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Abstract of the Dissertation 

 
 

Conversion of Small Carbon Compounds by Nitrogenase Proteins 

By 
 

Johannes Georg Rebelein 
 

Doctor of Philosophy in Biological Sciences 
 

 University of California, Irvine, 2016 
 

Professor Markus Walter Ribbe, Chair 
 
 
 

Nitrogenases are complex metalloenzymes capable of catalyzing two of the most challenging 

reactions in Nature: the reduction of atmospheric dinitrogen to ammonia and the reduction 

of carbon monoxide (CO) to hydrocarbons. The Azotobacter vinelandii molybdenum (Mo) 

and vanadium (V)-nitrogenases are homologous systems consisting of two components: the 

reductase component (Fe protein) and the catalytic component (MoFe or VFe protein, 

respectively). The reductase component contains a [Fe4S4]-cluster, whereas the catalytic 

component contains two unique metal clusters, the P-cluster and the M or V cluster for Mo- 

and V-nitrogenase, respectively.  

This dissertation focuses on the conversion of small carbon compounds such as the toxic 

exhaust CO and the greenhouse gas carbon dioxide (CO2) by nitrogenase proteins.  The CO2 

reducing capability of Mo- and V-nitrogenase was investigated under physiologically 

relevant assay conditions. Indeed, both nitrogenases reduce CO2 to CO, but only 



xvii 
 

V-nitrogenase reduces CO2 to hydrocarbons. These studies demonstrated that V-nitrogenase 

directly couples CO2 or CO2-derived species to hydrocarbon chains.  

Building on this, the efficiency of this reaction was improved by using the strong reductant 

europium(II) diethylenetriaminepentaacetate, rendering the ATP-dependent electron 

transfer obsolete and increasing the hydrocarbon chain length as well as the yield.  

Excitingly, the reductase component of V- and Mo-nitrogenase alone can reduce CO2 to CO. 

Strikingly, the reverse reaction, the oxidation of CO to CO2, is catalyzed under oxidizing 

conditions by Fe protein. The interconversion of CO and CO2 establishes the reductase 

component housing a [Fe4S4]-cluster as simple Fe/S-based mimic of CO dehydrogenase. The 

physiological relevance of this reduction is suggested by the observation that A. vinelandii 

strains expressing only the Fe protein component form CO2-derived CO in vivo. 

These discoveries led to the question of whether V-nitrogenase expressing A. vinelandii 

strains could also in vivo form hydrocarbons from CO or CO2. Indeed, this strain can convert 

CO to hydrocarbons in vivo. Furthermore, this process is a secondary metabolism since the 

carbon from CO is not incorporated into the cell mass, but released. Coupling the two in vivo 

processes could result in a biofuel process that catalytically converts CO2 into combustible 

hydrocarbon fuels. 
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 Chapter 1: Introduction to Nitrogenase 
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1.1 Overview of Nitrogenase 

Nitrogenase is a group of complex metalloenzymes that is best known for its function in the 

global nitrogen cycle, catalyzing the reduction of atmospheric dinitrogen (N2) to ammonia 

(NH3) under ambient conditions (1, 2). The overall reaction is usually depicted as N2 + 8H+ + 

16MgATP + 8e- → 2NH3 + H2 + 16MgADP + 16Pi (2). The physiological function of providing 

a bioavailable form of nitrogen (NH3) aside, this reaction embodies the formidable chemistry 

of breaking the exceptionally stable N≡N triple bond only achieved by nitrogenases.  

So far three homologous nitrogenases, the molybdenum (Mo), the vanadium (V), and the iron 

(Fe)-only nitrogenases, have been identified (3, 4). The best-studied homolog of this family 

is the Mo nitrogenase from Azotobacter vinelandii, which consists of two protein 

components. The first component, designated Fe protein (nifH encoded), is a γ2-dimer that 

contains a subunit-bridging [Fe4S4]-cluster per dimer and an ATP binding site within each 

subunit (Figure 1.1) (5-13). The surface-exposed [Fe4S4]-cluster of NifH is ligated 

symmetrically through two cysteines (i.e., Cys97 and Cys132) (9) from each subunit and can 

assume three oxidation states (i.e., 0, +1 and +2), although the  [Fe4S4]2+/1+ couple is generally 

believed to be utilized under physiological conditions (11, 14, 15). The second component is 

designated MoFe protein (nifDK encoded) and is a α2β2-tetramer that contains two unique 

metalloclusters per αβ-dimer: the P-cluster, a [Fe8S7] subunit-bridging cluster and the M 

cluster (FeMoco), a [MoFe7S9C-homocitrate] cluster within the α-subunit (Figure 1.1) (16-

20). While the P-cluster is located 10 Å below the surface of the protein and coordinated at 

the αβ-subunit interface of NifDK by six ligands (Cysα62, Cysα88, Cysα154, Cysβ70, Cysβ95, and 

Cysβ153), the M cluster is buried within the α-subunit NifD 14 Å away from the P-cluster and 

ligated by only two amino acids (Hisα442 and Cysα275) (Figure 1.1b) (19, 20). Structurally, the 
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P-cluster can be viewed as two [Fe4S3] cubanes that are bridged by one μ6-sulfide (19-21), 

while the M cluster can be regarded as a [MoFe3S3] and a [Fe4S3] cubane bridged by three μ2-

sulfides and a central μ6-carbide atom (17-20, 22). Catalysis by the Mo nitrogenase involves 

the complex formation between homodimeric NifH2 and heterotetrameric  Nif(DK)2 (8, 12) 

and the ATP-dependent transfer of electrons from the [Fe4S4]-cluster of NifH, via the P-

cluster, to the M cluster of NifD, where substrate reduction occurs (Figure 1.1a).  

Figure 1.1. The Mo nitrogenase component proteins and metalloclusters of 

Azotobacter vinelandii. (a) Schematic representation of the γ2-homodimeric reductase 

component, NifH2 (top) and the αβ-half of the catalytic component NifDK (bottom). The reductase 

component contains a [Fe4S4]-cluster at the subunit interface and an ATP-binding site within each 

subunit. The catalytic component harbors the subunit-bridging P-cluster ([Fe8S7]) and within the 

α-subunit resides the M cluster ([MoFe7S9C-homocitrate]). (b) Structures of the Mo-nitrogenase 

metalloclusters based on crystallographic data. From top to bottom: [Fe4S4]-cluster, P-cluster and 

M cluster. Clusters are shown as ball-and-stick models, with the atoms colored as follows: Fe 

(orange), S (yellow), Mo (cyan), O (red), C (grey), and N (blue). PYMOL was used to generate the 

structures in this figure based on coordinates of PDB entries 1M1N and 1N2C. 
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1.2 Comparison of Molybdenum and Vanadium Nitrogenase 

 

Like Mo nitrogenase, V nitrogenase is a binary system consisting of two components (Figure 

1.2); the γ2-dimeric Fe protein (or reductase 

component encoded by vnfH) and the α2β2δ4-

heterooctameric VFe protein (or catalytic 

component encoded by vnfDGK) (3, 23, 24). Both 

nitrogenases share a high degree of homology 

regarding primary sequence, cluster composition, 

spectroscopic and catalytic features. Mo and V 

nitrogenase follow the same mode of action during 

catalysis, forming a functional complex that allows 

the ATP-dependent electron transfer from the 

[Fe4S4]-cluster of the reductase component via the 

P-cluster to the V cluster, the M cluster counterpart 

of V nitrogenase, in the catalytic component (Figure 

1.2). In addition, both nitrogenases are known to 

reduce other substrates besides N2, such as protons 

(H+), acetylene (C2H2), azide (N3-), cyanide (CN-) and 

carbon monoxide (CO), albeit at different rates and 

preferences (3, 24-28).  

1.2.1 The Reductase Component 

The reductase components (Fe proteins) of Mo and V nitrogenase, encoded by nifH and vnfH 

respectively, are dimers with a molecular weight of ~60 kDa. The sequences of nifH and vnfH 

Figure 1.2. The V nitrogenase 

component proteins. Schematic 

representation of the γ2-homodimeric 

reductase component, VnfH2 (top) and 

the αβδ2-half of the catalytic component 

VnfDKG2 (bottom). The reductase 

component contains a [Fe4S4]-cluster at 

the subunit interface and an ATP-

binding site within each subunit. The 

catalytic component harbors the 

subunit-bridging P-cluster, and within 

the α-subunit resides the V cluster. 
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show an identity of 91 %, with the ATP-binding motif Gly-X-Gly-X-X-Gly and the two 

cysteines binding the subunit-bridging [Fe4S4]-cluster being conserved in both sequences 

(23). Moreover, the spectroscopic features of NifH and VnfH, as derived from X-ray 

absorption spectroscopy (XAS) and electron paramagnetic resonance (EPR) analyses, are 

overwhelmingly similar, although the Fe K-edge XAS analysis reveals slightly less ferric Fe 

atoms for VnfH (15). However, the EPR spectra of the dithionite-reduced [Fe4S4]1+-cluster of 

both Fe proteins display a mixture of S = 1/2 and S = 3/2 EPR signals (29, 30). Moreover, the 

mid-point potential of both reductase components drops after the binding of MgATP by 

~100 mV (28). In the MgADP-bound state, the mid-point potential of both Fe proteins is 

similar. Furthermore, the [Fe4S4]-cluster of both components can assume the three oxidation 

states 0, +1 and +2 (31). Taken together, these characteristics point towards a striking 

similarity between the two Fe proteins and their [Fe4S4]-clusters.  

1.2.2 The Catalytic Component 

The catalytic component is called MoFe protein for Mo nitrogenase (encoded by nifDK) and 

VFe protein for V nitrogenase (encoded by vnfDGK). MoFe protein forms a heterotetrameric 

complex (α2β2) with a molecular weight of ~240 kDa, while the VFe protein has an additional 

small subunit (encoded by vnfG) and forms a heterooctameric complex (α2β2δ4) with a 

molecular weight of ~270 kDa (26, 28, 32). The sequence identity of nifD and nifK to its 

respective vnf counterpart is 33 % and 32%, respectively. The anchoring ligands for both 
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clusters, the P-cluster and the M cluster/V 

cluster are conserved in both catalytic 

components.  

Until recently, it was assumed that the P-

cluster of MoFe and VFe protein is a [Fe8S7] 

cluster. However, EPR analysis of VFe 

protein in comparison to the MoFe protein 

suggests otherwise (Figure 1.3) (26).  The 

most notable difference emerges from the 

indigo disulfonate (IDS)-oxidized state of 

the catalytic proteins. The P-cluster of MoFe 

protein displays a strong S = 2 signal at 

g = 11.8 (Figure 1.3a) in the parallel mode 

associated with +2 oxidation state of the 

P-cluster (P2+) (33, 34). In contrast, this 

signal cannot be identified in the spectrum 

of the oxidized VFe protein (Figure 1.3b) 

(26). Instead, the EPR spectrum of the 

dithionite-reduced VFe protein shows an 

S = 1/2 signal at g = 2.03 and 1.92 

distributed to the P-cluster (Figure 1.3d) (26, 35), which is not present in the spectrum of 

the reduced MoFe protein (Figure 1.3c). Moreover, an S = 5/2 signal at g = 6.85 seems to be 

associated with the P-cluster since it follows the same temperature and redox dependency 

Figure 1.3. P-clusters of the MoFe and VFe 

proteins. (a, b) Parallel mode EPR spectra of 

indigo disulfonate (IDS)-oxidized MoFe (a) and 

VFe (b) proteins. (c, d) Perpendicular mode EPR 

spectra of dithionite-reduced MoFe (c) and VFe 

(d) proteins. The g values are indicated. Spectra 

(a, b, c, d) were collected at 50 mW and 15 K. (e, 

f) Crystal structure of the P-cluster in MoFe 

protein (e) and the proposed structure of the 

P-cluster in VFe protein (f). The clusters are 

shown as ball-and-stick models, with the atoms 

colored as follows: Fe (orange), S (yellow) 

PYMOL was used to create the figure. 
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as the S = 1/2 signal (26). Previously, it was shown that the partially oxidized P-cluster of 

MoFe protein in the P1+-state shows an analogous S =1/2 signal at g = 2.06 and 1.95 as well 

as a similar S = 5/2 signal at g = 6.70 (36), 

indicating that the P-cluster of VFe protein 

might exist in a more oxidized state than the 

P-cluster of MoFe protein. This difference of 

oxidation state could originate from a 

structural difference as observed in the Fe 

K-edge XAS/extended X-ray absorption fine 

structure (EXAFS) analysis of the cofactor-

deficient VFe protein (35). Instead of the 

‘standard’ [Fe8S7] P-cluster (Figure 1.3e) of 

MoFe protein, the P-cluster of VFe protein 

could reassemble a pair of [Fe4S4]-clusters 

(Figure 1.3f) (35). 

Besides the fact that Mo is replaced by V in 

the V cluster of VFe protein, it was shown 

that both catalytic cofactors M- and V cluster 

contain a central carbide atom and are 

structurally similar (17, 18, 37).  Yet, both 

clusters have differences in their electronic 

properties and the interactions with the 

protein environment, which is evident by 

Figure 1.4. Cofactors of the MoFe and VFe 

proteins. (a, c) Perpendicular mode EPR 

spectra of dithionite-reduced MoFe protein (a) 

and NMF-extracted M cluster (c). Perpendicular 

mode EPR spectra of dithionite-reduced EPR 

spectra of VFe protein (b) and NMF-extracted V 

cluster (d). The g values are indicated. Spectra 

were collected at 15 K (a, b, c) and at 6 K (d) (e, f) 

The XAS/EXAFS-derived structures of NMF-

extracted M cluster (e) and V cluster (f). The 

clusters are shown as ball-and-stick models, 

whereas the NMF molecules are represented by 

sticks, with the atoms colored as follows: Fe 

(orange), S (yellow), Mo (cyan), V (lilac), O (red), 

C (grey), and N (blue). PYMOL was used to create 

the figure. 
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much weaker, broader and less-resolved EPR-features of the dithionite-reduced V cluster 

(Figure 1.4b), in comparison to the M cluster (Figure 1.4a). The V cluster causes the S = 3/2 

signal at g = 5.50, 4.32 and 3.77 (Figure 1.4b) in the protein-bound state (26). The S = 3/2 

signal seems to originate from different species since the g = 5.50 feature behaves differently 

than the other two features upon temperature and redox treatment (26, 30). The NMF-

extracted V cluster (Figure 1.4d) gives rise to an S = 3/2 signal at g = 5.00 and 3.40 that 

corresponds to the features at g = 4.32 and 3.77 of the protein-bound V cluster, respectively 

(38). The disappearance of the g = 5.50 feature indicates that it is indeed a different S = 3/2 

species and originates from the interaction of the cofactor with the protein environment. The 

additional features at g = 5.90 of the V cluster spectra (Figure 1.4d) and g = 6.09 of the M 

cluster spectra (Figure 1.4c) may originate from the interactions of M cluster and V cluster 

with the thiolate groups in thiophenol and 1,4-benzenedithiol. 

The Fe K-edge XAS/EXAFS analyses of both extracted cofactors confirm the similarity 

between the cluster, yet also show the differences (Figure 1.4e, f). On the one hand, the ‘Fe 

cages’ of both clusters closely resemble each other. On the other hand, the V cluster is 

surrounded by a well-defined sphere of NMF molecules, in contrast to the M cluster. This 

observation implies a difference in the electronic structure, at least without the protein 

background (38).  Moreover, the V cluster displays a more elongated structure than the M 

cluster, which might render the V cluster more susceptible to solvent binding (38). Overall, 

the distinctive electronic structure of the V cluster to the M cluster can at least in part be 

attributed to the different hetero metals Mo and V, respectively.  
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1.2.3 Catalytic Features 

Like Mo nitrogenase, V nitrogenase reduces N2 and H+, NH3 and H2, but V nitrogenase shows 

an increased preference for H+ resulting in the following equation: N2 + 10H+ + 20MgATP + 

10e- → 2NH3 + 2H2 + 20MgADP + 20Pi (26). The shift towards increased co-evolution of H2 is 

also observed under C2H2 (30, 39). Moreover, V nitrogenase catalyzes the 4e- and the 8e-  

reduction of C2H2, to form C2H4 (95%) and C2H6 (~5%), respectively, while Mo nitrogenase, 

catalyzes exclusively the 4e- reduction of C2H2 to C2H4 (40, 41).  

