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The two primary contributions to dinitrogen reduction flux are the microbial catalyzed
nitrogenase reaction and the commercial Haber Bosch process. Although the amount of the
latter can be fairly confidently placed, the evaluation of the size of the biological contribution is
less certain with new organisms in new niches continually being reported.
I have chosen to write the nitrogenase reaction in two parts:
N2 + 8H+ + 8e- %

2NH3 + H2

and
nATP % nADP + nPi
where the first is the limit chemical stoichiometry of one H2 formed for every N2 reduced. At
standard state, the dintirogen reduction is exothermic and remains so at cellular concentrations
with ferredoxins or flavodoxins as electron donors. Nevertheless, substrate reduction requires
ATP hydrolysis where the limit stoichiometry usually is considered to be 2 ATP per electron (16
ATP total to satisfy the first equation). Two questions are to be evaluated: how are the two
equations linked; and, how relevant are the in vitro conditions to in vivo?
The reaction is catalyzed by an extremely oxygen sensitive, two protein component
system, the Fe-protein [Fe-P] and the MoFe-protein [MoFe-P], the structures of which are
described in detail by Prof. Rees in a subsequent paper in this series. In terms of the enzymology,
Fe-P binds ATP and forms a complex with MoFe-P in which an electron is transferred from the
Fe-P via an intermediary 8Fe:7S cluster [MoFe-P-cluster] to the MoFe-P active site [FeMo-co]
for substrate reduction. The MoFe-P is an α2/β2 structure having two P-clusters and two active
site FeMo-cos. ATP is hydrolyzed only in the two component complex. In the customary model
and in part because Fe-P binds two ATP, the limit ATP/e- is considered 2 (see scheme below).
Although nitrogenase has a surprisingly broad array of substrates each requiring pairs of
electrons, I have limited the discussion to the two defining substrates, dinitrogen and protons. In
the absence of other substrates, the ubiquitous proton is reduced to dihydrogen. Because
nitrogenase is a two protein component system, product formation is dependent upon both the
component ratio and total protein concentration. Traditionally, the in vitro activities are
measured by quasi titration curves where one component is held constant and the other varied to
determine the rate of product formation for each combination.

If MoFe-P is held constant, maximal activity for proton reduction alone is obtained at a
ratio of ca. 5 Fe-P per FeMo-co, or ca. twice the estimated in vivo ratio. For dinitrogen reduction
(saturating >0.5 atm), the maximal activity ratio is shifted to ca. 10 Fe-P per FeMo-co yet only
ca.50% of the electrons are used in ammonia formation, the remainder going to H2. Only at very
high ratio of components and high N2 pressure is the “limit” equation above obtained.
Conversely, when Fe-P is held constant and MoFe-P varied, both proton reduction alone and N2
reduction become inhibited as the MoFe-P ratio becomes > 3. The inhibition appears to reflect
the insufficient Fe-P to fully reduce MoFe-P as MoFe-P exceeds the Fe-P.
Based upon these and similar studies, the following redox scheme has been constructed
(Hagemann and Burris, Thorneley and Lowe, Deits and Howard (for salt inhibition of cycle)).
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In this scheme, the protein mass
action effect can be seen as MoFe-P
proceeds through the cycle multiple
times accumulating electrons before
a substrate can bind and be reduced,
e.g., protons to H2, shown here.
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Only after >2 electrons are added,
does N2 bind displacing a H2, for the
limit 1 H2 per N2 at maximum flux.
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There are three important conclusions from these studies:
Fe-P and MoFe-P must from a transient complex for each electron transfer cycle,
Proton reduction is favored at lower electron flux, conversely, N2 reduction
requires maximal electron flux, and
Based upon the in vitro assays at in vivo concentration and component ratio, the in
vivo activity would be only ca 40% dinitrogen reduction with a 3 H2/N2 ratio.
Substrate reduction by MoFe-P requires Fe-P as the electron source with ATP hydrolysis;
other reducing agents are able to reduce the MoFe-P cluster but do not drive substrate reduction.
ATP hydrolysis requires both components suggesting a transient intermediate coupling ADP~P
with opening the electron transfer path to FeMo-co. Mechanism of ATP hydrolysis is presented
in the Rees paper. However, the coupling process is more complicated as indicated by other
observations: e.g., ATP/e ratio depends on the protein concentration and ratio as well as the
poised redox potential of the Fe-P (poised potential of the assay). At the extremes, in the absence
of reducing agents, ATP hydrolysis continues without electron transfer while super reduced Fe-P
(Fe-P 4Fe:4S cluster with all ferrous Fe) transfers 2 electron per 2 ATP hydrolyzed.

