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Biosynthesis of nitrogenase FeMoco is a highly complex process that requires, minimally, the participation
of nifS, nifU, nifB, nifE, nifN, nifV, nifH, nifD and nifK gene products. Previous genetic analyses have identified
the essential factors for the assembly of FeMoco; however, the exact functions of these factors and the
precise sequence of events during the assembly process had remained unclear until recently, when a
number of the biosynthetic intermediates of FeMoco were identified and characterized by combined

ﬁ‘j’i’ Wordsé,l . biochemical, spectroscopic and structural analyses. This review gives a brief account of the recent progress
N;t;ggiga;éa ton toward understanding the assembly process of FeMoco, which has identified some important missing
FeMoco pieces of this biosynthetic puzzle.

Biosynthesis

© 2010 Elsevier B.V. All rights reserved.

1. Introduction to nitrogenase

Nitrogenase provides the biochemical machinery for nitrogen
fixation, an ATP-dependent process in which the atmospheric dini-
trogen (N, ) is converted to the bioavailable ammonia (NH3) [1-7].
The overall reaction catalyzed by nitrogenase is usually depicted as
follows: N, +8H*+16MgATP +8e~ — 2NH3 +H, + 16MgADP + 16P;
(where P; denotes inorganic phosphate). This reaction not
only represents the key entry point of reduced nitrogen into
the global nitrogen cycle, but also embodies the formidable
chemistry of breaking the triple bond of N, under ambient con-
ditions.

Four classes of nitrogenases have been identified to date, three
of which are highly homologous to one another and distinguished

Abbreviations: Fe protein, iron protein; MoFe protein, molybdenum-iron pro-
tein; FeMoco, iron-molybdenum cofactor; XAS, X-ray absorption spectroscopy;
EXAFS, extended X-ray absorption fine structure; EPR, electron paramagnetic reso-
nance.
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mainly by the presence of different heterometals (molybdenum,
vanadium or iron) at their respective active sites.! The “conven-
tional” molybdenum (Mo) nitrogenase of Azotobacter vinelandii
consists of two component proteins, the iron (Fe) protein (encoded
by nifH) and the molybdenum-iron (MoFe) protein (encoded by
nifD and nifK). The homodimeric Fe protein is bridged by a sin-
gle [4Fe-4S] cluster between the subunits and contains one ATP
binding site within each subunit; whereas the oy [3,-tetrameric
MoFe protein contains two unique clusters per af3-dimer: the P-
cluster (an [8Fe-7S] cluster), which is located at the o/p-subunit
interface; and the FeMoco (a [Mo-7Fe-9S-X-homocitrate] clus-
ter, where X is considered to be C, N or O), which is positioned
within the a-subunit [9,10]. The catalysis of nitrogenase involves
complex association/dissociation between the Fe protein and the
MoFe protein, and the sequential, inter-protein transfer of electrons
from the [4Fe-4S] cluster of the Fe protein, through the P-cluster,
to the FeMoco of the MoFe protein, where substrate is reduced

(Fig. 1).

1 The fourth nitrogenase is superoxide-dependent and apparently different from
the other nitrogenase classes [8].


dx.doi.org/10.1016/j.ccr.2010.11.018
http://www.sciencedirect.com/science/journal/00108545
http://www.elsevier.com/locate/ccr
mailto:yilinh@uci.edu
mailto:mribbe@uci.edu
dx.doi.org/10.1016/j.ccr.2010.11.018

Y. Hu, M.W. Ribbe / Coordination Chemistry Reviews 255 (2011) 1218-1224 1219

b ADP
&
ima— © Mg

% [4Fe-45] cluster
e |
w P-cluster
- ¥ e
€ ‘ﬁ FeMoco

Fig. 1. X-ray crystal structure of half of the ADP-AIF,~-stabilized Fe protein/MoFe
protein complex (A) and the relative positions of components in the complex that
are involved in the electron flow during catalysis (B) [11]. The identical subunits
of Fe protein are shown in yellow and orange, and the a- and a-subunits of MoFe
protein are shown in light and dark blue, respectively. The atoms of the components
within the Fe protein/MoFe protein complex are colored as follows: Fe, purple; S,
yellow; O, red; C, gray; Mg, dark blue; Al, yellow; F, light blue.

