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Abstract

Nitrogen-fixing bacteria catalyze the reduction of dinitrogen (N5) to two ammonia molecules
(NH3), the major contribution of fixed nitrogen into the biogeochemical nitrogen cycle. The most
widely studied nitrogenase is the Mo-dependent enzyme. The reduction of N, by this enzyme
involves the transient interaction of two component proteins, designated the Fe protein and the MoFe
protein, and minimally requires sixteen MgATP, eight protons, and eight electrons. The current state
of knowledge on how these proteins and small molecules together effect the reduction of N, to
ammonia is reviewed. Included is a summary of the roles of the Fe protein and MgATP hydrolysis,
information on the roles of the two metal clusters contained in the MoFe protein in catalysis, insights
gained from recent success in trapping substrates and inhibitors at the active site metal cluster FeMo-
cofactor, and finally, considerations of the mechanism of N, reduction catalyzed by nitrogenase.
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INTRODUCTION

Nitrogen (N) is an essential element for all living organisms, being a constituent of proteins,
nucleic acids, and many other biomolecules. The largest pool of nitrogen in the biosphere is
atmospheric dinitrogen (N5), but this chemically inert form is unusable by most living
organisms (1). Consequently, most organisms must obtain their nitrogen in “fixed” forms such
as proteins, ammonia, or nitrate. The input of N, into the biogeochemical nitrogen cycle occurs
by reduction of N, yielding two ammonia molecules, which are subsequently converted into
other usable forms of nitrogen. The majority of N, reduction (dinitrogen fixation) that occurs
today, ultimately supporting the nitrogen demand of an estimated 60% of the human
population, is by biological nitrogen fixation catalyzed by microorganisms, called diazotrophs
(1). The remaining N, reduction is accomplished by the industrial Haber-Bosch process,
requiring a metal (Fe-based) catalyst, Hy, and high pressures and temperature. The catalyst for
biological N5 reduction is the enzyme nitrogenase. It also utilizes a metal-based catalyst and
a high energy input in the form of ATP, but functions at room temperature and atmospheric
pressure (2).
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There are four known types of nitrogenases, with each encoded at the genetic level by a unique
set of genes and each having a different combination of metals at the active site (2-4). The
most abundant and widely studied nitrogenase group is the Mo-dependent enzyme, which has
an active site metallo-cofactor called FeMo-cofactor (5). FeMo-cofactor contains Mo in
addition to Fe, S, (R)-homaocitrate, and a light atom of unknown identity called X (6). This
review will focus on the current state of knowledge for the mechanism of this nitrogenase. The
other so called “alternative nitrogenases” have been reviewed elsewhere (3).

The ideal reaction catalyzed by the Mo-dependent nitrogenase can be represented by the
chemical equation (eqn 1):

N,+8 H'+16 MgATP+8 e~ — 2 NH3+H,+16 MgADP+16 P; (equ 1)

The enzyme is composed of two-component metalloproteins called the iron (Fe) protein (also
called dinitrogenase reductase or component I1) and the molybdenum-iron (MoFe) protein (also
called dinitrogenase or component I) (Figure 1). The structures of the two nitrogenase
component proteins (individually and in complex with each other), have been determined by
X-ray crystallography (6—25). These structures have provided detailed models of the three
metal clusters contained in nitrogenase. The reduction of N, by nitrogenase involves a complex
interplay between these two protein components, electrons, MgATP, and protons (26-30).
Understanding the molecular details of this multi-step and multi-component system has proven
to be challenging. This review summarizes recent progress in defining aspects of this complex
system, while highlighting the many remaining challenges.

Fe PROTEIN

Fe protein cycle

The nitrogenase Fe protein serves to deliver electrons, one at a time, to the MoFe protein in a
process coupled to the hydrolysis of two MgATP molecules (28,31). The Fe protein is a
homodimer (M~ 64,000) having one nucleotide (MgATP/MgADP) binding site buried within
each subunit and a single [4Fe-4S] cluster bridging the two subunits (Figure 1) (13). The
participation of the Fe protein in the nitrogenase mechanism can be considered to operate in a
three state cycle (called the Fe protein cycle) (Figure 2, top). In this cycle, the reduced Fe
protein, with its [4Fe-4S] cluster in the 1+ oxidation state, has two bound MgATP molecules.
It is this state that transiently associates with the MoFe protein (32). During this association,
the two MgATP molecules are hydrolyzed to two MgADP molecules, and a single electron is
transferred from the Fe protein [4Fe-4S] cluster into the MoFe protein. The oxidized Fe protein
([4Fe-4S]2), now with two bound MgADP molecules, then dissociates from the MoFe protein
in what is the overall rate-limiting step for nitrogenase catalysis (33). The released Fe protein
is then regenerated in two steps. The MgADP molecules are replaced by MgATP, and the
[4Fe-4S]2* cluster is reduced to the 1+ oxidation state, with the order of these two events being
unclear (34). The physiological reductant for the Fe protein depends on the organism, with
reduced ferredoxin or flavodoxin being the most common immediate electron donor (35,36).

Many questions remain about mechanistic details of the Fe protein cycle (28,31,37). For
example, the specific nature of the communication between the nucleotide binding sites within
the Fe protein and MoFe protein interface remain obscure. Prior to association with the MoFe
protein, the Fe protein shows undetectable rates of MgATP hydrolysis. Once bound to the
MoFe protein, the hydrolysis of MgATP is activated. Given that the MgATP binding sites
within the Fe protein are located some distance away (> 10 A) from the MoFe protein docking
interface (13), this situation demands protein conformational changes induced within the Fe
protein that activate MgATP hydrolysis (28,31). Two specific “switch” regions (stretches of
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amino acids) within the Fe protein have been proposed to function to communicate between
the docking interface and the MgATP binding site, resulting in movement of key catalytic
residues that result in activation of nucleotide hydrolysis (7,15,20,22—24,38,39). Although
broad strokes of this process have been defined, details of the mechanism remain unresolved.
Likewise, little is known about how MgATP binding and hydrolysis within the Fe protein is
communicated into the MoFe protein. That such a communication must occur is suggested by
the observation that the Fe protein is the only known reductant for the MoFe protein that will
support substrate reduction (2). An ability of small-molecule electron donors to reduce the
MoFe protein without an attendant ability to support substrate reduction indicates that changes
within the MoFe protein are induced by the Fe protein and must be coupled to MgATP
hydrolysis. Other reviews provide a detailed historical perspective on the role of the Fe protein
in nitrogenase catalysis (2,31,34,40).