In 2010 Lee et al. discovered that V nitrogenase reduces CO to hydrocarbons such as C2H4, 

C2H6, C3H6 and C3H8 (42). A year later, in 2011, the Ribbe lab demonstrated that Mo 

nitrogenase can reduce CO to the same hydrocarbon products (25), but the amount of 

hydrocarbons formed is only ~0.1% of the yield achieved with V nitrogenase. Furthermore, 

it was shown that the replacement of H2O by D2O led to a decrease of D2 evolution by ~30% 

for both nitrogenase systems. Employing D2O as the solvent resulted in the rerouting of the 

electrons towards CO reduction, displayed by an increased hydrocarbon formation of ~12% 

for V nitrogenase and a dramatic 21-fold increase for Mo nitrogenase (25, 42).  Besides these 

discrepancies in the CO reduction activities, the product profile differs between Mo and V 

nitrogenase. Although the product distribution is quite different in H2O, the discrepancy 

shrinks in D2O. The shared similarities are as follows: i) hardly any CH4 is produced; ii) the 

main product is C2H4; and iii) at a hydrocarbon chain length of ≥C3, the saturated 

hydrocarbons are predominantly formed (25, 42). These observations demonstrate that 

nitrogenase prefers C-C bond formation over the complete hydrogenation of CO to CH4.  

 The ability of nitrogenase to reduce CO to hydrocarbons mirrors the capacity of late 

transition metal catalysts in the Fischer-Tropsch (FT) synthesis (43). In contrast to the FT 
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synthesis, nitrogenase uses H+/e- instead of H2 as the hydrogen source for product formation 

but requires the participation of the two component proteins and hydrolysis of ATP for 

electron transfer. Moreover, nitrogenase catalyzes the reaction at ambient conditions, while 

the FT process runs at elevated temperatures (200-240°C) and pressures (20-35 bar) (44-

46). The advantages of the protein system for the CO conversion to hydrocarbons illustrate 

the potential of nitrogenase as a blueprint for the development of cost-efficient strategies for 

renewable fuel production.  

1.3 Aims of the Dissertation 

The central theme of this dissertation is the exploration of the catalytic capabilities of 

nitrogenase for the conversion of small carbon compounds such as CO and CO2. Based on the 

groundbreaking work done by the Ribbe lab on the nitrogenase-based (26, 28, 42, 47) and 

the cofactor-based (48, 49) conversion of CO to hydrocarbons, we set out to extend our 

knowledge of this process by investigating the physiological relevance of this process for 

A. vinelandii. Furthermore, there is still a lack of understanding for the determining factors 

of the small carbon compound processing and hydrocarbon formation by nitrogenase 

proteins. To further illuminate this process, we subjected the potential substrate CO2 to 

nitrogenase assays. The in vivo conversion of CO and the in vitro conversion of CO2 allow us 

to extend our knowledge for exploiting nitrogenase as a clean and efficient template for 

hydrocarbon formation. Moreover, substituting CO with CO2 as the feedstock would enable 

us to develop an environmentally friendly process that converts the greenhouse gas CO2 

directly into fuels. 
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1.3.1 Specific Aim 1: ATP-dependent CO2 Reduction by Molybdenum and Vanadium 

Nitrogenase 

Considering the work on the reduction of CO by the nitrogenase enzyme system done in the 

Ribbe lab (25, 42), the conversion of CO2 by the ATP-dependent two component system of 

Mo and V nitrogenase was explored. These studies revealed that both nitrogenase systems 

can convert CO2 to CO, under physiologically relevant assays conditions (50). In contrast to 

Mo nitrogenase, V nitrogenase can convert CO2 to hydrocarbons such as CH4, C2H4 and C2H6.  

Detailed characterizations of the CO2 conversion allowed us to illuminate the mechanism of 

this process. V nitrogenase directly couples CO2 or CO2-derived intermediates to 

hydrocarbon chains. These results are presented in Chapter 2.  

1.3.2 Specific Aim 2: ATP-independent CO2 Reduction by Vanadium Nitrogenase 

Based on the discovery that V nitrogenase can reduce CO2 to hydrocarbons in an ATP-

dependent fashion (Chapter 2) and the establishment of nitrogenase cofactor-based assay 

conditions for the ATP-independent reduction of CO (48, 49) and CO2 (51) to hydrocarbons, 

we set out to combine the propitious features of both systems. The rationale was to use 

stronger reductants to deliver electrons directly to the V cluster, rendering the ATP-

dependent electron transfer of the reductase component obsolete while retaining a higher V 

cluster stability by keeping it in its natural protein environment. Indeed, these 

improvements resulted in a system superior to the V nitrogenase-based ATP-dependent and 

the cofactor-based ATP-independent system. The ATP-independent, VFe protein-based 

system, detailed in Chapter 3 exhibits the formation of longer hydrocarbon chains (e.g.  

butene and butane) as well as higher turnover numbers (52).  
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1.3.3 Specific Aim 3: The Interconversion between CO and CO2 by Nitrogenase Iron 

Proteins 

While running control experiments for the ATP-dependent reduction of CO2 by Mo and V 

nitrogenase (Chapter 2), we were surprised that Fe protein (NifH and VnfH) under dithionite 

reduces CO2 in low amounts to CO. Following up on these exciting results; we discovered that 

Fe protein is a Fe/S-based mimic of nickel CO-dehydrogenase (53). Apart from reducing CO2 

under dithionite and europium(ii) diethylenetriaminepentaacetate (EuII DTPA) to CO, Fe 

protein can also catalyze the reverse reaction under IDS-oxidizing conditions. Furthermore, 

the function of Fe protein as a CO2 reductase might be of physiological relevance, since 

A. vinelandii strains expressing NifH or VnfH, but not the catalytic component MoFe or VFe 

protein, convert CO2 to CO in vivo. The biological implications of the CO2-reductase function 

of Fe protein and its potential for biotechnological applications are discussed in Chapter 4. 

1.3.4 Specific Aim 4: In vivo Hydrocarbon Formation by Vanadium Nitrogenase 

The observation that V nitrogenase can catalyze the reduction of CO with a rate of 16 nmol 

reduced carbon/nmol protein/min (42) led to the question of whether cells expressing 

V nitrogenase can reduce CO in vivo to hydrocarbons. If this would be the case, it remained 

to be seen if cells incorporate the CO-derived carbon into the cell mass or simply release the 

hydrocarbons as byproducts. The physiological relevance of the in vivo reduction of CO and 

its potential for biotechnological applications in conjunction with in vivo reduction of CO2 

(Chapter 4) are discussed in Chapter 5 (54). 
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1.4 Synopsis of the Dissertation 

This dissertation focuses on the conversion and activation of CO2 by nitrogenase based 

systems summarized in Figure 1.5. V nitrogenase, System I of Figure 1.5 consisting of the Fe 

protein VnfH and VFe protein converts CO2 ATP-dependently to CO and hydrocarbons (HCs), 

described in Chapter 2. The electrons are delivered by dithionite to the [Fe4S4]-cluster of the 

Fe protein. Concomitant with the hydrolysis of two molecules ATP, one electron is 

transferred from the [Fe4S4]-cluster of the Fe protein to the P-cluster of VFe protein which 

funnels the electrons to the V cluster, in the active site of VFe protein, to reduce CO2 (50).  

Figure 1.5. CO2 conversion by nitrogenase systems. A) System I: V nitrogenase consisting 

of the Fe protein (encoded by vnfH) and VFe protein (encoded by vnfDKG) affords ATP-dependent 

reduction of CO2 to CO and hydrocarbons (HCs). B) System II: VFe protein plus EuII DTPA affords 

ATP-independent reduction of CO2 to CO and HCs. C) System III: Fe proteins (encoded by vnfH or 

nifH) plus the reductants dithionite or EuII DTPA afford ATP-independent reduction of CO2 to CO. 

Whereas, Fe proteins plus the oxidant indigo disulfonate (IDS) afford ATP-independent oxidation 

of CO to CO2.  
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To overcome the ATP-requirement, we simplified System I by omitting the Fe protein and 

replacing dithionite (E°’ = - 0.436 V, (55)) by a stronger reductant EuII DTPA (E°’ = - 1.14 V, 

(56)) resulting in System II, Figure 1.5. System II allows the direct transfer of electrons from 

EuII DTPA to the V cluster of VFe protein and the formation of CO and HCs derived from CO2 

in an ATP-independent manner (52), described in Chapter 3.  

In contrast to the V cluster based Systems I and II, System III of Figure 1.5 focuses on the 

catalytic capabilities of the [Fe4S4]-cluster in the subunit interface of the Fe proteins VnfH 

and NifH. Chapter 4 describes the reduction of CO2 to CO by Fe proteins driven by the 

reductants dithionite or EuII DTPA as well as the reverse reaction, the oxidation of CO to CO2, 

by Fe proteins driven by the oxidant indigo disulfonate (IDS). Furthermore, we 

demonstrated that Fe proteins reduce in vivo, inside A. vinelandii cells, CO2 to CO (53).  

Based on the in vivo reduction of CO2 to CO, an A. vinelandii-strain expressing the complete 

V nitrogenase was employed to reduce in vivo CO to hydrocarbons such as ethene, ethane 

and propane, described in Chapter 5. Moreover, the yield of these reactions could be 

increased more than 10-fold by cycling between CO-incubations and air-incubations, 

keeping this reaction going for four days. In addition to this, we established that the carbon 

of CO is not incorporated into the cell mass of A. vinelandii but rather released as a novel 

secondary metabolite (54).  
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2.1 Introduction 

 

Nitrogenase catalysis by the ‘conventional’ Mo nitrogenase is well characterized through 

more than 70 years of active research (1-4). Various aspects of the catalysis were studied 

including the ATP hydrolysis concomitant with complex formation between the reductase 

(nifH- or vnfH-encoded Fe protein) and the catalytic component (nifDK-encoded MoFe or 

vnfDGK-encoded VFe protein) (5-8), the reduction of N2 (1, 4, 9), and the reduction of 

alternative substrates like acetylene, azide and hydrogen cyanide (4, 10, 11) as well as the 

inhibition of the Mo nitrogenase particularly by carbon monoxide (CO) (see Chapter 1) (12, 

13).  

Recently, it was recognized that CO is a substrate for nitrogenase, this originates from the 

observation that CO has differential inhibitory effects on the hydrogen (H2) evolution of Mo 

and V nitrogenase. In the presence of 100 % CO, the hydrogen evolution of V nitrogenase is 

inhibited by ∼76 % whereas the H2 evolution of Mo nitrogenase is barely affected (14). At 

the same time, the ATP hydrolysis is comparable for Mo and V nitrogenase under 100 % CO, 

indicating a similar electron flux for both nitrogenases (15). Further investigation of this 

phenomenon led to the discovery of the conversion of CO to ethene (C2H4), ethane (C2H6), 

propene (C3H6) and propane (C3H8) by V nitrogenase (15).  

For a 130-fold upscaled CO reaction assay, additional hydrocarbon products like methane 

(CH4), butene (C4H8) and butane (C4H10) were identified (16). Moreover, the same C1-C3 

products were identified for the ‘conventional’ Mo nitrogenase in these upscaled assays (16). 

The striking difference between Mo and V nitrogenase is that V nitrogenase is showing a 

nearly 1000 times higher overall activity for the reduction of CO than Mo nitrogenase (16). 

Contrasting the reduction of N2 to NH3, which is catalyzed twice as fast by Mo than V 
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nitrogenase (14). Furthermore, the replacement of H2O by D2O increases the specific activity 

of Mo nitrogenase by 21-fold but of V nitrogenase only by 12 % (16, 17). 

The CO reduction by nitrogenase was a very exciting discovery in the field of nitrogenase 

research and the general field of bioinorganic chemistry. It renders nitrogenase as the first 

enzyme capable of reductively coupling CO to alkanes and alkenes and suggesting 

nitrogenase as a blueprint for an industrial conversion of CO into fuels.  

This discovery of the CO reduction by nitrogenase triggered the question, whether 

nitrogenase can also reduce the greenhouse gas carbon dioxide (CO2). The conversion of CO2 

is not only interesting from an academic standpoint, but could also offer new insights in a 

CO2-fixation reaction to decrease climate change while providing a sustainable hydrocarbon 

source for fuels and other chemicals.  

A comparative study for the CO2 reduction by the ATP-dependent two component systems 

of Mo and V nitrogenase was carried out, to address 1) whether the two nitrogenases can 

reduce CO2 to hydrocarbons and 2) whether the discrepancies of the CO reduction between 

the two nitrogenase systems are similar for the conversion of CO2.  

2.2 Material and Methods  

2.2.1 Reagents 

Unless noted otherwise, all chemicals were purchased from Fisher Scientific and Sigma-

Aldrich. 12CO2 (99.998% purity) was purchased from Praxair, and 13CO2 (≥ 98% isotopic 

purity), D2O and deuterated Tris were purchased from Cambridge Isotope Labs. 
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2.2.2 Cell Growth and Protein Purification 

Azotobacter vinelandii strains expressing His-tagged MoFe and VFe proteins and non-tagged 

vnfH- and nifH-encoded Fe proteins (designated VnfH and NifH, respectively) were grown in 

180 L batches in a 200 L New Brunswick fermentor (New Brunswick Scientific) in Burke‘s 

minimal medium supplemented with 2 mM ammonium acetate (Note that the Mo in Burke‘s 

medium was replaced by 30 µM sodium orthovanadate  for the growth of VFe protein). The 

growth rate was measured by cell density at 436 nm using a Spectronic 20 Genesys. Cells were 

harvested in the late exponential phase by using a flow-through centrifuge (Cepa). The cell paste 

was washed with a buffer containing 50 mM Tris-HCl (pH 8.0). Published methods were used for 

the purification of His-tagged MoFe and VFe proteins, and non-tagged nifH- and vnfH-encoded Fe 

proteins (18-21).   

2.2.3 Enzyme Assays 

 Each H2O-based reaction of CO2 reduction was carried out in a 37.5 ml reaction vial with a 

total volume of 25 ml, which contained 100 mM Tris-HCl (pH 8.0), 20.4 mM MgATP, 43.2 mM 

MgCl2, 245 mM creatine phosphate, 420 U/ml creatine phosphokinase, 20 mM sodium 

dithionite and 1 M NaHCO3 as a CO2 source. This reaction mixture was allowed to equilibrate 

for 1 h, followed by the adjustment of the pH to 8.5. The reaction was started by the addition 

of 150 mg NifH plus 100 mg MoFe protein, or 150 mg VnfH plus 100 mg VFe protein. 

Subsequently, the reaction was incubated with continuous shaking in a water bath at 30 °C 

and samples were taken at 0, 30, 60, 120 and 180 min, respectively. NaHCO3 was omitted 

from the assays to address whether the hydrocarbons generated by CO2 reduction were 

derived indirectly from CO reduction. In these assays, 110 ppm CO was added in the 

headspaces of the vials and equilibrated, which represented the maximum amount of CO 
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produced during CO2 reduction. The D2O-based assays had the same composition as the H2O-

based assays except that all components were dissolved in 100 mM (D11)-Tris [i.e., 

(DOCD2)3CND2] buffer. In addition, all protein samples used in these assays were exchanged 

into the same deuterated buffer. The pD of this buffer was adjusted to 8.0 with DCl and NaOD 

by using the pH indicator strips and subsequently determined by a previously established 

equation (22): pD = measured pH + 0.40. For GC-MS analysis (see below), the H2O- or D2O-

based assays of CO2 reduction were prepared as described above except for the substitution 

of NaH12CO3 by NaH13CO3.  

2.2.4 Activity Determination 

The products CH4, C2H4 and C2H6, were quantified by GC-FID using a previously published 

method (14-16). For each assay, a total of 250 μl headspace was injected onto a Grace 

activated alumina column, which was held at 55 °C for 1 min, heated to 180 °C at 12.5 °C/min, 

and held at 180 °C for another 2.6 min. The quantities of these products were determined 

based on a Scott standard gas mixture containing 15 ppm of each hydrocarbon compound. 

