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1. Introduction

Nitrogenase is a complex metalloenzyme that plays a key
role in the global nitrogen cycle, catalyzing the reduction of
the inert nitrogen (N2) to the bio-accessible ammonia (NH3)
in a reaction usually depicted by Equation (1) (ADP = ade-

N2 þ 8 Hþ þ 8 e¢þ 16 MgATP! 2 NH3 þH2 þ 16 MgADPþ 16 Pi

ð1Þ

nosine diphosphate, ATP = adenosine triphosphate. Pi =

inorganic phosphate.[1–3] Recently, it was demonstrated that
nitrogenase was also capable of reducing small carbon-
containing molecules, such as carbon monoxide (CO) and
carbon dioxide (CO2),[4] to hydrocarbons, thereby defining
nitrogenase as a versatile reductase of both nitrogen- and
carbon-containing compounds.[5–8] The reductions of nitrogen
and carbon compounds by nitrogenase resemble each other in
that they both use proton (H+)/electron (e¢) pairs as the
reducing power and they both occur at ambient temperature
and pressure. The two types of nitrogenase-enabled reactions
have their respective equivalents in the industrial Haber–
Bosch and Fischer–Tropsch processes. In contrarst to the
nitrogenase-based reactions, both industrial processes occur
at high temperatures and pressures: the former combines N2

and hydrogen (H2) into ammonia,[9] whereas the latter
combines CO (a typical substrate)/CO2 (an atypical substrate)
and H2 into hydrocarbon-based carbon fuels.[10] The fact that
nitrogenase can activate N2, CO, and CO2 under ambient
conditions suggests the potential of this enzyme as an
attractive template for the future design of cost-efficient
strategies to convert these small molecules into products of
agronomic and economic values.

Perhaps equally as interesting, the reactivity of nitro-
genase toward nitrogen and carbon compounds points to
a plausible role of this enzyme as an evolutionary link
between the nitrogen and carbon cycles on Earth. It is
possible that nitrogenase functioned as a CO2/CO reductase
in a CO2-rich atmosphere early on and evolved later into an
N2 reductase while retaining certain activity as a CO2/CO
reductase as photosynthesis emerged.

The reactivity of nitrogenase toward carbon compounds
has drawn considerable attention since its discovery, as it
bears significant relevance to the development of the much-
sought-after approaches to recycle carbon waste (CO) and
greenhouse gas (CO2) into useful chemical and fuel products.
The fundamental importance of this reactivity have prompted
questions as to whether there is an intrinsic correlation
between nitrogenase and carbon species and, if so, how it is
related to the ability of nitrogenase to handle carbon-
containing molecules. Along this line of inquiry, a carbide
ion has been identified as a structural element of the cofactor
(designated the M-cluster) of Mo-nitrogenase. Often referred
to as the “conventional” member of the nitrogenase family,
the Mo-nitrogenase of Azotobacter vinelandii consists of
a reductase component and a catalytic component.[1] The
reductase component, designated the Fe protein (NifH), is
a g2-dimer containing a subunit-bridging [Fe4S4] cluster and an
MgATP-binding site within each subunit; the catalytic
component, designated the MoFe protein (NifDK), is an
a2b2-tetramer containing two complex metalloclusters per ab-
dimer: a P-cluster ([Fe8S7]) at the a/b-subunit interface and an
M-cluster ([MoFe7S9C-homocitrate]) within the a-subu-
nit.[11–14] Catalysis by the Mo-nitrogenase involves the for-
mation of a functional complex between NifH and NifDK[15, 16]

as well as the ATP-dependent, interprotein transfer of
electrons from the [Fe4S4] cluster of NifH, via the P-cluster,
to the M-cluster of NifDK, where substrate reduction occurs
upon accumulation of a sufficient number of electrons
(Figure 1a).

Arguably the most complex metallocofactor utilized by
any known biological system, the M-cluster is ligated by only
two ligands, Cysa275 and Hisa442, within the a-subunit of

Named after its ability to catalyze the reduction of nitrogen to
ammonia, nitrogenase has a surprising rapport with carbon—both
through the interstitial carbide that resides in the central cavity of its
cofactor and through its ability to catalyze the reductive carbon–
carbon coupling of small carbon compounds into hydrocarbon
products. Recently, a radical-SAM-dependent pathway was revealed
for the insertion of carbide, which signifies a novel biosynthetic route
to complex bridged metalloclusters. Moreover, a sulfur-displacement
mechanism was proposed for the activation of carbon monoxide by
nitrogenase, which suggests an essential role of the interstitial carbide
in maintaining the stability while permitting a certain flexibility of the
cofactor structure during substrate turnover.
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NifDK. The M-cluster comprises a [MoFe7S9] core that can be
viewed as [Fe4S3] and [MoFe3S3] subcubanes bridged by three
m2-sulfides in between. In addition, the M-cluster is further
coordinated by the 2-hydroxy and 2-carboxy groups of an
organic homocitrate moiety at the Mo end (Figure 1b).[11–13]

The central cavity of the M-cluster had long been considered
a big “void”[13] until 2002, when a high-resolution crystal

structure of NifDK (1.16 è) revealed the presence of some
electron density in this void that could originate from N, O, or
C.[11] This interstitial atom—designated X at the time of
discovery to reflect its unknown identity—was identified later
through combined spectroscopic and structural analyses as
a m6-coordinated carbide (C4¢) ion (Figure 1b).[12, 14] The
presence of an interstitial carbide at the heart of the M-
cluster further highlights the structural complexity of this
metallocofactor that underlies the functional versatility of
nitrogenase. Furthermore, the strategic location and unex-
pected identity of this interstitial atom generated excitement
and interest in elucidating the relevance of this atom to the
biosynthetic and catalytic mechanisms of nitrogenase, thus
raising questions of where this carbide originates from, how it
is incorporated into the M-cluster, and if it has any bearing on
the reactivity toward carbon compounds.

