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First-principles calculations of Fischer-Tropsch processes 
catalyzed by nitrogenase enzymes

Joel B. Varley and Jens K. Nørskov

The Fe(Mo/V)co Nitrogenase

is EXAFS, and many studies have appeared to date
[44–54]. In general, these studies agree well with the X-
ray crystallography studies and give the same structural
picture.

One Fe-protein can bind two MgATP or MgADP
molecules and the binding takes place at the interface
between the two dimers. On the side that is opposite
to the nucleotide binding, the two subunits of the Fe-
protein are bridged by a ferredoxin, a [4Fe-4S]-cluster,
whose structure is depicted in figure 3. The [4Fe-4S]
cluster is located on the protein surface and is exposed
to the solvent, when the Fe-protein is not associated
with the MoFe-protein. Its four Fe atoms form covalent
bonds with four cysteine (Cys) sidechains which are
connected to b-sheet structures. These b-sheet structures
connect the location of the ferredoxin both to the
nucleotide binding site and to the important sites for
docking to the MoFe-protein. Thus, these three different
sites are structurally coupled over a distance of !20 Å
through the protein structure.

The MoFe-protein contains two P-clusters and two
FeMoco, and the structure of these metal-sulfur clusters
is shown in figure 3. The P-clusters and the FeMo
cofactors are both located !10 Å from the surface. The
P-cluster is an iron-sulfur cluster of the stoichiometry
[8Fe-7S]. Its function is most likely to be an intermediate
storing center for the electron transfer, i.e. the electrons
are transferred from the [4Fe-4S] cluster to the P-cluster
and then on to the FeMo-cofactor. The FeMo-cofactor
(FeMoco) has been shown to be the active site where
substrates are bound and reduced. The stoichiometry of
the FeMoco is [Mo-7Fe-9S-N]. The FeMoco is one of

the largest natural Fe–S clusters known and the coor-
dination of the iron and sulfur ligands is unique. To this
day, the FeMoco could not be synthesized, although
much work on synthesis has been done [55–57]. The iron
atoms within the FeMoco are antiferromagnetically
coupled, as could be shown by Mössbauer [58] and
ENDOR [59] spectroscopy. The total spin state has been
determined in numerous EPR studies and is S=3/2 [60].

During the reaction cycle, the Fe-protein and the
MoFe-protein undergo the so-called Fe-protein cycle,
which starts out with the reduced Fe protein with
MgATP bound. There can be two MgATP molecules
bound per Fe-protein. As the first step the Fe-protein
and MoFe-protein associate and form a complex. This
triggers an electron transfer from the [4Fe-4S]-cluster to
the P-cluster and on to the FeMoco. Around the same
time, ATP is hydrolyzed to ADP and inorganic phos-
phate. After these two events, the protein complex has
to dissociate. This is the rate-limiting step of the overall
cycle with a rate constant of k=6.4 s)1. As the last step,
the Fe-protein is reduced again and ADP is replaced by
ATP. Then the cycle starts over again. During one
Fe-protein cycle, one electron is transferred to the active
site, thus, for the conversion of one N2 molecule the Fe
protein cycle has to be undergone eight times. As there
are two MgATP molecules bound per Fe-protein, 16
MgATP are used for the conversion of one N2 molecule,
hence the stoichiometry of Equation (1). This con-
sumption of ATP renders nitrogenase as one of the
energetically most expensive enzymes.

By analyzing enzyme structures and redox potentials
it has been shown that complex formation induces

Figure 2. The nitrogenase complex of the MoFe-protein and the Fe-protein from the structure 1N2C [36]. The stabilizing nucleotide ADPÆAlF4)

is depicted by orange space-filling balls, the [4Fe)4S] cluster in magenta, the P-cluster in yellow and the FeMoco in red. The rest of the protein is
shown by ribbons, the Fe-protein in green and the MoFe-protein in blue. This figure and the other color figures have been prepared using
MolScript [125] and Raster3D [126].
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Nitrogenases are a class of 
metalloenzymes that catalyze the 
reduction of N2 to NH3, a critical 
process in biology and nature. 
FeMoco and FeVco are two 
notable variants distinguished by 

the transition metal in their 

For CO, the potential-limiting 
step is the initial protonation 
to CHO*, which becomes 
much more favorable when 
one of the μ2 atoms is 
available as an adsorption site. 

