Science Highlight - July 2023

Visualizing the Mechanism of an Ancient Pathway in the Carbon Cycle

In the Wood-Ljungdahl pathway (WLP), nature has devised one of the most elegant methods
for the chemical transformation of carbon.! The WLP is ancient, present in the last universal
common ancestor to life on earth and is the only carbon fixation pathway known to produce
more energy than is consumed in terms of net ATP. The WLP functions to scrub our atmos-
phere of the key greenhouse gas COg, utilizing the carbon for energy and for the creation of
cellular building material. This process occurs within the context of a large multi-unit protein
complex made of carbon monoxide dehydrogenase (CODH) and acetyl-CoA synthase (ACS)
in conjunction with a separate corrinoid iron-sulfur protein (CFeSP), which donates a methyl
group to the ACS active site, resulting in the formation of acetate in the form of acetyl-CoA
from the original CO2 molecule. Uniquely, this pathway can also function in both the forward
and reverse directions, consuming or producing CO2 according to the needs of the organism
within the context of its surrounding environment. Globally, the WLP as utilized by a myriad
anaerobe, produces 103 Kg of acetate annually, bearing the hallmarks of an ideal system off
which to base biomimetic catalyst development for atmospheric CO2 capture, if only we can
understand its underlying mechanism.

The two key enzymes of the WLP, CODH and ACS are linked as a large multimeric complex,
wherein a CODH dimer is linked to two ACS units, and joined internally by a series of gas
tunnels up to 140 A! in length which are used to shuttle CO from the CODH active site (where
CO: is converted to CO) to the active site of ACS (where CO used in acetogenesis). At the
heart of CODH and ACS are unique nickel- and iron-based active sites, where acetate and
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Figure 1. Proposed ACS mechanism including electrochemical coupling. (a) WLP catalytic
cycle with proposed intermediates and formal oxidation states in ACS. The WLP includes two
branches, which converge at the ACS A-cluster active site. Methyl branch reduces CO2 to a
methyl group (red), which is delivered to ACS by a corrinoid iron—sulfur protein (CFeSP).
Carbonyl branch reduces CO2 to CO (blue) at the CODH active site, which enters a 75 A
tunnel to be transferred to the ACS active site. (b) The ACS active site with oxidation states
corresponding to its resting, Aox state.

acetyl-CoA are formed through a series of Ni-based organometallic intermediates (Figure 1).
The active site of ACS contains six metals, four of which are irons in the form of a cubic iron-
sulfur cluster, and two nickels. One nickel (the proximal Ni, or Nip) is linked to the iron-sulfur
cluster by way of a bridging cysteine residue. It is anchored to a further nickel (the distal Ni,




or Nid) by two additional cysteine residues. The Niq is further anchored into the peptide back-
bone of the ACS active site (Figure 1). In ACS, the exact mechanism of acetate synthesis
from CO and CHs has been an area of intense study for several decades, with two proposed
mechanisms at the center of debate. In both mechanisms, the CO and CHs reactants bind to
the Nip, with each mechanisms positing a different oxidation state and electronic configuration
for the reactant-bound Nip, (Figure 1). In one mechanism, called the paramagnetic mecha-
nism, CO and CHs react with the Nip site to form a series of paramagnetic Ni(I) and Ni(III)
intermediates, whereas in the other mechanism, the catalytically active Ni, species are
formally diamagnetic Ni(0) and Ni(II).

In a study led by Ragsdale (University of Michigan, Ann Arbor) and Sarangi (SSRL) et al., and
in collaboration with Carnegie Mellon University and Northwestern University scientists the
geometric and electronic structures of the remaining uncharacterized organometallic interme-
diates of ACS have been solved.
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Further characterization relying on high-resolution Co, Ni and Fe K-edge XAS and EXAFS
conducted at SSRL's biological beamline 7-3 showed that this methyl transfer to Aox is
accompanied by a two electron reduction of the cob(IIl)inamide and methyl binding occurs at
the Nip site -simultaneously visualizing the reduction of a Co(IIl) to a Co(I) species and
formation of a short organometallic Ni-Methyl bond at 1.98 A. The experimental data were
combined with broken symmetry DFT calculations and TD-DFT simulations of the Ni and Fe
K-pre-edges, which confirm the formation of a Nip(II)-Me group. These results indicated that
a high-valent Nip(III)-Me species must be formed that gets spontaneously reduced to a
Nip(II)-Me under the conditions of the study. Interestingly however, the authors observed the
formation of the acetylated intermediate via incubation of the Nip(II)-methyl intermediate
with CO, demonstrating that the reduced Niy(II)-methyl intermediate can be recruited back
into the catalytic mechanism for acetate synthesis. The authors also characterized the Ni-
acetyl intermediate using Ni and Fe K-edge XAS measurements and showed that the Ni-C
organometallic bond in the Nip(II)-acetyl intermediate shrinks to 1.90 &, thus trapping the
final Ni-bound intermediate formed after C-C bond fusion.




To explain the existence of both catalytically relevant paramagnetic Ni(III) and diamagnetic
Ni(II) species the authors propose a novel electrochemical (EC) coupling mechanism (see
Figure 1). Under this mechanistic framework, Nip(I) (or Nip(I)-CO) reacts with methyl-Co(III)
to generate Nip(III)-methyl (or Nip(III)-acetyl), which are reducible to their Nip(II) counter-
parts via interaction with excess reductant. These reduced intermediates are then recruited
back into active catalysis through binding of the next substrate. The work presented in this
study completes the description of the major intermediates in the ACS catalytic cycle.
Critically, the results of this study offer a new lens through which to view the mechanism of
ACS, providing a bridge between the paramagnetic and diamagnetic mechanisms and this
new EC mechanism provides the framework to understand how ACS transits through
diamagnetic Nip(II)-methyl and Nip(II)-acetyl intermediates (characterized in this study) while
also recruiting transient Nip(I), Nip(I)-CO and Nip(III)-methyl and Ni(III)-acetyl species within
the catalytic cycle.
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