2. Nitrogenase and Carbon: The Interstitial Carbide
of the Nitrogenase Cofactor

Ever since its discovery, the origin of the interstitial
carbide, as well as the mechanism of carbide insertion, has
remained a topic of substantial interest for the specific area of
nitrogenase and the general field of bioinorganic chemistry.
Most knowledge about this interstitial atom was derived from
studies on the biosynthesis of the M-cluster,[17–20] the active
cofactor center of the Mo-nitrogenase.

2.1. Biosynthesis of the M-Cluster

The biosynthesis of the M-cluster is a complicated process
that involves participation of a number of nif-encoded (Nif)
proteins.[20] Biochemical and genetic analyses narrowed the
key players in this process down to a minimum set of Nif
proteins, which in turn led to the proposal of a core
biosynthetic pathway of the M-cluster (Figure 2).[20] This
process is initiated by NifS and NifU, which have comple-
mentary functions in mobilizing Fe and S for the formation of
small FeS fragments. NifS is believed to function in the
capacity of a pyridoxal-dependent cysteine desulfurase,
forming a protein-bound cysteine persulfide that is subse-
quently donated to NifU for the sequential formation of

Figure 1. Structure of Mo-nitrogenase and its associated metal centers.
a) Ribbon presentation (transparent) of the MgADP·AlF4

¢-stabilized
NifH/NifDK complex. Key components involved in electron transfer,
including MgADP·AlF4

¢ , [Fe4S4] cluster, P-cluster, and M-cluster, are
shown as space-filling models. The two subunits of NifH are labeled
as H and colored gray and gold; the a- and b-subunits of the NifDK
are labeled as D and K, respectively, and colored red and light blue.
b) Structure of the M-cluster based on the crystallographic data from
1992, 2002, and 2011. Hisa442 and Cysa275, the two protein ligands of
the M-cluster, are indicated. Atoms of all clusters are colored as
follows: Fe orange, S yellow, Mo cyan, O red, C gray, N blue, Mg green,
Al beige, F light blue. hc = homocitrate. PYMOL was used to create
this figure (PDB IDs: 1N2C, 1M1N, 3U7Q).
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[Fe2S2] and [Fe4S4] clusters (Figure 2 a).[21–26] Following this
event, a [Fe4S4] cluster pair (designated the K-cluster) is
transferred from NifU to NifB, where it is converted into
a [Fe8S9C] cluster (designated the L-cluster) that closely
resembles the metal–sulfur core of the M-cluster except for
the substitution of an Fe atom for the Mo-homocitrate
“conjugate” at one end of the cluster (Figure 2b,c).[27–31] The
L-cluster is then transferred from NifB to NifEN and matured
into an M-cluster upon ATP-dependent insertion of Mo and
homocitrate by NifH prior to the delivery of the fully

assembled M-cluster to its target location in NifDK (Fig-
ure 2c,d).[32–35]

Such a biosynthetic pathway was pieced together with the
help of strategic deletions of nif genes,[20, 36] which facilitated
capture of the biosynthetic intermediates of the M-cluster by
key Nif proteins. Subsequent EPR and biochemical analyses
revealed the sequential transformation of the K!L!M
cluster in this process (Figure 2, �1 –�3 ), which could be
monitored by a change in the EPR features from the K-
cluster-specific S = 1/2 signal (g = 2.02, 1.95, and 1.90) to the
l-cluster-specific signal (g = 1.94) to the M-cluster-specific
S = 3/2 signal (g = 4.31, 3.67, and 2.01), as well as an
accompanying change in the metal content and reconstitution
activities of these cluster species.[19, 26, 31, 33,34] XAS/EXAFS and
crystallographic studies provided further insights into the
structures of the biosynthetic intermediates of the M-cluster,
thus demonstrating the formation of a complete 8Fe core of
the M-cluster (i.e. the L-cluster) prior to the substitution of
Mo and homocitrate for one terminal Fe atom of the 8Fe core
(Figure 2c,d).[28–31] Furthermore, these studies established
NifH—better known as the reductase component of Mo-
nitrogenase—as an ATP-dependent Mo/homocitrate inser-
tase capable of transforming the L-cluster into a fully matured
M-cluster (Figure 2).[33] Together, these observations have
defined the strategy of M-cluster biosynthesis as a variation
on the theme of the stepwise fusion of FeS modules, during
which process 2Fe, 4Fe, and 8Fe platforms are generated in
sequence along with the incorporation of C and S (Fig-
ure 2b,c) and the substitution of one Fe atom of the 8Fe core
by Mo/homocitrate (Figure 2 c,d). The insertion of carbide is
of particular interest, as it plays a pivotal role in a complex
synthetic strategy that is used to generate the complete core
structure of the M-cluster.