Summary
We have investigated the chemical pathways describing CO and CN- 
reduction by nitrogenases.  We find that the potential-limiting step of the 
(electro)reduction of CO into hydrocarbons is the protonation of CO to 
CHO*.  CN- reduction is instead limited by the further reduction of HCN to 
CHNH*. These steps become much more favorable if the under-coordinated 
bridging μ2 S atoms are available as adsorption sites.  Our calculated 
pathways can account for the observed CO and CN- reduction trends in 
both isolated cofactor variants, and suggest CH2* as the primary building 
block of C-C species. Furthermore, the nitrogenases compare favorably to 
the best known metal surfaces CO electroreduction catalysts.

Support from the Global Climate and Energy Project (GCEP) at 
Stanford University is gratefully acknowledged.

Acknowledgements

[1] B. Hinneman and J.K. Nørskov, Top. Catal. 37, 55 (2006).
[2] Y. Hu, C.C. Lee, M. W. Ribbe, Science 333, 753 (2011); C.C. Lee, Y. Hu, 
     M.W. Ribbe, Angew. Chem. Int. Ed. 51, 1947–1949 (2012).
[3] A.A. Peterson, F.  Abild-Pedersen, F. Studt, J. Rossmeisl, J.K. Nørskov, 
	
 Energy Environ. Sci. 3, 1311 (2010).
[4] Y. Hori, K. Kikuchi, A. Murata, S. Suzuki, Chem. Lett.15, 897 (1986).

References

Not just N2 reduction

! "
Protonation of the cofactor

Calculated free energy diagrams for protonating the 3 bridging μ2 S atoms of 
the cofactors containing Mo (blue) and V (grey). The black pathways represent 
the free energy at 0 V vs. RHE and the red pathways at the labeled potential.

FeMoco FeVco

Adjacent CH2* can 
favorably couple to 
form C2H4 and higher-
order hydrocarbons.

...

CO/CN- 
reduction pathways

suggesting a possible shift of electrons from
D+ reduction toward CO reduction (16).

A closer examination of the product distri-
butions of V and Mo nitrogenases reveals addi-
tional features that set the reactions catalyzed by
the two nitrogenases apart (Fig. 2 and table S1).
Compared with V nitrogenase (Fig. 2A, 1), Mo
nitrogenase (Fig. 2B, 1) displays a much lower
C2H4/C2H6 ratio in its product profile. More-
over, Mo nitrogenase generates a lower percent-
age of two-carbon products and rather seems to
shift the H2O-based reaction toward the forma-
tion of C3H6 and C3H8. In the presence of D2O,
however, Mo nitrogenase shifts the product
distribution back toward two-carbon products;
additionally, there is an appreciable increase in
the C2H4/C2H6 ratio of its product profile (Fig.
2B, 2). Contrary to Mo nitrogenase, V nitroge-
nase is less affected by the deuterium effect.
Nevertheless, V nitrogenase shows a small de-
crease in the C2H4/C2H6 ratio of its product pro-
file and a slight shift toward the formation of
three- and four-carbon products in the D2O-based
reaction, an opposite trend compared with its Mo
counterpart (Fig. 2A, 2). Notably, these opposite
changes in D2O render a closer resemblance
between the product profiles of V and Mo nitro-
genases (Fig. 2, A versus B, 2), pointing to pos-
sible similarities between the CO-reducing
mechanisms of these two nitrogenases.

