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Autotrophic bacteria and archaea can grow on CO2 and H2 as
their only source of carbon and energy.1 The central enzyme
responsible for this process is acetyl-CoA synthase (ACS). ACS
from Clostridium thermoaceticumcatalyzes the reversible reduc-
tion of CO2 to CO, and the synthesis of acetyl-CoA from CO,
coenzyme A (CoA), and the methyl group of a methylated
corrinoid-iron-sulfur protein (CoFeSP).2 It also catalyzes the
exchange of free CO with the carbonyl group of acetyl-CoA,
presumably by a similar mechanism. ACS is anR2â2 tetramer
containing two active-site Ni-X-Fe4S4 clusters.3-5 The active site
for CO2/CO redox catalysis (the C-cluster) resides inâ,3,6 while
that for acetyl-CoA synthesis (the A-cluster) is located inR.4,5

The two sites appear to function independently, in that they can
be separately inactivated.7

CO2 has a significant effect on the enzyme, possibly involving
a protein conformational change.8 Exposure to CO2 alters the
redox and CO-binding properties of the metal centers and
abolishesthe CO/acetyl-CoAexchangeactivity. SinceC. ther-
moaceticumgrows under a CO2 atmosphere, the CO2-altered form
of ACS may be physiologically relevant.

To address whether CO2 affects acetyl-CoAsynthaseactivity,
we examined initial rates of acetyl-CoA synthesis, using a CO
concentration of 3µM under a balance of Ar or CO2 (Figure 1,
b and 2, respectively). Ti(III) citrate (Figure 1A) and methyl
viologen (MV) (Figure 1B) were used as reductants.9 Initial rates
were ACS dependent. Under Ar and using MV (Figure 1B,b),
acetyl-CoA was initially synthesized at a rate of 0.04( 0.01µmol
min-1 mg-1 (1 µmol min-1 ) 1 unit) while under CO2 (Figure
1B, 2) the rate was 40 times faster (1.5( 0.3 units/mg). Similar
initial rates were obtained using Ti(III) citrate (0.07( 0.02 units/
mg in Ar, Figure 1Ab, and 1.2( 0.2 units/mg in CO2, Figure
1A 2). More importantly, similar initial rates were obtained in
the absence of CO (Figure 1,9). This indicates that COgenerated
from the reduction of CO2 at the C-clustercombined with the
methyl group and CoA at the A-cluster to form acetyl-CoA.

This raised the issue of whether CO dissociated from the
C-cluster into solution and eventually bound the A-cluster once its concentration was sufficiently high. Assuming this and akcat

value of 1.3 s-1 for CO2 reduction,10 ∼120 h would be required
to afford 3µM CO. The absence of a lag period prior to the onset
of acetyl-CoA synthesis (Figure 1,9) is incompatible with this
scenario.

The experiment was repeated in the presence of hemoglobin.
Hemoglobin was employed as a CO “sponge” as it binds CO
rapidly (2 × 105 M-1 s-1) and tightly (Kd ) 50 nM).11 If CO
migrates through solution from the C-cluster to the A-cluster,
hemoglobin should scavenge CO and no acetyl-CoA should be
synthesized. However, under these conditions, acetyl-CoAwas
synthesized rapidly, with no hint of a lag period (Figure 1,[).
One explanation is that ACS abstracted CO from CO-bound
hemoglobin and used it to make acetyl-CoA. To test this, the
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Figure 1. Acetyl-CO synthesis under CO2, CO, and Ar atmospheres
using Ti(III) citrate or viologens as reductants. Panel A: Acetyl-CoA
synthesis using Ti(III) citrate as the reductant. A solution containing 50
mM MES pH 6.3, 2 mM CH3-tetrahydrofolate, 30µM CoFeSP, 10µM
methyltransferase, 2 mM Ti(III) citrate, and 40µM dithiothreitol (all final
concentrations) was added to a vessel.20 After 15 min under various partial
pressures of CO, CO2, and Ar, the reaction was initiated by adding a
stock solution of ACS and CoA, affording concentrations of 0.30µM
and 1.0 mM, respectively, and a final volume of 0.50 mL. Samples were
removed periodically and analyzed for acetyl-CoA.21 Conditions: 3µM
CO and a balance of Ar (b); 3 µM CO and a balance of CO2 (2); 1 atm
of CO2 (9); 1 atm of CO2 plus hemoglobin (30µM final concentration)
([). Panel B: Acetyl-CoA synthesis using viologens as the reductant.
The solution was that described in Panel A except the final ACS
concentration was 0.13µM. Using MV (1.0 mM final concentration of
the reduced form9), acetyl-CoA was synthesized in the presence of 3µM
CO and a balance of Ar (b); 3 µM CO and a balance of CO2 (2); 1 atm
CO2 (9); 1 atm of CO2 plus hemoglobin (100µM final concentration)
([); 1 atm of Ar plus the CO adduct of hemoglobin (100µM final
concentration)12 (1); 780µM CO2 with a balance of Ar and triquat (1.0
mM reduced-state final concentration) replacing MV (]).
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CO adduct of hemoglobin (100µM) was prepared12 and used as
the sole source of CO in a control experiment performed under
Ar (Figure 1B,1). The rate of catalysis (0.03( 0.01 units/mg)
was within error of that in the absence of CO and CO2 (0.03(
0.01 units/mg), arguing against this explanation.

