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Abstract

Two V-nitrogenase-based reaction systems were previously shown to reduce CO2 to hydrocarbons: 

(1) an enzyme-based system, which requires both components of V-nitrogenase for ATP-

dependent reduction of CO2 to ≤C2 hydrocarbons; and (2) a cofactor-based system, which 

employs SmI2 to supply electrons to the isolated V-cluster for ATP-independent reduction of CO2 

to ≤C3 hydrocarbons. Here, we report ATP-independent reduction of CO2 to hydrocarbons by a 

reaction system comprising Eu(II) DTPA and VFe protein. Combining features of both enzyme- 

and cofactor-based systems, this system demonstrates an improved activity of C-C coupling, as 

well as a widened product profile of ≤C4 hydrocarbons. The C-C coupling does not route via CO2-

derived CO, and it is significantly enhanced in D2O. These observations afford the initial insights 

into the characteristics of this unique reaction and provide a potential template for future design of 

catalysts to recycle the greenhouse gas CO2 into useful products.
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Nitrogenase plays a key role in the global nitrogen cycle, catalyzing the ATP-dependent 

reduction of atmospheric dinitrogen (N2) to bioavailable ammonia (NH3) under ambient 

conditions.[1,2] Other than N2, this enzyme is also capable of reducing carbon monoxide 

(CO) and carbon dioxide (CO2) to hydrocarbons;[3-10] in particular, the “alternative” 

vanadium (V)-nitrogenase displays considerably higher activities of CO- and CO2-reduction 

than the “conventional” molybdenum (Mo)-ntirogenase,[5,7] generating specific interest in 

exploring the catalytic characteristics of V-nitrogenase in these reactions. The V-nitrogenase 

from Azotobacter vinelandii consists of two component proteins: the γ2-homodimeric iron 

(Fe) protein, which contains a subunit-bridging [Fe4S4] cluster and a nucleotide-binding site 

per subunit;[11,12] and the α2β2δ4-octameric vanadium-iron (VFe) protein, which contains a 
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P*-cluster (a [Fe4S4]-like cluster pair) at the α/β-subunit interface and a V-cluster (a 

[VFe7S9] cofactor) within each α-subunit (Figure 1a).[13,14] Two V-nitrogenase-based 

reaction systems were previously shown to reduce CO2 to hydrocarbons.[7,8] One of them 

utilized the complete enzymatic system of V-nitrogenase, namely, the Fe protein and the 

VFe protein, to enable ATP-dependent electron transfer from the [Fe4S4] cluster of the Fe 

protein to the V-cluster of the VFe protein for the reduction of CO2 to hydrocarbons in an 

aqueous buffer (Figure 1a);[7] the other employed the isolated cofactor of V-nitrogenase, 

namely, the V-cluster, to directly receive electrons from a strong reductant, samarium (II) 

iodide (SmI2; E0’ = −1.5 V), for ATP-independent reduction of CO2 to hydrocarbons in an 

organic solvent (Figure 1c).[8] While hydrocarbons of up to C2 and C3 in length were 

generated as the respective products of CO2 reduction by the enzyme- and cofactor-based 

reactions, the former consumed ATP as an energy source; whereas the latter was hampered 

by the instability of the V-cluster in the isolated state. These observations have prompted 

attempts to combine the desirable features of the enzyme- and cofactor-based reactions into 

an ATP-independent, reductant-driven reaction system, which utilizes the VFe protein-

bound V-cluster as a stand-alone catalyst for improved production of hydrocarbons from 

CO2 reduction (Figure 1b).

One such system could be generated by combining europium (II) DTPA [Eu(II) DTPA; E0’ 
= −1.1 V][15,16] with VFe protein in an aqueous buffer. Driven directly by Eu(II) DTPA, the 

VFe protein was capable of catalyzing ATP-independent reduction of CO2 to CO (Figure 2a) 

and CH4 (Figure 2b). The activity of the VFe protein to convert CO2 to CO was consistently 

higher in D2O (Figure 2a, ○) than that in H2O (Figure 2a,▽). In contrast, the activity of 

CH4 formation by VFe protein could not be detected in the presence of D2O (Figure 2b, ○); 

yet, it increased from 0 to 30 nmol/μmol protein over a time period of 180 minutes upon 

substitution of H2O for D2O (Figure 2b, ▽). Interestingly, when CO was supplied in a 

concentration simulating that achieved in from CO2 reduction by VFe protein at 180 minutes 