One common trait shared by the reactions
catalyzed by V and Mo nitrogenases is the over-
whelmingly predominant formation/release of
C2H4 (Figs. 1 and 2). The fact that CH4—the
one-carbon product that could result directly
from the reductive protonation of CO—is ob-
served in much lower abundance than C2H4

suggests that the formation of a C-C bond be-
tween CO derivatives is relatively rapid. The ob-
servation that C2H6—the two-carbon product that
could originate from the reductive protonation of
C2H4—drops sharply in quantity relative to C2H4

indicates that the release of C2H4 is favored over
the further reduction of this product. Further-
more, the huge discrepancy between the amounts
of two- and three-/four-carbon products points to a
potential competition between the formation of
two-carbon products (particularly C2H4) and the
extension of the carbon chain from the same two-
carbon intermediate. The preferred C2H4 formation
catalyzed by nitrogenases probably reflects a
dominant impact of kinetic factors that guide
the overall product distribution, resulting in a
drastically decreased yield of hydrocarbon forma-
tion beyond two-carbon length.

A second conserved feature between the re-
actions catalyzed by the two nitrogenases is the
formation of products in the following rank:
CH2=CH2 >> CH3–CH3 > CH3–CH2–CH3 >
CH2=CH2–CH3 > CH3–CH2–CH2–CH3 >
CH2=CH2–CH2–CH3 (Figs. 1 and 2). As such,
except for the two-carbon products, both nitro-
genases display a preference toward the forma-
tion of saturated three- or four-carbon alkanes
rather than their corresponding unsaturated al-

kenes, suggesting a possible mechanistic switch
after the formation of the first C-C bond. One
plausible account for the reaction beyond the
two-carbon stage involves the formation of al-
kene before a fast protonation step that converts
alkene to alkane. Such a hypothesis is supported
by two lines of evidence. First, Mo nitrogenase
displays a product profile of higher three- and
four-carbon alkene/alkane ratios than its V coun-
terpart (table S1), which could be explained by

its limited access to electrons for CO reduction
that slows down the coupled electron/proton ad-
dition to the unsaturated C=C bonds of alkenes.
Second, both V and Mo nitrogenases show in-
creased three- and four-carbon alkene/alkane
ratios in the presence of D2O (table S1), which
may reflect a stalling effect of deuterium on the
protonation step (16).

The discrepancy between the CO-reducing
capacities of Mo and V nitrogenases suggests a

Fig. 1. Specific activities for individual product formation catalyzed by (A) V and (B) Mo nitrogenase
and (C) comparison of total activities for hydrocarbon formation by the two nitrogenases in the
presence of (1) H2O or (2) D2O. Numbers in circles: 1, CH4; 2, C2H4; 3, C2H6; 4, C3H6; 5, C3H8; 6,
a-C4H8; and 7, n-C4H10. Expanded scales of a-C4H8 and n-C4H10 formation are shown as insets. Specific
activities were determined by quantitative GC analyses and calculated on the basis of the formation of
products (see fig. S3) in the first 10 min of reaction (linear range). Data are presented as mean T SD (N =
5 repetitions of each experiment).

Fig. 2. Distributions of hydrocarbons formed by (A) V and (B) Mo nitrogenases in the presence of (1)
H2O or (2) D2O. The total amounts of hydrocarbons detected in (A) V- and (B) Mo-based reactions were
set as 100%, and the percentages of individual products were determined accordingly for each
nitrogenase. The alkene/alkane ratios of V and Mo nitrogenases are summarized in table S1.
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suggesting a possible shift of electrons from
D+ reduction toward CO reduction (16).

