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ABSTRACT: Assembly of nitrogenase MoFe protein is arguably one of the most complex processes in the
field of bioinorganic chemistry, requiring, at least, the participation of nifS, nifU, nifB, nifE, nifN, nifV,
nifQ, nifZ, nifH, nifD, and nifK gene products. Previous genetic studies have identified factors involved
in MoFe protein assembly; however, the exact functions of these factors and the precise sequence of
events during the process have remained unclear until the recent characterization of a number of assembly-
related intermediates that provided significant insights into this biosynthetic “black box”. This review
summarizes the recent advances in elucidation of the mechanism of FeMoco biosynthesis in four aspects:
(1) the ex situ assembly of FeMoco on NifEN, (2) the incorporation of FeMoco into MoFe protein, (3)
the in situ assembly of P-cluster on MoFe protein, and (4) the stepwise assembly of MoFe protein.

Nitrogenase is a complex metalloenzyme that catalyzes
one of the most remarkable chemical transformations in
biological systems: the ATP-dependent reduction of atmo-
spheric dinitrogen to bioavailable ammonia (for recent
reviews, see refs 1–6). This reaction not only represents the
key point of entry of reduced nitrogen into the food chain
but also embodies the formidable chemistry of breaking the
NtN triple bond under ambient conditions.

Four classes of nitrogenases have been identified to date.1

The “classical” molybdenum (Mo) nitrogenase of Azoto-
bacter Vinelandii is composed of two component proteins,
the iron (Fe) protein and the molybdenum-iron (MoFe)
protein. The R2-dimeric Fe protein is bridged by a single
[Fe4S4] cluster between the subunits and contains one ATP
binding site per subunit, whereas the R2�2-tetrameric MoFe
protein contains two unique clusters per R�-subunit pair: the
P-cluster ([Fe8S7]), which is located at the R/�-subunit
interface, and FeMoco ([MoFe7S9X-homocitrate])2 , which
is situated within the R-subunit (8, 9). Substrate reduction
of nitrogenase involves complex association and dissociation between the Fe protein and the MoFe protein, and the

sequential, interprotein transfer of electrons from the [Fe4S4]
cluster of Fe protein to the P-cluster and, eventually, FeMoco
of MoFe protein, where substrate is reduced (Figure 1).

There is great interest in decoding the assembly mecha-
nism of MoFe protein and, particularly, its unique P-cluster
and FeMoco, which are not only biologically important but
also chemically unprecedented.3 Following an introduction
about the properties of A. Vinelandii MoFe protein, this
review will focus on recent advances in understanding the
assembly of this MoFe protein, with an emphasis on studies
that provide structural or spectroscopic insights into this
process.
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1 Four classes of nitrogenases have been described. They are the
molybdenum nitrogenase, the vanadium nitrogenase, the iron-only
nitrogenase, and the nitrogenase from Streptomyces thermoautotrophi-
cus. The major distinctive feature of the first three classes of
nitrogenases, which are otherwise very similar, is the heterometal atom
in the active site of the metal cluster (molybdenum, vanadium, and
iron, respectively). The fourth nitrogenase is superoxide-dependent and
apparently different from the other nitrogenase classes (7). Most of
the current knowledge concerning the mechanism of nitrogenases is
based on studies of the molybdenum nitrogenase; hence, this enzyme
will be the focus of discussion in this article.

2 The identity of X is unknown, but it is considered to be N, C, or
O (8).

3 Recently, significant progress has been made in the chemical
synthesis of P-cluster topologs (11-17).

FIGURE 1: X-ray crystal structure of half of the ADP ·AlF4
-

stabilized Fe protein-MoFe protein complex (A) and the relative
positions of components in the complex that are involved in the
electron flow (B) (10). The identical subunits of Fe protein are
colored orange and yellow, and the R- and �-subunits of MoFe
protein are colored red and blue, respectively.
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PROPERTIES OF MoFe PROTEIN
The MoFe protein of A. Vinelandii is an R2�2-tetramer of

∼230 kDa, and its R-subunit (∼55 kDa) and �-subunit (∼59
kDa) are encoded by the nifD and nifK genes, respectively.
The protein consists of a pair of R�-dimers related by a
molecular 2-fold rotation axis (Figure 2) (8, 9). Each of the
homologous R- and �-subunits comprises three domains,
designated RI, RII, and RIII and �I, �II, and �III, respec-
tively, all of which exhibit a parallel �-sheet/R-helical type
of polypeptide fold. The P-cluster is located between domains
RI and �I, whereas FeMoco occupies a cavity formed among
domains RI-RIII.