2. Biosynthesis of nitrogenase FeMoco

There is substantial interest in elucidating the biosynthetic
mechanism of the FeMoco of nitrogenase, because this unique
cofactor is not only biologically important, but also chemically
unprecedented.? Biosynthesis of FeMoco is a highly complicated
process that requires, at least, the participation of nifS, nifU, nifB,
nifE, nifN, nifV, nifH, nifD and nifK gene products. Based on genetic
evidence, FeMoco assembly is likely initiated by the actions of NifS
and NifU (encoded by nifS and nifU), which mobilizes Fe and S for the
biogenesis of small Fe-S fragments [21-25]. These small Fe-S frag-
ments are subsequently transferred to NifB (encoded by nifB) and
processed into a FeMoco core, which is then transferred to NifEN
(encoded by nifE and nifN) and undergoes additional rearrange-
ments before it is delivered to the MoFe protein [26-29]. Thus, the
flow of Fe and S during the biosynthesis of FeMoco is likely as fol-
lows: NifUS — NifB — NifEN — MoFe protein [26]. Other important
players in FeMoco biosynthesis include NifV (encoded by nifV), the
homocitrate synthase that supplies homocitrate for the biogenesis
of FeMoco [30,31]; NifQ (encoded by nifQ), a protein factor that is
likely involved in the storage and/or mobilization of Mo for FeMoco
assembly [32,33]; and Fe protein, the catalytic electron donor for
MoFe protein that is also crucial for the maturation of FeMoco [26].
Although the biosynthetic factors of FeMoco have been success-
fully mapped out earlier, the exact functions of these factors and
the precise sequence of events during the assembly process had
remained unclear until the recent characterization of a number of
the biosynthetic intermediates of FeMoco by combined biochemi-
cal, spectroscopic and structural analyses. This review gives a brief
account of the recent progress toward understanding the assem-
bly process of FeMoco, which provides significant insights into this
biosynthetic “black box”.

2.1. NifU, NifS and NifB: machineries for FeMoco core formation

NifS and NifU are responsible for generating small building
blocks for FeMoco assembly. NifS is a pyridoxal phosphate-
dependent cysteine desulphurase, which forms a protein-bound
cysteine persulphide that is subsequently donated to NifU for the

2 Recently, significant progress has been made in the chemical synthesis of P-
cluster topologs [12-20].
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Fig. 2. Biosynthesis of FeMoco core by NifS, NifU and NifB. (A) Sequence of events
during the assembly process of the Fe-S core of FeMoco. The combined action of
NifU-NifS generates small Fe-S fragments on NifU (steps (1) and (2)), which are
used as building blocks for the formation of a large Fe-S core on NifB (step (3)). The
permanent metal centers of the scaffold proteins are colored gray, with [2Fe-2S] and
[4Fe-4S] clusters shown as diamonds and cubes, respectively. The transient cluster
intermediates are colored yellow. (B) Structures of the cluster intermediates during
the assembly process of the Fe-S core of FeMoco. Shown are the cluster types that
were identified (on NifU) or proposed (for NifB). Hypothetically, NifB could bridge
two [4Fe-4S] clusters by inserting a S atom along with an interstitial atom, X, thereby
generating an Fe-S scaffold that could be rearranged later into a precursor of the
FeMoco that closely resembles the core structure of the mature cofactor (see Fig. 3,
(1)). The atoms are colored as follows: Fe, purple; S, yellow; X, light gray.

