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ABSTRACT: A fascinating feature of some bifunctional enzymes is the presence of an internal channel or
tunnel to connect the multiple active sites. A channel can allow for a reaction intermediate generated at
one active site to be used as a substrate at a second active site, without the need for the intermediate to
leave the safety of the protein matrix. One such bifunctional enzyme is carbon monoxide dehydrogenase/
acetyl-CoA synthase from Moorella thermoacetica (mtCODH/ACS). A key player in the global carbon
cycle, CODH/ACS uses a Ni—Fe—S center called the C-cluster to reduce carbon dioxide to carbon
monoxide and uses a second Ni—Fe—S center, called the A-cluster, to assemble acetyl-CoA from a methyl
group, coenzyme A, and C-cluster-generated CO. mtCODH/ACS has been proposed to contain one of the
longest enzyme channels (138 A long) to allow for intermolecular CO transport. Here, we report a 2.5 A
resolution structure of xenon-pressurized mtCODH/ACS and examine the nature of gaseous cavities within
this enzyme. We find that the cavity calculation program CAVENV accurately predicts the channels
connecting the C- and A-clusters, with 17 of 19 xenon binding sites within the predicted regions. Using
this X-ray data, we analyze the amino acid composition surrounding the 19 Xe sites and consider how the
protein fold is utilized to carve out such an impressive interior passageway. Finally, structural comparisons
of Xe-pressurized mtCODH/ACS with related enzyme structures allow us to study channel design principles,
as well as consider the conformational flexibility of an enzyme that contains a cavity through its center.

Carbon monoxide dehydrogenase/acetyl-CoA synthase
(CODH/ACS)' is a key component of various energy
yielding pathways in microbes. In acetogens such as Moorel-
la thermoacetica, CODH/ACS is a bifunctional enzyme that
is responsible for the reduction of CO, to CO and subsequent
assembly of acetyl-CoA, as part of the Wood—Ljungdahl
carbon fixation pathway. Methanogenic archea also use a
CODH/ACS variant sometimes referred to as acetyl-CoA
decarbonylase/synthase (ACDS), but, in this case, the enzyme
complex has a different subunit organization and is involved
in the degradation of acetyl-CoA to form methane and CO,.
Additionally, organisms such as the phototrophic anaerobe
Rhodospirullum rubrum use monofunctional CODH to grow
on CO, a chlorophyll and heme degradation product, when
light is not available for photosynthesis. Due to their role in
reducing the levels of gaseous pollutants CO and CO, in
our environment, CODH/ACS enzymes have been well
studied (reviewed in refs /-5). One of the best characterized

" This work is supported by NIH Grants GM69857 (C.L.D.) and
GM39451 (S.W.R.).

# The atomic coordinates and structure factors (accession number
278Y) have been deposited in the Protein Data Bank, Research
Collaboratory for Structural Bioinformatics (http://www.pdb.org).

* To whom correspondence should be addressed. Tel: 617-253-5622.
Fax: 617-258-7847. E-mail: cdrennan @mit.edu.

§ Department of Chemistry, Massachusetts Institute of Technology.

"' Stanford Synchrotron Radiation Laboratory.

Y University of Nebraska.

# Department of Biology, Massachusetts Institute of Technology.

10.1021/bi702386t CCC: $40.75

Scheme 1: Reactions of CODH/ACS
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family members, the bifunctional M. thermoacetica enzyme
(mtCODH/ACS) is a 310 kDa ayf3; heterotetramer that
catalyzes two different reactions using seven metalloclusters
(two A-, two B-, two C-, and one D-cluster). While the B-
and D-clusters in the CODH () subunit are FeyS4 centers
that shuttle electrons, the C-cluster, also in 3, generates CO
from CO; (Scheme 1). The CO produced at the C-cluster
travels through a channel in the enzyme to the A-cluster of
the ACS (a) subunit, where it is combined with a methyl
group and coenzyme A (CoA) to form acetyl-CoA (Scheme
1). The methyl group is transferred to the A-cluster from
the methyl-Co(IIl) state of a corrinoid iron—sulfur protein
(CFeSP). Thus, the synthesis of acetyl-CoA at the A-cluster
involves a methylation reaction, a carbonylation reaction, and
the synthesis of a high-energy thioester bond. Acetyl-CoA

! Abbreviations: ACS, acetyl-coenzyme A synthase; ACDS, acetyl-
coenzyme A decarbonylase/synthase; CoA, coenzyme A; CFeSP,
corrinoid iron—sulfur protein; CODH, carbon monoxide dehydrogenase;
HCP, hybrid cluster protein; NAD(P)H, nicotinamide adenine dinucle-
otide (phosphate), reduced form; NCS, noncrystallographic symmetry.
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synthesis also involves substrates of three very different sizes:
CO (2 atoms, 28 Da), methylated CFeSP (11911 atoms,
84124 Da), and coenzyme A (84 atoms, 768 Da). Here we
use X-ray crystallography and structural comparisons to
consider how CO produced at the C-cluster travels to the
A-cluster and how the enzyme is able to perform a molecular
juggling act such that the A-cluster can react with substrates
of such different sizes.