P-Cluster. The P-cluster is found at the interface between
the R- and �-subunit, 10 Å below the surface of the
protein (8, 9). When MoFe protein is isolated in the presence
of excess dithionite, its P-cluster exists in a diamagnetic
state (designated PN) (18, 19). All of the Fe atoms of the PN

state are believed to be ferrous. The PN state of the P-cluster
can be two-electron oxidized to the P2+ state (designated POX)
with oxidants like indigo disulfonate (IDS) (20). This stable
S ) integer (3 or 4) state can be recognized by a g ) 11.8
signal in the parallel mode EPR (19, 21). Both oxidation
states of the P-cluster (Figure 3A,B) contain eight Fe and
seven S atoms, which are covalently coordinated to the MoFe
protein by six cysteinyl ligands, three from the R-subunit
(CysR62, CysR88, and CysR154) and three from the �-subunit
(Cys�70, Cys�95, and Cys�153). In both cases, CysR62, CysR154,
Cys�70, and Cys�153 coordinate one Fe atom each, whereas
CysR88 and Cys�95 coordinate two Fe atoms each (9, 22, 23).
However, PN and POX are structurally different in that one-
half of the P-cluster in the POX state is present in a more
open conformation. The interconversion between PN and POX

involves two Fe atoms of the P-cluster, and changes in the
core structure of the cluster are accompanied by changes in
the ligation between the cluster and the protein (23). Two
additional protein ligands are present in the POX state; one
is the Oγ atom of Ser�188 that coordinates the same Fe atom
as the cysteinyl group of Cys�153, and the other is the CysR88

that coordinates an Fe atom with a backbone amide nitrogen
ligand in addition to providing a cysteinyl ligand to the same
Fe atom (23).

FeMoco. FeMoco is located within the R-subunit of MoFe
protein, 14 Å from the P-cluster. It can be studied when it is
buried within the MoFe protein or extracted into N-
methylformamide (NMF) (2, 24, 25). FeMoco can undergo
reversible one-electron oxidation and reduction (1), and it
is generally considered as the site of substrate reduction. The

overall stoichiometry of FeMoco is 1Mo:7Fe:9S:1homoci-
trate, and it can be viewed as a [Fe4S3] and a [MoFe3S3]
cluster bridged by three inorganic sulfide atoms (Figure
3C) (8, 9, 25). In addition, high-resolution (1.16 Å) X-ray
structural analysis of A. Vinelandii MoFe protein reveals the
presence of a µ6-interstitial light atom X in the center of
FeMoco (8).2 The identity of this atom has remained as one
of the focal points of ongoing research (26–30) because of
its promising relevance to substrate reduction (5). The core
charge of FeMoco is proposed to be +1 or +3 in the resting
state (31, 32), yet isolated FeMoco is known to be anionic
(25). The overall negative charge of FeMoco is supplied by
homocitrate, an organic terminal ligand of Mo, which is -4
if the OH group is deprotonated. FeMoco is ligated to the
R-subunit of MoFe protein by just two ligands, HisR442 at
the Mo/homocitrate end and CysR275 at the opposite end.

