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ABSTRACT: The Wood—Ljungdahl pathway allows for autotrophic bacterial — — — CHy’
growth on carbon dioxide, with the last step in acetyl-CoA synthesis catalyzed by

the bifunctional enzyme carbon monoxide dehydrogenase/acetyl-CoA synthase

(CODH/ACS). ACS uses a complex Ni—Fe—S metallocluster termed the A-

cluster to assemble acetyl-CoA from carbon monoxide, a methyl moiety and CODH

coenzyme A. Here, we report the crystal structure of CODH/ACS from Moorella €0,——co
thermoacetica with substrate carbon monoxide bound at the A-cluster, a state
previously uncharacterized by crystallography. Direct structural characterization of
this state highlights the role of second sphere residues and conformational
dynamics in acetyl-CoA assembly, the biological equivalent of the Monsanto
process.

acetyl-CoA

KEYWORDS: CODH, ACS, Wood—Ljungdahl, acetogenesis, metalloenzymes, carbon monoxide, acetyl coenzyme A, X-ray crystallography

Carbon monoxide (CO) dehydrogenase/acetyl-CoA syn- electron paramagnetic resonance (EPR) signal, the Ayipec
thase (CODH/ACS) is a bifunctional enzyme in the species,'” which is thought to consist of Ni,"—CO bound to
Wood—Ljungdahl pathway that allows for the autotrophic Nig** and the [Fe,S,]*" cluster. The carbonylated A-cluster has
growth of acetogenic bacteria on carbon dioxide (CO,) and a been probed by electron nuclear double resonance,”’
reducing source." Moorella thermoacetica CODH/ACS is a 310 Massbauer,'” infrared,”” and extended X-ray absorption fine
kDa protein with a dimeric CODH core and ACS subunits on structure (EXAFS)'” spectroscopies, but this state has never
either end (Figure 1). The NiFe,S, C-cluster of the CODH been crystallographically observed.

component catalyzes the reversible two-electron reduction of A different conformation of the three-domain ACS subunit
CO, to CO, using Fe,S,; B- and D-clusters for electron appears necessary for carbonylation rather than for methyl-
transfer.” CO travels through an internal gas tunnel that ation.”'” A-cluster carbonylation requires that CO can travel
connects the active site of each CODH subunit to that of an through the gas tunnel that runs within domain 1 of ACS to
ACS subunit.”* ACS then catalyzes the reversible condensa- reach domain 3 where the A-cluster is bound.* This closed

tion of CQ) I_’@Vided by CODH{ with a methyl group donated ACS conformational state has been captured crystallographi-
by a corrinoid iron—sulfur protein (CFeSlsjz,7 and coenzyme-A cally in M. thermoacetica CODH/ACS,*' showing ACS
(COA.)’ to form a.cetyl-CoA (Scheme 1)."™" This reaction is domains 1 and 3 packed against each other with the A-cluster
the biological equlva.lent ‘?f the Monsanto process. Alstl_lf)(}lgh a at the end of a gas tunnel that was mapped through use of
consensus mechanism is emerging for CODH, the xenon-derivatized crystals (Figure 1A).* In contrast, A-cluster
mechanistic details of ACS remain elusive and contentious. methylation requires an open state of ACS in which domain 3

ACS catalyzes acetyl-CoA synthesis using a,.comp lex is swung away from domain 1, allowing CFeSP to bind and
metallocofactor called the A-cluster (Scheme 1). This deliver the methyl group. Partially open states of the

cluster consists of a Fe,S, culgane connected to a dimetal bifunctional M. thermoacetia CODH/ACS (Figure 1B) and
center through a cysteine thiol.” The dimetal center contains

Ni—Ni in the active state,"*'® with the nickel proximal to the
Fe,S, cluster, Ni,, able to adopt different geometries' ’'® and
the distal Ni, Nig, fixed in a square planar arrangement through
its coordination to the protein backbone and cysteine side
chains (Scheme 1).” Both carbonylation and methylation are
proposed to occur at one Ni site, Nip'9,12,17,19,20 The
carbonylated state of the A-cluster is associated with an
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Figure 1. Cartoon structures of CODH/ACS. (A) CODH/ACS with
both ACS subunits in the closed conformation and both CO tunnels
open. (B) CODH/ACS with the top ACS subunit in a partially open
conformation and the accompanying CO tunnel closed. The CODH
dimer is colored in light and dark green, and ACS domains 1, 2, and 3
are colored in violet, navy, and light blue, respectively. Metalloclusters
are shown as spheres with iron, sulfur, and nickel in orange, yellow,
and green, respectively.

Scheme 1. A-Cluster Reaction and Structure
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monofunctional Carboxydothermus hydrogenoformans ACS
have been captured by crystallography, but they are not
sufficiently open for CFeSP binding.'”'® A fully open ACS
state has not yet been visualized.

