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Abstract Methanogens growing on C-1 substrates syn-
thesize 2-carbon acetyl groups in the form of acetyl-CoA
for carbon assimilation using the multienzyme complex
acetyl-CoA decarbonylase/synthase (ACDS) which
contains five different subunits encoded within an op-
eron. In species growing on acetate ACDS also functions
to cleave the acetate C-C bond for energy production by
methanogenesis. A number of species of Methanosarcina
that are capable of growth on either C-1 compounds or
acetate contain two separate ACDS operons, and
questions have been raised about whether or not these
operons play separate roles in acetate synthesis and
cleavage. Methanosarcina thermophila genomic DNA
was analyzed for the presence of two ACDS operons by
PCR amplifications with different primer pairs, restric-
tion enzyme analyses, DNA sequencing and Southern
blot analyses. A single ACDS operon was identified and
characterized, with no evidence for more than one.
MALDI mass spectrometric analyses were carried out
on ACDS preparations from methanol- and acetate-
grown cells. Peptide fragmentation patterns showed that
the same ACDS subunits were present regardless of
growth conditions. The evidence indicates that a single
form of ACDS is used both for acetate cleavage during

growth on acetate and for acetate synthesis during
growth on C-1 substrates.

Introduction

Methanogens are a group of microorganisms within the
domain of the Archaea that derive their energy by
reducing a limited number of compounds to methane. In
addition to simple C-1 compounds, which are used by
most methanogens, species of the genera Methanosarci-
na and Methanosaeta are also capable of reducing the
methyl group of acetate to methane—a process that re-
quires cleavage of the C–C bond and oxidation of the
carboxyl group to CO2. Acetate is first converted to
acetyl-CoA, and thereafter cleaved in a reaction in which
the methyl group is donated to tetrahydrosarcinapterin
(H4SPt) to form N5-methyltetrahydrosarcinapterin
(CH3-H4SPt), as shown in Eq. 1,

acetyl-CoAþH4SPtþH2Oþ 2Fdox�CH3-H4SPt
þ CoAþ CO2 þ 2Hþ þ 2Fdred

ð1Þ

in which Fdox and Fdred are the oxidized and reduced
forms of ferredoxin, respectively. Cleavage of acetyl-
CoA is catalyzed by the acetyl-CoA decarbonylase/
synthase (ACDS) multienzyme complex (Grahame
1991) which contains five subunits a, b, c, d, e in equi-
molar amounts (Terlesky et al. 1986).

The molecular mass of the ACDS complex is approx-
imately 2 MDa (Kocsis et al. 1999), indicating eight
copies of each subunit, and the complex can be dissociated
into three subcomponent proteins that carry out separate
partial reactions contributing to Eq. 1 (Grahame and
DeMoll 1996). The dissociated a2e2 unit contains Ni and
several Fe/S clusters and possesses carbon monoxide
dehydrogenase activity (Krzycki andZeikus 1984); the c d
unit contains an Fe/S cluster and a corrinoid cofactor
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(Abbanat and Ferry 1991) and catalyzes methyl group
transfer reversibly between the methylated B12 cofactor
and the substrate H4SPt (Grahame and DeMoll 1996);
and the isolated b subunit protein contains a binuclear
Ni–Ni center bridged to an Fe/S cluster, binds to acetyl-
CoA and catalyzes acetyl group transfer and C–C bond
cleavage and synthesis (Grahame and DeMoll 1996;
Gencic and Grahame 2003). It has been established that
Eq. 1 is freely reversible.1