ASSEMBLY OF MoFe PROTEIN

Assembly of MoFe protein is arguably one of the most
complex processes in the field of bioinorganic chemistry,
requiring, at least, the participation of nifS, nifU, nifB, nifE,
nifN, nifV, nifQ, nifZ, nifH, nifD, and nifK gene products
(33). Multiple events occur during this process, including
the biosynthesis of clusters, the incorporation of clusters into
the polypeptide matrices, and the coordination of these events
that eventually leads to the formation of a mature protein.
Although previous genetically derived information contrib-
uted a great deal to the identification of factors involved in
MoFe protein assembly, the exact function of these factors
and the precise sequence of events have remained unclear
until recently, when characterization of a number of as-
sembly-related intermediates provided significant insight into
this biosynthetic “black box”. A refined mechanism of MoFe
protein assembly can be proposed on the basis of these
intermediates (Figure 4), which consists of (1) “ex situ”
assembly of FeMoco on NifEN, (2) incorporation of FeMoco
into MoFe protein, (3) “in situ” assembly of the P-cluster
on MoFe protein, and (4) stepwise assembly of MoFe protein.

Ex Situ Assembly of FeMoco (Figure 4, 1). Biosynthesis
of FeMoco occurs in a manner independent of the production
of MoFe protein polypeptides (hence the term ex situ, which
refers to the biosynthesis of FeMoco outside of the target
MoFe protein) (34). Largely on the basis of genetic evidence,
FeMoco biosynthesis is likely launched by NifUS (nifU and
nifS gene products), which mobilizes Fe and S for the
assembly of small Fe/S fragments (35–39). These small Fe/S
fragments are subsequently transferred to NifB (nifB gene
product) and further processed into a FeMoco “core” that
potentially contains all necessary Fe and S for the generation
of a mature cofactor (33, 40). The FeMoco core is then
transferred to NifEN (nifE and nifN gene products) and
undergoes additional rearrangement before its delivery to the
MoFe protein (33, 41, 42). Thus, the flow of Fe and S
through the biosynthetic pathway of FeMoco is likely as
follows: NifUS f NifB f NifEN f MoFe protein (nifD
and nifK gene products) (33). Other key players in FeMoco
biosynthesis include NifV (nifV gene product), the homoci-
trate synthase that is in charge of supplying homocitrate for
FeMoco biogenesis; NifQ (nifQ gene product), a protein
factor that is potentially responsible for mobilizing Mo for
FeMoco assembly; and Fe protein (nifH gene product), the

FIGURE 2: X-ray crystal structure of the R2�2-tetrameric MoFe
protein of A. Vinelandii (8, 9). The R- and �-subunits of MoFe
protein are colored red and blue, respectively. The positions of the
P-cluster and FeMoco are indicated.
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catalytic electron donor to MoFe protein that is also
implicated in FeMoco maturation (33, 43, 44).

The participation of NifU, NifS, and NifB in the early
assembly steps of FeMoco was originally established by
deletion analyses of the respective encoding genes for these
proteins (45). Recently, it was reported that FeMoco could

be synthesized in Vitro in an assay containing purified NifB
and NifEN (46) and that NifB might act as a SAM-dependent
enzyme during the synthesis of FeMoco (47). Currently, no
spectroscopic or structural evidence is available that is
directly indicative of the nature of cluster species rendered
by the biosynthetic events prior to the intervention of NifEN.

FIGURE 3: Structures of PN (A) and POX (B) states of the P-cluster (20, 21) and FeMoco (C) (8).