To further investigate the structure of the A-cluster with CO
bound, we have solved the 2.47 A resolution crystal structure
of CO-treated CODH/ACS from M. thermoacetica, the
prototypic CODH/ACS enzyme. We compare this crystal
structure, which was derived using CODH/ACS that was
purified from the native M. thermoacetica organism, with
previously published DFT- and EXAFS-derived models of the
A-cluster in the Ay.c state,"” which utilized a heterologously
expressed ACS subunit. Additionally, these structural data
reveal the conformations of second sphere residues when the
A-cluster is carbonylated. Using these data, an extended model
for the role of conformational rearrangements in catalysis is
presented.

B GENERATION OF THE Ayiec SPECIES IN
SOLUTION UNDER CRYSTALLIZATION
CONDITIONS

EPR spectroscopy was used to investigate whether the
characteristic Ay;r.c EPR signal of the carbonylated form of
the A-cluster is generated in solution in the presence of the
components of the crystallization buffer (Figure 2A)."” As-
isolated CODH/ACS shows a weak EPR signal corresponding
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Figure 2. Spectroscopic and crystallographic characterization of the
carbonylated A-cluster. (A) EPR spectra of CODH/ACS in storage
buffer (gray), 60:40% (v/v) storage buffer:crystallization solution
(black), and CO-sparged 60:40% (v/v) storage buffer:crystallization
solution (red). g-Values are 2.08, 2.07, and 2.03, respectively. (B)
Energy dispersion X-ray spectroscopy of crystals showing no metal
contamination. (C) The A-cluster refined without CO. (D) The A-
cluster refined with CO (red/gray). Atom colors as in Figure 1. 2F —
F simulated annealing composite omit maps contoured at 1o and
shown as gray mesh. Fy — F maps contoured at +4.0¢ and shown as
green and red mesh, respectively.

to 0.12 spins per ACS monomer, indicating the presence of
trace CO in the protein stock. The addition of precipitant
solution causes a substantial increase in the Ayg.c signal,
corresponding to 0.37 spins per ACS monomer, consistent
with the presence of CO as an impurity in the crystallization
reagent polyethylene glycol. Sparging the EPR sample with CO
prior to addition of CODH/ACS further increases the signal to
0.44 spins per ACS monomer. Issues with protein precipitation
led to incomplete carbonylation, however, these spectroscopic
data support our ability to crystallographically capture the
carbonylated state of the A-cluster that gives rise to the Ayig.c
state.

B CARBON MONOXIDE IS BOUND AT THE
A-CLUSTER OF ACS

CODH/ACS crystals were grown in an anaerobic chamber as
described previously,””** and using the same crystallization
conditions tested above for compatibility with A-cluster
carbonylation. To obtain the Ay;.c state, crystals were treated
with sodium dithionite and CO prior to cryo-cooling and data
collection. Because the proximal metal site in the A-cluster is
highly susceptible to metal exchange by Cu and Zn ions during
growth and/or protein furiﬁcation of CODH/ACS from its
native M. thermoacetica,”"’ energy dispersion X-ray spectros-
copy (EDS) was used to confirm that the CODH/ACS crystals
used in this study contained Ni—Fe—S exclusively. No
transition metal contamination was detected (Figures 2B and
S1), making this the first crystal structure of the prototypic
CODH/ACS from M. thermoacetica to exclusively contain
dinickel A-clusters. As has been observed previously, the 310
kDa CODH/ACS tetrameric complex crystallized in space
group P1 with two tetrameric molecules in the asymmetric unit
(Figure S2A). The ACS subunits of one tetramer participate in
stronger lattice contacts, stabilizing the closed conformation.
The ACS subunits of the other tetramer are more poorly
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resolved, and likely sample a conformational range, based on
the higher B-factors in these chains (Figure S2B). Data
collection, processing, and refinement statistics are summarized
in Table S1.

The metals of the A-cluster are arranged as expected (Figure
2C). In contrast to the only other structure of CODH/ACS
that contains dinickel,'” the density around Ni, in our
structure does not indicate a mixture of square planar and
tetrahedral geometries for Ni,. Instead, electron density maps
are consistent with a ligand-bound Ni; that is exclusively
tetrahedral (Figure S3A). In particular, when Ni, is refined
with square planar geometry as observed with partial
occupancy in the previous CODH/ACS structure and with
full occupancy in the structure of monofunctional ACS from C.
hyulrogenoformans,17’18 negative difference density at Ni,
appears, indicating that Ni, should be repositioned (Figure
S3B). In contrast, no negative difference density is present
when Ni, is refined with tetrahedral geometry (Figure S3A). In
all cases, a positive Fg — F¢ electron density peak is present by
Ni,, indicating the presence of a single bound ligand (Figures
2C and S3). The size and shape of the peak are consistent with
a diatomic molecule bound in a linear mode to a tetrahedral
Ni,. Refinement of a CO molecule at this site results in no
positive or negative peaks in the Fy — F electron difference
density maps when contoured at +4¢ (Figure 2D), indicating
that the observed density is consistent with one CO molecule
as the ligand to a tetrahedral Ni,.

