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Nitrogenase is the only enzyme that can cleave the N2 
triple bond in nature, enabling nitrogen to be availa-
ble for biological life. This enzyme features a catalytic 
FeMo cluster and an electron-transfer P-cluster, as well 
as a [4Fe:4S] cluster in the Fe protein. The nitrogenase 
mechanism is not fully understood due to the com-
plicated structure of the enzyme and the challenge 
of capturing reaction intermediates experimentally. 
However, computational methods, especially com-

bined quantum-mechanics/molecular-mechanics (QM/
MM) method, offer valuable insights. These methods 
integrate quantum chemistry to handle the active re-
gions and molecular mechanics for the larger protein 
environment, providing a comprehensive model for 
studying nitrogenase. This thesis presents systematic 
QM/MM studies on nitrogenase, focusing on H2 for-
mation, N2 binding, S2B ligand half dissociation, redox 
potentials, and proton transfer processes.
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H2 formation from the E2–E4 states of
nitrogenase†

Hao Jiang and Ulf Ryde *

Nitrogenase is the only enzyme that can cleave the strong triple bond in N2, making nitrogen available

for biological lifeforms. The active site is a MoFe7S9C cluster (the FeMo cluster) that binds eight

electrons and protons during one catalytic cycle, giving rise to eight intermediate states E0–E7. It is

experimentally known that N2 binds to the E4 state and that H2 is a compulsory byproduct of the

reaction. However, formation of H2 is also an unproductive side reaction that should be avoided,

especially in the early steps of the reaction mechanism (E2 and E3). Here, we study the formation of H2

for various structural interpretations of the E2–E4 states using combined quantum mechanical and

molecular mechanical (QM/MM) calculations and four different density-functional theory methods. We

find large differences in the predictions of the different methods. B3LYP strongly favours protonation of

the central carbide ion and H2 cannot form from such structures. On the other hand, with TPSS, r2SCAN

and TPSSh, H2 formation is strongly exothermic for all structures and En and therefore need strict kinetic

control to be avoided. For the E2 state, the kinetic barriers for the low-energy structures are high

enough to avoid H2 formation. However, for both the E3 and E4 states, all three methods predict that

the best structure has two hydride ions bridging the same pair of Fe ions (Fe2 and Fe6) and these two

ions can combine to form H2 with an activation barrier of only 29–57 kJ mol!1, corresponding to rates

of 7 " 102 to 5 " 107 s!1, i.e. much faster than the turnover rate of the enzyme (1–5 s!1). We have also

studied H-atom movements within the FeMo cluster, showing that the various protonation states can

quite freely be interconverted (activation barriers of 12–69 kJ mol!1).

Introduction
Nitrogenase (EC 1.18/19.6.1) is the only enzyme that can cleave
the strong triple bond in N2, making atmospheric nitrogen avail-
able to plant life.1–4 Crystallographic studies have shown that the
most active type of nitrogenase contains a MoFe7S9C(homocitrate)
cofactor in the active site, called the FeMo cluster.5–9

Nitrogenase catalyses the chemical reaction3,4

N2 + 8e! + 8H+ + 16ATP - 2NH3 + H2 + 16ADP + 16Pi
(1)

showing that eight electrons and protons are needed to convert
N2 to two molecules of ammonia. Consequently, the reaction is
typically described by eight intermediates E0–E7, differing in
the number of added electrons and protons.10 It has been
shown that the enzyme needs to be loaded by four electrons
and protons (i.e. to E4) before N2 can bind.3,4 It is currently

believed that the binding of N2 is promoted by the dissociation
of H2, which is formed by reductive elimination of two hydride
ions that bridge two Fe ions each.11–15 This explains why H2 is a
compulsory byproduct in the reaction mechanism (cf. eqn (1)).

