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CONSPECTUS

FeS proteins are metalloproteins prevalent in the metabolic pathways of most organisms, Hydrocarbons
playing key roles in a wide range of essential cellular processes. A member of this protein 7 g
family, the Fe protein of nitrogenase is a homodimer that contains a redox-active [FesSi]
cluster at the subunit interface and an ATP-binding site within each subunit. During catalysis,
the Fe protein serves as the obligate electron donor for its catalytic partner, transferring
electrons concomitant with ATP hydrolysis to the cofactor site of the catalytic component to

enable substrate reduction. The effectiveness of Fe protein in electron transfer is reflected by

the unique reactivity of nitrogenase toward small-molecule substrates. Most notably,

nitrogenase is capable of catalyzing the ambient reduction of N> and CO into NHs" and g >
. . . . . . CO «° .- Nitrogenase
hydrocarbons, respectively, in reactions that parallel the important industrial Haber-Bosch and o © E tei
co, e protein

Fischer-Tropsch processes. Other than participating in nitrogenase catalysis, the Fe protein

also functions as an essential factor in nitrogenase assembly, which again highlights its capacity as an effective, ATP-dependent electron donor.

Recently, the Fe protein of a soil bacterium, Azotobacter vinelandii, was shown to act as a reductase on its own and catalyze the ambient
conversion of COz to CO at its [FesS4] cluster either under in vitro conditions when a strong reductant is supplied, or under in vivo conditions
through the action of an unknown electron donor(s) in the cell. Subsequently, the Fe protein of a mesophilic methanogenic organism,
Methanosarcina acetivorans, was shown to catalyze the in vitro reduction of CO, and CO into hydrocarbons under ambient conditions,
illustrating an impact of protein scaffold on the redox properties of the [FesS4] cluster and the reactivity of the cluster toward C1 substrates. This
reactivity was further traced to the [FesSa] cluster itself, as a synthetic [FesS4] compound was shown to catalyze the reduction of CO2 and CO to
hydrocarbons in solutions in the presence of a strong reductant. Together, these observations pointed to an inherent ability of the [FesS4] clusters
and, possibly, the FeS clusters in general, to catalyze Cl-substrate reduction. Theoretical calculations have led to the proposal of a plausible
reaction pathway that involves the formation of hydrocarbons via aldehyde-like intermediates, providing an important framework for further

mechanistic investigations of FeS-based activation and reduction of C1 substrates.

In this account, we summarize the recent work leading to the discovery of Cl-substrate reduction by protein-bound and free [FesSa] clusters,
as well as the current mechanistic understanding of this FeS-based reactivity. In addition, we briefly discuss the evolutionary implications of this
discovery and potential applications that could be developed to enable FeS-based strategies for the ambient recycling of unwanted C1 wastes into

useful chemical commodities.



Iron sulfur (FeS) proteins are key players in biological processes, serving a variety of functions
that range from electron transfer and enzyme catalysis to DNA synthesis and gene regulation.!”
Collectively termed the Fe protein, the reductase component of nitrogenase is a member of the
FeS protein family that employs a nucleotide-dependent energy transduction mechanism for
electron transfer during catalysis.®” Encoded by the nifH gene, the Fe protein of the well-studied
Mo-nitrogenase from a soil bacterium, Azotobacter vinelandii (designated AvNifH), is a
homodimer that contains a subunit-bridging [FesS4] cluster and one MgATP-binding site within
each subunit. During catalysis, AvNifH is believed to undergo conformational changes upon
binding and hydrolysis of MgATP, which permits a decrease in the reduction potential of its
[FeaS4] cluster concomitant with a productive binding of this protein to its catalytic partner,
MoFe protein (designated AvNifDK).!"!1%!! Together, these events facilitate efficient inter-protein
transfer of electrons from the [FesS4] cluster of A4vNifH, via a so-called P-cluster ([FesS7]),'° to
the M-cluster (or cofactor; [R-homocitrate-MoFe7SoC])'? of AVNifDK, where substrate reduction

takes place (Figure 1A; Figure S1).