2.2. Incorporation of the Interstitial Carbide

The incorporation of the interstitial carbide into the M-
cluster is catalyzed by NifB, an indispensable player in the
process of cofactor assembly. The first indication of the
essential role of NifB in this process came from the
observation that deletion of the nifB gene resulted in the
formation of an M-cluster-deficient form of NifDK (desig-
nated apo-NifDK).[37, 38] Subsequent sequence analyses of
NifB revealed the presence of a CxxxCxxC motif for the
coordination of an S-adenosylmethionine (SAM) binding
[Fe4S4] cluster (designated the SAM cluster), as well as
a sufficient amount of additional ligands for the accommo-
dation of the two [Fe4S4] modules of the K-cluster, thus
leading to the hypothesis that NifB employs radical-SAM
chemistry to couple the two 4Fe units of the K-cluster into an
8Fe L-cluster.[20,39] Consistent with this hypothesis, EPR
analysis demonstrated that the K-cluster-specific, S = 1/2
signal disappeared concomitant with the appearance of the
L-cluster-specific g = 1.94 signal (Figure 2) upon incubation of
NifB with SAM,[27] thereby providing the initial evidence for
the SAM-dependent nature of the transformation from a K-
cluster (2 × 4Fe) into an L-cluster (8Fe).

Figure 2. Biosynthesis of the M-cluster of Mo-nitrogenase. Actions of
a number of assembly-related Nif proteins lead to a) formation of
[Fe2S2] and [Fe4S4] clusters on NifS/U; b) generation of the L-cluster
([Fe8S9C]) on NifB; c) insertion of Mo and homocitrate (hc) by NifH
into the L-cluster, which give rise to a mature M-cluster ([MoFe7S9C-
hc]) on NifEN; and d) delivery of the M-cluster to its target location in
NifDK. NifB catalyzes the K- to L-cluster conversion, which involves
radical-SAM-dependent carbide insertion concomitant with the inser-
tion of a ninth sulfur atom and the rearrangement/coupling of the two
4Fe units of the K-cluster into an 8Fe L-cluster. The characteristic EPR
features of�1 K-,�2 L-, and�3 M-clusters are shown next to the
corresponding structural models.
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The role of SAM in this process was further examined by
HPLC analysis of the products of SAM cleavage by NifB. Two
products were detected following the incubation of SAM with
NifB: one, S-adenosylhomocysteine (SAH), was formed upon
removal of the methyl group of SAM; the other, 5’-
deoxyadenosine (5’-dAH), was generated upon abstraction
of a hydrogen atom by a 5’-deoxyadenosyl radical (5’-dAC ;
Figure 3,�1 ).[19, 20] This observation suggests the participation
of two SAM molecules in the NifB-catalyzed K!L cluster
conversion: one of them serves as the donor of a methyl group
that eventually gives rise to the interstitial carbide, whereas
the other is used to generate a 5’-dAC radical that abstracts
a hydrogen atom from the methyl group to initiate the radical-
dependent process of carbide insertion.

Isotope labeling experiments supplied proof for this
argument, demonstrating the incorporation of the 14C label
of [14C]methyl-SAM into the L-cluster concomitant with the
conversion of the K- to L-cluster on NifB,[19, 20] as well as the
formation of deuterated 5’-deoxyadenosine (5’-dAD) when
[D3]methyl-SAM was used as a methyl donor in this process
(Figure 3, �2 ).[19,20] In combination, these results firmly
establish that the source of the interstitial carbide is the
methyl group of SAM (Figure 3a), which undergoes an initial
hydrogen atom abstraction by a 5’-dAC radical (Figure 3b)
before the ensuing carbon intermediate is eventually pro-
cessed into an interstitial carbide upon further deprotonation/
dehydrogenation (Figure 3c).[20]

The early events of carbide insertion were further
explored to determine the location of the methyl attachment
and the sequence of events between methyl transfer and
hydrogen abstraction. Interestingly, methanethiol (CH3SH)
and [D3]methanethiol (CD3SH) were detected as the respec-
tive products of acid quenching following the incubation of
NifB with unlabeled SAM (Figure 3, �3 ) and [D3]methyl-
SAM (Figure 3,�4 , thus suggesting the attachment of a SAM-
derived methyl group to an acid-labile sulfur atom of the
NifB-associated K-cluster.[17] Moreover, substitution of the
sulfur atoms of the K-cluster by selenium (Se) led to the
formation of methylselenol (CH3SeH)—the Se-substituted
form of methylthiol—in the same reaction, thus providing
additional support for the transfer of a methyl group to
a sulfur atom of the K-cluster (Figure 3,�5 ).[17] Incubation of
NifB with allyl-SAM, a SAM analogue containing an allyl
group (-CH-CH=CH2) in place of the methyl group (-CH3),
generated SAH as the sole product of SAM cleavage.
However, the absence of hydrogen abstraction from the
allyl group by a 5’-dAC radical did not prevent the formation of
allylthiol (CH2=CH-CH-SH)—the allyl-substituted form of
methylthiol—upon acid quenching (Figure 3, �6 ).[17] This
observation suggests that transfer of the allyl group from
allyl-SAM occurs independently from the event of hydrogen
atom abstraction. Thus, by analogy, transfer of the methyl
group from SAM follows an SN2-type mechanism, whereby
the complete methyl group is transferred to the sulfur atom of
the K-cluster before it is processed into a carbon intermedi-
ate—likely a methylene radical—upon abstraction of a hydro-
gen atom by a 5’-dAC radical (Figure 3a,b).