MoFe PROTEIN

FeMo-cofactor

The MoFe protein is anayf, heterotetramer (M~ 250,000) that contains two pairs of novel
metalloclusters, called P-cluster ([8Fe-7S]) and FeMo-cofactor ([7Fe-Mo-9S-homocitrate-X]).
One of each type of metal cluster is contained in an af-unit (11,12), and thus each MoFe protein
consists of two catalytic units (Figure 1). FeMo-cofactor is the site of substrate binding and
reduction (Figure 3). This cofactor consists of a transition metal-sulfur framework and one
molecule of (R)-homocitrate (41). A [4Fe-3S] subcluster is connected to a [3Fe-Mo-3S]
subcluster by the atom X at one corner and three bridging inorganic sulfides (6). (R)-
Homocitrate is coordinated to the Mo atom through its 2-hydroxy and 2-carboxyl groups. The
presence of the light atom (X) at the center of FeMo-cofactor was detected in a high-resolution
(1.16 A) structure of the MoFe protein (6). The electron density for X is most consistent with
N, C, or O, but efforts to identify this atom have yet to be successful (42-44). FeMo-cofactor
is anchored to the MoFe protein bya-275YS to an Fe atom at one end and o-442HS to the Mo
atom at the other end.

There is substantial evidence that FeMo-cofactor is the site of substrate binding and reduction.
(i) Certain mutant strains that are deficient in FeMo-cofactor biosynthesis are inactive for
reduction of all substrates, but can be activated by the addition of isolated FeMo-cofactor
(45,46). (ii) MoFe protein that contains a structurally altered FeMo-cofactor, wherein citrate
substitutes for homocitrate, exhibit altered catalytic properties (47-49). (iii) Amino acid
substitutions in the FeMo-cofactor binding environment elicit changes in the catalytic and
spectroscopic properties of the altered MoFe protein (29). (iv) In CO-inhibited MoFe protein,
ENDOR spectroscopy shows that the CO binds to FeMo-cofactor, not to the P cluster (50—
54).

P-cluster: role in catalysis

Each a-unit of the MoFe protein also contains one P-cluster. The P-clusters are [8Fe-7S]
clusters (Figure 4) that are believed to mediate electron transfer between the Fe protein and
the substrate reduction site FeMo-cofactor because of the following: (i) X-ray crystal structures
of two different stable Fe protein-MoFe protein complexes place the P-cluster between the Fe
protein [4Fe-4S] cluster and FeMo-cofactor (Figure 1) (7,8,55,56); (ii) Amino acid
substitutions placed within the MoFe protein at positions between the P-cluster and the FeMo-
cofactor perturb the intramolecular transfer of electrons from the P-cluster to FeMo-cofactor
(57); (iii) Stopped-flow and EPR spectroscopic results obtained under turnover conditions
indicate that the P-cluster is oxidized during the reduction of bound dinitrogen (58); (iv) Fe
protein supports the MgATP-dependent transfer of an electron to the oxidized P-cluster of the
MoFe protein; and finally (v) the P-clusters within a MoFe protein having the p-1885¢' residue
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substituted by cysteine change oxidation state during turnover as indicated by freeze-quench
EPR spectroscopy (59).

The P-cluster has a unique overall architecture, being constructed from two linked [4Fe-4S]
subclusters that have a common bridging pg-sulfide at one corner (S1 in Figure 4) and is the
only known naturally occurring [Fe-S] cluster that contains serinate-O (-1885€") and amide-
N (a-88%¥3) ligands, in addition to typical cysteinate-S ligands (11,60). X-ray crystallographic
studies of two different oxidation states of the MoFe protein have revealed that P-clusters
undergo structural rearrangement upon oxidation (P©X) from the resting state (dithionite
reduced; PN), one consequence of which is the displacement of both the serinate-O and amide-
N ligands from PN (Figure 4) (60). The significance of these structural changes in the
nitrogenase mechanism are not understood. It is known that treatment of the MoFe protein with
small molecule electron transfer agents can induce different oxidation states of the P-cluster.
In the PN state, all of the Fe atoms are in the ferrous oxidation state (61,62) as determined by
Massbauer spectroscopy (egn 2).

PN = plt = Pt =2 p3* (equ 2)

Reduction of the PN state (to a hypothetical PR state) has never been observed. Thus, it seems
most reasonable to conclude that only PN and more oxidized states are utilized during catalysis.
Using mediators (62-64), the PN state can be sequentially oxidized by three electrons, accessing
the P1*, P2* (also called the P°%), and P3* oxidation states (eqn 2). The P3*/2* redox couple is
not reversible in vitro, and thus it is concluded that this couple does not function in vivo. This
suggests a model where the P1*/N and P2*/1* couples could be involved in P-cluster electron
transfer, offering the possibility for transfer of one or two electrons from the P cluster to FeMo-
cofactor during catalysis. The E, values for these two couples are =300 mV (vs NHE) (65),
similar to the E, value for the [4Fe-4S] cluster in the Fe protein (=420 mM when MgATP is
bound to the protein) (66). The PN state of the P-cluster is EPR silent, whereas the P1* and
P2+ states are paramagnetic, with the P1* state being a mixed spin system with S = 1/2 and 5/2
and the P2* state being an S > 3 system with a perpendicular mode EPR signal (67). Despite
being EPR-active, the P1* and P2* states have been difficult to detect in nitrogenase turnover
samples, and there is little information about the oxidation states that the P-cluster accesses
during turnover (68).

Based on the available information, a reasonable working model for P-cluster function can be
suggested. In this model, the P-cluster in its all ferrous resting (PN) state first transfers one or
two electrons to FeMo-cofactor upon association of the Fe protein with the MoFe protein, and
this is quickly followed by re-reduction of the oxidized P-cluster to the PN state by electron
transfer from the Fe protein. This model would explain the failure to observe P°* states by EPR
in turnover-trapped states, as the P9% cluster would be transient and quickly reduced by the Fe
protein. Experimental tests of this model are required.