The capacity of Fe protein in electron transfer is reflected by the unique reactivity of nitrogenase
toward small-molecule substrates, such as N2, CO and C2H2.""131> Of all reactions catalyzed by
nitrogenase, the reductions of N2 and CO, respectively, to ammonia and hydrocarbons are
particularly important because of their energy- and environment-related significance. The two
reactions mirror the industrial Haber-Bosch!®!” and Fischer-Tropsch'® processes, which are used
for ammonia and carbon fuel production. However, contrary to their industrial parallels, the
reductions of N2 and CO by nitrogenase occur under ambient conditions, and they use H'/e’
instead of Hz as the reducing source, highlighting the power of this enzyme—owing largely to

the efficacy of its unique reductase component—in small-molecule activation from the



perspective of chemical energy. Other than serving as the obligate electron donor for nitrogenase
catalysis, the Fe protein also plays an essential role in the biosynthesis of nitrogenase. Interacting
with apo AvNifDK at the o/p interface, AvNifH reductively couples a pair of [FesS4]-like clusters
into a P-cluster concomitant with ATP hydrolysis (Figure 1B)."?* Likewise, AvNifH interacts
with the biosynthetic scaffold protein AvNifEN (a homolog to AvNifDK in sequence and
structure), reducing and inserting Mo along with homocitrate into a [FesSo] precursor and

maturing this precursor into a fully assembled M-cluster in an ATP-dependent manner (Figure

1C).19’20’23_25

The physiological functions of the Fe protein in nitrogenase catalysis and assembly underscore
the effectiveness of this protein as an electron donor to its redox partner; whereas at the same
time, questions have arisen as to whether the Fe protein can act as a reductase on its own, as its
unique [Fes4S4] center is nearly surface-exposed and could undergo facile redox changes between
various oxidation states (0, +1, +2) to enable substrate binding and reduction.!?*?® Consistent
with this suggestion, our recent studies have shown that the Fe proteins can reduce C1 substrates
(i.e., CO2, CO) into various products (i.e., CO, hydrocarbons) under ambient conditions (Figure
1D),?*3? when electrons are supplied in vitro by an artificial reductant or by an unknown electron
donor(s) in vivo. Furthermore, our studies have demonstrated that this reactivity is inherent to the
FeS centers in these proteins, as [Fe4S4] clusters that exist freely in solutions can catalyze the
same ambient reactions as the Fe protein-associated [FesS4] clusters in the presence of a strong

reductant.’®

Our theoretical calculations have led to the proposal of a plausible reaction pathway
that involves the formation of hydrocarbons via aldehyde-like intermediates, which provides an

important framework for further mechanistic investigations of FeS-based activation and

reduction of C1 substrates.



This account summarizes the recently-discovered artificial reactivity of protein-associated and
free [FeaS4] clusters toward C1 substrates, as well as the current mechanistic understanding of
this reactivity. In addition, some thoughts are provided on the plausible evolutionary implications
of this discovery and how it could be explored for developing FeS-based strategies for ambient

conversion of unwanted C1 wastes into useful products in the future.

Reduction of C1 substrates by protein-bound and free [FesS4] clusters

The ability of a protein-bound [FesS4] cluster to reduce CO2 was first described for 4vNifH
under in vivo and in vitro conditions.?’ In an in vitro assay, both the nucleotide-free and ATP-
bound forms of AvNifH can reduce CO2 to CO in minor yields in the presence of an artificial
reductant, dithionite (E”= —0.436 V at pH 7),”° where its [FesS4] cluster assumes the +1
oxidation state (Figure 2A, left). The yield of CO production by ATP-bound AvNifH is 30%
higher than its nucleotide-free counterpart, which is consistent with a decrease in the reduction
potential of its [FesS4] cluster by ~100 mV in the presence of ATP.? Substitution of dithionite
for a stronger reductant, europium(Il) diethylenetriaminepentaacetic acid (Eu'-DTPA; E*=
—1.14 V at pH 8),%%3! results in a notable increase of product yield, which can be accounted for
by the presence of the [FesS4] cluster of AvNifH in the “super-reduced”, all-ferrous or 0
oxidation state. The yield of CO increases with increasing Eu'-DTPA concentrations, reaching a
total turnover number (TON) of ~8 under optimized reaction conditions (Figure 2A, middle)*°
Unlike the reaction driven by dithionite, the reaction driven by Eu"-DTPA is nucleotide-
independent as far as the product yield is concerned (Figure 2A, middle), which is likely due to a
lack of impact of ATP-binding on the reduction potential of the all-ferrous [Fe4S4] cluster. The

