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Nitrogenases uniquely reduce atmospheric N, to bioavailable ammonium.
They group into three isoforms that primarily differ in the architecture of
their active-site cofactors. Amolybdenum or vanadiumionisintroduced
intoacommon precursor cluster to form Mo- and V-dependent
nitrogenases, respectively. In contrast, the third class of the enzyme

only utilizes abundantiron to reduce N, under ambient conditions and is
consequently of highinterest for mechanistic studies and catalyst design.
Here we report the three-dimensional structure of Fe-nitrogenase from
Azotobacter vinelandii and its FeFe cofactor, a[8Fe:9S:C] cluster with an
interstitial carbide and an organic homocitrate ligand at the apical iron that
substitutes for Mo or Vin the other isoforms. The structure reveals lability
of sulfide S2B, the proposed binding site for substrate in other nitrogenases,
further supporting a general mechanism of proton and electron transfer for

all nitrogenases and all their substrates.

Nitrogenis an essential part of all classes of biological macromolecules
and therefore an indispensable nutrient for all organisms. Because
of the extraordinary chemical stability of the N, molecule, it repre-
sents a sink for more than 99% of all nitrogen cycling through Earth’s
biosphere’, and its assimilation into biomass is only possible through
activated forms, in particularammonium, NH," (ref. 2). The reductive
conversion of N, is achieved through atmosphericlightning discharge,
the industrial Haber-Bosch process or through biological nitrogen
fixation by the enzyme nitrogenase’. Industrial N, fixation utilizes an
iron catalyst at high temperature and pressure (250 bar, 450 °C) toreact
asyngas N,/H, mixture to ammonia, which is then further processed
into suitable fertilizers such as ammonium nitrate*, with H, serving
bothasareductant and a protonsource forammonia formation. This
is of ecological concern, as presently H, is predominantly obtained
through steam reforming of natural gas (equation (1)):

CH4 + H,0 < 3H, + CO 1
whichrequires substantial energy and releases CO and CO, as side prod-

ucts. Fertilizer synthesis via the Haber-Bosch process consumes -2%
of the world energy production and releases the equivalent of almost

two tonnes of CO, per tonne of N, (ref. 5). The global production of
nitrogen for fertilizers equals the sum of all biologically fixed N,, and
more than half of the current human population depends onfood grown
onfertilized soil'. Several strategies are being followed to mitigate the
dependency on nitrogen fertilizers, rooted in the fact that biological
nitrogen fixation is limited to diazotrophic microorganisms and is
absentin eukaryotes. Efforts are under way to engineer food crops to
recombinantly produce anactive nitrogenase that would allow them to
independently meet their nitrogen requirements®. The heterologous
production of nitrogenase, however, is a highly complex process, as
has been reviewed extensively elsewhere”, Although the reaction of
nitrogenase isindispensable for sustaining organismic growth on Earth,
evolution has only produced asingle type of enzyme able to break the N,
triplebond and provide bioavailableammonium. Nitrogenaseis alarge
enzyme system consisting of two component proteins that dynami-
cally form and break a complex during the six-electron reduction of
N, to two NH,". Catalysis takes place at a dinitrogenase component,
while a dinitrogenase reductase delivers the required electrons and
isalsothesite of adenosine triphosphate (ATP) hydrolysisto drive the
reaction®®. The homodimeric reductase is termed the Fe protein, asiit
contains a[4Fe:4S] cluster atitsinterface. The three knownisoforms of
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dinitrogenases differ in their catalytic properties and in the heterometal
ionincorporatedinto theiractive site. Allknown diazotrophs possess
aMo-nitrogenase with a[Mo:7Fe:9S:Cl:homocitrate cluster, the FeMo
cofactor ™. Some organisms additionally contain a second enzyme
dependent onvanadium, witha[V:7Fe:8S:C:CO;]:homocitrate cluster,
theFeV cofactor®. The third class of the enzyme, Fe-only nitrogenase,
doesnot require any further heterometal beside iron, but its architec-
ture and cofactor structure have remained unknownso far. According
totheir class, the dinitrogenases are called MFe proteins (M =Mo, V, Fe).
Their N,-reducing activity decreases from MoFe, to VFe and to the FeFe
protein, and the latter two are therefore often considered backup sys-
tems’. However, the simpler cluster architecture of the FeFe protein
has allowed recombinant production of Fe-only nitrogenase from
Klebsiella oxytocainaheterologous host™. This required a total of only
ten gene products, and its exclusive dependence on highly available
ironand aless complex assembly pathway makes Fe-only nitrogenase
a prime target for refactoring the ability for diazotrophic growthina
heterologous host (aiming for eukaryotes and eventually food crops),
thus alleviating the dependency on inorganic fertilizers'”'®. Alternative
nitrogenases also show differential reactivities beyond the scope of the
canonical substrates of this enzyme. V-dependent nitrogenase, and
to alesser extent the Fe-only isoenzyme, reduce CO to hydrocarbons
in analogy to the industrial Fischer-Tropsch process', albeit with far
lower activity than for N,. Furthermore, for Fe-nitrogenase, avery low
reactivity towards CO, was reported that, judging by the growth of a
co-cultured methylotroph®® and by subsequent in vitro studies, leads
to methane (CH,) as the main product®??. Nitrogenase enzymes are
thus considered to be prime targets for biotechnological applications,
but the mechanistic details of their differential catalytic properties
remain to be understood.

After devising a strategy for producing V-nitrogenase by molyb-
denum depletion during growth of the model diazotroph Azotobacter
vinelandii®, we further depleted the growth medium of vanadate
and established the induction of Fe-only nitrogenase and its efficient
isolation by chromatographic methods?. FeFe protein was crystal-
lized, and here we report its three-dimensional (3D) structure at high
resolution, the architecture of its metal clusters and a comparison
with the other classes of nitrogenases. We conclude that a repetitive
sequence of basic elementary steps at the cofactor explains the known
aspects of nitrogenase catalysis, in agreement with multiple lines of
experimental evidence.