sequential formation of [2Fe-2S] and [4Fe-4S] clusters (Fig. 2)
[25,34]. These small Fe-S clusters are then transferred to NifB and
processed into a large Fe-S core that possibly contains all Fe and S
required for the generation of a mature cofactor [27]. The exact
function of NifB in this process is unclear. Nevertheless, NifB is
indispensable for FeMoco biosynthesis, as deletion of nifB leads to
the formation of a cofactor-deficient form of MoFe protein [35].
Sequence analysis shows that NifB contains a CXXXCXXC signature
motif at the N-terminus, which is characteristic of a family of rad-
ical S-adenosyl-L-methionine (SAM)-dependent enzymes [26,36].
Apart from this feature, there is an abundance of potential ligands
in the NifB sequence for the coordination of the entire complement
of Fe atoms of FeMoco [26]. Therefore, generation of the Fe-S core
on NifB could represent a novel synthetic route to bridged metal
clusters that relies on radical chemistry at the SAM domain of NifB.
It can be speculated that NifB links two [4Fe-4S] subcubanes by a
S atom and an interstitial atom, X, thereby generating a fully com-
plemented Fe-S scaffold (Fig. 2) that could be rearranged into the
core structure of FeMoco. Although it is unclear whether the rear-
rangement of the Fe-S scaffold occurs prior to its exit from NifB,
the cluster species synthesized on NifB is subsequently delivered
to NifEN for further processing (see below).

2.2. NifEN and Fe protein: factors for FeMoco maturation

Upon completion, the FeMoco core is delivered from NifB to
NifEN. The function of NifEN as a scaffold protein for the maturation
of FeMoco was initially proposed on the basis of a significant level of
sequence homology between NifEN and MoFe protein, which has
led to the hypothesis that NifEN contains cluster binding regions
analogous to the P-cluster and FeMoco sites in the MoFe protein
[26,28,29,37]. While the P-cluster analog in NifEN was established
earlier as a [4Fe-4S]-type of cluster [29], the identity of the FeMoco
analog has remained unknown until the recent characterization of
a NifEN complex isolated from the nifB-intact yet nifHDK-deficient
background [38]. The absence of the nifDK-encoded MoFe protein
(the terminal acceptor of FeMoco) and the nifH-encoded Fe protein
(an essential factor for FeMoco maturation) allows the accumula-
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Fig. 3. Maturation of FeMoco on NifEN. (A) Sequence of events during the maturation process of the FeMoco. Maturation of FeMoco on NifEN starts with a Mo/homocitrate-
free FeMoco precursor (step (1)), which is rearranged from the Fe-S scaffold synthesized on NifB (see Fig. 2, (3)). Such an Fe-only precursor can be converted to a mature
FeMoco on NifEN upon Fe protein-mediated insertion of Mo and homocitrate (step (2)). Following the completion of FeMoco assembly on NifEN, FeMoco is delivered to its
destined location in the MoFe protein (step (3)). The permanent metal centers of the scaffold proteins are colored gray, with the [4Fe-4S] clusters and P-clusters shown as
cubes and ovals, respectively. The transient cluster intermediates are colored yellow. Mo, molybdenum; HC, homocitrate. (B) Structures of cluster intermediates during the
maturation process of FeMoco. Shown are the cluster types that were identified on NifEN and MoFe protein. Although both 7Fe and 8Fe models have been proposed for the
NifEN-associated precursor [39], only the 8Fe model is shown here. The atoms are colored as follows: Fe, purple; S, yellow; Mo, light blue; C, gray; O, red; X, light gray. (C
and D) EPR spectra of precursor-bound NifEN (brown lines), FeMoco-bound NifEN (green lines) and MoFe protein (blue lines) in the dithionite-reduced (C) and IDS-oxidized

(D) states. The g-values are indicated. IDS, indigo disulphonate.

tion of a precursor form of FeMoco on NifEN. This NifEN-bound
precursor is free of Mo and homocitrate [38], and Fe K-edge X-
ray absorption spectroscopy (XAS)/extended X-ray absorption fine
structure (EXAFS) analysis reveals that it closely resembles the Fe-S
core of the mature FeMoco despite slightly elongated inter-atomic
distances (Fig. 3)[39]. This finding suggests that, instead of coupling
the [4Fe-3S] and [Mo-3Fe-3S] sub-clusters into a mature cofac-

tor, the FeMoco is assembled by having the complete Fe-S core
structure in place before the incorporation of Mo and homocitrate.

