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In recent years a large collection of experimental information has prompted proposals that an atom, S2B,

part of the catalytic metal cluster FeMo-co of the enzyme nitrogenase, is displaced during the enzyme

mechanism in order to allow the binding of substrate N, to the adjacent Fe atoms. Computational investi-

gation has generated a complete enzyme mechanism in which S2B is retained in its resting state position,
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1 Introduction

Conversion of inert N, to NH; is a chemically difficult trans-
formation. It is remarkable that the bacterial enzyme nitrogen-
ase effects this transformation under mild ambient conditions,
supporting about half of the world’s food supply."”> How does
the enzyme fix nitrogen so easily? Despite many decades of
research the chemical mechanism of nitrogenase is
uncertain.>* The enzyme stoichiometry is N, + 8¢~ + 8H" —
2NH; + H,. Nitrogenase comprises two proteins, component 1
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and as such is an essential agent in the enzyme mechanism. A dilemma arises, between a disruptive
mechanism — with S2B moved out of the way during the reaction steps — and a conservative mechanism —
with S2B retained and necessarily used. Following the Prince of Denmark, is the 2B position of FeMo-co to
be S or not to be S? | have assembled the evidence and arguments in this Perspective.

which contains the active site cofactor FeMo-co and another
iron cluster (the P cluster) controlling electron supply, together
with component 2, a reductase Fe protein containing an Fe,S,
cluster and the ATP hydrolysis machinery. The structure of the
Azotobacter vinelandii (Av) enzyme with the reductase protein
(4v2) bound to Av1 is shown in Fig. 1, which also shows the
locations of FeMo-co, the P-cluster, and the Fe,S, cluster at the
interface of the two components. The biochemical mechanism
involves repeated (8 times) association and dissociation of
reductase component 2 protein and catalytic component
1 protein, each resulting in the transfer of an electron to
FeMo-co, via the P-cluster, from the Fe,S, cluster. There are
three isozymes, with metals Mo, V or Fe as part of the catalytic
cofactor, named FeMo-co, FeV-co and FeFe-co.’ The isozyme
component 1 proteins are named MoFe, VFe and FeFe. Mo
nitrogenase is the most efficient in reducing N,, while V nitro-
genase is able to reduce CO (which is a strong non-competitive
inhibitor of Mo nitrogenase).

Fig. 2 shows the structure of FeMo-co, an Fe;MoCS, cluster
with the tricarboxylic acid homocitrate as bidentate ligand to
Mo. His442 provides the sixth ligand for Mo and cysteine 275
completes tetrahedral coordination of Fel. Three surrounding
residues form hydrogen bonds (black-white striped) with
FeMo-co, and of these the most consequential is the hydrogen
bond from Ne-H of His195 to atom S2B which bridges Fe2 and
Fe6. S2B and the other two doubly-bridging atoms S5A and
S3A are termed ‘belt’ S atoms. Mutagen-reactivity experiments
show that the active domain of FeMo-co is the front face, Fe2—
S2B-Fe6-S3B-Fe7 enclosed by Val70 and Arg96.°~ 1416

Intermediates in the catalytic conversion are commonly
labelled E1, E2---to E8, as originally devised by Thorneley and
Lowe'” and indicating the number of added electrons (i.e. the
number of component 2-component 1 associations). There is a
fundamental experimental impediment to the isolation and

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 The structure (PDB 1IN2C) of the Avl protein of Mo nitrogenase, bound with two Av2 proteins.> Avl is a dimer of two « (green) p (blue) sub-
units. Locations of FeMo-co, the P-cluster, and the Fe4S, cluster at the Av2—-Avl interface, are marked.

Fig. 2 The structure of FeMo-co, with key surrounding residues that
comprise the active site. Hydrogen bonds are striped. In FeV-co a brid-
ging CO3 ligand replaces S3A at the rear.

This journal is © The Royal Society of Chemistry 2026

direct investigation of intermediates because unavoidable
protons are a substrate of the enzyme, and mixtures of transi-
ent intermediates occur.®'® Furthermore, the overall chemical
reaction implies a mechanistic cycle with at least 27 steps:
eight introductions of a proton, eight additions of an electron,
N, binding, breaking the N-N bond, formation of six N-H
bonds, two dissociations of NH; and formation of one H-H
bond.

After the first crystal structure (1992) of the MoFe protein
and first view of the cofactor,’® the unusual C-centering of
FeMo-co was revealed through an auspicious protein crystal
structure in 2011.>° This is the resting state of the enzyme.
However, after just three years, additional crystal structures
with altered forms of the cofactor were reported, and stimu-
lated questions about the structure of the cofactor during
enzyme turnover, and the chemical mechanism.

2 Experiments yielding altered forms
of FeMo-co and FeV-co
2.1 S2B in FeMo-co replaced by CO

In 2014 it was reported that a crystal of MoFe protein from
species Azotobacter vinelandii (Av) obtained under turnover
conditions (i.e. in the presence of ATP and with dithionite pro-
viding reducing equivalents) but in the presence of the non-
competitive inhibitor CO, contained a modified structure of
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the cofactor. Bridging CO replaced S2B as the bridge between
Fe2 and Fe6.” Additional electron density was evident 22 A
away from FeMo-co, and was suggested as a possible location
for displaced S2B. The authors speculated that the binding of
substrate N, at the S2B site could be enhanced by reversible
dissociation of S2B.