Although steps of the carbide insertion pathway prior to
the hydrogen abstraction have been refined through these

studies, the subsequent events along this pathway remain
elusive. It is not clear how the methyl-derived carbon
intermediate is further processed into a carbide ion. In
addition, the origin of the ninth sulfur atom and how it is
incorporated as a cluster-bridging sulfide to complete the
stoichiometry of the L-cluster are not understood. Perhaps
the most important question, however, is how radical

Figure 3. Formation of the L-cluster on NifB. Carbide insertion pre-
sumably begins with methyl transfer from one SAM molecule to
a sulfide atom of the K-cluster (a), followed by hydrogen abstraction
from this methyl group by a 5’-dAC radical that is derived from
homolytic cleavage of a second SAM molecule (b). The resulting,
cluster-bound carbon intermediate (e.g. a methyl radical) then initiates
radical-based chemical rearrangement/coupling of the two [Fe4S4]
modules of the K-cluster into a [Fe8S9C] L-cluster concomitant with the
insertion of a ninth sulfur atom and further dehydrogenation/deproto-
nation of the carbon intermediate until a carbide ion appears in the
center of the L-cluster (c).�1 HPLC profile of the standards (top) and
the actual products of SAM cleavage by NifB (bottom);�2 LC-MS
analysis of the 5’-dA species generated upon incubation of NifB with
[D3]methyl-SAM;�3 –�6 GC-MS analyses of products generated upon
acid quenching of reactions containing�3 NifB and SAM;�4 NifB and
[D3]methyl-SAM;�5 Fe/Se-reconstituted NifB and SAM; and�6 NifB
and allyl-SAM.
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chemistry—initiated by the formation of a cluster-bound,
radical carbon intermediate upon abstraction of a hydrogen
atom—enables the coupling and restructuring of the two 4Fe
modules of the K-cluster into an 8Fe L-cluster concomitant
with the insertion of both the interstitial carbide and the ninth
sulfur atom. Although facile ligand replacement of the
tetrahedral Fe2+/Fe3+ atoms through an addition/elimination
mechanism can be hypothesized for the required structural
rearrangement for the formation of an L-cluster,[40, 41] the
exact details of this radical-based process are yet to be
explored. Regardless, the unique chemistry utilized in this
process not only establishes NifB as a new member of the
radical SAM methyltransferase family that specializes in the
assembly of metallocofactors,[39] but also places carbide
insertion at the strategic point of a previously unobserved,
radical-SAM-dependent biosynthetic route to complex,
bridged metalloclusters.

3. Nitrogenase and Carbon: Reductive C¢C
Coupling by Nitrogenase

The relationship between nitrogenase and carbon goes
well beyond the presence of a central carbide at the heart of
the active cofactor site of this metalloenzyme. Studies in
recent years have established nitrogenase as a “reductive
C¢C couplase” that is capable of reducing small carbon
compounds (CO and CO2) to hydrocarbons [alkenes (CnH2n)
and alkanes (CnH2n+2)] under ambient conditions,[5–8,42–46]

which generated substantial interest in exploring the rele-
vance of this enzyme to environment improvement and

energy production. Interestingly, although the N2-reducing
activity was initially established for the “conventional” Mo-
nitrogenase, the CO-reducing activity was first discovered in
the “alternative” V- nitrogenase from A. vinelandii.[7] The V-
nitrogenase is a natural variant of the Mo-nitrogenase, and
the two nitrogenases share a good degree of homology with
regard to the primary sequences of their subunits and the
structural compositions of their metallocenters.[47, 48] Similar to
its Mo counterpart (Figure 4 a), the V-nitrogenase consists of
a reductase component [designated the Fe protein (VnfH)]
and a catalytic component [designated the VFe protein
(VnfDGK); Figure 4c]. Substrate turnover by V-nitrogenase
(Figure 4c), similar to that by Mo-nitrogenase (Figure 4a),
involves the formation of a functional complex between the
two protein components[1–3, 47,48] and the subsequent ATP-
dependent, interprotein transfer of electrons from the reduc-
tase component to the cofactor site of the catalytic compo-
nent, where substrate reduction takes place.