When grown on acetate, two-carbon units in the form
of acetyl-CoA are readily available for anabolic pro-
cesses of carbon assimilation, which take place following
carboxylation of acetyl-CoA to form pyruvate. How-
ever, when grown on C-1 substrates, methanogens must
first generate two-carbon units by condensation of two
C-1 precursors to produce acetyl-CoA for biosynthetic
purposes. Therefore, within a single organism, such as
Methanosarcina thermophila, which can reduce methanol
as well as the methyl group of acetate to methane
(Zinder and Mah 1979), a single form of the ACDS
complex could function in both catabolic and biosyn-
thetic processes, depending on the growth conditions.
Nevertheless, the idea has been introduced that two
different ACDS complexes are synthesized by metha-
nogens: one for acetyl-CoA synthesis, when growing on
one-carbon compounds such as methanol, and one for
acetyl-CoA cleavage, when growing on acetate (Terlesky
et al. 1986; Lindahl and Chang 2001).

The structural genes encoding the five ACDS
subunits were first sequenced and their arrangement in
an operon structure (along with one other accessory
protein) was established in 1996 (Maupin-Furlow and
Ferry 1996a, b). The finding of two ACDS operons in
the genomes of Methanosarcina species that have been
sequenced, Methanosarcina acetivorans C2A (Galagan
et al. 2002) and Methanosarcina mazei Gö1 (Dep-
penmeier et al. 2002), or partially sequenced, Methano-
sarcina barkeri Fusaro (U.S. Department of Energy
Joint Genome Institute at http://genome.jgi-psf.org/
microbial/), has further fuelled the arguments for the
possibility of two forms of the complex.

Herein we present evidence supporting the conclusion
that M. thermophila encodes and expresses only a single
ACDS complex under conditions of growth on either
methanol or acetate. The methods used for this include
restriction enzyme analysis of various PCR products,
DNA sequencing, Southern blot analyses and mass
spectrometry. The results strongly suggest that M.
thermophila uses a single operon-encoded form of ACDS
both anabolically and catabolically for the synthesis and
cleavage of acetyl-CoA.

Materials and methods

Strains and cell growth

Methanosarcina thermophila strain TM-1 (Zinder et al.
1985; Murray and Zinder 1985) was obtained from the
Oregon Collection of Methanogens (OCM 12). Growth
on acetate was carried out at 50�C under strictly
anaerobic conditions. The basal medium was prepared
essentially as described previously (Grahame and
Stadtman 1987) and was supplemented with 0.15 g/l
Bacto yeast extract and 0.3 mg/l p-aminobenzoic acid.
The pH of the medium was adjusted with acetic acid,
and cultures were continuously maintained between
pH 6.0–6.8 by periodic addition of glacial acetic acid
during growth. Growth on methanol (1–2% v/v) was
carried out in MS medium (OCM; Boone et al. 1989).

ACDS operon sequence analysis

Genomic DNA was isolated from M. thermophila strain
TM-1 by grinding cells under liquid nitrogen with a
mortar and pestle followed by proteinase K digestion in
the presence of 0.5% SDS and standard phenol–chlo-
roform extraction and ethanol precipitation (Sambrook
et al. 1989). In early plans to carry out heterologous
expression of the ACDS b subunit protein, PCR
amplification of the ACDS b subunit gene (cdhC) was
done using primers designed to be identical to sequences
previously published (Maupin-Furlow and Ferry
1996b). A fragment of the expected length, ca. 1.4 kb,
was obtained; however, the sequence was not identical to
the published cdhC gene sequence (overall 84.4% match,
and 9 bp longer), as determined by direct DNA se-
quence analysis of the PCR product itself as well as by
sequencing of separate clones. Therefore, subsequently,
three additional PCR primer sets were designed to ob-
tain overlapping fragments covering the entire ACDS
operon. The PCR fragments indicated in Fig. 1 were
subcloned in the pCRII-TOPO vector (Invitrogen), and
sequence analysis of the cloned plasmid DNAs yielded
the assembled sequence of 8189 bp (GenBank accession
number AF173830) as shown in Fig S1 under Electronic
Supplementary Information. Automatic sequencing was
performed using the method of dideoxynucleotide ter-
mination with the ABI PRISM Big-Dye Terminator
cycle sequencing kit v2.0 with AmpliTaq DNA poly-
merase FS (Applied Biosystems).

