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MINIREVIEW

Maturation of Nitrogenase: a Biochemical Puzzle
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NITROGENASES

The nitrogenase enzyme catalyzes the reductive breakage of
the very strong triple bond of N2 to generate NH3 in a process
known as biological nitrogen fixation. Biological nitrogen fix-
ation is an essential step in the nitrogen cycle in the biosphere,
and it is a major contributor to the nitrogen available to agri-
cultural crops. Nitrogenases are composed of two proteins that
can be purified separately: dinitrogenase and dinitrogenase
reductase (8, 31). Dinitrogenase, also referred to as the MoFe
protein or component I, is a 220- to 240-kDa tetramer of the
nifD and nifK gene products that contains two pairs of two
complex metalloclusters known as the P-cluster and the iron
molybdenum cofactor (FeMo-co) (10, 43, 74). Each �� pair of
subunits of NifD and NifK contains one P-cluster and one
molecule of FeMo-co. FeMo-co is composed of homocitrate
and a MoFe3-S3 cluster bridged to a Fe4-S3 cluster by three
sulfur ligands. The Mo atom is coordinated to the C-2 carboxyl
and hydroxyl groups of R-homocitrate. Recently, an electron-
dense area has been observed within the core of Fe atoms of
FeMo-co and has been proposed to be a low-atomic-weight
species (O or N) (Fig. 1) (21). The P-cluster is a [8Fe-7S]
cluster with a structure similar to that of FeMo-co, which
consists of two [4Fe-3S] cubanes connected by a central S atom
(Fig. 1). The P-clusters are located at the �� subunit interface
and are coordinated by cysteinyl residues from both subunits.
Dinitrogenase reductase, also referred to as the Fe protein or
component II, is a 60-kDa dimer of the product of the nifH
gene, which contains a single [4Fe-4S] cluster at the subunit
interface and two Mg-ATP-binding sites, one at each subunit
(28). Hereafter in this minireview, we will use the Fe protein
and MoFe protein nomenclature when referring to the nitro-
genase components. The Fe protein is the obligate electron
donor to the MoFe protein; electrons are transferred from the
[4Fe-4S] cluster of the Fe protein to the P-cluster of the MoFe
protein and in turn to FeMo-co, the site for substrate reduction
(9, 14). In addition, the Fe protein functions in the biosynthesis
of FeMo-co and in the maturation of apo-MoFe protein (18,
67).

It was assumed for a long time that the ability to fix nitrogen
was a metabolic specialization carried out by a small group of
organisms; however, the fact is that this capability is very

widely spread among bacterial genera, in both the eubacteria
and the archaeobacteria (79). On the other hand, to date, no
eukaryotic organisms with the ability to fix nitrogen have been
reported. Although the Mo-containing nitrogenase is the most
commonly found nitrogenase in nature, there are two homol-
ogous alternative nitrogenases that are genetically distinct but
have similar cofactor and subunit composition: the V-contain-
ing nitrogenase and the Fe-only nitrogenase, which are en-
coded by the vnf and anf genes, respectively (4, 51). One
difference is that the alternative dinitrogenases in their mature
forms are hexameric proteins encoded by the vnfDGK and
anfDGK operons, with the � subunits being the products of the
vnfG and anfG genes, respectively (see below) (13, 39, 66). The
Mo-containing, V-containing, and Fe-only nitrogenases are
not equally distributed in nature. Some organisms, like Azoto-
bacter vinelandii, possess all three types of nitrogenases (6, 13,
56). Other organisms, like Rhodobacter capsulatus and Rho-
dospirillum rubrum, carry the Mo-containing and Fe-only ni-
trogenases (17, 73), while some organisms, like Anabaena
variabilis, carry the Mo- and V-containing nitrogenases (76).
Finally, Klebsiella pneumoniae possesses only the Mo-contain-
ing nitrogenase (2). Interestingly, wild-type organisms carrying
only an alternative nitrogenase have not yet been found in
nature. Most of what is known about the maturation of nitro-
genase components comes from studies on the Mo-containing
nitrogenase. In addition, a fourth type of nitrogenase has been
recently discovered which is not phylogenetically related to the
above ones (59). This nitrogenase, found only in Streptomyces
thermoautotrophicus, carries a Mo-molybdopterin cytosine
dinucleotide cofactor (Mo-MCD) as active site and exhibits
different protein composition. This type of nitrogenase will not
be reviewed here.

The P-cluster and FeMo-co are among the most complex
metalloclusters known. Thus, biosynthesis of FeMo-co and
maturation of the MoFe protein have become model systems
for the study of synthesis of complex metalloenzymes with
significance to all of biology. It should be noted that a very
large number of enzymes carry some type of [Fe-S] clusters
that are involved in processes as diverse as electron transfer,
catalysis, and redox sensing (3).