In spite of numerous spectroscopic, kinetic, biochemical
and computational studies,1–9,16,17 many details of the reaction
mechanism of nitrogenase are still unknown.4,17 An important
reason for this is that different density-functional theory
(DFT) methods give widely different predictions of the relative
stability of various models of the active site of nitrogenase,
e.g. different protonation states of the En states.17–20

The structure of the resting E0 state is well-known from
accurate crystal structures, and combined quantum mechan-
ical and molecular mechanical (QM/MM) calculations.4,5,21–23

Moreover, quantum refinement has shown that this state does
not contain any extra protons.20 For the singly reduced and
protonated E1 state, DFT studies and EXAFS measurements
indicate that one of the m2 bridging sulfide ions, S2B (atom
names are shown in Fig. 1), is protonated.20,24–26 However,
spectroscopic studies of Fe-nitrogenase (in which the Mo ions
is replaced by Fe), indicate that it instead should contain a
dissociable hydride ions,27 although this is not supported by
recent QM/MM calculations.28
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N2 binding to the E0–E4 states of nitrogenase†

Hao Jiang and Ulf Ryde *

Nitrogenase is the only enzyme that can convert N2 into NH3. The reaction requires the addition of eight

electrons and protons to the enzyme and the mechanism is normally described by nine states, E0–E8,

differing in the number of added electrons. Experimentally, it is known that three or four electrons need

to be added before the enzyme can bind N2. We have used combined quantum mechanical and mole-

cular mechanics methods to study the binding of N2 to the E0–E4 states of nitrogenase, using four

different density functional theory (DFT) methods. We test many different structures for the E2–E4 states

and study binding both to the Fe2 and Fe6 ions of the active-site FeMo cluster. Unfortunately, the results

depend quite strongly on the DFT methods. The TPSS method gives the strongest bonding and prefers N2

binding to Fe6. It is the only method that reproduces the experimental observation of unfavourable

binding to the E0–E2 states and favourable binding to E3 and E4. The other three methods give weaker

binding, preferably to Fe2. B3LYP strongly favours structures with the central carbide ion triply protonated.

The other three methods suggest that states with the S2B ligand dissociated from either Fe2 or Fe6 are

competitive for the E2–E4 states. Moreover, such structures with two hydride ions both bridging Fe2 and

Fe6 are the best models for E4 and also for the N2-bound E3 and E4 states. However, for E4, other struc-

tures are often close in energy, e.g. structures with one of the hydride ions bridging instead Fe3 and Fe7.

Finally, we find no support for the suggestion that reductive elimination of H2 from the two bridging

hydride ions in the E4 state would enhance the binding of N2.

Introduction
Nitrogenase (EC 1.18/19.6.1) is the only enzyme that can cleave
the triple bond in molecular N2,

1–4 thereby making nitrogen
available for biological lifeforms. X-ray crystallographic studies
have shown that nitrogenase contains a complicated MoFe7S9C
(homocitrate) cluster in the active site, called the FeMo cluster
(Fig. 1).5–9 Alternative nitrogenases exist, in which the Mo ion
is replaced by V or Fe, but they have lower activities.10,11 The
nitrogenase reaction is demanding, requiring eight electrons
and 16 ATP molecules for each N2 molecule processed:3,4

N2 þ 8e" þ 8Hþ þ 16 ATP ! 2 NH3 þH2 þ 16 ADPþ 16 Pi

ð1Þ

Nitrogenase has been extensively studied by spectroscopic,
biochemical and kinetic methods.1–9,12 The reaction is normally
described by the Lowe–Thorneley cycle,13 which involves nine
intermediates, E0–E8, differing in the number of added elec-
trons and protons. The E0 resting state has been thoroughly
characterised by crystallography, spectroscopic and compu-

tational studies.4,7,14–16 The E1 state has been studied by X-ray
absorption and Mössbauer spectroscopy17,18 and most likely
contains a proton on the S2B µ2 bridging sulfide ion (see
Fig. 1b for atom names).19 The E2 state is known to involve two
conformers, of which at least one contains an iron-bound
hydride ion.20–23 The E4 state has been characterised by EPR
and ENDOR spectroscopy, and has been shown to contain two
hydride ions that bridge between two Fe ions of the FeMo
cluster.24–26 It has been shown that N2 binds to the E3 and E4
states, but not the E0–E2 states.1,25,27–30 In connection with the
binding of N2, H2 is released by reductive elimination, i.e. by
the formation of H2 from two hydride ions.25,26,31,32 Then, N2 is
successively reduced and protonated to two molecules of NH3.
Mutational studies have indicated that the Fe2–Fe3–Fe6–Fe7
face of the FeMo cluster is the primary site for N2 reduction and
that Fe2 or Fe6 are the most likely binding sites of N2.