MoFe protein cycle

During catalysis, the FeMo-cofactor must accept eight electrons (egn 1), while only one
electron is delivered during each Fe protein binding event. This process of accumulation of
electrons by the MoFe protein and corresponding reduction of N, can be represented by a
nomenclature for intermediate catalytic states of MoFe protein developed by Thorneley and
Lowe (33). The number of electrons (and protons) added to the MoFe protein (E) is denoted n
(Figure 2, bottom cycle), with MoFe protein thus proceeding through states from Eg to Eg
during N, fixation before it returns to the Eg (resting) state. The Fe protein 1-electron cycle
and the MoFe protein 8-electron cycle can be thought of as interlocking, with the Fe protein
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cycle (Figure 2, top cycle) driving the MoFe protein (Figure 2, bottom cycle) to successively
reduced states.

This model for the nitrogenase mechanism illustrates several important observations about the
mechanics of catalysis. For example, it is known that three or four electrons must accumulate
within the MoFe protein before N5 binds (E3 or E, states) (33). Further, when N, binds to the
MoFe protein, a stoichiometric quantity of Hy is evolved (69,70). In the absence of N the
MoFe protein under turnover cycles through low E,, states while producing H,. The reduction
of protons by nitrogenase is one of the chief complications in attempts to accumulate an E,
state for study. In addition to reducing N, and protons, nitrogenase can reduce a number of
small compounds containing double or triple bonds (Figure 5), with the reduction of the alkyne
acetylene (CoHo) to ethylene (CoHy4) being the most commonly used method for monitoring
nitrogenase activity (2,71). The range of substrates utilized by nitrogenase has been reviewed
elsewhere (2). It is worth noting that acetylene binds to a less-reduced E state (E,) than does
N> (E3, E4), and thus when acetylene and N, are both present, acetylene appears to be a non-
competitive inhibitor of N, reduction, even though these two compounds are likely to bind to
the same site on FeMo-cofactor. This is supported by the observation that No, which binds to
more reduced states than does acetylene, is a competitive inhibitor of acetylene reduction
(29).

DISCOVERING SUBSTRATE INTERACTION SITES

A genetic approach

Surprisingly, having the MoFe protein crystal structure in hand did not reveal an obvious and
unique location for substrate binding and reduction on FeMo-cofactor. However, the structure
of FeMo-cofactor (Figure 3) did suggest several possibilities. Among these included one or
more of the six Fe atoms that comprise the waist region, Mo, or some combination of Fe, S,
and Mo (30). Indeed, computational analysis conducted on FeMo-cofactor, or fragments of the
cofactor, have suggested a wide range of potential substrate binding locations (30).
Unfortunately, until recently, little information from studies on the enzyme was available to
guide such studies. The x-ray structure, however, also suggests the way towards a solution.
The central FeS portion of FeMo-cofactor is observed to be three-fold symmetric, with three
equivalent 4Fe-4S faces, but the environment of FeMo-cofactor is not symmetric. Thus, it is
clear that the protein environment must play a controlling role in defining the reactivity of
FeMo-cofactor. This is most evident from the limited reactivity of FeMo-cofactor when it is
removed from the protein into organic solvent, including a complete absence of N, reduction
activity (72). Thus, it was reasonable to conclude that substitution of amino acids within the
MoFe protein that are located near FeMo-cofactor might reveal the location of substrate
binding.

Amino acids were targeted for substitution based on amino acid sequence conservation among
nitrogenases from different organisms and by the location of the amino acid in the X-ray
structure of the MoFe protein. Among the many MoFe protein substitutions made in the initial
studies, the most interesting was one where the a-subunit 1951 residue is substituted by
glutamine (73-77). Inspection of the X-ray crystal structure (14) reveals that the a-195His
residue is hydrogen bonded to one of the bridging S2~ atoms contained within the FeMo-
cofactor (Figure 6). Biochemical characterization of the a-195S!" substituted MoFe protein
revealed that it does not significantly reduce N5 (less than 1%) but is able to reduce acetylene
just as effectively as the wild-type protein (73,76). Even though N5 is not a substrate for the
0-195CIN substituted MoFe protein, N, remains as an inhibitor of both acetylene and proton
reduction. The major conclusions from this work were that N, and acetylene compete for a
common or shared binding site and that the a-195¢!" MoFe protein is unable to overcome a
thermodynamic barrier necessary to accomplish N5 reduction. It was not possible from these
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studies, however, to infer the specific site of substrate binding. This is because substitution of
-195H1s by glutamine is most likely to have affected N, reduction by altering the electronic
properties of FeMo-cofactor. Namely, because N, reduction is more chemically demanding
than acetylene reduction, electronic perturbations of FeMo-cofactor are likely to be manifested
as a disruption in N5 reduction without necessarily impacting acetylene reduction. Such
perturbations could alter the electronic state of FeMo-cofactor or disrupt the transfer of
electrons to FeMo-cofactor. Either effect could occur over long distance, and thus it is not
possible to correlate the location of a-195H1S with the site of substrate binding.

A different approach was needed to gain insights into the precise location of substrate binding.
To accomplish this goal, a strategy was devised that relied on the prediction that an altered
MoFe protein defective in acetylene reduction but not affected in N, reduction must have an
altered active site that is able to discriminate between acetylene and N, (78). Such an altered
protein could not be altered in electron transfer or electronic state because the reduction of
N, —which would not be affected - is more difficult than acetylene reduction. The experimental
challenge was to uncover such an altered MoFe protein. This was accomplished by taking
advantage of the fact that acetylene is a potent physiological inhibitor of N, reduction. The
strategy developed was to isolate a mutant strain of the dinitrogen fixing organism Azotobacter
vinelandii that is resistant to acetylene inhibition of N, fixation-dependent growth (78).
Considering that acetylene is only slightly larger than N, (Figure 5), it would have been
impossible to rationally design the appropriate residue position for substitution. Thus, the
beauty of the genetic approach was that the organism did all of the difficult work by simple
genetic selection.