The product, CO was quantified by a GC coupled to an SRI reduction gas detector. For each 

assay, a total of 250 μl headspace was applied onto a Grace molecular sieve column, which 

was held at a constant temperature of 50 °C. The quantity of CO was determined based on a 

linear standard curve (R2 ≥ 98) derived from the injection of varying amounts of 12CO 

(99.5 % purity). The detection limits for the products were, in nmol product/μmol protein, 

0.38 (CH4), 0.23 (C2H4), 0.36 (C2H6) and 0.1 (CO).   

2.2.5 GC-MS Analysis 

 The hydrocarbon products were identified by GC-MS using an Agilent 6890 GC system 

coupled to a Waters GCT-Premier time-of-flight mass spectrometer. The identities of CH4, 
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CD4, C2D4 and C2D6 were confirmed by comparing their masses and retention times with 

those of the Scott standard alkane and alkene gas mixture. For each assay, a total of 50 μl 

headspace was injected into a split/splitless injector operated at 125 °C in split mode, with 

a split ratio of 5. A 1 mm ID liner was used to optimize sensitivity. Separation of gas was 

achieved with an Agilent 0.320 mm (ID) x 30 m (length) HP-PLOT-Q capillary column, which 

was held at 40 °C for 1 min, heated to 45 °C at a rate of 5 °C/min, heated further to 200 °C at 

a rate of 20 °C/min, and held at 200 °C for another 4 min.  The carrier gas, helium, was passed 

through the column at a rate of 1.1 ml/min. The mass spectrometer was operated in electron 

impact (EI) ionization mode.  
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2.3 Results and Discussion 

2.3.1 CO2 Reduction Products 

 Consistent with an earlier 

report (23), Mo nitrogenase can 

reduce CO2 to CO (Figure 2.1 A,  

triangles) in an ATP-dependent 

reaction using dithionite 

(20 mM) as a reductant at pH 8.5.  

The V nitrogenase shows under 

these conditions the same 

efficiencies for the reduction of 

CO2 to CO in H2O-based reactions 

over a period of 180 minutes 

(Figure 2.1 A). Moreover, both 

nitrogenases exhibited roughly the same increase in activity for the formation of CO from 

CO2 upon substitution of H2O by D2O, reaching a maximum increase of activity at 120 

minutes (Figure 2.1 A). Apart from CO, CH4, which is a further reduced C1 product, could be 

detected in the reaction mixtures in the presence of Mo and V nitrogenase when CO2 was 

supplied as a substrate (Figure 2.1 B). However, Mo nitrogenase forms 7.3 nmol CH4 per 

μmol of protein under H2O which decreases to 0 under D2O (Figure 2 B, ▾ vs. ▿) whereas the 

activity of CH4 formation by the V nitrogenase increased from 0 under H2O to a maximum of 

22.2 nmol per μmol of protein under D2O (Figure 2.1 B, • vs. ○). Such a disparate D2O effect 

implies a difference in the routes to CH4 formation taken by the two nitrogenases.  

Figure 2.1. Product formation by Mo and V 

nitrogenases in the presence of CO2. Time-dependent 

formation of CO (A), CH4 (B), C2H4 (C), and C2H6 (D) by the 

Mo nitrogenase in H2O (▿, – – –) or D2O (▾, —) and by the V 

nitrogenase in H2O (○, – – –) or D2O (•, —). Data are 

presented as mean ± SD (N=3) after background correction. 

http://onlinelibrary.wiley.com/doi/10.1002/anie.201406863/full#fig2
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The difference between the V and Mo nitrogenases in CO2 reduction is further illustrated by 

the difference in their abilities to use CO2 as a 

substrate to form C-C bonds. In the presence of 

H2O, little or no C2 products was detected 

during CO2 reduction by either the Mo or the V 

nitrogenase (Figure 2.1 C and D, ▿ and ○). In 

the presence of D2O, however, C2D4 (Figure 2.1 

C, •) and C2D6 (Figure 2.1 D, •) were detected 

as products of CO2 reduction by the V 

nitrogenase, whereas these C2 products were 

hardly detectable in the same reaction 

catalyzed by the Mo nitrogenase (Figure 2.1 C 

and D, ▾). Thus, as was observed in the case of 

CH4 formation, there was a clear increase in 

the activities of C2D4 and C2D6 formation by the V nitrogenase upon replacment of D2O for 

H2O, whereas these activities remained marginal in the reaction catalyzed by the Mo 

nitrogenase following such a substitution. Moreover, like the formation of CH4, the formation 

of C2 products by the V nitrogenase was ATP-dependent, as C2D4 and C2D6 could not be 

detected in the absence of ATP (Figure 2.2).  

2.3.2 Tracing CO2 during Hydrocarbon Formation 

 GC-MS analysis supplied further evidence for the differences between the Mo and V 

nitrogenase in hydrocarbon formation from CO2. When 12CO2 was replaced by 13CO2, 13CD4 

could be detected in the V nitrogenase-catalyzed reaction in D2O (Figure 2.3 B); 
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Figure 2.2. ATP-dependent product 

formation by V nitrogenase from CO2. 

Percentage activities of product formation by 

V nitrogenase from CO2 in the presence 

(white bars) or absence (grey bars) of ATP in 

D2O based reactions. The percentage 

activities in the absence of ATP were 

calculated relative to those in the presence of 

ATP, with the latter set to 100 %. The actual 

specific activities of product formation in the 

presence of ATP are, in nmol/µmol protein/h 

194 ± 17 (CO), 12.4 ± 3.8 (CD4), 21.8 ± 1.7 

(C2D4) and 1.31 ± 0.05. (C2D6). 
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however, 13CH4 was absent from the Mo 

nitrogenase catalyzed reaction in H2O (Figure 2.3 

A). This observation confirmed CO2 as the carbon 

source for CD4 generated by the V nitrogenase while 

suggesting a different carbon source for the same 

C1 product formed by the Mo nitrogenase. Aside 

from CD4, CO2 also gave rise to the C2 products in 

the V nitrogenase catalyzed reaction, 

as 13C2D4 (Figure 2.3 C) and 13C2D6 (Figure 2.3 D) 

could be detected in the presence of D2O upon 

substitution of 13CO2 for 12CO2. Together, the GC-MS 

and activity data highlight the difference between 

the reactions of CO2 reduction by the V and Mo 

nitrogenase, showing the ability of the V 

nitrogenase to form C1 and C2 hydrocarbons along 

with CO and the inability of its Mo counterpart to 

generate products other than CO under these 

experimental conditions. Given the previous 

observation that the V nitrogenase can reduce CO to hydrocarbons (15, 16), the co-

production of CO and hydrocarbons by this enzyme as products of CO2 reduction raises the 

relevant question, whether it is the CO2-derived CO that gives rise to the hydrocarbon 

products. 

Figure 2.3. GC-MS analyses of the 

hydrocarbon products formed by 

Mo and V nitrogenase. The 

products were generated by the Mo 

nitrogenase in H2O (A) or by the V 

nitrogenase in D2O (B-D) when 12CO2 

(1) or 13CO2 (2) was supplied. The 

mass-to-charge (m/z) ratios at which 

the products were traced are indicated. 
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This question can be addressed by directly supplying CO to the V nitrogenase in a 

concentration simulating the maximum concentration of CO achieved in the “equilibrated 

state” of CO2 reduction by this enzyme (see Figure 2.1 A) and monitoring the formation of 

the C1 and C2 hydrocarbons in D2O over a time period of 180 minutes. Interestingly, the CO-

based formation of CD4 by the V nitrogenase (Figure 2.4, ○) displayed a product increase of 

12.6 nmol per μmol of protein between 0 and 30 minutes, whereas the CO2-based formation 

of CH4 exhibited a nearly identical increase of 11.8 nmol per μmol of protein between 30 and 

60 minutes after an initial lag phase between 0 and 30 minutes (Figure 2.4, •). This 

observation suggests the possibility for the V nitrogenase to direct the formation of 

C1 hydrocarbons via CO, as the 30-minute delay could be correlated with a need for the 

enzyme to accumulate a sufficient amount of CO2-derived CO to initiate further reduction of 

CO to CD4. Furthermore, the divergence of the CD4 formation after 60 min from CO (Figure 

2.4 A, ) and CO2 (Figure 2.4 A, ) could be explained by a slight decrease of the CO 

concentration in the CO-assay whereas CO concentration in the CO2 assay remains constant 

(see Figure 2.1 A). 

Figure 2.4. Formation of hydrocarbon products by V nitrogenase. Time-dependent 

formation of CD4 (A), C2D4 (B), and C2D6 (C) from CO2 () or CO () by the V nitrogenase in D2O. CO 

was added at a concentration of 110 ppm in assays involving the direct formation of products from 

CO, which was equivalent to the maximum concentration of CO generated from the CO2 reduction by 

the V nitrogenase (see also Figure 2.1). Data are presented as mean ±SD (N=3), after background 

correction. 
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Unlike CD4, both C2D4 and C2D6 seem to be produced by the V nitrogenase along a CO-

independent route, as no C2 products could be detected (Figure 2.4 B and C, ) upon direct 

addition of the same amount of CO as produced by the V nitrogenase through CO2 reduction 

in the equilibrated state (see Figure 2.1 A). This observation suggests that instead of CO, CO2 

and/or other CO2-derived intermediates are responsible for the formation of C2 

hydrocarbon products by the V nitrogenase. The lack of contribution of CO to the generation 

of C2 hydrocarbons, in this case, could be explained by an insufficient CO concentration 

achieved by the reduction of CO2, which does not allow the formation of C-C bonds. More 

excitingly, it defines the ability of the V nitrogenase to use CO2 directly as a substrate for the 

initial C-C coupling and the subsequent carbon chain extension.  

The ability of certain variants of the Mo nitrogenase to reduce CO2 to CH4 was reported 

recently (24). To our surprise, contrary to what has been described for these variants of the 

Mo nitrogenase (24), the wild-type Mo nitrogenase cannot reduce CO2 to CH4; rather, it uses 

an unknown carbon source to generate CH4 in the presence of CO2 and H2O. Considering the 

presence of an interstitial carbide (25-28) and a homocitrate-moiety in the M cluster (25, 

27) it can be postulated that in H2O, CO2 or its derivative somehow promotes the release of 

the central carbide ligand or carbon-containing groups of the homocitrate in the form of CH4. 

Alternatively, the side-chain groups of certain amino acids at the active site of the Mo 

nitrogenase may also serve as a carbon source for the production of CH4 in the presence of 
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CO2. Remarkably, despite the unclear nature of the carbon source, the formation of CH4 by 

the Mo nitrogenase is ATP-dependent and requires the presence of both component 

proteins; moreover, it only occurs in the presence of CO2 and H2O (Figure 2.5). This 

observation points to a redox-dependent mechanism for this reaction, as the requirement 

for ATP and both components is specifically associated with the transfer of electrons through 

the enzyme system, which may permit the initial binding and processing of CO2 or its 

derivative in H2O and the subsequent 

interaction between CO2 or CO2-derived 

intermediate(s) and the carbon species that 

eventually gives rise to CH4. Given the overall 

homology between the Mo and V nitrogenases, 

one would expect V nitrogenase to catalyze 

the same unspecific formation of CH4 from a 

different carbon source than CO2 as its Mo 

counterpart. Although this possibility cannot 

be ruled out, our current data (see Figure 2.3 

B) clearly demonstrate that the CH4 formed by 

V nitrogenase is derived, at least in part, from 

CO2. Further investigations of the origin of the 

different routes taken by the two nitrogenases 

to CH4 formation could be informative, 

particularly with regard to the initial binding 

and processing of CO2 by this enzyme system. 

Figure 2.5. ATP- and protein component 

dependent CH4 formation by Mo 

nitrogenase in the presence of CO2. 

Percentage activities of CH4 formation by Mo 

nitrogenase in a complete assay containing 

ATP and both component proteins (1), in the 

absence of ATP (2), in the absence of Fe protein 

(3), and in the absence of MoFe protein (4) all 

in H2O-based reactions. The percentage 

activity in the absence of ATP or either 

component of the Mo-nitrogenase was 

calculated relative to that in the presence of 

ATP and dithionite, with the latter set to 100 %. 

The actual specific activity of CH4 formation in 

the presence of ATP and dithionite is 3.7 + 0.7 

nmol/μmol protein/h. 
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2.4 Summary and Conclusion  

Based on the hydrocarbon products identified thus far in the gas phase, V nitrogenase 

generates carbon-containing compounds at a slow rate from CO2 reduction, forming 0.3 mol 

CO, 0.02 mol CH4, 0.04 mol C2H4, and 0.002 mol C2H6 per mol of protein. Nevertheless, the 

ability of V nitrogenase to form hydrocarbons, particularly the C2 products, from CO2, is a 

most remarkable finding, because it adds another exciting reaction to the catalytic repertoire 

of this unique enzyme system. As was observed in the case of CO reduction (16), the V 

nitrogenase is superior to its wild-type Mo counterpart in generating hydrocarbons from 

CO2. The disparate CO-reducing activities of the V and Mo nitrogenases were compared with 

the differential capacities of synthetic V and Mo compounds to reductively couple two CO 

moieties into functionalized acetylene ligands (29). Furthermore, an alteration of the CO-

reducing activities was reported for the MoFe protein variants that contained modified 

residues at the active site (30). By analogy, the disparate CO2 reducing activities of the two 

nitrogenases could also stem from the structural/redox differences between V- and M 

cluster, as well as the protein environments surrounding the two cofactors (see Chapter 1). 

Moreover, the different structural/redox properties of the P-clusters in the two nitrogenases 

could further contribute to the differences between their abilities to reduce CO2 (see Chapter 

1.2). In fact, the ability of the nitrogenases to generate hydrocarbons from CO2 was first 

described for a cofactor-deficient variant of the MoFe protein (31) and attributed to its 

unique P-cluster, which contains a [Fe4S4]-like cluster pair instead of the normal [Fe8S7] P-

cluster (32). Interestingly, the P-cluster of the V nitrogenase also consists of a pair of [Fe4S4]-

like clusters (14, 17, 33) and could, in principle, serve as a site for CO2 reduction on its own; 

only in the case of the holo form of the V nitrogenase, the presence of the cofactor 



35 
 

“downstream” of the P-cluster along the electron transfer pathway (see Chapter 1) may 

effectively “funnel” the electrons towards the cofactor site and only allow a small amount of 

CO2 reduction at the P-cluster site. The possibility of two reactive sites (i.e., P-cluster and 

cofactor) and different reaction routes (i.e., via CO or other CO2-derived intermediates) for 

CO2 reduction makes it a challenging task to elucidate the mechanistic details of this reaction. 

Nevertheless, the work reported herein provides an essential framework for systematic 

investigations of this unique reaction in the future, which will hopefully lead to the 

development of nitrogenase-based strategies to recycle the greenhouse gas CO2 into useful 

carbon fuels. 
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3.1 Introduction 

The enzyme catalyzed CO2 reduction in an ATP-dependent fashion by V nitrogenase not only 

added another substrate to the already impressive list of remarkable nitrogenase reactions 

(see Table 3.1) (1-4); it renders nitrogenase the first enzyme to convert CO2 into 

hydrocarbons. This 

discovery generated a lot 

of interest for 

nitrogenase as a possible 

template for the design 

of cost-efficient 

strategies to convert the 

greenhouse gas CO2 into 

products of economic 

value (see Chapter 2) (5). 

However, the ATP-

dependent conversion of CO2 by the complete V nitrogenase (Figure 3.1 A, system I) is rather 

slow, and the amount of formed products is with 0.3 mol CO, 0.02 mol CH4, 0.04 mol C2H4, 

and 0.002 mol C2H6 per mol of protein very low and the hydrocarbon chains are rather short. 

A second approach taken by Lee et al. (2015) to reduce CO2 to hydrocarbons employed the 

isolated cofactors of nitrogenase proteins, receiving the electrons directly from a strong 

reductant samarium(II) iodide (SmI2; E0’ = −1.55 V in THF, SHE (6)), in an organic solvent 

(Figure 3.1 C, system III). This approach renders the ATP-dependent electron transfer 

obsolete and increases the turnover number (TON) from 0.4 for system I to 1.8 for system 

Table 3.1. Nitrogenase Reactions. 