The structural similarity between the Fe-P and the G-protein family provides a clue to a
potential role for ATP, namely ATP hydrolysis is a timing mechanism for the transfer. In this
model, the Fe-P and MoFe-P form a complex in which ATP is hydrolyzed; it is the life time of
the ADP~P transient intermediate that allows for electron transfer. If two electrons are available,
i.e., super reduced Fe-P, both are transferred while if the Fe-P is in the oxidized state, no electron
is transferred yet the ATP is hydrolyzed.
This scheme is shown in the cartoon
where the “on” state is the electron
transfer state.
If ATP hydrolysis is timing the electron
transfer and the metabolic electron donor,
e.g., ferredoxin (1 e-) or flavodoxin (2 e-),
determines the redox state of the Fe-P (1
e- or 2 e- reduced), then in vivo dinitrogen
reduction could be dependent on either
the cellular redox or energy charge with
one compensating for the other.
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Introduction
The nitrogenase enzyme system catalyzes the ATP dependent reduction of atmospheric
dinitrogen to ammonia during the process of biological nitrogen fixation. Nitrogen fixation
represents one facet of the nitrogen cycle that involves the global interconversion of nitrogen
between different oxidation states. Since fixed nitrogen is eventually returned to the atmosphere
through the process of denitrification, nitrogen fixation is essential to sustain life through the
continual replenishment of metabolically usable forms of nitrogen. The catalytic efficiency of
biological nitrogen fixation, which proceeds under ambient conditions, stands in pronounced
contrast to the Haber-Bosch process and, indeed, any other synthetic system, that either require
high temperatures to get reasonable rates, or are only able to sustain a limited number of
turnovers. Consequently, the molecular mechanism of biological nitrogen fixation has been of
great interest to understand the origins of this catalytic efficiency. In this presentation, a
structural perspective is adopted to provide a molecular-based framework to discuss the
mechanism of biological nitrogen fixation.
The component proteins of nitrogenase
Nitrogenase consists of two component metalloproteins designated the iron (Fe-) protein and the
molybdenum iron (MoFe-) protein that have the so-far unique biochemical ability to catalyze the
reduction of dinitrogen to ammonia. The MoFe-protein contains the active site for substrate
reduction, and is organized as an α2β2 tetramer (where the α and β subunits are homologous) of
molecular weight ~ 240 kD. Associated with this protein are 2 Mo, 30 Fe and 32 S organized
into two copies each of two extraordinary metalloclusters designated the FeMo-cofactor and the
P-cluster. The FeMo-cofactor (or "cofactor") represents the site of substrate reduction, while the
P-cluster is likely the initial acceptor of electrons from the Fe-protein. The Fe-protein mediates
the coupling of ATP hydrolysis to electron transfer, and is the only known electron donor that
can support substrate reduction by the MoFe-protein. The Fe-protein is a dimer of identical
subunits (total molecular weight ~ 60 kD) that contains one [4Fe:4S] metallocluster per dimer. In
addition to this molybdenum containing nitrogenase, alternate nitrogenases also exist that are
homologous to this system, but with the molybdenum almost certainly substituted by vanadium
or iron.
The nitrogenase metalloclusters
Not surprisingly, considerable focus has been placed on the structure and properties of the
nitrogenase metalloclusters, since they provide the active site for substrate reduction, and are
intimately involved in all the electron transfer processes. There are three types of metal centers
in the nitrogenase proteins: the [4Fe:4S] cluster of the Fe-protein, and the P-cluster and FeMocofactor of the MoFe-protein (Figure 1). Each type cluster may considered derived from a basic
[4Fe:4S] cluster, at least geometrically, although the actual biosynthesis of the MoFe-protein
clusters is more complex and has yet to be realized synthetically. The Fe-protein [4Fe:4S]
cluster (Fig 1a), while superficially appearing to be a rather conventional cluster of this type,
exhibits unusual redox properties, most notably the ability to adopt three different oxidation
states, including the rarely observed all-ferrous form. The P-cluster and the FeMo-cofactor each
contain eight metals and their structures can perhaps be most easily visualized in terms of the
juxtaposition of two [4Fe:4S] clusters. The P-cluster in the form assigned to the dithionitereduced species can be constructed, at least mentally, by superimposing one of the sulfides from
each cube to create a [8Fe:8S] cluster with a formally hexacoordinate sulfur (Fig 1b). A less