A number of spontaneous acetylene-resistant mutants were isolated and characterized, and all
of them had substitutions at the a-69S! position (78). For these substituted MoFe proteins, the
Vmax and K, for N5 reduction were unchanged, whereas the K, for acetylene reduction had
increased 20-fold (79). The a-69S! residue is located in the second shell of amino acids away
from those directly interacting with the FeS face at the waist of FeMo-cofactor(Figure 6). An
adjacent amino acid in the o-chain is a-70V@!, the side-chain of which approaches one of the
three *‘4Fe-4S’ faces of FeMo-cofactor. This FeS face of FeMo-cofactor involves Fe atoms 2,
3, 6, and 7 (using the numbering scheme in the PDB file IM1N). Because a-69SW is not close
enough to directly influence substrate binding, it is more reasonable to expect that substitutions
placed at the a-69C!Y position might alter the dynamic movement of the a-70V! side-chain
thereby permitting the discrimination between acetylene and N or effective access to this 4Fe
face. This work provided the first direct experimental evidence that initial substrate binding
for both acetylene and N can occur at a specific Fe-S face of FeMo-cofactor.

Altering the substrate size range

The FeS face of FeMo-cofactor hypothesized to be the site of reduction is directly approached
by the side chain of a-70V!. This suggested a model wherein the side chain of this residue
might impaose steric constraints on the size of substrates that could gain access to the active
site. To test this hypothesis, the a-70V2 was substituted by amino acids having either larger
(11e) or smaller (Ala or Gly) side chains (Figure 7) and the ability of the substituted MoFe
proteins to reduce substrates of different sizes was tested (80-84). It was predicted that
substitution of the larger side chain of a-70'"® might block access of substrates, whereas
substitution by the smaller side chain a-70A!2 might open access to the active site and thereby
permit larger compounds that are not normally substrates to become substrates for nitrogenase.
A series of kinetic studies supported this model (80-85). The a-70A!12 MoFe protein was found
to reduce propyne and propargyl alcohol (Figure 5) at considerable rates, whereas the
a-70V2 (wild-type) MoFe protein did not. It was also found that the a-70A12 substituted MoFe
protein can reduce hydrazine (HoN-NH>) at high rates, whereas the wild-type does not (86).
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Substitution of 0-70Va! by the smaller Gly residue also endowed the MoFe protein with an
ability to reduce an even larger alkyne substrate, 1-butyne, at measureable rates (84). In a
complementary experiment, the a-70'"e substituted MoFe protein was found to reduce only
protons at normal rates (validating the catalytic integrity of the active site), with limited
reduction rates for acetylene, N, or hydrazine (87). These findings reveal two critical aspects
about substrate interactions with nitrogenase: (i) both alkyne and nitrogenous substrates,
including acetylene and N, have the capacity to interact with the same FeS face of FeMo-
cofactor that is approached by the a-70V@! side chain and (ii) the substrate range of nitrogenase
can be controlled by manipulation of the side chain located at the a-70 residue position.

While the studies described above narrowed the location of interaction for both alkyne and
nitrogenous substrates to a specific FeS face of FeMo-cofactor, they did not predict a specific
site for binding. Additional studies helped to further localize the binding location for alkyne
substrates. One study took advantage of the observation that propargyl alcohol is a substrate
for the o-70A12 substituted MoFe protein and that during turnover with this substrate, a novel
EPR active state could be trapped by rapidly freeze-quenching (81,83). As described below,
through use of electron nuclear double resonance (ENDOR) spectroscopy, it was possible to
demonstrate that this EPR spectrum results from FeMo-cofactor that has a reduction product
of propargyl alcohol bound side-on to a single Fe (alkene = complex or a ferracycle) (80). This
finding represented the first determination of the structure of a substrate-derived species
trapped on FeMo-cofactor.

Important to localizing the site of interaction of this intermediate were the observations that
while propargyl alcohol could be trapped, propyne (Figure 5) could not be trapped, and that
a-195H1s which is located on the same FeS face under a-70V@ (Figure 6), participated in
trapping the propargyl alcohol intermediate. By examining the pH dependence for trapping the
intermediate, substituting amino acids for a-1957S, and using propargyl amine (Figure 5) as
another trapped substrate, it became clear that one or more of the four Fe atoms (2, 3, 6 and 7)
was the site of substrate interaction (81). Molecular dynamic modeling was then used to predict
specifically which of the four Fe atoms was the most likely site for the alkene binding. These
calculations also supported the conclusion from spectroscopic studies for side-on binding of
the intermediate to Fe6.

Another study started from the observation that binding of alkynes to Fe6 would place the side
chain of a-1916!" within VVan der Waals contact with the bound substrate (Figure 6) suggesting
that the side chain of this residue might exclude larger substrates from gaining access to the
active site (84). To test this possibility, a doubly substituted MoFe protein was constructed
having substitutions at the a-70Y@ and a-191C!" positions. Substitution of a-70V2! by alanine
endows the resulting MoFe protein with an ability to reduce the larger alkyne 1-butyne (Figure
5), whereas the 0-70Va MoFe protein is unable to reduce this alkyne. The a-70412 MoFe protein
is unable, however, to reduce the internal alkyne, 2-butyne, as predicted because of steric
conflict between the methyl group of the substrate and the side chain of a-1916I" (84). To test
this possibility, the side chain of 0-191C6" was substituted by the smaller amino acid alanine
in combination with the a-70A12 substitution. This MoFe protein was found to reduce 2-butyne
at appreciable rates, consistent with the reaction of this substrate at Fe6 of FeMo-cofactor.

From the series of studies summarized above, several conclusions can be drawn about the
interaction of substrates with nitrogenase: (i) both nitrogenous (N5 and hydrazine) and alkyne
(e.g., acetylene and propyne) substrates interact with the same site on FeMo-cofactor, (ii) the
side chain of a-70V2! controls access of substrates to the site of interaction, which logically
must encompass Fe atoms 2, 3, 6, and 7, (iii) alkyne substrates are proposed to interact
specifically with Fe atom 6. These studies provided the first general localization of the site of
substrate interactions with the nitrogenase active site. However, they provided no information
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about the potential for migration of bound intermediates between metal atoms during reduction,
or about the intermediates occurring along the N, reaction pathway. These latter points require
the trapping and characterization of multiple intermediates bound to FeMo-cofactor.