Long PCR amplification of the entire ACDS operon
was carried out using the Expand Long Template PCR
System (Roche) with buffer 1 or buffer 2 (1.75 or
2.75 mM MgCl2 final concentration, respectively) under
conditions suggested by the manufacturer. Genomic
DNA was used as a template with the forward primer 5¢
GATGCCATGGCCAAACTAACTACCGGGAGTTT
TTC 3¢ containing an NcoI site (which introduces one of
two mismatches in the second codon) and a reverse

1Radioisotopic exchange techniques were first used to demonstrate
the reversibility of acetyl C–C bond formation (Raybuck et al.
1991), net synthesis of acetyl-CoA from CO + CoA + CH3-H4SPt
was shown (Grahame 1993), and the equilibrium thermodynamics
describing the reversibility of acetyl-CoA synthesis and cleavage
have been characterized by the use of CO2 derived from bicar-
bonate and a reducing system coupled to ferredoxin (Grahame and
DeMoll 1995).
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primer of 5¢ GAGGTCTAGATTATTTGGGTGGCCA
GTTCTTCTC 3¢ containing an XbaI site.

Southern blot analysis

For Southern blot analyses, 10 lg of genomic DNA was
used for digestion with EcoRI, BamHI, HindIII or PstI,
and subjected to electrophoresis on a 1% agarose gel.
Thereafter, the gel was prepared for transfer by in situ
depurination with 0.125 M HCl followed by alkaline
denaturation and partial cleavage of the fragments.
After neutralization, 20X SSC transfer buffer was used
for blotting onto a Hybond N nylon membrane (Sam-
brook et al. 1989). The full-length 1.4 kb cdhC PCR
fragment (product–1, Fig. 1) was 32P-labeled by the
random oligonucleotide primer method (Feinberg and
Vogelstein 1983) with the RadPrime DNA Labeling
System (Invitrogen), using [a-32P] dCTP. Hybridization
was performed at 42�C in a buffer containing 50%
formamide followed by low stringency washes in order
to detect potentially weakly hybridizing fragments.

Purification of ACDS

Purification of the ACDS complex was performed using
cells harvested in the late exponential growth phase as
described previously for the enzyme complex from M.
barkeri (Grahame 1991), with modifications to scale-
down the original procedure to be applicable for use
inside a Coy anaerobic chamber. For the ACDS com-
plex from methanol-grown cells, ion exchange chroma-

tography on Q-Sepharose was used as an additional
purification step due to the lower abundance of ACDS
relative to other proteins in those cells.

Mass spectrometric analyses

Trypsin (Promega, Trypsin Gold, mass spectrometry
grade) was used for digestion of the ACDS complex
purified from M. thermophila grown on acetate or meth-
anol. Peptides of theACDS complexwere prepared by the
following procedures that were all performed anaerobi-
cally. Purified ACDS was incubated in the presence of
10 mM dithiothreitol, 100 mM NH4HCO3 at 56�C for
60 min, and after cooling to room temperature, an equal
volume of 55 mM iodoacetamide, 100 mM NH4HCO3

solution was added. The alkylation proceeded for 45 min
at room temperature in the dark, after which the iodoac-
etamide solution was inactivated by addition of excess 2–
mercaptoethanol. Trypsin (25 lg in 1 mM HCl) and
CaCl2 (final concentration 1 mM) were added, and the
samples were digested at 37�C overnight.

Analyses of the tryptic digests of the ACDS proteins
were performed at the University of Kentucky Mass
Spectrometry Facility by MALDI MS-MS. The proteins
were identified by computational reference through a
search of the SwissProt protein database by Mascot
Search (Matrix Science). The search results were ob-
tained by ranking candidate peptides in the database
according to their match with experimentally obtained
mass values and C- and N-terminal sequence informa-
tion provided by ion trapping and MS–MS fragmenta-
tion analysis of the peptides.