(see Figure 2a, arrows), no CD4 could be detected as a product in the presence of D2O 

(Figure 2b, •); whereas the activity of CH4 formation by VFe protein increased from 0 to a 

maximum of 18 nmol/μmol protein within the first 30 minutes of the reaction in the presence 

of H2O (Figure 2b, ▽). Such an increase in activity approximated the increase of 12 nmol/

μmol protein between 10 and 30 minutes when CO2 was directly supplied to the reaction, 

following a delay of 10 minutes in which no CH4 could be detected (Figure 2b, ▼). Beyond 

30 minutes, however, the activity of CH4 formation by VFe protein plateaued when CO was 

supplied as a substrate (Figure 2b, ▼); whereas it continued to increase when CO2 was 

supplied as a substrate (Figure 2b, ▽). The similarity between the initial phases of CO- and 

CO2-based CH4 formation by VFe protein (see Figure 2b, inset) suggests that a portion of 

CH4 is formed via CO2-derived CO, particularly given the 10-minute delay in the CO2-

based reaction that could correlate with the time required to accumulate a sufficient amount 

of CO from CO2 reduction. The disparity between the two reactions beyond 30 minutes, on 

the other hand, implies that a certain portion of CH4 is generated directly from CO2 

reduction, which could account for the different lineshapes of the time courses of CH4 

formation, as well as the total amounts of CH4 generated in the CO- and CO2-based 

reactions.
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More excitingly, other than reducing CO2 to the C1 hydrocarbon product (i.e., CH4), the 

VFe protein could use CO2 as a substrate for ATP-independent C-C coupling into 

hydrocarbon products of up to C4 in length (Figure 3). Contrary to the formation of CH4, 

there was a dramatic increase in the activities of C2-C4 hydrocarbon formation by VFe 

protein upon substitution of D2O for H2O. In the presence of D2O, formation of C2D4, 

C2D6, C3D6, C3D8, C4D8 and C4D10 by VFe protein reached 18, 12, 14, 5, 4.5 and 2.0 

nmol/μmol protein, respectively, over a time period of 300 minutes (Figure 3a-f, ○); 

whereas in the presence of H2O, formation of C2H4, C2H6, C3H6, C3H8, C4H8 and C4H10 

started to plateau between 120 and 180 minutes at 6, 5, 3, 1.7, 0.8 and 0.6 nmol/μmol 

protein, respectively (Figure 3a-f, ▽). When CO was supplied in a concentration mimicking 

that achieved from CO2 reduction by VFe protein at 180 minutes (see Figure 2, arrows), 

little or no C2-C4 product could be detected in the presence of either D2O (Figure 3a-f, •) or 

H2O (Figure 3a-f, ▼), suggesting that these products were formed directly from CO2 

reduction instead of indirectly from CO2-derived CO. GC-MS analysis further confirmed the 

source of carbon in the C1-C4 hydrocarbons as that from CO2, showing mass shifts of +1, 

+2, +3 and +4, respectively, of C1, C2, C3 and C4 products upon substitution of 13CO2 

for 12CO2 in H2O-based reactions (Figure 4a vs. b). In addition, it demonstrated the source 

of hydrogen in these products as that from H2O, displaying mass shifts of +4, +6 and +8, 

respectively, of products containing 4, 6 and 8 hydrogen atoms upon substitution of D2O for 

H2O in 12CO2-based reactions (Figure 4a vs. c); and additional mass shifts of +2, +3 and +4, 

respectively, of C2, C3 and C4 products upon further substitution of 13CO2 for 12CO2 in 

these reactions (Figure 4c vs. d). In the cases of C4H10 and C4D10, the base peaks were 

monitored to circumvent the problem of detection limit, showing masses of 43.087, 46.064, 

50.098 and 58.108, respectively, that represent the predominant fragment ions formed in the 

cases of 12C4H10, 13C4H10, 12C4D10 and 13C4D10 (Figure 4).