33,34

Nitrogenase has also been extensively studied by compu-
tational methods, using density functional theory (DFT).35

However, such studies are complicated by the fact that there
are very many possibilities for the binding of up to four
protons to the cluster, that different DFT method give widely
different relative energies of the various protonation states and
that the electronic structure is complicated (there are 35 poss-
ible broken-symmetry states).35–38

Several DFT studies have been devoted to the binding of N2

to the FeMo cluster in different En states.
35 Early investigations

†Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3dt00648d
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Thermodynamically Favourable States in the Reaction of
Nitrogenase without Dissociation of any Sulfide Ligand
Hao Jiang[a] and Ulf Ryde*[a]

Abstract: We have used combined quantum mechanical and
molecular mechanical (QM/MM) calculations to study the
reaction mechanism of nitrogenase, assuming that none of
the sulfide ligands dissociates. To avoid the problem that
there is no consensus regarding the structure and protona-
tion of the E4 state, we start from a state where N2 is bound
to the cluster and is protonated to N2H2, after dissociation of
H2. We show that the reaction follows an alternating
mechanism with HNNH (possibly protonated to HNNH2) and
H2NNH2 as intermediates and the two NH3 products dissociate
at the E7 and E8 levels. For all intermediates, coordination to

Fe6 is preferred, but for the E4 and E8 intermediates, binding
to Fe2 is competitive. For the E4, E5 and E7 intermediates we
find that the substrate may abstract a proton from the
hydroxy group of the homocitrate ligand of the FeMo cluster,
thereby forming HNNH2, H2NNH2 and NH3 intermediates. This
may explain why homocitrate is a mandatory component of
nitrogenase. All steps in the suggested reaction mechanism
are thermodynamically favourable compared to protonation
of the nearby His-195 group and in all cases, protonation of
the NE2 atom of the latter group is preferred.

Introduction

Nitrogen is an essential element of all lifeforms, being a
component of all amino acids and nucleic acids. Although the
atmosphere of Earth contains 78% of N2, nitrogen is still a
limiting element for plant growth and a prominent component
of fertilizers. The reason for this is the strong triple bond in N2,
which makes it chemically inert.[1,2] Industrially, N2 is converted
to ammonia through the Haber–Bosch process, which requires
high temperature and pressure.[2] Only a single group of
enzymes can cleave the N!N bond in N2, the nitrogenases (EC
1.18/19.6.1), which work at ambient temperature and
pressure.[1,3,4]

Crystallographic studies have shown that the most active
type of nitrogenase contains a MoFe7S9C(homocitrate) cluster
(the FeMo cluster) in the active site, connected to the protein
by a histidine and a cysteine residue at the opposite ends of
the cluster (Figure 1).[5–9] There also exist alternative nitro-
genases with the Mo ion replaced with either vanadium or iron,
which have lower activities towards N2.[10]

The nitrogenases catalyse the reaction

N2 þ 8 e! þ 8 Hþ þ 16 ATP ! 2NH3

þH2 þ 16 ADPþ 16 Pi
(1)

The mechanism is normally discussed in terms of nine
intermediates E0–E8, differing in the number of added electrons
and protons, according to the Lowe–Thorneley scheme.[11]

Thorough biochemical, kinetic and spectroscopic studies have
indicated that the resting E0 state needs to be reduced to the E4
state before N2 may bind.[1,3,4,12–17] It has also been suggested
that H2 formation through reductive elimination is a prereq-
uisite for the binding of N2, explaining why H2 is a compulsory
byproduct in the reaction. It is normally assumed that N2 is
directly reduced and protonated to N2H2 upon binding to the
enzyme.[1,18]