Several lines of evidence indicate that CO is sequestered
from solvent as it travels through the enzyme between the
C-cluster in CODH where it is produced and the A-cluster
in ACS where it is utilized. Studies with labeled CO, and
unlabeled CO show that CO derived from CO, is preferen-
tially incorporated into acetyl-CoA, suggesting that the main
route for CO to access the A-cluster is by way of the
C-cluster (6). Also, the rate of acetyl-CoA synthesis is
significantly faster with CO, than CO as a substrate, and
hemoglobin, a CO “sponge”, has little effect on the rate,
consistent with CO,-derived CO from the C-cluster being
the preferred substrate for ACS (7). Similarly, CO does not
compete with CO, as a substrate for an ACS-catalyzed
exchange reaction between labeled CO, and the carbonyl
group of acetyl-CoA, and hemoglobin does not affect the
rate of this reaction (6). With this strong evidence for a
channel between active sites, it came as a surprise when the
first crystal structure showed that the C- and A-clusters are
almost 70 A apart (8). How then is the enzyme designed
such that CO is sequestered in the enzyme for its 70 A long
journey from one active site to another? The first insights
into this query came from cavity calculations on the structure
of mtCODH/ACS using the program CAVENYV (9). Interior
surface calculations revealed a 138 A long cavity that runs
almost the entire length of the enzyme, connecting all
A-clusters and C-clusters (8). The radius of this cavity is at
least 1.4 A, except for a contraction at M148 in CODH (Mt
numbering is used throughout unless otherwise noted).
Mutagenesis experiments of putative channel residues A110C,
A222L, and A265M showed decreased acetyl-CoA activity
(10), and a preliminary experiment with Xe gas also showed
that this cavity could serve as a gas conduit, but the details
of the Xe sites were not described (/7). Here we use Xe gas
to further explore the nature of this amazing 138 A long
channel. We consider how this channel is created given the
protein fold and how differences in cavities are generated
between a monofunctional CODH (where CO need not be
directed to a second active site) and the [-subunits of a
bifunctional CODH/ACS where a pathway is required.

The first enzyme channel was discovered in tryptophan
synthase by the Davies group (/2) and later in carbamoyl
phosphate synthase, glutamine phosphoribosylpyrophosphate
amidotransferase, asparagine synthetase, imidazole glycerol
phosphate synthase, and glucosamine 6-phosphate synthase,
among others (/3). In many cases, channels exist to allow
reactive intermediates to travel from one active site to another
without encountering solvent that would lead to their
decomposition. In the case of CODH/ACS, however, CO is
not a reactive molecule. Instead, one might consider whether
its channel protects the environment from this intermediate
rather than the other way around. Also, making CO from
CO; and then discarding it, as would occur without a channel,
is energetically wasteful since each molecule of lost CO
discards two low-potential electrons originally derived from
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Scheme 2: Cartoon of Required CODH/ACS Conformations
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glucose or H, oxidation. Another function of a channel is to
direct molecules to a particular site on an enzyme. For
mtCODH/ACS, a channel could direct CO to a metal
coordination site on the A-cluster where it would be
catalytically competent rather than potentially inhibitory.
Finally, the activities of the C- and A-clusters become
synchronized when substrates for both reactions are available
(14), and a channel connecting the clusters could assist in
this coordination. The structural analysis presented here is
the most detailed description of Xe sites in a protein channel,
allowing us to consider the nature of protein channels in
general and the role of this channel in particular.

One puzzle is how CO can be so completely sequestered
by a channel in mtCODH/ACS when conformational changes
must occur to allow this enzyme to react with the large
substrate methylated CFeSP and the medium-sized substrate
CoA. It seems that at least four different conformations of
this enzyme must exist for the A-cluster to access all
substrates and perform the required chemistry (Scheme 2).
There must be a “channel-open” conformation where CO
generated at the C-cluster can travel uninterrupted to the
A-cluster. Since biochemical data suggest that CO generated
on the enzyme does not leave (6, 7), the A-cluster in the
o-subunit must be sealed off from solvent when the CO
channel is open (“channel-open; o-closed”). This conforma-
tion is presumably the state captured in the structure
described here, as well as in our previous structure (8) and
the Zn/Ni form of the Fontecilla-Camps structure (5).
However, for the CFeSP to transfer a methyl group to the
A-cluster, the A-cluster must be solvent accessible. When
the A-cluster is accessible for methyl transfer, the channel
must be closed or CO would diffuse out of the enzyme,
something known not to occur. In this state, the enzyme
would be “channel-closed; a-open”. The Ni/Ni form of the
Fontecilla-Camps structure is presumed to be in this “chan-
nel-closed; a-open” state (5). When CO reacts with a methyl
moiety to form an acetyl-metal intermediate, the A-cluster
must again be sequestered from solvent (“intermediate-
bound; a-closed”). If water were allowed to access the active
site at this stage, acetate rather than acetyl-CoA would be
formed, leading to an uncoupling of CODH/ACS activity
from energy production, as it is the thioester bond of acetyl-
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CoA from which the organism derives energy. Finally, CoA,
a medium-sized substrate, must access the A-cluster in such
a way as to prevent solvent entry. This conformation of
mtCODH/ACS is expected to be “CoA-bound; a-mostly
closed”. Neither an intermediate-bound nor a CoA-bound
conformation has been observed crystallographically. Below,
we explore the evidence for these different enzyme
conformations.

MATERIALS AND METHODS

Protein Purification and Crystal Growth. M. thermoacetica
(formerly Clostridium thermoaceticum strain ATCC 39073)
was purified under strictly anaerobic conditions as described
(15, 16). Crystals were grown as described (8), with the
addition of 0.25 uL of a solution of crushed microcrystals
to aid in nucleation. For data collection, crystals were flash-
cooledin liquid nitrogen using 20% glycerol as a cryoprotectant.

