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Abstract: The bifunctional CO-dehydrogenase/acetyl-
CoA synthase (CODH/ACS) complex couples the
reduction of CO2 to the condensation of CO with a
methyl moiety and CoA to acetyl-CoA. Catalysis occurs
at two sites connected by a tunnel transporting the CO.
In this study, we investigated how the bifunctional
complex and its tunnel support catalysis using the
CODH/ACS from Carboxydothermus hydrogenofor-
mans as a model. Although CODH/ACS adapted to
form a stable bifunctional complex with a secluded
substrate tunnel, catalysis and CO transport is even
more efficient when two monofunctional enzymes are
coupled. Efficient CO channeling appears to be ensured
by hydrophobic binding sites for CO, which act in a
bucket-brigade fashion rather than as a simple tube.
Tunnel remodeling showed that opening the tunnel
increased activity but impaired directed transport of
CO. Constricting the tunnel impaired activity and CO
transport, suggesting that the tunnel evolved to seques-
ter CO rather than to maximize turnover.

Introduction

The reductive acetyl-CoA pathway allows the simultaneous
fixation of two molecules of CO2 to acetate, generating ATP

in the process.[1,2] It is one of the most energy-efficient
biological carbon fixation pathways, making it a promising
candidate for the production of renewable fuels. The CO-
dehydrogenase/acetyl-CoA-synthase (CODH/ACS) com-
plex catalyzes the final step of this pathway: the formation
of acetyl-CoA from CO2, reducing equivalents, a methyl-
cation, and coenzyme A. Bacterial CODH/ACS complexes
consist of a CODH-homodimer carrying two ACS subunits
on each side.[3–6]

The synthesis of acetyl-CoA takes place in the enzyme
complex in two partial reactions (reviewed by Can et al.[7]).
First, CO2 is reduced to CO at the C-cluster (a [NiFe4(OH)-
(μ3-S)4] cluster) of the CODH subunit. The generated CO
then travels through a 70 Å long tunnel to the A-cluster in
the ACS subunit. The A-Cluster is a Ni,Ni-[4Fe4S] cluster
which catalyzes the condensation of CO, a methyl-cation
(donated by the corrinoid-Fe� S-protein (CoFeSP) and
CoA.[4,8,9] A scheme of the proposed catalytic cycle at the A-
cluster can be found in Figure S1.

The ACS subunit can adopt at least two conformations
that affect the CO tunnel: open and closed. In the open
conformation the A-cluster is solvent-exposed and the
tunnel between the C-cluster and the A-cluster is closed. In
the closed conformation the A-cluster is buried and the
tunnel is continuous.[3,4] So far, it is not known what triggers
the switch between these conformations.

The presence of the tunnel in the CODH/ACS complex
was proposed even before structure information was
available.[10,11] This was based on the fact that, despite the
very high affinity of hemoglobin for CO, hemoglobin did
not strongly inhibit the channeling of CO into acetyl-CoA.
The presence of a hydrophobic tunnel was later confirmed
by the first crystal structures.[3,4,12]

The role of the tunnel in catalysis has been investigated
in several studies using the CODH/ACS complex from
Moorella thermoacetica.[13–15] Constrictions in the tunnels
connecting the two C-clusters in the CODH-homodimer to
each other and to solvent decreased CO oxidation activity
and acetyl-CoA synthesis from CO2.

[14] However, constric-
tions in the tunnel connecting the C-cluster and the A-
cluster did not severely affect the CO oxidation activity but
almost eliminated the production of acetyl-CoA from
CO2.

[13] In addition, the activity in the condensation reaction
was no longer inhibited by CO in the narrow-tunnel variants
but was significantly lower than the wild-type activity. This
led to the dual-pathway hypothesis,[14] which states that the
CO coming through the tunnel reacts in the correct step of
catalysis while the CO approaching the A-cluster from the
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solvent inhibits catalysis by binding non-productively in an
earlier catalytic step. In what ways catalysis benefits from
carrying out the coupled reaction within a stable bifunc-
tional protein complex harboring a long gas tunnel in
contrast to two monofunctional enzymes, is not known.