Results

PCR amplification of ACDS genes and DNA sequenc-
ing

In previous studies on characterization of the Ni-con-
taining b subunit of the ACDS complex from M. ther-

Fig. 1 Organization of the ACDS operon from M. thermophila
TM-1 and the location of PCR products used for sequence analysis.
The location of each of the five ACDS subunit genes (cdhA-E) and
the accessory protein ACDS ORF is indicated. The overlapping
PCR products shown (#1, 1,419 bp; #2, 2,196 bp; #3, 2,378 bp;
and #4, 4,367 bp) were subcloned and sequenced. As an additional
control, the PCR product #5 corresponding to the entire operon
(8,189 bp) was partially sequenced and restriction analysis was
performed to confirm its identity. Restriction sites are indicated for:
NcoI (N), EcoRI (E), BamHI (B), HindIII (H) and PstI (P)
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mophila strain TM-1 (Gencic and Grahame 2003), it was
found that the DNA sequence of the cdhC gene, ob-
tained by PCR amplification of genomic DNA, did not
match the sequence published earlier (Maupin-Furlow
and Ferry 1996b). As a possible explanation for this, we
considered that more than one ACDS operon might be
present inM. thermophila. To address this possibility, we
carried out additional PCR amplification reactions to
obtain sequence information for the other ACDS genes.
Despite the fact that all primers designed to yield frag-
ments 1–4 (Fig. 1) were based (originally) on the se-
quence information previously published (Sowers et al.
1993; Maupin-Furlow and Ferry 1996a, b; GenBank
accession numbers L20952, U30484, and U66032,
respectively, stated to be from the same strain, M.
thermophila TM–1), all of our PCR products showed
significant sequence variation from the originally pub-
lished sequences on both the nucleotide and the amino
acid levels (Table 1). Restriction digestion of the cdhC
PCR product-1 showed no evidence for the two PstI
sites, or the single NcoI and EcoRI sites present in the
previously published sequence. ‘‘Heterozygosity’’ that
might have arisen by PCR amplification of two different
cdhC loci, also was not observed.2

The nucleotide sequences of all overlapping regions
of PCR products 1–4 (Fig. 1) matched exactly (with
exceptions for deviations in the original primers),
allowing for the assembly of the entire 8,189 bp ACDS
operon, see Fig S1 under Electronic Supplementary
Information (GenBank accession number AF173830).
As shown in Fig. 2, PCR amplification of the entire
operon was also carried out. The results showed a single
band following electrophoresis on a 1% agarose gel in a
region slightly larger than 8 kb. In addition, the 8.2 kb
PCR product was digested separately with BamHI and

EcoRI (not shown), which produced fragment patterns
exactly as predicted by the sequence determined here,
also without evidence for more than one ACDS operon
amplified.

Southern blot analyses

Additional evidence suggesting a single ACDS operon in
M. thermophila TM-1 was obtained by Southern blot
analyses. In the first analysis, genomic DNA was di-
gested with EcoRI, BamHI, HindIII, or PstI, and
hybridized using the full-length 1.4 kb PCR-amplified
cdhC gene as a probe. As shown in Fig. 3, the number
and sizes of the hybridizing fragments matched with
those predicted on the basis of the operon sequence
determined here. A markedly different fragment pattern
would be expected from the previously published operon
sequence (Maupin-Furlow and Ferry 1996a, b). From
that sequence, two hybridizing EcoRI fragments are
expected (975 and 1,236 bp) due to a centrally located
internal EcoRI site in cdhC, which is not present in the
sequence determined here. The single hybridizing Bam-
HI fragment observed is larger than that of 6,529 bp
predicted based on the previously published sequence. In
addition, the sizes of twoHindIII fragments of 2,588 and
> 4,656 bp and one PstI fragment of 3,602 bp predicted
from the previous ACDS operon data also vary from
those observed in Fig. 3. In a separate experiment, the
same cdhC probe, under the same low stringency
washing conditions, also readily detected a number of
specific fragments using genomic DNA from M. barkeri
strain NIH (OCM #265) digested with several different
restriction enzymes (not shown). Thus, if a second
ACDS operon existed in M. thermophila TM-1 with a
level of similarity comparable to the previously pub-
lished sequence, then it should have also been detected
with this probe.