It has long been debated whether the nitrogenases follow a
sequential or alternating reaction mechanism. In the sequential
mechanism, the first three protons bind to the same N atom of
N2, which then dissociates as NH3 from the E5 intermediate,
before the second N atom starts to be protonated. This
mechanism was originally suggested by Chatt and has gained
support from inorganic model complexes.[19–23] In the alternat-
ing mechanism, the protons are instead added alternatively to
the two N atoms, so that HNNH and H2NNH2 (hydrazine) are
intermediates and the first NH3 product does not dissociate
until the E7 state. It is supported by the fact that nitrogenase
can use hydrazine as a substrate and that hydrazine is released
upon acid or base hydrolysis of the enzyme during
turnover.[1,3,24,25] Moreover, it has been shown that N2, N2H2,
CH3NH2 and N2H4 all react via a common intermediate.[1,26]

The nitrogenases have been thoroughly studied also by
computational methods.[1,13,35–42,27!34] Unfortunately, these stud-
ies have given very diverging and disparate suggestions. In fact,
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Proton Transfer Pathways in Nitrogenase with and without
Dissociated S2B

Hao Jiang, Oskar K. G. Svensson, Lili Cao, and Ulf Ryde*

Abstract: Nitrogenase is the only enzyme that can convert N2 to NH3. Crystallographic structures have indicated that one
of the sulfide ligands of the active-site FeMo cluster, S2B, can be replaced by an inhibitor, like CO and OH!, and it has
been suggested that it may be displaced also during the normal reaction. We have investigated possible proton transfer
pathways within the FeMo cluster during the conversion of N2H2 to two molecules of NH3, assuming that the protons
enter the cluster at the S3B, S4B or S5A sulfide ions and are then transferred to the substrate. We use combined
quantum mechanical and molecular mechanical (QM/MM) calculations with the TPSS and B3LYP functionals. The
calculations indicate that the barriers for these reactions are reasonable if the S2B ligand remains bound to the cluster,
but they become prohibitively high if S2B has dissociated. This suggests that it is unlikely that S2B reversibly dissociates
during the normal reaction cycle.

*OUSPEVDUJPO

Nitrogenase (EC 1.18/19.6.1) is the only group of enzymes
that can cleave the strong triple bond in N2, making nitrogen
available for biological lifeforms. It is found in some groups
of bacteria and archaebacteria, but many higher plants live
in symbiosis with such organisms. Crystal structures of the
most active form of nitrogenase show that the active site
consists of a MoFe7S9C(homocitrate) cluster (the FeMo
cluster, shown in Figure 1).[1–5] It is connected to the protein
by a cysteine ligand to one of the Fe ions and a histidine
ligand to the Mo ion. There also exist alternative nitro-
genases with the Mo ion replaced with either vanadium or
iron, which have lower activities towards N2.[6]

Nitrogenase catalyses the reaction:

N2 þ 8e! þ 8Hþ þ 16ATP !
2NH3 þH2 þ 16ADPþ 16Pi

(1)

Thus, it requires eight electrons and protons, and
consumes 16 molecules of ATP. H2 is a mandatory by-
product. The reaction is often described by the Lowe–
Thorneley scheme,[7] which contains nine states E0 to E8,
differing in the number of added electrons and protons.
Thorough biochemical, kinetic, structural and spectroscopic
studies have suggested that the enzyme typically needs to be
loaded with four electrons and protons before the N2

substrate can bind, through reductive elimination of H2.[8–16]

The substrate probably binds to the Fe2 or Fe6 ions (atom
names are shown in Figure 1).[12,17]

Several crystallographic studies have shown that one of
the sulfide ligands, S2B, which bridges the Fe2 and Fe6 ions,
can be replaced by inhibitors, like CO and OH!.[4,18] The
process is reversible and a putative storage site for the
dissociated SH! ion has been identified. Therefore, it has
been suggested that S2B may dissociate also during the
normal reaction mechanism, opening up an obvious binding
site for the substrate.[19,20] In fact, a recent crystal structure
was suggested to show such replacement of S2B (and also
the S3A and S5A sulfide ions) by N2,[21] although the
interpretation has been disputed.[22,23] Nitrogenase has also
been extensively investigated by computational methods,[24]

but so far no consensus has been reached regarding the
reaction mechanism or even of the structure and protona-
tion of the crucial E4 state.[24–31]

Between each En level, one electron and one proton are
delivered to the FeMo cluster. The electrons are provided
by the Fe protein via the P-cluster,[11,12] and they can move