FIGURE 4: Refined model of the assembly of nitrogenase MoFe protein. (1) Ex situ assembly of FeMoco on NifEN, which involves a series
of events leading to the conversion of the precursor (as in NifEN) to “FeMoco” (as in NifENcomplete) upon addition of Mo and homocitrate
by Fe protein/MgATP (as in Fe proteincomplete). (2) Insertion of FeMoco into MoFe protein, which involves the concomitant conversion of
the FeMoco binding site to an accessible conformation upon formation of the P-cluster, the direct transfer of FeMoco from NifEN to MoFe
protein by protein–protein interactions, and the insertion of FeMoco into its binding site through a positively charged funnel. (3) and (4)
In situ assembly of the P-cluster on MoFe protein and concurrent stepwise assembly of MoFe protein, which involve the sequential conversion
of paired [Fe4S4]-like clusters to [Fe8S7] P-clusters, one at a time, and the concomitant assembly of MoFe protein upon P-cluster formation
and FeMoco insertion, one R�-subunit half prior to the other. Maturation of the P-cluster involves the processing of the [Fe4S4]-like clusters
(as in ∆nifH MoFe protein) into a more reduced form (as in ∆nifH MoFe proteinPI) by Fe protein/MgATP before the formation of the first
P-cluster (as in ∆nifZ∆nifB MoFe protein) through coupling of [Fe4S4]-like clusters. The second pair of [Fe4S4]-like clusters is forced into
an unfavorable conformation for coupling by the assembly of the first P-cluster and requires the sequential actions of NifZ and Fe protein/
MgATP for maturation. At this point, depending on the availability of FeMoco and the rate at which FeMoco is inserted, the second
P-cluster is formed either before (as in ∆nifB MoFe protein) or after (as in ∆nifZ MoFe protein) the insertion of FeMoco into the first
R�-subunit half.
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Nevertheless, NifB undoubtedly plays a considerable role
in synthesizing a FeMoco core either prior to its transfer to
NifEN or upon its interaction with NifEN, as NifEN isolated
from nifB-deletion background is free of any biosynthetic
intermediate of FeMoco, whereas NifEN isolated from nifB-
intact background contains a FeMoco-like cluster (see below)
(48). The eventual result of nifB deletion is the accumulation
of a FeMoco-deficient form of MoFe protein (designated
∆nifB MoFe protein). Such a MoFe protein has an “open”
FeMoco site that is readily accessible to FeMoco and,
therefore, can be used to monitor the formation of FeMoco
by in Vitro FeMoco biosynthesis assays (see below).

The function of NifEN as a scaffold protein for further
processing of the FeMoco core was initially proposed on
the basis of a significant level of sequence identity between
NifEN and MoFe protein, which has led to the hypothesis
that NifEN contains cluster binding regions that are analo-
gous to the P-cluster and FeMoco sites in the MoFe
protein (33, 41, 42, 49). While the P-cluster analogue in
NifEN was determined earlier to be a [Fe4S4] type of cluster
(42), the FeMoco counterpart in the protein has remained
unidentified until the recent characterization of a NifEN
complex isolated from nifB-intact yet nifHDK-deficient
background. The absence of nifDK-encoded MoFe protein
(the terminal acceptor of FeMoco) and nifH-encoded Fe
protein (an essential factor for FeMoco maturation) allows
the accumulation of a precursor form of FeMoco on NifEN.
This NifEN-bound precursor contains no Mo and exhibits a
unique g ) 1.92 EPR signal in the IDS-oxidized state (Figure
5) (48). More excitingly, Fe K-edge XAS analysis reveals
that the precursor is a Mo-free analogue of FeMoco and not
one of the more commonly suggested cluster types based
on the standard [Fe4S4] architecture (50). Both the Fe8 model
(Figure 6A) and the Fe7 model (Figure 6B) of the precursor
resemble FeMoco with slightly elongated interatomic dis-

tances (33). This finding suggests that, instead of following
the previously postulated mechanism that involves the
coupling of [Fe4S3] and [MoFe3S3] subclusters, FeMoco is
assembled by the formation of the Fe/S core prior to the
insertion of the heterometal.

The precursor on NifEN undergoes further transformation
upon incubation with Fe protein, MgATP, MoO4

2-, and
homocitrate (34). NifEN reisolated after such treatment
(designated NifENcomplete) contains Mo, as opposed to the
untreated NifEN (designated NifEN), and it no longer
exhibits the IDS-oxidized, g ) 1.92 feature (Figure 5) that
is characteristic of the Mo-free precursor (34). Furthermore,
NifENcomplete can serve as a FeMoco donor that directly
activates the FeMoco-deficient ∆nifB MoFe protein, sug-
gesting that (1) both Mo and homocitrate are inserted into
the precursor while it is still bound to NifEN and (2) the
resulting fully complemented cluster is transferred from
NifEN to MoFe protein by direct protein–protein interactions
(34). Fe and Mo K-edge XAS/EXAFS studies of the
NifENcomplete-bound cluster show that the FeMoco on NifEN-
complete (Figure 6C) closely resembles the FeMoco on MoFe
protein (Figure 3C), except for a significant amount of
disorder in the Mo environment that likely results from the
asymmetric coordination of Mo in NifEN as compared to
that in MoFe protein (34). This observation indicates a final
“touch-up” of the FeMoco structure through ligand coordina-
tion at its target site in MoFe protein.4