Theoretically, if a highly identical, duplicated ACDS
operon existed in the genome, then it might not be de-
tected using an internally located probe such as cdhC.
Therefore, in a second Southern blot analysis, we used a
probe corresponding to the first 290 bp from the 5¢ end
of cdhA, a region of that gene that is highly conserved, in
order to detect genomic fragments produced from
restriction sites located well outside the region of the
ACDS operon. Restriction enzymes were chosen such

Table 1 SwissProt Database Designations for M. thermophila (METTE) ACDS complex subunits

Designationa Designationb Subunit Gene % identityc Protein % identity, similarityc

ADA1_METTE ADA2_METTE Alpha cdhA 73.2 CdhA 70.3 82.6
ADB1_METTE ADB2_METTE Beta cdhC 84.4 CdhC 88.8 92.2
ADG1_METTE ADG2_METTE Gamma cdhE 81.5 CdhE 85.9 93.2
ADD1_METTE ADD2_METTE Delta cdhD 85.9 CdhD 91.1 94.7
ADE1_METTE ADE2_METTE Epsilon cdhB 76.2 CdhB 80.6 89.4

a Maupin-Furlow and Ferry (1996a, b)
b Based on this work
c Based on Align X-modified Clustal W algorithm (Vector NTI Advance 9.0, Invitrogen)

2To ensure that the characteristics of M. thermophila TM-1 (i.e.,
OCM 12) maintained in our laboratory had not been altered
somehow, separate samples were obtained from the Oregon Col-
lection of Methanogens (OCM), one of which was mass cultured
for us by the OCM and used directly for genomic DNA isolation
without further growth. PCR amplifications followed by restriction
analyses were performed with several restriction enzymes (EcoRI,
NcoI, PstI and Sau3AI) chosen specifically to distinguish between
the cdhC gene sequences of Maupin-Furlow and Ferry (1996b) and
the present work. The results showed identical digestion patterns
regardless of the cultivation history of the cells, with no evidence
for changed characteristics.
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that none cut within the region covered by the probe,
and each had one known site located not too far from
the 3¢ end of the probe. As shown in Fig. 4., each
restriction enzyme produced only a single DNA frag-
ment hybridizing with the cdhA 5¢ end probe. This result
is consistent with a single cdhA gene and with a single
ACDS operon.

Mass spectrometry

Mass spectrometry experiments were carried out in or-
der to provide direct identification of specific ACDS
subunit proteins present in cells utilizing different carbon
sources. Trypsin digestion reactions were performed on
ACDS preparations obtained from cells grown with ei-
ther methanol or acetate, and the complex product
mixtures were subjected to analysis by MALDI MS–
MS. As indicated in Fig. 5, the procedure was able to
resolve the peptide products to the extent that all of the
subunits encoded by the ACDS operon sequence deter-
mined here were identified, except for the small e subunit
(CdhB), both in cells grown on C-1 or C-2 substrates,
i.e., methanol or acetate. The highest Mascot scores
were 189, 181, 157, and 82 for CdhD, CdhA, CdhC, and
CdhE, respectively, with a value above 63 corresponding
to P < 0.001 in the identification. Furthermore, these