We conclude that during CO2-dependent acetyl-CoA synthesis,
the CO generated at the C-cluster travels to the A-clusterwithout
equilibrating into solVent. The C- and A-clusters are located in
different subunits and are not magnetically coupled in theirS )
1/2 states.13 This suggests that the two clusters are separated by
>15 Å. Thus, CO appears to travel through a “molecular tunnel”
unifying the two active sites. Other enzymes utilize such tunnels,
including carbamoyl phosphate synthetase,14 tryptophan syn-
thase,15 and glutamine amidotransferase.16 These enzymes, includ-
ing ACS, are multifunctional and use tunnels to transport
intermediates from the active site where they are generated to
the site where they are consumed.

Under CO2, the initial rates of acetyl-CoA synthesis were
comparable using either Ti(III) citrate or MV as the reductant.
However, synthesis halted abruptly after∼3 min with Ti(III)
citrate (compare Figure 1A to 1B). We do not fully understand
this inhibition, but it prompted us to examine the use of other
reductants in this reaction. The rate using triquat (E° ) -0.54 V
vs NHE) was 3.0( 0.5 units/mg (Figure 1B,]), about three
times faster than that obtained with MV (E° ) -0.44 V) (Figure
1B, 9). The rate using benzyl viologen (BV) (E° ) -0.35 V)
was 10 times slower (0.15( 0.03 units/mg). Rate vs potential
data are plotted in Figure 2. Data were analyzed assuming two
states of a critical redox site, an oxidized state yielding inactive
enzyme and a reduced state yielding active enzyme. The rate
obtained using BV was subtracted from the others, and a
derivative of the Nernst equation was fit to the data. The best-fit
line (Figure 2, solid) favoredn ) 1 electron/mol. Ifn was fixed
at 2, the fit (Figure 2, dashed line) was poorer by a factor of 3.
Our analysis suggests that ann ) 1 redox site on either ACS or
CoFeSP, with a reduction potentiale-0.5 V, must be reduced
before the system becomes catalytically active. The site is
probably not any of the metal clusters in ACS, as their redox
potentials are too high.8 It does not appear to be the D site, because
it would undergo n ) 2 redox chemistry.17 The reductive
activation step may involve the Co2+/+FeSP couple (E° ) -0.50
V).18,19

Although the rate of acetyl-CoA synthesis using MV was only
a fraction ofVmax, we used this reductant (for practical reasons)

to determine initial rates of acetyl-CoA synthesis at CO2

concentrations ranging from 0.1-31 mM. Plotting the resulting
data in double-reciprocal form (Figure 2 inset) yieldedkcat(app))
170( 20 min-1 andkcat(app)/Km ) 0.53( 0.07µM-1 min-1. The
linearity of the plot suggests that CO2 is a classical substrate.

In summary, our experiments indicate that CO2 is a substrate
for the synthesis of acetyl-CoA, and that under these conditions,
CO is an intermediate that travels through a tunnel from the C-
to the A-cluster. A low-potential one-electron redox site on either
ACS or CoFeSP must be reduced at or before the rate-limiting
step of catalysis. These results reveal that the two active sites,
previously thought to function independently, actually function
in concert under physiological conditions in the presence of CO2.
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Figure 2. Specific activity of ACS as a function of potential.22 Activity
at E ) -0.35 V: the solution was that described in the Figure 1 legend
except that CoA and ACS, at final concentrations of 1.0 mM and 0.12
µM, respectively, replaced Ti(III) citrate. After 15 min under 0.025 atm
(780µM) CO2 and a balance of Ar, BV (53% reduced) was added from
a stock solution affording a final reduced-state concentration of 1.0 mM
in a final volume of 0.50 mL. Samples were removed and analyzed for
acetyl-CoA.21 Activity at E ) -0.43 V: same as above except that MV
(37% reduced) replaced BV. Activity atE ) -0.46 V: MV (66%
reduced) was used. Activity atE ) -0.50 V: a solution of MV (3.5
mM, 66% reduced) and triquat (6.5 mM, 36% reduced) was added such
that the total reduced-state viologen concentration was 1.0 mM. Activity
at E ) -0.52 V: a solution of triquat (31% reduced) was added from a
stock solution affording a final reduced-state concentration of 1.0 mM.
The equation, Specific Activity) Vmax[1 + exp{(nF/RT)(E - E°)}], was
fit to the data while allowing parametersVmax, n andE° to float. Solid
line: Best fit to the data, usingVmax ) 5.1 units/mg,E° ) -0.51 V and
n ) 0.9 electron/mol. Dashed line: Best fit obtained by fixingn ) 2
electron/mol. Inset: Double reciprocal plot of 1/rate vs 1/[CO2]. Condi-
tions were the same as those described in the Figure 1 legend except that
MV (66% reduced, 1.0 mM final reduced-state concentration) replaced
Ti(III) citrate. The concentration of CO2 was varied from 0.1-31 mM.
After 15 min, the reaction was initiated by adding ACS and CoA from
a stock solution, affording final concentrations of 0.13µM and 1.0 mM,
respectively, and a total volume of 0.50 mL.
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