correlation between the [FesS4] center and the COaz-reducing activity of AvNifH has been



established through EPR analysis, which reveals a decrease/disappearance of the [FesSa]'-
specific $=1/2 signal (perpendicular-mode) of the dithionite-reduced AvNifH (Figure 2B)* or the
[FesS4]°-specific g=16.4 signal (parallel-mode) of the Eu'-DTPA-reduced AvNifH (Figure
2C)% that corresponds to an oxidation of the cluster concomitant with a transfer of electrons
from the reduced cluster to the substrate COz. It should be noted that the spectra of both
dithionite- and Eu"-DTPA-reduced AvNifH proteins display a small, perpendicular-mode signal

at g=2 in the presence of COz (Figure 2B, D),* which suggests an impact of interaction with, or

binding of, CO2 or COz-derived intermediates on the electronic properties of the [FesS4] cluster.

The ambient conversion of CO2 to CO can also be accomplished in vivo by a nifDK-deletion
strain of 4. vinelandii, which expresses AvNifH as the sole component of Mo-nitrogenase under

N»-fixing (i.e., ammonia-depleted) growth conditions (Figure 2A, right).”’

Upon exhaustion of
ammonia in the growth medium, the expression of AvNifH is upregulated concomitant with a
significant increase of the activity of the strain to reduce COz to CO, showing a TON of 110 at
40% COz (Figure 2A, right). The much higher in vivo activity of 4vNifH in CO: reduction could
originate from a reducing intracellular environment of A. vinelandii rendered by its effective Oa-
protection mechanisms? and/or the presence of a physiological electron donor(s) for AVNifH333*
that poises its [FesS4] cluster in the all-ferrous, 0 oxidation state to enable efficient CO2
reduction. The latter scenario is particularly intriguing, as it may bear relevance to the long-
standing question in the nitrogenase field of whether the Fe protein-associated cluster could
directly shuttle between the all-ferrous, [Fe4S4]° state and the oxidized, [FesS4]** state (instead of
between the commonly acknowledged [FesS4]'" and [FesSa]** states) for a two-electron transfer
event that could improve the energy economy of nitrogenase catalysis under physiological

conditions.3%3¢



Interestingly, even the all-ferrous, [FesSa4]’-state AVNifH (e.g., generated by Eu'-DTPA) cannot
reduce CO into additional products (Figure 3A),*® which could explain why CO is detected as the
only product of CO> reduction by AvNifH.?*** Moreover, the oxidized, [FesS4]**-state AVNifH
[generated by the oxidant indigodisulfonate (IDS)] can catalyze the oxidation of CO to CO:2
considerably faster than the reduction of COz to CO (Figure 3B)**—a feature resembling that of
the CO/COz-interconverting enzyme, carbon monoxide dehydrogenase (CODH)*"*—which
could contribute further to the low CO yield of AvNifH.? In comparison, the Fe protein from a
methanogenic organism, Methanosarcina acetivorans (designated MaNifH),>** which shares
72% sequence homology with its 4. vinelandii counterpart, is capable of reducing CO2 past CO
into hydrocarbons (Figure 3C);*° yet, it cannot catalyze the reverse reaction that oxidizes CO to
CO2 (Figure 3B).*° Like AvNifH, MaNifH can reduce CO2 to CO in the presence of Eu''-DTPA;
yet, it displays a different pattern of product formation than 4vNifH, showing a decrease in the
yield of CO concomitant with an increase in the yields of C1 (CHas), C2 (C2Hs, C2Hs) and C3
(C3Hs, C3Hs) hydrocarbon products upon an increase of the Eu'-DTPA concentration beyond 20
mM (Figure 3C).3° The total TON (~5) of the MaNifH-catalyzed reaction, on the other hand,
remains roughly unchanged despite a shift from CO-formation toward hydrocarbon-formation at
increasing Eu'-DTPA concentrations (Figure 3C), pointing to a dependence of product
distribution on the available amount of electrons in the reaction.® Other than reducing CO,
MaNifH can also reduce CO directly to hydrocarbons (Figure 3A),*° achieving a much higher
TON (~30) than that accomplished in the reduction of CO: (Figure 3C).*® Notably, the CO- and
COz-reductions by MaNifH show similar product distributions (Figure 3D),*” suggesting routing