A closer examination of the product distri-
butions of V and Mo nitrogenases reveals addi-
tional features that set the reactions catalyzed by
the two nitrogenases apart (Fig. 2 and table S1).
Compared with V nitrogenase (Fig. 2A, 1), Mo
nitrogenase (Fig. 2B, 1) displays a much lower
C2H4/C2H6 ratio in its product profile. More-
over, Mo nitrogenase generates a lower percent-
age of two-carbon products and rather seems to
shift the H2O-based reaction toward the forma-
tion of C3H6 and C3H8. In the presence of D2O,
however, Mo nitrogenase shifts the product
distribution back toward two-carbon products;
additionally, there is an appreciable increase in
the C2H4/C2H6 ratio of its product profile (Fig.
2B, 2). Contrary to Mo nitrogenase, V nitroge-
nase is less affected by the deuterium effect.
Nevertheless, V nitrogenase shows a small de-
crease in the C2H4/C2H6 ratio of its product pro-
file and a slight shift toward the formation of
three- and four-carbon products in the D2O-based
reaction, an opposite trend compared with its Mo
counterpart (Fig. 2A, 2). Notably, these opposite
changes in D2O render a closer resemblance
between the product profiles of V and Mo nitro-
genases (Fig. 2, A versus B, 2), pointing to pos-
sible similarities between the CO-reducing
mechanisms of these two nitrogenases.

One common trait shared by the reactions
catalyzed by V and Mo nitrogenases is the over-
whelmingly predominant formation/release of
C2H4 (Figs. 1 and 2). The fact that CH4—the
one-carbon product that could result directly
from the reductive protonation of CO—is ob-
served in much lower abundance than C2H4

suggests that the formation of a C-C bond be-
tween CO derivatives is relatively rapid. The ob-
servation that C2H6—the two-carbon product that
could originate from the reductive protonation of
C2H4—drops sharply in quantity relative to C2H4

indicates that the release of C2H4 is favored over
the further reduction of this product. Further-
more, the huge discrepancy between the amounts
of two- and three-/four-carbon products points to a
potential competition between the formation of
two-carbon products (particularly C2H4) and the
extension of the carbon chain from the same two-
carbon intermediate. The preferred C2H4 formation
catalyzed by nitrogenases probably reflects a
dominant impact of kinetic factors that guide
the overall product distribution, resulting in a
drastically decreased yield of hydrocarbon forma-
tion beyond two-carbon length.

A second conserved feature between the re-
actions catalyzed by the two nitrogenases is the
formation of products in the following rank:
CH2=CH2 >> CH3–CH3 > CH3–CH2–CH3 >
CH2=CH2–CH3 > CH3–CH2–CH2–CH3 >
CH2=CH2–CH2–CH3 (Figs. 1 and 2). As such,
except for the two-carbon products, both nitro-
genases display a preference toward the forma-
tion of saturated three- or four-carbon alkanes
rather than their corresponding unsaturated al-

kenes, suggesting a possible mechanistic switch
after the formation of the first C-C bond. One
plausible account for the reaction beyond the
two-carbon stage involves the formation of al-
kene before a fast protonation step that converts
alkene to alkane. Such a hypothesis is supported
by two lines of evidence. First, Mo nitrogenase
displays a product profile of higher three- and
four-carbon alkene/alkane ratios than its V coun-
terpart (table S1), which could be explained by

its limited access to electrons for CO reduction
that slows down the coupled electron/proton ad-
dition to the unsaturated C=C bonds of alkenes.
Second, both V and Mo nitrogenases show in-
creased three- and four-carbon alkene/alkane
ratios in the presence of D2O (table S1), which
may reflect a stalling effect of deuterium on the
protonation step (16).

The discrepancy between the CO-reducing
capacities of Mo and V nitrogenases suggests a

Fig. 1. Specific activities for individual product formation catalyzed by (A) V and (B) Mo nitrogenase
and (C) comparison of total activities for hydrocarbon formation by the two nitrogenases in the
presence of (1) H2O or (2) D2O. Numbers in circles: 1, CH4; 2, C2H4; 3, C2H6; 4, C3H6; 5, C3H8; 6,
a-C4H8; and 7, n-C4H10. Expanded scales of a-C4H8 and n-C4H10 formation are shown as insets. Specific
activities were determined by quantitative GC analyses and calculated on the basis of the formation of
products (see fig. S3) in the first 10 min of reaction (linear range). Data are presented as mean T SD (N =
5 repetitions of each experiment).