symmetrical arrangement is also observed in an apparently oxidized form in which two of the
irons move away from the hexacoordinate sulfur. The FeMo-cofactor can be considered
(geometrically, although again, not synthetically) as arising from the joining of two [4Fe:4S]
clusters along their body diagonal (a three-fold rotation axis) superimposing one corner sulfide,
(Fig 1c). In addition, three pairs of ligands that would be present in conventional {4Fe:4S]
clusters are replaced by bridging sulfides, so that the FeMo-cofactor is linked to the protein
through only two residues that coordinate the terminal Fe and Mo, respectively, on opposite ends
of the cofactor. The octahedral Mo coordination environment is completed through bidentate
coordinate by the small organic cofactor homocitrate. At the center of the cluster, surrounding
by six irons is an interstitial ligand with electron density consistent with C, N or O, although the
atomic identity of this species cannot be unambiguously established by crystallography. The role
and biosynthetic origin of this site remains a topic of great interest.

Figure 1. The iron-sulfur clusters of nitrogenase. Shown from left to right are the [4Fe:4S] Feprotein cluster, and the P-cluster and the FeMo-cofactor of the MoFe-protein. Iron, molybdenum
and sulfur sites are colored purple, orange and yellow, respectively, with non-inorganic ligands
represented as black bonds. The interstitial ligand of the FeMo-cofactor is depicted in blue.
ATP and electron transfer reactions
As discussed in Prof. Howard’s presentation, the basic mechanism of nitrogenase involves (a)
complex formation between the reduced Fe-protein with two bound ATP and the MoFe-protein;
(b) electron transfer between the two proteins coupled to the hydrolysis of ATP; (c) dissociation
of the Fe-protein accompanied by re-reduction (via ferredoxins or flavodoxins) and exchange of
ATP for ADP and (d) repetition of this cycle until sufficient numbers of electrons (and protons)
have been accumulated so that available substrates can be reduced on the FeMo-cofactor. A key
intermediate in the nitrogenase mechanism is consequently the formation of the Fe-protein MoFe-protein complex where ATP hydrolysis is coupled to interprotein electron transfer. Crystal
structures in different nucleotide states have been determined that identify conformational
changes in the nitrogenase complex during ATP turnover. These structures reveal distinct and
mutually exclusive interaction sites on the MoFe-protein surface that are selectively populated
depending on the Fe-protein nucleotide state. In all structures, the positioning of the metal
centers is consistent with a sequence of electron transfers from the Fe-protein [4Fe:4S] cluster to
the MoFe-protein P-cluster and ultimately to the FeMo-cofactor (Figure 2). Furthermore, a
consequence of these different docking geometries is that the distance between redox cofactors, a
critical determinant of the intermolecular electron transfer rate, is coupled to the nucleotide state.
Effectively, ATP is found to stabilize a “plugged-in” state facilitating electron transfer, while the

ADP or nucleotide-free states are “unplugged”. The net result is the binding and hydrolysis of
ATP is used to drive a series of protein-protein conformational changes that achieve the
unidirectional transfer of electrons from the Fe-protein to the MoFe-protein.