The structural genes for the MoFe protein, nifD and nifK,
are not required for the biosynthesis of FeMo-co (36, 64, 77).
It is accepted that FeMo-co is assembled separately in the cells
and is finally incorporated into a FeMo-co-deficient apo-MoFe
protein. A number of nitrogen fixation (nif) genes are required
for the biosynthesis of FeMo-co and maturation of the nitro-
genase component proteins from folded polypeptides to their
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metallocluster-containing catalytically active forms. Roles for
the nifB, nifQ, nifX, nifN, nifE, nifV, and nifH genes in
FeMo-co biosynthesis have been described (Table 1) (for re-
cent reviews, see references 18 and 67). The nifY, nifH, nifW,
nifZ genes, and the non-nif nafY gene (named for nitrogenase
accessory factor Y) seem to be involved in MoFe protein mat-
uration. In this minireview, we will define nif genes as nifA and
the genes under the control of the transcriptional regulator
NifA that are responsible for the production of a functional
Mo nitrogenase. On the other hand, the nafY gene is involved
in the formation of a functional Mo nitrogenase, but its ex-
pression is not coregulated with nif expression. Other nif genes
whose roles have been defined are nifM, which seems to be
required for the maturation of the Fe protein (35), and nifU
and nifS genes, which are proposed to have a general role in
the biosynthesis of [Fe-S] clusters for the nitrogenase compo-
nents (80). No nif genes whose function is solely the synthesis
of the P-clusters have been described yet.

A number of vnf genes (named for vanadium nitrogen fixa-
tion) have been implicated in the biosynthesis of FeV-co (vnfN,
vnfE, vnfX, and vnfH) and in the maturation of the VFe protein
(vnfG and vnfY) in A. vinelandii (Table 2) (56, 70). Very little
is known about the role of anf-specific genes (named for alter-
native nitrogen fixation) in the biosynthesis of FeFe-co. It is
interesting that no anfN or anfE genes have yet been found,

suggesting that NifNE may also serve as a scaffold for the
biosynthesis of FeFe-co. The roles of the vnf and anf genes
from the alternative nitrogenase systems are supposed to be
similar to those of their nif counterparts. For example, NifNE
and VnfNE are believed to serve as scaffolds for the biosyn-
thesis of FeMo-co and FeV-co, respectively. In addition to the
vnf and anf genes, five nif genes (nifU, nifS, nifB, nifM, and
nifV) are also required for the biosyntheses of FeV-co and
FeFe-co of the alternative nitrogenases (5, 40, 41, 56).

OVERVIEW OF NITROGENASE STRUCTURE

A brief description of the structural features of the MoFe
and Fe proteins will be provided, because it will help the reader
understand the nature of the protein environment around the
metal clusters and the protein conformational changes needed
to accommodate the FeMo-cofactor during the maturation of
the nitrogenase components. It will become evident that large

FIG. 1. Metal clusters of the nitrogenase MoFe protein.
(A) FeMo-co and (B) the P-cluster in the reduced state. The amino
acid ligands to FeMo-co are shown (�-Cys275 and �-His442). The cen-
tral atom in the cavity of FeMo-co is colored as nitrogen. For the
P-cluster, only the bridging cysteinyl ligands are shown (�-Cys88 and
�-Cys95). Atoms are colored as follows: iron, magenta; molybdenum,
grey; sulfur, yellow; carbon, green; oxygen, red; and nitrogen, blue.

TABLE 1. nif gene products and their role (known or proposed) in
nitrogen fixation

Gene Identity and/or role of gene product

nifH ...................Fe protein. Obligate electron donor to MoFe protein
during nitrogenase turnover. NifH is also required
for FeMo-co biosynthesis and apo-MoFe protein
maturation.

nifD ...................� subunit of MoFe protein. Forms an �2�2 tetramer
with the � subunit. The site of substrate reduction,
FeMo-co, is within the � subunit of MoFe protein.

nifK ...................� subunit of MoFe protein. P-clusters are present at
each �� subunit-interface.

nifT ...................Unknown.
nifY/nafY...........Chaperone for the apo-MoFe protein. NafY is also a

FeMo-co carrier and is proposed to aid in the
insertion of FeMo-co into apo-MoFe protein.

nifE ...................Forms �2�2 tetramer with NifN. Required for FeMo-
co synthesis. Proposed to function as a scaffold on
which FeMo-co is synthesized.

nifN ...................Required for FeMo-co synthesis. Tetramer with
NifE.

nifX ...................Involved in FeMo-co synthesis. Accumulates an
FeSMo-containing precursor.

nifU ...................Molecular scaffold for the formation of Fe-S cluster
for nitrogenase components.

nifS....................Involved in mobilization of S for Fe-S cluster
synthesis and repair.

nifV ...................Homocitrate synthase, involved in FeMo-co
synthesis.

nifW ..................Involved in stability of MoFe protein.
nifZ ...................Unknown.
nifM ..................Required for the maturation of NifH.
nifF....................Flavodoxin. Physiological electron donor to NifH in

K. pneumoniae.
nifL ...................Negative regulatory element.
nifA ...................Positive regulatory element.
nifB ...................Required for FeMo-co synthesis. Its metabolic

product, NifB-co, is a specific Fe and S donor to
FeMo-co.

fdxN ..................Ferredoxin. In R. capsulatus, it serves as electron
donor to nitrogenase.

nifQ ...................Involved in FeMo-co synthesis. Proposed to function
in early MoO4

2� processing.
nifJ ....................Pyruvate: flavodoxin (ferredoxin) oxidoreductase.