This was the genesis of a concept of labile S2B as part of
the physiological catalysis. The argument was strengthened by
additional observations that crystals of this CO-inhibited
MoFe-protein, when dissolved in an assay mixture in the
absence of CO, were active for reduction of the alternative sub-
strate C,H,. Subsequent crystallisation of the reactivated
protein showed that it returned to the resting state form of
FeMo-co with S2B in place.”*

2.2 Belt S in FeMo-co substituted by Se

One year later the Rees group reported explorations of seleno-
cyanate SeCN™ as an alternative substrate, finding it to be a
potent yet reversible inhibitor of C,H, reduction. Incubation of
Mo nitrogenase under turnover conditions with SeCN™
sufficient to inhibit C,H, reduction, yielded crystals in which
S2B of FeMo-co was replaced by Se.>” This Se substituted
protein, named Av1-Se2B, retained acetylene and dinitrogen
reduction activity. Surprisingly, while Se2B substituted FeMo-
co was turning over with acetylene reduction, the Se atom
migrated to the other two belt positions, 3A and 5A. Some
migration was detected after just a few acetylene reduction
cycles, but thereafter the rate of migration was slow relative to
the number of reduction cycles. The location of displaced S
was not determined. After several thousand turnovers with
acetylene as substrate and dithionite as reductant all Se was
lost and S returned to the 2B position. Exposure of the Av1-
Se2B protein to CO under turnover conditions led to replace-
ment of Se2B by CO and, remarkably, migration of Se to the
other 3A and 5A belt positions. In total, these experiments
revealed a lability of not only S2B, but also S3A and S5A. The
authors speculated that the belt S atoms might be shielding
coordination positions of the cofactor Fe atoms, and that S dis-
placement could activate the cofactor for substrate binding.
Theoretical investigation of these reactions, which require
C,H, or CO for migration of the belt groups, reached the con-
clusion that these reactions could be accounted for with stan-
dard non-enzymatic reactions involving the small molecules
SCO, SeCO, C,H,S, C,H,Se, SeCN™, SCN~ functioning as car-
riers of S and Se atoms.**

2.3 S2B in FeV-co replaced by a light atom

Vanadium nitrogenase differs from the Mo isozyme in being able
to reduce CO to ethylene and other hydrocarbons, and in posses-
sing a modified cofactor FeV-co that contains a bridging carbon-
ate ligand replacing the bridging sulfur atom, S3A.>* In 2018 the
Einsle group discovered that if V nitrogenase was isolated in the
presence of restricted supply of dithionite as reductant, crystalli-
sation yielded a structure in which S2B had been replaced by a
smaller atom, proposed to be NH,* but probably OH.>**” In this
crystal structure (PDB 6FEA) new electron density appeared in a
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protein cavity 7 A from the resting S2B position, and was pro-
posed to be displaced SH™ in a holding site, hydrogen bonded to
backbone amides of two surrounding residues. This putative
reaction intermediate is illustrated in Fig. 3.

2.4 S2B in FeV-co replaced by CO

In 2020 it was reported that V nitrogenase, crystallised after
turnover in the presence of CO alone, showed a structure with
CO bridging Fe2 and Fe6 (PDB 7ADR).”® There was no evidence
of the S or SH displaced from the S2B position. This Fe2-CO-
Fe6 bridged structure was found to be remarkably stable. After
further turnover with CO replaced by Ar, crystallisation
revealed a cofactor with mainly OH but small proportion of S
in the bridging position (PDB 7ADR). In addition, electron
density attributed to S appeared in the SH™ ‘holding site’. This
returning S that appeared (crystal 7ADR) after CO removal was
suggested to be sourced from excess dithionite in the turnover
system. The authors noted that SH™ and Cl™~ would be indistin-
guishable in the SH™ ‘holding site’.

Also, crystal structures are reported for both the Mo (PDB
7JRF)*® and V (PDB 7AIZ)*° cofactors with two bound CO mole-
cules, one bridging Fe2 and Fe6, the other as terminal Fe6-CO
at the exo position of Fe6.

2.5 Belt S in FeMo-co replaced by N,

On the premise that when the reductant, dithionite, that
drives the turning-over enzyme is depleted, the catalytic cycle

Fig. 3 Key features of the VFe protein structure reported by Sippel
et al.,”® PDB 6FEA, o subunit. The uncertain atom at the 2B position is
coloured black. The triangular set of bonds between 2B, His180Ne and
the reoriented sidechain of GInl176 identify distances in the hydrogen
bonding range. Displaced SH™ receives hydrogen bonds from mainchain
NH of Gln176 and Gly48, and is hydrogen bonded to HOH604, which
also hydrogen bonds to homocitrate carboxylate and the sidechain of
GIn176. The remote side of the SH™ pocket is lined with CH functions
from Arg47 and Phe362.

This journal is © The Royal Society of Chemistry 2026
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will be suspended and trapped in an intermediate stage, the
Ribbe group prepared under dithionite-free conditions, an Avl
Mo protein, denoted Av1*, that was fully functional for N,
reduction and C,H, reduction when recombined with Av2, ATP
and dithionite. Crystallisation (within 12 h) and diffraction
analysis of Av1* (PDB 6UGO, resolution 1.83 A) showed two
different cofactors, one with altered electron density at the S2B
position and the other with altered density at the other two
belt positions.>® These altered densities were modelled as
bridge-bound N, molecules. Electron density interpreted as
the displaced belt S atoms was found at two locations distant
19, 25 A from their original positions. When Av1* was incu-
bated with Av2, ATP and excess dithionite, the Avl protein
returned to its resting state structure with all belt S atoms as
intact bridges (PDB 6VXT). The validity of these results was
challenged by Peters et al. on the basis of a re-refinement of
the diffraction data, and the biochemical sample prepa-
ration.** This challenge was rebutted,>® More significantly, a
detailed critical analysis of the diffraction data and its
interpretation was published by Ryde et al.** This revealed that
the raw diffraction data was poor and anisotropic, causing the
bridging ligands to appear to be diatomic. Incisive quantum
refinement of the diffraction data showed that S in the brid-
ging positions gave better results than N, or N,H,, and led to
the conclusion that this structure is better interpreted as
resting state FeMo-co.