of the reduction of CO2 via CO or CO-derived intermediates.



The observed discrepancy in the reactivities of AvNifH and MaNifH toward C1 substrates is
somewhat surprising, particularly given the high degree of sequence homology between the two
proteins. One factor that could contribute to this discrepancy is a difference in the reduction
potentials of these proteins, with the broader reactivity of MaNifH toward CO2 and CO
accounted for by an experimentally-observed lower reduction potential of its cluster ([Fe4S4]'"*":
E%=-395 mV) than that of its counterpart in AvNifH ([FesS4]'"**": E°=-301 mV).*° In addition,
a difference in the binding affinities of these proteins to the intermediate CO may also explain
their differential reactivities toward C1 substrates. The fact that the product yield of MaNifH
saturates quickly with increasing concentrations of CO*° lends support to this argument,
suggesting a high CO-affinity of MaNifH that potentially biases this protein toward CO

reduction and C—C bond formation instead of releasing CO as an end product of CO: reduction.

The nearly surface-exposed location of the [FesS4] cluster in the Fe protein!!-*7-2

points to the
distinct possibility that [FesS4] clusters existing freely in solutions may have the same CI-
substrate-reducing activities as their protein-bound counterparts. Indeed, in the presence of 20
mM Eu'-DTPA, a synthetic [PPh4]2[FesS4(SCH2CH20H)4] compound (Figure 4A; designated
[Fe4S4]>™) can reduce CO2 and CO at TONSs of 0.3 and 0.4 (Figure 4B),*° respectively, to C1 and
C2 hydrocarbons (CHs, C2Ha, C2Hs) in an aqueous buffer (Figure 4C).*® When the same
reactions are conducted in an organic solvent (dimethylformamide (DMF)) and driven by 20 mM
samarium(Il) iodide (Sml;; E%= -1.5 V in DMF)* along with a proton source
(triethylammonium tetrafluoroborate [EtsNH(BF4)]), the yields of hydrocarbons increase
significantly, reaching TONs of 15.8 and 89.7 (Figure 4D),*° respectively, in the reactions of

COz- and CO-reduction by [Fe4S4]>™; moreover, the increase in product yield is accompanied by

an expansion of the product profile (CHs, C2Ha, C2He, C3He, C3Hs, CaHs, C4aHi0) and extension



of hydrocarbon chain lengths (up to C4) (Figure 4E).>* The negligible amounts of hydrocarbon
formation in control reactions containing FeCls solutions with equimolar Fe—either in the
presence or absence of Na>S— provide strong, if indirect, proof that the CO2/CO-reducing
activities do not result from the small, Fe/S-breakdown products of the [Fe4S4]%¥" clusters (Figure
4D).*° Further, the fact that the maximum TONSs of the free [FesS4]>"" cluster are notably higher
than those of the MaNifH-associated [FesS4] cluster in C1-substrate reduction could be attributed
to an increased accessibility of the reaction sites in solutions of free clusters. Together, these
observations firmly establish the ability to reduce C1 substrates as an inherent catalytic feature of

the [FeaS4] clusters.