The observation that cluster conversion is completed prior
to its exit from NifEN not only allows an accurate assessment
of the biosynthetic events hosted by NifEN but also suggests
a significant role of Fe protein in this process. Fe protein
reisolated after incubation with MgATP, MoO4

2-, homoci-
trate, and NifEN (designated Fe proteincomplete) is capable of
activating the ∆nifB MoFe in combination with NifEN (53).
This observation indicates that Fe proteincomplete carries Mo
and homocitrate, which can be inserted into the precursor
on NifEN for the formation of a fully complemented cluster
that subsequently activates the ∆nifB MoFe protein (53). The
concomitant hydrolysis of MgATP is absolutely required for
the “loading” of Mo and homocitrate onto the Fe protein,
for substitutions of ATP with ADP or nonhydrolyzable ATP
analogues, or wild-type Fe protein with variant Fe proteins
defective in MgATP hydrolysis, result in the inability of Fe
protein to deliver Mo and homocitrate to NifEN (53).
Comparative Mo K-edge XAS analysis of Fe proteincomplete

and free molybdate shows an edge shift of ∼2.3 eV,
indicating that the Mo associated with the Fe proteincomplete

is modified from its supplied form (53). Furthermore, there
is an additional ∼0.5 eV edge shift if homocitrate is omitted
during the preparation of Fe proteincomplete, suggesting the
presence of homocitrate and its impact on the Mo environ-
ment in Fe proteincomplete (53).

Incorporation of FeMoco into MoFe Protein (Figure 4,
2). Upon completion of its assembly on NifEN, FeMoco is
transferred to and inserted in MoFe protein through a
complicated mechanism. It has been suggested previously
that the delivery of FeMoco from NifEN to MoFe protein is
mediated by a carrier protein, such as NifX (nifX gene
product), NifY (nifY gene product), or NafY (nafY gene

4 A Mo-containing cluster has been identified on NifEN, which may
offer an alternative route of FeMoco assembly (50, 51).

FIGURE 5: EPR spectra of (1) “unprocessed” NifEN (48) and (2)
“processed” NifENcomplete (34) in the IDS-oxidized state.

FIGURE 6: Fe8 (A) and Fe7 (B) model of the NifEN-bound FeMoco
precursor (50) and model of NifEN-bound “FeMoco” (C). In all
models, S is shown as the ligand to one of the terminal Fe atoms,
as the Cys residue that ligates FeMoco in the MoFe protein is
conserved in the NifE primary sequence. The disordered Mo
environment in panel C is indicated by equilibrium between two
plausible conformations of NifEN-bound FeMoco.
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product), and that this carrier protein interacts with the MoFe
protein (R2�2) in a manner similar to that of the additional
γ-subunit of the Klebsiella pneumoniae MoFe protein
(R2�2γ2) during the transfer of FeMoco (33, 54–56).

However, the absolute requirement of such a FeMoco
carrier was precluded by the previous observation of unaf-
fected nitrogen fixing ability of the host upon deletions of
carrier-encoding genes and the recent finding of direct
FeMoco transfer between NifEN and MoFe protein upon
protein–protein interactions (34). Sequence comparison
between NifEN and MoFe protein reveals that certain
residues that either provide a covalent ligand or tightly pack
FeMoco within the polypeptide matrix of MoFe protein are
not duplicated in the corresponding NifEN sequence. It is
possible, therefore, that the respective cluster sites in NifEN
and MoFe protein are brought into the proximity of each
other, which allows the subsequent “diffusion” of FeMoco
from its biosynthetic site in NifEN (low-affinity site) to its
binding site in MoFe protein (high-affinity site). On the other
hand, although the transfer of FeMoco can occur without a
carrier protein, it may involve accessory factors that further
improve the efficiency of this process. Thus, the factors
previously hypothesized as FeMoco carriers may instead act
as regulatory elements in FeMoco synthesis, post-transla-
tional modifiers that fine-tune the key residue(s) in the
protein(s) for cluster formation, or chaperones that stabilize
the protein complex and/or reposition the proteins in a
favorable orientation for FeMoco transfer. Recently, one such
factor, NifX, has been reported to participate in FeMoco
assembly in a chaperone-like function (57, 58). In addition
to the nif-specific accessory proteins, the well-established
chaperone GroEL has also been shown to facilitate FeMoco
insertion, although it is not clear if GroEL works alone or
together with GroES in this process (59).