four specific subunits were the only proteins in the da-
tabase that matched to any reasonable degree of sig-
nificance, with the next highest score of 62 found for an
unrelated bacterial protein. By coincidence, two of the
ACDS peptides observed in the d subunit (IIMDPT-
TAALGYGLDYAYTNMER and TVEEVLQAVDV-
PIAIGGSGNPQK) have the same sequence as in the
previously published work (Maupin-Furlow and Ferry
1996a); however, these exact peptide sequences are also
present in the d subunits fromM. acetivorans,M. barkeri
and M. mazei, and this by itself does not signify the
presence of any other ACDS d subunit proteins other
than the one identified here. The fact that 3 of the total
17 ACDS peptides found in acetate-grown cells were not
detected in the ACDS preparation from cells grown on
methanol (one missing in each subunit a, b, and d, as
shown in Fig. 5, double underlined peptides) is likely
due to differences in digestion conditions or detection
sensitivity encountered with a complex subunit mixture,
as opposed to single polypeptide analysis.

Discussion

A single ACDS operon in M. thermophila TM-1

The complete genome sequences have been published for
six methanogens: Methanocaldococcus jannaschii,

Fig. 3 Southern blot analysis of M. thermophila TM-1 genomic
DNA using the 1.4 kb cdhC PCR product-1 as probe. Genomic
DNA, 10 lg, was digested with the indicated restriction enzymes
and analyzed on a 1% agarose gel. The positions and the lengths
(bp) of k HindIII marker fragments are indicated at left. Calculated
DNA lengths of the hybridizing fragments are shown at right
(observed) compared with the fragment sizes deduced from the
ACDS operon sequence (sequence–deduced). * Minimum size limit
based on the single BamHI site within the operon with an unknown
BamHI site lying outside of the 8.19 kb region of sequence data

Fig. 2 PCR amplification of the ACDS operon from M. thermo-
phila TM-1 genomic DNA generates a single product slightly larger
than 8 kb. A 1% agarose gel was loaded with samples from the
original PCR reaction mixture (lanes 1 and 2, containing 1 and 1.75
X relative amounts, respectively). Lane 3 was loaded with a larger
amount of the product obtained following agarose gel purification.
Lane M contains the 1 kb ladder (New England BioLabs) marker,
with sizes indicated at the left
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1.74 Mb (Bult et al. 1996); Methanothermobacter ther-
moautotrophicus, 1.75 Mb (Smith et al. 1997); Methan-
opyrus kandleri, 1.69 Mb (Slesarev et al. 2002); M.
mazei, 4.1 Mb (Deppenmeier et al. 2002); M. acetivo-
rans, 5.75 Mb (Galagan et al. 2002); and Methanococcus
maripaludis, 1.66 Mb (Hendrickson et al. 2004). In
addition, there are two others for which partial genome
sequences are available: M. barkeri, 4.8 Mb (DOE Joint
Genome Institute) and Methanococcoides burtonii, 2.8–
3 Mb (DOE Joint Genome Institute; Goodchild et al.
2004). The ACDS subunit genes are found in all of these,
almost always arranged altogether in an operon, with
the exception of Methanocaldococcus jannaschii in which
the operon has been split into two clusters, with the a, e
and b subunit genes separated from the c and d pair. In
addition, the complete genome sequence of Archaeo-
globus fulgidus, a non–methanogen that exhibits close
taxonomic relationship to the Methanosarcinae, also
contains genes encoding ACDS subunits, with two a-e
pairs separated from a single [b-ACDS ORF-d-c] cluster
(Klenk et al. 1997). The genomes of the thermophilic
hydrogenotrophic methanogens (Methanocaldococcus
jannaschii, Methanothermobacter thermoautotrophicus

and Methanopyrus kandleri) contain only a single ACDS
operon, as does the mesophilic hydrogenotroph Meth-
anococcus maripaludis. So far, the available genomic
sequences suggest that only one ACDS operon exists
also in the psychrophilic methylotrophic Meth-
anococcoides burtonii. It is reasonable to consider that in
all of these cases a single ACDS complex functions for
acetyl-CoA C–C bond formation, as needed for carbon
assimilation from C-1 substrates.