Mechanistic insights into the reduction of C1 substrates by [Fes4S4] clusters

In light of the newly-discovered activity of [FesS4] clusters in Cl-substrate reduction, density
functional theory (DFT) calculations were first performed on AvNifH to provide mechanistic
insights into the binding and activation of CO2 by a protein-bound [Fe4S4] cluster. Based on
these calculations, activation of CO2 by AvNifH is achieved through binding of C to a Fe atom of
the all-ferrous [FesSa]° cluster in the singlet spin state (S = 0), as well as hydrogen-bonding
interactions between O and the side chains of a pair of highly conserved ArglO0 residues
(designated Argl00” and Argl00®)—one from each subunit of AvNifH (Figure 5A).* Such a
binding pattern renders the CO: moiety in an activated, carboxylate-like conformation
concomitant with charge redistribution to the O atoms, which facilitates polarization and,
eventually, scission of the C—O bond to yield the product, CO. Based on the calculated binding
energy (ca. —5 kcal/mol),”’ coordination of CO:2 by the protein-bound cluster is rather weak,

which could account for the low activity of AvNifH in CO: reduction. Moreover, coordination of



C to Fe makes it unlikely for the protein to generate formate via hydrogenation of the C atom of
CO2, which is consistent with the absence of formate from the product profile of AvNifH-

catalyzed CO: reduction.?’

The reaction pathway following the binding and activation of CO2 was then examined by DFT
calculations of CO: reduction by synthetic [FesS4] clusters.*® One plausible mechanism involves
protonation of the coordinated CO2 moiety, followed by proton-coupled electron transfer, which
initiates cleavage of a water molecule and renders the cluster in a CO-bound, [FesS4]" state
(Figure 5B, step 3). The reaction pathway becomes branched at this point: one branch involves
energetically-disfavored dissociation of CO (Figure 5B, step 4), which could contribute to the
overall low activity of CO2 reduction; whereas the other branch involves proton-coupled electron
transfer to the Fe-bound CO moiety, which results in an aldehyde-like, Fe-formyl species that
undergoes exothermic proton-coupled electron transfer steps, concomitant with dissociation of a
water molecule, to generate a Fe-methyl species that eventually yields CHa (Figure 5B, steps 6-
12). Coordination of a second CO for C—C bond formation could then occur at several
mechanistic branching points, where a primary C1 species remains bound to the cluster. One
likely scenario involves exothermic binding of CO to the methyl-bound Fe site, which yields a
Fe-acetyl intermediate via migratory insertion (Figure 5B, steps 14 and 15). Subsequent
reduction and proton-transfer steps lead to dissociation of a water molecule and formation of an
Fe-ethyl species that eventually gives rise to C2He (Figure 5B, steps 16-20). Energetically, it is
plausible for the cluster to continue to use the same mechanism for chain extension beyond C2,
which begins with coordination of CO to an ethyl-bound Fe site and formation of a Fe-propionyl

species via migratory insertion.



While alternative pathways can be proposed for the same reaction, the mechanism presented
above aligns well with our experimental observations.** For example, consistent with the
observed increase in hydrocarbon/CO ratio with increasing concentrations of the reductant
(Figure 3C),*° the calculations suggest that a constant high supply of electrons shifts the reaction
from CO-dissociation (Figure 5B, step 4) toward CO-reduction (Figure 5B, step 6). Moreover, in
corroboration with the experimental observation of a higher yield of CH4 than C2 products under
conditions of high electron fluxes (Figure 4E),*® the calculations point to a competition between
C—C coupling and protonation of the Fe-methyl species and a bias toward formation of CHa4 via
the latter route.’® Likewise, the experimentally observed bias toward short-chain product
formation (Figure 4C, E)*® could be explained by the calculations, which suggest that the
probability of chain elongation >C2 is significantly lower than that of the release of C2
products.’® Perhaps more excitingly, the calculation-predicted appearance of aldehyde-like
intermediates is supported by experimental data showing the ability of the synthetic [Fe4S4]
clusters to reduce formaldehyde (CH20) to CHs at a TON of ~16 (Figure 5C),*° highlighting the

possibility to test and refine the calculation-based model(s) in order to gain a better mechanistic

understanding of the FeS-based CO2/CO reduction.