To clarify this, we took advantage of the unique proper-
ties of the ACS from C. hydrogenoformans to act as a single,
monofunctional enzyme or to be part of a stable, bifunc-
tional complex with CODH-III.[9] We inferred the phylogeny
of the CODHs and show how the structure has adapted as
complex-forming CODHs evolved. We then assessed
whether the stable CODH/ACS complex is catalytically
superior to the monofunctional enzymes, and finally ana-
lyzed the role of the tunnel in the bifunctional complex by
site-directed mutagenesis.

Results and Discussion

Phylogeny of the CODH Subunit

We used the genomic proximity of the genes encoding
CODH and ACS as a guide to discriminate between mono-
and bifunctional CODHs (Figure S2). This approach cor-
rectly identified the sequences of currently known bifunc-
tional CODH/ACS complexes, including the M. thermoace-
tica CODH, C. hydrogenoformans CODH-III, and C.
autoethanogenum CODH. Conversely, none of the known
monofunctional CODHs were predicted to be bifunctional
or encoded by a gene proximal to a gene encoding an ACS.
The inferred phylogeny indicates that the CODH/ACS
complexes of M. thermoacetica and C. hydrogenoformans
(bifunctional type I), on the one hand, and the complex of
C. autoethanogenum (bifunctional type II), on the other
hand, evolved independently (Figure S2). This is consistent
with the various structural differences between the two
complexes, which differ in their binding interfaces, structural
motifs to stabilize the complex, and the tunnels within
CODH and connecting the active sites of CODH and ACS.
Here, we focus on the structural evolution of the Moorella /
Carboxydothermus type I bifunctional CODHs. Whereas
monofunctional CODHs have gas tunnels that span the
entire dimer and connect the active site cluster to the
molecular surface, bifunctional type I CODHs have blocked
channels to the surface and CO2 diffusion into the active site
requires structural dynamics that control substrate access to
the C-cluster.[16] We followed the evolution of the residues
lining the tunnel of monofunctional CODHs and found that
the smaller side chains near the tunnel exit found in
monofunctional CODHs, such as CODH-II and the CODH
from Rhodospirillum rubrum, are present in the last
common ancestor of monofunctional CODHs and bifunc-
tional type I CODHs (AncB; see Figure 1, Figure S3), but
that these residues were replaced by bulkier side chains,
predominantly phenylalanines in the transition to the last
common ancestor of bifunctional CODHs (AncC; Figure 1,
Figure S3). These bulky side chains block the tunnel exit,
closing the connection between the C-cluster and the
surface.

Ancestral sequence reconstruction points to a second
hotspot of changes in the transition from mono- to bifunc-
tional CODHs (AncB to AncC, Figure 1). In the structures
of the CODH/ACS complex from M. thermoacetica and C.
hydrogenoformans, the N- and C-terminal extensions of the
CODH subunit interact closely with the ACS subunit,
stabilizing the complex. These extensions began to evolve
during the transition from the common ancestor of mono-
functional CODHs (AncB) to the ancestors of bifunctional
CODHs (AncC), with the C-terminal helix extending before
the N-terminal loop extension (Figure 1). These structural
elements are absent from the common ancestor of mono-
functional and bifunctional CODHs (AncB), which is more
similar in length to extant monofunctional CODHs (Fig-
ure S4).

What is the Advantage of a Bifunctional Complex?

We analyzed the transport of CO during catalysis using a
competition experiment. Here, the synthesis of acetyl-CoA
from CO2 was followed in the presence of hemoglobin,
which binds free CO with high affinity (Kd=84 nM, Fig-
ure S5). For the CODH/ACS complex, the carboxy-hemo-
globin complex (Hb-CO) formed only after the rate of
acetyl-CoA synthesis ceased due to the consumption of
methylcobinamide and CoA (Figure 2b). Thus, CO was
channeled into acetyl-CoA as long as all substrates were
present, as found before.[10,11] However, we wondered if a
tight bifunctional complex is essential for efficient channel-
ing of CO into acetyl-CoA. Therefore, we performed the
same experiment with the monofunctional CODH-II and
the isolated ACS subunit. Surprisingly, even with the
monofunctional enzymes, Hb-CO formed only after acetyl-
CoA synthesis had stopped (Figure 2d). Apparently, the A-
cluster has a higher affinity towards CO than hemoglobin.