Electron donor to Fe protein in K. pneumoniae.
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conformational changes occur within the MoFe protein along
its maturation.

The molecular structures of the MoFe proteins from A.
vinelandii (21, 43, 44), K. pneumoniae (52), and Clostridium
pasteurianum (7, 45) have been solved and in all cases shown to
exist as �2�2 tetramers composed of two pairs of �� dimers
related by a twofold symmetry (Fig. 2). Each polypeptide chain

in the tetramer contains three parallel �-sheet/�-helix folding
domains designated I, II, and III and I�, II�, and III� for the �
and � subunits, respectively. The tetramer interface is mainly
stabilized by the interactions of the �-helices from domains II�
and III�. The FeMo-cofactors are located 10 Å beneath the
protein surface at the interface of the three domains of the �
subunits in a primarily hydrophilic environment. The protein
ligands to FeMo-co are the thiol group of a cysteine, which
coordinates to the distal Fe atom, and the side chain nitrogen
atom of a histidine residue, which binds to the Mo atom at the
other end of the cofactor (these are residues �-Cys275 (Cys275

in the � subunit) and �-His442 in the A. vinelandii MoFe pro-
tein). The Mo atom is also coordinated to the C-2 carboxyl and
the hydroxyl groups of R-homocitrate. Homocitrate is sur-
rounded by a pool of about 10 water molecules that participate
in hydrogen-bonding interactions. Each P-cluster is located 10
Å beneath the protein surface in a hydrophobic protein envi-
ronment formed at the interface of the domains I and I� from
the � and � subunits, respectively. In the reduced state, the
P-cluster is coordinated by three cysteine residues from the �
subunit and three cysteine residues from the � subunit (resi-
dues �-Cys62, �-Cys88, �-Cys154, �-Cys70, �-Cys95, and �-Cys153

in the A. vinelandii MoFe protein). The structure of the P-
clusters and the coordination by protein ligands change signif-
icantly depending on the oxidation state of the MoFe protein.

The Fe protein of A. vinelandii is a dimer with twofold

FIG. 2. Nitrogenase component proteins. (A) �2�2 tetrameric A. vinelandii nitrogenase MoFe protein. � subunits are blue and green, and �
subunits are red and orange. (B) Detail of one of the � subunits of the MoFe protein showing the positions of domains I (blue), II (light blue),
and III (dark blue). (C) A. vinelandii nitrogenase Fe protein (subunits in blue and green). Atoms are colored as follows:: iron, magenta;
molybdenum, grey; sulfur, yellow; carbon, green; and oxygen, red.

TABLE 2. vnf gene products and their role (known or proposed) in
nitrogen fixation

Gene Identity and/or role of gene product

vnfA .............Positive regulatory element.
vnfE .............Proposed to function in FeV-co biosynthesis. Analogous

to NifE.
vnfN .............Proposed to function in FeV-co biosynthesis. Analogous

to NifN.
vnfX .............Involved in FeV-co biosynthesis. Accumulates an FeSV

precursor to FeV-co.
vnfH .............vnf-Fe protein. Obligate electron donor to VFe protein,

also involved in FeV-co biosynthesis.
vnfFd............Ferredoxin-like protein. Putative electron donor to

VnfH.
vnfD .............� subunit of VFe protein.
vnfG .............� subunit of mature VFe protein. Possibly involved in

the insertion of FeV-co into apo-VFe protein.
vnfK .............� subunit of VFe protein.
vnfY..............Involved in FeY-co biosynthesis or insertion
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symmetry in which each subunit folds into an �� domain
formed by a core of eight �-sheets that is surrounded by nine
�-helices (28) (Fig. 2). The fold of the Fe protein is similar to
that of other nucleotide-binding proteins, such as Ras and
RecA. The Fe protein binds two MgATP molecules at the
dimer interface and undergoes conformational changes upon
nucleotide hydrolysis. The [4Fe-4S] cluster of the Fe protein is
located near the protein surface and is coordinated by two
cysteine residues from each subunit (residues �-Cys97,
�-Cys132, �-Cys97, and �-Cys132 in the A. vinelandii Fe protein).

MoFe PROTEIN MATURATION

Different forms of the apo-MoFe protein. As noted above,
mutant strains impaired in FeMo-co biosynthesis accumulate
the MoFe protein as an apoprotein. apo-MoFe protein has
been generally referred to as the form of the enzyme that lacks
FeMo-co but contains the P-clusters. As we will show below,
this is true only for certain forms of apo-MoFe proteins. There-
fore, we will use apo-MoFe protein for any form of the protein
that is not fully mature and catalytically active. To date, five
different types of apo-MoFe proteins in A. vinelandii strains
with different genetic backgrounds have been reported: (i) the
form found in strains in which nifH was deleted (referred to
here as �nifH apo-MoFe protein) (22, 26, 62, 75, 78); (ii) the
form found in an A. vinelandii strain carrying an E146D variant
of the Fe protein (61); (iii) the form present in nifB, nifN, and
nifE mutant strains (all these forms are believed to be identical
and are referred to here as �nifB apo-MoFe protein) (32, 54);

(iv) the form found in a nifB nafY double mutant strain (re-
ferred to here as �nifBnafY apo-MoFe protein) (68); and (v)
the His-tagged variant generated on a nifB genetic background
(referred to here as �nifB His-apo-MoFe protein) (15). The
discovery of such a variety of apo-MoFe proteins was initially
puzzling, because it was not known whether the basis for that
variety was simply genetic or due to experimental handling
(apo-MoFe proteins are very unstable, oxygen-labile proteins
that may be damaged when subjected to a long purification
process). That biochemical puzzle is slowly being solved by the
efforts of several laboratories. The properties of the different
forms of apo-MoFe proteins will be discussed separately in the
following sections, and the information obtained from a com-
parative analysis will be used to develop a systematic model of
apo-MoFe protein maturation.