Pressurizing mtCODH/ACS Crystals with Xenon. Crystals
of CODH/ACS were harvested anaerobically and transported
to the Stanford Synchrotron Radiation Laboratory (SSRL)
in glass capillaries filled with a stabilizing solution that
contained an increased PEG concentration. A Xe pressure
cell (smb.slac.stanford.edu/facilities/hardware/pressurecell/
Itpc.html), available at SSRL, was used to pressurize the
crystals with Xe before cryocooling, according to standard
protocols (/7). Briefly, a looped crystal was lowered quickly
into the pressurizing chamber, and the chamber was locked.
The crystal was kept moist by placing ~500 uL of holding
solution at the bottom of the pressurizing chamber. The
chamber was purged three times with 50 psi Xe gas, followed
by an increase in Xe pressure to 200 psi for 60 s. After
quickly depressurizing the chamber (~20 s), the looped
crystal was plunged into liquid nitrogen. Since the Xe
pressurization procedure was performed outside of the
anaerobic chamber, 2 mM DTT was used to protect the
metallocenters from oxygen damage. We know from previ-
ous work that crystals exposed to oxygen for more than 26 h
show complete destruction of the C- and D-clusters, while
the A-cluster’s binuclear cluster remains intact (data not
shown). Following data collection on the Xe-CODH/ACS
crystals, we examined the electron density for the metallo-
clusters and did not observe any damage to any clusters
including the most oxygen sensitive C- and D-centers (Figure
S1 in Supporting Information).

Data Collection and Processing. Data on Xe-pressurized
CODH/ACS crystals were measured at the SSRL beamline
9-1 (Table 1). The resulting P1 unit cell had the following
dimensions: @ = 99.54 A, b = 136.60 A, ¢ = 141.75 A, «
= 101.29°, B = 109.22°, and v = 103.91°. The mosaicity
of the Xe-pressurized crystal increased to 0.7-0.9 deg from
the usual 0.3-0.4 deg. Xe-pressurized crystals diffracted to
better than 2.5 A, allowing for a highly detailed view of the
Xe binding sites. Data processing was carried out using
the HKL package (/8). The published CODH/ACS structure
(PDB IMIG) stripped of water molecules was used for the
initial rigid body refinement, followed by slow cool Cartesian
dynamics simulated annealing refinement in CNS (/9). This
first round of refinement alone resulted in R factors that were
under 30%, suggesting that the structure with Xe gas was
quite similar to the previous native structure. Final rounds
of refinement were performed with REFMAC (20) with NCS
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Table 1: Data Collection and Refinement Statistics

xenon CODH/ACS*

Data Collection

space group P1
cell dimensions
a, b, c(A) 99.54, 136.60, 141.75
o, 3, v (deg) 101.29, 109.22, 103.91
wavelength (A) 0.9184

resolution (A) 49.0—2.51 (2.60-2.51)

reflections (total/unique) 457691/217468
Rsym (%) 8.3 (42.2)
mean I/ol 10.3 (2.0)
completeness 96.1 (92.0)
redundancy 2.1 (2.0)
Refinement
resolution (A) 49.0—2.51
reflections (working/test set) 193081/10717
Ryork/ Riree (%) 17.8/25.0
no. of atoms
protein 43321
heteroatoms (Fe, S, Ni, Cu) 124
waters 1153
xenon 42
avg B-factor, all atoms (A2) 31.3
protein 31.5
heteroatoms (Fe, S, Ni, Cu) 33.8
waters 23.0
xenon 28.4
rms” deviations
bond lengths (A) 0.026
bond angles (deg) 2.28

“ Highest resolution shell is shown in parentheses. ” rms, root mean
square.

restraints for each rigid part (two segments in CODH, three
in ACS). The final model includes residues 2—-674 for CODH
chains A—D, residues 2-729 for ACS chains M, N, and P,
and residues 2—728 for ACS chain O. Ramachandran analysis
of the final model shows that 98.9% of residues lie in the
most favored or additionally allowed regions, with 0.4% in
disallowed regions. Final data collection and refinement
statistics are given in Table 1.

Identifying Xe Binding Sites and Refinement. Following
initial rounds of refinement, unaccounted for electron density
in the 2IF,| — IF| maps was present in the hydrophobic
cavities. IFxel — [Fuaivel difference Fourier maps (Figure 1a)
and |F,l — IF.| difference Fourier maps showed consistent
high o electron density peaks. Into these electron density
peaks, Xe atoms were modeled in XtalView (27). It is
important to note that no water molecules are present in these
hydrophobic locations in native, high-resolution structures.
Electron density only appears in the hydrophobic channels
of this enzyme structure when crystals are pressurized with
Xe. The model was adjusted, and water molecules were
added back to the model. At 2.51 A resolution, B-factors
and occupancies cannot be considered separately; however,
Xe sites may not all be fully occupied. Therefore, the
B-factors for Xe atoms were set to the average value for the
structure (~30 A2), and occupancies were refined in CNS
(19). When the occupancy of a Xe atom refined to a value
greater than 1, then the occupancy for that site was set at 1
and the B-factor was allowed to refine. CNS values for
occupancy and the B-factor were then transferred to REF-
MAC (20) for a final round of refinement.

