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ABSTRACT Carbonic anhydrase (CA) from acetate-
grown Methanosarcina thermophila was purified >10,000-fold
(22% recovery) to apparent homogeneity with a specific activ-
ity of 4872 units/mg. The estimated native molecular mass of
the enzyme is 84 kDa based on gel filtration chromatography.
SDS/PAGE revealed one protein band with an apparent
molecular mass of 40 kDa. The M. thermophila CA is less
sensitive than human CA isozyme II toward inhibition by
sulfonamides and monovalent ions. The gene encoding this CA
was cloned into pUC18 and sequenced. Escherichia coli har-
boring the recombinant plasmid expresses CA activity (2.3
units/mg of cell extract protein). Comparison of the deduced
amino acid sequence with the N-terminal sequence of the
purified protein shows that the gene encodes an additional 34
N-terminal residues with properties characteristic of signal
peptides in secretory proteins. The calculated molecular mass
(22.9 kDa) and pI (4.0) suggest that SDS /PAGE overestimates
the subunit size and that the native enzyme is a tetramer. To
our knowledge, the deduced amino acid sequence has no
significant identity to any known CA but has 35% sequence
identity to the first 197 deduced N-terminal amino acids of a
proposed CO;-concentrating-mechanism protein from Syn-
echococcus PCC7942 and 28 % sequence identity to the deduced
sequence of ferripyochelin binding protein from Pseudomonas
aeruginosa. Thus, our results indicate that this archaeal CA
represents a distinct class of CAs and provide a basis to
determine physiological roles for CA in acetotrophic anaer-
obes.

Carbonic anhydrase (CA) is a zinc-containing enzyme cata-
lyzing the reversible hydration of CO,. Presently, two dis-
tinct groups of CAs are recognized, which appear to have
evolved independently (1). The prokaryotic group (Bacteria
domain) is represented by the chloroplast CAs from higher
plants and two bacterial enzymes, and the eukaryotic group
(Eucarya domain) includes seven isozymes from various
higher vertebrates and two isozymes from the microalga
Chlamydomonas reinhardtii. The differences in the amino
acid sequence of the proteins extend to the active site, where
the zinc binding domain is distinct in both groups.

CA is widely distributed in nature and participates in
various functions, which include facilitated diffusion of CO,,
interconversion of CO, and HCOj5 during photosynthesis and
biosynthetic processes, pH homeostasis, and ion transport
(2, 3). Although CA activity has been detected in some
anaerobic microbes (4), to our knowledge, the properties and
the function of the purified enzyme have not been investi-
gated.

Methanogenic anaerobes are the largest group within the
Archaea, a domain that is phylogenetically closer to the
Eucarya than to the Bacteria (5). The methanosarcina are the
metabolically most diverse methanogens in that they obtain
energy for growth by producing methane from the reduction
of CO, with H, or by the conversion of the methyl groups of
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acetate, methanol, or methylamines to methane (6). The
methyl group of acetate is reduced to methane with electrons
derived from oxidation of the carbonyl group, leaving CO, as
the second product (7). In Methanosarcina thermophila, a
metabolic switch from methanol to acetate results in the
elevation of CA activity (4, 8), suggesting that this enzyme is
important for growth on acetate; however, the function of CA
has not been investigated. It has been proposed that CA
might be required for an CH3CO; /HCOj5 antiport system (4).

To our knowledge, the isolation of CA from methanogenic
microbes, or any other member of the Archaea domain, has
not been reported. In the present study, CA from M. ther-
mophila was purified from acetate-grown cells, and the gene
encoding the enzyme was cloned and sequenced’ to deter-
mine the relatedness of this archaeal CA to isocatalytic CAs
from the Bacteria and Eucarya domains and to address the
function of CA in acetotrophic anaerobes. The results re-
ported here provide a basis to investigate physiological roles
for CA in acetotrophic anaerobes. As a consequence of these
studies, it became apparent that this archaeal CA is distinct
from members of both described groups of CAs and, there-
fore, represents a third class.

MATERIALS AND METHODS

Cell Material. M. thermophila TM-1 was grown on acetate
as described (9). The cells were harvested at the end of
exponential growth and stored in liquid nitrogen until use.

Purification of CA. All procedures were done aerobically
and at room temperature unless otherwise indicated.

(i) Preparation of cell extract. Thawed cell paste [20 g (wet
weight)] was suspended in 15-20 ml of buffer A (50 mM
potassium phosphate, pH 6.8/1 uM zinc sulfate) and passed
twice through a chilled French pressure cell at 20,000 psi (1
psi = 6.9 kPa). After the first passage, 0.1 mg of RNase A and
0.25 mg of DNase I were added, and the mixture was
incubated for 10 min at 4°C. The cell lysate was centrifuged
at 20,000 x g for 15 min, and the supernatant was recentri-
fuged.

(ii) DEAE chromatography. The supernatant from step i
was applied to a 2.6 X 15 cm DEAE-cellulose (Whatman
DES2) column equilibrated with buffer A. The column was
washed with 150 ml of buffer A and a 500-ml linear 0-1 M
NaCl gradient was applied at 2.0 ml/min. The peak of CA
activity, which was eluted between 0.35 and 0.5 M NaCl, was
pooled; solid ammonium sulfate was added to 1.5 M, and the
sample was equilibrated overnight at 4°C.

(iii) Phenyl-Sepharose chromatography. The mixture from
step ii was centrifuged at 12,000 X g for 15 min at 4°C, and
the supernatant was loaded onto a Phenyl-Sepharose column
(Pharmacia HiLoad 26/10) equilibrated with buffer B (100
mM potassium phosphate, pH 7.0/1 uM zinc sulfate/1.5 M
ammonium sulfate). After a 120-ml wash, the column was
developed with a 500-ml decreasing linear gradient of 1.5-0
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