Figure 1. Phylogeny of type-I bifunctional CODHs. A, B and C denote
three ancestral states. Their sequence lengths are shown in green,
black numbers near internal nodes are non-parametric bootstrap
scores, showing that the proposed clades are well supported. CODH-
IICh, CODH-IVCh and CODHRr are exemplary monofunctional CODHs,
CODH-IIICh and CODHMt bifunctional CODHs. Lower case Ch denotes
Carboxydothermus hydrogenoformans CODHs, Rr stands for Rhodospir-
illum rubrum and Mt for Moorella thermoacetica. Numbers within the
collapsed clades give the number of sequences in the clade. Change in
color from violet to orange denotes the hypothetical switch from
monofunctional to bifunctional CODHs with the character state
changes shown above the branches. For the complete phylogeny, see
Figure S2.
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To test this, we performed ITC experiments (Figure S6). In
the reduced state, the A-cluster has a Kd for CO of about
750 nM, which is not enough to outcompete hemoglobin.
However, in the methylated state the Kd drops to 12 nM,
probably due to the immediate insertion of the CO into the
Ni� CH3 bond.

[17] This is about 8-times lower than the Kd of
hemoglobin determined here (Figure S5). Still, even such a
low affinity of the methylated A-cluster for CO is insuffi-
cient to explain the observed kinetics: due to the approx-
imately 14-fold excess of hemoglobin over ACS in the assays
(assuming a degree of maturation of 50% for ACS), Hb-CO
should still be able to compete with methylated ACS for CO
binding.

Three hypotheses may explain this observation: First,
CODH-II and ACS form a complex with a continuous gas
tunnel, second, the binding of CO to the A-cluster is much
faster than that to Hb, or third, there is a partition
equilibrium for CO being in water or in the hydrophobic
tunnel creating a pool of CO connected to the A-cluster but
inaccessible to hemoglobin. The first hypothesis is unlikely,
as size-exclusion co-injection experiments of ACS and
CODH-II showed neither a peak corresponding to a stable
complex nor a change of retention times or peak shapes
indicative of transient complex formation (Figure S8).[18]

Furthermore, CODH-II lacks the structural elements that
have evolved in the bifunctional CODHs to stabilize a
complex with ACS. While we cannot completely rule out
the formation of weak transient CODH-II/ACS complexes,
the majority of CODH-II molecules would be uncomplexed
and dominate CO generation. At this point, we cannot

distinguish between hypothesis 2 and 3 and will return to
this question in the section “CO transport in the variants”.

Remodeling the Intramolecular CO Tunnel

To understand why such a long and complex tunnel evolved
in CODH/ACS, we used site-directed mutagenesis to
investigate its role in catalysis. Two amino acid exchanges in
the ACS subunit (A225L and A268M) were designed to
restrict the tunnel between the C-cluster and the A-cluster,
two others (F231A in CODH-III and F515A in ACS) were
designed to open the tunnel system and finally, the
combination of a restricting and an opening double
exchange (A225L/F231A) was investigated. All variants
were structurally and kinetically characterized.

We previously reported the structures of the wild-type
complex and the F231A variant at resolutions of 2.04 Å
(WT) and 2.07 Å (F231A).[6] In this study, we resolved the
crystal structures of the remaining variants at resolutions of
2.60 Å (A225L), 2.62 Å (A268M), 2.22 Å (F515A), and
2.10 Å (A225L/F231A)(See Table S3 for statistics of the X-
ray diffraction data and model refinement).

The overall structures of the tunnel variants and wild-
type CODH/ACS are indistinguishable. The RMSD of Cα-
atoms positions between the wild-type and variant structures
were not greater than the estimated coordinate error
(Table S1). With the exception of F515A, the environment
at the mutation site was not perturbed (Figure S9). The
F515A exchange resulted in a slight rearrangement of a
loop, which in turn caused a movement of a neighboring
arginine (Arg250; Figure S9b). However, this arginine is on
the surface of the protein and its rearrangement does not
cause any further changes in the tunnel. Indirect effects on
the tunnel dynamics, such as changes of the conformational
equilibrium between the open and closed conformation of
ACS in solution, cannot be ruled out.