The A-cluster was refined as carbonylated at Ni, for three of
the four ACS chains. The carbonylated A-clusters were
parametrized for crystallographic refinement according to
published DFT- and EXAFS-derived models of Ayyp.c that
were based on the heterologously expressed ACS subunit."’
Refinement using these parameters generates structures that
show good agreement with the X-ray diffraction maps.
Relaxing A-cluster restraints during refinement results in
deviations from published distances by no more than 0.1—
0.2 A, which is within error of the resolution of the
crystallographic data. All three A-clusters display similar
geometries, bond distances (within 0.15 A), and bond angles
(within 3.7°) (Tables S2 and S3). CO bound to Ni, with
tetrahedral geometry has a C—Ni, distance of 1.63 A, shorter
than the DFT- and EXAFS-derived values of 1.75 and 1.77 A,*
but within the error associated with a 2.47-A resolution crystal
structure.

B THE STRUCTURE OF CODH/ACS WITH CO BOUND
IS A CLOSED ACS CONFORMATION

The ACS subunits in our structure of CO-treated CODH/
ACS are in the closed conformation with domain 1 (residues
2—311) packed against domain 3 (residues 501—729),
protecting the carbonylated A-cluster from solvent (Figure
S4). As previously noted,””**** this closed ACS conforma-
tion influences the positioning of three important A-cluster
second-sphere residues: Phe229 and Ile146 from domain 1 and
Phe512 from domain 3. Here we find that Phe512 is
positioned away from Ni,, which leads to the CO gas tunnel
being open, and creates room for the CO traveling through the
gas tunnel to bind Ni, with tetrahedral geometry (Figure 3A).
Phe229 appears to stabilize this tetrahedral geometry by
stacking against the CO, whereas Ile146 packs against the A-
cluster, hindering Ni, from adopting the square-planar
geometry that has been proposed to be necessary for
methylation (Figure 3C)."” This position of Ile146 also blocks
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Figure 3. Open and closed conformations of ACS affect residue
positions and A-cluster geometry. (A) In the closed ACS
conformation observed here and previously, Phe512 is positioned
away from the A-cluster and the proximal metal shows tetrahedral
coordination. (B) In an open ACS conformation (PDB 10AO),
Phe512 swings toward the A-cluster and Ni, adopts square planar
coordination as one of two coordination geometries observed. An
unidentified ligand observed in 10AO has been modeled as water,
consistent with partial solvent exposure of the A-cluster. (C)
Alternative view of panel A showing Ilel46 in close proximity to
Ni,. (D) Alternate view of panel B, showing that Ile146 is positioned
away from the A-cluster in the open conformation. 2F5 — F¢
simulated annealing composite omit maps contoured at 1o. Atoms
colored as in Figure 1.

binding of a second ligand to Ni,. By comparison, in the
previously determined partially open ACS structure,'” the CO
gas tunnel is closed and Phe512 is swung toward the A-cluster,
sterically occluding a fourth ligand from binding in a
tetrahedral geometry (Figure 3B). PheSI12 is able to adopt
this swung-in position due to the displacement of Phe229 away
from the A-cluster. Ile146 is also now far (~8 A) from Ni,
where it can no longer prevent binding of a second ligand and/
or the adoption of square planar geometry (Figure 3D).'"®
The A-cluster geometry observed in this work supports the
previously proposed model that the closed conformation is the
carbonylation-ready state of CODH/ACS.”"”

In summary, the A-cluster of CODH/ACS performs the
impressive task of assembling acetyl-CoA from a molecule of
CO, a methyl group, and a molecule of CoA. Here the first
crystal structure of a CO-bound state of the A-cluster shows
Phe229 stacked against the CO and Phe512 is swung away
from the A-cluster, allowing Ni, to adopt tetrahedral geometry
with the fourth coordination site occupied by the CO ligand.
No evidence for a square planar Ni, conformation is observed,
potentially due to the close positioning of Ile146. Thus, our
structure is consistent with the proposal that residues PheS12,
Phe229, and Ile146 of ACS act as steric gatekeepers to the A-
cluster, favoring coordination geometries associated with either
carbonylation or methylation (Scheme 2).”“** Notably,
Phe512 and Phe229 are highly conserved, but can also be
tyrosine, and Ile146 is always an amino acid with a branched
side chain (Ile 48%, Val 46%, Thr 4%, Leu 2%).
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Scheme 2. Structural Model for ACS Activity”
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This finding highlights a paradox in the current structure-
based model for ACS activity. Pulse-chase studies indicate that
ACS can proceed through a random sequential mechanism,
with either CO or a methyl group binding the A-cluster first.”*
Therefore, there must be a mechanism for the carbonylated A-
cluster to be methylated and for the methylated A-cluster to be
carbonylated. However, the current model is that the open
ACS conformation is methylation-competent but occludes
carbonylation, and the closed ACS conformation is carbon-
ylation-competent, but occludes methylation. This model is
incompatible with the fact that a methyl group and CO must
both bind the A-cluster.