INTERMEDIATES TRAPPED ON FeMo-COFACTOR

Inhibitors

There are many challenges to trapping species on FeMo-cofactor. Key among these is the
requirement that only reduced states of the MoFe protein are able to bind either inhibitors or
substrates (2). This necessitates that carefully controlled turnover conditions must be achieved
before substrates can bind, with the return to the resting state occurring with H, being evolved.
The need for active turnover coupled with a complex multistep reaction pathway makes it
difficult to populate a single state that would be suitable for characterization by spectroscopic
techniques. This problem was partially overcome by using the inhibitor CO (88). CO inhibits
all substrate reductions by nitrogenase except proton reduction (88,89). When CO is added to
nitrogenase under steady-state turnover conditions and the sample is frozen in liquid nitrogen,
the enzyme can be trapped in states having characteristic EPR spectra (50-54,90). Three
different EPR signals are observed depending on the concentration of CO used (designated as
“lo CO”, “hi CO”, and "hi(5) CO”). By using 13CO, coupled with ENDOR spectroscopy,
considerable insight into the nature of the CO bound states was obtained (50-54). Key
conclusions from these studies were that the observed paramagnetic species arises from FeMo-
cofactor and that the lo CO bound state involves a single CO molecule bound end-on bridging
between two Fe atoms of FeMo-cofactor. For the hi CO state, two CO molecules were proposed
bound end-on to two separate Fe atoms.

Alkyne substrates

The next challenge was to devise ways to trap states formed during substrate turnover in
sufficient concentration for detailed characterization. An early success was realized by trapping
a state formed during reduction of propargyl alcohol in the a-70A12 MoFe protein, as already
described (80-83). When the a-70A12 substituted MoFe protein was frozen in liquid nitrogen
during steady-state turnover using propargyl alcohol as the substrate, the S = 3/2 EPR spectrum
of the FeMo-cofactor was observed to change to a new S = 1/2 spectrum (Figure 8).

Using 13C-propargy! alcohol and 13C-ENDOR spectroscopy, it was subsequently possible to
demonstrate that the new EPR signal originates from FeMo-cofactor having a bound propargyl
alcohol derivative. Through a series of 1:2H-ENDOR studies on this state, it was possible to
generate a list of constraints on the structure of this trapped intermediate (80). Tests of these
constraints against all known structures of small molecule metal-alkyne/alkene complexes
suggested that the state contained an allyl alcohol (H,C=CH-CH,OH) bound side-on to asingle
Fe atom. The characterization of this trapped state was important for several reasons. It was
the first substrate-derived intermediate bound to FeMo-cofactor that was characterized at the
molecular level and it also revealed how best to use ENDOR-derived constraints to deduce
structure. Second, it provided insights into how additional substrates, including nitrogenous
substrates, could be trapped under turnover conditions. Essential among the lessons learned
was that substitution of amino acids near FeMo-cofactor could be used in combination with
rapid-freezing during turnover to trap intermediates in high concentration. This approach was
used to trap an intermediate during acetylene reduction and application of EPR and ENDOR
spectroscopy revealed a trapped state similar to that described for propargyl alcohol (91).

Proton intermediate

In the absence of other substrates, all of the electrons passing through nitrogenase under
turnover conditions (usually referred to as electron flux) are used for proton reduction (92).
When N is present, no less than 25% of the electron flux goes to proton reduction, with no
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more than 75% going to N reduction (egn 1) (70). As described earlier, it was found that
substitution of a-70Va! by the larger side chain amino acid isoleucine results in a MoFe protein
that is blocked in the reduction of all substrates except protons (87). When this MoFe protein
is trapped by freezing in liquid nitrogen during steady-state proton reduction, the FeMo-
cofactor EPR spectrum exhibits a unique S = 1/2 EPR signal (Figure 8). By capturing this state
in the presence of either H,0 or D,0, and by using 12H-ENDOR measurements, it was
established that this signal arises from FeMo-cofactor with two H*'~ bound, most likely as Fe-
bound hydrides.

Nitrogenous substrates

Very little is known about the pathway and intermediates involved in N reduction by
nitrogenase. Early studies revealed that acid or base quenching of nitrogenase during turnover
with N, resulted in a very small quantity of hydrazine (H,N-NH>) that could be detected
(93). This result was interpreted as evidence for the existence of a bound intermediate at the
level of reduction of hydrazine along the reaction pathway that would not normally escape
FeMo-cofactor during the reaction. Beyond this early observation, there was little direct
information about the nature of the intermediates along the reaction pathway. Several logical
assumptions, however, can be proposed. For example, it is reasonable to assume that N, binds
to one or more of the metal atoms in FeMo-cofactor followed by sequential addition of e™/
H* with the partially reduced intermediates remaining bound to one or more of the metal ions.
Within that assumption, it is not widely recognized that there are two classes of reduction
pathway that are distinguishable by the site of hydrogenation on bound N-N fragments (94,
95), with Figure 9 showing two limiting pathways, as is now discussed.

A starting point for the nitrogenase reaction pathway can be proposed from the mechanism for
N> reduction catalyzed by organometallic complexes. The best characterized of such reactions
is the Chatt mechanism for N reduction on a mononuclear Mo metal complex (96,97), as
elaborated with the recent observation of catalytic reduction by Mo complexes by the Schrock
group (98-102). The essential intermediates in this reaction pathway are shown in Figure 9
(left). N5 is bound to Mo (represented as M) followed by stepwise reduction and proton
addition, with each intermediate remaining bound to the metal. N is successively hydrogenated
at a single (‘distal’) N until the N-N bond is cleaved after the addition of 3 e7/H*, with release
of the firstammonia. The second ammonia is released following further reduction of the bound
nitrido species by 3 e7/H*. This has been denoted a distal (D) pathway because as drawn the
distal N atom is protonated first and then released as NH3 (94,95). But nitrogenase need not
follow a similar reaction mechanism, and an alternative type of reaction pathway proposed for
nitrogenase (Figure 9, right) is supported by several theoretical studies (30). Termed the
alternating (A) pathway, the two N atoms are reduced alternately, with cleavage of the N-N
bond occurring only later in the reaction (94). While both pathways involve the stepwise
reduction of the N, bound to a metal, the alternating one provides for the addition of protons
to both N atoms in turn, delaying cleavage of the N-N bound and release of the first ammonia
molecule until after the addition of 5 e7/H*. A significant step toward defining the nitrogenase
pathway would be to trap intermediate states bound to FeMo-cofactor during N5 reduction and
then to use the information gained from characterization of these states.

