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ABSTRACT: This review focuses on recent developments elucidating the mechanism of the
Mo-dependent nitrogenase. This enzyme, responsible for the mgjority of biological nitrogen
fixation, is composed of two component proteins called the MoFe protein and the Fe protein.
Recent progress in understanding the mechanism of this enzyme has focused on elucidating the
structures of the active site metal clustersand of the proteins, understanding substrate i nteractions
with the active site, defining the flow of electron transfer between the metal clusters, and defining

the various roles of MgATP hydrolysis.
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I. INTRODUCTION conversion between these states constituting what

The element nitrogen (N), being a constituent
of many biomolecules, including all proteins and
nucleic acids, is essentia to al living organisms.
For many organisms, nitrogen represents the lim-
iting nutrient for growth. Nitrogen can exist in a
number of different oxidation states, with the inter-

is typically referred to as the globa biogeochemi-
cal nitrogen cycle (Figure 1). The reductive conver-
sion of nitrate (NO3) to N (called denitrification),
the oxidative conversion of ammonia (NH3) to ni-
trate (called nitrification), and the interconversion
between ammonia and organic forms of nitrogen
(called assimilation and deamination) are catalyzed
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FIGURE 1. Global nitrogen cycle.

Nitrogenases come in many different forms,
with the most common categorization having four
different families based on the type of metal cluster
constituting the Mbinding site {.e, the active site).
One family of nitrogenases is represented by the
recently discovered enzyme frorreptomyces
thermoautotrophicus (Ribbeet al., 1997). This ni-
trogenase contains two component proteins. One
component, a CO-dehydrogenase, oxidizes CO to
CO, and reduces ©to the superoxide anion radi-
cal (G,). The second component is a manganese-
dependent oxidoreductase that oxidizes,(ro-
viding electrons to the Nand reducing the MoFeS
active site (Ribbet al., 1997). The other three fam-

by an array of fascinating enzymes, many of which jjies of nitrogenase share many similarities to each
occur only in microorganisms and many of which - gther, with a distinguishing feature being the metal
contain unique and complex metal containing cofac- ¢ontent of the active site (including either Mo, V, or
tors. More about these processes and the enzymesre only). These nitrogenases all include a smaller
involved can be found in a number of excellent  ¢omponent protein called the Fe protein (or dinitro-
recent reviews (Arp, 2000; Ferguson, 1998; Finan genase reductase). This component contains a [4Fe-

et al., 2002; Zumft, 1997).
N2, constituting~80% of air, represents the

4S] cluster and acts as a MgATP-dependent electron
delivering protein to the larger component protein,

single largest reservoir of accessible nitrogen. Ni- ¢jled dinitrogenase, which contains the active site
trogen oxides trapped in rocks and sediments prob- meta| cluster (Burgess & Lowe, 1996). The larger
ably represent a larger total quantity of nitrogen, but component protein, in addition to the active site
this nitrogen, for the most part, is not accessible 0 meta cluster, also contains another metal cluster,

living organisms. The reductive conversion of N
into ammonia, called nitrogefixation, occurs via a

called the P-cluster ([8Fe-7S]), which is involved
as an electron transfer intermediate. The genejal N

number of routes. Lightning strikes account for ap- requction reaction catalyzed by these enzymes is

proximately 1% of the total fixed per year (total
N, fixed~3 x 1014 g/year). A major route for Mfix-
ation is the industrial HabeBosch reaction used in

nitrogenous fertilizer production (about 50% of the

total N, fixed per year) (Finaet al., 2002). This pro-

cessfirst described by Fritz Haber in 1908 (Haber,
1922; Haber & Le Rossignol, 1908) and later op-

timized by Carl Bosch, converts,Nrom air into
ammonia using high pressures (200 atm.) g&iNd
H,, high temperatures (45Q), and Fe based cat-
alysts (Smil, 2001). Ammonia production via this
process is a sigficant industrial endeavor, with the
input of thisfixed N into the biosphere having a pro-
found impact on life, including human population
growth (Smil, 2001). The other major route fop N
reduction to ammonia occurs via biological nitro-
genfixation (~50% of the total M fixed per year).
Biological nitrogerfixation is the exclusive domain
of microbes (called diazotrophs), with nitrogix-

typically presented as shown in Equation 1:

N, +8e +16 ATP+8H" —
2 NH; + 16 ADP+ 16 Pi+ H> [1]

These three families of nitrogenase are coded
for by unigue genes, with modest sequence identity
between the proteins in each family (Eady, 1996). A
distinguishing feature of the members in each fam-
ily is the metal constitution of their active sites. The
best studied family of nitrogenases contains an ac-
tive site metal cluster with the composition [7Fe-9S-
1Mo-X-homocitrate] that is called FeMo-cofactor.
The “X” represents a newly idefigd constituent
of the FeMo-cofactor (Einslet al., 2002) and is
discussed in a later section. The other two families
appear to have similar metal clusters at the active
site, with the exception that the Mo is replaced by

ing bacteria found in many different genera. While either V or Fe. These latter two families of nitro-
these diazotrophs utilize a wide array of metabolic genase are often referred to as the alternative ni-
strategies, a common feature in all is the presence trogenases. These enzymes have been the focus of
of the metalloenzyme nitrogenase, the enzyme re- several recent reviews (Eady, 1996; Reheteal .,

sponsible for the reduction of;No ammonia.
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FIGURE 2. Overall structure of nitrogenase. Shown are «-carbon traces from the coordinates for
the nitrogenase complex containing one MoFe protein (middle) and two Fe proteins (top and bottom)
stabilized with the A127®" Fe protein (PDB 1G21). The two «-subunits of the MoFe protein are
colored the darkest, and the two g-subunits of the MoFe protein are colored the lightest. The two
subunits of each Fe protein (top and bottom) are shown in intermediate gray. The relative positions of
the bound MgATP molecules, the [4Fe-4S] cluster of the Fe protein, the P-cluster, and FeMo-cofactor
of the MoFe protein for one-half of the nitrogenase complex are shown to the right.

This review focuses on the FeMo-cofactor con- 7S] cluster). The smaller component protein, called
taining nitrogenases, which are the paradigm for the Fe protein (also called component I, or dini-
all other nitrogenases. The larger component pro- trogenase reductase), is coded for byritiel gene,
tein of the Mo-dependent nitrogenase is called the andis composed of two identical subunitg)with a
MoFe protein (also called component I, or dinitro- single [4Fe-4S] cluster bound between the subunits
genase) and is composed of two different polypep- (Figure 2). The Fe protein also contains two MgATP
tides (coded for by th@ifD and nifK genes) that  binding sites, one on each subunit (Figure 2). There
are arranged as two dimekg,3,) (Figure 2). Each are other genes in thaf gene cluster that do not
a-subunit binds a FeMo-cofactor, and the interface encode the nitrogenase component proteins but that
between each-B dimer binds a P-cluster (an [8Fe- do play roles in the maturation of nitrogenase and its
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cofactors, or act as transcriptional regulators of the (1+) oxidation state, binds to one half of the
operon (Alleret al., 1994; Dean & Jacobson, 1991; MoFe protein (arxg-unit). This binding triggers
Schmitzet al., 2002). The Mo-dependent nitroge- the hydrolysis of the two MgATP molecules to two
nase has been isolated from a number of different MgADP molecules already bound to the Fe pro-
organisms. Although the symbiotRhizobia are the tein, and the transfer of a single electron from the
most agriculturally important diazotrophic bacteria, Fe protein into the MoFe protein (Figure 3). The
the free-living soil bacteria are of great scidiatim- initial recipient of the electron in the MoFe protein
portance for mechanistic studies because they areis presumed to be the P-cluster, which is thought
easily cultured. This review will focus on the Mo- to act as a mediator in electron transfer. Electrons
dependent nitrogenase isolated from the free-living (one or more) are then transferred to the FeMo-
soil bacteriumAzotobacter vinelandii, which has cofactor, where substrates bind and are reduced.
become the organism of choice for most nitroge- After each intercomponent electron transfer event,
nase studies. the Fe protein must dissociate from the MoFe pro-
In general terms, the consensus mechanism tein to be reduced by a small electron transfer pro-
holds that the Fe protein with two bound MgATP tein (probably ferredoxin oflavodoxin) (Chatelet
molecules and its [4Fe-4S] cluster in the reduced & Meyer, 2001; Hallenbeck & Gennaro, 1998)
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FIGURE 3. Schematic of the nitrogenase turnover cycle. One half of the MoFe protein (an aB-unit)
is shown as dark boxes (with the a-subunit to the left), while an Fe protein dimer is shown as lighter
boxes. The [4Fe-4S] cluster of the Fe protein is shown as a smaller box within the Fe protein with the
oxidation state noted. The P-cluster is shown as a smaller box in the MoFe protein at the a8-subunit
interface. FeMo-cofactor is shown as a smaller box in the a-subunit of the MoFe protein with an M
in the middle. Representative EPR spectra are shown above each state of the protein components
with arrows indicating typical g-values for the prominent inflections. The spin states for each are
given along with perpendicular (L) and parallel (||) modes in the EPR.
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and to exchange MgADP with MgATP. Thus, this has been developed using a range of kinetic and
cycle must be repeated at least 8 times for each spectroscopic methods. In the sections that follow,
equivalent of N reduced and kevolved. aspects of each step in the Fe protein catalytic cycle
A major advance in understanding the mecha- are reviewed.
nism of the Mo-dependent nitrogenases came just
over ten years ago with the solution of X-ray crystal A, Redox Properties of the
structures for both the MoFe and Fe proteins from Fe Protein
A. vinelandii (Bolin et al., 1993; Charet al., 1993;
Georgiadiset al., 1992; Kim & Rees, 1992; Kim
etal., 1993). Since then, X-ray structures for several
variants of these proteins have been presented (Jan
et al., 2000; Mayert al., 1999; Peterst al., 1997;
Sorlieet al., 2001). The initial structures provided
important observations, such as the disposition of
subunits, the general location of the metal clusters,
and models for the metal clusters. As with most sig-
nificant advances, these structures posed an array 0
questions including:

The [4Fe-4S] cluster of the Fe protein is bound
between the two subunits, with 97 and 132Ys
QtA. vinelandii numbering) on each subunit provid-
ing the four protein ligands (Hausinger & Howard,
1982) (Figure 4). In the as-ptied state, and in
the presence of excess dithionite, the clusterisin a
(+1) oxidation state with 3F& and 1Fé* (Hagen
fetal., 1985a, 1985b; Lindalst al., 1985). In this ox-
idation state, the [4Fe-4S] cluster exhibits a mixed
spin stateS= 1/2 andS = 3/2 in the EPR (elec-
How do substrates interact with the active site metal tron paramagnetic resonance) spectrum \gitral-
cluster, FeMo-cofactor, and what role does the uesnear2$= 1/2)andneag =4—3(S= 3/2)
protein play in déining reactivity? (Figure 3b) (Lindahkt al., 1985). The relative pro-
How is the binding and hydrolysis of nucleotides on portions of the two spin states can be altered through
the Fe protein coupled to the rest of the nitroge- the addition of various agents to the proteayy,
nase mechanism? urea and glycerol) (Lindaldt al., 1985). This indi-
How is electron transfer between the metal clusters cates that solvent interaction may play a role in the
controlled and what role do the P-clusters play? properties of the [4Fe-4S] cluster.
The oxidized state of the Fe protein, with the