Further biochemical experiments by Ribbe et al. uncovered
information about the roles of non-physiological sulfur species
in these reactions. The majority of experimental investigations
of the nitrogenase reaction use dithionite (S,0,>7) as the
primary reductant, generating sulphite (SO;>7) as its oxidation
product. It was found that Av1* releases product NH; only
when SO;>~ is supplied together with a different non-physio-
logical sulfur-free reductant, and that in these systems S0,%~
can be converted to S*~ which allows recovery of the cofactor
after product release.’”*® These experiments exploring mobil-
isation of belt S and the possibility that nitrogenase is an atypi-
cal sulfite reductase have been extended to V-nitrogenase.’”
Such in vitro experiments reveal much about the reactivity of
the nitrogenase cofactor, and of dithionite derivatives, but the
relevance of this information to the purely physiological
mechanism is still to be established.

2.6 S2B in FeFe-co replaced by a light atom

A recent crystal structure of the FeFe protein of Fe-nitrogenase,
presumably crystallised after turnover, showed a mixture of
two forms (PDB 8BOQ).*® One form has S2B intact, while the
other is proposed to be a turnover state with an unidentified
light atom bridging Fe2 and Fe6, and HS™ in a hydrogen
bonded holding pocket analogous to that shown in Fig. 3.

2.7 Caveat

The structural information reviewed in the preceding brief
history all derives from diffraction analysis of crystals. There is
uncertainty about their validity, because (1) the conditions for
crystal growth may differ from those of physiological turnover,

This journal is © The Royal Society of Chemistry 2026

View Article Online

Perspective

(2) crystal growth occurs on a time scale much longer than
enzyme turnover, and (3) a single crystal may not report mixed
components of the mother liquor. However, the rapidly devel-
oping technique of cryo electron microscopy (cryoEM) can
diminish these uncertainties.**™**

2.8 CryoEM findings

Noting that crystallographic structural studies are limited by
their requirements for highly pure, concentrated, isomorphous
protein states which hinder the capture of low abundance
intermediates, Warmack and Rees deployed cryo electron
microscopy®’ to investigate the structural states of nitrogenase
that exist at different times in the presence of acetylene, using
a pH of 9.5 to decrease the rate of substrate reduction.**
Turnover was monitored by plunge freezing at 20 s, 5 min,
20 min and 60 min. These samples retain 91%, 62%, 44% and
17% of ethylene production activity, and it was estimated that
the first time point captured the initial turnover event. The
time-resolved turnover structures of these samples were
resolved at nominal resolutions between 1.9 and 2.2 A. The
MoFe protein contains two off dimers (Fig. 1), and one was
found to be more disordered in the o subunit at the earlier
time points. In the more ordered domain a sequence of struc-
tural changes was observed. First there was some depletion of
electron density at the S2B position, then depletion of electron
density associated with homocitrate, then, approaching 5 min,
the cofactor began to distort (mainly at Fe7) and then to be
displaced within the surrounding protein. There was no
extraneous density observed that might indicate the presence
of a displaced sulfur atom. The authors concluded that their
time-resolved structures provide experimental support for the
displacement of S2B and distortions of the FeMo-cofactor
during the first three stages of the substrate reduction mecha-
nism, prior to nitrogen binding.

2.9 Is dithionite a culprit?

All of the experiments described above, except some of those
in section 2.5, contained dithionite as non-physiological
reductant. As outlined in section 2.5, Ribbe et al. have shown
that sulfite, generated as the oxidation product of dithionite,
can be inserted as sulfide into the cofactor. It is also worth
remembering that sulfite reacts with sulfide to form thiosul-
fate, and that sulfite in turnover mixtures could attack belt
sulfide in this way.

Therefore there is some suspicion about the influence of
dithionite in crystallisation systems that generated crystals con-
taining FeMo-co with S2B displaced or missing. The use of sulfur-
free reductants in these experiments should be informative.

3 Other relevant experimental
information
3.1 ENDOR data interpreted

Hoffman and coworkers interpreted ENDOR spectra of freeze-
quenched 70" protein®>*® in terms of an E4H4 intermediate

Dalton Trans., 2026, 55,1008-1023 | 1011
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with two belt SH bridges (Fe2-S2BH-Fe6 and Fe3-S5AH-Fe7)
coupled with two H bridges (Fe2-H-Fe6) and (Fe3-H-Fe7):
there have been some reservations about the data analysis.*”*®
This structure, with retained S2BH bridge, was supported by
density functional calculations.*’

3.2 Observed SH vibrations

Spectroelectrochemical — experiments on Mo-nitrogenase
turning over under CO and N, revealed SH stretching frequen-
cies assigned to terminal SH and doubly bridging SH. The
doubly bridging frequencies agreed with calculations for S2B-
H as the most stable position for H on S. The authors con-
cluded that the bridge is not lost during turnover.*

4 Speculation on the mechanistic
role of S2B displacement

The theme of the reports described in section 2 is that S2B is
labile and that the cofactor structure can be disrupted. These
experimental structural data provoked much speculation that
displacement of S2B would generate open coordination posi-
tions at endo-Fe2 and endo-Fe6, and that this would facilitate
the binding and activation of N,.>?%2831:38445L52 gome
authors suggested that S2B was a blocking agent, which
needed to be displaced so that Fe2 and Fe6 could perform
their catalytic role.”**”* Formation of an Fe2-H-Fe6 bridge,
proposed to be present in early intermediates, was suggested
to require S2B to move away.””> A vacant S2B site together with
an exo-Fe6 site are the foundation of the mechanistic concept
proposed by Einsle.>> Ribbe et al. introduced a mechanistic
concept in which FeMo-co undergoes ca. 120° rotations about
its pseudo-threefold axis, moving N, bound in place of belt S
atoms to be close to external protonation sites.*! This is a
“Ferris wheel” mechanism. Norskov and coworkers suggested
“a more appropriate label for the unique behaviour of the p,-
S2B comes not from Janus, but his lover Cardea, the Roman
goddess of the hinge. The predicted reversible, hinge-like
behaviour of S2B provides a viable mechanism for how this
reaction proceeds in nature”.’> Some of these proposed
mechanisms assume the existence of serial proton donors
adjacent to the intermediates bound at Fe2 and Fe6, but this is
not justifiable.”®