The precursor on NifEN can be transformed, in vitro, into a fully
complemented cofactor upon incubation with Fe protein, MgATP,
molybdate (MoO42~) and homocitrate (Fig. 3) [40]. Such a process
can be monitored by the spectral changes in the electron paramag-
netic resonance (EPR) analysis of NifEN. In the dithionite-reduced
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Fig. 4. Mobilization of Mo and homocitrate by Fe protein. (A) In the presence of reductant, Mo (shown as a blue sphere) and homocitrate (HC, shown as a ball-and-stick
model) can be “loaded” onto the Fe protein upon ATP hydrolysis. Mo may enter the Fe protein by attaching to the position that corresponds to the y-phosphate of ATP
following the hydrolysis of ATP. Subsequently, the loaded Fe protein delivers Mo and homocitrate to the NifEN-associated precursor and transforms the precursor into a fully
matured FeMoco (see Fig. 3A). The [4Fe-4S] cluster of the Fe protein is represented by a gray cube. The modification of Mo upon loading is indicated by a change of the color
from dark blue (free Mo) to light blue (bound Mo). (B) Normalized Mo K-edge X-ray absorption spectra of molybdate (left) and Fe protein loaded with Mo and HC (right). A
reference line is drawn at 20,020 eV for the comparison of edge position. (C) EPR spectra of the MgATP-bound Fe protein (left) and the Fe protein loaded with Mo and HC

(right).

state, the conversion of precursor results in the disappearance of
the precursor-associated S=1/2 signal and the concurrent appear-
ance of a small, FeMoco-like signal in the S=3/2 region (Fig. 3C);
whereas in the indigo disulphonate (IDS)-oxidized state, the matu-
ration of cluster results in the nearly complete disappearance of the
precursor-specific g=1.92 signal® (Fig. 3D). The Fe and Mo K-edge
XAS/EXAFS spectroscopy [40] reveals that the FeMoco on NifEN is
nearly indistinguishable in structure from the native cofactor in
MoFe protein (Fig. 3B), except for a somewhat asymmetric coordi-
nation of the Mo atom that is likely due to the presence of a different

3 The S=1/2 signal in the EPR spectrum of dithionite-reduced NifEN is a mixture
of signals originating from both the [4Fe-4S] cluster and the precursor, which can be
distinguished by their different behaviors upon variations of temperature and power
[38]. Upon Mo insertion, the portion of the S=1/2 signal that originates from the
precursor (~50%) disappears, whereas the portion of the S=1/2 signal that originates
from the [4Fe-4S] cluster (~50%) remains [40]. The g = 1.92 feature has been assigned
to the precursor based on the presence of this signal in the spectrum of the IDS-
oxidized NifEN (which contains both the precursor and the [4Fe-4S] cluster) and
the absence of this signal from the spectrum of the IDS-oxidized AnifB NifEN (which
contains only the [4Fe-4S] cluster) [38].

ligand environment at the Mo end of the cofactor. Maturation of the
NifEN-associated precursor is strictly dependent on ATP hydroly-
sis, as cofactor maturation cannot occur if ATP is substituted with
ADP or nonhydrolyzable ATP analogs, or if the wild-type Fe protein
is replaced by Fe protein mutants defective in MgATP hydrolysis
[40,41].In addition, the efficiency of FeMoco maturation on NifEN is
dependent on the dithionite concentration, as a 3-4-fold of increase
in cofactor maturation can be observed upon an increase of dithion-
ite concentration from 2 mM to 20 mM [42]. Considering that the Fe
protein is the only known ATP-dependent reductase in the in vitro
maturation assay, these observations point to a significant role of
Fe protein in FeMoco maturation.

