. A 100 µl 
sample of the protein mixture was then loaded onto a Superdex 200 
Increase 10/300 GL column (Cytiva) equilibrated with anoxic 20 mM 
Tris-HCl buffer at pH 7.4 with 25 mM NaCl and 5 mM MgCl2 connected 
to a Viscotek GPCmax (Malvern Panalytical) with a TDA 305 contain-
ing a refractive index (RI) detector and a right angle light scattering 
(RALS) detector for mass determination that was calibrated using 
bovine serum albumin. We analysed the binary FeSII:NifH complex 
identically with a molar ratio of 3:1 using FeSII (20 mg ml−1, 2.2 mg) 
and NifH (42 mg ml−1, 1.8 mg) with a target buffer consisting of 20 mM 
Tris-HCl buffer at pH 7.4 and 5 mM MgCl2 on a Superose 6 Increase 
10/300 GL equilibrated with the same buffer.

Negative staining grid preparation and imaging
For negative staining EM, the ternary complex was obtained as stated 
above, with the following modifications: a molar component protein 
ratio of 1:2:1 was used, turnover buffer did not contain NaCl, the protein 
mixture was exposed to 0.5% oxygen for 15 min and the SEC step was 
omitted. After incubation with oxygen, 2.5 µl of protein mixture at a 
concentration of 0.01–0.1 mg ml−1 was applied to a glow-discharged 
TEM grid (carbon film supported, 300 Mesh, Sigma-Aldrich) for 1 min 
and then blotted. The grid was washed with two drops of water and 
stained with 2% uranyl acetate. After drying for 24 h, the grids were ana-
lysed on a Hitachi HT7800 transmission electron microscope at 100 kV.

Cryo-EM grid preparation and data collection
The ternary complex was diluted to 0.75 mg ml−1 in an inert gas chamber, 
transferred into a PCR tube and flash frozen in liquid N2 until further 
use. All cryo grids were prepared with 2.5 µl of protein sample using 
a Vitrobot Mark IV (ThermoFisher Scientific). After thawing on ice, 
protein samples were applied to glow-discharged Quantifoil Au R2/1 
M300 grids under constant N2 flow, incubated for 5 s, blotted for 3 s with 
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filter paper and flash frozen in liquid ethane cooled by liquid nitrogen. 
The dataset was recorded on a 200 kV Glacios cryo-transmission elec-
tron microscope (ThermoFischer Scientific) equipped with a Gatan K3 
detector with a pixel size of 0.878 Å px−1, 30 frames and an exposure 
time of 4 s with a total dose of 50.56 e− Å−2.

Single-particle analysis, structural modelling and refinement
Initially, the raw video stacks were motion-corrected with RELION 
v.3.1 (ref. 43) and per-micrograph defocus values were estimated 
using CTFFIND v.4.1 (ref. 44). Particle picking was done using 
Laplacian-of-Gaussian blob detection (Extended Data Fig. 2). The par-
ticles were extracted with a box size of 400 pixels and sorted by three 
rounds of two-dimensional (2D) classification using a mask diameter of 
250 Å. The particles were then transferred to CryoSPARC v.4.3 (ref. 45) 
for ab initio reconstruction. The model was refined to 2.99 Å in several 
rounds of non-uniform refinement46, CTF refinement47 and heteroge-
neous refinement implementing C2 symmetry. In a second round, the 
raw video stacks were motion-corrected followed by per-micrograph 
defocus value estimation, both with CryoSPARC v.4.3. The final model 
of the first refinement round was taken as a template for template-based 
particle picking in CryoSPARC v.4.3. Particles were extracted with two 
box-sizes: 420 pixels to obtain a high-resolution map for model building 
and 900 pixels to obtain a low-resolution map to visualize the helical 
supercomplex (Extended Data Fig. 2d). Particles extracted with a box 
size of 420 pixels were sorted by 2D classification followed by heteroge-
neous refinement using the final model of the first round of refinement 
and two trash classes to further sort bad particles out. The resulting map 
was refined to 2.89 Å in several rounds of non-uniform refinement, CTF 
refinement and heterogeneous refinement implementing C2 symmetry. 
Particles extracted with a box size of 900 pixels were binned to 300 
pixels and subjected to two rounds of 2D classification followed by ab 
initio reconstruction. This model was refined by non-uniform refine-
ment and then taken as a template, together with two trash classes, 
for heterogeneous refinement on all extracted particles to increase 
the number of good particles resulting in a map of higher quality. The 
resulting map was further refined to 5.36 Å, which is the resolution limit 
for the pixel size used, in several rounds of non-uniform refinement, 
3D classification and heterogeneous refinement.