Results

Architecture of the FeFe protein

FeFe protein was isolated from A. vinelandii DJ* cells that were depleted
ofthe heterometals Mo and V over several cycles of growth, leading to
the exclusive production of the Fe-only nitrogenase. Both component
proteins were isolated by chromatographic methods (Extended Data
Fig.1). The3Dstructure of the Fe protein AnfH is reported elsewhere®.
TheFeFe protein crystallized in the orthorhombic space group P2,2,2,,
with one AnfD,K,G, heterohexamer in the asymmetric unit. Diffraction
data from these crystals were anisotropic and could be recorded to
better than1.6 A resolution along a, butonlyto2.6 Aalongband 2.3 A
along c. The phase problem was solved by molecular replacement.
FeFe protein forms a C2-symmetric assembly similar to MoFe protein
and VFe protein (Fig. 1a). The core of all three nitrogenases is the D,K,
heterotetramer thatin VFe protein and FeFe proteinis complemented
by an additional subunit, VnfG or AnfG, respectively. The G subunits
are in exclusive contact with the D subunits and do not contain any
metal clusters. Their assumed function is in cofactor delivery for the
correct maturation of these dinitrogenases (Fig. 1b)*. In FeFe pro-
tein, the AnfD subunit differs from NifD of the same organism with a
root-mean-squared displacement (r.m.s.d.) of 1.14 A and from VnfD
withanr.m.s.d.of 0.66 A for all atoms. For AnfK, the r.m.s.d. from NifK
is1.30 A, and from VnfK itis 0.62 A. The VnfG and AnfG proteins differ,

NifD,K,
MoFe protein

VnfD,K,G,
VFe protein

AnfD,K,G,
FeFe protein

AnfK

FeFe cofactor

P-cluster

Fig.1| Architecture of the FeFe protein of Fe-only nitrogenase. a, Domain
architecture of the three isoforms of nitrogenases. D subunits are shown in
yellow, K subunits in olive/sand and G subunits in blue. MoFe protein, PDB
3U7Q; VFe protein, PDB SN6Y. b, Cartoon representation of the FeFe protein.
Despite differences such as the extended C termini of AnfD, the overall
structure of all dinitrogenases is highly similar. The P-clusters are located on the
pseudo-two-fold axis relating AnfD and AnfK, and the FeFe cofactor is cradled
between the three Rossmann-fold domains of AnfD.

withanr.m.s.d. of 0.82 A. Asindicated by their respective amino-acid
sequence similarities, the VFe protein and FeFe protein are structur-
ally more similar than either is with the MoFe protein (Extended Data
Fig.2). Theapparent difference inappearance of the threeisoenzymes
is partly due to the D,K, interface, whichis free in the VFe protein, but
is covered by the N terminus of NifK in the MoFe protein, and by the C
terminus of AnfD in the FeFe protein (Extended Data Fig. 3). All three
enzymes contain an electron-transferring P-cluster located on the
pseudo-two-fold axis relating the AnfD and AnfK subunits, and the
active-site FeFe cofactoris cradled between the three Rossmann-type
Bap domains of the AnfD subunit (Fig. 1b). The identity of the metal
sites in the two clusters of the protein was confirmed by anomalous
double-difference maps calculated from two diffraction datasets
around the X-ray absorption K-edge of Fe (7,120 eV). In the electron
density maps, the [8Fe:7S] P-cluster was modelled in its all-ferrous
PV state (Fig. 2a and Extended Data Fig. 4). Functionally, P-clusters
reside in the PV state until the binding of reduced and ATP-loaded Fe
protein (here AnfH) to the AnfD-AnfK interface triggers ATP hydrolysis
in the reductase and the transfer of an electron from the P-cluster to
the active-site FeFe cofactor. Only then is the P-cluster reduced back
to the PVstate from the [4Fe:4S] cluster of AnfH” %,

Catalytic FeFe cofactor

The second metal cluster of the FeFe protein is the FeFe cofactor,
the active site of substrate reduction, and the high-resolution elec-
tron density map of the FeFe protein in conjunction with anomalous
double difference maps allowed for an unambiguous assignment
and modelling of its atomic structure (Fig. 2b). The FeFe cofactoris a
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Homocitrate Homocitrate
Fig. 2| The metal clusters of FeFe protein. a, The P-cluster is observed
predominantly in its symmetric, all-ferrous P" state and is located on the pseudo-
two-fold symmetry axis relating subunits AnfD and AnfK. b, The FeFe cofactor is
embedded in the AnfD subunit and coordinated by C257° to Fel and His423" to
Fe8.c, Stereo representation of the FeFe cofactor, a D32-symmetric [8Fe:9S:C]
cluster that carries an organic homocitrate ligand. The atoms of the cofactor are
labelled in accordance with the standard for FeMo and FeV cofactor. d, Stereo

P-cluster /

cofactor

representation of the ligand environment of Fe8 in the FeFe cofactor. Bond
distances (in angstrom) represent the average of the two copies of the cofactor
inthe FeFe protein structure. e, Electron-transfer pathway between the P-cluster
and FeMo cofactor in A. vinelandii MoFe protein (PDB 3U7Q) with the conserved
Tyr98X.f, The region between the FeFe cofactor and the P-cluster in FeFe protein.
Thetyrosineis replaced by Phe48¥, but residue Cys52° caninstead provide a
hydrogen bond to the homocitrate moiety of the cofactor.

[8Fe:9S:Cl:homocitrate cluster that shows D32 symmetry in its inor-
ganic part and contains a central carbide as an interstitial ligand of a
trigonal prism formed by ironions Fe2-Fe7 (Fig. 2¢)*. This rigid prism,
reminiscent of carbon-dopedsteel®, is a hallmark of nitrogenase cofac-
torsandis capped byirons Fel and Fe8, with the latter taking the place
of Mo or Vin the respective isoforms of nitrogenase. Fel is ligated by
residue Cys257°, and Fe8 is coordinated by homocitrate and by resi-
due His423P. The bond distances around Fe8 match those in the other
nitrogenases, with the Fe-N and Fe-O bonds being slightly shorter
thanthoseinthe heavier heterometals (Fig. 2d). Intheimmediate sur-
roundings, His180P and GIn176" attain the same positions as in the
other classes of nitrogenases, well in line with the suggested mecha-
nistic relevance of these residues”**** and acommon mechanism of N,
reduction for all nitrogenases®. The FeFe cofactor can be interpreted
astwo symmetric half-cubanes fused via the interstitial carbide and, as
inthe FeMo cofactor, bridged by three p,-sulfides, S2B (Fe2 and Fe6),
S3A (Fe4 and Fe5) and S5A (Fe3 and Fe7; Fig. 2c).