All figures were created with PyMOL (44).
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FIGURE 1: Location of xenon sites within the structure of the CODH/
ACS complex. CODH f-subunits are shown in green and yellow,
and ACS o-subunits are in pink and magenta. The predicted channel
pathway is highlighted in light blue. (a) IFxel — |Fpaivel map
contoured to +40 (blue) and —40 (red). Positive (blue) density
indicates the locations of Xe atoms. (b) Xe sites are shown as blue
spheres. The length of the scale bar from the A-cluster to the
opposite A-cluster is ~138 A.

RESULTS

Prediction versus Experimental Data for Two 70 A Long
Channels. Biochemical data are consistent with the presence
of a channel that connects the C-cluster (the site of CO
generation) with the A-cluster (the site of CO consumption)
(6, 7). The location of this channel has been predicted in
this CODH/ACS crystal form by the cavity calculation
program CAVENYV (9). Here we describe the use of Xe gas
to further explore the nature of this predicted cavity. Xe is
known to bind to hydrophobic sites on proteins with high
enough occupancy to serve as a heavy atom derivative (22).
It has also been applied with good success to identify
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hydrophobic substrate channels (23), and with a van der
Waals radius of 2.16 A, Xe is a reasonable size mimic for
CO, which has an effective van der Waals radius on the order
of ~2 A. Using a SSRL Xe cryocell, we have solved a 2.5
A resolution structure of Xe-pressurized CODH/ACS and
identified 19 Xe sites per a8, CODH/ACS complex in
locations that are an excellent match with the previously
reported cavity calculations (Figure 1b). A total of 38 Xe
sites have been identified and refined between the two 0,3,
CODH/ACS complexes present in the asymmetric unit. Each
032, CODH/ACS complex shows a similar set of sites (Table
S1 in Supporting Information). There are four sites distant
from the CO channel (sites 10 and 10" in Figure 1b) at
equivalent positions in each of the four CODH subunits.
There are eight equivalent sites (1-7 and 9), or total of 32,
in each of four CO tunnels, with two sets of these sites
(Figure 2b) close enough (2.75 A) that they are unlikely to
be simultaneously occupied. In addition, two minor sites exist
that are only present in two of four CO channels (site 8 in
Figures 1b and 2f). The Xe-lined channel connects each
C-cluster to an A-cluster and spans a distance of ~70 A.
Xel is closest to the Ni of the C-cluster at one end of the 70
A long channel, and Xe9 is closest to the binuclear metal
site of the A-cluster at the other end (Figure 1b). Although
the cavity calculations suggest a channel between the two
C-clusters of the CODH subunits, no Xe atoms are found
there. Other than sites 10 and 10, all Xe atoms are present
in the cavities connecting C- and A-clusters, the route that
CO would take under turnover conditions. In addition, no
Xe atoms are located in any putative entranceways that
substrate CO, might take from the outside of the protein into
the C-cluster. Presumably, the route into and out of the
C-cluster is dynamic, allowing Xe to enter but also allowing
it to leave. A dynamic channel would not have stable binding
sites for gaseous substrates, thus preventing its detection by
the Xe method. Since the Xe sites are similar between the
two a3, CODH/ACS complexes in the asymmetric unit, in
the following sections, only one a,3, CODH/ACS will be
discussed.

Nature of the CO Channel. Xe atoms bind in chiefly
hydrophobic sites (Figure 2, Table S1 in Supporting Infor-
mation). Within 5 A of the Xe atoms are 70 contacting amino
acids, of which 50 (71%) are nonpolar, 18 (26%) are polar,
and only 2 (3%) are charged. Although there are polar and
charged amino acids near the Xe atoms, the polar or charged
ends of the side chains usually point away from the channel,
while the hydrophobic parts of the side chains are utilized
in creating a channel lining that is mostly hydrophobic. The
exceptions to this rule are residues C468 (site 1), T593 (site
2), and C350 (site 10), which have polar groups oriented
toward the channel (Figure 2). Additionally, there are two
water molecules located in the channel near site 6 that were
not observed in the native high-resolution structure. The issue
of sequence conservation of channel residues is more
complex. Analysis of conservation is complicated by the fact
that no other CODH/ACS proteins have been experimentally
shown to channel CO. Also, a BLAST (24) search reveals
only nine pairs of CODH/ACS sequences that contain the
channel-forming domain of the o-subunit and are close
enough in the genome to be colocalized in a gene cluster.
With this limited number of sequences, the channel-lining
residues do not exhibit any more significant conservation
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FIGURE 2: Detailed views of Xe binding sites. The CODH /S-subunit
is shown in green and the ACS o-subunit in magenta. Residues
within 5 A of xenons are shown as sticks. Interior protein surfaces
are lightly shaded. Panels: (a) Xe site 1; (b) Xe sites 2—4; (c) Xe
site 5; (d) Xe site 6; (e) Xe site 7; (f) Xe site 8; (g) Xe site 9; (h)
Xe site 10.

than the overall level of conservation in the protein. However,
the hydrophobic character of residues lining the channel is
somewhat conserved (81% conserved for ACS tunnel
residues, 67% conserved for CODH residues). The lack of
a clear pattern of conservation is not particularly surprising,
since a channel might be quite tolerant of mutations that
conserve the fold and general hydrophobic character. More
detailed analysis of the sequence-based requirements for
tunnel formation will require experimental characterization
and ideally a crystal structure of another bifunctional CODH/
ACS.