The 2.89 Å resolution map was used for model building. As starting 
model for MoFe, Protein Data Bank (PDB) entry 3U7Qwas used, for 
the Fe protein PDB entry 1FP6 and for the FeSII protein a model cre-
ated by AlphaFold2 (refs. 48,49). All models were rigid-body fitted into 
the density map using UCSF ChimeraX50, hand-refined using COOT51, 
applied C2 symmetry and real-space refined in PHENIX52. The quality 
of the structure was validated by MolProbity53. Data collection and 
refinement statistics are summarized in Extended Data Table 1. Figures 
were generated with PyMOL (Schrödinger LLC) or UCSF ChimeraX50.

Crystallization, data collection, structure solution and 
refinement for reduced FeSII
A. vinelandii FeSII protein was crystallized using the sitting-drop 
vapour diffusion method in an inert gas chamber using an OryxNano 
drop dispenser (Douglas Instruments). FeSII protein (46 mg ml−1) was 
reduced by adding 10 mM Na2S2O4 adjusted to pH 7.5 with Tris base. 
Large, 3D crystals were obtained by mixing 0.3 µl of protein solution 
with the same volume of a reservoir solution containing 50 mM gly-
cine at pH 9 and 55 % (v/v) of polyethylene 400 on a 96-well crystal-
lization plate (MRC 2, SwissSci). After 8 days, crystals were collected, 
mounted on a nylon loop and flash frozen in liquid nitrogen. Diffraction 
data were collected at the European Synchrotron Radiation Facility 
on beamline FIP2-BM07 using a Pilatus 6M detector at an X-ray wave-
length of 0.9795 Å; 360° of data were collected with 0.2° oscillations 
per image. Reflections were recorded to below 1.3 Å. Raw data was 
auto-processed using autoPROC54 and the resolution was cut at 1.45 Å 
using AIMLESS55 from the CCP4 (ref. 56) suite. The structure was solved 

by using MOLREP57 with oxidized FeSII (PDB 5FFI) as search model, yield-
ing a solution with one FeSII dimer in the asymmetric unit of the P 41212 
unit cell. The model was built with COOT51 and refined using REFMAC5 
(ref. 58) and PHENIX52. Data collection and refinement statistics are 
summarized in Extended Data Table 2. Figures were generated using 
PyMOL (Schrödinger LLC).

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
The atomic coordinates and cryo-EM map of the FeSII–nitrogenase 
complex have been deposited with the Protein Data Bank at http://www.
pdb.org with accession number 8RHP and the Electron Microscopy 
Data Bank (EMDB) with accession number EMD-19178. Coordinates 
and structure factors for the reduced form of FeSII have been depos-
ited with the Protein Data Bank at http://www.pdb.org with accession 
number 8RHO.
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Extended Data Fig. 1 | Analysis of complex formation. a, Variation of O2 
concentration. Reversible complex formation was observed from 0.1% O2 
(Fig. 1a) up to 20% O2 for exposure times of 1 and 5 min. b, SDS-PAGE for (a), 
showing stable, stoichiometric complexes under O2 and dissociation into the 
components upon O2 removal and reduction. c, Acetylene reduction assays  
for the samples in (a) in the absence (black) and presence (hatched) of FeSII. At 
incubation times of 1 and 5 min, the stabilizing effect of FeSII is substantial even 
at 20% of pO2. Error bars represent the standard deviation of three independent 
measurements. d, Detail of Fig. 1a, top trace (uncomplexed), with the peak 
positions for FeSII, the Fe protein NifH2 and the substantially larger peak for  
the MoFe protein NifD2K2. e, Detail of Fig. 1a, middle trace, after O2-induced 
complex formation. Due to its molar excess, residual free FeSII is present, but 
additional peaks for Fe protein are observed that are consistent with a FeSII2:NifH2 
and a FeSII2:2NifH2 complex (Fig. 2h). f, Variation of molar ratios for complex 

formation. In each trace, one component is added in substoichiometric 
amounts (brown, MoFe; green, Fe; blue, FeSII). Lacking FeSII (blue trace), a 
shoulder appears (blue arrow) that represents a smaller complex. No residual 
Fe protein or FeSII are observed, and an aggregation peak in the void volume 
represents mostly Fe protein. With substoichiometric amounts of Fe protein 
(red trace), most FeSII cannot form a complex with MoFe protein alone. When 
substoichiomentric in MoFe protein, all available MoFe protein appears in a 
regular, broad complex peak, no aggregates are observed in the void volume. 
Some free FeSII and Fe protein remain, and a new peak emerges (black arrow), 
consistent with a FeSII2:NifH2 complex. g, Peak analysis of the bottom trace of 
panel (e) with a MoFe:Fe:FeSII ratio of 1:5:5. For the multi-Gaussian fit, only two 
complex peaks were modeled. A new peak representing a FeSII2:NifH2 complex 
can readily be identified.