As will be seen in this review, progress in re-  r4re 45 cluster in the 2 oxidation state (2P
cent years has been made on all of these questions g 2F&"), is achieved through oxidation by var-

but for many, the core question remains. This review ;o agents, including O(Thorneley & Ashby,
is organized following the general consensus mech- 1989), redox active dye mediatored,, methy-
anism (Figure 3), starting with the Fe protein and g piye, indigo disulfonate, and thionine) (Watt
its binding of nucleotides, followed by the events ¢ Reddy, 1994) (Figure 3b-c), and by electron
occurring after the docking of the Fe protein with .o fer to the MoFe protein (Lindadl al., 1985)
th_e MoFe protein, and_ending \./vith. evgnts occurring (Figure 3g~h). The oxidized (2) state of the Fe
within the MoFe protein, culminating in the reduc- 5 gtein js diamagnetic and thus EPR silent. The mid-
tion of substrates, such as kb ammonia. point reduction potentiaB.) for the [4Fe-4S}/1+
cluster couple has been determined by a range of
voltametric and coulometric methods (Rydeal.,
Il. IRON PROTEIN 1995; Watt, 1979; Watdt al., 1986). While values
of Er, appear to depend on the organism from which
The nitrogenase Fe protein is the only known the Fe protein is pufied (Burgess & Lowe, 1996),
reductant of the MoFe protein that will support sub- values in the range 0£300 mV are typicakthis
strate reduction. As noted earlier, the reduction of being the value measured for the Fe protein from
the MoFe protein by the Fe protein occurs during A.vinelandii (Lanzilottaet al., 1995b; Thorneley &
the transientassociation between these two proteins,Ashby, 1989; Zumfet al., 1974).
and is coupled to the hydrolysis of MgATP on the The [4Fe-4S] cluster of the Fe protein can also
Fe protein. Following these events, the Fe protein, be reduced to an allferrous state (Figure3f) with
now oxidized and with MgADP bound, dissociates an overall oxidation state of (0) (4F8 (Angove
from the MoFe protein to be reduced and to have et al., 1997; Watt & Reddy, 1994). This is achieved
MgADP exchanged with MgATP. Thus, the mecha- by reduction with very low potential electron trans-
nism of the Fe protein can be seen to be composed offer agents such as Ti (lll) citrate or reduced methyl
a cycle. This cycle, diagrammed in Figure 3 (Top), viologen (Watt & Reddy, 1994). This reduced, or all
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FIGURE 4. The Fe protein. A ribbon diagram for the Fe protein (top) taken from the coordinates
(PDB 1FP6). The relative positions of MgADP, the [4Fe-4S] cluster, switch Il, switch |, the P-loops,
and the side chains of selected amino acids is also shown (below).

ferrous state, has been investigated using an arraysome debate. The earlier value-e#60 mV (Watt

of spectroscopic methods (Musgrasteal., 1998;
Stropet al., 2001; Yooet al., 1998), revealing that it
is an integer spin stat&(= 4) systemwith a parallel
mode EPR signal & = 16.4 (Figure 3a) (Angove
et al., 1998). TheE,, for the [4Fe-4S}+/°%+ clus-

& Reddy, 1994) differs from the recently reported
value of =790 mV (Guoet al., 2002). Recent cal-
culations using density functional theory (DFT) to
estimate theE,, values for iron-sulfur clusters in
various redox proteins (including the Fe protein) are

ter couple of the Fe protein has been the topic of most consistent with this more negatikg, (Torres
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et al., 2003). The more negative value-e¥790 mV bipyridyl or bathophenanthrolinedisulfonate (Deits
for the [4Fe-4SY/° couple would suggest that the & Howard, 1989; Ljones & Burris, 1978; Walker

all-ferrous state cannot be accessedvo since cel- & Mortenson, 1974). Other changes include alter-
lular reductants with sfitiently low E, values are ations in the EPR spectrum and thg, value. As
rare. discussed, the reduced [4Fe-4S] cluster of the Fe

protein exhibits rhombic EPR signals from both
) Lo S=1/2(g = 2region) ands = 3/2 (g = 5) states
B. Nucleotide Binding to the (Figure 3b) (Lindahétal., 1985; Zumfetal., 1973).
Fe Protein These rhombic signals change lineshape, becoming
more axial, when the Fe protein binds MgATP

A requirement for MgATP in the nitrogenase (Figure 3e) (Orme-Johnsehal., 1972; Zumfietal.,
reaction was recognized in the 1960s (Mortenson, 1973). The population of th8 = 3/2 spin state rel-
1964) and subsequent work has provided clear ev- ative to theS= 1/2 state decreases when the Fe
idence that the Fe protein binds two equivalents of protein binds MgATP (Orme-Johnsetal., 1972;
MgATP, one to each subunit (Mortenseiral ., 1993) Zumftetal., 1973). The binding of MgATP directly
(Figure 3b—e). Recent X-ray structures of the Fe to the [4Fe-4S] cluster was ruled out early on
protein with MgGADP- or MgATP-bound have pro-  (Morganet al., 1990), and the X-ray structures have
vided detailed views of the association between nu- revealed that MgATP binds some distancelb A)
cleotides and the Fe protein (Chaual., 2001; Jang away from the [4Fe-4S] cluster (Chatial., 2001;
et al., 2000; Schindeliret al., 1997). Georgiadigtal., 1992; Jangt al., 2000; Schindelin

The afinity of Fe protein for binding nu-  etal., 1997).
cleotides has been measured by several different Binding MgATP to the Fe protein also changes
techniques and a range of values for the dissociation the E,, for the [4Fe-4S}"/** redox couple by
constantKy) have beenreported (Yates, 1991). This —120 mV from—300 mV to—420 mV (Ryleet al.,
range oK 4 values mostlikely ritects differencesin ~ 1996a; Thorneley & Ashby, 1989; Wadttal., 1986;
affinity between proteins from different sources and Zumftetal., 1974). Binding MgADP to the Fe pro-
differences in the methods used. Recently, isother- tein also decreases th&, value by a compara-
mal titration calorimetry has been utilized to mea- ble amount, but does not facilitate electron trans-
sure the dfnity of binding nucleotides to the Fe fer (Moustafa & Mortenson, 1967). This change in
protein. This method has the additional value of pro- the E,, value may be due to changes in the pep-
viding thermodynamic parameteraG°, AH", tide environment of the [4Fe-4S] cluster as evi-
and A S°) for the binding events (Lanzilottet al., denced by changes iH NMR spectra indicating
1999). These measurements have corroborated earthat the environment of the cysteinyl (132 and
lier conclusions that the Fe protein oxidizedHR2 97%¥%) «-CH and 8-CH, protons change upon Fe
state binds MgATP with higher fihity (Kq = protein binding MgATP (Lanzilottat al., 1995a;

45 uM) than does the reduced {) state Kq = Meyer et al., 1988). Although the above informa-
500 uM). It was also concluded that the bind- tion suggests changes in the environment around the
ing of the second MgATP molecule occurs with a [4Fe-4S]cluster, there is evidence that little changes
higher afinity (Kqy = 500uM vs. Kqp = 170uM), within the structure of the [4Fe-4S] cubane clus-
thus supporting cooperative binding of nucleotides ter itself upon MgATP binding. Studies using Fe-K
(Cordewenest al., 1985). Like many nucleotide-  edge X-ray absorption spectroscopy (Lindettdl.,
utilizing enzymes, divalent metal ions are required 1987; Ryleet al., 1996b) indicate that the Fe-Fe
for ATP binding. Mg is likely to be the physiolog-  or Fe-S bond distance does not change appreciably
ically relevant metal for Fe protein, but other metals and neither do the frequencies of absorption bands
(e.g., Mn?+, C&*, or Fe*) have also been shown in the resonance Raman spectrum upon nucleotide
to enable nucleotide binding (Westetal., 1983). binding (Fuet al., 1991; Ryleet al., 1996b).

Early on it was recognized that the binding of A central question has been how MgATP bind-
nucleotides to the Fe protein caused changes in theing is communicated over 14 to alter the proper-
properties of the protein, including the properties ties of the [4Fe-4S] cluster. It is clear that protein
of the [4Fe-4S] cluster (Bui & Mortenson, 1968; conformational changes must be the mechanism for
Davis & Orme-Johnson, 1976; Mortensehal., this long-range communication. Large-scale con-
1973; Zumftet al., 1974). Among changes in the formational changes in the Fe protein upon bind-
[4Fe-4S] cluster are an increase in the accessibil- ing nucleotides was cdinmed by X-ray scattering
ity of the Fe atoms to chelators such as «'- studies that measured a decrease in the radius of
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gyration of the Fe protein in the presence of MgATP
(Chenet al., 1994; Grossmaret al., 1997). The
small decreaseRy, = ~2 A) is indicative of a
slightly more compact structure in the Fe protein
when MgATP is bound. While it is clear that the
entire Fe protein changes conformation upon bind-
ing nucleotides, itis tempting to assume that sfpeci
segments of the Fe protein might play a more promi-
nent role in the communication. A likely candidate
for this role is the peptide section of the Fe pro-
tein leading from the MgATP binding site (12%)

to the [4Fe-4S] cluster ligand (18%2). This seg-
ment of the Fe protein is homologous to switch
Il found in other nucleotide binding proteine.d.,
Ras P-21 and myosin) (Howard & Rees, 1994),
which appears to function in communication from
the nucleotide binding site across the protein
(Figure 4). This short segment of peptide is thought
to be a molecular switch to communicate the sta-
tus of bound nucleotides to the [4Fe-4S] (Ryle &
Seefeldt, 1996). A second peptide region in the Fe
protein (amino acids 3%8) has been termed switch
I, due to homology with a segment in other nu-
cleotide binding proteinge(g., Ras P-21) (Figure 4)
(Howard & Rees, 1994).

Prior to the elucidation of an X-ray structure of
the Fe protein with nucleotides bound, Fe proteins
with substituted amino acids (using site-directed
mutagenesis) detailed the sgeciroles of many
amino acids in various aspects of nucleotide inter-
actions with the Fe protein. Substitution of %S
and 12%°P by other amino acids were found to pro-
duce Fe proteins that had altered behavior upon nu-
cleotide binding. The 18°~C¢" altered Fe protein
was found to retain binding to MgATP, but the com-
munication to the [4Fe-4S] cluster was disrupted
(Ryle et al., 1995). Substituting the 12% to Glu
was found to mimic some properties of the MgATP-
bound form when MgADP was bound (Wokeal .,
1992). The increased length of the carboxylate side
chain with the Glu substitution probably forces in-
teraction with thex- or 8-phosphate of MgADP as
it would occur to thes- or y-phosphate of MgATP
with the 123'P Fe protein. Also, in switch 1, it was
discovered that deletion of a Leu residue (#2y
forced the Fe protein into a conformation resem-
bling an MgATP-bound state in the absence of any
nucleotides (Ryle & Seefeldt, 1996). Thisl 27-°{

Fe protein variant does not hydrolyze nucleotides,
but does dock to the MoFe protein to form a non-
dissociating complex.