Key intermediates along the pathway of N, reduction by nitrogenase are proposed to be at the
levels of reduction of metal bound diazene (HN=NH) and hydrazine (HoN-NH,) (Figure 9).
During the last several years, strategies have been devised that allow states of the MoFe protein
to be trapped starting from N, diazene (and methyldiazene), and hydrazine (103). Early
characterization of these states assigned them as early (N5), middle (diazene), and late
(hydrazine) intermediates along the reaction sequence, whereas more recent work has
suggested that diazene and hydrazine as substrates converge to a common state (95).
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As described earlier, hydrazine is a substrate for nitrogenase, being reduced to two ammonia
molecules (104). Substituting a-70V2 by alanine results in a MoFe protein that has a
significantly higher rate of hydrazine reduction compared to the wild-type MoFe protein (82,
86). Attempts to trap an intermediate bound to FeMo-cofactor during reduction of hydrazine
by this MoFe protein variant were not successful. What was needed was some method for
arresting the reaction so as to populate an intermediate in high concentration. Based on the
earlier work illustrating that a-195S is likely to approach the substrate binding site (Figure
6) (81,86), it was suggested that this residue might function to deliver protons during the
reduction reaction (73). If true, it was then reasoned that substituting a glutamine for this residue
might interrupt the delivery of protons for hydrazine reduction, resulting in the accumulation
of a species bound to FeMo-cofactor. This prediction turned out to be correct as it was found
that turnover of a doubly-substituted MoFe protein (a-70A1/0-1956!") with hydrazine
generates a new state with a rhombic S = 1/2 EPR signal (> 60% of the total FeMo-cofactor
signal (Figure 8) (82,86). Pulsed ENDOR spectroscopy using uniformly 1°N-labeled hydrazine
revealed that the trapped intermediate was a hydrazine-derived species bound to FeMo-cofactor
with a single type of 1°N signal. 12H-ENDOR spectroscopy further showed that strongly
coupled proton(s) were associated with the bound N, consistent with a FeMo-cofactor-NyHy
species (103). The single observed N bound could result from end-on binding of hydrazine or
from a single N atom fragment of hydrazine after N-N bond cleavage.

The second alternate substrate that should access the N, reduction pathway is diazene
(HN=NH). Diazene is very unstable, with a very short half-life in aqueous solutions, so a more
stable derivative, methyldiazene (HN=N-CHj3), was first used in its place (94); subsequently,
diazene generated in situ was used (95). Both diazene and methyldiazene are substrates for
nitrogenase.

Again, the challenge was to figure out a way to trap intermediates at high concentration during
turnover. As was the case for hydrazine, substituting the o-195MS residue for a glutamine was
predicted to disrupt the delivery of protons required to complete substrate reduction. When the
0-195CI" MoFe protein was frozen during turnover in the presence of methyldiazene, the FeMo-
cofactor EPR spectrum was observed to change to a unique S = % EPR signal (Figure 8)
(94). By trapping the appropriately (1°N or 13C) labeled substrates combined with application
of 1H-, 15N-, and 13C-ENDOR spectroscopies, several key features of the bound state were
deduced: (i) a methyldiazene-derived species is bound to FeMo-cofactor; (ii) the bound species
is an =Ny Hy fragment; and (iii) if y = 2, then only the terminal N atom is bound to FeMo-
cofactor (94). When diazene was then trapped on the MoFe protein, a state with a slightly
different EPR signal was observed (95). Comparison of the EPR, 12H-, and 1°N-ENDOR
spectra for this state with those of the hydrazine-derived intermediate strongly suggested that
during turnover the diazene had ‘caught up’ to the hydrazine, and that the two states are the
same (95).

Trapping a state under N turnover required a different strategy than was used to trap one with
methyldiazene or hydrazine. For the latter two substrates, proton delivery was disrupted by
substitution of the a-195MS residue by glutamine. This substituted MoFe protein, however,
showed little sign of trapping of an N-derived state. Instead, it was discovered that altering
the electron flux through the wild-type nitrogenase could be used to trap a state during N»
reduction (103). The electron flux (or rate of electron flow) through nitrogenase is controlled
by altering the ratio of Fe protein to MoFe protein, with low ratios resulting in low electron
flux and high ratios resulting in high electron flux. As the electron flux through nitrogenase is
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decreased, the specific activity for N, and proton reduction is observed to decrease. It was
found that at lower electron flux (2 Fe protein:1MoFe protein), a new S = 1/2 EPR state could
be trapped when samples are frozen during steady-state turnover with N, (Figure 8).

Initial 1°N-ENDOR analysis of this 1°N,-trapped state confirmed that the EPR signal arises
from FeMo-cofactor with an N»-derived species bound (103). The absence of an
exchangeable 1H signal(s) confirmed this intermediate is a less-reduced state than are the
hydrazine/diazene states. The presence of only a single type of 15N signal would be consistent
with end-on binding of N, to FeMo-cofactor. The expected presence of the distal N atom has
yet to be established.