The Mo- and V-nitrogenases have a set of homologous
clusters.[48] The respective reductase components of the two
nitrogenases (i.e. NifH and VnfH) contain nearly indistin-
guishable [Fe4S4] clusters (Figure 4 b,c, top);[16, 48, 49] similarly,
the respective catalytic components of these nitrogenases (i.e.
NifDK and VnfDGK) contain homologous P-cluster species
(i.e. P- and PV-clusters) and cofactor centers (i.e. M- and V-
clusters). The P- and PV-clusters are 8Fe clusters of similar
topology (Figure 4b,d, middle);[5, 16, 48,50] whereas the M- and
V-clusters not only resemble each other in terms of cluster
composition and core structure (Figure 4b,d,
bottom),[12–14, 47,48, 51] but also contain the same interstitial
carbide ion (Figure 4e)[52] that further accentuates the

Figure 4. Comparison of the structures of Mo- and V-nitrogenases and their associated metal centers. a) Ribbon presentation (transparent) of the
1=2 MgADP·AlF4

¢-stabilized NifH/NifDK complex. Key components involved in electron transfer, including MgADP·AlF4
¢ , [Fe4S4] cluster, P-cluster,

and M-cluster, are shown as space-filling models. b) The structures of the [Fe4S4] cluster, P-cluster, and M-cluster shown as ball-and-stick models.
c) Schematic presentation of the 1=2 MgADP·AlF4

¢-stabilized VnfH/VnfDGK complex. Key components involved in electron transfer, including
MgADP·AlF4

¢ , [Fe4S4] cluster, PV-cluster, and V-cluster, are shown as space-filling models. d) The structures of [Fe4S4] cluster, PV-cluster, and V-
cluster shown as ball-and-stick models. The structure of Mo-nitrogenase was rendered based on X-ray crystallographic data (PDB ID: 1N2C);
whereas the hypothetical structure of V-nitrogenase was rendered based on available biochemical and spectroscopic data. The subunits and
atoms of both nitrogenases are colored as described in Figure 1. Additionally, the d-subunit of VnfDGK is labeled as G and shown in white, and V
is colored dark gray. The structures of the clusters shown in (a) and (b) are based on crystallographic data,[11–13, 15, 16] while the structures of the
clusters shown in (c) and (d) are based on XAS/EXAFS data.[48–51] PYMOL was used to create the structural models in this figure (PDB IDs: 1N2C,
1M1N, 3U7Q). HC: hydrocarbons. e) K-valence XES spectra of the V-cluster (red), holo VnfDGK (blue), and apo VnfDGK (black), as well as
difference spectra (offset for clarity) of V-cluster/apo-VnfDGK (magenta) and holo-/apo-VnfDGK (gray/blue). The dashed lines denote the
calculated energy positions for M-clusters containing interstitial C4¢, N3¢, and O2¢, respectively, relative to the Kb2,5 line.[52] The role of Mo or V in
nitrogenase catalysis is unclear, although it has been proposed that the heterometal could function in modulating the redox properties of the
cofactor.
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structural homology between the two cofactors. There are,
however, clear differences between the two homologous
nitrogenases, particularly with regard to the cluster species
that reside in their respective catalytic components. Com-
pared to the [Fe8S7] structure of the P-cluster of the Mo-
nitrogenase (Figure 4b middle), the PV-cluster of the V-
nitrogenase consists of a [Fe4S4]-like cluster pair (Figure 4d,
middle) that assumes a more open conformation at the a/b-
interface of VnfDGK (see Figure 4c). Likewise, despite
a close resemblance to the M-cluster in the Mo-nitrogenase
(Figure 4b, bottom), the V-cluster of the V-nitrogenase
contains V in place of Mo and has a somewhat altered
electronic structure (Figure 4d, bottom).[51] The similarities
and dissimilarities between the two nitrogenases render them
similar yet distinct in their catalytic abilities; most notably, the
V-nitrogenase is substantially more active than its Mo
counterpart in catalyzing the conversion of CO into hydro-
carbons, despite being less active than the latter in catalyzing
the reduction of N2 to NH3.

3.1. ATP-Dependent Reduction of CO and CO2

Working as a two-component enzyme system, the V-
nitrogenase is capable of catalyzing the ATP-dependent
reduction of CO to methane
(CH4), ethene (C2H4), ethane
(C2H6), propene (C3H6), pro-
pane (C3H8), butene (C4H8),
and butane (C4H10) in the pres-
ence of both H2O and D2O
(Figure 5a).[6, 7] The turnover
numbers (TONs) of the V-nitro-
genase-catalyzed reduction of
CO are 992 h¢1 and 1108 h¢1 in
H2O and D2O, respectively, with
C2 hydrocarbons being the pre-
dominant products in both cases
(Figure 5c).[6] In comparison,
the Mo-nitrogenase can only
reduce CO to CH4, C2H4, C2H6,
C3H6, and C3H8 (Figure 5a) at
a TON of 1 h¢1 (Figure 5c) in
the presence of H2O.[6] Substitu-
tion of D2O for H2O adds C4H8

and C4H10 to the product profile
of the Mo-nitrogenase-catalyzed
reduction of CO (Figure 5 a),
and the expansion of the product
profile is accompanied by a sig-
nificant increase in the TON of
this reaction to 27 h¢1 (Fig-
ure 5c).[6] However, despite fol-
lowing a similar pattern of prod-
uct distribution, the Mo-nitro-
genase is considerably less active
than the V-nitrogenase in the
ATP-dependent conversion of
CO into hydrocarbons, with

activities of 0.1% and 2% of those of its V-counterpart in
H2O and D2O, respectively (Figure 5 c).