The availability of X-ray structures of Fe
proteins with nucleotides bound have allowed a
more detailed characterization of the nucleotide
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interaction site (Jangt al., 2000; Reeset al.,
1998; Schindeliret al., 1997). Comparison of the
nucleotide-free Fe protein structure with that of the
MgADP-bound Fe protein structure has idéetl a
panoply of spedic protein-nucleotide interactions,
many of which manifest in changes in the position
of the switch Il polypeptide. MgADP exerts changes
on switch Il through a P-loop region that coordinates
the M@** by several carboxylates.g., 39*P). Con-
formational changes of the P-loop (residuesif)
are communicated through hydrogen bonding in-
teraction of the peptide backbone amide of'14
and then, in turn, to the hydrogen bonded carboxy-
late portion of 1285 which is part of switch II
(Janget al., 2000). Movement of switch Il results
in changes in the position of the 132 ligands of
the [4Fe-4S] cluster (Chiet al., 2001; Schindelin
etal., 1997). Interestingly, the positions of the other
set of cluster ligands ($7°) do not appear to change
appreciably.

The combination of amino acid substitution
studies and X-ray structures has yielded a fairly de-
tailed view of the interactions between the Fe protein
and nucleotides. Furthermore, sgacsegments of
the Fe protein have been implicated in communica-
tion from the nucleotide binding site to the [4Fe-4S]
cluster. Despite this progress, many of the details of
correlating these structural changes and the known
changes in the properties of the [4Fe-4S] cluster re-
main to be expounded upon.

C. Fe Protein-MoFe Protein
Complex Formation

A series of events in the Fe protein catalytic cy-
cle is initiated when the Fe protein docks with the
MoFe protein (Figure 4e-g). Initial insights into
the nature of the interaction between these two com-
ponents came from examining the effects of salts
on the protein-protein complex formation, and from
the use of bifunctional cross-linking agents such
as l-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(Willing & Howard, 1990; Willing et al., 1989).
From these studies, spéciresidues on the Fe pro-
tein and MoFe protein involved in the docking in-
terface were iderfied. These studies placed the
docking surface on the Fe protein near the [4Fe-4S]
cluster and on the MoFe protein near the in-
terface. More details on the docking interface have
come from the examination of both Fe and MoFe
proteins with amino acid substitutions in the putative
interface (Christiansegt al., 2000b, 2000c; Lowery
et al., 1989; Peterst al., 1994; Seefeldt, 1994;
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Wolle et al., 1992). A signficant advance in under-
standing the nature of the interactions between these
two proteins has come from analysis of stable com-
plexes formed between Fe and MoFe proteins. Sev-
eral different stable tight complexes have been iden-
tified. Thefirst was idenfied when Fe protein from
Clostridium pasteurianum and the MoFe protein
from A. vinelandii were mixed together (Emerich
& Burris, 1976, 1978; Emerickt al., 1978). A non-
dissociating complex was formed and characterized.
Later, it was discovered that the addition of tétra
oroaluminate (Alfg), or berylliumfluoride (BeF)
along with MgADP to functioning nitrogenase, in-
hibited the reduction of substrates and the hydrol-
ysis of MgATP, resulting in the trapping of a sta-
ble Fe protein-MoFe protein nitrogenase complex
(Clarke et al., 1999; Duyviset al., 1996a; Miller

et al., 2001; Renner & Howard, 1996). The AlF
was proposed to bind to the Fe protein in the same
position as the -phosphate portion of MgATP. Sub-
sequentdetermination of an X-ray structure ofthe Fe
protein-MoFe protein complex trapped with AlF
corfirmed the presence of AJF(Schindelinet al.,
1997) where ther-phosphate of MgATP would be
expected. Importantly, this structure offered finst
detailed view of the nature of the interactions be-
tween these two component proteins. A stable com-
plex between the Fe protein where 121s deleted
and the MoFe protein was also described (Lanzilotta
etal., 1997). A high resolution structure of this com-
plex has recently been reported, including a struc-
ture with MgATP bound (Chitet al., 2001). The

TABLE 1
Redox Potentials of Nitrogenase Metal Clusters

combination of these two structures of nitrogenase
complexes has provided many details about the na-
ture of the interactions between the two proteins. A
comparison of the isolated nucleotide-free Fe pro-
tein structure to that of the MgATP-boundl 276!

Fe protein complexed to the MoFe protein shows
that both switch | and switch Il undergo sidjeant
movement (Figure 5). It is difcult to strictly as-
cribe the spefiic contributions to the observed con-
formational changes to nucleotide binding or com-
plex formation. It is clear however, that the move-
ment of switch | and Il peptide segments have arole
in defining the properties of the [4Fe-4S] cluster,
binding to the MoFe protein, and triggering MgATP
hydrolysis.

In addition to the structures, having stable Fe
protein-MoFe protein complexes in hand has al-
lowed many properties of the complex to be ex-
amined. For example, thE, value for the metal
clusters of the two nitrogenase proteins has been de-
termined in the complex, with remarkable shifts in
Enmn values observed. THe,, of the Fe protein [4Fe-
4SP+/1* redox couple in the complex formed be-
tween theA127-°Y Fe protein and MoFe protein was
measured to be 620 mV (a shift of over-200 mV
from theE,,, when the protein is notin complex with
the MoFe protein) (Lanzilotta & Seefeldt, 1997).
Similarly, a—80 mV shift (from—300 to—380 mV)
was observed for the,,, of the P*/N redox couple of
the P cluster (Table 1) (Lanzilotta & Seefeldt, 1997).
Similar shifts in theE,,, for the [4Fe-4S}t/1+ redox
couple were observed in the nitrogenase complex

Em (MV)

Redox Couple Isolated InComplex (References)

Fe Protein No Nucleotides [4Fe-43[° —-79
No Nucleotides [4Fe-48}/1+ -30

With MgATP  [4Fe-4SH/%  —43

With MgADP ~ [4Fe-4S}/  —44

MoFe Protein P-Cluster PN -30
p2+/l+ —-30

(pH 8.

p3+/2+ +90

M-Cluster IMN/(R or D ~—46

MOX/N —42

0 (Guoet al., 2002)
0 (Lanzilottaet al., 1995b)
0 -620 (Lanzilottaet al., 1995b;
Lanzilotta & Seefeldt, 1997)
0 (Lanzilottaet al., 1995b)
0 -390 (Thorneley & Ashby, 1989)
0 (Lanzilotta & Seefeldt, 1997)
oy
(Thorneley & Ashby, 1989)
5 (Wattet al., 1980)

(Morganet al., 1988)

*P2+/1+ redox couple is pH dependent$3 mV/pH).

=MN/RorD) redox couple is an estimation based on controlled potential electrolysis €Vghtt1980).
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stabilized by MgADP-AIR, where theE, was Fe protein that still binds MgATP and docks to the
shifted from—300 mV to a value more negative than MoFe protein, but does not hydrolyze MgATP to
—500 mV (Speet al., 1998). The causes for the de- MgADP and Pi. A residue in a homologous posi-
crease in redox potential for the [4Fe-4S] cluster of tion in other nucleotide dependent switch proteins
the Fe protein are thought to be the effects of peptide has also been assigned a role as a general base, sim-
conformational changes around the cluster and des-ilar to the role just outlined for Ag° of the Fe
olvation (Kurnikovet al., 2001; Ryleet al., 1996a). protein (Howard & Rees, 1994). Evaluation of the
Both the [4Fe-4S] cluster and the P-cluster be- MgATP-bound state of tha127-°"Fe protein when
come better reductants within the Fe protein-MoFe complexed with the MoFe protein corroborates the
protein complex, clearly favoring electron transfer critical role of the switch Il region within the Fe
through these clusters to the FeMo-cofactor active protein. The deletion of 127" causes the 129°
site. residue to be moved closer to a position that would
promote MgATP hydrolysis (Chiat al., 2001).
. Comparison of the structures of MgATP-bound
D. MgATP Hydrolysis and Electron A127-Y Fe protein in complex with the MoFe pro-
Transfer tein to the nucleotide-free Fe protein (Figure 5) sug-
gests that switch | (residues-486) may also have
Once the Fe protein has docked to the MoFe a role as a trigger for nucleotide hydrolysis (Jang
protein, MgATP hydrolysis in the Fe protein is acti- et al., 2000). The switch | peptide segment that
vated and electron transfer from the Fe protein to the runs from the MoFe protein docking surface helices
MoFe protein occurs (Figure 3gh). The Fe pro- (residues 5767) to 39'SP may also experience con-
tein alone does not catalyze MgATP hydrolysis at formational movement upon MoFe protein docking.
appreciable rates. Once bound to the MoFe protein Similar to the proposed function of A%, Asp*
in the proper conformation, however, the MgATP may participate by generating a nuclophilic hydrox-
hydrolysis reaction is activated to rates of about ide, which in turn is involved in hydrolysis. Substi-
~5000 nmoles MgATP hydrolyzed/min/mg of Fe tution of Asp*® by Asn still allows the Fe protein
protein. How the MoFe protein activates MgATP  to bind nucleotides and to dock to the MoFe pro-
hydrolysis within the MoFe protein is curious given  tein (Lanzilottaet al., 1997). Yet, the 3%P~As" Fe
that the MoFe protein docks approximately A7 protein does retain some MgATP hydrolysis activ-
away from the nucleotide binding sites. This ar- ity, so 39*SP cannot be the sole residue that acts in
rangement clearly points to some communication hydrolysis.
from the docking interface to the MgATP binding Since the Fe protein requires a trigger to ac-
site. Clearly, protein conformational changes in- tivate MgATP hydrolysis, the obvious guestion is
duced by component protein docking must be at what on the MoFe protein activates this trigger? It
play in activating MgATP hydrolysis. Given the has been shown that substitution of either of the two
prominent role of switches | and Il within the Fe  surface Phe residues on the MoFe proteilQ5"e
protein in nucleotide signal transduction, it seems or 81259 by Ala causes a decrease in proton re-
reasonable that communication from the MoFe pro- duction activity (Christiansest al., 2000b). When
tein back into the Fe protein might use the same both of these residues are changed to Ala in the
switches. same MoFe protein, no electron transfer from the
Within switch 1, 129*P is in close proxim- Fe protein to the MoFe protein and no MgATP hy-
ity to the y-phosphate of MgATP and has been drolysis is detected. It was proposed that these Phe
implicated in playing a role in the hydrolysis re- residues could activate the triggers on the Fe protein,
action (Schindeliret al., 1997). One model holds initiating MgATP hydrolysis (Christiansest al.,
that upon Fe protein docking to the MoFe protein, 2000b).
communication through switch Il repositions 199 While some MgATP utilizing enzymes form
such that the carboxylate side chain could depro- a phospho-enzyme intermediate (Andersen &
tonate a bound water molecule to form a hydrox- Sorensen, 1996), this is not the case for the Fe pro-
ide. The hydroxide then attacks thephosphate of ~ tein (Mortensoret al., 1985). This suggests that the
MQgATP, initiating hydrolysis of thgg-y phosphodi- energy released from the hydrolysis of the MgATP
ester bond. The properties of Fe proteins wit®#29 8-y phosphodiester bond is directly channeled to
substituted by Glu are consistent with a role for this peptide conformational changes that initiate other
amino acid in hydrolytic events (Lanzilotet al., events such as electron transfer or dissociation of
1995b). Substitution of 126° by Glu results ina  the component proteins.
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FIGURE 5. Conformational changes in the Fe protein upon docking to the MoFe protein. Portions
of the Fe protein and [4Fe-4S] cluster are shown in the nucleotide-free state (Panel A) taken from
PDB 1NIP and after A127"®" Fe protein docking to the MoFe protein and MgATP binding (Panel B)
taken from PDB 1G21.