Model for apo-MoFe protein maturation. Available evi-
dence supports a model in which the maturation of apo-MoFe
protein occurs in several steps (Fig. 3). First, an �2�2 NifDK
polypeptide tetramer must be synthesized and then loaded
with some form of [Fe-S] cluster. Although this has not been
definitely proved, on the basis of the work of Frazzon and
Dean, it is presumed that NifU and NifS are responsible for
the synthesis and transfer of the [Fe-S] clusters to the apo-
MoFe protein (23, 24) (see “Maturation of the Fe Protein”
section below for details on the roles of NifU and NifS). Re-
cent evidence points to the existence of two pairs of adjacent
but separate [4Fe-4S] clusters, one pair at each �� dimer
interface (16). This form has an inaccessible FeMo-co site.

FIG. 3. Model for the maturation of the nitrogenase MoFe protein. The � (NifD), � (NifK), and � (NafY) subunits of the apo-MoFe protein
are represented as oval, rectangle, and octagon cartoons, respectively. Step 1 (indicated by the arrow labeled 1) is the initial loading of the �2�2
tetramer with two pairs of [4Fe-4S] clusters. Note that the FeMo-co sites within the � subunits are not accessible. Step 2 is the formation of the
P-clusters and “opening” of the FeMo-co-binding sites. Step 3 is the attachment of NafY and stabilization of the open conformation. The arrow
to the right of step 2 indicates that in the absence of NafY and FeMo-co, a significant percentage of the open sites is lost (50% in A. vinelandii
and 95% in K. pneumoniae apo-MoFe proteins). Step 4 is the FeMo-co insertion, dissociation of NafY, and generation of mature MoFe protein.

408 MINIREVIEW J. BACTERIOL.



Second, each pair of [4Fe-4S] clusters is maturated to generate
a functional P-cluster in a reaction that requires the presence
of Fe protein and MgATP. The Fe protein-dependent matu-
ration results in a conformational change of the apo-MoFe
protein that makes the FeMo-co sites accessible and promotes
the binding of a third subunit. The third subunit, named � in
the A. vinelandii apo-MoFe protein, has been shown to be the
product of the nafY gene. (In K. pneumoniae, the third subunit
is the product of the nifY gene.) Third, NafY (NifY) binds to
the apo-MoFe protein and stabilizes the otherwise labile
FeMo-co insertion site. Fourth, FeMo-co is inserted, and the
NafY(NifY) subunit disassociates from the mature MoFe pro-
tein. Since NafY is also capable of binding FeMo-co, it has
been proposed that it may also function as a FeMo-co inser-
tase. To further complicate the scheme, there is increasing
evidence indicating that the maturation of each �� dimer
within the apo-MoFe protein tetramer is not completely inde-
pendent from the other. In the following paragraphs, we will
analyze every step of the maturation of the MoFe protein.

The Fe protein is required for the maturation of the P-
clusters. Soon after the discovery by Ugalde and coworkers
that strains with impaired FeMo-co biosynthesis accumulated a
FeMo-co-deficient form of the MoFe protein (77), several
research groups observed that the �nifH apo-MoFe protein
had different biochemical properties than the �nifB, �nifN, or
�nifE apo-MoFe proteins. In cell extracts, the �nifH apo-
MoFe protein is very heat unstable, it migrates differently on
anoxic native gels during electrophoresis (75, 78), and its acti-
vation by FeMo-co requires a preincubation with the Fe pro-
tein and MgATP (1, 65). Purified �nifH apo-MoFe protein was
shown to be an �2�2 tetramer lacking FeMo-co but having
enough Fe to account for the P-clusters, although these clus-
ters showed unusual spectroscopic features (26, 62). It was also
shown that the purified �nifH apo-MoFe protein was able to
interact with the Fe protein and promote MgATP hydrolysis
but was unable to accept electrons from the Fe protein and
therefore was catalytically inactive (62). More importantly,
once purified, the �nifH apo-MoFe protein is not competent
for FeMo-co activation even when purified Fe protein and
MgATP are also included in the reaction mixture.