CONSIDERATIONS OF MECHANISM

Approaching the mechanism

As described in the preceding sections, progress has been made in trapping three different
nitrogenous substrates on FeMo-cofactor (103). These trapped states now must be mapped
onto the nitrogenase E, kinetic scheme (Figure 2) and Ny-reduction reaction pathway (Figure
9). While the characterization of the hydrazine, methyldiazene, and N, trapped states has just
begun, several insights regarding the nitrogenase mechanism have already emerged (103). For
all three substrates, ENDOR spectroscopy reveals a single N-species bound to FeMo-cofactor.
The use of 1:2H and 415N ENDOR to determine the structures of the trapped nitrogenous
reduction intermediates is a much more formidable task than was the determination of the
structure of the alkyne reduction intermediates. Firstly, there are six stages of N, reduction,
not two. Secondly, when alternative reaction pathways are taken into account (Figure 9), there
are numerous possible [NyHy] species to be considered at every stage of N reduction. The
N2Hy (y =0, 2, 4) substrates used are all symmetric, so selective labeling of the N’s is
impossible; all the N-H are solvent exchangeable, so selective deuteration is impossible. On
the other hand, justa few ENDOR-derived constraints can act as a powerful means of narrowing
the list of candidates: (i) is the N-N bond broken, and if not, are the two N’s equivalent; (ii)
what is the reduction level of the bound fragment (what is x); (iii) what is the binding mode if
y = 2? Some of these constraints will come directly from ENDOR results for the intermediate
states, but some from relaxation measurements to be described below.

The limited current information about the trapped states already tends to favor the alternating
reaction pathway (Figure 9). One important observation is that there is no obvious entry point
for hydrazine into the distal pathway, whereas there is in the alternating pathway. Assuming
that the mechanism of hydrazine reduction is the same as the terminal stages of N, reduction,
this would seem to favor the alternating pathway for nitrogenase.

One way to gain insights into the nature of the trapped substrate-derived intermediate and its
position on the reaction pathway would be to convert one intermediate into another by a
controlled reaction, analogous to the case of the diazene/hydrazine state. An approach towards
connecting the trapped states with the kinetic scheme of Figure 9 has been recently reported
(105). The approach is to use a temperature step annealing of the trapped states as a way to
gradually and systematically observe a trapped intermediate relax while monitoring the
appearance of new intermediates and ultimately the reappearance of the FeMo-cofactor resting
state. By conducting these step-annealing studies in a frozen solid, the complication of
additional electrons being delivered by the Fe protein is eliminated by preventing the Fe
protein-MoFe protein association/dissociation. The basic approach is to warm a trapped state
sample, which is stable at 77 K, to a temperature where it is still frozen (< 273 K) but where
internal protein conformational changes and electron transfer can occur. The sample is held at
this annealing temperature for a fixed period of time and then it is returned to 77 K, followed
by analysis with EPR and ENDOR spectroscopies (conducted at 2-12 K). By performing a
series of such steps, it is possible to determine the kinetics for the transformation of the trapped
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state to new trapped states and ultimately back to the resting state. Testing for kinetic isotope
effects on the reactions reveals steps that involve H* transfer and H release, and may unmask
hidden intermediates.

This protocol was first used to study the H*/~ trapped state in the a-70'"® substituted MoFe
protein (105). At 253 K in the frozen state, this trapped state decays with a half-life of ~13 min.
When this experiment was conducted in the presence of 85% DO instead of H,0, the half-
life increased to ~49 min, revealing a strong kinetic isotope effect on the decay reaction (KIE
~ 4). The decay of the proton-trapped state follows an A — B — C reaction mechanism, where
A is the proton intermediate and C is the resting state FeMo-cofactor, and B represents a new
high-spin paramagnetic species. The B — C step shows a similarly large KIE. The KIE in both
steps was interpreted to indicate the generation of Hy during the relaxations, an overall loss of
four electrons from A. According to the scheme of Figure 2, this intermediate must then be the
catalytically central E, state that is competent for N, binding and reduction by the accumulation
of n = 4 electrons. Its relaxation by loss of H, generates the previously unobserved state B =
E,, and this relaxes with loss of H, to the resting state, C = Eg. With the successful application
of this approach to the proton-trapped state, the stage is set to conduct similar experiments on
the substrate trapped states, including hydrazine, methyldiazene, diazene, and N,. Such studies,
in combination with ENDOR measurements, offer the real prospect of better defining the exact
state of each trapped species and the possible connection between each state, and of
discriminating between distal and alternating pathways (Figure 9). Thus, one can anticipate
powerful new insights into the nitrogenase mechanism.

From the discussion presented here, it should be evident that considerable progress has been
made in understanding some aspects of the structure and function of nitrogenase. The most
recent progress in trapping and characterizing substrate bound states is offering the first real
glimpses into the N reduction mechanism, but clearly the lion’s share of the discoveries for
this complex metalloenzyme lie in the future.

SUMMARY POINTS

1. All substrates for nitrogenase appear to bind to a single FeS face of FeMo-cofactor
approached by the MoFe protein amino acid a-70V2l.

2. The binding of different substrates to the same site within FeMo-cofactor, but at
different redox states, can explain the non-reciprocity with respect to their competition
for occupancy of the active site.

3. A combination of amino acid substitution and rapid freezing has proven successful
for trapping a number of alkyne and nitrogenous substrates on FeMo-cofactor.

4. The state trapped during reduction of the alkyne substrate propargyl alcohol contains
a reduced form of the substrate bound to FeMo-cofactor. 13C- and 2H-ENDOR
spectroscopy indicate that this is the allyl-alcohol (HO-CH,-CH=CHy>) reduction
product bound side-on to one Fe6.

5. Species-derived from the four substrates hydrazine, methyldiazene, diazene, and N,
have been trapped on FeMo-cofactor and spectroscopic analysis reveals that each is
bound to FeMo-cofactor through a single type of N, with the N, intermediate at an
earlier level of protonation.

6. A temperature step-annealing relaxation kinetics method has been applied to the
proton trapped state, revealing this state likely has been activated for N, binding and
reduction by the accumulation of four electrons (and protons).
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FUTURE ISSUES

1.

Page 13

The application of temperature step annealing and ENDOR spectroscopy to the other
substrate trapped states offers the possibility of further defining the N, reduction
reaction pathway and nitrogenase mechanism.

A molecular level understanding of how MgATP hydrolysis is coupled to substrate
reduction catalyzed by nitrogenase remains to be established.

The functional oxidation states and order of electron transfer involving the P-clusters
remains to be solved.