Intramolecular electron transfer

The closest distance between the P-cluster and cofactor within the FeFe
proteinis14 A, but amino-acid residues and water molecules were previ-
ously implicated in their communication. Tyr98* of the MoFe protein
was suggested to support electron transfer”, and its exchange for histi-
dine had enabled the MoFe proteintoreduce hydrazine (N,H,) without
requiring Fe protein or ATP, but not the inert N, molecule (Fig. 2e)*.In
the FeFe protein, the amino acid corresponding to the Tyr98 of NifK is

the Phe48 of AnfK, whichis still aromatic, but seems less well suited to
promote electron transfer as it cannot support a hydrogen-bonding
network (Fig. 2f). However, the AnfD subunit contains a cysteine at
position 52 that is absent in NifD (Ala65°) and that may substitute for
Tyrinthe FeFe protein. The V-nitrogenase of A. vinelandii also contains
this Phe-Cys combination and lacks atyrosine in this region. Cys52°is
indirect hydrogen-bonding contact with the homocitrate ligand to the
active-site FeFe cofactor (Fig. 2b). Although the V-and Fe-nitrogenases
of A. vinelandii feature the Phe-Cys pair, all available structures
of the Mo-dependent isoenzyme from A. vinelandii, Clostridium
pasteurianum®, Klebsiella pneumoniae®® and Gluconacetobacter
diazotrophicus® show the Tyr-Ala set-up. The organic homocitrate
ligand is formed from 2-oxoglutarate and acetyl-coenzyme A by NifV,
acanonical R-homocitrate synthase (Extended Data Fig. 5)*. Its action
is required for all three nitrogenases”, and it is also essential for the
recombinant production of Fe-nitrogenase in Escherichia coli®.

Resting and turnover states

The FeFe cofactor shares key features of the previously characterized
FeMo and FeV cofactors, including a similar degree of intrinsic struc-
tural flexibility. This was first observed when MoFe protein was turned
over inthe presence of CO, anon-competitive inhibitor for the reduc-
tion of all substrates other than protons*, leading to the replacement of
sulfide S2Bwith CO asa carbonyl bridging Fe2and Fe6*’.Inasubsequent
study, the reduction of SeCN by Mo-nitrogenase again resulted in the
replacement of S2B, and under continuous turnover also to a lesser
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Fig. 3| Conformations of FeFe cofactor. a, Electron density features around the
FeFe cofactor. The 2F,—F_electron density map contoured at the 1o level shows a
dual conformation at residue GIn176 due to an equilibrium of a resting (blue) and
turnover (green) state, as seen in the structure of V-nitrogenase®. An anomalous
difference electron density map contoured at the 50 level from data collected

at the Fe K-edge (7,120 eV) highlights the positions of the eight Fe ions of the
cofactor. b, Inthe resting-state conformation, Fe2 and Fe6 are bridged by sulfide

Resting state

\\\9176

MO /
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S2B, and GIn176 points towards a holding site, with its amide nitrogen hydrogen-
bonded to the homocitrate ligand to Fe8. ¢, The transition to the turnover state
involves the release of sulfide S2B, which migrates to the holding site, displacing
the side chain of GIn176, which rotates to form a hydrogen bond to His180. The
dinuclear binding site at the Fe2-Fe6 edge is occupied by a light atom (X). The
FeFe cofactor thus shows the same functionality as observed for the FeV cofactor.

extent S3A and S5A with Se, indicating substantial structural flexibility
of the p,-sulfides of the cofactor**. After an initial characterization of
the resting state®, the VFe protein of vanadium nitrogenase was then
depicted in a turnover state at atomic resolution, where exclusively
sulfide S2Bwas replaced by alight atom that was suggested to represent
areactionintermediate®. S2B had in turn migrated toa holding site -7 A
away from the cluster, which triggered the rearrangement of the side
chain of the conserved GIn176". In its new position, GIn176° formed
ashort (2.8 A) hydrogen bond to residue His180° and was situated
directly above the bound light atom at only 2.55-A distance™. For the
FeFe protein, the F,-F_ difference electron density map now revealed
adouble conformation for residue GIn176° that is explained by two
alternative conformations for aresting and turnover state of the cofac-
tor (Fig. 3a). In the resting-state conformation, GIn176° points away
from sulfide S2B, with its amide N, weakly hydrogen-bonding to the
a-carboxylate of the homocitrate ligand. The amide O, simultaneously
occupiesacavity, where it forms hydrogen bonds toits ownbackbone
amide and to the one of Gly48P (Fig. 3b). In a second conformation of
the same crystal, residue GIn176° has rotated its side chain toaccepta
hydrogenbond fromthe N, atom of theimidazole side chain of His180P°
to its O, atom, while retaining its interaction with homocitrate. This
requires sulfide S2B to be exchanged for alight atom with shorter bond
distances within the cluster, leading to the turnover state®. In it, the
displaced sulfide (likely as HS”) relocated to the cavity previously occu-
pied by the O, atom of GIn176P. In the present 2F,-F, electron density
map, the density peak in this cavity was far stronger than the one for
the adjacent N, atom, confirming the presence of a partially occupied
sulfide. The FeFe protein thus crystallized as amixture of aresting and
aturnover state, with an undefined light atom replacing S2B in the
latter (Fig. 3c), in fully analogy to our analysis of the FeV cofactor®®.