Substrate Reaction 

Acetylene C2H2
 + 2H+ + 2e-  C2H4  

Azide N3- + 3H+ + 2e-  N2 + NH3 

Carbon dioxide(a) CO2 + 2H+ + 2e- 
 CO + H2O + CH4 + C2H4 

+ C2H6 

Carbon monoxide(a) CO + H+ + e- 
 CH4 + C2H4 + C2H6 + C3H6 + 

C3H8 + C4H8 +C4H10  

Carbonyl Sulfide COS + 2H+ + 2e-  CO + H2S 

Cyclopropene 3  + 6H+ + 6e-  2C3H6 +  

Hydrazine N2H4 + 2H+ + 2e-  2NH3  

Hydrogen cyanide HCN + 6H+ + 6e-  CH4 + NH3 

HCN + 4H+ + 4e- 
 CH3NH2 

Methyl isonitrile CH3NC + 6H+ + 6e-  CH3NH2 + CH4 

Nitrogen N2 + 8H+ + 8e-  2NH3 + H2 

Propargyl alcohol  HC≡CCH2OH + 2H+ + 2e- 
 

CH2=CHCH2OH 

(a) The overall stoichiometry has not been established. 
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III. Although C3 hydrocarbon chains such as propene (C3H6) and propane (C3H8) were 

identified and the overall activity is elevated in the SmI2 driven system III, the product profile 

is shifted from hydrocarbon chains towards C1 products (CO and CH4). C1 products 

constitute 97.3 % of all products in system III, compared to 79.2 % C1 products for the ATP-

dependent system I. Furthermore, the instability of the isolated V cluster and its laborious 

isolation hampers a further increase of the efficiency as well as the application in upscaled 

approaches (7).  

The elevated TON in combination with identification of C3 hydrocarbon chains prompted us 

to combine the features of the isolated cofactor system with the desirable features of the 

ATP-dependent enzyme system such as better ratios of hydrocarbon chains to C1 products 

Figure 3.1. Three CO2-reducing reaction systems based on V nitrogenase. A) System I: V 

nitrogenase plus dithionite affords ATP-dependent transfer of electrons from the [Fe4S4] cluster of 

the Fe protein to the V cluster (cofactor) of the VFe protein in aqueous buffer. B) System II: VFe 

protein plus EuII DTPA affords ATP-independent electron transfer from EuII DTPA to the V cluster of 

the VFe protein in aqueous buffer. C) System III: V cluster plus SmI2 affords ATP-independent 

electron transfer from SmI2 to the isolated V cluster in organic solvent. For clarity, only half of the 

VFe protein is shown. HC: hydrocarbon. 
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and a higher stability of the cofactor. This resulted in a water based, ATP-independent, 

reductant driven reaction system using the VFe protein bound V cluster as a standalone 

catalyst for the improved production of hydrocarbons (Figure 3.1 B, system II). Such a 

system was generated by combining europium(II) DTPA (E°′ = −1.1 V, SHE) (8, 9) with VFe 

protein in an aqueous buffer. 

3.2 Materials and Methods 

3.2.1 Reagents 

Unless noted otherwise, all chemicals were purchased from Fisher Scientific and Sigma-

Aldrich. 12CO2 (99.998% purity) was purchased from Praxair, and 13CO2 (≥ 98% isotopic 

purity), D2O and deuterated Tris were purchased from Cambridge Isotope Labs. 

3.2.2 Cell Growth and Protein Purification 

Azotobacter vinelandii strain (YM68A) expressing the His-tagged VFe protein was grown in 

180 L batches in a 200 L New Brunswick fermentor (New Brunswick Scientific) in Burke‘s 

minimal medium supplemented with 2 mM ammonium acetate and 30 µM sodium 

orthovanadate. The growth rate was measured by cell density at 436 nm using a Spectronic 20 

Genesys. Cells were harvested in the late exponential phase by using a flow-through centrifuge 

(Cepa). The cell paste was washed with a buffer containing 50 mM Tris-HCl (pH 8.0). Published 

methods were used for the purification of His-tagged VFe proteins (10-13).   

3.2.3 Enzyme Assays 

 Each H2O-based reaction of CO2 reduction was carried out in a 27 ml reaction vial with a 

total volume of 15 ml, which contained 100 mM Tris-HCl (pH 8.0), 20 mM EuII DTPA and 1 M 

NaHCO3 as a CO2 source. This reaction mixture was allowed to equilibrate for 1 h, followed 
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by the adjustment of the pH to 8.3. The reaction was started by the addition 100 mg VFe 

protein. Subsequently, the reaction was incubated with continuous shaking in a water bath 

at 30 °C and samples were taken at 0, 10, 30, 60, 120, 180, 240, 300 and 360 min, respectively. 

The D2O-based assays had the same composition as the H2O-based assays except that all 

components were dissolved in 100 mM (D11)-Tris [i.e., (DOCD2)3CND2] buffer. In addition, 

all protein samples used in these assays were exchanged into the same deuterated buffer. 

The pD of this buffer was adjusted to 8.0 with DCl and NaOD by using the pH indicator strips 

and subsequently determined by a previously established equation (14): pD = measured pH 

+ 0.40. For GC-MS analysis (see below), the H2O- or D2O-based assays of CO2 reduction were 

prepared as described above except for the substitution of NaH12CO3 by NaH13CO3. For 

experiments using CO as a substrate, NaHCO3 was omitted, and CO was added to the the 

reaction vial in a concentration mimicking that achieved by VFe protein from CO2 reduction 

at 180 min: 136 ppm for H2O‐based assays, or 178 ppm for D2O‐based assays. 

3.2.4 Activity Determination 

The products, CH4, C2H4, C2H6, C3H6, C3H8, C4H8 and C4H10 were quantified by GC-FID using a 

previously published method (15-17). For each assay, a total of 250 μl headspace was 

injected onto a Grace activated alumina column, which was held at 55 °C for 1 min, heated to 

180 °C at 12.5 °C/min, and held at 180 °C for another 2.6 min. The quantities of these 

products were determined based on a Scott standard gas mixture containing 15 ppm of each 

hydrocarbon compound. The product CO was quantified by a GC coupled to an SRI reduction 

gas detector. For each assay, a total of 250 μl headspace was applied onto a Grace molecular 

sieve column, which was held at a constant temperature of 50 °C. The quantity of CO was 

determined based on a linear standard curve (R2 ≥ 98) derived from the injection of varying 
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amounts of 12CO (99.5 % purity). The detection limit for the products in nmol product/μmol 

protein was as follows: 0.27 (CH4), 0.11 (C2H4), 0.091 (C2H6), 0.087 (C3H6), 0.066 (C3H8), 

0.086 (C4H8), 0.053 (C4H10), and 0.1 (CO). 

3.2.5 GC-MS Analysis 

 The hydrocarbon products were identified by GC-MS using an Agilent 6890 GC system 

coupled to a Waters GCT-Premier time-of-flight mass spectrometer. The identities of CH4, 

C2H4, C2H6, C3H6, C3H8, C4H8 and C4H10 and their deuterated counterparts were confirmed by 

comparing their masses and retention times with those of the Scott standard alkane and 

alkene gas mixture. For each assay, a total of 50 μl headspace was injected into a 

split/splitless injector operated at 125 °C in split mode, with a split ratio of 5. A 1 mm ID liner 

was used to optimize sensitivity. Separation of gas was achieved with an Agilent 0.320 mm 

(ID) x 30 m (length) HP-PLOT-Q capillary column, which was held at 40 °C for 1 min, heated 

to 45 °C at a rate of 5 °C/min, heated further to 200 °C at a rate of 20 °C/min, and held at 

200 °C for another 4 min.  The carrier gas, helium, was passed through the column at a rate 

of 1.1 ml/min. The mass spectrometer was operated in electron impact (EI) ionization mode.  

3.3 Results and Discussion 

3.3.1 C1 Products from CO2 Reduction 

Employing a water based, ATP-independent system, the VFe protein was directly driven by  

EuII DTPA and able to reduce CO2 to CO (Figure 3.2 A) and CH4 (Figure 3.2 B). The conversion 

of CO2 into CO was consistently higher in D2O than in H2O (Figure 3.2 A). In contrast, CH4 

formation could not be detected in the presence of D2O (Figure 3.2 B, ○), but reached 30 

nmol/μmol protein after 180 min in H2O (Figure 3.2, ▿). Interestingly, when CO was supplied 
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in the concentration 

achieved by the VFe 

protein during CO2 

reduction after 

180 min (Figure 3.2, 

arrows), no CD4 was 

detected as a product 

in D2O (Figure 3.2, •), 

whereas CH4 

formation reached 

18 nmol/μmol protein 

within 30 min in H2O 

(Figure 3.2, ▿).  This increase in activity was similar to the increase (12 nmol/μmol protein) 

between 10 and 30 min when CO2 was supplied, following a delay of 10 min in which no CH4 

was detected (Figure 3.2, ▾). Beyond 30 min, however, CH4 formation reached a plateau 

when CO was the substrate (Figure 2 B, ▾), whereas it continued to increase with CO2 (Figure 

3.2, ▿). The similarity between the initial phases of CO- and CO2-based CH4 formation (Figure 

3.2 B, inset) suggests that a portion of CH4 is formed by CO2-derived CO, particularly given 

the 10 min delay in the CO2-based reaction (correlating with the time required to accumulate 

a sufficient amount of CO from CO2 reduction). The disparity between the two reactions 

beyond 30 min, however, implies that a certain portion of CH4 is generated directly by CO2 

reduction; this could account for the different shapes of the time courses of CH4 formation, 

as well as the total amounts of CH4 produced in the CO- and CO2-based reactions.  

Figure 3.2. ATP-independent reduction of CO2 to C1 products 

by VFe protein. A) Time-dependent formation of CO from CO2 in H2O 

(▿) or D2O (○). B) Comparison of the time-dependent formation of CH4 

from CO2-reduction in H2O (▿) or D2O (○) with that from CO-reduction 

in H2O (▾) or D2O (•). CO was supplied at 136 ppm and 178 ppm, the 

amounts of CO formed in H2O (▿) and D2O (○), respectively, from CO2 

reduction at 180 min (arrows in A). Inset: first 30 min of CH4 formation 

in H2O from CO (▾) or CO2 (▿). Data are mean ± SD (n=3) after 

background correction.  
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3.3.2 Hydrocarbon Chain Products from CO2 Reduction 

Other than reducing 

CO2 to the C1 

hydrocarbon product 

CH4, the VFe protein 

can use CO2 as a 

substrate for ATP-

independent C-C 

coupling into 

hydrocarbon 

products up to C4 

(Figure 3.3).  Unlike in 

the formation of CH4, 

there was a dramatic 

increase in C2–C4 

hydrocarbon 

formation upon 

substitution for H2O 

by D2O: formation of 

C2D4, C2D6, C3D6, C3D8, 

C4D8, and C4D10 

reached 18, 12, 14, 5, 

4.5 and 2.0 

Figure 3.3. ATP-independent reduction and coupling of CO2 

into C2–C4 products by VFe protein. Comparison of time-

dependent formation of A) C2H4, B) C2H6, C) C3H6, D) C3H8, E) C4H8, and 

F) C4H10 from CO2-reduction in H2O (▿) or D2O (○) with those from CO 

reduction in H2O (▼) or D2O (•). CO was supplied at 136 ppm (▼) and 

178 ppm (•), the amounts of CO formed in H2O and D2O, respectively, 

from CO2-reduction by VFe protein at 180 min (arrows in Figure 2 A). 

Data are mean ±SD (n=3) after background correction. 
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nmol/μmol protein, respectively, after 300 min (Figure 3.3 A-F, ○), whereas in the presence 

of H2O, formation reached a plateau between 120 and 180 min at 6, 5, 3, 1.7, 0.8, and 0.6 

nmol/μmol protein, respectively (Figure 3.3 A-F, ▿). When CO was supplied in a 

concentration reflecting that achieved from CO2 reduction by VFe protein at 180 min (Figure 

3.2 A, arrows), little or no C2–C4 product was detected in the presence of either D2O (Figure 

3.3 A–F, •) or H2O (Figure 3.3 A–F, ▾), thus suggesting that these products were formed 

directly from CO2 reduction instead of indirectly from CO2-derived CO.  

3.3.3 Tracing the Carbon Source of the Hydrocarbon Products 

GC-MS analysis further confirmed the source of carbon in the C1–C4 hydrocarbon products 

as CO2: mass shifts of +1, +2, +3, and +4 of C1, C2, C3, and C4 products, respectively, upon 

substitution of 13CO2 for 12CO2 in H2O-based reactions (Figure 3.4 A, B). In addition, this 

demonstrated that the source of hydrogen in these products was H2O: mass shifts of +4, +6, 

and +8 for products containing 4, 6, and 8 hydrogen atoms, respectively, upon substitution 

of D2O for H2O in 12CO2-based reactions (Figure 3.4 A, C), and additional mass shifts of +2, +3, 

and +4 (C2, C3, and C4 products, respectively) upon further substitution of 13CO2 for 12CO2 

(Figure 3.4 C, D) occurred. In the case of C4H10 and C4D10, the base peaks were monitored to 

circumvent the problem of the detection limit: m/z 43.087, 46.064, 50.098, and 58.108 

represent the predominant fragment ions formed for 12C4H10, 13C4H10, 12C4D10, and 13C4D10, 

respectively (Figure 3.4).  
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3.4 Summary and Conclusion 

 

The total activity of C-C coupling (i.e., formation of ≥C2 products) by VFe protein in the ATP-

independent,  EuII  DTPA-driven reaction (Figure 3.1, System II) was higher than that by the 

FeVco in the ATP-independent, SmI2-driven reaction (Figure 3.1, System III) (Figure 3.5 A, 

Figure 3.4. GC-MS analysis of hydrocarbons generated by VFe protein in the ATP-

independent reaction of CO2 reduction. The products were generated in H2O with A) 12CO2 or 

B) 13CO2 as the substrate, or in D2O with C) 12CO2 or D)13CO2. The m/z ratios at which the products 

were traced are indicated. For C4H10 and C4D10, the base peaks (*), or the tallest peaks representing 

the most common fragment of these species, were monitored to overcome the problem of detection 

limit. 
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green versus yellow) or by V nitrogenase in the ATP-dependent reaction (Figure 3.1, System 

I) in D2O (Figure 3.5 A, white) or H2O (Figure 3.5 A, black). Moreover, compared to Systems I 

and III, System II showed a greater tendency to reduce CO2 to longer carbon chains and a 

broader product profile, both in D2O (Figure 3.5 B, green) and in H2O (Figure 3.5 B, red). 

Furthermore, system II is the only system which can reduce CO2 not only under heavy water 

(D2O) but also under H2O to hydrocarbon chains. Given the absence of Fe protein in System 

II, the active V cluster site is likely more “exposed” in this system than that in System I (Figure 

3.1); this might explain the improved ability of system II to extend the carbon chain and 

generate larger hydrocarbon products. Another explanation for this observation could be the 

speed of the electron delivery. Since EuII DTPA renders the association and dissociation 

between VFe and Fe protein for electron transfer obsolete, the electrons are presumably 

faster available to the cofactor, the V cluster. Moreover, the protein scaffold that houses the 

Figure 3.5. C-C coupling from CO2 reduction by the three V nitrogenase-based systems.  