<�> )� +JBOH 0� ,� (� 4WFOTTPO %S� -� $BP 1SPG� 6� 3ZEF
5IFPSFUJDBM $IFNJTUSZ -VOE 6OJWFSTJUZ $IFNJDBM $FOUSF
1� 0� #PY ��� ����� -VOE 	4XFEFO

&�NBJM� 6MG�3ZEF!UFPLFN�MV�TFM

Û ���� 5IF "VUIPST� "OHFXBOEUF $IFNJF *OUFSOBUJPOBM &EJUJPO
QVCMJTIFE CZ 8JMFZ�7$) (NC)� 5IJT JT BO PQFO BDDFTT BSUJDMF VOEFS
UIF UFSNT PG UIF $SFBUJWF $PNNPOT "UUSJCVUJPO /PO�$PNNFSDJBM
-JDFOTF XIJDI QFSNJUT VTF EJTUSJCVUJPO BOE SFQSPEVDUJPO JO BOZ
NFEJVN QSPWJEFE UIF PSJHJOBM XPSL JT QSPQFSMZ DJUFE BOE JT OPU VTFE
GPS DPNNFSDJBM QVSQPTFT�

'JHVSF �� 5IF 'F.P DMVTUFS XJUI BUPN OBNFT JOEJDBUFE� "MM TUSVDUVSFT
JO UIF GJHVSFT VTF UIF TBNF QFSTQFDUJWF�

Angewandte
Chemie3FTFBSDI "SUJDMFT
XXX�BOHFXBOEUF�PSH

)PX UP DJUF� "OHFX� $IFN� *OU� &E� ���� �� F���������
*OUFSOBUJPOBM &EJUJPO� EPJ�PSH���������BOJF����������
(FSNBO &EJUJPO� EPJ�PSH���������BOHF����������

"OHFX� $IFN� *OU� &E� ���� �� F��������� 	� PG �
 Û ���� 5IF "VUIPST� "OHFXBOEUF $IFNJF *OUFSOBUJPOBM &EJUJPO QVCMJTIFE CZ 8JMFZ�7$) (NC)

QM/MM Study of Partial Dissociation of S2B for the E2 Intermediate
of Nitrogenase
Hao Jiang, Oskar K. G. Svensson, and Ulf Ryde*
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ABSTRACT: Nitrogenase is the only enzyme that can cleave the triple
bond in N2, making nitrogen available for all lifeforms. Previous
computational studies have given widely diverging results regarding the
reaction mechanism of the enzyme. For example, some recent studies
have suggested that one of the μ2-bridging sulfide ligands (S2B) may
dissociate from one of the Fe ions when protonated in the doubly
reduced and protonated E2 state, whereas other studies indicated that
such half-dissociated states are unfavorable. We have examined how the
relative energies of 26 structures of the E2 state depend on details of
combined quantum mechanical and molecular mechanical (QM/MM)
calculations. We show that the selection of the broken-symmetry state,
the basis set, relativistic e!ects, the size of the QM system, relaxation of
the surroundings, and the conformations of the bound protons may a!ect the relative energies of the various structures by up to 12,
22, 9, 20, 37, and 33 kJ/mol, respectively. However, they do not change the preferred type of structures. On the other hand, the
choice of the DFT functional strongly a!ects the preferences. The hybrid B3LYP functional strongly prefers doubly protonation of
the central carbide ion, but such a structure is not consistent with experimental EPR data. Other functionals suggest structures with a
hydride ion, in agreement with the experiments, and show that the ion bridges between Fe2 and Fe6. Moreover, there are two
structures of the same type that are degenerate within 1−5 kJ/mol, in agreement with the observation of two EPR signals. However,
the pure generalized gradient approximation (GGA) functional TPSS favors structures with a protonated S2B also bridging Fe2 and
Fe6, whereas r2SCAN (meta-GGA) and TPSSh (hybrid) prefer structures with S2B dissociated from Fe2 (but remaining bound to
Fe6). The energy di!erence between the two types of structure is so small (7−18 kJ/mol) that both types need to be considered in
future investigations of the mechanism of nitrogenase.