Evolutionary implications and potential applications of FeS-based C1-reducing activities

It is interesting to consider the ability of [FesS4] clusters to convert CO2 and CO and
hydrocarbons in an evolutionary context, as this reactivity may have implications for the
prebiotic evolution of organic molecules. Previous studies have pointed to a role of Fe- or FeS-
containing minerals around undersea hypothermal vents in generating hydrocarbons and other

organic molecules in the presence of CO2.*** Moreover, CO has been shown to react with

10



CH3SH on coprecipitated FeS and NiS to form carboxylic acids, carbohydrates and amino acids
via a presumed CH3-CO-SCH3 intermediate, leading to the proposal of a prebiotic carbon
fixation pathway employed by the earliest organisms for the emergence of primordial lipids,
sugars and peptides/proteins on Earth.**’ In light of these findings, the reduction of CO2 and
CO by spontaneously-generated FeS clusters in a speculated, highly-reducing early atmosphere
could represent another prebiotic route of carbon fixation; only in this case, CO2 and CO were
converted to small alkenes and alkanes that could be used as carbon and/or electron sources by
certain methane- and ethene-assimilating microbes.’>! Given the postulation that the methane-
and CO-rich atmosphere and the anoxic oceans in the Archean era were inhabited by iron- and
sulfur-metabolizing microbes,*® it is plausible that these microbes might evolve the prebiotic
route of carbon fixation via FeS clusters into a reaction catalyzed by FeS enzymes, which
enabled the production of small hydrocarbons via secondary metabolism of these microbes and
the subsequent use of these products by hydrocarbon-assimilating organisms in the same
microbial community. The COz2- and CO-reducing activities of the nitrogenase Fe proteins,
therefore, may represent an evolutionary relic of the functions of these FeS enzymes, and the
disparate reactivities of MaNifH and AvNifH toward CO2 may reflect different adaptabilities of
the methanogenic and non-methanogenic organisms to their surroundings, particularly when the

COz-rich habitat of methanogens is taken into consideration.

Regardless of its relevance to evolution, the ability of protein-bound and solution-state [Fe4S4]
clusters to reduce CO2 and CO to hydrocarbons points to the possibility of developing FeS-based
catalysts for the ambient conversion of unwanted C1 wastes into useful chemical commodities.
One major hurdle for this quest, however, is the low efficiency of the [FesS4] clusters in Cl1-

substrate reduction. Thus, considerations must be given to both the FeS center and the protein

11



scaffold when developing strategies to improve the reactivity of FeS catalysts toward Cl1
substrates. With regard to the FeS center, it is interesting to note a striking analogy between the
DFT-predicted structure of the COz-activated AvNifH and a carboxylate—nickel intermediate
proposed previously for the COz-bound Ni-CODH (Figure 6).> Such a similarity is not
particularly surprising given the resemblance of the C-cluster ([NiFesS4])—the active site of Ni-
CODH—to a [FesS4] cluster. However, the presence of a pair of Ni (a Lewis base) and Fe (a
Lewis acid) atoms in the C-cluster could, at least in part, account for a significantly higher
activity of Ni-CODH than the Fe protein in CO2 activation. As such, strategies could be
developed to generate heterometallic FeS clusters—a feat that has been accomplished both

chemically and biochemically>*->>

—in hopes of improving the COz-reducing activity of this
reaction. With regard to the protein scaffold, a comparison between the crystal structure of
AvNifH and the homology model of MaNifH in the all-ferrous state reveals a higher accessibility
of the [FesS4] cluster (Figure 7)*"*° and, consequently, a possible change of the reduction
potential of the cluster in MaNifH, both of which could contribute to an improved COz-reducing
activity of this protein. This observation is in line with our preliminary crystallographic analysis
of MaNifH, as well as our previous determination of the reduction potential of the [FesS4]'"/**
couple in MaNifH, which is ca. 90 mV lower than that of the [FesS4]'*?* couple in AvNifH. Itis
conceivable, therefore, that the protein scaffold can be modified to modulate the reactivity of the