A presumption underlies these suggested mechanisms
using displaced S2B to allow substrate binding. This presump-
tion is that both S2B and N, (or N,H, or NH,) cannot simul-
taneously occupy the space between Fe2 and Fe6. It was expli-
citly claimed that FeMo-co is too crowded if both the substrate
and S2B bridge Fe2 and Fe6.”” However, this view was contra-
dicted by Cao and Ryde®® who reported a relatively stable cal-
culated structure in which HNNH quadruply bridges an Fe,
face of FeMo-co, with retention of the contiguous belt sulfide
bridges, shown in Fig. 4. The Fe3-Fe7 edge and the Fe4-Fe5
edge are both doubly bridged, by an HN moiety and S5A, S3A
respectively. This entity faces the sidechain of Arg359 (not
shown).

1012 | Dalton Trans., 2026, 55, 1008-1023
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Fig. 4 The Fe3—-Fe7-Fe4-Fe5 face of FeMo-co supporting a quadruple
HNNH bridge and adjacent belt sulfides, as reported by Cao and Ryde.8
The calculated Fe—Fe distances are unusually short, 2.46, 2.44, 2.50,
248 A

I reported calculations demonstrating that, with S2B
present and intact, N,, H or H, could bond to Fe2 or to Fe6 in
the space between Fe2 and Fe6.°>°° These ligands occupy the
endo coordination positions of Fe2 and Fe6, and induce some
plasticity of FeMo-co without disruption of the S2B bridge.
Structures that are stable both thermodynamically and kineti-
cally were identified.

These computations, together with many results described
in section 6 below, show clearly that both S2B and reaction
intermediates can simultaneously bridge Fe2 and Fe6, and
that the initial presumption is invalid.

5 Computational investigations

The experiments outlined above stimulated numerous compu-
tational studies, encompassing (1) the feasibility of reversible
unhooking and displacement of S2B or S2BH,*" "% (2) possible
structures of intermediates, and mechanisms, with S2B not
bridging Fe2---Fe6,"”*>>7%3768 and (3) possible structures of
intermediates, and mechanisms, with retention of the Fe2-
S2B-Fe6 bridge.*”"”°>%” In the following I survey results that
are relevant to the question of the position of S2B through
sequences of intermediates in the mechanism.

Prior to the first of the ‘labile S2B’ experiments, in
2007 Kastner and Blochl reported many calculated structures
for N, bound to FeMo-co, with S2BH unhooked from Fe6.%
From these they developed a complete mechanism cycle. In
this mechanism (presented pictorially in ref. 70), S2BH
remains unhooked throughout, until recovery of the resting
state. These calculations were made before identity of the
atom at the centre of FeMo-co was confirmed as C, and used N
as the central atom. Subsequently these calculations were
repeated with C as the central atom and S2BH unhooked from
Fe6, with the conclusion that Fe-N-N-Fe bridging, and n'-N,

This journal is © The Royal Society of Chemistry 2026
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coordination at endo-Fe were energetically uncompetitive with
n'-N, bound at exo-Fe6.”*

Soon after the appearance of S2B deficient crystal struc-
tures, Norskov and coworkers presented a density functional
computed sequence of intermediates involving first dis-
sociation of S3A as H,S, then formation and dissociation of
H,, then binding of N, and its conversion to N,H, then for-
mation and release of the first NH;, reassociation of H,S, and
finally formation and release of the second NH;.>® Free ener-
gies of the intermediates were calculated, but not reaction
barriers.

Raugei et al. calculated the sequence of intermediates
shown in Fig. 5. The N, binding starts as a p,-n'-N, bridge
with S2BH unhooked, then changes to n'-N, at exo-Fe2 with
rehooked S2BH, then changes back to p,-1'-N,H before brid-
ging as n°-N,H, with S2BH unhooked.*’ Relative energies of
these intermediates were calculated, together with the reaction
barrier for dissociation of H, from E4(2H-H2-N2).

Bjornsson and coworkers investigated the E4H4 state, and
N, binding to it with evolution of H,, using QM/MM calcu-
lations with a 136 atom QM domain.”” The six most stable
optimised models for E4H4 all have unhooked S2BH, with
other H atoms variously positioned as Fe-bound H,, or a Fe2-
(H),-Fe6 double bridge, or a single Fe2-H-Fe6 bridge plus exo-
Fe-H. Calculations of N, binding to these models considered
only end-on bonding at the exo positions of Fe2 or Fe6: no
structures with N, bridging Fe2 and Fe6 were reported.

Cao and Ryde”® investigated computational methods for
the E4H4 intermediate, and concluded that the most stable
model was consistent with the ENDOR-derived proposal of
Hoffman et al,”® with S2B and S5A both hydrogenated, and
with Fe2-H-Fe6 and Fe3-H-Fe7 bridges. The calculated struc-
tures have too-short non-bonded contacts (1.47-1.50 A)
between H of Fe3-H-Fe7 and guanidinium H of the Arg96
sidechain, and some suspiciously short (ca. 2.44 A) Fe-Fe dis-
tances. These authors then considered possibilities for N,H,
bound to the EO state of FeMo-co. These are mainly n’
bonding of HNNH at exo positions of Fe, but the quadruply-
bridged structure shown in Fig. 4 is distinctive. The corres-
ponding quadruple bridge on the more relevant Fe2-Fe6-Fe3-
Fe7 face was also described: in this the guanidinium H of
Arg96 transferred to S5A.%8