■ INTRODUCTION
Nitrogenases (EC 1.18/19.6.1) are the only group of enzymes
that can cleave the inert triple bond in N2, making atmospheric
nitrogen available for all lifeforms.1−3 Crystal structures have
shown that the active site of Mo-nitrogenase is a complicated
MoFe7S9C(homocitrate) cluster (the FeMo cluster), which is
bound to the protein with one His and one Cys residue
(Figure 1).4−8 Alternative nitrogenases also exist with the Mo
ion replaced with either vanadium or iron, but they have lower
activities toward N2.9
The nitrogenase reaction requires 16 ATP molecules to

convert one N2 molecule to two NH3 molecules:1−3

+ + +
+ + +

+N 8e 8H 16ATP

2NH H 16ADP 16P
2

3 2 i (1)

In addition, H2 seems to be a mandatory byproduct. The
reaction consumes eight electrons and protons. It is normally
assumed that each reduction of the cluster leads to the uptake
of one proton. Therefore, the reaction is normally described by
eight intermediates, E0−E7, di!ering in the number of added
electrons and protons.10 Extensive biochemical, kinetic, and

spectroscopic studies have indicated that the enzyme needs to
be reduced four times (from E0 to E4) before N2 can bind
through reductive elimination of H2.1,2,11−17 Electron nuclear
double resonance (ENDOR) experiments suggest that the E4
state contains two hydride ions that bridge a pair of Fe ions
each.2,14,15
Nitrogenase has also been extensively studied by computa-

tional methods.18 Unfortunately, they have suggested very
disparate reaction mechanisms. In fact, they do not even agree
on the structure of the key E4 state.3,18−26 Structures have been
suggested with the central carbide ion triply protonated or
various combinations of protonated sulfide and iron ions (both
bridging and terminal). Even for structures with two bridging
hydride ions, the suggested models di!er in what iron ions are
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Putative reaction mechanism of nitrogenase with a
half-dissociated S2B ligand†

Hao Jiang and Ulf Ryde *

We have studied whether dissociation of the S2B sulfide ligand from one of its two coordinating Fe

ions may affect the later parts of the reaction mechanism of nitrogenase. Such dissociation has been

shown to be favourable for the E2–E4 states in the reaction mechanism, but previous studies have

assumed that S2B either remains bridging or has fully dissociated from the active-site FeMo cluster.

We employ combined quantum mechanical and molecular mechanical (QM/MM) calculations with

two density-functional theory methods, r2SCAN and TPSSh. To make dissociation of S2B possible, we

have added a proton to this group throughout the reaction. We study the reaction starting from the

E4 state with N2H2 bound to the cluster. Our results indicate that half-dissociation of S2B is unfavour-

able in most steps of the reaction mechanism. We observe favourable half-dissociation of S2B only

when NH or NH2 is bound to the cluster, bridging Fe2 and Fe6. However, the former state is most

likely not involved in the reaction mechanism and the latter state is only an intermittent intermediate

of the E7 state. Therefore, half-dissociation of S2B seems to play only a minor role in the later parts

of the reaction mechanism of nitrogenase. Our suggested mechanism with a protonated S2B is alter-

nating (the two N atoms of the substrate is protonated in an alternating manner) and the substrate

prefers to bind to Fe2, in contrast to the preferred binding to Fe6 observed when S2B is unproto-

nated and bridging Fe2 and Fe6.

Introduction
Nitrogenase (EC 1.18/19.6.1) is the only enzyme that can
cleave the triple bond in N2, by converting it to
ammonia.1–4 Nitrogenase is produced by a few groups of
bacteria but several higher plants live in symbiosis with
such bacteria, e.g. legumes, rice and alder. Crystallographic
studies have shown that the most common and active form
of nitrogenase is a homodimer of heterodimers.5–9 It con-
tains two unusual iron–sulfur clusters, the P-cluster
(Fe8S7Cys6), which is used for electron transfer, and the
FeMo cluster, which is the catalytic centre. The latter con-
sists of a MoFe8S9C(homocitrate) cluster, which is connected
to the protein by one His ligand to Mo and a Cys ligand to
a Fe ion at the other end of the cluster (cf. Fig. 1a). There
also exist alternative isoenzymes in which the Mo ion is
replaced by V or Fe, but they have a lower activity.10 During
catalysis, electrons are delivered to nitrogenase by the Fe
protein, which contains a Fe4S4 cluster.3,4