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

ATP-independent, Eu(II) DTPA-driven reaction (designated system II) is higher than that by 

V-cluster in the ATP-independent, SmI2-driven reaction (designated system III) (Figure 5a, 

green vs. yellow) and that by V-nitrogenase in the ATP-dependent reaction (designated 

system I) in D2O (Figure 5a, green vs. grey) or H2O (Figure 5a, red vs. black). Moreover, 

compared to system I and system III, there is a greater tendency of system II to reduce CO2 

to longer carbon chains and generate a broader product profile both in D2O (Figure 5b, 

green) and in H2O (Figure 5b, red). Given the absence of Fe protein from system II, the 

active V-cluster site is likely more “open” in this system than that in system I (see Figure 1), 

which could explain the improved ability of system II to extend the carbon chain and 

generate larger hydrocarbon products. The protein scaffold that houses the V-cluster in 

system II, on the other hand, likely provides stability to the cluster while modulating its 

redox potential in the same time, which may account for a higher activity accomplished by a 

weaker reductant (i.e., Eu(II) DTPA) in the case of system II as compared to a lower activity 

accomplished by a stronger reductant (i.e., SmI2) in the case of system III (Figure 5a, green 
vs. 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 system 

I and system II displayed a dramatic increase of CO2-reducing activity upon substitution of 

D2O for H2O (Figure 5, green vs. red; grey vs. black) While systematic studies are required 
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to elucidate the mechanism of CO2 reduction by V-nitrogenase, these observations afford the 

initial insights to the characteristics of this unique reaction and provide a potential template 

for future design of nitrogenase-based catalysts to recycle the greenhouse gas CO2 into 

useful hydrocarbon products.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Three CO2-reducing reaction systems based on V-nitrogenase: a) V-nitrogenase plus 

dithionite (designated system I), which permit ATP-dependent transfer of electrons from the 

[Fe4S4] cluster of Fe protein to the V-cluster (or cofactor) of VFe protein in an aqueous 

buffer; b) VFe protein plus Eu(II) DTPA (designated system II), which permit ATP-

independent electron transfer from Eu(II) DTPA to the V-cluster of VFe protein in an 

aqueous buffer; and c) V-cluster plus SmI2 (designated system III), which permit ATP-

independent electron transfer from SmI2 to the isolated V-cluster in an organic solvent. For 

the purpose of simplicity, only one half of the VFe protein is shown. HCs, hydrocarbons.
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Figure 2. 
ATP-independent reduction of CO2 to C1 products by VFe protein. a) Time-dependent 

formation of CO from CO2-reduction in H2O (▽) or D2O (○). b) Comparison of time-

dependent formation of CH4 from CO2-reduction in H2O (▽) or D2O (○) with that from 

CO-reduction in H2O (▼) or D2O (•).The amounts of CO supplied (in b) were 136 ppm (▼) 

and 178 ppm (•), respectively, which simulated the amounts of CO formed in H2O (▽) and 

D2O (○), respectively, from CO2-reduction at 180 min (see a, arrows). The inset (in b) is a 

blown-up of the first 30 min of CH4 formation in H2O where CO (▼) or CO2 (▽) was 

supplied as a substrate. Data are presented as mean ± SD (N = 3) after background 

correction.
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Figure 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 (•). The amounts of CO supplied (in a-f) were 136 ppm (▼) and 178 ppm 

(•), respectively, which simulated the amounts of CO formed in H2O (▽) and D2O (○), 

respectively, from CO2-reduction by VFe protein at 180 min (see Figure 2a, arrows). Data 

are presented as mean ± SD (N=3) after background correction.
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Figure 4. 
GC-MS analyses of hydrocarbons generated by VFe protein in the ATP-independent 

reaction of CO2-reduction. The products were generated in H2O when a) 12CO2 or b) 13CO2 

was supplied as the substrate; or in D2O when c) 12CO2 or d) 13CO2 was supplied as the 

substrate. The mass-to-charge (m/z) ratios at which the products were traced are indicated. 

In the cases of C4H10 and C4D10 (a-d), the base peaks (*), or the tallest peaks representing 

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

of detection limit.
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Figure 5. 
C-C coupling from CO2 reduction by three V-nitrogenase-based systems. a) Total and b) 

individual activities of C-C coupling by system I, II and III. Activities were calculated based 

on the sums of carbons that appeared in all ≥C2 hydrocarbon products (in a) or in each 

individual ≥C2 hydrocarbon product (in b). For compositions of system I, II and III, please 

refer to Figure 1 and text. Data of system I and III were taken from Ref. 8 and Ref. 7, 

respectively.
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