Mechanisticimplications

We have argued that the turnover state of the VFe protein helped to
rationalize a series of experimental observations in the context of a
mechanistic model*”. The functional and structural similarities of all
the nitrogenase cofactors now suggest acommon mode of reductive
catalysis, and amolecular mechanism for dinitrogenase is taking shape.
Nitrogenases facilitate the six-electron reduction of N,to 2NH, ", and, in
addition, all three isoforms of the enzyme produce H, in an undesired

side reaction that is more prominent in V- and Fe-only enzymes than
in the Mo-dependent one’. However, discounting this side reaction,
all classes converge towards a minimal stoichiometry for catalytic
dinitrogen reduction (equation (2)):

N, + 10H* + 8e~ + 16 ATP - 2NH; + H, +16 [ADP+P;]  (2)

The mandatory, stoichiometric release of H, is an essential fea-
ture of the catalytic mechanism. This was reported early on, and was
includedinto the seminal kinetic scheme by Lowe and Thorneley that
remains widely accepted now (Extended DataFig. 4)*. The significance
of H, release was understood when the formation of surface hydrides
was proposed as a general mechanism for electron accumulation at
the cofactors*®*. It explained how successive reduction steps could
occur at constant potential, and the accidental protonation of a sur-
face hydride also rationalized why these stored reducing equivalents
were frequently lost, and unwanted H, was released as a wasteful side
reaction’. Only after accumulation of four electrons (that is, in the E,
state) does the kinetic scheme allow for the binding and activation of
N,. Upon binding, N, is exchanged for H,, but now the origin of H, is a
reductive elimination from two adjacent hydrides***®, representing
the only means of generating a two-electron-reduced cofactor that is
sufficiently reactive to break the N, triple bond*’. Combined with the
turnover-state structures of the VFe and FeFe proteins and the available
CO complexes of MoFe** and VFe protein*’, the emerging picture is
that of abinuclear substrate binding site that opens up at Fe2 and Fe6
after removal of sulfide S2B*. This may also be where the first hydride
forms as a p,-bridging ligand to both iron sites®, or it might initially
bind terminally to Fe6°°. More recently, structures with two bound
CO molecules at the FeMo cofactor® and FeV cofactor*® showed the
second ligand binding terminally to Fe6, and asimilar chemical nature
of the strong-field ligands CO and H™ prompted us to suggest that
both sites might be relevant for binding hydrides as well as substrate,
with a designated bridging p-site at Fe2 and Fe6 and a terminal t-site
atFe6™ (Fig.4a).

As in VFe protein, the dissociation of S2B opens the dinuclear
p-site for substrate binding, and the t-site at Fe6 represents a first
point of contact for all substrates with the cluster. This includes the
simplest substrate of nitrogenase, a proton, which is required for the
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Fig. 4 |Hydride formation and mechanistic implications. a, The 2CO
complexes of the MoFe and VFe proteins®~* suggested that substrates bind to
the Fe2-Fe6 edge, either p,-bridging (p-site) or terminally to Fe6 (t-site). Distinct
proton donors supply each position: His180 for the p-site and the 3’-OH group of
homocitrate for the t-site. b, In the active-site H cluster of Fe,Fe hydrogenase, an
azadithiolate ligand serves as a proton donor to a hydride bound terminally to
Fe2 (PDB 1HFE)®*. ¢, Homocitrate as a proton donor to the t-site presents a similar
arrangement, with the 3’-OH group additionally forming an internal hydrogen
bond to the a-carboxylate. d, Initial activation steps. In resting state E, sulfide
S2Bisin placeto coordinate Fe2 and Fe6 and is hydrogen-bonded by N,, of His180
(1). GIn176 points away from the active site and occupies the holding site (red).
Electron transfer to E, (2) leads to reduction of Fe6, weakening its interaction

Reorientation of Q176

with S2B, which then receives the proton from His180. This is compensated

by aconcurrent proton transfer from the medium to the N, of His180. With

the next electron transfer to E, (3), aprotonis recruited from the 3’-OH group

of homocitrate to forma terminal hydride at Fe6. As akey step in nitrogenase
catalysis, such terminal hydrides migrate into a bridging position at the Fe2-Fe6
edge, triggering a sequence of events: at Fe2, the dangling sulfhydrylis released
asHS™ and migrates to the holding site 7 A away. In parallel, the proton at Ny, of
His180 moves to the thermodynamically favoured N, position, where it can form
ahydrogen bond to the y-amide oxygen of GIn176 that flipped by 180° after being
displaced by the free HS™. The resultis a stable E, state with a p,-hydride at the
Fe2-Fe6 edge (4) thatis protected from protonation by the presence of Q176 as a
hydrogen-bond acceptor from the putative H* donor, His180.

formation of aterminal hydride at the t-site once the second electron
transfer from the Fe protein promotes the enzyme to the E, state.
With two distinct binding sites at the Fe2-Fe6 edge, the enzyme also
provides two protonationsites, supplying the p-site from the His180°
above Fe2 and thet-site fromthe 3’-OH group of homocitrate. However,
as nitrogenase must acquire two additional electrons to reach the E,
state where N, activation and subsequent reduction is only possible,
the lifetime of the bound hydride in E, is critical. If both His180° and
the homocitrate ligand to the FeFe cofactor were available as proton
sources, an unwanted hydride loss that would take the system back two
steps in its catalytic cycle would be a persistent risk (Extended Data
Fig. 6). To prevent this, the rearrangement of GIn176° that we observe
inVFe and FeFe protein serves two purposes. First, reorientation of the
glutamine side chain promotes the elimination of S2B as a sulfhydryl
anionfromthe Fe2-Fe6 edge, and by doing soit vacates the holding site
for S2B. Second, in its turnover-state conformation, GIn176° forms a
short hydrogen bond to His180P, stabilizing the proton on the N, atom
ofthe histidine and preventingitsrelease in the proximity of a hydride
(Fig. 3c). The t-hydride can now migrate to the open p-site, where it is
bound moretightly. The basic functionality of nitrogenases may then
betoiterate throughthree elementary steps, namely, the reduction of
Fe6, the formation of at-hydride at Fe6 upon the next reduction, with
the hydroxyl group of homocitrate as a proton donor, and finally the
migration of hydride from the t-site to the p-site for stability*’. Further