FeS center toward CO2/CO while providing an added advantage of stabilizing the FeS center to

achieve further improvement of this reactivity.

Once a “re-designed” FeS catalyst is generated upon optimization of the FeS center and/or the
protein scaffold, there are two approaches that can be explored to develop FeS-based

applications of ambient CO2/CO conversion. One approach involves attachment of the FeS
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catalyst, either in the isolated form or in the protein-bound state, to an electrode, which would
permit a constant supply of electrons to the reaction at a desired potential. A recent study has
revealed a “re-ignition” of the AvNifH-catalyzed reaction of CO:z reduction upon repeated
addition of Eu'-DTPA,” which provides strong support for the possibility to develop a
continuous, electrode-driven reaction system to sustain this reactivity and maximize the product
yield. Moreover, previous studies have demonstrated a variation of product profiles at different

2930 which further points to the utility of an electrode-

reduction potentials and/or electron fluxes,
based method in tuning product profiles toward desired products. In this context, it is important
to note the development of highly efficient, electrode-based metal catalysts, such as iron-
tetraphenylporphyrin complexes, which reduce CO2 to CO with Faradaic efficiencies of >90%
and turnover numbers of ~50 million in 4 h.>%>” Conceivably, some of the general principles to
achieve high efficiencies of these molecular Fe catalysts could be adapted for future
development of electrode-based FeS catalysts with improved efficiencies to convert CO2 to
hydrocarbons. The second approach involves introduction of the re-designed, protein-bound FeS
catalysts into appropriate microbial hosts to enable the in vivo CO2 conversion by these catalysts.
A recent study®® has demonstrated the ability of V-nitrogenase—a natural variant of Mo-
nitrogenase—to perform in vivo reduction of CO to hydrocarbons (C2H4, C2He, C3Hs) at a TON
of 750 in a culture grown under N2-fixing conditions, as well as a further increase of TON by
more than 10-fold upon intermittent ‘relaxation' of the culture in air. While a direct reduction of
CO2 by nitrogenase is not observed under in vivo conditions, a two-step process could be
developed by coupling the in vivo reduction of CO2 to CO by Fe protein with the in vivo

reduction of CO to hydrocarbons by the complete nitrogenase enzyme. Such a whole-cell

approach would represent an interesting “reverse” evolution of the unique reactivity of FeS

13



catalysts toward C1 substrates and facilitate future development of a feedstock-free approach to

cost-efficient biofuel production.
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ABBREVIATIONS

NifDK, nitrogenase MoFe protein; NifH, nitrogenase Fe protein
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Figure 1. Functions of Fe protein as an electron donor for nitrogenase catalysis and assembly or
as an independent reductase of C1 substrates. All functions of the Fe protein (NifH) are carried
out by its [FesS4] cluster, which is capable of (A) transferring electrons via the P-cluster ([FesS7])
to the M-cluster (or cofactor; [R-homocitrate-MoFe7SoC]) of its catalytic partner, MoFe protein
(NifDK), during nitrogenase catalysis; (B, C) supplying electrons for nitrogenase assembly,
coupling two [FesSa]-like clusters into a P-cluster on apo NifDK (B) or maturing a [FesSo]
precursor on NifEN into an M-cluster via Mo/homocitrate insertion (C); and (D) serving as an
active site for the binding and reduction of CO2 and CO into hydrocarbons. The subunits of NifH
are colored yellow and orange, the a- and B-subunits of NifDK are colored light green and light
blue, and the a- and B-subunits of NifEN are colored green and blue. Atoms: Fe, orange; S,
yellow; C, gray; Mo, teal; O, red; N, blue; P, tangerine; Mg, green; Al, light blue. PDB entries