Extended Data Fig. 2 | The FeSII-nitrogenase complex in micrographs. a, Negative-stain micrograph of the complex fraction of (a), showing filaments of 
variable length. b, Representative cryo-TEM micrograph from the data set used for structure solution, with most proteins present in the FeSII-complexed state.
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Extended Data Fig. 3 | Workflow for cryo-EM data collection and processing. 
a, Representative micrograph out of 2,097 recorded movies. b, 2D class averages 
for the C2-symmetric core particle. c, 2D class averages for the filament fragment. 
d, A total of 1.9 million particles were picked and used for 2D classification, 
resulting in a 3D reconstruction for the C1 filament fragment at 5.36 Å resolution, 

and for the C2 core particle at 2.98 Å resolution. e, The core particle was most 
highly resolved in the central part surrounding the FeSII dimer. f, Angular 
distribution of particles used for the 3D reconstruction of the C2-symmetric 
core. g, Fourier shell correlation curves, using a 0.143 gold standard cutoff for 
overall resolution.



Extended Data Fig. 4 | Structural properties of FeSII. a, Topology diagram of 
FeSII. b, Wall-eyed stereo image of the FeSII monomer in the locked conformation, 
highlighting the positioning of helix hN1 above the [2Fe:2S] cluster. c, In the 
reduced state the N-loop is fixed by two salt bridges to the body of FeSII 
(D44-K70 and E71-R99) and interacts with the other protomer via R61 and D93 
and a salt bridge (R92-A122) that fixes the C-terminal carboxylate of the other 

chain. Helices hN1 and hN2 are separated. d, Upon oxidation, the interactions 
with D44, R99, and the C-terminal A122 are released, the N-loop folds into the 
paddle conformation and gains flexibility. e, In the locked state, the D44-K70 
and E71-R99 are re-formed, but helix hN2 remains in the paddle conformation 
and does not interact with the other monomer of FeSII.
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Extended Data Fig. 5 | Structural properties of FeSII. a, FeSII monomer in 
cartoon representation, highlighting the residues mentioned throughout the 
manuscript. b, Top and side view of the [2Fe:2S] cluster of FeSII in the reduced 
state. Coordinative bond lengths around the iron ions are shown in Å. c, Wall-eyed 
stereo representation of the 2Fo–Fc difference electron density map around  

the [2Fe:2S] cluster, contoured at the 1σ level (grey) and the 5σ level (blue).  
d, Representation of the FeSII dimer with color and ribbon width representing 
local B-factors. Due to local crystal packing, chain B was less well defined than 
chain A. All distances and interactions discussed in the text refer to chain A.



Extended Data Fig. 6 | The NifDK:NifH interface in the AMPPCP-stabilized 
complex of Mo-nitrogenase and the action of FeSII on alternative 
nitrogenases. a, In the well-characterized complexes stabilized by non- 
hydrolyzable ATP analogs, two copies of Fe protein bind on either side of the 
C2-symmetric NifD2K2 heterotetramer such that the twofold symmetry axis  
of Fe protein coincides with the pseudo-twofold axis relating NifD and NifK.  
b, In its reduced state, the central S1 sulfide of P-cluster is located precisely on 
this axis. c, The binding interface of Fe protein and MoFe protein involves the 
conserved F125 in both NifD and NifK, as well as several direct or water-mediated 
hydrogen bonds. The strongest direct interaction, however, is mediated by 
R101H that forms salt bridges to NifD in one monomer of NifH and to NifK in the 
other. Note that these interactions show a slight asymmetry. While in both MoFe 
subunits residue E120 interacts with R101H, a second acceptor carboxylate is 

E184D in NifD, which is replaced by E156K in NifK. The binding of FeSII to Fe 
protein shields R101H in both protomers (Fig. 2f). Figure generated from the 
AMPPCP-stabilized complex of A. vinelandii NifHDK (PDB 4WZB)31. d, Binding 
of a FeSII monomer to NifD2K2. The top view shows the unobstructed binding  
of FeSII to the protein surface. e, Hypothetical model for the interaction of FeSII 
with VndD2K2G2 of V-nitrogenase. The additional subunit VnfG prevents FeSII  
at the same position as in MoFe protein (d). f, For Fe-nitrogenase, subunit AnfG 
causes analogous clashes to (e). g, While Mo-nitrogenase readily forms a 
protective complex with FeSII in the presence of oxygen, no such complex 
formation is observed with either V- or Fe-nitrogenase under the same 
conditions, highlighting that FeSII acts exclusively in conjunction with 
Mo-nitrogenase.

https://doi.org/10.2210/pdb4WZB/pdb
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Extended Data Table 1 | Cryo-EM data collection, refinement, and validation statistics



Extended Data Table 2 | X-ray crystallography data collection and refinement statistics

a R I I I[( | |)/ ]hkl i i i imerge = ∑ ∑ − ⟨ ⟩ ∑  
b R F F F/hkl hklwork obs calc obs= ∑ − ∑  
Rfree is the cross-validation R value for a test set of 5 % of unique reflections.
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