along the catalytic cycle, the t-hydride in the third step would insert
intoareactionintermediate already bound at the pi-site, as elaborated
elsewhere for the reduction of CO by V-nitrogenase®. Crucially, we note
that with slow electron transfer and the risk of hydride protonolysis,
reaching the E, state to activate N, is a highly challenging task for the
enzyme, while the subsequent reduction of the bound diazene-level
intermediate is comparatively facile. A recent proposal of a structure
of nitrogenase with two bound N, molecules* was not only challenged
for technical soundness®***, butin particular the implied mechanism,
also elaborated separately™, is at variance with most of the tenets of
the Lowe-Thorneley scheme and the spectroscopic, structural and
theoretical findings referenced here.

Discussion

Itis equally surprising that a fundamental metabolic pathway such
as the reductive fixation of atmospheric N, has evolved only once in
the history of life, and that at the same time the nitrogenase enzyme
has subsequently diverged into three different isoforms that retain
an overall architecture and functionality but utilize a different het-
erometal at the apex of the catalytic cofactor. As outlined above, all
diazotrophs possess a Mo-nitrogenase’®, and phylogenetic analyses
indicate this also to be the most ancient form of the enzyme*’. Why
then did the alternative enzymes evolve and persist, despite a lower
catalytic activity towards N,? One possible—yet debated—answer is
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that the mentioned activities towards CO (and possibly CO,) constitute
actual secondary metabolic pathways for these organisms?. On the
other hand, a major factor may be the bioavailability of the hetero-
metal itself. At 10 pg I!, molybdate is the most abundant transition
metal in seawater, where biological nitrogen fixation evolved, butitis
orders of magnitude scarcer onland. However, the situation is exactly
reversed for the availability of vanadium?. The emergence of alterna-
tive nitrogenases thus may simply be a tribute to Mo limitationinanew
habitat, with the Fe-dependent enzyme as a final fallback. This issue
is also more problematic for free-living diazotrophs in cryptogamic
covers than for rhizobia, where the deep-reaching plant roots assist
in trace metal mobilization. Consequently, alternative nitrogenases
become more prevalent at higher latitudes and cold temperatures,
where noduled legumes no longer thrive®.

The structure of an Fe-dependent dinitrogenase completes our
knowledge about the architecture of the three isoforms of this enzyme.
It corroborates current hypotheses on enzyme function and will help
tofurtherintegrate spectroscopic and theoretical data. Our work also
clarifies the composition and environment of the FeFe cofactor. As a
[8Fe:9S:C] moiety in the resting state, the cluster has the symmetric
structure proposed earlier based on extended X-ray absorption fine
structure studies and onthe knowledge of the maturation factors that
areinvolvedinits formation. Although all nitrogenase isoforms require
the NifB protein to make acommon cluster precursor, Fe-nitrogenase
does not need an additional component as a scaffold for replacement
of the apical metal (NifEN or VnfEN, respectively)*®. The FeFe cofac-
tor thus derives from the direct product of NifB, the L-cluster or NifB
cofactor. Although the apical Fe8 of FeFe cofactor is not exchanged for
a heterometal, the cluster carries an organic homocitrate ligand in a
conformation that is very similar to those observed for the FeMo and
FeV cofactors. Its presencein all three nitrogenases underlines a func-
tional role for homocitrate; its replacement for citrate in a AnifVstrain
decreased the enzymatic activity of the resulting MoFe protein sub-
stantially***°, and, more recently, the protonation of homocitrate has
beensuggested to be essential for the catalytic reaction®’. We therefore
include homocitrate as a second proton donor into our mechanistic
model. Protonation occurs onthe 3’-OH group, whichisaligand to the
Mo/V/Fe8inall cofactors and is stabilized by aninternal hydrogen bond
to the a-carboxylate of the ligand. The arrangement of the elements
of this reaction step is reminiscent of the one in [Fe,Fe]-hydrogenase
that catalyses the formation of H, by protonating a terminal hydride
bound to an iron centre®***, Here, the diiron site in the active-site H
cluster is bridged by a unique azadithiolene ligand, whose central
amide donates a proton (Fig. 4b), with a geometry reminiscent of the
positioning of the homocitrate moiety in nitrogenase relative to Fe6
of'the cofactor (Fig. 4c).

In the mechanistic interplay of the t-site and the p-site during
catalysis, reduction of the enzyme to an odd-numbered E-state would
always trigger proton transfer from the histidine situated above Fe2
(His195 in MoFe, His180 in VFe and FeFe) to the ligand at the p-site,
while the next electron transfer to an even E-state will lead to hydride
formation at Fe6, supplied with a proton from homocitrate*. Fol-
lowing this principle, the steps leading from the resting state E,
to a hydride bound to the cofactor in E, become readily apparent
(Fig. 4d). In the resting state (step 1in Fig. 4d), His180 provides a
3.3-A hydrogen bond to sulfide S2B, and Glu176 is directed towards
the holding site. The reduction of Fe6 promotes the system to the E;
state (step 2), which has been previously studied by X-ray absorption
spectroscopy®*®. Here, the reduction of the metal site weakens the
Fe6-S2B bond, leading effectively to the protonation of the sulfide,
whichis compensated by a proton transfer to the Ng; atom of His180.
With the next electron transfer, the resulting E, state (step 3) cannot
accommodate atwo-electron-reduced cofactor, so asurface hydride
isformed, initially at the t-site with a proton provided by homocitrate
that then migrates to the p-site or inserts into a bound ligand there.