The tunnel system was analyzed computationally using
CaverAnalyst 2.0[19] with a probe radius of 0.9 Å (Figure 3).
For the wild-type complex, in addition to the tunnel
connecting the A-cluster and the C-cluster, exits were
detected at the CODH/ACS interface and within the
CODH dimer (Figure 3d). The tunnel with the largest
bottleneck radius (1.03 Å) was the tunnel connecting the A-
cluster A and the C-cluster. The smallest cross-section of
CO measures 1.79 Å,[20] showing that conformational fluctu-
ations are necessary for CO transport, and thus the
relevance of each tunnel cannot be readily determined from
a static crystal structure. However, the computed tunnel
connecting the A-cluster and the C-cluster almost perfectly
overlays with the Xenon binding sites found in the crystal
structures of the homologous M. thermoacetica complex
(Figure S10).[4,12] Furthermore, the Fo-Fc-map shows negative
density in the tunnel region (Figure S10), indicating that the
concentration of disordered water molecules in the tunnel is
lower than in the bulk solvent. Disordered water molecules
are generally assumed to surround protein crystal structures
and are therefore taken into account in the bulk-solvent
correction to calculate Fo-Fc-maps.[21] These features are in-

Figure 2. CO transport during catalysis for the CODH/ACS complex
variants and the isolated ACS subunit coupled with CODH-II. The
competition experiment was always carried out in 0.1 M Mops/NaOH
pH 7.2 supplemented with 0.3 mg/L carbonic anhydrase, 7 μM Hb,
200 μM CoA, 50 μM methylcobinamide, 10 mM Ti(III)-EDTA, and
1.2 mM CO2, if not otherwise stated. a) Structure of the CODH/ACS
complex (PDB 7ZKJ). ACS red, CODH-III blue. b) Competition experi-
ment traces for the CODH-III/ACS complex (0.22 μM). c) CODH-II
(light and dark blue, PDB 4UDX) and the isolated ACS subunit (red,
PDB 7ZKJ). d) Competition experiment traces for the coupled action of
ACS (1 μM) and CODH-II (150 nM).
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line with a highly hydrophobic tunnel between the A-cluster
and the C-cluster.

Overall, the mutations altered the tunnel system as
intended. The A268M and the A225L exchanges resulted in
a narrowing of the tunnel, which in the case of A225L
blocked the path from the C-cluster to the A-cluster
(Figure 3a–c). The opening at the A-cluster due to the
F515A exchange resulted in a widening of the tunnel system,
whereas the F231A exchange opened a new tunnel branch
connecting the tunnel to the solvent, as indicated by the
presence of 2-methyl-2,4-pentanediol (MPD) molecules
derived from the mother liquor in the tunnel system. And
the A225L/F231A double mutant had the combined charac-
teristics of both exchanges (Figure 3g–h).

Catalytic Activity of the Tunnel Variants

The catalytic activities in both partial reactions and in the
coupled reaction (synthesis of acetyl-CoA from CO2) were
analyzed as a function of substrate concentration (Figure 4;
Figures S11–S15). All tunnel variants were active catalysts
for both CO2 reduction and CO condensation. Furthermore,
all variants were able to synthesize acetyl-CoA with CO2 as
the educt (Figure 5, Figure S16). Therefore, a continuous
tunnel without branches leading to the solvent (as in the
F231A exchange) is not essential for catalysis.

To compare the catalytic activities in the partial
reactions, we normalized the values according to the degree
of maturation of the C- and A-clusters, as determined by X-
ray crystallography (Table S2, see Materials and Methods
section for more information). In a previous study, we could