It is now known that the Fe protein is involved in the mat-
uration of the P-clusters of the apo-MoFe protein to their
catalytically active forms. The precise mechanism for the mat-
uration of the P-clusters is yet to be elucidated, but it is known
that the features of the Fe protein required to be active in
apo-MoFe protein maturation are different from those re-
quired in electron transfer during turnover or in FeMo-co
biosynthesis. For example, the Fe protein must be able to bind
MgATP and to complex with the MoFe protein; however,
MgATP hydrolysis, electron transfer, and even the presence of
the [4Fe-4S] cluster of the Fe protein are not required for the
protein to be competent in apo-MoFe protein maturation (48,
57, 58, 63). These results rule out an obligate redox role for the
Fe protein during apo-MoFe protein maturation. It has been
shown that VnfH (the Fe protein counterpart of the V-con-
taining nitrogenase) is as effective as the Fe protein in the
maturation of the apo-MoFe protein in vitro (11). The Fe
proteins from the Mo- and V-containing nitrogenases exhibit
91% amino acid sequence identity, and the domain(s) involved

in maturation of the apo-MoFe protein is likely to be highly
conserved in both.

After synthesis and folding of the NifD and NifK polypep-
tides, the �2�2 MoFe protein is able to coordinate a pair of
[4Fe-4S] clusters at each of the two �� subunit interfaces
(illustrated by step 1 in Fig. 3). Each pair of [4Fe-4S] clusters
is a precursor to a P-cluster, and their coordination involves
cysteinyl and noncysteinyl ligands from both subunits (16). By
a mechanism different from electron transfer, the Fe protein
promotes the reassembly and condensation of the two [4Fe-4S]
clusters to form one P-cluster at each �� subunit interface
(step 2 in Fig. 3). It has been suggested that the presence of
P-clusters could be a prerequisite for FeMo-co insertion (78).
Some MoFe protein variants with substitutions at the cysteine
residues that are the ligands to the P-cluster consistently lack
P-clusters and FeMo-co (42). In any event, the consequence of
the Fe protein-dependent maturation is a conformational
change in the apo-MoFe protein that makes the FeMo-co site
accessible and promotes the binding of NafY (1, 49). Although
the three-dimensional molecular structure of the �nifH MoFe
protein is not available, thiol reactivity experiments suggest
that maturation by the Fe protein causes a rearrangement of
the region around residue �-Cys275 of the MoFe protein and
leaves its thiol group exposed to solvent (49). It is important to
stress here that the thiolate of �-Cys275 is the ligand to the
distal Fe atom of FeMo-co in mature MoFe protein.

Recent work suggests a more complicated dual role of the
Fe protein in the maturation of the apo-MoFe protein. Evi-
dence supporting this proposal is found in the analysis of an A.
vinelandii strain that carries an E146D Fe protein variant (61).
The E146D Fe protein is competent for electron transfer to
nitrogenase, biosynthesis of FeMo-co, and maturation of apo-
MoFe protein P-clusters. This Fe protein variant is, however,
partially unable to assist during FeMo-co insertion in vivo, and
the apo-MoFe protein from such a strain lacks 50% of its
FeMo-co complement. Further, compared to wild-type Fe pro-
tein, the E146D variant supports the activation of �nifH apo-
MoFe protein by FeMo-co only to 50% of the maximal theo-
retical value. This can be explained if the Fe protein is required
not only for the maturation of the P-clusters but additionally at
a later step of apo-MoFe protein maturation that would be
specifically impaired in the E146D variant.

�nifB apo-MoFe protein. The �nifB apo-MoFe protein re-
flects the last step in the maturation of the MoFe protein; it
lacks only FeMo-co, and therefore, it is fully activated by the
addition of the FeMo-cofactor with no other requirements. As
mentioned above, it was early recognized that the apo-MoFe
proteins that accumulated in cell extracts of A. vinelandii or K.
pneumoniae nifB, nifN, and nifE mutant strains were similar to
each other but different from the apo-MoFe protein that ac-
cumulated in extracts of nifH mutant strains. The most readily
apparent differences between the �nifB and �nifH apo-MoFe
proteins were the different mobilities when they were subjected
to electrophoresis on anoxic native gels and the ability of the
first protein to be fully activated by the simple addition of
isolated FeMo-co in contrast to the requirement of the �nifH
apo-MoFe for Fe protein and MgATP (54, 75). When purified,
the �nifB apo-MoFe protein from A. vinelandii was shown to
be a hexameric protein containing a stably bound extra subunit
that was designated � (54). The � subunit was later identified
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as the product of the non-nif gene nafY (68). Likewise, the
�nifB apo-MoFe protein from K. pneumoniae contains a third
type of subunit that is the product of the nifY gene (34). In both
cases, the third subunit dissociates from the MoFe protein
after FeMo-co insertion takes place and mature MoFe protein
accumulates as a �2�2 tetramer.

A His-tagged version of the A. vinelandii �nifB apo-MoFe
protein has been purified and shown to contain intact P-clus-
ters, to be able to interact with the Fe protein and support ATP
hydrolysis, and to be capable of accepting electrons from the
Fe protein (15). Curiously, this �nifB apo-MoFe protein vari-
ant lacks the NafY subunit and exhibits an �2�2 subunit com-
position. The lack of NafY may be due to a technical detail of
the purification of the His-tagged protein, because we have
found that imidazole is effective in separating NafY from the
apo-MoFe protein (L. M. Rubio and P. W. Ludden, unpub-
lished results). Imidazole is used in the isolation of the His-
tagged apo-MoFe protein and may dissociate NafY from the
protein complex. Yet, as is the case of the standard �nifB
apo-MoFe, the His-tagged �nifB apo-MoFe protein is fully
activated by the simple addition of FeMo-co. This demon-
strates that the presence of NafY is not essential to insert
FeMo-co into the MoFe protein when excess purified FeMo-co
is provided.