Binding of Xe near the A-Cluster. The A-cluster (site of
acetyl-CoA synthesis) is a complex metallocofactor, contain-
ing a FesS4 center bridged through a cysteine residue to a
binuclear metal site. One of the positions of the binuclear
site, called the proximal metal because it is closest to the
Fe4S, cluster, is subject to substitution and can contain Cu,
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Ni, and Zn, resulting in binuclear site compositions of
Cu—Ni, Ni—Ni, and Zn—Ni (/, 3, 11, 25). The Cu—Ni is
the dominant form of the as-isolated enzyme from native
M. thermoacetica, and the Ni—Ni form appears to be the
catalytically relevant form (17, 25-27) (reviewed in refs /-3
and 5). Since substrate CO has been proposed to bind to the
proximal metal (8, /7), one potential role of the channel is
to direct CO to that site. Here we find a high occupancy Xe
site (site 9 in Figures 1 and 2) ~3.9 A from the proximal
metal and ~3.7 A from the distal metal. While the Xe packs
against the binuclear metal site on one side, protein residues
F229, F512, G145, V149, C509, C595, G596, and C597
surround the Xe and contribute to what is a largely
hydrophobic binding site (Figure 2g). It is likely that this
Xe site represents the entry point to the A-cluster for CO,
just prior to ligation of CO to the metal center. The almost
identical distance for the Xe to both metals of the binuclear
site suggests that the channel alone is not responsible for
metal binding selectivity, at least between these two possible
sites. The channel may protect against CO binding to the
FesS4 cluster or to the undersides on the binuclear cluster
metal ions, preventing interactions that would not be catalyti-
cally relevant. The geometry of the A-cluster is modified by
the Xe treatment. Since no oxygen-related damage to the
oxygen-sensitive D- and C-clusters is observed (Figure S1
in Supporting Information), the effect must be due to the
presence of Xe rather than accidental exposure to oxygen
during Xe treatment. A metal-ligand of unknown identity
reported previously (8) is displaced by a Xe atom, changing
slightly the geometry of the central metal to become more
planar and altering the metal—metal distance from ~2.7 to
~3.0 A. These rearrangements demonstrate the plasticity of
this metallocenter, a plasticity that is likely to be essential
for catalysis.

Protein Architecture That Creates a Channel. Both -
CODH and a-ACS subunits are composed of multiple
domains. The CODH subunit has an o-helical domain at the
N-terminus (CODH domain 1, residues 1-257), an o/
Rossmann-like domain in the middle (CODH domain 2,
residues 262-458), and an o/f Rossmann-like domain at the
C-terminus (CODH domain 3, residues 463—674) (Figure 3a).
The helical domain contributes ligands to the D-cluster and
B-cluster, which are typical FesS4 clusters. The two Ross-
mann-like domains coordinate the C-cluster with loops
following the third and fifth 5-strands of the middle domain
and the first three -strands of the C-terminal domain. The
ACS subunit is composed of three domains (Figure 3a). The
first domain consists of a helical region (residues 1-154) at
the N-terminus of a Rossmann-like (six-stranded o/f3) fold
(155-316). Domain 1 resembles the helical region and the
C-terminal Rossmann domain of the CODH f-subunit and
could have resulted from gene duplication (158 of 316
residues align with an rmsd of 1.83 A). The second and third
domains of the ACS o-subunit are oo + f folds, neither of
which align well with known structural motifs in the DALI
structural database. In both CODH and ACS subunits, the
hydrophobic channel passes both through the middle of
domains and in between domains. In particular, the pathway
starts at the Ni site of the C-cluster in the CODH subunit
and then proceeds through the C-terminal Rossmann domain,
between the bottom face of its six-stranded [3-sheet and its
o-helices. After passing through the center of the Rossmann
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FIGURE 3: CODH/ACS domain architecture. Metal clusters are
shown as spheres; the calculated channel is highlighted in gray.
(a) Domain structure of one a8 CODH/ACS complex. CODH
domain 1 (helical) is shown in cyan, CODH domain 2 in purple,
and CODH domain 3 (Rossmann-like) in green. The ACS domain
1 helical region is shown in pink, the domain 1 Rossmann-like
region is in magenta, ACS domain 2 is colored yellow, and domain
3 is colored orange. (b) CODH helical domain 1 (cyan) and
Rossmann domain 3 (green) shown in same orientation as ACS
domain 1 helical/Rossmann region in (c). The Rossmann f3-sheet
and two a-helices are shown in orange to highlight the similarities
to ACS domain 1. (c) ACS domain 1 helical region shown in pink
and Rossmann region shown in magenta. The Rossmann f3-sheet
and two o-helices are highlighted in orange.

domain, the channel runs alongside this domain, still
protected from solvent by the helical domain of the 3-subunit.
The middle Rossmann domain of the CODH subunit makes
no contacts with the channel. The CODH f-subunit part of
the pathway contains four Xe sites (sites 1-4), and a single
ordered Xe is present at the interface between CODH and
ACS subunits (site 5).

Xe sites 6-9 are found in the channel that runs through
the ACS subunit. As the channel enters the ACS subunit, it
continues essentially parallel to the -strands of the Ross-
mann-like domain from the carboxy side to the N-terminal
side (Figure 3a). The channel is sandwiched between the
bottom face of this -sheet and the helical domain, with
a-helices from the Rossmann domain on either side. The
channel exits the Rossmann domain at the N-terminal side
and continues to the A-cluster in the third domain of the
ACS subunit. Residues from the third domain and the helical
subdomain form the end of the channel; the second domain
of the ACS subunit makes no contacts with the channel.
While the helical/Rossmann regions of the ACS and CODH
subunits are closely related structurally and in both cases
are used to form the majority of the channel, the pathway
taken by the channel through these very similar folds is
completely different (Figure 3b,c).
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FIGURE 4: Stereoview comparing Xe sites in M. thermoacetica
CODH and HCP. Xenons in the CODH structure are shown as
blue spheres, and the CODH/ACS channel is highlighted in blue.
The HCP xenons are colored magenta. Aromatic residues in CODH
that block channels observed in HCP are shown as green sticks.
Metal clusters from HCP (atoms of cluster shown as magenta
spheres) align with those from mtCODH (colored by atom with
iron in brown, sulfur in yellow, and nickel in green).