AtE,thereisnosuchligandyet, but the hydride migration thentriggers
animportant rearrangement. It displaces the protonated S2B, which
leavesthe cofactoras HS™ and relocatesto the positively charged hold-
ing site, causing the less strongly binding GIn176 to rotate away from
the holding site and towards the cofactor. Here it forms ashort (2.8 A)
hydrogen bond to His180 (step 4), as observed in the turnover-state
structures®, shielding the bound hydride from accidental protonation
asdetailed above. Inthe succession of one-electron reductionsin the
Lowe-Thorneley cycle, electron transfer may consistently terminate
at Fe6, and the coupled protonation events will occur alternatingly
from homocitrate to the t-site and from the histidine to the p-site. In
theinitial charging phase of the cluster (E;~E,), this shielding effect is
crucial, as electron transfer from the Fe-protein to the dinitrogenase
isslow, and the protonation of bound hydrides leads to the observed,
unwanted release of H,. This becomes even more critical as the enzyme
proceedsto E;and eventually E,, where asecond hydride is once again
formed as a terminal hydride at Fe6, leading to a mixed dihydride at
the cluster (Fig. 5a). Note that the inward-facing GIn176 provides a
cavity above Fe6 that still leaves room for a t-hydride. Alternatively,
the t-hydride might migrate to the Fe2-Fe6 edge to form a Fe,(p-H),
core that may allow for straightforward elimination of H, (Fig. 5b)*.
Both conformations are in line with recent spectroscopic data and
calculations®, and a range of available model compounds highlight
that the diamond core structure not only is stable (Fig. 5c), but can
also supportstable N, adducts (Fig. 5d)*".

A series of recent theoretical treatments of the role of hydride
formation for substrate binding to the cofactors has supported the
outstanding role of the Fe2-Fe6 edge of the cofactor®®’®, but they
were ambiguous regarding the release of S2B”". Complexes with CO
for the MoFe protein***' and with CO or alight atom ligand for the VFe
protein®****° consistently showed the full displacement of S2B. The
release of S2Bis a crucial prerequisite for reorientation of the glutamine
residue that blocks proton transfer from the histidine above Fe2 inthe
hydride accumulation stage. This arrangement is sterically precluded
within the tight cofactor binding pocket unless S2B fully dissociates
from the metal cluster®. Quantum mechanics/molecular mechanics
calculations of a reaction pathway of the MoFe protein that includes
S2B dissociation indeed reproduce these steps with high accuracy™.

Among the most striking features of Fe-nitrogenase is that it
retains its reactivity towards inert N, without the elaborate replace-
ment of an apical iron of the L-cluster with the heterometals Mo or V.
The FeFe cofactor appears symmetric, but ligation of the core cluster
introduces an important symmetry break via the bidentate homoci-
trate. Of the two apical iron ions, Fel binds to Cys257°, creating a tet-
rahedral environment like that of Fe2-Fe7. In contrast, Fe8 not only
has a non-sulfur protein ligand, His423®, but also two coordinating
oxygens from homocitrate, completing an octahedral ligand field.
Electronically, these geometries differ substantially, with a stable
tetrahedral coordination by weak-field ligands for Fel that mandates
a high-spin state, but an octahedral geometry with mixed ligands at
Fe8 that may afford low- or high-spin states, but also intermediate
configurations. The electronic coupling between the iron ions and
the distribution of electronsin the different catalytic states influences
the total spin of the cluster and thusits reactivity. For the ground state
(E,) of the FeMo cofactor and FeV cofactor, this electron distribution
has been analysed by theory and experiment and has highlighted the
importance of an antiferromagnetic coupling of Fe2 and Fe6’%. Based
on spatially resolved anomalous dispersion analysis, we have argued
that Fe2 and Fe6 are the most oxidized sites in the ground state and
thus the likely sites of reduction from the P-cluster”. Given that the
mechanistic pathways for N, reduction are analogous inallisoforms of
nitrogenase®, these two features are expected to be conserved in the
FeVand FeFe cofactors. By modulating anapical iron through a differ-
ent coordination environment, nature thus at least partly replicated
the effect of the heterometals Mo or V with the abundant element Fe,

Nature Catalysis


http://www.nature.com/natcatal
Alessio
Evidenziato

Alessio
Evidenziato

Alessio
Evidenziato

Alessio
Evidenziato


https://doi.org/10.1038/s41929-023-00952-1

H180

. H
('Pr) Pe=— F'e‘H¢ Fe—p(ipr),

|
Sig—Si

Fig. 5| Possible E, state structures and relevant model complexes. a, Two
hydrides occupying the p-site (uH) and the t-site at Fe6 (tH). With sulfide S2B
inthe holding site (not shown), Q176 forms ashort hydrogen bond to His180,
preventing proton transfer to the hydride. b, Alternative positioning of two
bridging hydrides as a (Fe-H), diamond core at the Fe2-Fe6 edge of the cofactor.
¢, The Fe,(p-H), diketiminate complex by Holland and others shows a stable
diamond-core structure similar tob”. d, In a (Fe,(p-H),-N,)[SiP,0] complex by
Rittle and Peters, reduction of the Fe,(j1-H), core to a mixed-valent Fe(Il)-Fe(l)
state led to efficient end-on binding of one or two N, molecules®.

sothe octahedral Fe8 probably serves asimilar purpose as Mo* or V**
inthe otherisoforms.

The structure and properties of Fe-nitrogenase can outline new
approaches towards dinitrogen reduction catalysts. In particular, the
in situ formation of a super-reduced form of the cofactor by reduc-
tive elimination of H, from the E, state of the catalytic cycle opens an
avenue towards N, reduction catalysis in an aqueous environment.
For this, the key requirements are a dinuclear metal site that allows for
terminal or bridging coordination of ligands or substrates, the antifer-
romagnetic coupling of the metals that favours bridging hydrides,
control of protonaccess to limit hydride loss while charging the cluster
towards E,, and arigid cluster core that promotes the elimination of
H, from E, rather than stabilizing two bridging hydrides in a relaxed,
equatorial geometry*’. The relevance of reduced, low-coordinate
transition-metal complexes for the activation of various substrates has
been noted”, and the ubiquity of metal hydrides in these complexes
has led Holland and others to produce a dinuclear Fe,(p-H), complex
with bulky B-diketiminate ligands that was capable of N, activation
(Fig.5¢)™.In2014, a diiron complex (Fe,(p-H),~N,)[SiP,0] reported by
Rittle and Peters already fulfilled almost all of the above prerequisites,
andevenbound N, terminally upon reduction, albeit without mediating
its activation (Fig. 5d)*. The analogy of such models to the cofactors
of the nitrogenases may be closer than anticipated at the time and
mightindeed pave a route towards novel, artificial mimics of biologi-
cal nitrogen fixation.