The crystal structure of the His-tagged �nifB apo-MoFe
protein has been solved and compared to the structure of
mature MoFe protein (72). The structural comparison high-
lights three important differences that may have mechanistic
relevance during FeMo-co insertion (18, 72). The first impor-
tant difference is that the apo-MoFe protein exhibits a posi-
tively charged funnel that is absent in the mature MoFe pro-
tein and is large enough to allow for the entry of the negatively
charged FeMo-co. At the bottom of this funnel is the �-His442

residue that would coordinate the Mo atom of FeMo-co in
mature MoFe protein. Second, while most of the protein con-
formation remains unchanged before and after FeMo-co in-
sertion, there is a conformational change that involves a rear-
rangement of domain III of the � subunit and the closure of
the funnel. The residue �-His442 is within domain III, and its
position shifts 5Å during such rearrangement. Third, although
the �-Cys275 residue is part of domain II of the � subunit and
its relative position remains unaltered in the structures of the
apo- and holo-MoFe proteins, the displacement of domain III
in the apo-MoFe protein causes �-Cys275 to be very exposed to
solvent. These domain rearrangements are consistent with the
observed changes in reactivity of �-Cys275 towards the alkylat-
ing agent iodoacetamide at different stages of apo-MoFe pro-
tein maturation (49). The thiol group of �-Cys275 is nonreac-
tive in the �nifH apo-MoFe protein, very reactive in the �nifB
apo-MoFe protein after the maturation induced by the Fe
protein takes place, and nonreactive again in the mature MoFe
protein after FeMo-co insertion.

Thus, a mechanistically oriented comparison of the �nifH
and �nifB apo-MoFe proteins reveals that the most important
differences between these two stages of maturation are (i) the
presence of mature P-clusters in the �nifB apo-MoFe protein,
(ii) a structural rearrangement that leaves residue �-Cys275

exposed to solvent and ready for FeMo-co insertion, and (iii)
the attachment of NafY, probably because the FeMo-co inser-
tion site is labile and needs to be stabilized.

Stabilization of the �nifB apo-MoFe protein by NafY (NifY).
In A. vinelandii and K. pneumoniae, the third subunits of the
hexameric �nifB apo-MoFe proteins are the products of the
nafY and nifY genes, respectively. In fact, NifY and NafY
exhibit amino acid sequence similarity to each other and are
part of a family of small proteins, which we propose to name
the NifX family of proteins, and whose common role seems to
be the carriage of FeMo-co, FeV-co, and their biosynthetic
precursors for cofactor assembly and insertion (Table 3) (20,
33, 55, 69–71). In A. vinelandii, some of the proteins from the
NifX family exhibit a certain degree of cross-functionality in
vivo (68). In addition to nafY, A. vinelandii carries a nifY gene,
but the role of its protein product remains unknown (37, 68).
Interestingly, A. vinelandii nafY or nifY mutants are capable of
fixing nitrogen.

Since NafY was shown to be able to bind independently to
FeMo-co or to the apo-MoFe protein, a model in which NafY
had a dual role as a chaperone (to stabilize the apo-MoFe
protein) and as a FeMo-co insertase was proposed (33). Sev-
eral lines of evidence support the hypothesis that the presence
of the third subunit stabilizes a conformation of apo-MoFe
protein that is competent for FeMo-co insertion. First, while
the apo-MoFe protein present in an extract of a nifB mutant of
K. pneumoniae can be activated in vitro by the addition of
FeMo-co, the apo-MoFe protein of a nifY nifB double mutant
cannot. Because a single mutation in nifY does not have a
significant effect in MoFe protein activity when placed in a
wild-type background, this result is interpreted as the inability
of the nifB nifY strain to maintain an activatable apo-MoFe
protein (34). Second, nafY mutants of A. vinelandii exhibit very
low MoFe protein activity compared to the wild type when
grown under stressing conditions of high temperature and Mo
limitation, in which the rate of FeMo-co biosynthesis is pre-
dicted to be lower and the newly synthesized MoFe protein
would largely accumulate as an apoprotein. Further, the apo-
MoFe-protein accumulated in extracts of nafY mutants grown
under stress conditions cannot be activated in vitro by adding
extra FeMo-co (68). Third, even when grown under standard
nonstressing conditions, only 50% of the apo-MoFe protein
that accumulated in extracts of the nifB nafY strain can be
activated by FeMo-co (68). Whatever the damage to the �nifB
nafY apo-MoFe protein might be, the addition of NafY to the

TABLE 3. Cluster-binding capabilities of members of the NifX
family of proteins

Protein

Ability of protein to bind to:

NifB-coa FeMo-co FeMo(V)-co
precursorb

NafY Yes Yes ?c

NifY ? ? ?
NifX Yes Yes Yes
VnfX Yes Yes Yes
VnfY ? ? ?