A) Total, and B) individual activities of C−C coupling by Systems I, II, and III. Activities were 

calculated based on the sums of carbons in hydrocarbon products ≥C2. The data for Systems I and III 

are from refs. [5] and [6], respectively. 

http://onlinelibrary.wiley.com/doi/10.1002/cbic.201500305/full#cbic201500305-bib-0008
http://onlinelibrary.wiley.com/doi/10.1002/cbic.201500305/full#cbic201500305-bib-0007
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V cluster in system II, likely provides stability to the cluster and modulates its redox 

potential; this might account for the higher activity by a weaker reductant (EuII DTPA) in 

System II, relative to the lower activity by a stronger reductant (SmI2) in System III (Figure 

3.5 A, green versus yellow). Apart from the composition-dependent differences, there is a 

strong deuterium effect on the activity of protein-enabled CO2 reduction in an aqueous 

buffer, as both Systems I and II displayed dramatically increased CO2-reducing activity upon 

substitution of H2O by D2O (Figure 3.5), similar to the D2O effect observed for the reduction 

of CO by Mo and V nitrogenase (15, 18). The D2O-based System II is also the most efficient 

system in the formation of hydrocarbon chains, it routes 44 % of the electrons towards chain 

formation whereas only 20.8 % and 2.7 % of the electrons in System I and III, respectively, 

are used for the production of hydrocarbons ≥ C2. Not only that the highest number of 

electrons is directed towards hydrocarbon chains in System II, but also the longest chains C4 

(i.e. butene and butane) were identified for the same system. Although systematic studies 

are required to elucidate the mechanism of CO2 reduction by V nitrogenase, these 

observations afford initial insights into the characteristics of this unique reaction and 

provide a potential template for the future design of nitrogenase-based catalysts to recycle 

the greenhouse gas CO2 into useful hydrocarbon products. 
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4.1 Introduction 

The iron (Fe) proteins of the homologous molybdenum (Mo) and vanadium (V) nitrogenases, 

designated NifH and VnfH, respectively, are the reductase component of nitrogenase (see 

Chapter 1). NifH and VnfH from the soil bacterium Azotobacter vinelandii are highly 

homologous, sharing a sequence identity of 91% with each other. Both are homodimers 

carrying a subunit-bridging [Fe4S4]-cluster and a nucleotide-binding site that is harbored 

within each subunit. During substrate turnover, the Fe protein (NifH or VnfH) forms a 

functional complex with its catalytic partner (NifDK or VnfDGK), permitting ATP-dependent 

transfer of electrons from the former to the latter and the subsequent reduction of substrates 

at the cofactor site (M  or V cluster) of the latter upon accumulation of a sufficient amount of 

electrons (see Chapter 1.2.1) (1-5). Such a two-component catalytic system enables two 

reactions that are important for energy- and environment-related areas: (i) the reduction of 

nitrogen (N2) to ammonia (NH3) (1, 3, 4); and (ii) the reduction of carbon monoxide (CO) or 

carbon dioxide (CO2) to hydrocarbons under ambient conditions (6, 7).  

While running control experiments for the ATP-dependent reduction of CO2 by Mo and V 

nitrogenase (Chapter 2), we noticed surprising results. Fe protein (NifH and VnfH) under 

dithionite was able to reduce CO2 in low amounts to CO. Prompting the questions of whether 

the actions of Fe proteins can be uncoupled from their respective catalytic partners, and if 

so what interesting chemistry can be performed by these unique reductases on their own.  
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4.2 Materials and Methods 

4.2.1 Reagents 

Unless specified otherwise, all chemicals were purchased from Fisher Thermo Scientific 

(Waltham, MA) and Sigma-Aldrich (St. Louis, MO). 12CO (99.9% purity) and 12CO2 (99.998% 

purity) were purchased from Praxair (Danbury, CT). 13CO (99% purity) and 13CO2 (99% 

purity) were purchased from Cambridge Isotope Laboratories (Tewksbury, MA). 

4.2.2 Protein Purification 

Azotobacter vinelandii strains expressing non-tagged vnfH- and nifH-encoded Fe proteins of 

Mo and V nitrogenases (designated VnfH and NifH) respectively, were grown as described 

elsewhere (8, 9). Published methods were used for the purification of VnfH and NifH from 

their respective wildtype strains and variant strains containing deletions of genes encoding 

their catalytic partners (VnfDGK and NifDK) (8, 9). 

4.2.3 In vitro CO2 Reduction Assays 

The in vitro CO2 reduction assays were carried out under 100% CO2 in 9.4 mL assay vials. 

Each assay contained, in a total volume of 1.5 mL, 500 mM Tris-HCl (pH 10.0), 20 mg VnfH 

or NifH, 15 mM sodium dithionite, and either no nucleotide or 21.6 mM MgATP. Of the 

nucleotide-free assays, some contained the same components except for the substitution of 

15 mM europium(II) diethylenetriaminepentaacetate (EuII DTPA) for dithionite; whereas 

others contained the same components except for the absence of dithionite and the 

substitution of 20 mg oxidized VnfH or NifH for reduced VnfH or NifH. The oxidized VnfH or 

NifH was prepared by incubation of the protein with excess indigo disulfonate (IDS), 

followed by a single passage of the incubation mixture through an anion exchange column as 

described earlier (10). Assays containing crude extracts or partially purified proteins were 



58 
 

scaled up and contained a total of 70 mg protein in a total volume of 2.5 mL. All assays were 

assembled as described above without protein, flushed/exchanged repeatedly with 100% 

CO2, and equilibrated for 30 min until pH stabilized at approximately 8.1. Subsequently, the 

reaction was initiated by addition of NifH or VnfH and incubated with continuous shaking at 

30 °C. Headspace samples were taken at 0, 30, 60, 120, 180, 240, 300 and 360 min, and 

examined for the amounts of CO generated at these time points (see Chapter 4.2.6). 

4.2.4 In vitro CO Oxidation Assays 

The in vitro CO oxidation assays were carried out under 99.9% CO in 9.4 mL assay vials. Each 

assay contained, in a total volume of 1 mL, 250 mM Tris-HCl (pH 8.0), 10 mg VnfH or NifH, 

and 20 mM IDS. Assays containing crude extracts or partially purified proteins were scaled 

up and contained a total of 70 mg protein in a total volume of 2.5 mL. All assays were 

assembled as described above without protein and IDS, flushed/exchanged repeatedly with 

100% Ar, flushed/filled with 100% CO, and equilibrated for 30 min. Subsequently, NifH or 

VnfH was added, and the reaction was initiated by addition of IDS and incubated with 

continuous shaking at 30 °C. Headspace samples were taken at 0, 30, 60, 120, 180, 240, 300 

and 360 min following the release of dissolved CO2 by addition of 100 μL concentrated 

hydrochloric acid (HCl) to the liquid phase, and examined for the total amounts of CO2 

generated at these time points (see Chapter 4.2.6).  

4.2.5 in vivo CO2 Reduction Assays 

A. vinelandii strains expressing VnfH and NifH, respectively, in genetic backgrounds lacking 

the encoding genes for their catalytic partners were inoculated into 250 mL Erlenmeyer 

flasks containing 100 mL Burke’s minimal medium supplemented with 2 mM ammonium 

acetate and either 30 μM Na3VO4 (in the case of the VnfH-expressing strain) or 11 μM 



59 
 

Na2MoO4 (in the case of the NifH-expressing strain). The cultures were grown with shaking 

at 200 rpm at 30 °C, and their growth rates were monitored by following cell densities at 

436 nm using a Genesys 20 spectrophotometer (Spectronic, Westbury, NY). When OD436 of 

the cultures reached approximately 1.1, the Erlenmeyer flasks were capped airtight, and CO 

was added at 0, 20%, 30%, 40%, 50% and 100%, respectively, to the headspaces of these 

flasks. The cultures were incubated at 30 °C with shaking at 200 rpm for 14 h before their 

gas phases were examined for the amounts of CO (see Chapter 4.2.6). The amount of Fe 

protein in the culture was determined based on the activity of the crude extract (containing 

NifH or VnfH only) upon supplementation of the purified catalytic partner of the Fe protein 

(NifDK or VnfDGK) in an in vitro activity assay, and how it compared with standards 

containing known amounts of purified nitrogenase component proteins (8). 

4.2.6 Quantification of CO and CO2 

The amount of CO or CO2 generated in the in vitro and in vivo assays was determined through 

headspace analysis using a Thermo Scientific Trace 1300 GC-FID Instrument, of which the 

detector was interfaced with a methanizer (Thermo Electron North America LLC, Madison, 

WI). CO or CO2 in the headspace sample was separated on a TG-BOND Msieve 5A column 

(30 m x 0.32 mm ID x 30 μm film) (Thermo Electron North America LLC, Madison, WI), which 

was held at 45 °C for 1 min before it was heated to 245 °C at a rate of 25 °C/min. 

Subsequently, CO or CO2 was hydrogenated at 350 °C by the methanizer, and the resulting 

CH4 was measured by GC-FID. The amount of CO or CO2 was determined based on a linear 

standard curve (R2 ≥ 99.5) that was derived from the measurement of varying amounts of 

12CO (99.9% purity) or 12CO2 (99.998% purity) using the same instrument. The detection 

limit for CO or CO2 was 2 ppm. 
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4.2.7 Formate Assays 

Production of formate in CO2 reduction assays was examined by GC-MS analysis of its 

derivatized ester using the reagent, pentafluorobenzyl bromide (PFBBr) (11). Samples were 

prepared as described in Chapter 4.2.5, followed by removal of the protein using Amicon 

Ultra centrifugal filter units (Ultra-15, MWCO 30 kDa). An aliquot of 0.2 mL of the protein-

free solution was then mixed with 0.4 mL of a 100 mM PFBBr solution (in acetone), vortexed 

for 1 min, and incubated at 60 °C for 40 min. Subsequently, 1 mL hexane was added and the 

mixture was vortexed for 5 min at room temperature, followed by centrifugation at 13,000 

rpm for 5 min. 1 μL of the organic layer was analyzed by GC-MS using a Thermo Scientific 

Trace 1300 GC system coupled to a Thermo ISQ QD (Thermo Electron North America LLC, 

Madison, WI), which was equipped with an Agilent DB-5 capillary column (30m, 0.32 mm 

inner diameter). The carrier gas was helium (1 mL/min), with the injector temperature set 

at 200 °C, and the transfer line set at 250 °C. The GC temperature program was set as follows: 

start at 55 °C, hold for 4 min, increase to 215 °C at 20 °C/min, and then hold for 4 min. The 

pentafluorobenzyl-formic ester was analyzed at m/z = 226 ion in SIM mode. Quantitation 

was achieved using formate standards with concentrations ranging from 0 to 5 mM, and the 

detection limit for the formate was 0.015 mM. 

4.2.8 Western Blot Analysis 

The expression of VnfH and NifH in A. vinelandii strains was examined by Western blot 

analysis. A. vinelandii strains expressing VnfH and NifH, respectively, were cultivated with or 

without ammonia acetate until OD436 of the cell densities reached approximately 1.1 (see 

Chapter 4.2.5). Subsequently, 4 μL crude extracts of the VnfH- and NifH-expressing strains 

grown in the presence and absence of ammonia, respectively, along with ~0.4 μg of purified 
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NifH and VnfH, were subjected to 4-15% SDS-PAGE (Mini-Protean® TGXTM, Bio-Rad, 

Hercules, CA). The protein bands on the gel were then transferred onto a nitrocellulose 

membrane (Bio-Rad Hercules, CA) by electroblotting, and non-specific binding was blocked 

by soaking the membrane in a Tris-buffered saline solution containing 0.1% Tween (TBST) 

and 5% non-fat dry milk at room temperature for 2 h. The nitrocellulose membrane was then 

incubated with antibodies raised against purified NifH (12) in 2.5% non-fat dry milk in TBST 

at 4 °C overnight, washed three times in a TBST solution for 30 min, and incubated at room 

temperature for 1 h with horseradish peroxidase-conjugated secondary antibody that was 

diluted by a factor of 1:8000 in a TTBS solution containing 2.5% milk. The membrane was 

then rinsed three times in TTBS, incubated with enhanced chemiluminescent substrate 

(EMD Millipore, Billerica, MA), and exposed to film for 3 seconds before the film was scanned 

and analyzed by densitometry using ImageJ (13). 

4.2.9 Midpoint Potential Determination 

The midpoint potentials for the [Fe4S4]1+/2+ transitions of NifH and VnfH were determined by 

redox titration in an anaerobic glove box at ambient temperature (14). Each reaction 

contained, in a total volume of 0.75 mL, 500 mM Tris-HCl (pH 10.0), 15 mM sodium 

dithionite, 11.25 mg VnfH or NifH, and either no nucleotide or 21.6 mM MgATP. All reaction 

mixtures were flushed/exchanged repeatedly with 100% CO2, and equilibrated for 30 min 

until the pH of the mixture stabilized at approximately 8.1. Subsequently, one redox 

mediator dye, such as methyl viologen, benzyl viologen, safranin O or phenosafranin, was 

added to the reaction mixture at a final concentration of 10 μM. Each reaction mixture was 

slowly titrated with a 1 mM solution of the oxidant, potassium ferricyanide. The reduction 
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potential of the mixture was monitored by a combinational platinum working electrode with 

a saturated Ag/AgCl reference (Microelectrode Inc., Bedford, NH) and, at every 10-15 mV, 

the mixture was anaerobically transferred to a sealed cuvette and analyzed at 420 nm using 

an Evolution 260 Bio spectrophotometer (Thermo Fisher Scientific, Waltham, MA) for the 

intensity of a characteristic feature of the  [Fe4S4]2+ at this wavelength (15). 

4.2.10 GC-MS Analysis 

For GC-MS analysis, samples of the in vitro reactions of CO2 reduction by nucleotide-free 

VnfH and NifH, and in vivo assays, were prepared in the presence of 12CO2 or 13CO2 (see 

Chapter 4.2.3 and 4.2.5). The reaction product, 12CO or 13CO, was then analyzed by GC-MS 

using a Thermo Scientific Trace 1300 GC system coupled to a Thermo ISQ QD (Thermo 

Electron North America LLC, Madison, WI) by comparing its mass and retention time with 

those of the 12CO or 13CO standard (≥ 99.9% purity). For each sample or standard, a total of 

250 μL gas was injected into a split/splitless injector operated at 120 °C in splitless mode. 

Gas separation was achieved on a TG-BOND Msieve 5A column (30 m x 0.32 mm ID x 30 μm 

film; Thermo Electron North America LLC, Madison, WI), which was held at 45 °C for 1 min, 

heated to 250 °C at a rate of 25 °C/min, and held at 250 °C for 4 min. The carrier gas, helium 

(He), was passed through the column at a rate of 2.5 mL/min. The mass spectrometer was 

operated in electron impact (EI) ionization mode. 

4.2.11 EPR Analysis 

EPR samples were prepared in a glove box (Vacuum Atmospheres, address) with an O2 level 

of less than 2 ppm. To trace the conversion of CO2 to CO, each sample contained, in a total 

volume of 0.5 mL, 0.6 M Tris-HCl (for “CO2 sample”, pH 10.0; for “Ar controls”, pH 8.0), 10 mg 

NifH or VnfH, and either no nucleotide or 7 mM MgATP. All samples were first assembled 
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without protein, flushed/exchanged repeatedly with 100% CO2 (“CO2 samples”) or Ar (“Ar 

controls”) and equilibrated for 30 min until the pH of the “CO2 samples” stabilized at 

approximately 8.1. Subsequently, the dithionite- or EuII DTPA-treated NifH or VnfH was 

passed through a small gel filtration column (G25, General Electric, Fairfield, CT) to remove 

excess dithionite or  EuII DTPA before 10 mg of thus-treated NifH or VnfH was added to a 

gas- and pH-equilibrated, protein-free solution. The mixture was then stirred for 30 min and 

flash frozen in liquid nitrogen. To trace the conversion of CO to CO2, each sample contained, 

in a total volume of 1 mL, 0.025 mM Tris-HCl (pH 8.0), 20 mg NifH or VnfH, and 2 mM IDS. 

All samples were first assembled without protein and IDS, flushed/exchanged repeatedly 

with 100% Ar, and then flushed/filled with 100% CO (“CO samples”). The NifH or VnfH 

sample was first passed through a small gel filtration column (G25) to remove dithionite 

prior to the addition of IDS. Subsequently, 20 mg of IDS-oxidized NifH or VnfH was added to 

a gas- and pH-equilibrated solution and the resulting mixture was shaken at 30 °C 

continuously before a 200 μL sample was taken from the mixture at 5, 45, 120 and 240 min 

and flash frozen in liquid nitrogen. EPR spectra of these samples were recorded at 10 K by 

an ESP 300 Ez spectrometer (Bruker, Billerica, MA) interfaced with an ESR-9002 liquid-

helium continuous-flow cryostat (Oxford Instruments, Abingdon, Oxfordshire, England) 

using a microwave power of 20 mW, a gain of 5.02x104, a modulation frequency of 100 kHz 

and a modulation amplitude of 9 G. Four scans of perpendicular-mode EPR were recorded 

using a microwave frequency of 9.46 GHz. 
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4.3 Results and Discussion 

4.3.1 In vitro Interconversion between CO and CO2 by Iron Proteins 

The Fe proteins were examined for their abilities to reduce CO2 in vitro in the absence of their 

respective catalytic partners. When dithionite was supplied as a reductant, both VnfH and 

NifH were capable of reducing CO2 to CO in nucleotide-free or ATP-bound states (Figure 

4.1a). The nucleotide-free VnfH and NifH generated comparable amounts of CO from CO2 

reduction over 360 min, and the formation of CO by both Fe proteins remained linear within 

the first 180 min (Figure 4.1a, inset). Gas chromatography–mass spectrometry (GC–MS) 

analysis further confirmed the origin of carbon in the product (CO) as that from the substrate 

(CO2), showing an expected mass shift of CO by +1 upon substitution of 13CO2 for 12CO2 in 

reactions enabled by VnfH (Figure 4.1b, top) and NifH (Figure 4.1b, bottom). In the presence 

of an oxidant, indigo disulfonate (IDS), both VnfH and NifH became inactive in CO2 reduction 

(Figure 4.1), suggesting that the activities of these Fe proteins originated from their 

associated [Fe4S4]-clusters that existed in the reduced, +1 state ([Fe4S4]1+) in the presence of 

dithionite (1). 