Channels in Monofunctional versus Bifunctional CODHs.
In the bifunctional CODH/ACS, CO produced at the C-
cluster must travel to the A-cluster where it is incorporated
into acetyl-CoA. In a monofunctional CODH (28, 29) or the
monomeric hybrid cluster protein (HCP) from Desulfovibrio
vulgaris (30), only one type of active site exists. Gas
substrates and products must enter and exit the active site
of the monomer, but the location of the exit should not
matter. The function of HCP has not been clearly defined,
but there is evidence that it may be involved in oxidative
stress (3/) or nitrogen metabolism (32—35). Structurally, HCP
is highly homologous to CODH, with a similar helical
domain followed by two Rossmann-like domains (overall
275 a carbons align with an rmsd of 1.8 A). The Rossmann
domains coordinate metalloclusters with nine of twelve
cluster ligands conserved, suggesting an evolutionary rela-
tionship between HCP and CODH. With this high structural
homology between the CODH domain of the bifunctional
enzyme, the monofunctional enzyme, and HCP, the protein
fold must not be the factor that dictates the directionality of
the gaseous product away from the active site metallocluster.
Hydrophobic cavities have been identified through cavity
calculations in monofunctional CODH from Carboxydot-
hermus hydrogenoformans (28) and R. rubrum (29), and
channels have been found through Xe derivatization of HCP
(PDB 1E9V) (30, 36). By comparing cavity calculations and
Xe experiments, we can identify how the bifunctional
enzyme is designed to channel CO from the C-cluster
exclusively to the A-cluster.

Not unexpectedly, HCP and monofunctional CODHs show
additional cavities compared to the bifunctional enzyme,
although the main cavity is duplicated (Figure 4). Three Xe
sites in HCP (1E9V) are found in a Rossmann-like domain
on the same face of the 3-sheet as described for mtCODH/
ACS (Figure 4). The other ten Xe sites in HCP identify three
additional channels. If these hydrophobic cavities were
present in CODH/ACS, CO would not be channeled to the
A-cluster as effectively. Structural comparisons show nega-
tive design at work: the secondary structure allows for the
cavities, but large aromatic residues in mtCODH/ACS block
their openings. Blocking a potential channel to the left in
Figure 4 is W95 and blocking the one to the right are F632
and F634. A third large channel opens to the right in the
HCP structure, above the plane of the CODH channel.
Blocking this potential channel are residues W594, W595,
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and F576 of the mtCODH subunit. Residues F576, W595,
and F634 of mtCODH would also block the extra channels
that are present in the two available structures (28, 29) of
monofunctional CODH enzymes. This analysis does not
provide clues as to the entryway for CODH substrate CO»,
as several potential cavities appear to be effectively blocked.
What is most intriguing is that the protein fold does not
dictate channel number or direction; the latter is designed
through changes in amino acid side chains. It is interesting
that the design principles that nature uses here are similar to
ones that a researcher might have tried, blocking potential
channel exits with large aromatic residues.

DISCUSSION

One hypothesis concerning the origins of life is that
nickel—iron—sulfur slurries were able to utilize a largely
carbon dioxide environment to create an energy source in
the form of acetyl thioesters by reactions similar to those of
the modern Wood—Ljungdahl pathway (37, 38), which has
been proposed to be the most primitive biochemical pathway
of CO; reduction (39). These concepts are based in part on
the activity of CODH/ACS enzymes, which use nickel—
iron—sulfur clusters to produce acetyl-CoA from carbon
dioxide and coenzyme A. This theory underscores the
catalytic role of the metallocenters in CODH/ACS chemistry.
Here, we consider the role of the protein. Our studies, taken
together with previous work discussed above, suggest that
the protein is in fact very important in acetyl-CoA synthesis.
Perhaps one reason for the large size of the protein (310
kDa) is that a scaffold is required to encapsulate an interior
channel that is hydrophobic and long enough to connect two
active sites, allowing CO generated at the C-cluster in the
CODH subunit to be used as a substrate for the A-cluster in
the ACS subunit.

Here, we describe the use of Xe gas to confirm that a 138
A long channel identified through cavity searching software
can indeed house gas molecules. With its similar size to CO,
Xe serves as a good substrate mimic. Ten sites have been
described that can stably bind Xe atoms, and nine of these
lie within the predicted channel. The ten sites are chiefly
hydrophobic, as is the overall channel itself. While some
polar and two charged residues are present along the channel,
in most cases the polar or charged part of the side chain
points away from the channel, and the hydrophobic parts
are involved in channel formation. There are a few excep-
tions, including two waters near Xe site 6 that are absent in
the native structure. In this case, it seems that Xe binding
causes a rearrangement that creates two water binding sites
(Figure 2d). There are no water molecules present in the
native structure that are displaced by Xe, presumably because
Xe does not bind in hydrophilic sites that water molecules
favor. CO would also prefer a more hydrophobic environ-
ment than water, and it would be unfavorable from a
functional perspective for CO to have to compete with water
molecules for channel passage.