a NifB-co is an inorganic cluster of unknown structure that serves as a biosyn-
thetic precursor to FeMo-co, FeV-co, and FeFe-co of the Mo- and V-containing
and Fe-only-nitrogenases, respectively. NifB-co contains Fe and S, but it does not
contains either heterometal (Mo or V) or homocitrate.

b Biosynthetic precursors of FeMo-co or FeV-co containing Fe, S, and Mo (or
V) but lacking homocitrate.

c ?, unknown.
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in vitro reconstitution mixture does not reverse it, implying
that the presence of NafY is not required at the time of
FeMo-co insertion. It is not clear whether one of the two sites
in each apo-MoFe protein tetramer is not activatable in the
absence of NafY or if a distribution of competent and non-
competent apo-MoFe protein molecules is present in the ex-
tract of a �nifBnafY strain. Another interesting feature is that
the physical presence of the Fe protein and MgATP are not
required at the time of FeMo-co insertion (1), but it is not
known whether they are required at the time of association
between NafY and apo-MoFe protein.

The role of NafY as a FeMo-co insertase is less clear. Be-
cause NafY binds FeMo-co and apo-MoFe protein, it seems
reasonable to think that NafY is also serving as a FeMo-co
insertase. However, the ability to partially reconstitute the
apo-MoFe protein from nafY mutant strains in vivo and in vitro
indicates that the presence of NafY is not an absolute require-
ment when FeMo-co is abundant. Moreover, as noted above, a
NafY-deficient His-tagged �nifB apo-MoFe protein can be
fully activated by FeMo-co without any other requirement
(15).

Involvement of the general chaperone GroEL. The first re-
ports that the general chaperone GroEL was involved in the
cellular accumulation of the nitrogenase component proteins
appeared in the early 1990s when Govezensky and coworkers
found that GroEL had transient associations with newly syn-
thesized NifH, NifD, and NifK polypeptides (29, 30). It was
also established that GroEL is required for the correct folding
of NifA (the nif-specific transcriptional activator). Later on,
Ribbe and Burgess found that GroEL was required for the full
activation by FeMo-co of the apo-MoFe protein present in cell
extracts of an A. vinelandii strain expressing the E146D Fe
protein variant, which points to a specific role during FeMo-co
insertion (60). Their results can be interpreted in two different
ways. (i) GroEL is directly involved in the proper folding of the
�nifH apo-MoFe protein, which allows FeMo-co insertion to
its completion. (ii) GroEL has an indirect role through the
maturation of some other protein that in turn would be re-
quired for FeMo-co insertion. It was mentioned above that
while the �nifH apo-MoFe protein present in cell extracts of A.
vinelandii can be reconstituted by a preincubation with Fe
protein and MgATP prior to FeMo-co addition, this is not the
case for purified �nifH apo-MoFe protein, which is practically
nonactivatable. The researchers reported that the addition of
purified GroEL, Fe protein, and MgATP to a reconstitution
reaction mixture was not sufficient to support FeMo-co inser-
tion into the purified �nifH apo-MoFe protein, suggesting that
additional factors required for its maturation were still missing
in those experiments.

Is there a role for NifW and NifZ in apo-MoFe protein
maturation? Though neither the nifW nor the nifZ gene is
strictly required for nitrogen fixation, there is some evidence
for the involvement of their protein products in the maturation
or stability of the MoFe protein. Cultures of A. vinelandii or K.
pneumoniae strains carrying nifW and nifZ mutations had
lower levels of MoFe protein activity but normal levels of Fe
protein activity compared to the wild-type strain (38, 46, 53).
The exact role of NifW is not known. The MoFe protein
purified from a nifW mutant strain of A. vinelandii has slightly
different substrate reactivity properties that are consistent with

an alteration at the homocitrate site of FeMo-co (46). Other
studies in R. capsulatus also suggest that NifW has a role in
homocitrate transport or processing (50).

There are three lines of evidence suggesting that NifW and
NifZ may act in concert in vivo. (i) nifW and nifZ mutant
strains show similar decreases in MoFe protein activity com-
pared to that of the wild type. (ii) There is an apparent trans-
lational coupling of the nifW and nifZ genes in the chromo-
some of A. vinelandii (38). (iii) It has been shown that NifW
and NifZ are capable of interacting with each other by the use
of the yeast two-hybrid assay (47).

MATURATION OF THE VFe PROTEIN

The most striking difference between the mature MoFe and
VFe proteins is the presence in the latter of VnfG (also called
� subunit). This subunit is unique to alternative nitrogenases (a
VnfG homolog, AnfG, is also found as a structural component
of the Fe-only nitrogenase). The VnfG subunit has been shown
to be loosely associated with apo-VFe protein in extracts of a
strain incapable of synthesizing FeV-co. When subjected to
electrophoresis, the three subunits comigrate on anoxic native
gels, but the VnfG subunit separates from the complex by gel
filtration chromatography (12). The �2�2�2 apo-VFe protein
(lacking FeV-co but containing the P-clusters) present in these
cell extracts is competent to activation by partially purified
FeV-co. The �2�2 complex lacking VnfG, however, is activated
by FeV-co only if VnfG is also added to the reaction mixture.
Similar to the specific association of FeMo-co with NafY, the
association of FeV-co with VnfG has been observed. However,
unlike NafY, which does not stay attached to the mature MoFe
protein, VnfG stays bound to the active VFe protein. There-
fore, while the subunit composition of the mature MoFe pro-
tein is �2�2, that of VFe protein is �2�2�2. Although it is
possible that NafY and VnfG perform similar functions, they
do not exhibit amino acid sequence similarity or immunologi-
cal cross-reactivity. A difference between FeV-co insertion into
apo-VFe protein and FeMo-co insertion into apo-MoFe pro-
tein is the absence of a VnfH requirement for FeV-co insertion
compared to the NifH requirement for FeMo-co insertion.