Further support for this argument came from an observed correlation between the redox 

potential of the Fe protein-bound [Fe4S4]-cluster and the yield of the Fe protein-enabled 

conversion of CO2 to CO. Consistent with a decrease in the reduction potentials of both Fe 

protein-associated [Fe4S4]-

clusters by ~100 mV in the 

presence of ATP and dithionite 

(Table 4.1), the yields of CO-

formation by ATP-bound VnfH 

Table 4.1. Reduction Potential of NifH and VnfH 

[Fe4S4]+1-Clusters in the presence of CO2.  

Protein No Nucleotide +MgATP 

NifH -301 -405 

VnfH -346 -430 

Potentials Eo’, mV/SHE 
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Figure 4.1. In vitro reduction of CO2 to CO by Fe proteins. (a) Yield of CO from CO2 reduction 

over 360 min by VnfH or NifH in dithionite-reduced/nucleotide-free, dithionite reduced/ATP-bound, 

and IDS-oxidized/nucleotide-free states. Inset shows time-dependent formation of CO by dithionite-

reduced VnfH (solid) or NifH (open). (b) GC-MS analysis of CO generated by VnfH (upper) or NifH 

(lower) upon reduction of 12CO2 (left) or 13CO2 (right). The isotope distributions of CO (12CO, m/z=28; 
13CO, m/z=29) generated in these reactions are shown in the insets. (c) Yield of CO from CO2-

reduction after 7 repeated additions of EuII DTPA by VnfH or NifH in nucleotide-free and ATP-bound 

states. Inset 1 shows time-dependent formation of CO by EuII DTPA-reduced VnfH (solid) or NifH 

(open) without repeated additions of EuII DTPA. Inset 2 shows the increase of CO-formation by VnfH 

(solid) or NifH (open) upon repeated additions of EuII DTPA. (d) Yield of CO2 from CO oxidation after 

5 repeated additions of IDS by VnfH or NifH in nucleotide-free states. Inset 1 shows time-dependent 

formation of CO2 by IDS-oxidized VnfH (solid) or NifH (open) without repeated additions of IDS. Inset 

2 shows increase of CO2-formation by VnfH (solid) or NifH (open) upon repeated additions of IDS. 

Activities in Insets 2 were determined 360 min after each addition of EuII DTPA (c) or IDS (d). 

Activities (a, c, d) were determined based on 3 independent experiments (n = 6) and presented as 

mean ± s. d. GC-MS experiments (b) were conducted in duplicate, and representative results are 

shown. 
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and NifH were 30% and 50%, respectively, higher than nucleotide-free VnfH and NifH 

(Figure 4.1). Likewise, VnfH was 28% and 12%, respectively, more active than NifH in 

nucleotide-free and ATP-bound states (Figure 4.1a), which aligns well with the observation 

that the reduction potentials of VnfH were 45 and 25 mV, respectively, lower than those of 

NifH in nucleotide-free and ATP-bound states (Table 4.1).  Upon substitution of a stronger 

reductant, europium (II) diethylenetriaminepentaacetate [EuII DTPA; E°’ = -1.14 V at pH 8, 

SHE  (16)], for dithionite [ E°’  = - 0.436 V at pH 7, SHE (17)], both VnfH and NifH reduced CO2 

Figure 4.2. Increase of specific activities of Fe proteins during purification. (a,b) 

Purification tables showing the activities of VnfH (a) and NifH (b) in CO2 reduction in the presence of 

EuII DTPA at different purification stages. (c, d) Increase of the specific activities of VnfH (c) and NifH 

(d) in CO2-reduction in the presence of EuII DTPA (black bars) and in CO oxidation in the presence of 

IDS (gray bars). Activities are expressed as per mg of total proteins at different purification steps. The 

maximum activities of purified proteins after the last step of purification (gel filtration 

chromatography) were: VnfH, 4.3±0.1 nmol CO/mg/h (CO2 reduction) and 182±10 nmol CO2/mg/h 

(CO oxidation); NifH, 4.2±0.2 nmol CO/mg/h (CO2 reduction) and 195+7 nmol CO2/mg/h (CO 

oxidation). These activities are set as 100%, and the activities at earlier steps of the purification 

procedure (crude extract, anion exchange chromatography) are expressed accordingly (c, d). Each Fe 

protein was purified 6 times, 3 times from the wildtype strains and 3 times from the variant strains 

containing deletions of genes encoding the catalytic partners of the Fe proteins. Activities were 

determined based on 6 independent experiments (n = 12) and presented as mean ± s. d.
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to CO at ~30-fold higher rates, reaching a catalytic turnover number (TON) of CO2 (1.16 nmol 

CO/nmol protein or a TON of 1.16) over 360 min (Figure 4.1c, inset 1; also see Figure 4.2 and 

Figure 4.3).  Repeated addition of  EuII DTPA resulted in an initial near-linear increase of CO 

formation by both VnfH and NifH (Figure 4.1, inset 2), reaching a TON of ~8 after 7 

repetitions in both VnfH- and NifH-catalyzed reactions (Figure 4.1c, bars).  

  

Figure 4.3. Linear correlation between the activity and amount of the purified Fe 

protein and reproducibility of activity from different protein preparations. (a-c) 

Activities of VnfH (solid circles) and NifH (open circles) in CO2-eduction in the presence of EuII DTPA 

(a) and dithionite (b), and in CO oxidation in the presence of IDS (c). Activities of proteins were 

determined based on 2 independent experiments (n = 4) and presented as mean ± s. d. (d-f) Average 

activities of VnfH (gray bars) and NifH (white bars) in CO2 reduction in the presence of EuII DTPA 

(d) and dithionite (e), and in CO oxidation in the presence of IDS (f). Each Fe protein was purified 6 

times, 3 times from the wildtype strains (solid bars) and 3 times from variant strains containing 

deletions of genes encoding the catalytic partners of the Fe proteins (striped bars). Activities were 

determined based on 3 independent experiments (n = 6) and presented as mean ± s. d. 
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4.3.2 EPR Analysis of CO2- and CO-bound Iron Proteins 

EPR analysis provided further insights into the interaction between the Fe protein-bound 

[Fe4S4]-cluster and the substrate CO2. In the absence of CO2, both VnfH and NifH displayed 

perpendicular mode, S = 1/2 signals that originated from their respective [Fe4S4]1+-clusters, 

with the signals assuming a rhombic lineshape without nucleotide and an axial lineshape 

upon binding of ATP (Figure 4.4a, b, red). Following incubation with CO2, the signal 

intensities of VnfH and NifH decreased, which resulted from oxidation of the VnfH- and NifH-

associated [Fe4S4]1+-clusters to an EPR silent, [Fe4S4]2+-state concomitant with the transfer 

of electrons from the reduced clusters to CO2 (Figure 4.4a, b, black). However, the signals of 

NifH and VnfH only showed a moderate decrease of intensity in the absence of nucleotide 

(Figure 4.4a, b, left) but disappeared completely upon binding of ATP (Figure 4.4a, b, right), 

demonstrating a more efficient transfer of electrons to CO2 in the nucleotide-bound proteins.  

The  EuII DTPA-reduced VnfH and NifH, on the other hand, displayed a parallel mode, g = 16.4 

signal that was characteristic of [Fe4S4]-clusters in the all-ferrous ([Fe4S4]0) state (Figure 

4.4c, d, red) (18). This signal disappeared completely upon incubation with CO2 (Figure 4.4c, 

d, black), suggesting oxidation of the VnfH- and NifH-associated [Fe4S4]0 clusters to an EPR 

silent,  [Fe4S4]2+-state following the transfer of electrons to CO2. Moreover, in the presence of 

CO2,  EuII DTPA-reduced VnfH and NifH displayed a small, perpendicular-mode signal at 

g = 1.99 (Figure 4.4e, f). Such a signal was also observed when dithionite-reduced VnfH and 

NifH were incubated with CO2 (Figure 4.4a, b, arrows), although the signals were much 

smaller in the spectra of ATP-bound proteins and further masked by the S = 1/2 signals in 

the spectra of nucleotide-free proteins. The appearance of this unique signal in the presence 



69 
 

 

Figure 4.4. Interactions of CO2 and CO with the [Fe4S4]-clusters of the Fe proteins. 

(a-f) perpendicular (a, b)- and parallel (c, f)-mode EPR spectra of nucleotide-free (left) and ATP-

bound (right) VnfH and NifH in dithionite- and EuII DTPA-reduced states in the absence (red) or 

presence (black) of CO2. (g) Perpendicular mode EPR spectra of nucleotide-free VnfH (left) and 

NifH (right) in IDS-oxidized states in the absence (red) or presence (black) of CO. The 

perpendicular EPR feature that appeared upon interaction of CO2 with the VnfH- or NifH 

associated [Fe4S4]-cluster is indicated by an arrow (a, b). The same feature is also observed in the 

perpendicular mode EPR spectra of EuII DTPA-reduced VnfH and NifH upon incubation with 

substrate CO2 (e, f). Spectra were recorded at 10 K. The g values are indicated.  
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of CO2 suggests an impact of interaction with, or binding of, CO2 or CO2-derived intermediates 

on the electronic properties of the [Fe4S4]-clusters within these Fe proteins. 

4.3.3 Comparison of Fe Proteins with Carbon Monoxide Dehydrogenase 

The ability of Fe protein to catalyze the interconversion between CO and CO2 establishes this 

protein as an enzymatic mimic of CO dehydrogenase (CODH) (19, 20), the only other enzyme 

known to catalyze the same reversible reactions. In the presence of dithionite, NifH and VnfH 

are able to reduce CO2 and form ~0.04 nmol CO/nmol protein without nucleotide (Figure 

4.1a). Under EuII DTPA this product formation increases 30-fold to ~1.2 nmol CO/nmol 

protein over a period of 360 min (Figure 4.1c inset 1). Readding  EuII DPTA 7-times further 

prolongs the turnover and results in a TON of 8 (Figure 4.1c). After incubating dithionite and  

EuII DTPA reduced NifH and VnfH with CO2 the [Fe4S4]+1- (Figure 4.4a, b) and the [Fe4S4]0-

state (Figure 4.4c, d), respectively, disappear and the [Fe4S4]-cluster takes on the EPR-silent 

[Fe4S4]+2-state (Figure 4.4a-d, black lines). Presumably, this change in the EPR signal derives 

from the electron transfer from the [Fe4S4]-cluster to the substrate CO2. 

Moreover, in the presence of IDS, the nucleotide-free VnfH and NifH were capable of 

oxidizing CO to CO2 (Figure 4.1d). Both proteins generated ~60 nmol CO2/nmol protein (or 

a TON of ~60) from CO oxidation over 360 min (Figure 4.1d, inset 1; also see Figure 4.2 and 

Figure 4.3), and repeated addition of IDS led to an initial near-linear increase of CO2-

formation by both proteins (Figure 4.1d, inset 2), reaching a TON of ~160 after 6 repetitions 

(Figure 4.1d, bars). Following incubation with CO, the IDS-oxidized VnfH and NifH 

transitioned from an EPR-silent,  [Fe4S4]2+-state (Figure 4.4g, red) to one that displayed the 

[Fe4S4]1+-characteristic, S = 1/2 signal (Figure 4.4g, black), which resulted from reduction of 

the  [Fe4S4]2+-cluster concomitant with transfer of electrons from CO to the oxidized cluster. 
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The considerably higher rates of CO oxidation than CO2 reduction by both Fe proteins likely 

contributes to the low efficiencies of these proteins in CO2-conversion.  

Compared to the Fe protein, CODHs catalyze the interconversion between CO2 and CO at 

considerably higher rates (21-23). The CODH from Rhodospirillum rubrum (21), for example, 

catalyzes CO2 reduction at turnover rates between 0.19 and 45 s-1 and CO oxidation at a 

turnover rate as high as 40,000 s-1. Interestingly, while the Fe protein resembles CODH in 

having a higher rate of CO oxidation than CO2 reduction, the equilibrium seems to be shifted 

towards CO2 reduction, given a substantially lower (by ~1-2 orders of magnitude) ratio 

between the rates of CO oxidation and CO2 reduction by Fe proteins as compared to the ratios 

reported so far for the CODHs. 

4.3.4 In vivo Reduction of CO2 to CO 

Excitingly, conversion of CO2 to CO could be 

achieved in vivo by A. vinelandii strains expressing 

VnfH and NifH, respectively, as the sole components 

of Mo and V nitrogenases under N2-fixing 

conditions. When the growth medium was 

supplemented with ammonia, the expression of 

VnfH (Figure 4.5, lane 3) or NifH (Figure 4.5, lane 6) 

was repressed and, consequently, CO could hardly 

be detected as a product of CO2 reduction by either 

strain (Figure 4.6a, c, gray bars). Upon depletion of 

ammonia in the growth medium, however, the 

expression of VnfH (Figure 4.5, lane 2) or NifH 

Figure 4.5. Western blot analysis 

of Fe protein expression. Lane 1, 

purified VnfH; lane 2, crude extract of 

VnfH-expressing A. vinelandii strain 

grown in the absence of ammonia; lane 

3, crude extract of VnfH-expressing A. 

vinelandii strain grown in the presence of 

ammonia; lane 4, purified NifH; lane 5, 

crude extract of NifH-expressing A. 

vinelandii strain grown in the absence of 

ammonia; lane 6, crude extract of NifH-

expressing A. vinelandii strain grown in 

the presence of ammonia. The western 

blot analysis was conducted in triplicate, 

and the representative result is shown. 
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(Figure 4.5, lane 5) was up-regulated concomitant with a significant increase of the activities 

of both strains to reduce CO2 to CO (Figure 4.6a, c, red bars). Both VnfH- and NifH-expressing 

strains displayed maximum CO2 reducing activities at 40% CO2, showing TONs of 140 (Figure 

4.6a) and 110 (Figure 4.6c), respectively, over 14 h. GC–MS analysis further confirmed that 

the carbon in CO was derived from CO2 in the in vivo reactions catalyzed by VnfH (Figure 

4.6b) and NifH (Figure 4.6d). More importantly, VnfH and NifH demonstrated considerably 

higher CO2 reducing activities in vivo (up to an average TON of 10 per h; see Figure 4.6a) than 

in vitro (up to an average TON of 0.2 per h; see Figure 4.1c, inset 2), which could originate 

from a reducing intracellular environment of A. vinelandii rendered by its well-known O2-

protection mechanisms and abundance of ferredoxins (24) and/or the presence of a 

Figure 4.6. In vivo reduction of CO2 to CO by Fe proteins. Formation of CO from CO2 reduction 

by A. vinelandii strains expressing VnfH (a) and NifH (c) in the absence (red) or presence (gray) of 

ammonia when CO2 was supplied as a substrate at different concentrations. GC-MS analysis of CO 

generated by A. vinelandii strains expressing VnfH (b) or NifH (d) in the absence of ammonia (red 

traces) upon reduction of 12CO2 (left) or 13CO2 (right). No CO was detected by GC-MS analysis when 

these strains were grown in the presence of ammonia (gray traces). The isotope distributions of CO 

(12CO, m/z=28; 13CO, m/z=29) generated in these reactions are shown in the insets. Activities (a, c) 

were determined based on 4 independent experiments (n = 8) and presented as mean ± s. d. GC-MS 

experiments (b, d) were conducted in duplicate, and representative results are shown. 
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physiological electron donor(s) (25, 26) that permit(s) the VnfH- and NifH- associated 

clusters to shuttle between 0 and +2 states to supply electrons for the in vivo CO2 reduction. 