Jiang and Ryde explored N, binding to the E0O-E4 states, but
considered only end-on coordination of N, at the exo positions
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of Fe2 or Fe6. No stable structures with bound N, and an
intact Fe2-S2BH-Fe6 bridge were found.®” These authors also
calculated a sequence of intermediates, starting from E4 with
HNNH 7' bound at exo-Fe6, proceeding through HNNH,, then
H,NNH, at the same position, then release of the first NHj3,
and finally formation of the second NHj; at exo-Fe6 and dis-
sociation.”” These intermediates retain the Fe2-S2B-Fe6
bridge, but, strangely, it was calculated as S2B, not the stable
S2BH form. A following publication reported calculations with
S2B hydrogenated, because the authors intended to facilitate
unhooking of S2BH.”* This investigation developed a sequence
of the most stable intermediates from the E4 N,H, state
through E5, E6, E7 and E8, returning to EO. The E4, E5 and E6
structures contain bridged S2BH with HNNH, HNNH, and
H,NNH, respectively coordinated at exo-Fe2. Then followed
three successive E7 intermediates shown in Fig. 6. Significant
results are: (1) the bond from Fe6 to NH,NH; is very long
(2.57 A); (2) despite the expectation of S2BH unhooking, S2BH
was retained in all except one intermediate (E7-NH, + NHj)
where it was substituted by Fe2-NH,-Fe6; (3) the
His195NeH---S2B hydrogen bond is ineffective in E7-NH, +
NHj;; (4) the homocitrate proton was used to convert bridging
NH, to Fe6-NHj3; (5) Fe-S2B distances are elongated from ca.
2.3 to ca. 2.7 A when that Fe is coordinated at its exo position.
It is difficult to envisage a reaction pathway from E7-H,NNH;
to E7-NH, + NHj, requiring distal NH; on the exo Fe6-
H,NNH; intermediate to move a long way to the exo position
of Fe2.

Jiang and Ryde concluded that “half-dissociation of S2B
needs to be considered in the reaction mechanism of nitrogen-
ase but seems to be of minor importance during the second
half-reaction”.”*

A crucial aspect of mechanism is the introduction of
protons and migration of H atoms on FeMo-co, in preparation
for transfer to N in the sequence of intermediates. Ryde and
coworkers reported a detailed investigation of proton transfers
within the FeMo cluster, assuming that the proton enters on
either S3B, S4B or S5A, and is then transported to the substrate
via the sulfide and Fe atoms.®® They found that the net barriers
for the proton transfers are in general larger (107-213 K]
mol ™) when S2B has fully dissociated from the cluster than if
S2B remains bound (69-83 k] mol™"). They concluded that
their results provide a strong argument against the dis-
sociation of S2B.

—

E4(2H-H2) e E4(2H-H2-N2)

E4(2H-N2)

— E4(H-N2H) — E4(H-HNNH)

Fig. 5 The sequence of intermediates calculated by Raugei et al., with original labels, redrawn with coordinates provided.*® Note the unusual orien-
tation of His195 sidechain and the change in its protonation in the last two structures.

This journal is © The Royal Society of Chemistry 2026
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Fig. 6 Three successive E7 intermediates in the sequence described in ref. 74, redrawn from coordinates provided.

Siegbahn’s calculations on sulfide release were based on an
unusual model containing H bound in the Fel, Fe2, Fe4 part
of FeMo-co. One report®® described dissociation of belt S3A as
H,S, while another concluded that non-belt S1A could dis-
sociate as H,S, and that $2B would not dissociate.” These cal-
culations are not related to the experimental structures.

Cao and Ryde®! undertook QM/MM calculations on an S2B
deficient model based on the crystal structure of V-nitrogenase
in a putative turnover state, section 2.3 above. The 170-178
atom QM model (using Mo) contained the side chain of
GIn191 flipped towards the vacant S2B position (see Fig. 3) but
did not contain displaced SH™. The sequence of calculated
intermediates, shown in Fig. 7, started at the first binding of
N, (E4-NN) and continued to formation of the second NH; (E8-
NH;) before reversion to EO with re-configuration of the
GIn191 sidechain and regeneration of S2B.

I have developed a complete mechanism for the nitrogenase
catalytic cycle in which the Fe2-S2B-Fe6 bridge is retained and
N, is bound, activated, and fully reduced in a reaction domain
between Fe2 and Fe6. The intact S2B bridge is a significant
and necessary component of this mechanism, as described in
the next section.

6 The complete conservative
mechanism with retained S2B

The mechanism outlined here is based on and supported by
validated density functional calculations using a 483+ atom
model including all relevant protein surrounds. Full details
of the computational model, procedures, and the results used
in developing this mechanism are provided in five recent
papers.”®®®  Throughout the following description the
number of electrons and protons added at each stage is

1014 | Dalton Trans., 2026, 55, 1008-1023

shown in the status boxes. All protons are introduced sequen-
tially from the external medium by Grotthuss translocation
along the proton wire, and transferred to $3B.®" Ryde and co-
workers have pointed out that an incoming proton is more
stably located on the alternative nearby sulfur atoms S5A and
S4B than on $3B.°® A proton at S5A or S4B is less mechanisti-
cally competent than it is at S3B. They also calculated that, if
the S2B bridge is intact, a proton on S5A can migrate to S3B
via Fe7. Further, they tested the hypothesis that S5A is proto-
nated and non-functional throughout the mechanism, and
found that this decreased reaction barriers in their mecha-
nism. I calculate that electron addition to FeMo-co increases
the basicity of its S atoms, and that electronation of FeMo-co
could be the trigger for proton transfer from the proton
wire.®® Electron and proton addition creates an H atom on
S3B, from which it can migrate to other atoms of FeMo-co.%?
This e~ + H' = H introduction and migration occurs eight
times during the mechanism, and is symbolised as arrow
clusters in the reaction schemes. Reaction energies and
kinetic barriers mentioned in the following are ranges, for
different electronic states of the systems, as detailed in the
papers cited.