MATURATION OF THE Fe PROTEIN

NifM and NifH are the only nif-specific gene products re-
quired for the expression of a catalytically active Fe protein
(35, 53). The indication that NifM plays a role in the matura-
tion of the Fe protein comes from the analysis of K. pneu-
moniae and A. vinelandii nifM mutants, which exhibit dramat-
ically lower Fe protein activity but accumulate substantial
amounts of the Fe protein polypeptide (38, 63). Although
NifM is required for proper maturation of the Fe protein, nifM
strains accumulate active MoFe protein, indicating that
FeMo-co biosynthesis and apo-MoFe protein maturation pro-
ceeds normally (53). Thus, it seems that the nonmature Fe
protein is still functional in FeMo-co synthesis and apo-MoFe
protein maturation. The exact role of NifM in the maturation
of the Fe protein is still uncertain. The C-terminal domain of
NifM has sequence similarity to peptidyl prolyl cis-trans
isomerases (PPIases), and on this basis, it has been suggested
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that the role of NifM would be the isomerization of a Pro
residue of the Fe protein (27).

As noted above, the mature Fe protein contains a single
[4Fe-4S] cluster bridging its two subunits. Regarding the syn-
thesis of this cluster and on the basis of the analysis of the
phenotypes of A. vinelandii nifU and nifS mutant strains, it was
early proposed that the nifU and nifS gene products were
involved in the mobilization of Fe and S for the nitrogenase
component proteins (37). The purification of nifS and nifU
gene products confirmed the original hypothesis, demonstrat-
ing that NifS is a cysteine desulfurase able to provide S for the
assembly of [Fe-S] clusters (81, 82), whereas NifU acts as a
molecular scaffold in which [Fe-S] clusters are assembled in
order to be transferred to target proteins (25, 80). Indeed, very
recently, the transfer of a [4Fe-4S] cluster from NifU to the Fe
protein has been demonstrated in an in vitro system containing
only purified components (19).

CONCLUDING REMARKS

When synthesized, the nitrogenase components are not im-
mediately competent for nitrogen fixation. Rather, they be-
come mature by the actions of several nif and non-nif gene
products to achieve catalytic competency. In this minireview,
we have tried to summarize what is currently known about the
maturation of the nitrogenase component proteins from the
polypeptide folding to the formation of the protein forms that
are catalytically active. Due to its enormous complexity, the
study of the maturation of the apo-MoFe protein is especially
challenging to biochemists. Many pieces of this puzzle have
been already placed. We know that the Fe protein is required
for the synthesis of functional P-clusters of the apo-MoFe
protein and that the reaction directed by the Fe protein pro-
motes a conformational change within the apo-MoFe protein
that leaves the FeMo-co insertion site accessible. We know
that apo-MoFe protein that has been matured by the Fe pro-
tein is activatable by FeMo-co with no other requirements, but
it is labile unless stabilized by a third subunit that acts as a
chaperone (NafY or NifY). The insertion of FeMo-co causes
another conformational change that promotes the dissociation
of the third subunit and ends up with the cofactor buried well
inside the mature MoFe protein. In addition, there is a piece of
evidence involving the general chaperone GroEL in the final
insertion of FeMo-co into the apo-MoFe protein. On the other
hand, the maturation of the Fe protein requires the activity of
NifM (suggested to consist of a cis- to trans-isomerization of a
Pro residue within the Fe protein) and the acquisition of a
[4Fe-4S] cluster that would be directly donated by NifU.

At this point in time, several important questions remain to
be solved and are likely to be the subject of future intense
research. For example, more X-ray crystallography studies are
needed to elucidate the structural differences between the
�nifH apo-MoFe protein and the mature MoFe protein or to
determine the NafY-binding site in the hexameric �nifB apo-
MoFe protein. A biochemical approach would be needed to
finally establish whether NafY is a FeMo-co insertase. Purified
NafY, FeMo-co, and NafY-deficient apo-MoFe protein are
now available and will facilitate the analysis of FeMo-co inser-
tion into the MoFe protein in vitro. Likewise, it has not yet
been demonstrated that NifU and NifS are involved in the

formation of the [4Fe-4S] clusters of the �nifH apo-MoFe
protein. Molecular biology tools, such as the generation of
MoFe protein variants able to coordinate FeMo-co in only one
�� half of the tetramer, should be used to determine whether
there is a different maturation for the two halves of the MoFe
protein tetramer or whether the maturation of one half affects
the maturation of the other. Finally, the role of NifM in the
maturation of the Fe protein needs to be conclusively estab-
lished.
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