To address this inconsistency, there must be additional
uncharacterized structural states of ACS in its catalytic cycle
(Scheme 2). ACS adopts the open and closed conformations
through motions of the domains of ACS (Figure 1).”'” These
structural rearrangements are coupled to motion in PheS12,
Phe229, and Ile146, and the A-cluster, allowing for carbon-
ylation of the Closed conformation to generate the Closedco
state characterized in this paper and methylation of the Open
conformation to generate the Openy,, state. For either of these
states to then bind their next substrate, there must be
rearrangements to adopt conformations not previously
observed in ACS. The Closed.y state must open in a way
that allows for CFeSP binding and subsequent methylation.
However, this state cannot be the crystallographically observed
Open conformation because Phe512 would clash with CO.
Therefore, there must be an uncharacterized Opencq state
distinct from the Open state that allows for methylation of the
previously carbonylated A-cluster to generate an Openyco
state. Likewise, the Openy, state must be able to close to form
a Closedy, state such that Ile146 does not clash with the
methyl group and the gas tunnel from CODH is intact to allow
for CO to bind and generate the Closedy,co state. Both the
Closedpco and Openyco states might undergo further
conformational rearrangements to condense the methyl and
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carbonyl groups into an acetyl moiety and/or to bind CoA for
thiolation of the acetyl group to form acetyl-CoA.

There is not general agreement that ACS proceeds through a
random sequential mechanism. Thus, it is important to note
that the bottom pathway in Scheme 2 can be used to describe
the structural states in the alternative proposal, favored by
Gencic et al,”” in which methylation is the first step in an
ordered sequential mechanism.

The structure presented here also provides insight into the
observation that CO can be both a substrate and an inhibitor
of the A-cluster depending on the CO concentration.” In this
structure, we find CO bound to Ni, at the end of the gas
tunnel in an alcove created by Phe229, leaving open the
coordination site where methylation is proposed to occur. CO
cannot rearrange into this site in the Closed ACS state due to
the positioning of Ile146. In this structural state, CO is not an
inhibitor. However, when ACS opens, Ile146 would no longer
block the putative methylation site, and the bound CO
molecule could rearrange into this site and/or a second CO
molecule from solution could bind. Although rearrangement of
a bound CO can be reversed, the binding of a second CO
would be expected to inhibit methylation. Given this apparent
importance of conformational flexibility on the availability of
A-cluster coordination sites, the exact conditions of an
experiment could shift the equilibrium of ACS conformers
thus altering the findings. In other words, although the A-
cluster is an incredible biological catalyst, it would be a mistake
to think of it only as a collection of inorganic elements, the
protein dynamics are key to catalysis.

In addition to disagreements over random versus sequential
mechanisms, there has been a long-standing debate over
whether the A-cluster operates by a paramagnetic or a
diamagnetic mechanism.””’ =’ Briefly, the previously pro-
posed diamagnetic mechanism invokes a resting, formally
neutral Ni, species, which can undergo carbonylation or
methylation to form Ni,—CO or NiP2+—CH3 species.”” The
paramagnetic mechanism proposes a resting NiPJr species,
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which can form Ni,’~CO or Ni,*—CH; species. The
formation of the Ay;p.c state when as-isolated CODH/ACS
is reduced and carbonylated has been taken as evidence of a
paramagnetic mechanism.'>*°7** Further support for a
paramagnetic mechanism has come from a nickel-substituted
azurin model that has been recently shown to adopt Ni*, Ni**,
and Ni** oxidation states, and to generate Ni*—CO species and
Ni**—CH, species.”> > This crystal structure shows the
expected tetrahedral geometry for Ni* with CO bound."” We
do not observe any rearrangements of the A-cluster or of the
protein that could be invoked to explain stabilization of Ni, in
a Ni’ state, a state that currently has no precedent in a
biological system.

In conclusion, although there are still a number of
unanswered questions about the A-cluster mechanism, both
spectroscopic ~ and crystallographic data are now available,
depicting how CO, generated from CO, at the C-cluster, is
captured by the A-cluster in CODH/ACS as part of the
ultimate step of autotrophic acetyl-CoA synthesis through the
Wood—Ljungdahl pathway. With increased interest in the
biological fixation of CO,, an understanding of the complex
metallocatalyst responsible for assembling acetyl-CoA takes on
new importance.
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