Figure 2 Complex of the nitrogenase proteins stabilized by ADP-AlF4-. (left) Half-complex
between a Fe-protein dimer and an αβ-subunit pair of the MoFe-protein of the nitrogenase
proteins. The two Fe-protein subunits are colored yellow and green, while the α and β subunits
of the MoFe-protein are red and blue respectively. (right) Transduction pathway coupling the
nucleotide and cofactor sites in the nitrogenase complex. This view represents a sliced through
the complex that includes the ADP- AlF4-, [4Fe:4S] cluster, P-cluster and FeMo-cofactor sites.
The mechanism of substrate reduction – parallels to the Haber-Bosch reaction?
The molecular mechanism(s) by which substrates are reduced by nitrogenase remains an enigma,
although as we heard at the symposium, exciting progress is being made through a variety of
approaches. From a structural perspective, we will only note that the trigonal prismatic Fe sites
surrounding the central ligand in the FeMo-cofactor exhibit intriguing parallels to the iron
surfaces used as catalysts for dinitrogen reduction in the industrial Haber-Bosch process. The
iron sites on the catalytically active Fe(111) surface are arranged with three-fold symmetry, as are
sets of irons surrounding the central ligand in the FeMo-cofactor. Notwithstanding the enormous
disparity of reaction conditions, the parallels between the arrangement of metals in the
nitrogenase FeMo-cofactor and the catalyst for the Haber-Bosch process raise the possibility of
common mechanistic elements in the reduction of dinitrogen to ammonia, which may be a useful
perspective as chemists confront the challenge of deciphering the mechanism of biological
nitrogen fixation.
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Nitrogen is contained in many biomolecules that are necessary to sustain life on
earth. Although nitrogen is abundant in the biosphere in the form of dinitrogen gas
(N2) this form is not available for metabolism by most organisms. Instead, most
organisms must obtain nitrogen in a fixed form such as ammonia or nitrate.
Because of the relative scarcity of fixed nitrogen, such forms are often applied to
crops to increase yield. Indeed, the industrial Haber‐Bosch process developed for
production of fixed nitrogen has had an enormous economic, agronomic and
ecological impact. In contrast to the Haber‐Bosch process there is also a diverse
group of microorganisms, called diazotrophs, which are able to produce fixed
nitrogen through an enzymological process. The industrial and biological processes
share similarities as they are both energy intensive and activation of N2 occurs at a
metal site, but they are fundamentally differentiated by the ability of
microorganisms to catalyze N2 reduction at ambient temperature and pressure.
Exactly how N2 can be catalytically reduced at ambient pressure and temperature in
biological systems, whereas the Haber‐Bosch process requires extreme temperature
and pressure, has presented an unsolved challenge to the scientific community for
nearly a century.
Nitrogenase is comprised of two metal‐containing catalytic partners, neither of
which exhibits any physiologically relevant activity in the absence of the other.
These partners are usually designated as the Fe protein and MoFe protein to
designate the composition of their redox active metalloclusters. The MoFe protein
contains a complex organo‐metallic cofactor (FeMo‐cofactor; MoFe7S9:homocitrate)
that provides the site for substrate activation and reduction. During catalysis
electrons are delivered from the Fe protein in a gated process controlled by
nucleotide hydrolysis that leads to accumulation of multiple electrons within the
MoFe protein, which, in turn, readies FeMo‐cofactor for substrate binding. It is
generally accepted that MoFe protein must accept 4 electrons to accommodate
activation of N2 for reduction. There are two key issues that have denied a complete
description of where and how N2 is activated and subsequently reduced at FeMo‐
cofactor. First, multiple electrons are required for substrate reduction, yet electrons
are delivered from the Fe protein to the MoFe protein one at a time. This feature
means that during catalytic cycle there are different populations of MoFe protein
having accumulated different numbers of electrons. Second, nitrogenase is a
promiscuous enzyme that, in the absence of its physiological substrate, reduces

protons to yield hydrogen gas. Consequently, capturing the enzyme at different
stages of the catalytic cycle is also problematic. These complications are somewhat
attenuated by the fact that, during catalysis, certain redox states of the
metalloclusters can be recognized by spectroscopic signatures. Our approach
towards describing the catalytic mechanism has therefore involved a combination of
genetic applications so that the enzyme can be captured in states sufficiently
populated so they are amenable to spectroscopic description.
Another complication that has confounded description of where and how substrates
bind to FeMo‐cofactor is that this metallocluster is quasi‐symmetrical having four
identical 4Fe‐4S faces each fused to a common terminal Mo atom. Much of the
debate concerning nitrogenase catalysis has centered on the following questions:
Which metal (Mo or Fe) provides the site for substrate binding? If Fe provides the
substrate‐binding site does such binding occur at a single site or independently at
multiple sites? Are reduction intermediates bound to multiple metals during the
reduction process? Does the substrate or its reduction intermediates migrate from
one metal site to another during the catalytic process. To begin addressing these
questions we initially applied a genetic approach that relies on the fact that
nitrogenase can catalyze the reduction of the triply bonded alkyne (acetylene) in
addition to the physiological substrate (N2). What this means is that acetylene can
act as an inhibitor of the capacity for physiological reduction and, consequently,
growth inhibitor under conditions that demand nitrogen fixation. We therefore
devised a genetic selection for bacterial strains that can grow normally in the
presence of acetylene, with the notion that such strains might produce a nitrogenase
that can discriminate between acetylene and N2.
This genetic selection was successful and indicated that the side chain of a unique
residue within the MoFe protein that approaches a specific 4Fe‐4S face of FeMo‐
cofactor controls access to the substrate‐binding site. This possibility was
confirmed by demonstration that substrate access to the active site could be
restricted or expanded by respectively lengthening or shortening the side of this
residue. An ability to expand the size of substrates that can access the active site
was further exploited by using triply bonded substrates, such as propargyl alcohol,
that also contain functional groups. The rational here was that interaction of such
functional groups with side chains located within the MoFe protein could possibly
lead to trapping of a semi‐reduced intermediate that could be fully described by
spectroscopic analysis using various isotopomers or performing catalysis under
D2O. Indeed, this approach led to the full description of the identity and location of a
substrate reduction intermediate derived from propargyl alcohol. Our observation
that near elimination of the reduction of most, and perhaps all, nitrogenase
substrates through amino acid substitution leads us to suggest that N2 reduction
also occurs at this same 4Fe‐4S face. Some evidence to support this possibility has

already been obtained by using similar genetic and spectroscopic approaches to
trap possible intermediates in N2 reduction.