Upon its delivery to MoFe protein, FeMoco interacts with
a number of MoFe protein residues en route to its target
location within the protein. Identification of these residues
was assisted by studies of ∆nifB MoFe protein, a P-cluster-
intact yet FeMoco-deficient form of MoFe protein that can
be readily reconstituted by isolated FeMoco (60). Compari-
son of the crystal structures of ∆nifB and wild-type MoFe
proteins has led to the discovery of a positively charged

“funnel” in the RIII domain of ∆nifB MoFe protein that is
of sufficient size to accommodate the insertion of the
negatively charged FeMoco (Figure 7A) (60). This observa-
tion, along with the fact that ∆nifB MoFe protein can be
fully reconstituted by isolated FeMoco, strongly points to
the physiological relevance of ∆nifB MoFe protein as a
biosynthetic “snapshot” of MoFe protein immediately prior
to FeMoco insertion. A closer inspection of the funnel reveals
three distinct regions that are potentially important for
FeMoco insertion. (1) The first is the “lid loop” (residues
R353-R364), which potentially guides FeMoco to the
insertion funnel. Among them, HisR362, which is located at
the tip of the loop, could serve as a transient ligand for
FeMoco at the entrance of the funnel (Figure 7B, 1). (2)
The second is the “His triad” (HisR274, HisR442, and HisR451),
which may provide a histidine-enriched, intermediary dock-
ing point for FeMoco during its journey through the funnel
(Figure 7B, 2). (3) The third is the “switch/lock” (HisR442

and TrpR444), which could secure FeMoco in its binding site
by the bulky side chain of TrpR444 following a swap in
position between TrpR444 and HisR442 at the bottom of the
funnel (Figure 7B, 3) (33, 60). The participation of these
residues in FeMoco insertion has been confirmed by muta-
tional analyses that demonstrate a specific and substantial
reduction in the level of FeMoco incorporation upon removal
of the positive charge, ligand capacity, or steric effect at the
respective positions (61–63). Furthermore, FeMoco insertion
is accompanied by a considerable amount of structural
rearrangement of MoFe protein. Consistent with the structur-
ally confirmed “open” conformation of the RIII domain in
∆nifB MoFe protein (60), the SAXS-derived Rg value of the
∆nifB MoFe protein (42.4 Å) is slightly yet reproducibly
larger than that of the wild-type MoFe protein (40.2 Å) (64),
suggesting that ∆nifB MoFe protein has a more “relaxed”
conformation than its wild-type counterpart. Considering that
the ∆nifB MoFe protein is likely the biosynthetic intermediate
right before the fully assembled MoFe protein, these
observations indicate that MoFe protein undergoes a “com-
pacting” conformational change upon FeMoco insertion.

In Situ Assembly of the P-Cluster (Figure 4, 3). On the
basis of genetic evidence, biosynthesis of the P-cluster, like
that of FeMoco, starts with the action of NifUS (45).

FIGURE 7: (A) Electrostatic surface potential representation of the ∆nifB MoFe protein (60). Negative, positive, and neutral potentials are
colored red, blue, and gray, respectively. (B) Schematic representation of the positively charged funnel (blue dashed line) of the ∆nifB
MoFe protein. Highlighted are key areas for FeMoco insertion: (1) lid loop, formed by residues R353-R364, among which HisR362 is the
residue that is located at the tip of the loop; (2) His triad, formed by HisR274, HisR442, and HisR451; and (3) switch/lock, formed by HisR442

and TrpR444 (38).
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However, further processing of small, NifUS-generated Fe/S
fragments into a mature P-cluster takes place within the
MoFe protein (hence the term in situ, which refers to the
maturation of the P-cluster within the MoFe protein). There
is evidence that Fe protein is involved in P-cluster formation;
however, the exact function of Fe protein in the process, as
well as the nature of the P-cluster biosynthetic intermediate,
has remained largely unknown.