The first section of the mechanism
Scheme 1, which also defines labels for intermediates, and
provides commentary on the reaction steps. It is necessary to
explain at the outset the occurrence of N, bound end-on at
the exo position of Fe2 in some intermediates. In the protein
there is a well defined channel for ingress of N, from the
exterior.®>"®® This channel leads directly to the exo coordi-
nation position of Fe2, where N, can bind end-on with vari-
able thermodynamics.”® However there are no surrounding H
donors, and this exo-Fe2-N, cannot be reduced. It is ‘non-
reducible N,’, and has a role to block the exo-Fe2 position
and keep intermediates in the endo space between Fe2 and

7678 is outlined in

This journal is © The Royal Society of Chemistry 2026
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GIn191
reconfigured E4-NN — E4-NNH — E4-NNH2

E8-NH, — E7-NH,-NH; — E6-H,NNH, — E5-HNNH,

Fig. 7 Intermediates calculated by Cao and Ryde®* with the sidechain of GIn191 flipped from the resting state EO, and S2B absent. The structures
pictured were generated from Fig. 8 in ref. 64: coordinates are not available. In E4—NN there is irregular protonation of Gln191 sidechain CO. In E4—
NNH; the hydrogen bond from His195NeH is too long.

‘ (o] ‘ : B \ EE : EXT
o [£0] e, EO 1H* g i EL2H* wo S M [ wo o M [Ean]
) N N

Han” ey Hey CH N\ CH N\ o1
\ i \ / \ / Fe2 Fe2
=NO Fe2 c=Ne Fe2 c=Neo Fe2 . c=Ne c=No
i He szs/ \cc +H HHe szs/ \cb +_’e ] " e sza/‘ \c +e_+li . Hs. sza/!, \cc +e +H* " Hi.. sza/ [
— - H < — - —_— -
AT U Y T P T o N L PN
Fed Fe7 Fef 2t Fed Fo7 4+ Fe2-N. Fe Fe7 Feb _Fe?
AN / e2-Nax e G I
538 S3B S38 S38 538
resting resting-S2BH resting-S2BH-26H resting-S2BH-26H-6Hx S2BH-Fe6HxHn-3b
first H migrates to the most second H migrates at this stage N2 binding at  third H migrates to fourth H, entering on S3B, can
stable position, S2B to the second most exo-Fe2 becomes the next available combine with endo-Fe6-H to
stable positi thermod icall ition, exo-Fe6 form H, bound at the endo-Fe6
bridging Fe2 and favourable position
Fe6

l H, formation

| | | | |
+
H\N/C\\CH N‘N £4 o0 H‘N/C\:H N\N\ EA 5 H~N/C\\CH N‘N H\N/C\\CH N‘N H\N/C*CH N\N E3 4"
\ N \ = o/ N \ N \ AN
c=N® Fe2 c=N® e =Ne Fe2 c=N® Fe2 c=No Fe2
" szs/ | \cc Tone 525/ /N\C° R B szs/ 'N foR. szs/ \C° HH szB/ \c=
N-H - . L o - +e+H* -
NAPZRN N, capture " P H N N, entry HTN A . HTONH AN
H-NDY FeE/ Fe7 «— Fe y-Fe7  — H \Fes/ >Fe7 - H ‘\;eG/ HFe7 — H ‘\F‘es/ Fe7
W S AN "W N/ Hydissociation WoNe S WoN S
S38 s38 S3B 3B 538
Fe2-brNH-NH-Fe6 N, ready N, / H, exchange pre-capture Fe6-H2n
N, is captured as HNNH after H, leaves, as H, dissociates, fifth H migrates to
bound to Fe2 and Fe6, S2BH and Fe7Hn are reducible N, enters the the endo-Fe7
in a single step in ideal positions to vacated space between position
capture Ny Fe2 and Fe6

Scheme 1 Skeletons and labels of the main intermediates in the first section of the mechanism, including H, formation, H,/N, exchange, and N,
capture to generate bound HNNH. The numbers of electrons and protons added at each stage are shown in the status boxes. The arrow clusters
indicate the sequence of steps in each of which a proton is introduced from the proton supply chain® onto $3B, probably triggered by the entry of
an electron,®° and migrates to other sites on FeMo-co. N, occasionally bound at the exo position of Fe2 is non-reducible.”® ‘br’ signifies bridging.

Fe6. A different N, molecule is the one to be reduced (‘reduci- Scheme 1 encompasses many significant aspects of the
ble N,’), entering at the intermediate N2/H2 exchange in early stages of the mechanism: (1) the formation of H,, (2)
Scheme 1. introduction of reducible N,, (3) the H,/N, exchange, (4)
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capture of reducible N, by H atoms on S2B and endo-Fe7, and
(5) formation of bound HNNH. The exergonic N, capture reac-
tion, from N2-ready to Fe2-brNH-NH-Fe6, is single step, with
concerted formation of two H-N bonds and three N-Fe bonds,
and reaction barrier 26-29 kcal mol™" (depending on elec-
tronic state).”®

How does all this happen with S2B intact? Fig. 8 shows
actual geometries calculated for the intermediates and one key
transition state: His195 and its significant hydrogen bond to
S2B are included on the pictures. Notable properties are: (1) at
N2-ready, H atoms on S2B and at endo-Fe7 are stereochemi-
cally propitious for transfer to the two N atoms on incoming

Fe2-brNH-NH-Fe6

transition state

forming two H-N and three N-Fe bonds

View Article Online
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reducible N,; (2) at transition state there is concerted for-
mation of two H-N bonds and three N-Fe bonds, with regular
stereochemistry at all atoms undergoing changes; (3) the
coordination stereochemistry at Fe2 is always regular, being
octahedral in resting-S2BH-26H-6Hx and Fe2-brNH-NH-Fe6
and standard trigonal bipyramidal in the other intermediates;
(4) the coordination stereochemistry at Fe6 is octahedral or
close to octahedral in all intermediates except during the dis-
sociative H,/N, exchange; (5) elongation of Fe6-C® ranges 2.25
to 2.47 A, and occurs when Fes6 is fully ligated. The reaction
trajectory for the crucial N, capture step was analysed in detail
to assess the possible occurrence of H atom tunneling.”®