It remains to be established if the N5, diazene, and hydrazine states that have been
trapped are on the N, reaction pathway and if the N-N bonds have been broken in
each.

Studies over the coming years need to define the reaction intermediates and begin to
narrow the possible mechanisms for N5 reduction by nitrogenase.

Synthetic models of FeMo-cofactor that can reduce known nitrogenase substrates
would be valuable in better understanding the reactivity of N, reduction.
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TERMS/DEFINITIONS

Fe protein
MoFe
protein
FeMo-

cofactor

P-cluster

EPR

ENDOR

nitrogenase iron-protein, also called dinitrogenase reductase or component
1

nitrogenase molybdenum-iron protein also called dinitrogenase or
component |

the iron-molybdenum cofactor bound in the MoFe protein having
composition [7Fe-Mo-9S-homocitrate-X]. The site of substrate binding and
reduction in nitrogenase

the iron-sulfur cluster bound in the MoFe protein having composition
[8Fe-7S]. Presumed to mediate electron transfer from the Fe protein to FeMo-
cofactor

electron paramagnetic resonance. A spectroscopic method that detects
unpaired electrons or radicals. Valuable in detecting electronic or oxidation
state changes in metal clusters

electron nuclear double resonance. A spectroscopic method that detects
nuclear spins (e.g., 13C or 15N) that are coupled to electron spins (e.g., in
metal cofactors in proteins). The method provides information about binding,
electronic changes, and oxidation state changes associated with substrates or
inhibitors binding to active site metal clusters
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MoFe protein

Figure 1.

Structures of the nitrogenase MoFe and Fe proteins. The MoFe protein is an o3, tetramer,
with the alpha subunits shown in magenta and the beta subunits shown in green. The Fe protein
is a yo dimer, with each subunit shown in blue. A MoFe protein binds two Fe proteins, with
each of unit being a catalytic unit. One Fe protein is shown associating with one afp-unit of
the MoFe protein. The relative positions and structures of two bound MgADP molecules, the
Fe protein [4Fe-4S] cluster, and MoFe protein P-cluster (8Fe-7S), and FeMo-cofactor (7Fe-
Mo-9S-homocitrate-X) are shown. Each is highlighted to the right. The flow of electrons is
from the [4Fe-4S] cluster to the P-cluster to the FeMo-cofactor. The element color scheme is
Cingray, Oisred, N in blue, Fe in rust, S in yellow, and Mo in magenta. Graphics were
generated with the program Pymol using the Protein Data Base (PDB) files 1M 1N for the MoFe
protein and 1FP6 for the Fe protein.
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Figure 2.

Fe and MoFe protein catalytic cycles. Shown is a three state cycle for the Fe protein (top) and
an eight state cycle for the MoFe protein (bottom). For the Fe protein (abbreviated FeP), the
[4Fe-4S] cluster can exist in the +1 reduced state (Red) or the 2+ oxidized state (Ox). The Fe
protein either has two MgATP molecules bound (ATP) or two MgADP with two Pi (ADP+Pi).
The exchange of an electron occurs upon association of the Fe protein with the MoFe protein
at the bottom of the cycle. In the MoFe protein cycle, the MoFe protein is successively reduced
by one electron, with reduced states represented by E,,, where n is the total number of electrons
donated by the Fe protein. Acetylene (CoHy) is shown binding to Eo, while N is shown binding
to E3 and E4. Ny binding is accompanied by the displacement of H,. The two ammonia
molecules are shown being liberated from later E states.
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Figure 3.
Structure of the FeMo-cofactor of nitrogenase. The element colors are as described in the
legend to Figure 1.
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lB-188Ser

PN

Figure 4.

P-cluster structures. Shown are the structures of the P-cluster [8Fe-7S] in the oxidized (P°X)
and reduced (PN) states. MoFe protein amino acid ligands are also shown with p-1885€" and
0-88CYS labeled. The central S atom is labeled S1. The PBD files used were 2MIN for the
PoX state and 3MIN for the PN state.
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Figure 5.

Substrates for nitrogenase. Shown are the structures for select nitrogenase substrates.
Compounds that are substrates for the wild-type enzyme are shown to the left, while compounds
that become substrate for MoFe proteins with amino acid substitutions for a-70V2 are shown
to the right.
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Figure 6.

Substrate binding location on FeMo-cofactor. Shown is the FeMo-cofactor with Fe atoms 2,
3,6, and 7 labeled. The view is from the top looking down on the Fe face that binds substrates.
Carbon alpha and the side chain are shown for a-69¢, ¢-70V 0-195iS and a-1916". PDB
file IM1N.
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Figure 7.
Control of substrate access to FeMo-cofactor. Shown is the FeMo-cofactor without R-
homocitrate viewed down the Mo end. The side chain of a-70V2! is shown with a VVan der Waals

mesh (left). Also shown are computer generated models of the Van der Waals surface for
a-70A12 (center) and a-70""€ (right) substituted MoFe proteins.

Annu Rev Biochem. Author manuscript; available in PMC 2010 February 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Seefeldt et al.

Wild Type Resting

i
Wild Type Argon Turnover

-70" Proton Turnover
___J\\__a-'\/__
Wild Type

Dinitrogen Turnover
e N

-195°"
Methyldiazene Turnover

70"/ -195°"
Hydrazine Turnover

Ala
o-70
Propargy! Alcohol Turnover

1117

T

2000 3000
Field (Gauss)

Figure 8.

4000

Page 27

EPR spectra of nitrogenase with trapped substrates. Shown are EPR spectra for various MoFe
protein variants that were frozen in liquid nitrogen either in the resting state (top spectrum) or
during steady state turnover (all other spectra) in the presence of different substrates. The MoFe
protein and substrate is noted on each spectrum. EPR spectra were acquired between 8-12 K.
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Possible reaction mechanisms for nitrogenase. Shown are two possible reaction mechanisms
for nitrogenase. On the left is shown the distal mechanism and on the right the alternating
mechanism. FeMo-cofactor is abbreviated as M and the names of different bound states are
shown. Possible points of entry for diazene and hydrazine are shown.
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