Earlier attempts at extracting P-clusters from MoFe protein
have resulted in the recovery of [Fe4S4] clusters that might
represent the breakdown products of the P-cluster. This
observation pointed to the possibility of P-cluster formation
by [Fe4S4] fragments, an approach that has been attempted
by synthetic chemists to generate Fe/S clusters of high
nuclearity (for a review, see ref 65). Biological evidence in
this regard was obtained recently from the characterization
of a MoFe protein isolated from the nifH-deletion background
(designated ∆nifH MoFe protein). Like ∆nifB MoFe protein,
∆nifH MoFe protein is FeMoco-deficient due to the absence
of nifH-encoded Fe protein that is required for FeMoco
maturation (see Ex Situ Assembly of FeMoco). However, in
contrast to ∆nifB MoFe protein, ∆nifH MoFe protein
contains an unusual “P-cluster”, displaying, in the dithionite-
reduced state, an S ) 1/2 EPR signal that is characteristic of
[Fe4S4] clusters (66). Fe K-edge XAS/EXAFS analysis
reveals that the P-cluster in ∆nifH MoFe protein is composed
of paired [Fe4S4]-like clusters, either separated or bridged
(Figure 8) (67). VTVH-MCD analysis provides further
support for the model of separated [Fe4S4] centers, showing
that each [Fe4S4] pair contains a [Fe4S4]+ cluster and a
diamagnetic [Fe4S4]-like cluster which, upon IDS oxidation,
becomes paramagnetic (68).

The paired [Fe4S4] clusters in ∆nifH MoFe protein
represent a physiologically relevant precursor to the P-cluster,
as ∆nifH MoFe protein can be fully activated, in crude
extract, upon incubation with Fe protein, MgATP, dithionite,
and isolated FeMoco (69). Given that ∆nifH MoFe protein
contains precursors in place of the fully assembled P-clusters,
it could represent an intermediate that occurs earlier than
∆nifB MoFe protein along the biosynthetic pathway. Com-
parative SAXS analysis of ∆nifH, ∆nifB, and wild-type
MoFe proteins shows that the ∆nifH MoFe protein exists in
the most extended conformation (Rg ) 45.7 Å), followed

by the ∆nifB MoFe protein (Rg ) 42.4 Å), and then the wild-
type MoFe protein (Rg ) 40.2 Å) (64). The increase in the
size of ∆nifH MoFe protein is correlated to an increase in
the solvent accessibility of the P-cluster precursor Fe atoms
and can be best modeled by a 6 Å gap at the R/�-subunit
interface (Figure 9C) that is absent from the structure of
either ∆nifB (Figure 9B) or wild-type (Figure 9A) MoFe
protein. These results suggest that the coupling of P-cluster
subclusters is accompanied by a conformational change in
the MoFe protein that brings the R- and �-subunits together.
Furthermore, maturation of the P-cluster not only affects the
R/�-subunit interface but also has an impact on the FeMoco
binding site within the R-subunit of MoFe protein. Upon
incubation with Fe protein, MgATP, and the reductant, not
only is the P-cluster precursor in the ∆nifH MoFe further
processed (70), the protein (designated ∆nifH MoFePI) can
also be activated to ∼10% of the maximal activity, suggest-
ing that, concomitant with the formation of the P-cluster,
the FeMoco site is partially “opened” up, possibly upon the
Fe protein-induced conformational changes. Thus, the in situ
assembly of the P-cluster within MoFe protein triggers
multiple events that eventually lead to the formation of a
mature MoFe protein.

Stepwise Assembly of MoFe Protein (Figure 4, 4). One
important aspect of MoFe protein assembly is the coordina-
tion of multiple events that occur during the process,
including the timing of cluster synthesis and insertion and
the order of subunit folding and rearrangement. While there
is strong evidence supporting the concept that P-cluster
formation precedes FeMoco insertion (see In Situ Assembly
of the P-Cluster), little is known about how assembly events
of the two R�-subunit halves are aligned.