IN2C,'° 3U7Q"? and 3PDI* are used to generate this figure.
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Figure 2. Reduction of CO2 to CO by AvNifH. (A) Turnover numbers (TONs) of CO2 reduction
by AvNifH, either in vitro with dithionite (DT; left) or Eu'-DTPA (Eu'; middle) as a reductant,
or in vivo upon depletion of ammonia in the growth media of an AvNifH-expressing strain
(right). (B-D) Perpendicular (B, D)- and parallel (C)-mode EPR spectra of nucleotide-free
(upper) and ATP-bound (lower) AvNifH in the presence (black) or absence (red) of CO2. The g
values are indicated. The arrows (B) indicate the g=2 feature that appears in the DT-reduced

samples in the presence of CO2, which is more clearly visible in Eu-DTPA-reduced samples

(D).
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Figure 3. Differential reactivities of AvNifH and MaNifH toward CO2 and CO. (A, B) TONs of
CO-reduction (A) or CO-oxidation (B) by A4vNifH and MaNifH. (C) TONs of COz-reduction by
MaNifH at increasing Eu''-DTPA concentrations. (D) Product distributions of hydrocarbons
generated from CO (left)- or COz2 (right)-reduction by MaNifH. TONs were calculated based on

the total amounts of reduced C in products.
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Figure 4. Reduction of CO2 and CO by the [Fes4S4]»" compound. (A) The structure of [FeaS4]>™.

(B, D) TONs and (C, E) hydrocarbon product distributions of CO2- or CO-reduction by

[Fe4S4]%¥" in the presence of Eu'-DTPA (B, C) or Smlz (D, E). TONs were calculated based on

the total amounts of reduced C in products.
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Figure 5. Mechanistic insights into COz activation and reduction by [Fe4S4] clusters. (A) DFT-
predicted coordination of CO2 to the [FesS4]° cluster (S=0) of AvNifH. Atoms: Fe, orange; S,
yellow; C, grey; O, red. Residues from the two subunits of AvNifH are distinguished by
superscripted A and B. (B) DFT-derived, energetically plausible reaction pathway of CO2
reduction by [Fes4S4] clusters. The calculated reaction energy (kcal mol™) is indicated for each
step. (C) Reduction of CH20 to CHa4 by [FesS4]>™. The fragmentation patterns of '*CHa and

13CHa4, generated from the reduction of '>CH20 and '*CH20, respectively, are shown in the inset.
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Figure 6. Comparison of CO2 activation by Ni-CODH and AvNifH. (A) Activation of CO:2 by
the C-cluster ([NiFesS4]) of Ni-CODH involves coordination of C by Ni (a Lewis base) and O by
a “dangling” Fe (a Lewis acid), and interaction of O with the side-chain groups of Lys and His
via H-bonding. (B) Activation of COz2 by the [Fe4S4] cluster of 4vNifH involves coordination of
C by Fe and interaction of O with the side-chain groups of a conserved Arg pair via H-bonding.

Atoms: Ni, green; Fe, orange; S, yellow; C, grey; O, red.
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MaNifH

Figure 7. Comparison of the cluster accessibility in AvNifH and MaNifH. Surface presentations
of (A) the crystal structure of AvNifH and (B) the homology model of MaNifH in the all-ferrous
states reveal an improved surface accessibility of the [FesS4] cluster in MaNifH that could further
impact the reduction potential of the cluster. Atoms: Fe, orange; S, yellow. Negative and positive

surface charges are colored red and blue, respectively.
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Figure S1. The “Fe protein cycle” of nitrogenase, which depicts the nucleotide-dependent
association and dissociation between the Fe protein (NifH) and the MoFe protein (NifDK) during
catalysis. Shown are the rate constants determined for the nitrogenase from Klebsiella pneumonia.'