By contrast, two ACDS operons are found in certain
species ofMethanosarcina (M. acetivorans,M. mazei and
M. barkeri) which, as well as being able to grow on C-1
compounds, are all capable of utilizing acetate as sole
carbon and energy source. For M. thermophila TM–1,
the SwissProt database currently designates two copies
for each of the five ACDS subunits (see Table I), which
makes it appear that this species of Methanosarcina
contains these two operons. However, the results of the
present study show this is not the case, that these two
ACDS operon sequences clearly are not present together
within the genome of the organism studied here. Fur-
thermore, our results suggest that M. thermophila TM-1
actually possesses only one ACDS operon. The most
likely explanation for why the operon sequence here
differs from that published earlier is that DNA from a
different strain of Methanosarcina—different from the
strain used here, OCM 12—was used in the previous
studies. Our results from PCR amplifications with var-
ious different primer pairs, restriction enzyme analyses
of PCR products, DNA sequencing and Southern blot
analyses show no evidence for another ACDS operon.
Taken as a whole, this suggests that only one ACDS
operon is present in M. thermophila.

For those methanogens that do harbor two ACDS
operons, the question arises why. Evidence here that a
single operon suffices for the synthesis and cleavage of
acetate in M. thermophila suggests that the reason may
be more subtle than previously considered. In the case of
M. acetivorans, a recent gene duplication event is most
likely, since the two operons in that organism exhibit a
very high degree of sequence identity (95% identical
over a 6.6 kb stretch, including a subsection of nearly
4 kb with only six nucleotide changes) (Galagan et al.
2002). Therefore, possibilities for any hypothetically
unique functions of the encoded proteins are limited. On
the whole, methanogens that contain only a single op-
eron tend to be those with genomes restricted to around
2 Mb or less, while those containing two operons are all
larger than 4 Mb. Thus, species that are unable to
maintain a large genome size may not have the luxury of
carrying more than one copy of large operons such as
ACDS.

One form of ACDS responsible for acetate cleavage and
synthesis

The existence of a single ACDS operon in M. thermo-
phila, supported by molecular genetic analyses presented

Fig. 4 Single fragment pattern in Southern blot analysis using a
290 bp probe from the 5¢ end of cdhA. A Southern blot of M.
thermophila TM-1 genomic DNA was carried out as indicated in
Fig. 3, except that the probe consisted of a PCR product generated
by amplification of the first 290 bp at the 5¢ end of cdhA. Marker
positions (1 kb ladder, New England BioLabs) are indicated at the
left. For the restriction enzymes used, restriction sites are first
encountered in the ACDS operon at the following positions: EcoRI
(1607), BamHI (2620), KpnI (900), NcoI (1164), SphI (345), BspEI
(929), PstI (1576)
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here, would suggest that only one ACDS complex could
be expressed in M. thermophila, regardless of the phys-
iological growth conditions. In fact, our results from
mass spectrometric analyses confirm that this is the case.
In an organism such as M. acetivorans that possesses
two ACDS operons, elevated levels of proteins encoded
by one of these (MA3860-3865) were clearly evident
when cells were grown on acetate (Li et al. 2005a).
However, the only evidence suggesting the apparent
expression of genes from the other operon (MA1011-
1016) was based on MS–MS detection of a single 11-
amino acid peptide derived from the 2-D electrophoresis
spot containing the a subunit(s). It should be noted that
three of the six ACDS genes (subunits c, d and the
ACDS accessory protein) cannot be distinguished by Li
et al. (2005a, 2005b) because the proteins are either
perfectly identical or differ by only one amino acid