Compared to CO, CO2 is an extremely poor substrate for
both V- and Mo-nitrogenases. The two nitrogenases facilitate
the ATP-dependent reduction of CO2 to CO and hydro-
carbons[43] at comparable efficiencies in H2O and D2O, with
the widest product profile (CO, CH4, C2H4, and C2H6) and the
highest TON (0.25 h¢1) achieved by the V-nitrogenase in D2O
(Figure 5b,d).[43] Moreover, the reduction of CO2 by both
nitrogenases generate mostly C1 products (CO and CH4), and
substitution of H2O by D2O pushes the reactions of both
nitrogenases toward an increased formation of CO (Fig-
ure 5b,d).[43] It is interesting to note that at least part of the
CH4 generated in the nitrogenase-based reduction does not
originate from CO2, thereby leading to the speculation that
the interstitial carbide may serve as the carbon source of some
of the CH4 that is generated in this reaction.[43] If this were the
case, it could be argued that removal of the central carbide—
possibly upon a change of the pH value that results from CO2

dissolved in aqueous solutions—contributes to an increased
instability of the cluster, which in turn accounts for the poor
reactivity of nitrogenase toward CO2 in H2O. This argument
would also be consistent with a significant increase in the CO2

reduction by isolated nitrogenase cofactors in an organic
solvent (see Section 3.2).

Figure 5. ATP-dependent reduction of CO and CO2 by V- and Mo-nitrogenases. Shown are the activities
of product formation (a, b) and the profiles of products (c,d) of the reactions of CO (a,c) and CO2 (b,d)
reduction by nitrogenases in the presence of H2O and D2O. The product profiles (c,d) show the
percentages of C1, C2, C3, and C4 products. The TON was calculated from the nmol of reduced carbon
that appeared in the hydrocarbon products per nmol NifDK (Mo-nitrogenase) or VnfDGK (V-nitro-
genase).
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3.2. ATP-Independent Reduction of CO and CO2

The ability of nitrogenase to reduce CO and CO2 has
prompted investigation into the possibility of utilizing the
cofactor of nitrogenase as a stand-alone catalyst for the
ambient conversion of CO and CO2 into hydrocarbons. By
using a previously established method,[53] both M- and V-
clusters have been extracted as intact entities into an organic
solvent, N-methylformamide (NMF).[51] In addition, the L-
cluster (Figure 2)—which is both a biosynthetic precursor and
an all-iron structural homologue of the mature cofactor—was
also successfully isolated in NMF,[29] thus adding another
interesting cofactor-related species that could be examined
for substrate-reducing activities. Importantly, all three cofac-
tor species remained relatively stable in the isolated state,
likely because of the presence of an interstitial carbide—its
m6-coordination to six Fe atoms of the cofactor loosely
resembling that of carbide coordination in steel—in the
central cavities of all three clusters.

The structural integrity of the isolated cofactor species
provides a strong basis for their functionalities as catalysts for
the ATP-independent reduction of CO and CO2. All three
clusters are capable of reducing CO to hydrocarbons in
aqueous buffer systems in the presence of
europium(II) diethylenetriaminepentaace-
tic acid (EuII-DTPA; E0’ =¢1.14 at
pH 8.0); however, all three reactions occur
at subcatalytic levels (i.e. TON
< 1; Figure 6a).[44, 46] When samarium(II)
iodide [SmI2 ; E0’ =¢1.55 in tetrahydrofuran
(THF)] and 2,6-lutidinium triflate (Lut-H)
are used as the respective reductant and
proton sources, all three clusters can reduce
CO to CH4, C2H4, C2H6, C3H6, C3H8, C4H8,
and C4H10 (Figure 6c) at much higher rates
in solvent systems (Figure 6a), with catalytic
TONs of 3.0, 2.7, and 4.5 obtained in
reactions catalyzed by the M-, V-, and L-
clusters, respectively (Figure 6e).[45] A sim-
ilar increase in activity can be achieved in
the reduction of CO2 by the three clusters
upon substituting EuII-DTPA (in an aque-
ous buffer system) by SmI2 (in an organic
solvent; only in this case, the reduction of
CO2 can barely be detected in reactions with
EuII-DTPA (Figure 6b).[44, 46] Additionally,
even in the presence of SmI2, the three
clusters display narrower product profiles
(CH4, C2H4, C2H6, C3H6, and C3H8 ; Fig-
ure 6d) and lower catalytic TONs (1.4, 1.8,
and 2.3, respectively) (Figure 6 f) in the
reduction of CO2 than in the reduction of
CO.[45] This finding reaffirms CO2 as a much
poorer substrate than CO for the nitro-
genase-type cofactors.

In contrast to their protein-bound coun-
terparts, the M- and V-clusters display com-
parable CO-reducing activities upon isola-
tion, as well as a tendency toward the

formation of CH4 as the major hydrocarbon product (Fig-
ure 6c). The CO2-reducing activities of the two clusters, on
the other hand, remain comparable both in the protein-bound
and in the isolated states; however, both clusters are consid-
erably more active upon isolation and show significantly
increased CH4/CO ratios in their product profiles (Figure 6d).
Together, these observations demonstrate that the protein
environment has an impact on the reactivity of the cofactor
species. Although the TONs of cofactor-based reactions are
rather moderate under the current reaction conditions, the
fact that nitrogenase cofactor species are capable of the
catalytic turnover of CO and CO2 firmly establishes these
clusters as catalysts in their own right. As such, this finding
provides the first proof-of-concept for the feasibility of
developing cofactor-based biomimetic catalysts for conver-
sion of CO and CO2 into hydrocarbon products under
ambient conditions.