Fe6-H2n

l reducible N,
enters

and reducible N,
moves closer
to Fe2 and Fe6

N2 ready Fe6-H2n + N2 entering

(a)

Fig. 8

(b)

(a) Calculated geometries of intermediates and of the transition state for N, capture (bonds breaking and making are red-white striped). Key

H atoms are black. The side chain of His195 is included, with the Ne-H — S2B hydrogen bond. Elongated C°-Fe6 distances are 2.31 A in Fe6—H2n,
2.47 A in Fe6—H2n + N2 entering, 2.25 A in N2 ready, 2.38 A in Fe2—brNH—NH—Fe6. (b) Enlarged picture of the transition state for N, capture,
emphasising the two bonds being broken (orange) and the five bonds being formed (blue).
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The key role of S2B in maintaining regular coordination of
Fe2 and Fe6 and in provision of H to N is obvious.
Significantly, the H atom on S2B is ideally located to transfer
to N, as shown (Fig. 8) in the geometries in the sequence N2
ready — transition state — Fe2-brNH-NH-Fe6.

The second section of the complete mechanism is outlined
in Scheme 2. This is a simplified version of Scheme 7 of
ref. 78 which contains all details. In this part of the mecha-
nism there are four types of reaction step: (1) transfer of H
from His195 NeH to S2B; (2) introduction and migration of
the sixth H atom followed by transfer to N forming bound
H,NNH; (3) N-N bond breaking with concomitant formation
of NH; bound to Fe6; (4) dissociation of NH;. Overall the elec-
tron/proton status changes from E4 5H' to E6 6H", and, as
marked on Scheme 2, results are available for e~ H" additions
occurring at different stages. The calculated reaction energy

C. N, C N,
RN Sen N Hony” Sey N
C:N’s Fe2 \c=N/‘” Fe2
LT N A HL |
SZE\ N-H C¢ S28 N-H C
K\ Hog Kl

H=N—Fed \Fe7 \\\Feé/ \Fe7
Ea N

538 H s38

Fe2-brNH-NH-Fe6

View Article Online
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profiles for these steps’® show that all except one, the N-N
breaking step, have small reaction barriers. The N-N breaking
step is exergonic by 30 to 42 kecal mol™, with kinetic barriers
ranging 27 to 35 kcal mol~". This N-N breaking is proposed to
be the slow step identified in the kinetic analysis of Harris
et al.,¥” occurring after formation of the HNNH intermediate.
It is remarkable that the H transfer from His195 to S2B is exer-
gonic by 5 to 14 kcal mol™', with small kinetic barriers
ranging 1 to 8 kcal mol™". As a consequence, the final inter-
mediate in this reaction sequence, Fe2-brNH-Fe6-S2BH, has
H restored to S2B and is primed for the next phase of the
mechanism.

Two aspects of the geometries of the intermediates are
notable in the present context. One is that the intermediate
Fe2-brNH-NH2-Fe6Hx has ideal geometry for N-N breaking.
Fig. 9 illustrates how 6HX, Fe6, and the two N atoms are essen-

| |

c N, c s
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/
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H H CH. |
S28  N-H Cf

H
T's28  N-H Cf
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ES 6H* /Fes\ /Fe7 o e Fss\ /Fe7
+ | H= i
E6 6H ,N\H sag 538
H

Fe2-brNH-Fe6

iti Fe2-brNH-NH2-Fe6Hx
H addition Fe2-brNH-Fe6NH3
_
HisH* to S2B HisH* to S2B HisH* to S2B
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H i iati +e
PR — N-N break NH; dissociation
R — _—
\ 3b4 —» 3b3 | | |
N N,
(L N 3b3 —> 3b2 H\N/C\\FH N H\N\/C\\,CH N “\N/Cjcu N
\c=N’ Fe2 3b2—> Fe2-brNH-NH2-Fe6Hx \ﬁ=N FTE g=N Fiz YN Fi‘z
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E5 5H* o\ E6 6H* BN, A gseH | H=n] N\ E6 6H* N/
S38 H S3B H/ \H S3B S3B

Fe2-brNH-NH-Fe6-S2BH Fe2-brNH-NH2-Fe6Hx-S2BH

Fe2-brNH-Fe6NH3-S2BH Fe2-brNH-Fe6-S2BH

Scheme 2 . Reaction pathways that break the N-=N bond and then form and release NHz.”® Some intermediates and reaction steps were calculated

with alternative electron populations, as marked in the status boxes.

Fe2-brNH-NH2-Fe6HXx

transition state

Fe2-brNH-Fe6NH3

Fig. 9 Geometrical characteristics of the reaction step that breaks N-N and forms NHsz. The Fe2—NH-Fe6 bridge is maintained throughout,
together with the Fe2—S2B—-Fe6 bridge. Note how 6Hx, Fe6, the two N atoms, and C° are essentially coplanar. N-N extends from 1.38 Ato 1.71 A at
the transition state, and the NH, group undergoes a standard inversion through the transition state.
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Scheme 3 The steps in which S2B is an active reagent are highlighted yellow.

tially coplanar, and remain so during the transition as N---N
elongates, H-N forms, H-Fe6 separates, and NHj; is generated.
This reaction is inversion of the NH, group as it separates
from N and forms NH;. Secondly, S2B, as a bridge between
Fe2 and Fe6 in all intermediates, completes the favourable
octahedral coordination of Fe2 and Fe6. The favourable geo-
metry of the conversion shown in Fig. 9 depends on the pres-
ence of S2B.