Subsequent analysis of the Fe protein re-isolated after the incu-
bation with NifEN, M0042~, homocitrate and MgATP shows that it
is “loaded” with Mo and homocitrate, which can be subsequently
inserted into the precursor on NifEN (Fig. 4) [41]. The Mo K-edge
XAS spectrum of the loaded Fe-protein (Fig. 4B) demonstrates a
decreased number of Mo=0 bonds (two or three instead of the four
found in M0o042~) and a reduction in the effective oxidation state of
Mo, which is caused by either a change in the formal oxidation state
of Mo or a change in the ligation of Mo atom. Interestingly, the EPR
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Fig. 5. Incorporation of FeMoco into the MoFe protein. (A) Upon the Fe protein-mediated insertion of Mo and homocitrate (HC), the precursor on NifEN is converted to a
fully matured FeMoco. The completion of the maturation of FeMoco on NifEN is accompanied by a conformational rearrangement, which enables the docking of NifEN on the
MoFe protein. Subsequently, FeMoco is transferred from its assembly site in NifEN to its target binding site within the MoFe protein upon direct protein-protein interactions.
Charge-based interactions likely play an important role in the transfer of FeMoco between NifEN and the MoFe protein, during which process the negatively charged FeMoco
is inserted into the MoFe protein via a positively charged insertion funnel. For the purpose of simplicity, the interactions between one cofactor assembly site in NifEN and
one cofactor binding site in MoFe protein are shown. The permanent metal centers of the scaffold proteins are colored gray, with the [4Fe-4S] clusters and P-clusters shown
as cubes and ovals, respectively. The transient cluster intermediates are colored yellow. (B) A NifEN-associated “FeMo” cluster can be formed by omitting the homocitrate in
the maturation process. The insertion of Mo into the precursor induces a conformational change that allows the complex formation between NifEN and the MoFe protein.
However, the lack of a sufficient amount of negative charges of the “FeMo” cluster (due to the absence of the negative homocitrate moiety) results in an attempted, yet

unsuccessful insertion of the cluster into the positive funnel of MoFe protein.

spectrum of loaded Fe protein (Fig. 4C) assumes a line shape inter-
mediary between those of the MgADP- and MgATP-bound states of
the Fe protein [41]. This observation is in line with the first crystal
structure of the ADP-bound form of Fe protein, which reveals the
attachment of Mo at a position that corresponds to the y-phosphate
of ATP [43]. Such a pattern of ADP/Mo-binding (Fig. 4A) may rep-
resent the initial association of Mo to the Fe protein, particularly
given the structural analogy between phosphate and molybdate.*
Indirect evidence for the sequence of Mo and homocitrate attach-
ment to Fe protein came from the biochemical analyses of a “FeMo”
cluster-bound form of NifEN (generated by incubating NifEN with
Fe protein, ATP and MoO,42~ alone). Such a homocitrate-deplete, yet
Mo-replete form of cofactor cannot be further matured into FeMoco
upon incubation with homocitrate, suggesting that homocitrate is
likely attached simultaneously with Mo to the Fe protein [45]. Once
the loading of Fe protein is completed, it likely interacts with NifEN
inamanner thatisanalogous toits interaction with the homologous
MoFe protein during substrate turnover (see Fig. 1), during which
process Mo and homocitrate are incorporated into the NifEN-bound
precursor.

2.3. MoFe protein: receptor for matured FeMoco

Following the maturation of FeMoco on NifEN, the cofactor is
delivered from its assembly site in NifEN to its target binding site
in the MoFe protein. The absolute requirement of intermediary
FeMoco carrier(s) between NifEN and MoFe protein was precluded
by the previous observation of unaffected nitrogen-fixing activity of
the host upon deletions of proposed carrier-encoding gene(s) [46]
and the recent finding of direct FeMoco transfer between NifEN and
MoFe protein upon protein—protein interactions [40]. Thus, the fac-
tors previously hypothesized as FeMoco carriers may instead serve
as post-translational modifiers that fine tune the key residue(s) in
the protein(s) for cluster formation, or as chaperones that stabilize

4 Remarkably, similar nucleotide-assisted processes have been proposed for the
insertion of Mo into the pterin-based cofactors [44].

the protein complex and/or reposition the proteins in a favourable
orientation for FeMoco transfer. Recently, one such factor, NifX, has
been shown to act in a chaperone-like manner in FeMoco assem-
bly [47]. In addition to the nif-encoded accessory proteins, the
well-established chaperone, GroEL, has also been demonstrated to
facilitate the insertion of FeMoco into the MoFe protein [48].