Electron transfer from the [4Fe-4S] cluster of significant rates{500 nmoles/min/mg Fe protein)
the Fe protein tothe MoFe protein (probably initially when the Fe protein is mixed with the MoFe protein
to the P-cluster as discussed below) appears to bewithout any source of electrons to support electron
intimately coupled to both the MgATP binding and transfer (so called reductant independent ATP hy-
hydrolysis events. The details of how MgATP bind- drolysis) (Cordeweneet al., 1988; Larseret al.,
ing or hydrolysis promotes the transfer of an elec- 1995). The independence of the electron transfer
tron remains one of the sidigant open questionsin  event from MgATP hydrolysis has also been shown
the nitrogenase mechanism. While these two events, under special circumstances. TAé27-°" Fe pro-
MgATP hydrolysis and electron transfer, are linked, tein, which is altered in the switch Il region and is
they are not obligatory. Both MgATP hydrolysis in  found to mimic the MgATP-bound conformation,
the absence of electron transfer and electron trans-can transfer a single electron to the MoFe protein
fer in the absence of MgATP hydrolysis have been in the absence of MgATP binding or hydrolysis
demonstrated. Hydrolysis of MgATP can occur at (Lanzilottaet al., 1996).
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Although the events of electron transfer to the
MoFe protein and nucleotide hydrolysis within the
Fe protein are not strictly required for the other reac- E
tion, it is clear that they ifiuence each other. Rates
of electron transfer from the Fe protein to the MoFe
protein signiicantly accelerate when MgATP hy- — = 2 &€
drolysis is functioning. Electron transfer occurs at  «-158Leu iﬂ\‘ }
a relatively low rateK = 0.007 s1) within the het- i
erologous complex formed between tgasteuri-

FeP

anumFe protein and thA. vinelandii MoFe protein 'i 7
in the absence of MgATP. When MgATP is added, 4 MoFeP
the rate increases byl0*-fold (k ~ 100 s™1) (Chan o0
et al., 1999b). This latter value is the rate constant a-154Cys
measured for normally functioning nitrogenase.
From the above, it is clear that MgATP hy- Q e
drolysis functions to accelerate electron transfer o \é
between the Fe protein and the MoFe protein. b\pf

The details of how this occurs remain to be elu- =

cidated. A study of the temperature dependence FIGURE 6. Putative electron transfer pathway
on the rate of primary electron transfer from the from the [4Fe-4S] cluster to the P-cluster. A

Fe protein to the MoFe protein revealed that this ) sipie electron transfer pathway between the
electron transfer event is gated by some adiabatic [4Fe-4S] cluster of the Fe protein and the P-

process (Lanzilottat al., 1998b). It seems reason- . ster of the MoFe protein is shown. a-carbon
able to conclude that this gating is related to MgATP traces for two a-helices in the « and 8 subunits

hydrolysis. . of the MoFe protein are shown, along with the
How could MgATP hydrolysis ifluence the |iyanqs to the P-cluster. The dashed lines high-

rate of electron transfer? It seems likely that this light the putative electron transfer pathway cal-
_must occu_rthrough peptlde conformational changes culated from the program HARLEM (Kurnikov
induced within the nitrogenase complex. In order to et al., 2001)

accelerate the rate of electron transfer, these pep-
tide conformational changes must have the effect

of either: a) increaSing the difference in redox PO- P-cluster in the MoFe (Figure 6) Itis easy to imag_
tentials of the redox pairXEn), b) decreasing the  jne how MgATP-induced protein conformational
distance between the [4Fe-4S] cluster of the Fe pro- changes could alter this electron transfer pathway,
tein and P-cluster of the MoFe protein, or c) al- especially the through-space jumps, thus regulating
tering the intervening medium or pathway to favor electron transfer rates. It remains to be determined

electron transfer, or some combination of the above how MgATP hydrolysis changes this proposed
(Davidson, 2000, 2002; Langest al., 1996; Sun pathway.

& Davidson, 2002). The rate of electron transfer

is clearly favored by a translation of the [4Fe-4S]

cluster in the Fe protein5 A closer to the P-

cluster when the Fe protein docks to the MoFe E. Dissociation of the Fe Protein
protein (Figure 5) (Chiet al., 2001; Schindelin from the MoFe Protein

et al., 1997). Also favoring electron transfer in the

Fe protein-MoFe protein complex is the increase in Following MgATP hydrolysis and electron
the A En (Em Fe proteif*/* — En, P*/N)byover  transfer from the Fe protein to the MoFe protein,
—150 mV (Lanzilotta & Seefeldt, 1997; Speeal ., the consensus model holds that the Fe protein dis-

1998). Both of these changes of electron transfer sociates from the MoFe protein (Figure -3hi).
parameters will contribute to the rate of accelera- (Hageman & Burris, 1978; Thorneley & Lowe,
tion for electron transfer. Finally, inspection of the  1983). First order rate constante have been re-
crystal structures of various nitrogenase complexes ported for this step, with values between 2 toé s
(Reeset al., 1998), when combined with calcula-  depending on the source of the nitrogenase com-
tions (Kurnikovet al., 2001), suggest one preferred ponents (Duyvit al., 1998; Lowe & Thorneley,
electron transfer pathway from the Fe protein to the 1984a, 1984b). Based on computer simulations of
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the overall kinetics of the nitrogenase reaction, [|]|. MOLYBDENUM-IRON PROTEIN
this dissociation step has been proposed to be the
rate-limiting step for catalysis (Thorneley & Lowe, The MoFe protein component of nitroge-
1985; Wilsonet al., 2001). It has been also sug- nase contains the active site metal cluster, FeMo-
gested that when the Fe protein attains the MgADP- ¢ofactor, and the [8Fe-7S] (or P-) cluster. As noted
bound conformation at the end of its catalytic cy- earlier, thex, 8, MoFe protein can be thought of as
cle, this is accompanied by a decreasefindy two catalyticxB-units, with eacta8-unit containing
for the MoFe protein, thereby initiating complex  one p-cluster and one FeMo-cofactor. There appears
dissociation. A related suggestion is that the en- g pe some communication between diedimeric
ergy released from the hydrolysis of MgATP di- ypjts of the MoFe tetramer, where events on@fie
rectly promotes the dissociation of the complex gimer can have remote effects on properties of the
(Cordewenetet al., 1987; Kurnikovet al., 2001).  gtherag-dimer (Clarkeet al., 2000; Maritancet al .,
The strongest support for these views comes from 2001). From the recent structures of Fe protein-
two cases where the Fe protein is arrested in a statepgFe protein complexes, it is clear that the Fe
prior to achieving the MgADP conformation. Inclu- protein associates at the interface betweew/n
sion of AlF, during nitrogenase turnover arrests the it of the MoFe protein (Figure 2). Just below this
enzyme in a state prior to the MgADP state. In this  gocking surface lies the P-cluster. This arrangement
case, the Fe protein makes a non-dissociating com- strongly suggests that the P-cluster accepts electrons
plex with the MoFe protein (Duyvist al., 1996a;  transferred from the Fe protein, although &ni¢ive
Renner & Howard, 1996). Likewise, the deletion demonstration of the exact role of the P-cluster re-
of 127-%¥ in switch Il of the Fe protein locks the  mains to be presented. Approximately A%urther
Fe protein into an MgATP-like state (Lanzilotta away from the P-cluster, located entirely within the
et al., 1996). Again, the inability to achieve the . _sybunit of the MoFe protein, resides the FeMo-
MgADP-bound conformation results in the forma-  cofactor. The general picture that emerges regarding
tion of a non-dissociating complex with the MoFe  the mechanism of nitrogenase is Fe protein docking
protein. on the MoFe protein near the P-cluster, transfer of
An alternative model suggests that the Fe pro- g electron to the P-cluster, followed by transfer of
tein does not need to dissociate from the MoFe gne or more electrons from the P-cluster to FeMo-
protein during catalysis (Duyvigt al., 1996b).  cofactor, where substrates are reduced. This section
In support of this model is evidence that MgQATP  of the review is organized following the electrons
can exchange with bound MgADP in some non- g the P-cluster, anfinally, to the FeMo-cofactor.
dissociating Fe protein-MoFe protein complexes as will be seen, while sigfiicant progress has been
(Lanzilottaetal., 1996). Thereis also evidence from  made in understanding some of the details of events

kinetic studies suggesting that at least several roundsjn, the MoFe protein, many aspects of this portion of
of electron transfer can occur from the Fe proteinbe- the mechanism remain unresolved.

fore it dissociates from the MoFe protein (Duyvis
etal., 1997).

Contrary to the above model, a number of stud- A. P-Cluster Structure and
ies point to the need for the Fe protein to disso- OXxidation States
ciate from the MoFe protein following each round
of electron transfer. For example, the earlier kinetic While the X-ray structure of the MoFe protein
studies indicated that the Fe protein must dissociate provided the structure for the P-cluster, and clearly
following each electron transfer event (Hageman & suggested a role as the immediate electron accep-
Burris, 1978). There is also the observation that the tor from the Fe protein, details about the P-cluster
A127-%Y Fe protein, when complexed to the MoFe have been slow to unravel. Prior to the initial deter-
protein, can transfer a single electron to the MoFe mination of the structure of the P-cluster by X-ray
protein, but not subsequent rounds of electron trans- crystallography (Chamt al., 1993; Kim & Rees,
fer (Lanzilottaet al., 1996). This in spite of the fact ~ 1992), the structure of the P-cluster was actively
that the Fe protein [4Fe-4S] cluster can be reduced speculated based on information from several spec-
while still in the complex byflavodoxin or other  troscopic studies. Early bssbauer spectroscopy of
mediators. This result clearly points to a need for the MoFe protein oxidized to different degrees with
dissociation of the component proteins as a prereq- thionine had revealed the total number of iron atoms
uisite to each electron transfer event. (Zimmermanretal., 1978). It was proposed that the
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FIGURE 7. Oxidation states of the P-cluster. Schematic showing the P-cluster in the reduced PN

(right) and two electron oxidized P?* (also called P°%,

(PDB 2M1N and PDB 3M1N) (Peters et al., 1997).