Methods

Growth of A. vinelandii with Mo- and V-depletion

The production and isolation of unmodified iron-only nitrogenase
AnfDKG was performed as described elsewhere?. Inshort, A. vinelandii
Lipman1903” cells were deprived of molybdenum by cultivation in
modified Burk mediumunder Mo- and NH,"-limiting conditions””. Cells
weresingled out on Burk agar plates that were depleted of molybdenum
and any source of fixed nitrogen to select for diazotrophically growing
bacteria. Brownish colonies were used to re-inoculate liquid growth
medium. After five cycles of incubation in liquid medium followed by
selection on agar plates, the cells were exclusively using theiron-only
nitrogenase system. Cell growth was performed, by inoculating 100 ml
of Mo-free Burk medium with a single colony, followed by incubation
for 40 h at 37 °C. Pre-cultures were used to inoculate nitrogen-free
500-mlImaincultures followed by overnightincubationat 30 °C. Cells
were collected by centrifugation when an optical density at 600 nm of
1.5-2.0 wasreached.

Isolation of FeFe protein

The high sensitivity of FeFe protein towards oxygenrequired all steps to
be conducted either in ananerobic chamber (Coy Laboratories) undera
95% N,/5% H, atmosphere or using modified Schlenk techniques under
constantsupply of pure nitrogen gas. The cell pellet was resuspended
inalysisbuffer (50 mM Tris/HClat pH 7.4,2.5 mMNa,S,0,) and opened
at 15,000 psi in an Emulsiflex C-5 homogenizer (Avestin) under N,
atmosphere. The crude cell extract was then cleared by centrifuga-
tion for 1 h at 100,000g and the supernatant was then loaded onto a
QSepharose column (GE Healthcare), equilibrated in lysis buffer. The
columnwas developed withalinear gradient of NaCl, and FeFe protein
eluted at 340 mM NaCl. After dilution to 100 mM NaCl, the eluate was
loaded onto a second anion exchanger (Resource Q, FE Healthcare),
fromwhere it eluted at 200 mM NaCl applied as alinear gradient. Fol-
lowing concentration by ultrafiltration (Vivaspin 20,100-kDaMWCO,
Sartorius) AnfDKG was subjected to a concluding size exclusion chro-
matography (Superdex S200, GE Healthcare) equilibrated with20 mM
Tris/HCl at pH 7.4,100 mM NaCl and 2.5 mM Na,S,0, (Extended Data
Fig.1). Pure, concentrated aliquots of 35 mg ml™ were flash-frozen and
stored inliquid nitrogen until further use.

Crystallization and data collection

The crystallization of Fe-only nitrogenase from A. vinelandii was car-
ried out using the sitting-drop vapour diffusion method under strict
exclusion of dioxygen in an anaerobic chamber containing an atmos-
phere of 95% N, and 5% H,. Crystallization experiments were carried
out in 96-well crystallization plates (Swissci 96-well two-drop plate,
Hampton Research). A 0.7-pl volume of protein solution containing
10 mg ml™ AnfDKG was mixed with the same volume of a reservoir
solution containing 0.1 M Bis-Tris propane/HCl at pH 8.5, 18% (wt/
vol) of polyethylene glycol 4000 and 18% (vol/vol) of ethylene glycol.
Three-dimensional crystals of Fe-only nitrogenase appeared within
four days and, after a week, were collected with a nylon loop then
flash-frozen in liquid nitrogen. Diffraction data were collected at the
Swiss Light Source (Paul Scherrer Institute) on beamline XO6DA using
aPilatus 2 M-F detector at an X-ray wavelength of1.0000 A.

Structure solution and refinement

The crystallographic phase problem was solved by molecular replace-
ment, first with the structure of resting-state A. vinelandii VFe protein
(PDB 5N6Y) as a search model, and subsequently with a homology
modelgenerated with AlphaFold2”®. Inboth cases, asingle predominant
solution was obtained using MOLREP”’, and the AlphaFold2 model was
then used for iterative rounds of model building and refinement with
COOT®® and REFMAC5®. At 1.55 A spherical resolution, the electron
density maps showed clear features for a reduced P-cluster with the
same composition and geometry asin other known nitrogenases, and
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Table 1| Data collection and refinement statistics

Data collection

Space group

P2,2,2,

Cell dimensions

a,b,c(A) 110.0, 151.0, 158.9

a, B,y () 90.0,90.0,90.0
Wavelength (A) 1.0000
Spherical resolution 20.00-1.55

(1.70-1.55)

Limiting resolution (A) along

a* 1.547A

b* 2.517A

c* 2.204A
No. of observations 2,038,399 (92,005)
Unique observations 153,829 (7,691)
Rnerge’ 0109 (1.285)
Roim? 0.031(0.387)
Mean I/o(l) 14.9 (2.1)
CC,,° 0.999 (0.662)
Completeness, spherical (%) 40.2(5.2)
Completeness, ellipsoidal (%) 91.8 (70.4)
B factor from Wilson scaling (A2) 21.98
Multiplicity 13.3(12.0)
Refinement
Resolution (A) 20.00-1.55
Ruon® / Riree 0163 /0.205
No. atoms

Protein 18,837

Ligand/ion 98

Solvent molecules 1,361
Bfactors (A%

Protein 29.85

Ligand/ion 18.63

Water 32.89
Ramachandran plot

Favoured (%) 96.64

Allowed (%) 2.99

Outliers (%) 0.37
r.m.s deviations

Bond lengths (A) 0.007

Bond angles (°) 1.337

Values in parentheses represent the highest-resolution shells. °Ryeqe =2~/ = ZpZ 1

where J;is the intensity of the ith observation, is the mean intensity of the reflection and

the summations extend over all unique reflections (hkl) and all equivalents(i), respectively.