The latter scenario is particularly interesting, as it bears relevance to the long-standing 

debate of whether the [Fe4S4]O/2+-couple is used by the Fe protein under physiological 

conditions (27, 28) and, if so, which spin state (S = 0 or S = 4) is adopted by the all-ferrous 

[Fe4S4]0-cluster (18, 25-28). 

4.4  Summary and Conclusion 

The fact that CO2 can be activated and reduced by Fe proteins under ambient conditions is 

important because it represents a potential template for the future development of 

strategies for the removal and sequestration of CO2 concomitant with the conversion of this 

greenhouse gas into valuable chemical products. The capability of Fe protein, a homometallic 

FeS enzyme, to effect ambient CO2 reduction via a distinct mechanism than the 

heterometallic CODH enzymes opens up new avenues for studies that aim at understanding 

and improving the process of CO2 conversion. Moreover, the observation of the in vivo 

reduction of CO2 to CO by Fe proteins in the non-carboxydotrophic organism A. vinelandii 

suggests a possible biotechnological advantage of this system in CO production, as the 

CODHs predominantly function in the production of energy (via CO oxidation) and biomass 

(via CO2 reduction coupled with carbon fixation) in carboxydotrophic organisms rather than 

releasing CO as an unwanted product of CO2 reduction. The utility of the Fe protein-catalyzed 

reactions, therefore, can be appreciated both from a theoretical standpoint and in a practical 

vein. Alone, the Fe protein can either be used as a simple, FeS-based mechanistic model for 

investigations of CO2 activation, or it can be exploited for its ability to conduct ambient 
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reduction of CO2 to syngas CO in vivo. As the reductase component of V nitrogenase, the Fe 

protein (VnfH) was recently shown to work in concert with its catalytic partner (VnfDGK) to 

enable the in vivo conversion of CO to hydrocarbons (see Chapter 5). This exciting discovery 

suggests a realistic possibility to engineer an A. vinelandii-based whole-cell system, which 

couples the in vivo conversion of CO2 to CO (by VnfH) and the in vivo conversion of CO to 

hydrocarbons (by VnfH/VnfDGK) into a two-step process for recycling CO2 into useful 

chemical/fuel products. 
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5.1 Introduction 

Recently, nitrogenase was shown to reduce carbon monoxide (CO) to hydrocarbons in vitro, 

an important reaction of potential significance for the future development of strategies to 

recycle the toxic CO gas - a waste product of steel, PVC and ferroalloys industries - into useful 

chemical and fuel products, such as ethylene (C2H4) and propane (C3H8) (1, 2). The 

“conventional” molybdenum (Mo)  and “alternative” vanadium (V) nitrogenases (3) are two 

homologous members of this enzyme family. Both enzymes comprise a reductase component 

(nifH- or vnfH-encoded Fe protein) and a catalytic component (nifDK-encoded MoFe protein 

or vnfDGK-encoded VFe protein) (see Chapter 1). Catalysis by both nitrogenases involves the 

formation of a functional complex between their respective component proteins, which 

facilitates adenosine triphosphate (ATP)-dependent transfer of electrons from the reductase 

component to the cofactor site of the catalytic component, where substrate reduction takes 

place. Interestingly, the V nitrogenase of Azotobacter vinelandii is considerably more active 

than its Mo-counterpart in CO reduction, catalyzing this reaction at a rate of 16 nmol reduced 

carbon/nmol protein/min as compared to a rate of 0.02 nmol reduced carbon/nmol 

protein/min by the Mo nitrogenase (1, 4). This observation in conjunction with the recent 

finding that A. vinelandii strains expressing VnfH and NifH, respectively, as the sole 

components of Mo and V nitrogenases can convert CO2 to CO in vivo under N2-fixing 

conditions (see Chapter 4.3.4), has led to questions of whether the cells expressing the entire 

V nitrogenase, consisting of Fe and VFe protein, can also reduce CO to hydrocarbons in vivo 

and, if so, whether these cells incorporate the CO-derived carbon into the cell mass or if they 

simply release the products of the CO reduction as byproducts. 
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5.2 Materials and Methods 

5.2.1 Reagents 

Unless otherwise specified, all chemicals were purchased from Fisher (Pittsburgh, PA) or 

Sigma-Aldrich (St. Louis, MO). Natural-abundance 12CO (99.9% purity) was purchased from 

Praxair (Danbury, CT), whereas 13CO (≥ 98% isotopic purity) was purchased from Cambridge 

Isotope Labs (Tewksbury, MA). 

5.2.2 Analysis of in vivo CO Reduction by Nitrogenase-expressing Strains of A. 

vinelandii 

A. vinelandii strains expressing the Mo and V nitrogenases, respectively (1, 5), were grown 

in two 500 mL Erlenmeyer flasks, each containing 250 mL Burke’s minimal medium 

supplemented with 2 mM ammonium acetate (NH4OAc) and either 11 μM Na2MoO4 (in the 

case of the strain expressing Mo nitrogenase) or 30 μM Na3VO4 (in the case of the strain 

expressing V nitrogenase). The cultures were grown at 30 °C with shaking at 200 rpm, and 

the growth rates were monitored by measuring cell densities at 436 nm using a Genesys 20 

spectrophotometer (Spectronic, Westbury, NY). After 20 h and 23 h, when OD436 of the 

cultures started to plateau at ~2.4 (the strain expressing Mo nitrogenase) and ~1.4 (the 

strain expressing V nitrogenase), respectively, the Erlenmeyer flasks were capped by airtight 

stoppers, and CO was added at a concentration of 10% to the head spaces of these flasks. 

Subsequently, the cultures were allowed to grow at 30 °C with shaking at 200 rpm, and 

250 μL of headspace sample was taken from each culture at 0, 1, 2, 3, 4, 5, 6, 7 and 8 h after 

CO addition and examined for hydrocarbon formation. As controls, A. vinelandii cultures 

expressing the Mo and V nitrogenases, respectively, were prepared by the same procedure 

as described above except that CO was not added when ammonia was exhausted in the 
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growth media. Hydrocarbon products were quantified by GC-FID using a previously 

described procedure (1, 2). Specifically, each 250 μL headspace sample was injected onto an 

activated alumina column (Grace, Columbia, MD), which was held at 55 °C for 1 min, heated 

to 155 °C at 12.5 °C /min, and held at 155 °C during the course of measurement. The 

quantities of all products were determined by using a Scott gas mixture containing 15 ppm 

of each hydrocarbon compound (Houston, TX). The detection limits were 10.27, 6.22, 9.73 

and 2.79 nmol/L, respectively, for CH4, C2H4, C2H6 and C3H8. 

5.2.3 Determination of Optimal CO Concentration for in vivo Hydrocarbon 

Formation 

A. vinelandii strains expressing Mo and V nitrogenases, respectively, were grown as 

described in Chapter 5.2.2, in three set of 500 mL Erlenmeyer flasks (six flasks/set), each 

containing 250 mL Burke’s minimal medium supplemented with 2 mM NH4OAc and (i) and 

(ii) 30 μM Na3VO4 (in the case of the strain expressing V nitrogenase); and (iii) 11 μM 

Na2MoO4 (in the case of the strain expressing Mo nitrogenase). When OD436 of the cultures 

reached ~2.4 (the strain expressing Mo nitrogenase) and ~1.4 (the strain expressing V 

nitrogenase), respectively, the six cultures of set ii were supplemented with 2 mM NH4OAc. 

Subsequently, all flasks were capped airtight, followed by addition of CO at 0, 7.5%, 15%, 

22.5%, 30% and 37.5%, respectively, to the gas phases of the six flasks in each set of cultures. 

The cultures were then allowed to grow at 30 °C with shaking at 200 rpm for 8 h, and 250 μL 

of headspace sample was taken from each culture and examined by GC-FID for hydrocarbon 

formation (see above). The concentration of the VFe protein was determined based on the 

average yield of five independent purifications (5). 
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5.2.4 Improvement of in vivo Hydrocarbon Formation by Intermittent Air Exposure 

A 250 mL culture of the A. vinelandii strain expressing the V nitrogenase was grown in a 

500 mL Erlenmeyer flask as described in Chapter 5.2.2 until the cell density started to 

plateau. At this point, the flask was capped airtight, and CO was added at a concentration of 

15% to the gas phase of this culture. The culture was then allowed to grow at 30 °C with 

shaking at 200 rpm for 4 h before 250 μL of the headspace sample was taken and examined 

by GC-FID for hydrocarbon formation (see Chapter 5.2.2). Following this procedure, the 

airtight stopper of the flask was replaced by a sterile foam plug, and the culture was 

incubated at 30 °C with shaking at 200 rpm for 20 min. Subsequently, the flask was capped 

airtight again, followed by addition of 15% CO to the gas phase, incubation of culture with 

CO for 4 h, determination of hydrocarbon formation by GC-FID, and aeration of the culture 

for 20 min as described in Chapter 5.2.4. This procedure was repeated for a total of 20 times 

until the linear increase of hydrocarbon formation started to plateau. 

5.2.5 GC-MS Analysis of Hydrocarbons Generated by in vivo CO Reduction 

A. vinelandii strain expressing the V nitrogenase was grown as described in Chapter 5.2.2 

until the cell density started to plateau, when the flask was capped airtight, followed by 

addition of 13CO at a concentration of 15% to the gas phase of this culture. The culture was 

grown for another 8 h before 250 μL headspace sample was taken and analyzed by GC-MS 

using a Thermo Scientific Trace 1300 GC system coupled to a Thermo ISQ QD (Thermo 

Electron North America LLC, Madison, WI) and a previously described procedure (1, 2). 

Specifically, a 250 μL gas sample was injected into a split/splitless injector operated at 

120 °C in in split mode, with a split ratio of 5. A 1-mm ID liner was used to optimize the 

sensitivity of gas separation, which was achieved on an HP-PLOT-Q capillary column 



84 
 

(0.320 mm ID x 30 m length, Agilent Technologies, Santa Clara, CA) that was held at 40 °C for 

2 min, heated to 180 °C at a rate of 10 °C /min, and held at 180 °C for 1 min. The carrier gas, 

helium, was passed through the column at a rate of 1.1 mL/min. The mass spectrometer was 

operated in electron impact (EI) ionization mode, and the identities of C2H4, C2H6 and C3H8 

were confirmed by comparing their masses and retention times with those of the Scott 

standard alkane and alkene gas mixture. 

5.2.6 NanoSIMS Analysis of A. vinelandii Cultures Incubated with 12CO and 13CO 

For experiments presented in Figure 5.3, A. vinelandii strain expressing the V nitrogenase 

was grown in two 250 mL Erlenmeyer flasks, each containing 100 mL Burke’s minimal 

medium (which contained sucrose as the carbon source) (6) supplemented with 2 mM 

ammonium acetate and 30 μM Na3VO4. The cultures were incubated at 30 °C with shaking at 

200 rpm until the cell densities started to plateau. Subsequently, the Erlenmeyer flasks were 

capped airtight, followed by addition of 15% 12CO and 13CO, respectively, to the gas phases 

of the two cultures. The cultures were allowed to undergo 13 repetitions of 4 h-CO 

incubation with 20 min-aeration, with the formation of hydrocarbons monitored throughout 

the process. For experiments presented in Figure 5.4, three 100 mL cultures were prepared 

as described in Chapter 5.2.2 by growing cells till the cell densities started to plateau, 

followed by exchange of the gas phases into gas mixtures containing (i) 65% 15N2, 15% 14N2 

and 20% O2; (ii) 65% 15N2, 15% 13CO and 20% O2; and (iii) 65% 14N2, 15% 12CO and 20% 

O2, respectively. The CO-free culture was then grown for 4 h; whereas the 12CO- and 13CO-

containing cultures were allowed to undergo 13 repetitions of 4 h-CO incubation with 

20 min-aeration periods. For nanoSIMS analysis, an aliquot of 250 μL of each culture (diluted 

to the same OD436) was pipetted on a silicon wafer (University Wafer, Boston, MA) with a 
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diameter of 2.5 cm. The samples were subsequently fixed with a phosphate-buffered saline 

(PBS) solution containing 4% formaldehyde for 1 h at room temperature, washed 

sequentially with PBS, 1:1 PBS/ethanol and ethanol, and dried on the wafer (7). The 

secondary ion (12C- and 13C-) and secondary electron images were acquired with a CAMECA 

NanoSIMS 50L ion microprobe (Caltech, Pasadena, CA). A +8 keV primary Cs+ beam of ~1 pA 

was used to raster the samples in 12x12, 10x10, or 2x2 microns areas. Secondary ion (12C- 

and 13C-) images of -8 keV were collected simultaneously with electron multiplier (EM) 

detectors. The interference from 12CH- to 13C- was separated with a mass resolving power 

(MRP) of ~5000. Ion images of 256x256 pixels were collected in 3 different regions of 

interest (ROI)/sample, 2 or 3 frames/ROI, and 15 min/frame, and processed with L’image 

software (http://limagesoftware.net/). The standard used for calculations of δ13C and δ15N 

values were a 13C/12C isotope ratio of 0.011237 (8) and a 15N/14N isotope ratio of 0.003677 

(8-10), respectively. 

5.2.7 LC-MS analysis of Acetyl-CoA Formation by CO-incubated A. vinelandii Cultures 

A. vinelandii strain expressing the V nitrogenase was grown in three 250 mL batches in 

500 mL Erlenmeyer flasks as described Chapter 5.2.2 until OD436 of these cultures reached 

approximately 1.4. Subsequently, these cultures were harvested individually by 

centrifugation at 15,000 g, 4 °C for 10 min, followed by resuspension of each pellet in 250 mL 

Burke’s minimal medium that contained no ammonia and a limited amount of sucrose (2 g/L; 

equivalent to 1/10 of that normally used in the Burke’s minimal medium). The flasks were 

then capped airtight, followed by addition of no CO, 15% 12CO and 15% 13CO, respectively, 

to the headspaces of these re-suspended cultures, continued incubation of these cultures at 

30 °C with shaking at 200 rpm for 18 h, harvesting of cells by centrifugation at 15,000 g, 4 °C 
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for 10 min, and storage of pellets at -80 °C. An amount of 0.5 g of each pellet was lysed by 

addition of 1.5 mL of 10% perchloric acid, followed by vigorous vortexing of the mixture. The 

cell lysate was then allowed to sit for 10 min before the pH of the solution was adjusted to 

7.4 by 1 M Tris-HCl (pH 7.5). Each lysate was then filtered using Amicon Ultra 30,000 MWCO 

centrifugal filters (EMD Millipore, Billerica, MA) and analyzed for acetyl-CoA by LC-MS 

analysis. Specifically, acetyl-CoA was separated by a Thermo Scientific Dionex Ultimate 3000 

UHPLC system on an Acclaim 120 C18 column (4.6x100 mm, 5 μm particle size), which is 

directly coupled with an MSQ Plus single quadruple mass spectrometer (Thermo Electron 

North America LLC, Madison, WI). The column was first equilibrated with 100% buffer A 

(95%:5% H2O/acetonitrile, 5 mM ammonia formate, pH 7.5) for 15 min. Each run was 

initiated upon injection of a 100 μL sample onto the column, followed by application of an 

isocratic flow of 100% buffer A for 5 min, a linear gradient of 0–100% buffer B over 5 min, 

and an isocratic flow of 100% buffer B for 10 min. To re-equilibrate the column after each 

run, a linear gradient of 100–0% buffer B was applied for 5 min, followed by an isocratic flow 

of 100% buffer A for 5 min over the column. The flow rate was kept at 0.5 mL/min, while the 

column was maintained at 30 °C throughout the runs. A purchased standard of acetyl-CoA 

(Sigma-Aldrich, St Louis, MO) was used to establish the retention time of this molecule on 

this column. Mass determination of different acetyl-CoA species was performed via 

electrospray ionization in positive ion mode (ESI+) with the following mass spectrometer 

parameters: capillary voltage, 3,000 V; sample cone voltage, 30 V; desolvation temperature, 