The final stage of the mechanism’” is outlined in
Scheme 3. First, S2BH generated in the previous stage converts
bridging NH to bridging NH,. Then another H is introduced at
S3B, from which it transfers to the NH, bridge to generate NH;
coordinated at the endo position of Fe2. After dissociation of
this second NH; the bare core of FeMo-co remains. The eighth
proton (plus electron) enters and migrates to S2B which is the
most stable location for H on FeMo-co.***>®® Transfer of this
H from S2B to His195 regenerates the resting state (core-S2BH
— resting is 8 kcal mol™' exergonic with a barrier of 4 kcal
mol™"). A complete analysis of the thermodynamics of the
steps in Scheme 3 is provided in ref. 77. Note that, as in all pre-
vious steps, S2B as a bridge between Fe2 and Fe6 is an essen-
tial component, maintaining favourable coordination stereo-
chemistry at Fe2 and Fe6. The yellow highlights in Scheme 3
draw attention to S2B also functioning as active reagent.

Overall, intact S2B has five direct mechanistic roles: (1) H
transfer from S2B to N in the N, capture step (N2 ready — Fe2—
brNH-NH-Fe6); (2) recovery of S2BH from His195NeH in the
sequence forming Fe2-brNH-Fe6-S2BH; (3) H transfer from
S2B to N to form Fe2-brNH2-Fe6; (4) formation of S2BH after
introduction of the eighth H; (5) H transfer from S2BH to
recover the resting state.

This 21 step chemical choreography of the complete mecha-
nism conserves the structure of FeMo-co. No bonds in the
cofactor are broken. The plasticity of FeMo-co is manifest in
the usual extensions of the C°-Fe bonds caused by exo-Fe lig-
ation. Homocitrate does not change its coordination geometry,

1018 | Dalton Trans., 2026, 55, 1008-1023

as is required by the critical role of homocitrate in controlling
the proton wire,’*®" and homocitrate involvement in the first
steps for egress of NH;.%° The mechanism is chemically con-
servative in the sense that none of the bond making and bond
breaking steps is unusual. Standard stereochemistry is main-
tained at all atoms throughout the mechanism. The mecha-
nism deploys the geometry of FeMo-co — particularly the Fe2,
Fe6, S2B, S3B, Fe7 segment, together with His195 - to achieve
propitious geometry for the reaction steps. All eight protons
required in the enzyme cycle are introduced from the protein
surface along a conserved proton wire terminating at S3B.%°
The concerted formation of five bonds in the N, capture single
step is distinctive and unique, and uses straightforward con-
ventional chemistry. Other attributes, elaborated in the
primary publications, are the estimation of entropy contri-
butions, the analysis of reaction trajectories to assess possibili-
ties of H atom quantum tunneling, and the interpretation of
the slow step identified in the recent description of steady
state enzyme Kkinetics®” as the N-N breaking step shown in
Fig. 9.

This conservative mechanism is based on the architecture
and function of FeMo-co and the protein surrounding the
active site.® These are pictured in Fig. 10. More specifically,
the functional components of the proposed mechanism are
cartooned in Fig. 11. The hydrogenation zone is between Fe2,
S2B, Fe6, S3B and Fe7, and the various H atoms required there
are provided by S2B, Fe6, S3B and Fe7.

Other computational investigations
describe limited aspects, being mainly sequences of calcu-
lated intermediates. However, Ryde and coworkers describe
mechanisms in which most pathways involve transfer of a
proton from S2B to the substrate.®® This paper is the only
other one that includes description of the source and path-
ways for incoming protons. This paper also describes calcu-
lated reaction barriers, which are absent from almost all of
the other reports.

of mechanism
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the full structure of FeMo-co, as two cubanoid

M,S; entities linked by four atoms ((u-S); + C°),
is required to provide geometrical integrity for

the reactive C°Fe4(u-S).(us-S), face, which is

otherwise mechanically unstable

the central atom C° prevents extreme distortion
of FeMo-co, and connects the Fe atoms where
coordinative reaction occurs, transmitting
coordinative information between them

Perspective

six-coordinate Mo (V/Fe), key role,

connecting to:

(1) surrounding protein (via 442is)

(2) homocitrate (proton supply and water pool)
(3) S3B as the H entry point

442His
lower anchor

| proton supply to S3B along conserved water chain

homocitrate frame
for proton supply

Fig. 10 Structural components of the nitrogenase active site, and their mechanistic roles supporting the conservative mechanism. Reproduced

from ref. 77.
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Fig. 11 Functional components of the nitrogenase mechanism. The four red H atom sites, S2B H, exo-Fe6-H, S3B—H and endo-Fe7-H, effect the
intramolecular hydrogenation of N, and of subsequent intermediates in the hydrogenation zone. Reproduced from ref. 77.
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7 Dilemma

Now we have the dilemma: does nitrogenase use a disruptive
mechanism or a conservative mechanism? Disruptive mecha-
nisms, derived from many experiments, are still largely con-
ceptual with many uncertain components. Details of the inter-
mediates and steps after displacement of S2B are still to be ela-
borated experimentally for physiological catalysis. These dis-
ruptive mechanisms are challenged by a complete and geome-
trically competent mechanism that retains bridging S2B as a
crucial component. Will S2B flee or contribute? Shakespeare’s
Hamlet wondered “To be, or not to be, that is the question”
(Act III Scene 1). We can be more analytical about “S2B or not
S2B?” and I have assembled the evidence in this Perspective.

The experiment - theory dichotomy also underlies this
dilemma. The disruptive mechanism ideas are based on
experimental results, whereas the conservative mechanism is
derived from computational simulation. Experiments, partly
in vivo and partly in vitro, are challenged by in silico infor-
mation. What are the prospects for resolution? It is unfortu-
nate that experimentation to reveal the many intermediates in
the nitrogenase reaction cycle faces multiple difficulties.

A natural philosopher might ask “Why would evolution
select a more complex mechanism with disruptive dissociation
and re-association of S2B when a more straightforward
pathway could be available?”
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