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The carbon monoxide dehydrogenase (CODH) complex from Methanosarcina thermophila catalyzed the
synthesis of acetyl coenzyme A (acetyl-CoA) from CH;I, CO, and coenzyme A (CoA) at a rate of 65
nmol/min/mg at 55°C. The reaction ended after 5 min with the synthesis of 52 nmol of acetyl-CoA per nmol of
CODH complex. The optimum temperature for acetyl-CoA synthesis in the assay was between 55 and 60°C; the
rate of synthesis at 55°C was not significantly different between pHs 5.5 and 8.0. The rate of acetyl-CoA
synthesis was independent of CoA concentrations between 20 uM and 1 mM; however, activity was inhibited
50% with 5 mM CoA. Methylcobalamin did not substitute for CH,I in acetyl-CoA synthesis; no acetyl-CoA or
propionyl coenzyme A was detected when sodium acetate or CHCH,I replaced CH,I in the assay mixture. CO
could be replaced with CO, and titanium(III) citrate. When €O, and '*CO were present in the assay, the
specific activity of the acetyl-CoA synthesized was 87% of the specific activity of **CO, indicating that CO was
preferentially incorporated into acetyl-CoA without prior oxidation to free CO,. Greater than 100 pM
potassium cyanide was required to significantly inhibit acetyl-CoA synthesis, and 500 M was required for
50% inhibition; in contrast, oxidation of CO by the CODH complex was inhibited 50% by approximately 10

M potassium cyanide.

Methanosarcina and Methanothrix spp. can obtain energy
by conversion of acetate to methane and carbon dioxide.
The pathway involves cleavage of the acetyl group of acetyl
coenzyme A (acetyl-CoA). The methyl group is transferred
to coenzyme M through postulated methyl-corrinoid and
methyl-tetrahydromethanopterin intermediates (29); oxida-
tion of the carbonyl group to CO, supplies the electron pair
required for reductive demethylation of CH;—S—coenzyme
M to CH, (1, 17), the final step in the pathway. All ace-
totrophic methanogens contain high amounts of carbon
monoxide dehydrogenase (CODH), which is hypothesized to
catalyze the cleavage of acetyl-CoA, analogous to the re-
verse reaction catalyzed by the CODH from acetogenic
organisms (11, 25, 27). The purified CODH from the aceto-
gen Clostridium thermoaceticum catalyzes the synthesis of
acetyl-CoA from a methyl donor, CO, and coenzyme A
(CoA) (16). In addition, this enzyme catalyzes exchange of
the carbonyl group of acetyl-CoA with CO, demonstrating
the added ability to cleave (and resynthesize) the acetyl
group (21). The clostridial enzyme contains an unknown
nucleophilic redox-active metal center thought to be in-
volved in the synthesis and cleavage of the acetyl group (16).
The CODH complex from acetate-grown Methanosarcina
thermophila contains acid-labile sulfur, iron, nickel, cobalt,
and corrinoid (27). The CO-reduced CODH complex con-
tains an Ni-Fe-C center with an electron paramagnetic
resonance spectrum (25) indistinguishable from the signal of
the Ni-Fe-C center in the CO-reduced CODH from C.
thermoaceticum (20); the signal from both enzymes is per-
turbed on addition of acetyl-CoA. Cell suspensions of ace-
tate-grown Methanosarcina barkeri synthesize acetate from
CH,l, CO,, and a reductant (14) and catalyze exchange of
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the carbonyl group of acetyl-CoA with CO, (7), suggesting
that the CODH from this acetotrophic methanogen catalyzes
both the synthesis and the cleavage of acetyl-CoA. Methan-
ogens grown on one-carbon substrates also contain CODH,
which is postulated to catalyze the synthesis of acetyl-CoA
for cell carbon (4, 10, 13, 23). However, neither the synthesis
nor the cleavage of acetyl-CoA has been demonstrated with
any of the CODHs purified from methanogens (4, 9, 12, 27).
Demonstration of activity is important to provide direct
evidence for the proposed functions of CODH in methano-
gens and for investigations of enzyme mechanisms. Here we
show that the CODH complex from M. thermophila synthe-
sizes acetyl-CoA from CH,I, CO, and CoA and describe
properties of the reaction.

MATERIALS AND METHODS

Enzyme purification. The five-subunit CODH complex was
purified from acetate-grown M. thermophila as previously
described (27) and stored under N, at —20°C. The purified
enzyme was kept in 50 mM TES [N-tris(hydroxymethyl)
methyl-2-aminoethanesulfonic acid] buffer (pH 6.8) contain-
ing 10% (vol/vol) ethylene glycol and 10 mM MgCl,. Ferre-
doxin was purified as previously described (26).

Enzyme assays. The general procedures for anaerobic
assays, including the preparation of buffers and reagents,
have been described previously (22, 27).