P-cluster was biologically unique and composed of
two typical [4Fe-4S] clusters where a single Fe atom
has a high-spin ferrous character. It was later pro-

left) oxidation states taken from the coordinates

Red Eyy=7mV N Eqp =-309mV
~— N
IS e

Epy=-309 mV E i =+90mV

posed that the P-cluster was composed of a single p!* . p2+ S p3+

[8Fe-7S] cluster based on EPR spectroscopy anal-

ysis of MoFe protein oxidized with solid thionine
where new signals were observedyat 10.4, 5.8
and 5.5 (Hagest al., 1987). These signals were as-
cribed to a partially oxidized P-cluster with a mixed
spin state ofS= 7/2 andS = 1/2 and allowed for
the conclusion that eactB—dimer of the MoFe pro-
tein contained one P-cluster (Piedkal., 1993).
Details of the P-cluster structure were elu-
cidated by a series of X-ray structures of the
MoFe protein (Charet al., 1993; Kim & Rees,
1992; Peterset al., 1997). These structures re-
vealed that the P-cluster was a unique [8Fe-7S]
metal cluster composed of two [4Fe-4S] cubanes
that shared a singlgg-sulfide in the middle (Fig-
ure 7). Two thiolates fromB-95“¥s and «-88%Ys
also form bridges between the two iron-sulfur

(2]

The one electron oxidized'P state is a mixed
spin state withS=1/2 and S=5/2 and gives
rise to perpendicular mode EPR signalsgat
2 (S=1/2) and atg = 58 (S=5/2) (Figure 3i)
(Tittsworth & Hales, 1993). The® state has a par-
allel mode EPR signal @t = 11.8 that is due to an
integer spirS > 3, non-Kramers system (Figure 3j)
(Pierik et al., 1993). One proposed model of the P-
cluster being oxidized to the'P state is that each
half of the P-cluster can be independently oxidized
with the observed mixed population 8= 5/2 and
S=1/2 spin states (Tittsworth & Hales, 1993).
Upon oxidation of both halves of the P-cluster to
the P+ state, spin coupling can occur giving rise
to the parallel mode EPR signal @t= 11.8. This

cubanes. Several earlier studies had indicated thatmodel is supported by simildE,, values for both

the P-cluster could undergo multiple redox changes
(Equation 2). When the MoFe protein is isolated
with excess dithionite, the P-cluster is in th¥ P
state where all of the Fe atoms are essentially
ferrous (Zimmermanret al., 1978). From the ®

the P+/N and P+/1* couples (310 mV at pH
8.0), indicating that théirst and second oxidation
of the P-cluster occurs with similar overall thermo-
dynamic dificulty (Tittsworth & Hales, 1993). Fur-
ther oxidation to the  (which is essentially irre-

state, the P-cluster can be oxidized to several more versible) state can be achieved with solid thionine or

states using oxidative dyes such as thionine or
indigo carmine (Lindah&t al., 1988; Pieriket al.,
1993; Sureruset al., 1992; Tittsworth & Hales,

by controlled Q exposure (Hageet al., 1987). The
P2+ state is composed of a mixture 8f= 7/2 and
S = 1/2 spin states. EPR signals for th&Pstate

1993). Each of these more oxidized states have canbe observed gt= 6 and 11 for the&s = 7/2 spin

unigue paramagnetic spectroscopic signatures.
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for the S= 1/2 spin state (Figure 3I) (Hageal.,
1987; Lindahlet al., 1988).

the P*/* couple was indeed observed to vary with
changing pH. The #/1* coupleE, was observed
to change linearly over a pH range from 6.0 to 8.4
at —53 mV/pH unit (Lanzilottaet al., 1998a). Al-
teration of pH was not found to have an effect on
the E, for the P+/N couple. Therefore, the redox
As noted earlier, the consensus model states thatchange from the P to the P+ state must involve
the P-cluster accepts electrons from the Fe protein the release of a proton, suggesting the P-cluster may
and donates electrons to FeMo-cofactor. Although have a role in coupled proton and electron transfer.
this view is appealing, there is limited evidence to Such coupling of proton and electron transfer have
demonstrate this role for the P-cluster. For example, been observed in other Fe-S clusters, such as the

B. Catalytic Role for the P-Cluster

the oxidation state of the P-cluster that accepts elec-

trons from the Fe protein remains unidéieti. One
of two scenarios seems likely. Either th® &ate is

reduced by one or more electrons to an as yet un-

detected reduced stateRjPor the P! state isfirst
oxidized (by sending electrons to FeMo-cofactor),
with this oxidized state accepting electrons from
the Fe protein. Regardless of which of these two
scenarios is operative, it is clear that the interme-
diate state must bBeeting, since it has not been
clearly detected. Very rapidly after an electron is
transferred from the Fe protein into the MoFe pro-
tein, the FeMo-cofactor is reduced, supporting the
observation that any involvement of the P-cluster
must be transient (Smitét al., 1973).

Two unusual properties of the P-cluster have

emerged from recent studies, namely the observa-

tion of major structural changes upon oxidation or
reduction and a pH dependence on Egevalue for

[4Fe-4S] cluster found i\ vinelandii ferredoxin
(Hirstet al., 1998).

Site-directed mutagenesis studies have been
employed in an effort to identify the source of the
pH dependence on thE,, of the P+/1* couple.
The -188%¢Cys altered MoFe protein was found
to exhibit a novel EPR signal in thg = 2 region
for the dithionite reduced state (Chetral., 1999a).
The E, of the P*/N couple for this altered pro-
tein was found to be more negative480 mV, pH
8.0) and still pH dependent. Since the pH depen-
dence on the P/1* coupleE, was retained in the
B-188%Cysaltered MoFe protein, the-188%¢"hy-
droxyl group was concluded not to play a role in the
redox coupled protonation. Interestingly, the rest-
ing state EPR spectrum in thg2188%¢~CYs MoFe
protein was observed to disappear during turnover
with the Fe protein and MgATP, clearly pointing to
the fact that the P-cluster changes redox states dur-

one of the couples. Both of these observations point ing nitrogenase turnover. This is probably the most

to unique features that may be operative during
catalysis.

X-ray crystal structures of the MoFe protein
in either an oxidized or a reduced state were com-
pared (Petergtal., 1997), revealing major structural

direct evidence for a redox role of the P-cluster in
catalysis, although the direction of change.( re-
duced or oxidized) was not clear.

Another study that points to a redox role of
the P-cluster during nitrogenase catalysis involved

differences between the states. In the reduced statea MoFe protein with the FeMo-cluster witho&:

(PV), the central sulfur atom that bridges the two
iron-sulfur cubanes has; ligation. Upon oxidation

to the P+ state (also called®), this centralusS
detaches from two of the irons and converts to a dis-
torted tetrahedral arrangement (Figure 7). Also upon
oxidation from the P to Pt state, the P-cluster
gains an @ ligand fromB-188°¢"and an additional
coordination from the peptide backbone amide of
«-88“YS (Figure 7) (Peterst al., 1997). One of

homocitrate (Maet al., 1996). This protein was
madein vitro by reconstituting the apo-MoFe pro-
tein isolated from aAnifH strain of A. vinelandii
(Gavini et al., 1994) with only the metal clus-
ter portion of the FeMo-cofactor. The authors de-
noted this reconstituted MoFe protein, lacking the
R-homaocitrate moiety, as the MoFe-cluster con-
taining MoFe protein. This MoFe-cluster contain-
ing MoFe protein was found to be EPR silent in

the suggestions from these structures was that suchthe dithionite reduced state. Upon addition of Fe

structural changes might be accompanied by proto-

nation/deprotanation reactions, which in turn might
make one or more of thE, values for the couples
dependent on pH. To explore this possibility, the
Enm values for the P/ and P+/N redox couples
were determined at various pH values. Thg for

protein and MgATP to this altered MoFe protein,
a new axial EPR signal in thg = 2 region was
observed and was attributed to redox changes of the
P-cluster. Removal of the homocitrate portion of the
FeMo-cofactor may have stabilized a previously un-
observed state of the P-cluster.
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Two recent studies have also examined a form P-cluster
of the MoFe protein that is missing FeMo-cofactor "
(called apo-MoFe protein) (Christiansest al.,
1998; Ribbeet al., 2002). The apo-MoFe protein
was isolated from eitherAnifB or aAnifH strain of
A. vinelandii. Deletion of either of these genes dis-
rupts the biosynthesis of FeMo-cofactor. The apo-
MoFe protein from theAnifB strain is EPR silent
in the dithionite reduced state, but does elicit the
parallel modeg = 11.8 signal upon oxidizing the
P-cluster to the ¥ state. It was shown that thé®
state of the P-cluster can be reduced to thedeate
using Fe protein and MgATP (Christiansenal.,
1998). This also supports the view that the P-cluster ~ o= 0¥ a
is involved in € transfer to the FeMo-cofactor. The ' S “5/4\0
AnifH apo-MoFe protein exhibits a stroi®= 1/2
EPR signal in the ~ 2 region in the dithionite re-
duced state, but does not show thpe- 11.8 sig-
nal characteristic of a normafPstate. ThisAnifH
apo-MokFe protein does facilitate MgATP hydrolysis FIGURE 8. Putative electron transfer pathway
when associating with the Fe protein, but does not from the P-cluster to FeMo-cofactor. A possi-
receive electrons from the [4Fe-4S[cluster ofthe  ble electron transfer pathway from the P-cluster
Fe protein (Ribbetal., 2002). This altered P-cluster  to FeMo-cofactor is shown. ¢-carbon traces for
was able to be reduced using the stronger reductantportions of the «-subunit are shown as rib-
Ti(lll) citrate, but the unusual spectroscopic prop- bons. The electron transfer pathway calculated
erties suggest the presence of a P-cluster precursorysing the program HARLEM is shown as a

Assuming that the P-cluster does act as an elec- dashed line (PDB 1G21). The distance be-
tron transfer intermediate, then electrons must be tween the g-methyl carbon of «-65'2 to the R-
passed to the FeMo-cofactor. An absence of meth- homocitrate carboxylate is shown as a range,
odstoisolate orto study changes inthe MoFe protein pecause the distance varies depending on the
during electron transfer from the P-cluster to FeMo- structure used.
cofactor has made this secondary electron transfer
event dificult to study. As in all biological electron
transfer events, the overallfigiency of transfer is ligands to the P-cluster(88Ys anda-62°¥S) and
controlled by the distance between the P-cluster and lead to residues near FeMo-cofacter46*® and
FeMo-cofactor, the difference in thg;, values of «-70"") (Figure 8). These helices may provide a
the donor and acceptanEr,), and the nature ofthe  medium for electron transfer from the P-cluster to

intervening medium for electron transfer (Davidson,
2000; Dutton, 1996; Gray & Winkler, 1996). There
is limited or no information about thie,, values that
are operative in this electron transfer event. While
we haveE, values for the P*/N couple, there is not
compelling evidence that this couple is relevant to

the FeMo-cofactor. To examine this possibility, we
have recently performed pathway calculations us-
ing the computer program HARLEM (Figure 8). A
number of different calculations using several dif-
ferent structures of MoFe proteins all iddred a
single favored pathway for electron transfer (dashed

catalysis. Likewise, we have no measured values for line in Figure 8). The pathway starts with an elec-

the E, for the reduction of FeMo-cofactor (MR
couple). There is also limited information about the

tron exiting the P-cluster through the62°Ys thiol
ligand, traveling a short distance through the helix

possible changes in distance between the P-clusterto the methyl side chain ef-65*2, and then enter-

and FeMo-cofactor during catalysis. More informa-

ing the FeMo-cofactor through homocitrate, on the

tion can be gleaned about possible electron transfer Mo end of FeMo-cofactor. This pathway involves

pathways by examining the structures of the MoFe
protein. Four parallek-helices located between the
P-cluster and FeMo-cofactor can be idéetl (Chan

et al., 1993). Two of these helices are initiated with
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two through space jumps, which have the most dis-
ruptive effect on the electron transfer pathway. Ex-
periments are needed to test this possible electron
transfer pathway.
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FIGURE 9. FeMo-cofactor. Structure of the FeMo-cofactor with some amino acids of the MoFe
protein (PDB 1M1N). The numbering of the Fe and S atoms is as described earlier (Einsle et al.,

2002).

Clearly, the topic of the role of the P-cluster
in electron transfer, and the pathway of transfer to
FeMo-cofactor remains largely uncharted territory
in the nitrogenase mechanism.