Figure 6. ATP-independent reduction of CO and CO2 by nitrogenase cofactors. Shown are
the TONs achieved with reductants EuII-DTPA and SmI2 (a, b), yields of product formation
with SmI2 as the reductant (c,d), and product profiles with SmI2 as the reductant (e, f) in
the reactions of CO (a,c, e) and CO2 (b,d, f) reduction by nitrogenase cofactors. The
product profiles (e, f) show the percentages of C1, C2, C3, and C4 products. The TON was
calculated from the nmol of carbon that appeared in the hydrocarbon products per nmol
cofactor.
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4. Central Carbide versus Carbon Coupling:
Mechanistic Correlation between the Two?

The discovery of an interstitial carbide at the center of the
nitrogenase cofactor[12, 14] has raised mechanistically relevant
questions of whether this carbide participates in the substrate
turnover by nitrogenase and, if so, whether this carbide can be
exchanged into the hydrocarbon products concomitant with
the reductive C¢C coupling by nitrogenase.[18] The identifi-
cation of the SAM methyl group as the source of the
interstitial carbide[19] provided a useful tool to address these
questions, thus permitting the specific labeling of the central
carbide with 14C or 13C isotopes and the subsequent tracing of
the fate of the carbon isotope upon substrate turnover.[18]

4.1. The Fate of the Central Carbide upon Substrate Turnover

A combinatorial use of 14C and 13C isotopes was employed
to trace the fate of the interstitial carbide of the M-cluster
during turnover.[18] When [14C]methyl-SAM was used to label
the interstitial carbide of the M-cluster, the 14C-labeled
sample could be subjected to a fast turnover of substrates
and subsequently examined for the amount of the 14C label
that remained in the M-cluster (Figure 7a). Conversely, when
[13C]methyl-SAM was used to label the interstitial carbide of
the M-cluster, the 13C-labeled sample could be subjected to
a slow turnover of substrates and subsequently examined for
the amount of the 13C label that appeared in the products
(Figure 7b). Interestingly, in the case of the 14C-labeled

sample, the intensity of the 14C label in the cofactor
sample remained unchanged after 3 h even upon
rapid turnover of C2H2 and N2 at a large molar excess
to the interstitial carbide, which would have pro-
moted a quick dilution of the 14C label in the cofactor
species (Figure 7c); whereas in the case of the 13C-
labeled sample, no 13C-labeled product could be
detected even with an extremely slow turnover of CO
at a submolar ratio to the interstitial carbide, which
would have prevented a quick dilution of the 13C label
in the hydrocarbon products (Figure 7d, lower
traces). These results suggest that the interstitial
carbide cannot be exchanged upon substrate turn-
over, nor can it be used as a substrate and incorpo-
rated into the products. A possible role can be
proposed for the interstitial carbide based on these
observations, one that is crucial for maintaining the
structural integrity of the cofactor that underlies the
functionality of nitrogenase during catalysis.

4.2. A Central Role of the Interstitial Carbide in C¢C
Coupling

Further support for the proposed role of the
interstitial carbide in substrate turnover came from
recent studies on CO binding to the cofactors of Mo-
and V-nitrogenases.[52, 54] Previously, spectroscopic
analyses revealed the appearance of a unique EPR
signal upon incubation of the Mo-nitrogenase with
CO under turnover conditions, which was modeled as
a single CO moiety bridged or semibridged between
two Fe atoms across the “S-belt” of the M-clus-
ter.[55–58] Consistent with this observation, a recent
crystallographic study of the CO-bound M-cluster
demonstrated that a CO moiety took the place of one
belt-S atom and assumed a m2-coordination between
two cross-belt Fe atoms (Figure 8a), a surprising
observation that led to the proposal of a reactive iron
species being generated upon displacement of the
belt-S atom to accommodate the binding of CO.[54]

Interestingly, a homologous conformation could be
generated for the V-cluster by incubating the resting-
state V-nitrogenase (i.e. the catalytic VnfDGK com-
ponent alone) with CO in the presence of EuII-

Figure 7. Tracing the interstitial carbide of the nitrogenase cofactor during
substrate turnover. The interstitial carbide of the NifDK-bound M-cluster was
labeled with a) 14C to examine whether the 14C label was diluted upon N2 or C2H2

turnover; or b) 13C to examine if the 13C label was exchanged into the hydro-
carbon (HC) products upon CO turnover. The M-cluster is depicted as described
in Figure 1b. c) The intensities of the 14C label in NifDK samples without
turnover or upon turnover of C2H2 or N2. Shown is the radiation of the 14C label
in the NifDK-bound M-cluster detected by autoradiography. The intensity of the
14C label in the M-cluster did not change upon turnover of C2H2 or N2, thus
suggesting that the interstitial carbide remained in place in these reactions.
d) GC-MS analysis of the hydrocarbon products generated from the turnover of
12CO by unlabeled M-cluster (top traces), of 13CO by unlabeled M-cluster (middle
traces), and of 12CO by 13C-labeled M-cluster (bottom traces). No 13C product
was detected when 12CO was turned over by the 13C-labeled M-cluster (bottom
right), which suggests that the interstitial carbide was not exchanged into
products upon turnover.
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DTPA, which allowed the V-cluster to achieve a sufficiently
low redox potential for CO binding without the extra push
from turnover. The CO-bound M- and V-clusters displayed
EPR signals with strikingly similar line shapes (Fig-
ure 8c,d),[52] thus suggesting a close resemblance between
the two CO-bound conformations (Figure 8 a,b).[52] However,
while the “inhibited” state of the CO-bound M-cluster was
hardly capable of turnover, the CO-bound V-cluster was
catalytically competent and, thus, represented a substrate-
bound state of nitrogenase. GC-MS analysis demonstrated
that 13CO could be preloaded onto the V-cluster and
subsequently turned over into hydrocarbon products. In the
absence of extra CO, turnover of the V-cluster-bound 13CO
resulted in the formation of 13CH4 (Figure 8e, �1 ) and 13CD4