120 °C; and source temperature, 120 °C. The masses 810 (acetyl-CoA), 811 (one 13C-

incorporated acetyl-CoA) and 812 (two 13C-incorporated acetyl-CoA) were traced using SIM 

mode. 
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5.3 Results and Discussion 

5.3.1 In vivo Hydrocarbon Formation from CO Reduction by A. vinelandii 

To examine the ability of nitrogenase to perform in vivo CO reduction, A. vinelandii strains 

carrying the encoding genes for the Mo and V nitrogenases, respectively, were first grown in 

250 mL growth media supplemented with ammonia, an externally supplied nitrogen source 

which suppressed the expression of nitrogenase while allowing accumulation of cell mass 

(Figure 5.1a). The growth of the two cultures started to plateau after 20 h and 23 h, 

respectively, indicating a depletion of ammonia in the growth media that served as a signal 

to turn on the expression of Mo and V nitrogenases in the respective cultures. At this point, 

the culture flasks were capped by airtight stoppers, and CO was added at 10% to the gas 

phases of these nitrogenase-expressing cultures (Figure 5.1a, arrows). The cultures were 

then allowed to grow in the absence of ammonia while being monitored for the in vivo 

hydrocarbon formation through an hourly analysis of the headspace of each culture by gas 

chromatography (GC). Excitingly, the culture expressing the V nitrogenase was capable of in 

vivo production of 1390 nmol C2H4, 86 nmol C2H6 and 8 nmol C3H6, respectively, over a time 

period of 8 h (Figure 5.1Fb, blue). Gas chromatography-mass spectrometry (GC-MS) analysis 

further demonstrated mass shifts of +2, +2 and +3, respectively, of products C2H4, C2H6 and 

C3H6 upon substitution of 13CO for 12CO, confirming CO as the carbon source of these 

hydrocarbon products (Figure 5.1c, d). The culture expressing the Mo nitrogenase, on the 

other hand, was unable to generate detectable amounts of hydrocarbon products under the 

same in vivo conditions (Figure 5.1b, black), consistent with the previous observation that 

the Mo nitrogenase was only 0.1% as active as the V nitrogenase in the in vitro reaction of 

CO reduction (1).  Such an impaired ability of Mo nitrogenase to reduce CO to hydrocarbons 
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in vivo was further demonstrated by subjecting the culture expressing the Mo nitrogenase to 

different amounts of CO (between 0 and 37.5% at a step increase of 7.5%), where no 

Figure 5.1. In vivo hydrocarbon formation from CO reduction by A. vinelandii. a) Growth 

curves of A. vinelandii strains expressing Mo (black) and V (blue) nitrogenases in the presence () 

and absence () of 10% CO. The arrows indicate the time points of CO addition to the two cultures, 

when ammonia was depleted and nitrogenase expression was turned on. (b) Time-dependent 

formation of C2H4, C2H6 and C3H8 by 250 mL cultures of A. vinelandii strains expressing Mo (black) 

and V (blue) nitrogenases. The 250 mL culture expressing the V nitrogenase yielded 1387 nmol C2H4, 

63 nmol C2H6 and 8 nmol C3H8, respectively, when 1.7 mmol CO was supplied in a 250 mL gas phase. 

(c) GC-MS analysis of C2H4 (upper), C2H6 (middle) and C3H8 (lower) formed by A. vinelandii strain 

expressing V nitrogenase in the presence of 12CO (left) and 13CO (right). The products were traced in 

the SIM mode of GC-MS at masses indicated in the figure. The peak intensities of products generated 

by the culture expressing the V nitrogenase (blue) were set at 100%. Note the absence of product 

formation when CO was supplied to controls that either expressed the Mo nitrogenase in the absence 

of ammonia (black) or did not express the V nitrogenase in the presence of ammonia (red). (d) GC-

MS fragmentation patterns of C2H4 (, blue), C2H6 (, blue) and C3H8 (, blue) formed by the A. 

vinelandii strain expressing the V nitrogenase in the presence of 12CO (left) and 13CO (right). The 

corresponding fragmentation patterns of standards are presented based on information obtained 

from the NIST mass spectrometry database (black) (http://webbook.nist.gov). The intensities of 

base peaks were set at 100% in all panels. Data of cell growth and activity analysis (a, b) were 

obtained from 3 independent experiments (n = 6) and presented as mean ± s. d. GC-MS experiments 

(c, d) were conducted 3 times, and representative results are shown. 
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hydrocarbons were detected at any CO concentration (Figure 5.2a).  In contrast, the activities 

of in vivo hydrocarbon formation when CO was supplied at all tested concentrations, 

reaching a maximum of 1556 nmol products/250 mL culture at 15% CO (Figure 5.2a). 

Quantification of V nitrogenase expressed in the culture further revealed formation of a 

Figure 5.2 Optimization of in vivo hydrocarbon production from CO reduction. (a) 

Hydrocarbon formation by 250 mL cultures of A. vinelandii strains carrying encoding genes for V 

(,) and Mo () nitrogenases upon incubation with various CO concentrations for 8 h. CO was 

added upon depletion of ammonia without (,) or with () supplementation of additional 

ammonia to the growth media. (b) Specific yield of in vivo hydrocarbon formation by V nitrogenase 

upon incubation with various CO concentrations for 8 h. (c) Linear increases of C2H4 (left), C2H6 

(middle) and C3H8 (right) formation by a 250 mL culture of the V nitrogenase-expressing A. vinelandii 

strain every 4 h upon repeated addition of CO with intermittent 20 min aeration. A 250 mL culture 

expressing the V nitrogenase yielded 14981 nmol C2H4, 626 nmol C2H6 and 71 nmol C3H8, 

respectively, after 20 cycles of repeated addition of 2.6 mmol CO in a 250 mL gas phase with 

intermittent aeration, which was equivalent to 1.2% carbon conversion. Data of activity analysis 

were obtained from 3 independent experiments (n = 6) and presented as mean ± s. d. 
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maximum of 750 nmol reduced carbon/nmol VFe protein, or a turnover number of as high 

as 750, at 15% CO over 8 h (Figure 5.2b). Importantly, CO could not be reduced to 

hydrocarbons when the expression of V nitrogenase was suppressed by the addition of 

excess ammonia in the growth media (Figure 5.2a). Moreover, the culture expressing the V 

nitrogenase closely resembled the purified V nitrogenase in the distribution of products (1), 

producing C2H4 as the overwhelmingly predominant product (95%; Figure 5.2a, red) of CO 

reduction over C2H6 (3.9%; Figure 5.2a, green) and C3H8 (1.1%; Figure 5.2a, blue) (1, 2). 

Together, these observations established a direct link between the V nitrogenase in the 

culture and the in vivo activity of hydrocarbon formation. 

The observation of good turnover numbers of the in vivo CO reduction compelled us to 

further explore the possibility to improve the yield of hydrocarbon production in this 

reaction. Noticeably, the in vivo production of hydrocarbons by V nitrogenase started to 

plateau after the cell culture was incubated with CO for 4 h (see Figure 5.1b). Additionally, 

there was a decline of in vivo hydrocarbon formation when CO was supplied at a 

concentration beyond ~15% (see Figure 5.2a). These results could be explained by 

inhibition of the respiratory chain and/or other key metabolic pathways of A. vinelandii by 

CO, as well as accumulation of toxic waste products and/or inhibitors of V nitrogenase upon 

CO reduction, leading to an inability of cells and/or the V nitrogenase to function normally 

with prolonged exposure to high concentrations of CO. To alleviate the inhibitory effect of 

CO, the culture expressing V nitrogenase was placed under air after incubation with 15% CO 

for 4 h, permitting the cells to “relax” for 20 min before 15% CO was re-introduced into the 

gas phase of the culture. Remarkably, such a treatment led to a complete revitalization of the 

culture in its ability to produce hydrocarbons, as the culture displayed a linear increase of 
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product formation after nearly 20 repetitions of this procedure (Figure 5.2c). The amounts 

of C2H4, C2H6 and C3H8 accumulated after 20 repetitions were 15680, 625 and 

71 nmol/250 mL culture, respectively (Figure 5.2c), demonstrating the possibility of 

biotechnological adaptation of this protocol for in vivo hydrocarbon production in the future. 

Moreover, a dramatic increase of CO consumption was achieved by this procedure, providing 

a necessary tool for the determination of whether CO was used as a carbon source and 

incorporated into cell mass or if it was processed into hydrocarbons in a novel, secondary 

metabolic pathway. 

5.3.2 The Physiological Role of the in vivo CO Reduction by V nitrogenase 

Seeing the high efficiency of the hydrocarbon formation of A. vinelandi expressing V 

nitrogenase we were wondering whether CO reduction has a physiological role. To 

determine whether the carbon of CO is incorporated into the cell mass of A. vinelandii 

cultures expressing V nitrogenase were prepared in the presence of 15% 12CO or 13CO with 

intermittent “relaxation” every 4 h by a short, 20 min exposure to air. This procedure was 

repeated 13 times to allow isotope enrichment and, subsequently, equal amounts of the 

12CO- and 13CO-treated cells were fixed, dried and analyzed by nanoscale secondary ion mass 

spectrometry (CAMECA nanoSIMS 50L instrument) (7, 11, 12). Secondary electron images 

of samples incubated with 12CO (Figure 5.3a) and 13CO (Figure 5.3c) confirmed the identities 

of the images as those derived from cells and not from random particles; whereas the 

secondary ion images demonstrated nearly identical δ13C value of the 12CO-incubated 

(Figure 5.3b) and 13CO-incubated (Figure 5.3d) samples. Analysis of the δ13C values of three 

different regions of interest (ROI) in each sample further confirmed that the abundance of 
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13C in the 13CO-incubated sample was indistinguishable from that in the 12CO-incubated 

sample (Figure 5.3e), suggesting that the carbon of CO was not incorporated into the cellular 

components. To demonstrate the ability of nanoSIMS to detect enrichment of isotopes in 

cells, the incorporation of 15N2 by A. vinelandii was traced (Figure 5.4).  Furthermore, the 

incorporation of 15N2 was also traced in the presence of 15% 12CO, as expected the 

incorporation of 15N2 was significantly lower (Figure 5.4). Nonetheless the 

Figure 5.3. In vivo CO reduction as a secondary metabolic pathway. (a-d) Secondary 

electron images (a, c) and secondary ion (13C- and 12C-) images (b, d) derived from nanoSIMS analysis 

of A. vinelandii cells expressing V nitrogenase in the presence of 12CO (a, b) or 13CO (c, d). The 

nanoSIMS experiment was performed twice. Each time, data was collected at 3 different regions of 

interest (ROI) in each sample. Representative nanoSIMS data are shown in a-d. (e) Average δ13C 

values of A. vinelandii cells expressing V nitrogenase in the presence of 12CO (blue) or 13CO (red). The 

average δ13C value of each sample was calculated based on data collected in 3 different ROI (n = 9). 

(f) LC-MS analysis of acetyl-CoA formed by A. vinelandii cells expressing V nitrogenase in the absence 

(left) and presence of 12CO (middle) or 13CO (right). Natural-abundance (black), one (blue) and two 

(red) 13C-substituted acetyl-CoA molecules were traced at masses 810, 811 and 812, respectively. 

The LC-MS experiment was performed 4 times. Representative results are shown in f. 
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Figure 5.4. Assimilation of N via N2 reduction by A. vinelandii. (a-i) Secondary electron (a, 

d, g) and secondary ion (b-h, c-i) images derived from nanoSIMS analysis of A. vinelandii cells 

expressing the V-nitrogenase in the presence of 15N2 (a-c), 15N2 plus 12CO (d-e), and 14N2 plus 13CO (g-

i) (see Chapter 5.2.6 for experimental details). For each sample, data was collected at 3 different 

regions of interest (ROI), 2 frames/ROI. Representative nanoSIMS data are shown in a-i. (j) Average 

δ15N values of A. vinelandii cells expressing the V-nitrogenase in the presence of 15N2, 15N2 plus 12CO, 

and 14N2 plus 13CO. The average δ15N value of each sample was calculated based on data collected in 

3 different ROIs (n = 6). 
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15N-incorporation was significantly higher than the background (Figure 5.4j). 

 A second line of evidence, that CO was not used as a carbon source for anabolism is provided 

by liquid chromatography-mass spectrometry (LC-MS). LC-MS showed indistinguishable 

ratios between the natural-abundance (Figure 5.3f, black), one 13C-incorporated (Figure 5.3f, 

blue), and two 13C-incorporated (Figure 5.3f, red) acetyl-CoA molecules in A. vinelandii cells   

incubated without CO (Figure 5.3f, left), with 12CO (Figure 5.3f, middle),  and with 13CO 

(Figure 5.3f, right)  concomitant with the expression of V nitrogenase, providing further 

support that CO was not used as a carbon source to generate the central metabolite, acetyl-

CoA, during cell growth. Combined results from these studies conclusively defined the in vivo 

CO reduction by V nitrogenase as a novel, secondary metabolic pathway for the conversion 

of CO into hydrocarbons.  

5.4 Summary and Conclusions 

Nature has developed some effective strategies for microbes to utilize CO as an electron 

and/or carbon source for cell growth (13, 14). The in vivo conversion of CO to 

alkanes/alkenes by A. vinelandii represents a previously-unidentified strategy utilized by 

microbes to cope with CO. It has been postulated that the Earth atmosphere was rich in CO 

and methane (CH4) in the Archean Eon (15) and that microbes living in this environment 

were adapted to strategies to effectively utilize these carbon-containing molecules, alone or 

in symbiosis. It is plausible, therefore, that the host of the ancestral, “prototype nitrogenase” 

was well-tuned toward reducing CO to small alkenes and alkanes, and these products were 

then assimilated and used as the sole carbon/energy source either by the host itself or by 

other microbes that could not generate these products on their own. Interestingly, while 
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nitrogenase-expressing organisms like A. vinelandii seem to have lost the ability to use small 

hydrocarbons for cell growth during the course of evolution, various alkane/alkene 

assimilating organisms are known to exist today (16-18), implying that a nitrogenase-based, 

symbiotic CO-utilizing strategy may still be in use. Moreover, the possible evolvement of 

nitrogenase from an enzyme specialized in processing carbon compounds into one 

specialized in processing nitrogen compounds establishes this enzyme as an evolutionary 

link between the carbon and nitrogen cycles on Earth. 

Regardless of its evolutionary relevance, the fact that CO is reduced by A. vinelandii to 

hydrocarbons as secondary metabolites gives this in vivo reaction a clear biotechnological 

advantage in maximizing the product yield and cost efficiency. Indeed, the yield of ethylene 

production by this reaction (1 μmol C2H4 per g dry cell per h) is already within the range of 

the existing methodologies for bio-ethylene production (0.1-3000 μmol C2H4 per g dry cell 

per h) (19) prior to any optimization. Further, despite a low percentage of carbon 

conversion, the specific activity of this reaction (0.1 μmol hydrocarbons/g V nitrogenase/s) 

is comparable to the specific activities of the less efficient Fischer-Tropsch catalysts or those 

discovered at the early developmental stage of this industrial process (0.024-0.3 μmol 

hydrocarbons/g catalyst/s) (20, 21). Importantly, contrary to the Fischer-Tropsch process 

or fermentation-based methodologies for hydrocarbon production, the A. vinelandii-enabled 

reaction is an ambient, feedstock-free process that directly converts a toxic waste (CO) into 

useful hydrocarbon products. Perhaps even more excitingly, it was discovered recently that 

A. vinelandii strains expressing the respective Fe protein components of Mo and V 

nitrogenases alone were capable of in vivo conversion of CO2 to CO (see Chapter 4), a process 

that could be coupled with the in vivo conversion of CO to hydrocarbons by A. vinelandii into 
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a whole cell system for hydrocarbon production from the greenhouse gas CO2. Such a two-

step system will circumvent the problem that a direct conversion of CO2 to hydrocarbons by 

nitrogenase is of extremely poor efficiency (see Chapter 2 and 3) (22, 23). Additionally, both 

steps in this system can be optimized for improved product yield or desired product profile 

and, on their own or in combination, they represent attractive templates for the future 

development of strategies that effectively recycle carbon wastes into useful chemical and 

fuel products. 
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