As discussed in the Results section above, the analysis of
channel residue conservation is complicated by the limited
biochemical data on CODH/ACS enzymes from other
species; however, it seems unlikely from studies done thus
far that residue identity will be particularly important. That
is, there is more than one way to line a hydrophobic channel.
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We see that the use of hydrophobic residues is not even
necessary as long as most of the polar parts of residues are
pointing away from the channel. The cavities that allow for
channel formation are created by the proper juxtaposition
of common protein motifs. The CODH/ACS channel runs
between helical and Rossmann-like domains as well as
through two Rossmann domains. Both helical and Rossmann
domains are ubiquitous in nature, showing, as observed
before (/3), that formation of a channel does not require an
unusual protein structure. Interestingly, the helical region and
Rossmann region of ACS domain 1, used to form the ACS
part of the channel, may have resulted from gene duplication
from the CODH helical domain and its C-terminal Rossmann
domain, which forms the CODH part of the channel (158 of
316 residues align with an rmsd of 1.83 A). In analyzing
how Xe traveled through the helical and Rossmann motifs
of both CODH and ACS subunits, we expected to find
channel duplication related to the gene duplication. However,
despite the high structural homology, the pathway taken by
Xe is completely different in each subunit. Thus, while nature
chose the same architecture for both halves of the channel,
this architecture was not used in the same manner. As there
is more than one way to line a channel, there is apparently
more than one way to create a channel using the same
ordinary protein structural units.

It is also worth considering how nature uses the same
protein structure for monofunctional and bifunctional CODHs,
which need to enlist different routes for CO into or out of
the C-cluster. In the latter case, the bifunctional enzyme
should direct CO to the A-cluster where it is assembled into
acetyl-CoA, and in the former, no second active site exists,
making substrate/product routes less important. By compar-
ing our CODH/ACS Xe data with cavity calculations of
monofunctional CODHs and Xe data from the monofunc-
tional CODH cousin HCP, we can describe the differences
in channel compositions between these monofunctional and
bifunctional proteins. The solution to this “design” problem
appears simple. Monofunctional CODH/HCP’s have ad-
ditional cavities that are absent in the CODH subunit of a
CODH/ACS; however, the difference in cavity composition
is not due to an elaborate difference in protein structure.
Simple placements of aromatic residues block the pathway
for Xe, and presumably CO, in the bifunctional enzyme,
serving to direct it to the A-cluster. It is important to note
that the positions of Xe atoms in this mtCODH/ACS structure
do not indicate how CQO,, the substrate for the C-cluster,
accesses its CODH active site. Xe does access the C-cluster
since it is bound within 10 A of this cluster, but it is unclear
how it gets there. We believe that the entrance routes to the
C-cluster from the outside of the protein are dynamic and
not designed for the stable binding of gaseous molecules and
are thus not “visible” through the use of Xe. An alternative
hypothesis that has been suggested by Volbeda and Fon-
tecilla-Camps (5) is that Xe or CO, could enter the enzyme
via the A-cluster and travel through the internal channel to
the C-cluster (Figure 1b). This hypothesis seems unlikely
given that mutants of channel residues between the A- and
C-clusters do not appear to affect CODH activity (/0), and
traveling of CO, against the flow of CO would require an
elaborate gating mechanism (5). Another proposal is that CO,
enters the C-cluster through the channels connecting the
C-clusters or through a hydrophilic channel near the CODH
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dimer interface (40). Entrance through the channel connecting
the C-clusters would again require that CO, travel against
the expected path of product CO, even though this distance
would be shorter (Figure 1b). The entry of CO, must not
allow escape of CO from the tunnel, so separate “‘entrance”
and “exit” pathways would make sense. At this stage,
however, all hypotheses for CO, entrance should be con-
sidered since definitive experimental evidence is difficult to
obtain.

Returning to one of the more fundamental questions: why
is it necessary for CODH/ACS to have its C- and A-clusters
connected via a channel that stretches almost the full length
of the 310 kDa protein molecule? Channels often exist to
allow reactive intermediates to travel from one active site
to another without encountering solvent that would lead to
their decomposition; however, CO is very stable in aqueous
solution. Instead, a channel might protect the cellular
environment from the toxic effects of CO. However, a
number of organisms can grow on CO, including M.
thermoacetica (41). For example, C. hydrogenoformans,
which uses CO as a carbon and energy source, has a doubling
time of 2 h in the presence of CO (42). Since these organisms
can thrive on growth media containing CO gas, a role for a
channel in their CODH/ACS to protect the cellular environ-
ment would be unnecessary. We propose that a major role
for the channel in CODH/ACS is to ensure that each
molecule of CO generated from CO, is properly directed
into cellular metabolism. Being approximately —200 mV
more reducing than NAD(P)H, CO is fairly expensive to
make from CO,, as it requires low-potential electrons
originally derived from substrate (H,, glucose, etc.) oxidation.
Thus, the uncoupling of CO production from acetyl-CoA
synthesis due to a leaky channel could be life threatening.
A similar situation exists for methanogens, since growth on
acetate is even more energetically marginal than growth on
H,/CO,. Given that the methanogenic ACDS lacks one of
the domains that is part of the M. thermoacetica CODH/
ACS channel, it will be very interesting to determine if these
aceticlastic methanogens have also evolved a CO channel.