Binding of a propargly alcohol reduction intermediate to the nitrogenase active site
This presentation generated discussion about the ongoing debate of the role of Mo
in the nitrogenase catalytic mechanism. There was general agreement that our
evidence that identifies the location and nature of the binding of one alkyne
reduction intermediate is correct. However, it was also correctly pointed out that
our approach, particularly with respect to N2 reduction is limited by the fact that we
can only characterize those species that have spectroscopic signatures that are
significantly populated. This limitation always raises the possibility that we have
not identified intermediates that are located within the true pathway but, instead,
represent “dead end” products. In closing comments it was emphasized that our
initial approach towards identification of where and how substrates might interact
with the active site relied entirely on genetic selection. What this means is that the
site we have identified, whether correct or not, was revealed in an entirely unbiased
way.
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The nitrogen fixation capability in microorganisms has an ancient origin, although its
precise date of appearance and possible evolutionary precursors are not certain [1-3].
Previous data has also suggested that nitrogenase is homologous to the light-independent
protochlorophyllide reductase (LIPOR) and chlorophyllide reductase (COR) enzymes
involved in chlorophyll and bacteriochlorophyll biosynthesis [4-6]. We have further
investigated the origin and distribution of nitrogenase and related enzymes using
phylogenetic tools, making use of publicly available complete bacterial and archaeal
genome sequences [7].
We seek to understand how the core components of nitrogenase, including NifH, NifD,
and NifK proteins
originated and have
evolved, as well as to
identify possible
evolutionary precursors
of the nitrogenase
system. These Nif
proteins are universal in
nitrogen-fixing organisms
and have remarkably
congruent phylogenetic
histories. The three main
classes of nitrogenases
(Groups I, II and III) are
clearly distinct and
separate from the other
groups of Nif-like
proteins (Groups IV and
V) (Fig. 1).
Additional clues to the
early origins of this
system are available from
two distinct clades of
Fig. 1 Unrooted phylogenetic tree constructed using
nitrogenase paralogs: a
maximum likelihood from concatenated sequences of nifL
group of Nif-like proteins
and nifD genes. Figure reproduced from Ref. [7].
coded for by genes
involved in photosynthetic pigment biosynthesis (Group V) (bchLNB, bchXYZ) and a
group of previously uncharacterized nif-like genes (Group IV) present in methanogens
and in some photosynthetic bacteria (nflH, nflD). Recent structural studies have shown
that the BchL protein, which is part of the LIPOR system, is structurally similar to the

NifH protein, with which it has ~40-50% amino acid sequence identity [8].
The complex genetic history of the nitrogenase family is replete with gene duplication,
recruitment, fusion, and horizontal gene transfer. We consider these events with respect
to where nitrogen fixation may have originated and how it came to have its current
complex phylogenetic distribution [7]. Other recent molecular evolution studies are
consistent with these results [9]. While the origination of nitrogenase very early in
evolution followed by massive gene loss in most lineages can reproduce the current
phylogenetic distribution of nitrogenases, we think that the most likely scenario involves
origin of nitrogenase within the Archaea, followed by horizontal gene transfer to produce
the current distribution [7]. We also have obtained some biochemical and physiological
data on the expression of the Nif-like proteins NflH and NflD in the hyperthermophilic
Archaean Methanocaldococcus jannaschii, using cloning and expression of the proteins,
antibody probes, growth under a range of metabolic conditions and bacterial two-hybrid
analysis [10].
The tree shown in Fig. 1 is formally an unrooted tree and shows the evolutionary
relationships of the different groups of Nif and Nif-like proteins to each other. However,
the Nif-like proteins can be used as outgroups to root the Nif proteins as a group and
obtain insights to the evolutionary origins of the Nif proteins and which of the groups of
Nif proteins are the most ancient. When interpreted in this way, Fig. 1 shows that the
Group III alternative Nifs that do not utilize Mo are the most ancient of the true
nitrogenases. This is consistent with the idea that Mo was not bioavailable on the anoxic
early Earth and only became available for biochemistry after oxygen began to accumulate
in the biosphere [11-12].
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