Fig. 2. Distributions of hydrocarbons formed by (A) V and (B) Mo nitrogenases in the presence of (1)
H2O or (2) D2O. The total amounts of hydrocarbons detected in (A) V- and (B) Mo-based reactions were
set as 100%, and the percentages of individual products were determined accordingly for each
nitrogenase. The alkene/alkane ratios of V and Mo nitrogenases are summarized in table S1.
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Free energy diagrams 

This same potential limiting-
step compares favorably to 
Cu, currently the best 
known metal surface for the 
electroreduction of CO.[3,4]

Experimental Section
Unless otherwise specified, all chemicals were purchased from
Sigma–Aldrich (St. Louis, MO). Natural abundance 12CO (99.5%
purity) was purchased from Airgas (Lakewood, CA). All isotope-
labeled compounds (! 98% isotopic purity) were purchased from
Cambridge Isotopes (Andover, MA).

Protein purification and cofactor extraction: Azotobacter vine-
landii strains expressing His-tagged VFe and MoFe proteins were
grown as described elsewhere.[14] Published methods were used for

the purification of these nitrogenase proteins.[14] FeVco and FeMoco
were extracted into NMF from VFe protein (1.5 g) and MoFe protein
(1.5 g), respectively, by using a previously described method.[6]

Reduction of CN" ions and CO by isolated cofactors: A stock
solution of [EuII–DTPA] was prepared by dissolving equal molar
amounts of europium(II) chloride and diethylenetriaminepentaacetic
acid at a final concentration of 200 mm in 1m Tris buffer (pH 8.0). The
reduction reaction with CN" ions contained Tris (25 mm, pH 7.8),
[EuII–DTPA] (5 mm),[9] isolated FeMoco or FeVco (0.4 mL), and

Figure 1. GC-MS analysis of hydrocarbons generated from the reduction of 12CO and 12CN" ions by isolated cofactors. Specific activities of hydrocarbon
formation are stated in nmol per mmol of cofactor per hour above the corresponding traces and presented as (mean# standard deviation) (N=5).
ND=not determined by GC-based activity analysis. For time-dependent formation of these products, see Figure S2 in the Supporting Information. Other
than hydrocarbons, NH3 is formed at (18270#129) and (15128#107) nmol per mmol of cofactor per hour in the FeMoco- and FeVco-catalyzed reduction
of CN" ions, respectively. Relative to the amounts of nitrogen that appear in NH3, the total amounts of carbon that appear in hydrocarbons are 95% and
85% in the FeMoco- and FeVco-catalyzed reduction of CN" ions, respectively.

Figure 2. GC-MS analysis of hydrocarbons generated by isolated cofactors from the reduction of 13CO and 13CN" ions.
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For CN-, the potential-
limiting step is the second 
protonation and adsorption 
of HCN to CHNH*. We 
find CN- reduction on non-
μ2 sites requires a much 
smaller overpotential than 
for  CO reduction, making 
CN- reduction more facile 
for both cofactors.

Recent experiments have shown FeMoco and FeVco 

for the reduction of CO and CN- to CH4 by the isolated nitrogenase cofactors. 
The pathways are shown for adsorbates binding to an unprotonated μ2 site. The 
cartoon insets of the CH2* intermediates are highlighted in bold, as they are 
believed to be the bifurcation of the methanation and hydrocarbon formation 
pathways, similar to conventional Fe-based Fischer-Tropsh catalysts.

?

cofactor.  FeMoco is the 
best known nitrogenase 

for NH3 synthesis, 
requiring only one 

can also reduce CO and CN- into higher-order hydrocarbons,[2] indicating they 
may be suitable catalysts for Fischer-Tropsch synthesis, i.e. the conversion of CO 
and H2 into liquid fuels.

H2 per N2 
reduced.[1]

We find that the reduction 
pathways are qualitatively and 
quantitatively similar for the 
isolated cofactors, consistent 
with experiment.[2] 