The docking of NifEN on the MoFe protein is signalled by the
completion of the FeMoco assembly on NifEN. Contrary to the
precursor-associated NifEN, the FeMoco-bound NifEN forms a com-
plex with the MoFe protein (Fig. 5A), suggesting that the maturation
of cofactor on NifEN is accompanied by a conformational change
of the protein that is necessary for its subsequent docking on the
MoFe protein [45]. Interestingly, NifEN carrying a “FeMo” cluster
(the homocitrate-free homolog of FeMoco) can also form a complex
with the MoFe protein (Fig. 5B), suggesting that the incorporation
of Mo alone into the NifEN-bound precursor is sufficient to trig-
ger the conformational change of the protein; yet, such a cluster
cannot be subsequently transferred to the MoFe protein, likely due
to the absence of the negative homocitrate moiety that is crucial
for the insertion of the cluster into a positively charged “funnel” in
the MoFe protein (see below) [45]. Sequence comparison between
NifEN and MoFe protein reveals the presence of similar cofactor
binding sites in the two proteins; however, certain residues that
either provide a covalent ligand or tightly pack FeMoco within the
polypeptide matrix of MoFe-protein are not duplicated in the cor-
responding NifEN sequence [26]. It is possible, therefore, that the
respective cluster sites in NifEN and MoFe protein are brought in
close proximity upon the complex formation between the two pro-
teins, 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).

Once it “diffuses” out of NifEN and reaches the surface of the
MoFe protein, FeMoco interacts with a number of MoFe protein
residues en route to its target location. Identification of these
residues was facilitated by the crystallographic analysis of a P-
cluster-intact but FeMoco-deficient form of MoFe protein (isolated
from the nifB-deletion background), which reveals the presence of a
positively charged funnel in the a-subunit that is of sufficient size
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Fig. 6. Surface representation of the FeMoco-deficient AnifB MoFe protein. The key
residues for FeMoco insertion (illustrated as sticks) can be found lining a positively
charged insertion funnel from the entrance to the bottom, including (1) the “lid-
loop” residue, His®362 (colored yellow), which likely provides the first docking point
for FeMoco at the entrance of the insertion funnel; (2) the “His-triad” residues,
His®274, His*442 and His**! (colored blue), which potentially provide an intermedi-
ary docking point for FeMoco during the insertion process; and (3) the “switch/lock”
residues, His®**2 and Trp*##* (colored red), which eventually secure the FeMoco
by the bulky side chain of Trp®*44 through a switch in positions between the two
residues at the bottom of the insertion funnel.

to accommodate the insertion of the negatively charged FeMoco
[35]. Three regions that are potentially important for FeMoco inser-
tion can be identified within this funnel: (1) a “lid loop” (residues
353 through a364) and, in particular, His®362 (located at the tip
of the loop), which could serve as a transient ligand for FeMoco at
the entrance of the funnel (Fig. 6, (1)); (2) a “His triad” (His®274,
His®442 and His*4>1), which may provide an intermediary dock-
ing point for FeMoco half way down the funnel (Fig. 6, (2)); and
(3) a “switch/lock” (His®*42 and Trp®444), which could secure the
FeMoco in its binding site by the bulky side chain of Trp®*44 fol-
lowing a switch in positions between Trp®#44 and His®**? at the
bottom of the funnel (Fig. 6, (3)) [26,35]. Participation of these
residues in the FeMoco insertion process has been confirmed by
mutational analyses, which demonstrate a specific and substantial
reduction of FeMoco incorporation upon removal of the positive
charge, ligand capacity and steric effect at these positions [49-51].
Furthermore, small angle scattering analysis shows that the Rg
value of the FeMoco-deficient MoFe protein (42.4 A) is slightly, yet
reproducibly larger than that of the wild-type MoFe protein (40.2 A)
[52], indicating that the former has a more relaxed conformation.
Considering that the FeMoco-deficient MoFe protein likely rep-
resents the biosynthetic intermediate right before the holo MoFe
protein, these observations suggest that the MoFe protein is com-
pacted upon the insertion of FeMoco.

3. Concluding remarks

There has been major progress toward elucidating the biosyn-
thetic mechanism of FeMoco during the recent years; however, the
job of piecing together this biological puzzle is far from comple-

tion. The biosynthetic events that occur prior to NifEN, in particular,
those hosted by NifB, remain largely unknown. Moreover, the inter-
actions between proteins during the cluster transfer process, as
well as the functions of the accessory factors in each biosynthetic
step, have not been well explored. Further advances toward a
comprehensive understanding of the biosynthesis of FeMoco will
depend on a combination of biochemical, spectroscopic and struc-
tural studies that clearly define the network of interactions among
the various assembly factors of this unique cluster.
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