Nitrogenase catalyses the reaction3,4

N2 þ 8e" þ 8Hþ þ 16ATP ! 2NH3 þH2 þ 16ADPþ 16Pi ð1Þ

Thus, eight electrons and protons are needed to form two
molecules of NH3 from N2. Consequently, the reaction mecha-
nism is typically described by nine states, E0–E8, differing in the
number of added electrons and protons.11 Despite intensive bio-
chemical, kinetic, spectroscopic and computational
investigations,1–9,12,13 many details of the nitrogenase reaction
mechanism are still controversial, partly because of technical pro-
blems to isolate pure samples of the various reaction intermedi-
ates En. It is known that N2 binds mainly to the E4 state and that
N2 binding is coupled to the compulsory formation of H2, in a
reductive elimination reaction.14–18 E4 has been shown to contain
two hydride ions bridging two pairs of Fe ions,15,16,18 but the
detailed structure of the E4 state is highly controversial.

19–28

The later part of the reaction mechanism, i.e. after N2

binding has also been much discussed.3 In particular, it has
been debated whether nitrogenase follows a distal or an alter-
nating mechanism, i.e. whether the protons are first added to
one N atom, so that NH3 dissociates already in the E5 state,
before the second N atom is protonated, or whether protons
are added alternatively to the two N atoms, so that HNNH and
H2NNH2 are intermediates and the first NH3 molecule does

†Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4dt00937a
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Abstract: We have calculated redox potentials of the two metal clusters in Mo-nitrogenase with
quantum mechanical (QM) calculations. We employ an approach calibrated for iron–sulfur clusters
with 1–4 Fe ions, involving QM-cluster calculations in continuum solvent and large QM systems
(400–500 atoms), based on structures from combined QM and molecular mechanics (QM/MM)
geometry optimisations. Calculations on the P-cluster show that we can reproduce the experimental
redox potentials within 0.33 V. This is similar to the accuracy obtained for the smaller clusters,
although two of the redox reactions involve also proton transfer. The calculated P1+/PN redox
potential is nearly the same independently of whether P1+ is protonated or deprotonated, explaining
why redox titrations do not show any pH dependence. For the FeMo cluster, the calculations clearly
show that the formal oxidation state of the cluster in the resting E0 state is MoIIIFeII

3 FeIII
4 , in agreement

with previous experimental studies and QM calculations. Moreover, the redox potentials of the first
five E0–E4 states are nearly constant, as is expected if the electrons are delivered by the same site (the
P-cluster). However, the redox potentials are insensitive to the formal oxidation states of the Fe ion
(i.e., whether the added protons bind to sulfide or Fe ions). Finally, we show that the later (E4–E8)
states of the reaction mechanism have redox potential that are more positive (i.e., more exothermic)
than that of the E0/E1 couple.

Keywords: nitrogenase; redox potential; formal oxidation states; FeMo cluster; P-cluster

1. Introduction
Gaseous nitrogen (N2) is the main component of our atmosphere, but nitrogen is still a

limiting element for plant life and a major ingredient in synthetic fertilisers. The reason for
this is that the triple bond in N≡N is extremely strong and inert, making N2 unavailable for
most plants [1–3]. Industrially, N2 is converted to NH3 by the Born–Haber process, which
was invited in the early 20th century and is considered as a major cause of the human
population explosion [1]. It requires high temperature and pressure.

N2 + 8 e− + 8 H+ + 16 ATP → 2 NH3 + H2 + 16 ADP + 16 Pi (1)