C. FeMo-Cofactor Structure
and Oxidation States

The determination of the structure of the MoFe
protein in 1992 provided thrst view of the struc-
ture of the active site FeMo-cofactor (Kim & Rees,
1992). Subsequent studies havémed aspects of
this structure, leading to the current model of this
cofactor being a [7Fe-9S-Mo-X-homocitrate] clus-
ter (Figure 9) (Chasmt al., 1993; Einslest al., 2002;
Mayer et al., 1999). The overall cluster is com-
posed of two subclusters that are bridged by three
uo-suffides. One subcluster is typical of a [4Fe-4S]
cluster, while the other subcluster is essentially a
[4Fe-4S] cubane with molybdenum replacing one
of the Fe atoms at the terminal end of the cluster.
Homocitrate is bound through two oxo-ligands of
the C1 carboxylate and C3 hydroxylate to the Mo.
An atom, denoted as X, has recently been idisdi
in the center of FeMo-cofactor in a very high reso-
lution X-ray structure of the MoFe protein (1.2
(Einsleet al., 2002). The identity of this atom is cur-
rently unknown, but heavy metals have been ruled
out based on diffraction properties. The density is

most consistent with X being N, C or O. One of
the interesting aspects of the original structure of
FeMo-cofactor i(e.,, before X was in the middle)
was the presence of 6 Fe atoms at the waist of the
cluster with trigonal coordination. The addition of
X would suggest that some or all of these Fe atoms
may be tetrahedral rather than trigonal.

It is worth noting that while the metal cluster
portion of FeMo-cofactor has ¢3 symmetry, tRe
homocitrate ligand and protein environment of the
MoFe protein where FeMo-cofactor is bound is not
symmetrical. The molybdenum is ligated by #ié
of a-442s, along with the two oxo ligands pro-
vided by homacitrate, thus giving the molybdenum
a pseudo-octahedral coordination. On the other ter-
minal end of the FeMo-cofactor, the terminal Fe is
ligated by the thiolate af-275s.

The observation of an atom X in the middle of
FeMo-cofactor has prompted debate on its identity
and its potential role in catalysis. One suggestion has
been that if X is nitrogen, then it could be exchange-
able during reduction of N This model has been
tested recently by allowing nitrogenase to turnover
in the presence dPN,, followed by analysis of the
protein by ENDOR (electron nuclear double reso-
nance) and ESEEM (electron spin echo envelope
modulation) spectroscopies (Leeal., 2003). The
conclusion from these studies is that if X is N, it is
not exchangeable during catalysis. The identity of X
is not clarfied in this study. Computational methods
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have also been applied toward resolving the identity
ofthe central ligand X of the FeMo-cofactor (Dance,
2003; Hinnemann & Norskov, 2003). These studies
conclude that X being N would be more energeti-
cally favorable than other soft atoms.

Not surprising for such a complex metal
cluster, FeMo-cofactor can undergo a number
redox reactions (Equation 3).

En =-40 mV Epp = -465mV N
M e N =M

3]

The resting state of the MoFe protein, iso-
lated in the presence of the reductant dithionite,
has FeMo-cofactor in the Mstate. In this state,
FeMo-cofactor is paramagnetic with &= 3/2
spin state with a well characterized axial EPR
spectrum with iflections atg = 4.3, 3.7 and 2.0
(Figure 3f) (Orme-Johnsoet al., 1972). This EPR
spectrum has been a vital tool in studying the ni-
trogenase catalytic cycle, providing a spectroscopic
fingerprint. The M state of the FeMo-cofactor can
be reversibly oxidized by one electron to a state
called MPX (Figure 3k) using a variety of me-
diator dyes €g., thionine) (Lindahlet al., 1988;
Zimmermannet al., 1978). The MX state is dia-
magnetic § = 0) and therefore is EPR silent. An
En of about —40 mV (Table 1) has been mea-
sured for the M*/N couple using controlled po-
tential coulometry (Schultet al., 1988) and other
techniques (onnell & Smith, 1978).

When Fe protein, MgATP, and a reductaag(,
dithionite) are added to the MoFe protein, sub-

tron density and have the same spin structure. It was
postulated that if the addition of an electron(s) does
not signficantly alter the electronic properties of the
Fe sites, then the reduction must be associated with
the Mo atom (Yocet al., 2000). An alternative re-
duced state of the MoFe protein was produced by
irradiating the protein using synchrotron radiation.
Mossbauer analysis of this radiolytically reduced
sample (called N) showed sigriicantly different
electronic character about the Fe sites, clearly in-
dicating differences from the Mistate (Yooet al.,
2000). The M state has also been examined using
both Fe and Mo-edge EXAFS (extended X-ray ab-
sorptionfine structure) spectroscopy (Christiansen
etal., 1995). The M state for that study was created
using a low Fe protein to MoFe protein ratio, which
allows for a slow turnover and sidigant popula-
tion of the MR state. This EXAFS study inspected
the M®X, MN, and M states. The Fe-Fe bond dis-
tances were found to be successively shorter as the
FeMo-cofactor was reduced. The shortening of the
Fe-Fe bond distances also suggested that the cen-
tral cavity of FeMo-cofactor becomes larger as the
FeMo-cofactor becomes more reduced.

The oxidation states of the Fe atoms in the rest-
ing state of FeMo-cofactor have been vigorously
debated. Mssbauer spectroscopy using MoFe pro-
tein with FeMo-cofactor selectively enriched with
5’Fe has suggested valence assignments of ftlMo
3Fet, 4Fet, 9] (Yoo et al., 2000). In contrast,
ENDOR studies have suggested a valence assign-
ment of [Md*t, 1F€*, 6F&t, 9] (Lee et al.,
1997b). A computational study using density func-
tional theory (DFT) was most consistent with a va-

strate reduction begins. If suitable substrates are notlence assignment of [Md, 1F€*, 6F&+, 957],in

present, then protons are reduced to make IH
the MoFe protein is trapped during this steady-state
turnover condition, the FeMo-cofactor is observed
to be predominantly in a state more reduced than
the MN state (Huyntet al., 1980; Yooet al., 2000).
This more reduced state is designated &5 Mis
worth noting that the M state may in fact represent
a number of different states of FeMo-cofactor. The

MR state is diamagnetic, and has been determined

to be an integer spir§> 1) state that is EPR silent
(Huynh et al., 1980). TheE,, for the MN/R cou-

agreement with the ENDOR studies (Lovellal.,
2001). However, these calculations utilized a FeMo-
cofactor structure not having X at the middle. Inter-
estingly, new calculations on FeMo-cofactor with X
in the middle has led to a different preferred valence
assignment of [LMbf, 3Fet, 4Fe+, 9], now
consistent with the Mssbauer study (Lovett al.,
2003).

FeMo-cofactor can be extracted from the pro-

tein using the organic solvent N-methylformamide

(NMF), and numerous studies have been performed

ple has never been directly measured, although the on this isolated cofactor as a way to gain insights

value has been estimated to he—465 mV (Watt
et al., 1980).

Characterization of the Mstate by Myssbauer
spectroscopy revealed few differences from thé M
state, where the average isomer sh#ff,X only

into its properties. When isolated in organic sol-

vent, the cofactor is typically referred to as the

FeMo-cluster. A recent electrochemical analysis of
FeMo-cluster has examined the redox interconver-

sions that are analogous to thé’{) MN, and M}

changed by 0.002 mm/s. This suggested that the states (Picketet al., 2003). The detailed cyclic
seven Fe sites experience only small changesin elec-voltammetry experiments performed in this study
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show that isomerization of the solvent ligands can
affect the electrochemical properties of the FeMo-
cluster. The same study included Fourier Transform
Infrared (FTIR) spectroelectrochemistry to investi-
gate how CO binding affects the cluster, and con-
cluded that the CO bound state used in the ENDOR
studies may be comparable to the tworeduced
state. Therefore, the valence assignment of [{Mo
3Fet, 4Fe€*, 93] from the Mossbauer spec-
troscopy (Yooet al., 2000) may be appropriate for
the MN state and the valence assignment from EN-
DOR analysis (Leet al., 1997b) is suitable for a
more reduced CO bound state. The isomerization
of ligands to the FeMo cluster that is shown in this
study also indicates that conformational movement
of FeMo-cofactor ligandso(-275%5, a-4427s and
R-homocitrate) may have sidigant effects on the
electrochemical properties of the active site metal
cluster.

D. Interactions of Substrates
and Inhibitors at the Active Site

1996). Utilization of several of these compounds
to understand nitrogenase binding of substrates is
highlighted in the following sections.

Carbon monoxide (CO) is a potent inhibitor of
all nitrogenase substrate reduction reactions except
for proton reduction (Hardgt al., 1965). Early on,
it was discovered that trapping nitrogenase under
turnover conditions in the presence of CO results in
changes to the FeMo-cofactor EPR spectrum. The
S = 3/2 spectrum of FeMo-cofactor changed to an
S = 1/2 spin state upon addition of low concentra-
tions of CO (0.08 atm of CO) giving rise to a new
EPR signal (denoted lo-CO) with = 2.09, 1.97,
1.93. At higher concentrations of CO (0.5 atm), a
different EPR signal is observed (called hi-CO) with
inflectionsag = 2.17, 206, 2.06 (Davietal., 1979;
Hwanget al., 1973). These early observations sug-
gested that there were multiple binding sites on the
FeMo-cofactor for CO3C-ENDOR spectroscopy
studies by Hoffman, Hales, and coworkers using
13C-enriched CO cdirmed that two CO molecules
are bound to the FeMo-cofactor under hi-CO condi-
tions (Pollocket al., 1995). It has also been demon-
strated that these bound CO molecules are labile
and readily exchangeable (Cameron & Hales, 1998;

One of the more intense areas of nitrogenase Maskos & Hales, 2003). An ENDOR study using
research in the last several years has focused on®’Fe incorporated into the MoFe protein showed

the identfication of the exact binding site and bind-

ing modes of substrates and inhibitors on FeMo-
cofactor, and the role of the surrounding protein in
regulating FeMo-cofactor reactivity. These endeav-
ors have utilized four main methods: 1) site-directed

mutagenesis to change amino acids in the MoFe pro-

that CO was bound to one or more Fe atoms in the
FeMo-cofactor. More detailed analysis by orienta-
tion selectivel®*C and'H Q-band ENDOR spec-
troscopy yielded information on the sites of CO
binding and possible protonation events associated
with CO binding. This analysis showed that CO is

tein, 2) use of a range of substrates and inhibitors as bound in a bridging mode across two iron atoms for

probes of the active site, 3) trapping nitrogenase dur-
ing turnover by rapid freezing or chemical quench-

the lo-CO state and two CO molecules bind to two
separate iron atoms in the hi-CO state (letal.,

ing, and 4) use of a host of advanced spectroscopic 1997a).
methods to detect and characterize species boundto  Carbon disuide (CS) can be reduced by ni-

FeMo-cofactor. These approaches, applied individ-
ually or in combination, have provided considerable
insights into the key questions about the active site.
However, as will be apparent, this area of nitroge-
nase research is still lacking sidjieant information.
Essential to progress in understanding the ni-
trogenase mechanism has been the utilization of
a range of substrates and inhibitors. Generally,

trogenase to k5 and some unideffited CS species.
The slow turnover rate for reduction of this substrate
allowed three intermediates to be trapped by rapid
freeze quench. These intermediates were detected as
new EPR signals (Rylet al., 2000).3C-ENDOR
analysis of this freeze-trapped intermediate made
with 13C-labeled C$ established that these novel
CS,-derived EPR signals all resulted from £1®-

nitrogenase substrates are small, uncharged andduction intermediates that are bound to the FeMo-

have oldinic bonds. Some of the most notewo-
rthy substrates are:NH*, NoHa, N3, CH;C=CH,
C,H5C=CH, H,C=C=CH,, methyl isocyanide,
cyanide, cyanamide, acetylene, ethylengQNand
CS;. Previous reviews have discussed the reactivity

of nitrogenase towards these compounds and the re-

cofactor. An analysis of the temporal development
of these EPR signals revealed a sequential forma-
tion over 1 min. Thdirst intermediate formed was
postulated to have trigonal ligatiori a C and one