(MA3865=MA1011, MA3864@MA1012, MA3863=
MA1013)3, making them impossible or nearly impossi-
ble to distinguish. The speculation that expression of
both operons in M. acetivorans might be needed to
produce sufficient amounts of ACDS required for
growth on acetate (Li et al. 2005b) is not supported by
the situation of sufficiently high levels of ACDS pro-
duced from a single operon in M. thermophila. In M.
mazei, which possesses two ACDS operons that are
more readily distinguishable, there is still no evidence
available for significant expression of more than one, let
alone differential expression of separate sets of ACDS

Fig. 5 Tryptic peptides found
by MALDI MS–MS in the
identification of ACDS
subunits in acetate- and
methanol-grown cells of M.
thermophila TM-1. Solid single
underlines indicate peptides
found in ACDS complexes
isolated under both conditions
of growth. Additional, double
underlined peptides, were found
in ACDS isolated from acetate-
grown cells, but were not
detected in the analysis of
ACDS from cells grown on
methanol

3Perfect match of the two M. acetivorans ACDS accessory protein
sequences is evident after inspection of the original genomic DNA
sequences. The annotated version in the database assumes different
translation start sites, apparently without valid reason.
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genes under different growth conditions. Northern blot
analyses have been previously used to examine M. mazei
for expression of the two ACDS operons (Eggen et al.
1996). Using probes selective for the two cdhA genes,
transcription of one of the operons was clearly identi-
fied; however, no evidence for the expression of the other
could be obtained, regardless of whether acetate or
methanol was used as growth substrate.

The first evidence that ACDS expression in Meth-
anosarcina is regulated at the level of transcription was
obtained by Sowers et al. (1993). On Northern blots, a
large decrease in the signal corresponding to cdhA
mRNA was observed within minutes upon addition of
methanol to cells actively growing on acetate. However,
in those studies, as well as in experiments with cells
grown on methanol or trimethylamine, no new signals
were observed that might signify expression of a differ-
ent form of ACDS. The finding of two peaks of CO
dehydrogenase in protein chromatographic separations
(Terlesky et al. 1986; Grahame 1991) cannot be inter-
preted as evidence for two forms of the ACDS complex,
because a small amount of the a2e2 protein, devoid of
acetyl-CoA cleavage and synthesis activity, is usually
present in a form not associated with the complex.

In the Archaea, the active site for C–C bond synthesis
and cleavage resides on the b subunit of the ACDS
complex (Grahame and DeMoll 1996; Gencic and
Grahame 2003), whereas, in the anaerobic acetogenic
bacteria the active site for acetate C-C bond synthesis
resides on the a subunit (so-called a metallosubunit) of a
310 kDa a2b2 bifunctional enzyme known as carbon
monoxide dehydrogenase/acetyl-CoA synthase (Xia and
Lindahl 1996; Doukov et al. 2002; Darnault et al. 2003).
Theoretically, acetate synthesis in methanogens might
alternatively utilize a bacterial-like a metallosubunit
homolog in combination with a CO dehydrogenase
protein. However, other than the ACDS operon-asso-
ciated b subunits, a metallosubunit homologues are
generally not found in the Archaea. A Blastp search for
hits to the a metallosubunit from Moorella thermoace-
tica returns only one such protein in the Archaea, that
being inMethanocaldococcus jannaschii, which encodes a
single bacterial a metallosubunit-like protein MJ0152 of
undetermined function in addition to its complete set of
ACDS subunits, including b.

In summary, the evidence here indicates that a single
form of ACDS serves for both acetate cleavage and
synthesis inM. thermophila, and perhaps in other species
of Methanosarcina as well. Previous enzymological and
thermodynamic studies have shown that formation of
acetate is favorable under physiological redox condi-
tions during growth on C-1 substrates, while acetate C-C
bond cleavage is favorable under redox conditions pre-
vailing during growth on acetate. The possibility that
other modifications might be used somehow to modulate
the activity of a single complex under different physio-
logical conditions cannot be excluded. However, since
the reaction is freely reversible, it is unclear at the
present time why such modifications would be needed.
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