Recently, a “half-assembled” form of MoFe protein was
isolated from the nifZ-deletion background (designated ∆nifZ
MoFe protein), which contains a P-cluster and a FeMoco in
one R�-subunit dimer and a P-cluster precursor and a vacant
FeMoco site in the other (71). The P-cluster species in the
“second” half comprises two [Fe4S4]-like clusters, as it
exhibits the S ) 1/2 EPR signal that is very much similar to
that displayed by the precursor in ∆nifH MoFe protein (66, 71).
These observations suggest that (1) MoFe protein is as-
sembled in a stepwise fashion, (2) completion of the “first”
R�-half forces the “second” half into a conformation that

FIGURE 8: Structural models of the MoFe protein-bound P-cluster precursor (67). The cluster likely consists of two [Fe4S4] centers localized
on the R- and �-subunit and exists either as two completely separate sites (A and B) or as two distinct Cys-ligated (C) or edge-bridged (D)
fragments. Assignment of Cys ligands is based on comparison of the orientations of the precursor and P-cluster. Additionally, panel A, B,
or C contains at least one O/N ligand (red).
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does not allow proper coupling of the two [Fe4S4] fragments
into a mature P-cluster, and (3) NifZ is specifically required
for the formation of the second P-cluster, possibly through
a chaperone-like function.

Subsequent studies of a MoFe protein isolated from the
nifZ/nifB-double deletion background (designated ∆nifZ∆nifB
MoFe protein) allowed investigation of the maturation of
the second P-cluster without the interference of FeMoco.
Such a MoFe protein is FeMoco-deficient and contains one
P-cluster in one R�-half and one paired [Fe4S4]-like cluster
in the other, as confirmed by EPR (71) and preliminary MCD
studies (unpublished data). Consistent with the presence of
a fully assembled P-cluster in the first half, ∆nifZ∆nifB MoFe
protein can be activated, without additional factors, to ∼50%
of the activity of the fully reconstituted ∆nifB MoFe protein
(71). Upon incubation with NifZ and Fe protein/MgATP,
∆nifZ∆nifB MoFe protein can be further activated to ∼86%
of the maximal activity. The additional ∼36% increase in
the level of activation suggests the conversion of a major
portion of the precursor to the mature P-cluster in the second
half of the protein, which is further backed up by EPR
analysis that shows a decrease in the intensity of the
precursor-associated S ) 1/2 signal and a concurrent increase
in the magnitude of the P2+-associated, g ) 11.8 signal
during this process (72). Furthermore, the action of NifZ is
required prior to that of Fe protein/MgATP for the maturation
of the second P-cluster, as ∆nifZ∆nifB MoFe protein
reisolated after incubation with NifZ alone can be activated
by Fe protein/MgATP whereas ∆nifZ∆nifB MoFe protein
reisolated after incubation with Fe protein/MgATP cannot
be activated by NifZ (72). The fact that ∆nifZ∆nifB MoFe
protein cannot be activated fully suggests that additional
factors may be required along with NifZ for P-cluster
formation. Such factors could be the products of nifW and
nifM genes, both of which were juxtapositioned with the nifZ
gene on the chromosome and implicated earlier in MoFe
protein assembly.

In conclusion, there has been major progress in the
elucidation of the biosynthetic mechanism of MoFe protein
and its associated metal clusters in recent years. However,
the job of piecing together this biological puzzle is far from

finished. With regard to FeMoco assembly, the biosynthetic
events that occur prior to NifEN and, in particular, those
hosted by NifB remain largely unknown, whereas in the case
of P-cluster assembly, the biogenic steps leading to the
formation of the precursor, and its subsequent incorporation
into the target site, are poorly understood. In addition, how
key proteins interact with each other during cluster transfer,
as well as what accessory factors are involved in every
biosynthetic step, has not been well explored. A compre-
hensive understanding of this complex process relies on
future biochemical, spectroscopic, and structural studies that
unambiguously determine the mode of action of each
biosynthetic component and the network of interactions
among these components.
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