S to one or more Fe atoms. The two species that
developed next were suggested to be bound end on

spective products (Burgess, 1985; Burgess & Lowe, with C to an Fe atom.
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It has been abundantly clear for many years that into the nitrogenase active site by shortening the

the MoFe protein greatly fluences the reactivity of
FeMo-cofactor. This is most evident from the fact
that FeMo-cofactor isolated away from the protein

side chain ofx-70" (Mayeret al., 2002). For ex-
ample, changing-70'? to Ala greatly increases the
reduction activity for propyne and propargyl alco-

into organic solvents does not have the same reac-hol (HO—CH;—C=CH) (Mayeret al., 2002). These

tivity as FeMo-cofactor in the protein (Smith, 1999;
Smith et al.,, 1999). Therefore, changing amino
acids within the MoFe protein that mightfio-

three alkynes are normally very poor substrates for
nitrogenase, and only become reasonable substrates
when «-70" is changed to Ala or Gly. This ob-

ence FeMo-cofactor reactivity has been an area of servation further points to the FeS face composed
intense research. Of some interest has been a re-of Fe2, Fe3, Fe7, and Fe6 as providing the site for
cent series of studies using site-directed mutage- substrate binding.

nesis, coupled with use of alternative substrates, Another study has focused an96*9, located
freeze-quench methods, and spectroscopic meth-on this same face (Figure 9). The guanidinium por-
ods that appear to have localized substrate bind- tion of the side chain of-96*9 is proposed to
ing sites on FeMo-cofactor. These studies started be within hydrogen bonding distance (343 to
with a genetic approach aimed at illuminating S5A. Changing this cationic guanidinium group
areas of FeMo-cofactor where substrates bind by substituing with a series of other amino acids
(Christianseret al., 2000a). In short, mutant strains  created MoFe proteins that allowed the detection
of A. vinelandii were created that discriminated be- of binding of the substrate acetylene or the in-
tween acetylene and nitrogen as substrates for ni- hibitor cyanide when the protein is in the resting
trogenase. Normally, nitrogen reduction activity of state (Bentoret al., 2001b). Prior to this study, in-
nitrogenase is inhibited by acetylene in a noncom- teractions of substrates or inhibitors with FeMo-
petitive fashion where acetylene consumes the re- cofactor were only observed when nitrogenase was
ductive equivalents (Dilworth, 1966; Hwamtjal., trapped under turn-over conditions (requiring the
1973; Rivera-Ortiz, 1975). Therefore, diazotrophic Fe protein, MgATP, and an electron source), im-
growth of A. vindlandii can be inhibited when the  plying the need for turnover induced changes at or
cells are cultured under acetylene. A series of ran- near FeMo-cofactor to allow substrate binding. Re-
dom mutants in the MoFe protein were created, and moval of the Arg side chain in the-96 position ap-
the cells expressing these altered MoFe proteins pears to mimic the turnover-dependent changes near
were challenged to grow diazotrophically under a FeMo-cofactor. Q-band MimSC-pulsed ENDOR
partial atmosphere of acetylene gas (Christiansen spectroscopy of the-96-¢" MoFe protein witht3C-

et al., 2000a). A number of acetylene resistant cyanide showed that the cyanide is bound to FeMo-
colonies were isolated, and genetic analysis mappedcofactor, and the hypfne coupling constants are
to the same amino acid substitution, a substitution consistent with binding to one or more Fe atoms.
of «-69°Y by Ser in thex-subunit of the MoFe pro- In close proximity to«-70" and «-96*9
tein. Subsequent analysis of the figtle-69°Y—Ser near this 4Fe face of FeMo-cofactor és195™s
MoFe protein vefied that this amino acid substitu-  (Figure 9). A series of earlier studies on MoFe pro-
tion greatly decreases thdiafty for binding acety- tein with this residue changed to GIn or Asn all
lene, without altering the fifiity for binding N,. pointed to sigrficant changes in the reactivity of
Furthermore, acetylene became a competitive inhi- FeMo-cofactor (Fishegt al., 2000a, 2000b, 2000c;
bitor of N, reduction, clearly pointing to a common  Kim etal., 1995). Recently, it has been reported that
binding site. Amino acid-69 is adjacent ta-70", ana-195°" MoFe protein could be trapped under

which is part of thdirst sphere of residues surround-
ing the FeMo-cofactor. The Val side chain@f70

is directly above a 4Fe face of FeMo-cofactor con-
sisting of Fe2, Fe3, Fe7, and Fe6 (numbering of Fe
atoms taken from PDHBle 1M1N) (Figure 9). This
study clearly pointed to this face of FeMo-cofactor

turnover conditions with acetylene, yielding novel
EPR signals arising from bound acetylene reduction
intermediates (Sorliet al., 1999). By studying the
power and temperature dependence of the new sig-
nals, itwas possible to deconvolve the EPR spectrum
into three different signals consisting of a rhom-

as being a possible site for substrate binding. bic signal ¢ = 2.12, 1.98, 195), an isotropic sig-
This initial study was followed up by several nal (g = 2.0), and a third signalg = 1.97). Based
subsequent studies that have focused on the aminoon their electronic properties, the respective sig-
acids near this face. In one such study, it was discov- nals were assigned to an unpaired electron on the
ered that larger substrates could be accommodatedmetal cluster for the rhombic signal and a carbon
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radical for the isotropic signal. The radical nature accumulation include the P-cluster, FeMo-cofactor,
of these species suggests that reduction of substratedound hydrides, and partially reduced bound sub-
(at least acetylene) may occur by a stepwise radical strate intermediates (Burgess & Lowe, 1996; Dance,

mechanism.
In summary, the application of alternative sub-

1996; Thorneley & Lowe, 1984a). Making no as-
sumptions about the location of the accumulated

strates, site directed mutagenesis to change aminoelectrons, a model was developed that accounts for

acids, and spectroscopy have provided digni
cant new information about substrate interactions
with FeMo-cofactor. Despite this progress, there
is clearly signficant work to be done in order to
provide a molecular level map of the nitrogenase
mechanism.

E. Mechanism of Substrate Binding
and Reduction

As noted earlier, the reduction of dinitrogen and
other substrates by the MoFe protein requires two or
more rounds of the Fe protein cycle(, Fe protein
docking, MgATP hydrolysis, electron transfer, and
Fe protein dissociation). Reactions such as proton
(Equation 4) or acetylene (Equation 5) reduction

2H' + 26 — H, [4]
CoH, + 2HT +2e — CoH4 [5]

require an accumulation of two electron equivalents
inthe MoFe protein, whereas reduction of other sub-
strates requires from 2 to 8 electron equivalengs,
dinitrogen reduction requires eight electron equiv-
alents). It is apparent that the MoFe protein must
be able to accumulate electrons for these different

reactions. Where and how these electrons are accu-

mulated is not exactly known. Some possible sites of

NH3<\
e/H*" /

e/H*"

E;NH, <—LE6=NH <7T Es=N-NH,

successive rounds of reduction of the MoFe protein
by Lowe & Thorneley in the 1988 (Lowe & Thor-
neley, 1984a; Thorneley & Lowe, 1984a, 1984b,
1985). Their model was originally based on pre-
steady state kinetics of tH€ebsiella pneumoniae
nitrogenase using stoppdéidw spectrophotometry
and rapid quench-EPR to detect intermediates such
as diazine and hydrazine during nitrogen reduction.
This model remains the best overall description of
the nitrogenase mechanism. The Thorneleyve
cycle starts with the MoFe proteininits dithionite re-
duced state (g and is followed by eight successive
rounds of reduction to give further reduced states of
the MoFe protein (E, E;, Es, ... E7) (Figure 10).
Each successive reduction of the MoFe protein re-
quires one round of the Fe protein cycle and electron
transfer into the MoFe protein.

Although reduction of dinitrogen requires only
six electrons, eight cycles of the Fe protein (at min-
imum) are required due to the stoichiometric re-
duction of two protons that is observed when re-
ducing Nb. Attempts to eliminate this obligate hy-
drogen evolution have been made by turning over
the nitrogenase complex in excess of 50 atm gf N
but the formation of hydrogen was persistently ob-
served at a ratio of 1 Hformed for 1 N reduced
(Simpson & Burris, 1984). Due to this requirement
of proton reduction, it is generally thought that pro-
ton reduction to yield Kis an intrinsic part of the

FIGURE 10. Modified Thorneley—Lowe kinetic scheme for the reduction of N,. Adapted from

(Thorneley & Lowe, 1985).
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mechanism for W reduction (Hafleld & Bulen,
1969; Rivera-Ortiz, 1975).

One of the key observations about the nitroge-
nase mechanism that is illustrated in the Thorneley
Lowe model is the fact that different substrates bind
to differentreduced states of the MoFe protein. Alag
time is observed from the initiation of the nitroge-
nase turnover and tHirst detection of N reduction
intermediates such as diazine ) (Thorneley
et al., 1978) and hydrazine () (Thorneley &
Lowe, 1984a). This lag time has been interpreted to
indicate that N does not bind to the MoFe protein
until a more reduced state is achieved (Figure 10).
An important consequence of different substrates
binding to different reduction states of the MoFe
protein is that substrates that bind to more oxidized

per reduced Bl(Guth & Burris, 1983; Hughest al.,
1989). Thex1957s~C gltered protein, which can-
not reduce N, also catalyzes HD formation in
the presence of N further supporting the dihy-
dride displacement upon\binding (Fishert al.,
2000c).

The stereospeficity of the hydrogenation of
acetylene has provided some insights into the mech-
anism of substrate reduction. The reduction gifig
in D,O by nitrogenase almost exclusively forms
cis-C,H,D;, (Dilworth, 1966). This observation has
been used to support models of side-on binding
mechanisms for acetylene at the FeMo-cofactor
(Hardyet al., 1968; Kelly, 1969). Two recent studies
have investigated the effects of changing amino acid
residues around the active site on th&transratio

states can appear to be noncompetitive inhibitors of acetylene hydrogenation. Newton and coworkers
of substrates that bind at more reduced states. Thishave examined théis- andtrans- ratio of acetylene
causes a phenomenon where substrates may appeareduction with thex-191°">bs | -1951s~Cn and

to be non-competitive while binding to the same
site.