Figure 3. The tunnel system in the CODH/ACS complex variants. The structures are shown as surfaces colored light (ACS) and dark gray (CODH).
The tunnel system is shown as a tube, the metal cluster (labeled in panel d), the MPD molecules (orange) and the respective exchanged amino
acids (either bright green or light blue) are shown as spheres. Fe atoms are colored orange, S, yellow, Ni, green. Note that all structures possess a
two-fold rotational symmetry and the rotation axis is located perpendicular to the paper plane at the D-cluster. Tunnels were computed using
CAVER analyst 2.0[19] with a probe radius of 0.9 Å. a,b) Structure and tunnel system of the variants with an opened tunnel: F515A (a) and F231A
(b). c) Comparison of the radius of the tunnel connecting the A-cluster and the C-cluster for the wild type (gray) and for the variants with an
opened tunnel (same color as tunnel in the structures). The radius of CO is shown as black line. The position of important features and the
locations of the A- and the C-clusters are indicated by labels. d,e) Structure and tunnel system of the wild type (d) and the A225L/F231A variant
(e). f) Comparison of the radius of the tunnel connecting the A-cluster and the C-cluster for the wild type and for the A225L/F231A variant (labeling
and coloring as panel c). g,h) Structure and tunnel system of the variants with a constricted tunnel: A268M (g) and A225L (h). i) Comparison of
the radius of the tunnel connecting the A-cluster and the C-cluster for the wild type and for the variants with a constricted tunnel (labeling and
coloring as panel c).
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show that the occupancy of the Ni atom of the C-cluster
almost matches the relative CO oxidation activity compared
to that of CODH-III/ACS directly isolated from C.
hydrogenoformans.[6,9] The average occupancy of the Ni
atom in the C-cluster was 36.5�9.3%. The average ratio of
the Ni anomalous density at the proximal to that at the

distal position is 0.38�0.09, which can be translated into the
percentage of Ni assuming 100% Ni occupancy in the distal
position and similar B-factors at both positions.

In CO2 reduction, the variants with an additional tunnel
entrance due to the F231A exchange were more active than
the wild type. The A225L variant with a blocked tunnel had
about 50% of the wild-type activity. The A225L/F231A
variant also showed a decrease in CO2 reduction activity of
about 50% compared to the F231A variant, demonstrating
that the tunnel blockage by L225 reproducibly decreases the
CO2 reduction activity. However, the F515A and the
A268M variants had similar CO2 reduction activities as the
wild-type, indicating that the tunnel opening at the A-cluster
and the slight constriction by M268 had little effect on CO2

reduction. The CO2 reduction activity of the CODH/ACS
complex seems to be regulated by the bottlenecks of the
tunnel system, as it can be increased or decreased by
manipulating the tunnel.

In the CO condensation reaction, the A268M and F231A
variants had significantly higher activity than the wild type
(determined as Vlim at infinite CO concentration, see Supple-
ment for more information). The A225L/F231A variant had
significantly lower activity. Unfortunately, we cannot ration-
alize the different activities in CO condensation. However,
they may be due to altered dynamics of the ACS subunit,
which is essential for catalysis.[4,22] Nevertheless, all variants
of the complex (Supporting Information) and the isolated
ACS subunit (Figure 4f) showed the same response pattern
to CO concentration: The rate of the condensation reaction
decreased steadily with increasing CO concentration, reach-
ing Vlim at infinite CO concentration. This indicates partial
substrate inhibition of the enzyme by CO, where CO is
bound with high affinity in an active state and with low
affinity in a less active state, as has been previously
described for the M. thermoacetica CODH/ACS
complex.[23,24] These observations, together with the ITC
data on the binding of CO to ACS, suggest that the
methylated state is most likely the active, high-affinity state
and the reduced state is the less active, low-affinity state that
inhibits catalysis.

The characterization of the partial reaction also allows
us to determine the rate-limiting step in the synthesis of
acetyl-CoA from CO2. The activity in the coupled reaction
correlated more with the activity in the reduction of CO2

(Figure 5) than with the activity in the CO condensation
reaction. Furthermore, during acetyl-CoA synthesis, only
low concentrations of the intermediate CO can build up
transiently, as no CO leakage from the tunnel is
observed.[10,11] The condensation reaction activity at low CO
concentrations is much higher than the maximum CO2

reduction rate for all variants. These two points support that
in our experimental setup, CO2 reduction was the rate-
limiting step in the coupled reaction. We did not observe
activation of CO2 reduction when coupled to acetyl-CoA
synthesis, as reported for the CODH/ACS complex of M.
thermoacetica.[23]

Besides the effects on the activities, the tunnel manipu-
lation also changed the Km values for CO2 and the electron
donor Ti(III)-EDTA in both CO2 reduction and acetyl-CoA