The standard anaerobic assay for acetyl-CoA synthesis
was done in 1-ml vials (Wheaton, Millville, N.J.) fitted with
black butyl rubber stoppers (Bellco, Vineland, N.J.). The
atmosphere was replaced with N, (101 kPa), and the follow-
ing components were added anaerobically (reaction volume,
80 pl): 20 mM TES-50 mM MES [2-(N-morpholino)ethane-
sulfonic acid] (pH 6.5) at 55°C; 2 mM MgCl,; 2% (vol/vol)
ethylene glycol; 1 mM CoA; 1 ug of ferredoxin; an overpres-
sure of 50 kPa of CO; and 33 to 150 pg of CODH complex.
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FIG. 1. UV-visible spectra of the CODH complex. The purified CODH complex (2.5 mg/ml) was kept in 50 mM TES buffer (pH 6.8)

containing 10% (vol/vol) ethylene glycol and 10 mM MgCl, under N, (-

- - - -). The purified CODH complex was reduced by the addition of

9 pg of ferredoxin per ml and 101 kPa of CO (—). The CO-reduced complex was treated with 36 mM CH,I (- - - - - ).

When needed, KCN was added to the assay mixture from a
stock solution prepared 10 min before the assay. The vial
was preincubated at 23°C for 5 min and at 55°C for 1 min in
dim light. The reaction was initiated by the addition of 0.8
pmol of CH,I, and the vial was incubated at 55°C unless
otherwise indicated. The final concentrations of CH,I in
solution at the indicated temperatures were unknown be-
cause of the volatility of the substrate. The reaction was
stopped by the addition of 100 pl of aerobic water and by
placement of the mixture on ice. Acetyl-CoA was deter-
mined by high-pressure liquid chromatography (HPLC).
Rates were determined from the amount of acetyl-CoA
synthesized in 1 min unless otherwise indicated. The specific
activity of the CODH complex was constant in the range of
concentrations used. The moles of acetyl-CoA synthesized
per mole of CODH complex was calculated with the
a;,8,v,9,&, form of the enzyme (M., 297,000) (27).

Hydrolysis of acetyl-CoA catalyzed by the CODH com-
plex was assayed by monitoring CoA formation by HPLC.
The assay was identical to the acetyl-CoA synthesis assay,
except that CoA and CH,I were omitted and the reaction
was initiated by the addition of acetyl-CoA (90 or 215 uM).
The reaction mixture (80 nl) contained 96 wg of the CODH
complex.

Exchange of the carbonyl group of acetyl-CoA with CO
was assayed as described for acetyl-CoA synthesis, with the
following exceptions: CH,I was omitted, **CO (5 wCi/wmol)
replaced CO, and the reaction was initiated by the addition
of 1 mM acetyl-CoA. The reaction mixture (80 wl) contained
84 ng of the CODH complex. The reaction was stopped after
1 min, and the specific activity of acetyl-CoA was deter-
mined after purification by HPLC.

The standard assay for CODH activity was performed by
monitoring the CO-dependent reduction of methyl viologen
as previously described (27). Activity ranged from 14 to 22
pmol of methyl viologen reduced per min per mg (7 to 11
pmol of CO oxidized per min per mg) of CODH complex,
depending on the enzyme preparation. CODH activity in the
presence of cyanide was assayed with the same reaction
mixture as that used in the acetyl-CoA synthesis assay,

except that methyl viologen (10 mM) replaced CH5I. A
freshly prepared stock solution of KCN was added to the
assay mixture, which was preincubated for 1 min prior to
initation of the assay with methyl viologen.

Analytical procedures. Protein was assayed by the method
of Bradford (2) with bovine gamma globulin as the standard.
CoA, acetyl-CoA, and propionyl coenzyme A were quanti-
tated by HPLC on a reverse-phase Bio-Sil ODS-5S C,q
column (Bio-Rad, Richmond, Calif.), with detection at 254
nm (3). The solvent (1.0 ml/min) was 0.22 M potassium
phosphate buffer (pH 4.0) containing 16% (vol/vol) methanol
and 0.05% (vol/vol) thiodiglycol. The identity of acetyl-CoA
synthesized by the CODH complex was confirmed by alka-
line hydrolysis (pH 11) and identification of acetate as a
degradation product. Acetate was determined by HPLC on a
Polypore H column (Brownlee, Santa Clara, Calif.), with
detection at 210 nm. The solvent was 0.01 N H,SO,.

Chemicals. Titanium(III) citrate was synthesized under
100% N, as previously described (31) and stored under N, at
—20°C. #CO was synthesized from H*COONa as previ-
ously described (8). Na,'*CO, and “CH,I were obtained
from Amersham (Arlington Heights, Ill.). H*COONa was
obtained from ICN Biomedicals (Costa Mesa, Calif.).
CH;B,,, CH;l, acetyl-CoA, and CoA were from Sigma
Chemical Co. (St. Louis, Mo.). N, (grade 4.5), CO, (grade
2.8), H,, and CO (grade 2.3 or 4) were from AIRCO
Industrial Gases (Murray Hill, N.J.). All other chemicals
were reagent grade.

RESULTS

UV-visible spectroscopy of the CODH complex. The UV-
visible spectrum of the isolated CODH complex from M.
thermophila (Fig. 1) showed a broad absorbance centered at
about 410 nm, characteristic of oxidized iron-sulfur centers.
The absorbance at this wavelength decreased in the presence
of CO, indicating reduction of the centers. The CO-reduced
CODH complex also yielded an absorption band with a
maximum at 390 nm, characteristic of corrinoid cofactors in
which the cobalt atom (Co?* or Co>*) has been reduced to