However, a few bacteria and archaea can perform the same conversion at ambi-
ent temperature and pressure. This is accomplished by the enzyme nitrogenase (EC
1.18/19.6.1) [2,4–10]. The reaction is still quite demanding, requiring 16 molecules of ATP,
eight electrons and eight protons [2,4,5]: X-ray crystallographic studies have shown that
nitrogenase contains two unusual iron–sulfur clusters [6–10]. The P-cluster, Fe8S7Cys6, is
essentially two merged [4Fe–4S] clusters with a central sulfide ligand coordinating to six
iron ions (Figure 1a). It is employed for electron transfer from the Fe-protein, which do-
nates the electrons, to the active site. The latter is the FeMo cluster, which is a complicated
MoFe7S9C(homocitrate) cluster, with a central carbide ion (Figure 1b) and connected to
the protein by one cysteine and one histidine residue at the opposite ends of the trigonal
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ABSTRACT: Nitrogenase is the only enzyme that can cleave the
strong triple bond in N2, making nitrogen available for biological life.
There are three isozymes of nitrogenase, di!ering in the composition of
the active site, viz., Mo, V, and Fe-nitrogenase. Recently, the first crystal
structure of Fe-nitrogenase was presented. We have performed the first
combined quantum mechanical and molecular mechanical (QM/MM)
study of Fe-nitrogenase. We show with QM/MM and quantum-
refinement calculations that the homocitrate ligand is most likely
protonated on the alcohol oxygen in the resting E0 state. The most
stable broken-symmetry (BS) states are the same as for Mo-nitrogenase,
i.e., the three Noodleman BS7-type states (with a surplus of β spin on
the eighth Fe ion), which maximize the number of nearby
antiferromagnetically coupled Fe−Fe pairs. For the E1 state, we find that protonation of the S2B μ2 belt sulfide ion is most
favorable, 14−117 kJ/mol more stable than structures with a Fe-bound hydride ion (the best has a hydride ion on the Fe2 ion)
calculated with four di!erent density-functional theory methods. This is similar to what was found for Mo-nitrogenase, but it does
not explain the recent EPR observation that the E1 state of Fe-nitrogenase should contain a photolyzable hydride ion. For the E1
state, many BS states are close in energy, and the preferred BS state di!ers depending on the position of the extra proton and which
density functional is used.

■ INTRODUCTION
Nitrogen is crucial in sustaining life on Earth, being a
component of all amino acids and nucleic acids. Although
N2 constitutes 78% of the Earth’s atmosphere, nitrogen
remains a limiting factor for plant growth and is a main
component in artificial fertilizers.1 The reason is that plants
cannot metabolize N2 because it involves a strong and inert
triple bond. The industrial conversion of nitrogen to ammonia
occurs through the energy-intensive Haber−Bosch process,
which involves high temperatures and pressures and accounts
for almost 2% of the world’s total energy consumption.2
Nitrogenase (EC 1.18/19.6.1) is the only enzyme that can

cleave the N−N bond in N2 and convert it to ammonia. It
functions under ambient temperature and pressure. Nitro-
genase exists in three forms: Mo-nitrogenase, V-nitrogenase,
and Fe-only nitrogenase. Mo-nitrogenase is the most prevalent
form, with the highest N2-reducing activity.1,3−9

Crystal structures of Mo-nitrogenase have been known since
199210,11 and of V-nitrogenase since 2017.12 However, the first
crystal structure of Fe-only nitrogenase was published this
year,13 and a cryogenic electron microscopy structure has also
been presented.14 The studies have shown that all nitrogenases
involve two proteins: the Fe protein and the Mo/V/FeFe
protein. Electrons are supplied by the Fe protein, which also
binds two ATP molecules. This binding triggers docking to the
other protein and facilitates electron transfer. Hydrolysis of the

ATP molecules induces the dissociation of Fe protein, thereby
enabling further electron transfers. The MoFe protein is a α2β2

heterotetramer, whereas the VFe and FeFe proteins are α2β2γ2
heterohexamers, with one extra subunit. These proteins
contain an Fe8S7Cys6 cluster called the P-cluster, which is
used for electron transfer. In addition, they contain the active
site, which is slightly di!erent for the three types of
nitrogenases. Mo-nitrogenase contains a catalytic MoFe7S9C-
(homocitrate) cluster, known as the FeMo cluster, V-
nitrogenase contains a VFe7S8C(CO3)(homocitrate) cluster
(FeV cluster), whereas Fe-only nitrogenase contains a
Fe8S9C(homocitrate) cluster (the FeFe cluster, as shown in
Figure 1a). In all three cases, the active-site cluster is
coordinated to the protein via a cysteine and a histidine
residue.10,11,15−17

The nitrogenases catalyze the reaction
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