Figure 4. Catalytic activities of the wild type CODH-III/ACS complex
and the isolated ACS subunit. All data were measured in 100 mM
Mops/NaOH pH 7.2 supplemented with 3 mg/L carbonic anhydrase at
50 °C. For acetyl-CoA synthesis, the buffer was further supplemented
with 200 μM CoA and 50 μM methylcobinamide. For the condensation
reaction also 1 mM of Ti(III)-EDTA was present. The lines are fits with
the equation shown in the materials and methods section. Relevant
parameters and substrate concentrations are depicted in the plot.
[CO2]0 denotes the intrinsic CO2 concentration of the assay buffer. TE
stands for Ti(III)-EDTA. a,b) Dependence of the rate of acetyl-CoA
synthesis from CO2 on either [CO2] (a) or [Ti(III)-EDTA] (b). c,d)
Dependence of the CO2 reduction rate on either [CO2] (c) or [Ti(III)-
EDTA] (d). e,f) Dependence of the rate of the condensation of CO to
acetyl-CoA on [CO] for the CODH/ACS complex (e) or the isolated ACS
subunit (f).

Figure 5. Normalized CO2 reduction activities and correlation for the
tunnel mutant. The activities were normalized on the wild type activity
and the degree of cluster maturation. The activity of the wild type
CODH-III/ACS with fully matured clusters equals 1. Error bars were
calculated assuming a 5% error for the estimated maturation degree
using the error of the fit for the kinetic parameters. a) CO2 reduction
activity of the variants. b) Correlation plot of the Vmax in the acetyl-CoA
synthesis from CO2 and the Vmax in CO2 reduction. The shaded area in
panel a indicates the wild-type activity and in panels b the region of the
plot in which Vmax in the acetyl-CoA synthesis from CO2 is smaller than
that of CO2 reduction. The V-[S]-characteristics and the respective
results for the Km and Ki values for all variants can be found in the
Supporting Information (Figures S11–S15).
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synthesis (Figure S17a). Of the two apparent Km,TiEDTA and
Km,CO2, only the latter is physiologically relevant. Km,CO2 was
similar in the coupled and in the partial reaction and
differed in the CO2 reduction by almost an order of
magnitude between the variants (Figure S17b).

CO Transport in the Variants

Finally, we analyzed the gas transport for the tunnel variants
(Figure 6). All substitutions decreased the efficiency of CO
channeling into acetyl-CoA (Figure 6b). We quantified the
tightness of CO transport by the percentage of CO-free
hemoglobin in the steady-state phase of the reaction (Fig-
ure 6c).

While the F515A variant was as efficient as the wild-
type, the A225L and A268M variants were much less
efficient at channeling CO into acetyl-CoA and showed a
biphasic appearance of Hb-CO in the reaction course.
Variants carrying the F231A substitution could not prevent
the loss of CO, as Hb-CO was already formed after the start
of the reaction.

While it is readily understandable that an opening
caused by the F231A exchange reduces the gas-tightness of
the tunnel and thus impairs directed CO transport, the

effects of the A225L and A268M exchanges cannot be
explained by a simple gas-tight tube model. However, an
overlay of the exchanged positions with the structure of the
M. thermoacetica complex from xenon-pressurized
crystals[4,12] may explain the findings. The overlay indicates
that the A225L and A268M exchanges may block access to
isolated hydrophobic binding sites for Xe in the tunnel
(Figure S10, inset).

Thus, the tunnel might be seen as a bucket brigade of
CO binding sites rather than as a simple tube connecting the
C-cluster and the A-cluster. The A225L and A268M
exchanges, or solvent molecules entering the tunnel through
the F231A hole, might block access to some of the binding
sites of this bucket brigade and thus affect the overall
efficiency of transport. The biphasic appearance of Hb-CO
for the A225L and A268M variant might be due to slightly
lowered affinity of the hydrophobic binding sites in the
tunnel: At reaction start, CO preferably binds to hemoglo-
bin and upon partial saturation of hemoglobin preferably in
the tunnel.

Furthermore, this experiment provides a clue to the
observed coupled kinetics of the monofunctional enzymes
where we were wondering, what caused the preferential
channeling of CO into acetyl-CoA: Fast binding of CO at
the A-cluster or pre-concentration and sequestration of CO
in the tunnel? If CO binding to the A-cluster would be
much faster than to hemoglobin, we wouldn’t expect the
A225L, A268M and F231A variants to perform worse than
the wild-type in CO-channeling. In these variants the CO
binding rate to the A-cluster is probably not affected by
these mutations far from the A-cluster. Thus, if these
mutations would just simply create cracks in the tube, CO
could be still channeled to the A-cluster. This is not the
case. Thus, the rate of binding to the A-cluster is not the
reason for the channeling of CO and it might be rather the
formation of a separate CO pool through hydrophobic
binding in the tunnel, which is sequestered from bulk water
and thus from hemoglobin.