Study of several site-spdigially altered MoFe
proteins have contributed to the development of a

«-1951s~>Asn gltered MoFe proteins (Fishet al.,
2000a). Thex-191°""~Ys anda-1951s~CIn MoFe
proteins were found to form theans-C,D,H, at
a higher ratio (5-9-fold increase) compared to the

substrate reduction mechanism. One of the more wild-type MoFe protein (Fishet al., 2000a). A cor-

extensively studied altered MoFe proteins is the
«-19575~CI yariant (Fisheret al., 2000a, 2000b,
2000c; Kimet al., 1995). Inspection of crystal struc-
tures of the MoFe protein reveal that the imida-
zole residue ofx-195" is also in close proxim-
ity to the previously discussed 4Fe face and also is
within hydrogen bonding distance (34 to one

of the u, sulfur atoms (S2B) associated with that
4Fe face (Figure 9). Replacement of this imida-
zole by an amide as in the-195"S~C" variant
MoFe protein makes it incapable of dinitrogen re-
duction. Yet, it has been shown that this protein still
binds N by the fact that M still can competitively
inhibit reduction of acetylene and protons (Kim
et al., 1995). It has been proposed that th& 93
residue is required to correctly position or protonate
an N, reduction intermediate subsequent to initial
binding.

As mentioned previously, proton reduction ap-
pears to be an intrinsic part of the,Neduc-
tion mechanism. In the absence of any other sub-
strates, protons are reduced at a veficint rate
(2200 nmol min~1-mg-1). One of the most pecu-
liar aspects of dinitrogen reduction catalyzed by ni-
trogenase is the formation of HD when M:duction
proceeds under an atmosphere gfjas. The obser-
vation that B gas can inhibit HD formation has led
to the hypothesis that dinitrogen binds the FeMo-
cofactor by displacing a bound dihyrdride, thus giv-
ing the obligatory 1:1 stoichiometry of Hormed
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relation was made between the increased fraction of
trans-C,D,H, and the ability of these altered MoFe
proteins to form ethane from ethylene. Recently, an-
other study has inspected the tendency for other
altered MoFe proteins to form thieans-C,D,H.
isomer upon reduction of acetylene (Benttral .,
2001a). MoFe protein variants altered:a®6*" and
«-69°Y were found to form sigficant amounts of
thetrans-C,D5H,, and it was further found that the
proportion oftrans-isomer formed increased upon
decreasing the overall electrdimx into the MoFe
protein (regulated by Fe protein: MoFe protein ra-
tio) (Bentonet al., 2001a). To explain the formation
of thetrans-isomer, a mechanism of a branched re-
action path with a boung,-vinyl intermediate was
presented.

Understanding the role oR-homocitrate in
FeMo-cofactor has remained a challenge. A role in
both electron transfer from the P-cluster and as a
proton donor seems reasonable. In a series of el-
egant studies, Ludden and coworkers synthesized
several homocitrate analogs and incorporated them
into FeMo-cofactor in the MoFe protein (Madden
et al., 1990, 1991). They observed that carboxylate
groups at C1 and C2 andthe hydroxyl group on C2 of
the homaocitrate are all crucial to support reduction
of N,. Recently, Smith & Henderson have proposed
that R-homocitrate is required for substrate reduc-
tion because it is able to form hydrogen bonds with
thea-4427 ligand to the Mo of the FeMo-cofactor,
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thereby tuning electronic properties of the FeMo-
cofactor (Gbnberget al., 1998).

Beyond the studies mentioned above, there has
been a paucity of experimental evidence to elucidate
the substrate binding mechanism. This is apparent
from the fact that a fundamental question such as
whether substrates bind to the Mo or to the Fe atoms
remains uncertain. One approach that has provided
insights into possible substrate binding and reduc-

1. One of the homacitrate ligands dissociates from
the pseudooctahedral Mo atom upon protonation
and reduction of Mo (IV) to Mo (lll) (Figure 11,
steps B-D). This is aided by hydrogen bonding
properties ofy-442s,

2. Ny is then bound end-on to the Mo atom
(Figure 11D).

3. Partial reduction of the bound;No a diazenido
(NNH) intermediate occurs next, resulting in a

tion mechanism has been theoretical studies. These change in the ligation to a bridging fashion be-
studies have addressed such questions as the oxida- tween the Mo and one Fe (Figure 14£E).

tion states of the metals in FeMo-cofactor and P-
clusters (Lovelkt al., 2001; Mouescat al., 1994),
possible modes of substrate binding (Reidal.,
1999), and possible mechanisms for substrate re-
duction (Dance, 1996, 1997; Durrant, 2002a). Sev-
eral studies have also focused on determining the
most likely binding sites and modes of, No Fe
atoms of the FeMo-cofactor (Dance, 1996, 1997;
Rod & Norskov, 2000; Siegbahn & Blomberg, 1999;
Siegbahret al., 1998). The partiality for N bind-

ing at one or more of the Fe atoms comes, in part,
from the observation that the Mo atom of the FeMo-
cofactor can be replaced with either V or Fe in the
alternative nitrogenases, and from the spectroscopy
studies with CO (Leeet al., 1997a), acetylene
(Bentonet al., 2001b), C$ (Ryle et al., 2000) and
cyanide (Bentomt al., 2001b) that all point to bind-
ing to Fe atom(s). From the calculations, it appears
that nitrogen can have several different binding
modes:

1. Np bound perpendicular or parallel to the length
of the cofactor,

2. N, bound to two to four Fe atoms,

3. N bound end-on or side-on, and

4. N, bound in the central cavity of the FeMo-
cofactor (Dance, 1996, 1997).

Proton addition to the cluster has also been ad-
dressed and it has been suggested that{Beatoms
are feasible sites for protonation (Rod & Norskov,
2000).

Some studies have favored, KMinding to the
Mo atom of the FeMo-cofactor as proposed in the
Chatt cycle (Pickett, 1996). Recently, an investiga-
tion of N, binding and reduction to a portion of

4. Next, the diazenido is reduced to a diazene lig-
ated to the Mo (Figure 11B-E).

5. The bound diazene is then converted to a linear
hydrazido-bound species (Figure 128).

6. Further reduction cleaves the—N bond
(Figure 11G~H).

7. The Fe bound amine is protonated, resulting
in the formation of thdirst ammonia molecule
(Figure 11H-1).

8. The reduction of the Mo bound nitride then
occurs to yield the second ammonia (Figure
11H-1).

An important aspect of this model is thafiiis
with the ThorneleyLowe cycle and it attempts to
account for the effects of various site-syamlly
altered MoFe proteins. This study represents the
most complete analysis reported to date of each
step in the Nreduction reaction. Durrant also ad-
dresses the mechanism for hydrogen evolution and
H/D scrambling on a state of the FeMo-cofactor
with bound dinitrogen (Durrant, 2002b). It is worth
noting that all of these calculations were done on
a portion of FeMo-cofactor that included 1Mo-
1Fe-3S. How inclusion of the remainder of FeMo-
cofactor (including X) will impact this model will
be interesting.

Many theoretical studies have been performed
to address the substrate reduction question in ni-
trogenase and have yielded a range of solutions.
Clearly, there is a sigficant need for new experi-
mental results to support one or more of these mod-
els before we can move to the next level in under-
standing the nitrogenase mechanism.

A final issue for consideration is how substrates
(including protons) gain access to FeMo-cofactor

FeMo-cofactor has been conducted by comparing from the surface of the MoFe protein and how reduc-

DFT energies of various isomers at every step f N

tion products exit. Durrant has recently iddieil a

reduction (Durrant, 2002a). These studies conclude waterfilled channel thatleads from the surface of the

that binding of N to Mo instead of Fe is substanti-
ated by more favorable energetics. The binding and
reduction of N is proposed to proceed as follows
(Figure 11):

MoFe protein to a pool of water molecules located
near homocitrate of FeMo-cofactor (Figure 12, bot-
tom). He has proposed that this channel offers a way
to shuttle protons to the active site, as well as provide
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FIGURE 11. Proposed mechanism for N, reduction. Proposed mechanism for N, reduction on
FeMo-cofactor based on theoretical calculations (Durrant, 2002a). The corresponding states from
the Thorneley and Lowe model (Eg, Ej, etc.) are shown to the left of each state. The number (e.g.,
n-1) within the bracket to the top right indicates the redox state relative to the resting M state. The
number of protons shown to the right of the bracket represents protons not localized that may be
associated with the protein or homocitrate. Adapted from (Durrant, 2002a).

a channel for gase(g., Ny, acetylene, etc.) entry  protein to FeMo-cofactor. This hydrophobic chan-
and producté.g., NH;, ethylene, etc.) egress from nel (Figure 12, top) has several attractive features
FeMo-cofactor. He also highlights two additional that suggest that this may be the mechanism for gas
channels that could provide a means for delivery of entry to FeMo-cofactor. Recent X-ray structures of
protons to the active site by utilizing a proton relay the gas utilizing hydrogenase {H(Montet et al.,
mechanism. 1997) and carbon monoxide dehydrogenase (CO)
We have recently iderfied another possible  (Doukov et al., 2002) have revealed hydrophobic
channel that leads from the surface of the MoFe channels (without water) that connect the surface to
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FIGURE 12. Substrate Channels. Putative gas substrate channel (top) and water filled channel
(bottom) in the MoFe protein. The putative gas channel was identified using the computer program
CAVENV with a 2.5 A probe sphere. Water molecules are shown as darker spheres. The figure was
generated from the PBD file 1IM1N.

the active metal clusters or connect between metal through one or more different channels. Finally, re-
clusters within the protein. It has been suggested duction productség., NH;) would exit through the
that all gas utilizing enzymes will have such hy- waterfilled channel. Experimental evidence to sup-
drophobic channels for gas movement to the metal port this working model is clearly needed.
cluster. In light of this hypothesis, and the fact that
nitrogenase is a gas-utilizing enzyme, we looked for
a hydrophobic channel that connects the surface to £ Fyture Prospects
FeMo-cofactor. Using the program CAVENYV from
the CCP4 suite of computer programs, and a5
probe sphere, a candidate hydrophobic channel was
identified (Figure 12, top). This analysis was done
in collaboration with Tzanko Doukov and Catherine
Drennan (MIT). The channel is composed of three
sets of amino acid residues. Near the entry point
at the surface are a series of hydrophilic residues.
The central portion of the channel isfaded by a
number of hydrophobic amino acids that lack bound
water molecules. Interestingly, this putative channel ® How is MgATP hydrolysis activated in the Fe pro-
leads to the Fe-S face of FeMo-cofactor thatwe have  tein when the MoFe protein docks?
identified as the substrate binding site, and includes * How does MgATP binding or its hydrolysis accel-
a-70% ¢-1957S anda-96°79. erate electron transfer from the Fe protein to the
Thus, an attractive model is that gaseous sub- MoFe protein?
strates enter through the gas channel to the ac-* Why can only the Fe protein reduce MoFe protein
tive face of FeMo-cofactor, and that protons enter  to support substrate reduction?

This review has highlighted some of the most
recent work in understanding the mechanistic steps
involved in the complex metalloenzyme nitroge-
nase. Itis apparent that sidjigsiant progress has been
made in many areas. In some cases, this progress has
provided details of the mechanism, while in other
areas, sigriicant new results are needed. Among the
areas that continue to need sijcént new study are:
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e What is the role of the P-clusters in the mecha-
nism?

e What are the steps that occur during substrate re-
duction?

Bolin, J.T., Campobasso, N., Muchmore, S.W., Morgan,
T.V., and Mortenson, L.E. 1993. Iklolybdenum
Enzymes, Cofactors, and Model Systems. pp. 186-

95. Steifel, E.l., Coucouvanis, D., and Newton,
W.E., Eds., ACS, Washington, DC.

Progress over the next several years promises Bui, P.T. and Mortenson, L.E. 1968. Mechanism of the

to address many of these open questions about the

nitrogenase mechanism.
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