PR yim=Z [N/ (N=N]"2Z (kD) - <I(hk)>|/ 2, Z{hkl), where n is the multiplicity, and other variables
are as defined for R*”. °CC,,=Pearson correlation coefficient between random half-datasets®.
IRuvorkc= Zil Fopsl KD = ool K1/l Fops (KDL, where |Fopiland |Fo| are the observed and
calculated structure-factor amplitudes, respectively. °R;,., is the cross-validation R value for a
test set of 5% of unique reflections; here, 7,578 reflections were flagged.

also for the hitherto unknown FeFe cofactor, the catalytic site. Note
that, contrary to the atomic-resolution structures of MoFe protein
(PDB 3U7Q) and VFe protein (PDB 6FEA, 7ADR, 7ADY and 7AlZ), the
present analysis still required the use of geometric restraints for the

structure of FeFe cofactor. Restraints were generated from a model
of the FeMo cofactor after replacement of Mo for Fe and single-point
geometry optimization. Water molecules and ligands were built in
additional rounds of refinement and, after translation/libration/screw
andrestrained refinement with all hydrogens generated by REFMACS,
thefinal structure had R, = 0.163 and R;,.. = 0.205 (Table 1). The struc-
ture of the heterohexamer as predicted by AlphaFold2.1.1 aligned to
the refined model with an r.m.s.d. for all atoms of 1.2 A, with major
differenceslimited largely to theimmediate environment of the metal
clusters. Figures were generated with PyMol (Schrddinger).

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

Data availability

The atomic coordinates and structure factors for A. vinelandii Fe-only
nitrogenase FeFe protein have been deposited with the Protein Data
Bankat http://www.pdb.org with accession code 8BOQ. All other data
are available from the authors upon reasonable request. Source data
are provided with this paper.
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Extended Data Fig. 1| Isolation and characterization of Fe nitrogenase PAGE of preparations of the three Fe proteins of A. vinelandii (left) and the
from Azotobactervinelandii. a) Analytical size exclusion chromatography three dinitrogenases (right). c) N, reduction activities of the three A. vinelandii
of FeFe protein on Superdex S200 (Cytiva), using a triple detector array with nitrogenase isoenzymes with their respective Fe proteins. Data from three
UV absorbance (purple), right-angle light scattering (green) and refractive technical replicates from the protein batch used for structure determination,
index (red). The derived absolute molecular mass is shown in black. b) SDS- presented as mean values + /- standard deviation.
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Extended Data Fig. 2| Structural comparison of the dinitrogenase core

subunits of A. vinelandii. Stereo images of the D- and K-subunits of Fe-, V-, and
Mo-nitrogenases (top to bottom) in identical orientation, colored from blue at
the N-terminus to red on the C-terminus. The respective cofactors are shownin

the D-subunits, P-clusters are shown in both subunits to emphasize their position
intheinterface. Note the extended C-terminus of AnfD and N-terminus of NifK
thatin part occupy the same position within the quaternary structure of the
respective dinitrogenases (Fig. 1a, Extended Data Fig. 3).
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Extended Data Fig. 3| Structural Differences and Similarities between similar position on the protein surface as the C-terminus of NifK (blue). b) Detail
Mo- and Fe-nitrogenase. a) Schematic representation of Fe-nitrogenase (left) views of A) with surface representations for AnfD with its C-terminus (left) and
and Mo-nitrogenase (right) from A. vinelandii. Although the surfaces of both NifK with its N-terminus.

enzymes appear distinct, the extended C-terminus of AnfD (red) occupies a very
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incrystal structures. The stereo image shows the 2F —F_electron density map
contoured at the 2¢ level (grey) and the 6o level (blue), as well as an anomalous
difference electron density map collected at the Fe K-edge contoured at the 50

Extended Data Fig. 4| The P-cluster in A. vinelandii Fe nitrogenase. The
[8Fe:7S] cluster in the structure is observed in the all-ferrous PN state. The
labelled Fe6 that moves towards the conserved serine S143X upon oxidation to
the P state does not show the dual conformation that is frequently observed level (orange).
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Extended Data Fig. 5| Homocitrate synthase from A. vinelandii. a) Structure
ofthe NifV gene product as predicted by Alphafold2. Like other known enzymes
of this type, NifV forms a homodimer with a TIM-barrel domain that coordinates
aZn*'ioninits centre as the active site. The metalion and ahomocitrate ligand
were modelled based on the structure of R-homocitrate synthase from Thermus

thermophilus (PDB 2ZTK)*. Homocitrate is formed by the condensation of
2-oxoglutarate with acetyl-CoA. b) The modelled metal site of NifV. Zn*"is
coordinated by two histidine and one aspartate residue. During catalysis,
2-oxoglutarate binds as a bidentate ligand to the metal and is then reacted with
theacetyl group of acetyl-CoA.
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Extended DataFig. 6 | Kinetic Scheme for N, reduction by nitrogenases
according to Lowe and Thorneley. Catalysing an eight-electron process, the
enzyme cycles through eight states E,~E, in which each electron transfer (blue
arrows) is accompanied by a protonation event for charge compensation. In an
initial charging phase (grey), the enzyme must be reduced fromits resting state
E,toatleast E;, morelikely E,, to gain the ability to bind and activate N,. From
E,on, unproductive H, release is observed, which is commonly interpreted as
the (unwanted) protonation of a surface hydride on the cofactor, turning the

enzyme back two states in the cycle. In contrast, the H, released in E, is the result
of thereductive elimination of H, from two hydrides, leaving the cofactorina
2-electron-reduced state that is uniquely capable of N, binding and activation.
The remaining steps of substrate reduction (Es—E,) are then facile. Lowe and
Thorneley did not observe H, formation from these states, indicating that no
further surface hydrides are formed, and reduction occurs directly on the bound
intermediates.
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