Overall, as the A268M, A225L and the F231A exchanges
led to a decreased channeling efficiency, while splitting the
complex did not, we conclude that the blockade of hydro-
phobic binding pockets in the tunnel by bulky amino acids
(A268M, A225L) or by the intrusion of solvent molecules
(F231A) caused a lower channeling efficiency.

Conclusion

Both Moorella and Carboxydothermus CODH/ACS com-
plexes are stable protein assemblies containing a tight tunnel
for CO diffusion between the two active sites. It is likely
that both traits evolved during the transition from mono- to
bifunctional CODHs. These features seem to be irrelevant
for catalytic efficiency, since the coupled reaction between
monofunctional CODH and ACS works efficiently, and
manipulations of the tunnel by opening it can even increase
the overall turnover. So, why have these stable complexes
with narrow tunnels evolved?

Figure 6. CO transport during catalysis for the CODH/ACS complex
variants. The competition experiment was always carried out in 0.1 M
Mops/NaOH pH 7.2 supplemented with 0.3 mg/L carbonic anhydrase,
200 μM CoA, 50 μM methylcobinamide, 10 mM Ti(III)-EDTA, and
1.2 mM CO2, if not otherwise stated. a) Structure and tunnel system of
the CODH/ACS complex (PDB 7ZKJ). The shape of the complex is
shown in gray. The exchanged residues are shown as sticks and labeled
at one site of the two-fold symmetric complex. The label C and A
indicate the position of the C-cluster and the A-cluster, respectively. The
presentation is otherwise the same as in Figure 3. b) Competition
experiment traces for the tunnel variants. [Hb-CO] blue, [AcCoA] red,
sum black. Deviating substrate and enzyme concentrations were
0.22 μM (WT), 0.55 μM (F515A), 0.5 μM (A268M), 0.55 μM (A225L),
and 2.32 mM CO2, 5.1 mM Ti(III)-EDTA (F231A) variant (0.38 μM
enzyme) and 0.46 μM (A225L/F231A) and ca. 7 μM Hb for all variants.
c) Tightness of the tunnel system in the variants determined as the
percentage of free hemoglobin when the acetyl-CoA production reached
the steady state.
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By manipulating the tunnel, we showed that the flux
through the tunnel controls the output of CO from the
CODH subunit. Furthermore, the coupled reaction is
probably rate-limited by the reduction of CO2 and not by
the condensation of CO at the A-cluster, which could occur
at much higher rates in our experimental setup. All tunnel
variants, even those with a blocked tunnel, catalyze the
coupled reaction - the synthesis of acetyl-CoA from CO2.
However, the efficiency of channeling CO into acetyl-CoA
was impaired. While there is essentially no CO leakage from
the tunnel during catalysis with the wild-type CODH/ACS,
significant leakage was found for the variants with a
constricted tunnel (A268M, A225L) and for the variants
whose tunnel was opened by the F231A exchange at the
CODH/ACS-interface. The F515A exchange near the A-
cluster left the CO transport almost unaffected.

While an increased leakiness due to an opening readily
explains our observed kinetics, the effect of the constrictions
seems to go beyond a simple hindrance of CO diffusion
within the tunnel. Rather, the constrictions reduce CO
channeling efficiency by blocking the access to hydrophobic
CO binding sites in the tunnel. This mode of CO transport is
also supported by the surprising observation that CO is
efficiently channeled into acetyl-CoA using the isolated
ACS subunit and the monofunctional CODH-II. Appa-
rently, an intact continuous tunnel between the C-cluster
and the A-cluster is not needed to achieve efficient
channeling of CO into acetyl-CoA, but rather bucket-
brigade-like transport of CO between internal hydrophobic
binding sites inside the ACS enzyme (Figure 7). Thus, the
evolution of a stable complex between CODH and ACS
may have simply extended and stabilized this transport
system.
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