(Figure 8e, �2 ) in H2O and D2O, respectively.[52] When 1%

extra 12CO was supplied, however, the V-cluster-bound 13CO
could also undergo reductive C¢C coupling, thereby generat-
ing 13CH2=

12CH2 (Figure 8e,�3 ) and 13CH3-
12CH3 (Figure 8e,

�4 ) as additional turnover products in H2O-based reactions.[52]

The displacement of a belt-S atom by a CO moiety—
a binding mode that is likely adopted by the catalytically
competent conformation of the CO-bound V-cluster—points
to a nitrogenase-based mechanism of CO activation that
relies on a substantial rearrangement of the belt-S atom to
uncover and activate the two Fe sites for the initial binding of
CO and, possibly, the subsequent attachment of additional
CO moieties for C¢C coupling. The flexibility of the S-belt in
this process suggests a critical role of the interstitial carbide in
providing a strong anchor for the reactive Fe sites during
ligand exchange, thereby maintaining the structural integrity
of the cofactor while permitting significant restructuring of
the S-belt that is crucial for substrate turnover. The function
of the interstitial carbide, therefore, far exceeds that of a mere
structural element. Although it may not directly participate in
reduction of the substrate, this atom has a central role—both
in location and function—in orchestrating the restructuring
events of the cofactor that underlie the unique reactivity of
nitrogenase toward CO.

5. Summary and Outlook

A close relationship between nitrogenase and carbon was
unveiled through the identification of an interstitial carbide in
the central cavity of the nitrogenase cofactor and the
discovery of the ability of nitrogenase to catalyze the
reductive C¢C coupling of small carbon compounds. Subse-
quent investigations of the carbide insertion pathway
revealed a novel, radical-SAM-dependent route to generate
complex, bridged metalloclusters, whereas recent studies of
CO activation implied a crucial, albeit indirect role of the
interstitial carbide in upholding the structural integrity while
facilitating substantial restructuring of the cofactor during
substrate turnover.

However, many questions remain unanswered regarding
the exact correlations of these carbon species to the assembly
and catalytic mechanisms of nitrogenase. With regard to
carbide insertion, details of events that further process the
carbon intermediate into a carbide ion, as well as those
related to the origin of the ninth sulfur and the radical-based
cluster rearrangement, are yet to be explored to elucidate the
assembly mechanism of the nitrogenase cofactor. In terms of
C¢C coupling, further examination of the activation mecha-
nism of carbon species, as well as continued optimization of
the reaction conditions for C¢C coupling, is required to
understand the reactivity of nitrogenase toward carbon
compounds and develop strategies for future biotechnological
adaptations of these reactions for converting carbon wastes
into useful hydrocarbon products. Although there is a long
way to go to achieve these goals, further investigations into
the relationship between nitrogenase and carbon promise to
advance our understanding of the mechanism of nitrogenase
and unveil unprecedented chemical reactions catalyzed by
this fascinating enzyme system.

Figure 8. Homologous conformations of CO-bound M- and V-clusters.
a) Crystal structure of the CO-bound M-cluster (an “inhibited” state)
and b) homologous model of CO-bound V-cluster (a substrate-bound
state). PDB entry 4TKV,[54] XAS/EXAFS,[51] and XES[52] data were used to
generate these models. Atoms are colored as described in Figure 1b.
The belt-S atoms are indicated by stars (*). Note that one of the three
belt-S atoms is replaced by a CO moiety in the CO-bound conforma-
tions of both the M- and V-clusters. c,d) EPR features of c) the CO-
bound M-cluster and d) the CO-bound V-cluster. The conformation of
the CO-bound M-cluster was generated by incubating the turnover-
state Mo-nitrogenase (i.e. NifH plus NifDK) with CO in the presence
of dithionite and ATP, whereas the conformation of the CO-bound V-
cluster was generated by incubating the resting-state V-nitrogenase
(i.e. VnfDGK alone) with CO in the presence of the reductant EuII-
DTPA (E0’ =¢1.14 V at pH 8.0). Shown are difference spectra of
samples prepared in the presence and absence of CO. The g values are
indicated. e) The catalytic competence of the CO-bound V-cluster. GC-
MS analysis of products formed upon turnover of the 13CO-bound V-
cluster in�1 H2O, and�2 D2O without extra CO (�1 ,�2 ) or in H2O
with 1% extra 12CO (�3 ,�4 ).
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