Another potential function of a channel is to direct
molecules to a particular site on an enzyme. Since many
metals are capable of binding CO, a channel in CODH/ACS
could direct CO to a metal coordination site on the A-cluster
where it would be catalytically competent rather than
potentially inhibitory. We find a Xe positioned within van
der Waals distance of the proximal and distal metals in the
binuclear site of the A-cluster. It is interesting that the
channel does not appear to guide CO toward one site of
the cluster exclusively; however, it would prevent CO
binding to the back sides of both metals and to the FesS4
cluster.

An additional role of enzyme channels is to synchronize
activities at two active sites. Our Xe data show gas molecules
lined up along the full extent of the C- to A-cluster channel,
invoking an image of a factory assembly line and suggesting
one mechanism by which the activities of the C- and
A-clusters become synchronized when substrates for both
reactions are available (/4). The rates of CO, reduction by
the C-cluster depend on the context of the CODH protein.
Monofunctional CODH catalyzes CO; reduction at a rate of
~11 s7! (43), while CODH in complex with ACS catalyzes
CO, reduction at a rate of ~0.6 s~! in the absence of all
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ACS substrates and with a rate of ~3.3—5.8 s™! in the
presence of ACS substrates (/4). Thus, complexation with
ACS slows the CO, reaction rate; however, the rate of CO,
reduction is heavily modulated by the activity of the
A-cluster, even at saturating CO, concentrations (7). In
the bifunctional enzyme, if the channel is “full”, catalysis at
the C-cluster should temporarily halt until one CO has been
removed from the channel by action of the A-cluster. Then,
resumption of CODH activity would fill the empty CO
binding site and allow continuation of acetyl-CoA synthesis.
If the A-cluster is not functioning properly, due for example
to lack of substrates, the wait could be even longer. For the
monofunctional CODH, CO would simply diffuse into
solution, and “buildup” should never occur. It is unknown
whether any CO “buildup” would even occur on the
bifunctional enzyme under normal physiological conditions,
but it has been suggested that the channel “crowding” is
responsible for CODH/ACS inhibition observed under high
CO concentrations (10).

One danger of keeping a “full” CO channel or in making
more CO than is needed at the moment is that CO could
escape as the ACS o-subunit opens to react with the
methylated CFeSP for methyl transfer, thereby wasting
energy. The formidable challenge of reacting with three
substrates of very different dimensions requires that the
enzyme perform a molecular juggling act in which the ACS
o-subunit must open and close to allow the largest substrate
to access the A-cluster. The fact that the A-cluster is
coordinated directly by only one domain of ACS (the
C-terminal domain) allows for a domain rearrangement to
occur without damaging the A-cluster (8). Our cavity
calculations shown in Figure 5 compare and contrast the
“channel open” and “channel closed” states of the ACS
subunit. As discussed previously (/1), helix 7 of domain 1
moves to seal the channel upon subunit opening. Thus, the
channel in CODH/ACS comes complete with a plug.

While “channel open” and “channel closed” states are two
necessary forms of the CODH/ACS enzyme, there are at least
two others (Scheme 2). After methylation and carbonylation,
an acetyl intermediate is formed, coordinated to a metal of
the A-cluster. At this stage, opening of the ACS subunit could
be disastrous since the access of water to the A-cluster would
result in formation of acetate rather than the desired acetyl-
CoA. How then is the ACS subunit prevented from opening?
We have proposed (8) that the intermediate itself might
restrict the motion of the domains of the ACS subunit by
jutting across the interface between domains 1 and 3. It is
interesting to think about when and how often the ACS
opens. Is it opening and closing all the time under physi-
ological conditions or does it only open in the presence of
methylated CFeSP? When methylated CFeSP interacts with
ACS, CFeSP may help to slide ACS domain 1 from 3,
creating access to the A-cluster for methyl transfer. When
the A-cluster is unliganded or when the small substrate CO
is bound, this sliding motion should be unrestricted and easily
prompted by the presence of CFeSP. In contrast, if a
branched acetyl intermediate is present, extending across the
domain—domain interface of ACS, sliding may be restricted
such that subunit opening would not occur until turnover is
complete. Thus, ACS itself may have a turnover-dependent
locking device. To date, no one has captured a structure of
CODH/ACS with CoA (Scheme 2, “CoA-bound; o-mostly
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FIGURE 5: Comparison of “open” and “closed” a-subunit structures.
ACS o-subunit domains are labeled and colored magenta (domain
1), pink (domain 2), and orange (domain 3); CODH f-subunits are
colored yellow and green. The A-cluster is shown as spheres, Xe
sites are shown as blue spheres, and the predicted channel pathway
is highlighted in blue. (a) Xe-bound structure with closed o-subunit
and open channel. (b) Structure with open f-subunit and closed
channel (PDB 10A0).

closed”), although proposals have been made as to where it
binds, including the suggestion that it binds to the cavity
between the three domains of ACS (8). Thus, in CODH/
ACS, we have a protein with a channel for a small substrate,
a channel plug, a flexible ACS subunit that can open to
interact with a large substrate, and an interdomain cavity to
putatively bind a medium-sized substrate.

While Ni—S—Fe slurries could have been involved in the
origins of life by producing acetate from CO,, current day
CODH/ACS chemistry requires a protein scaffold. The
enzymatic machine that is CODH/ACS is fueled by electrons
from glucose oxidation, transforms CO; into CO, and funnels
CO down an assembly line as ACS opens and closes to
catalyze a condensation of CO with a methyl moiety and
finally “pump” out acetyl-CoA.
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