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The methyltransferase (MeTr) from Clostridium thermoaceticum transfers the N5-methyl group of (6S)-
methyltetrahydrofolate to the cobalt center of a corrinoid/iron-sulfur protein in the acetyl coenzyme A pathway.
MeTr was purified to homogeneity and shown to lack metals. The acsE gene encoding MeTr was sequenced and
actively expressed in Escherichia coli at a level of 9% of cell protein. Regions in the sequences of MeTr and the
E. coli cobalamin-dependent methionine synthase were found to share significant homology, suggesting that
they may represent tetrahydrofolate-binding domains.

The reductive acetyl coenzyme A (acetyl-CoA) pathway (22) fate reducers, methanogens, and acetogens use the acetyl-CoA
is a major mechanism of CO2 fixation in anaerobic environ- pathway to convert CO or CO2 to cell carbon (12, 17, 22). In
ments. Serving an important role in the global carbon cycle, some methanogens, key enzymes operate in reverse to convert
this pathway has been best studied in Clostridium thermoaceti- acetic acid to methane (10, 11, 27).
cum, an anaerobic, thermophilic, acetogenic bacterium. Sul- In a key step in the pathway, an enzyme called methyltrans-

130 GCAGGCGGCT ACAGCGGTCC GGACCGAGCC GTAGTGCTGC GGGCGTGCAA CTTCTGAGCA AAAGGATATA TCCCGCCCGT CCAGAAAATA CCAAATTCTA

-3o AAAGAACGTT ATTTCAAAGG AGGCAATCCC

1 fM L I I G E R I N G M F G D I K R A I Q E R D P A P V Q E W A R R
1 ATGCTCATTA TCGGTGAACG GATTAACGGT ATGTTCGGCG ACATCAAACG GGCCATCCAG GAACGGGACC CGGCCCCGGT ACAGGAGTGG GCCCGGCGCC

34 Q E E G G A R A L D L N V G P A V Q D K V S A M E W L V E V T Q E V
101 AGGAGGAAGG CGGCGCCCGC GCCCTGGACC TGAACGTGGG CCCGGCCGTC CAGGACAAGG TCAGCGCCAT GGAGTGGCTG GTCGAGGTCA CCCAGGAGGT

68 S N L T L C L D S T N I K A I E A G L K K C K N R A M I N S T N A
201 CAGCAACCTG ACCCTGTGTC TGGATTCCAC CAATATCAAA GCCATCGAAG CCGGGCTGAA AAAATGTAAA AACCGGGCCA TGATCAACTC CACCAATGCC

101 E R E K V E K L F P L A V E H G A A L I G L T M N K T G I P K D T
301 GAGCGAGAAA AGGTAGAAAA GCTCTTCCCC CTGGCCGTCG AACATGGTGC CGCCCTTATA GGCCTGACCA TGAATAAAAC TGGTATTCCC AAGGATAGCG

134 D T R L A F A M E L V A A A D E F G L P M E D L Y I D P L I L P A N
401 ATACCCGCCT GGCCTTTGCC ATGGAGTTGG TAGCCGCTGC CGATGAGTTC GGGCTGCCCA TGGAGGATTT GTACATTGAT CCCCTGATTC TTCCTGCCAA

168 V A Q D H A P E V L K T L Q Q I K M L A D P A P K T V L G L S N V
501 TGTAGCCCAG GACCATGCTC CGGAAGTCCT CAAAACTCTC CAGCAGATCA AGATGCTGGC CCATCCGGCT CCCAAGACAG TCCTGGGTTT AACTAATGTC

201 S Q N C Q N R P L I N R T F L A M A M A C G L M S A I A D A C D E
601 TCCCAGAACT CCCAGAATCG CCCCTTGATT AACCGGACCT TCCTTGCCAT GGCCATGGCC TGCGGCTTCA TGTCCGCCA TCGCCGACGC TTGCGACGAA

234 A L I E T A A T A E I L L N Q T V Y C D S F V K M F K T R -

701 GCCCTCATCG AAACGGCAGC CACGGCAGAG ATCTTGCTCA ACCAAACCGT TTACTGCGAT TCTTTTGTCA AGATGTTTAA AACCAGGTAG GAATTTTTCA

801 TAGTAACGTC GAAATGTAAT TAAAGCATTG TTAAAAGATT ACTACTTCAA AATCTCCAGC GCCAGCACCA ATACGTAAAT GCCCCCAGGG AATACCGTGA

901 CGGCACCTGC CAGCCGGATTC GT

FIG. 1. DNA and amino acid sequences of MeTr. The asterisk indicates the termination codon of the peptide.
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FIG. 2. Sequence comparisons between the MeTr of C. thermoaceticum, MetH of E. coli (amino acids 350 to 650), and methionine synthase
from M. leprae. The accession numbers are L34780, J04975, and U00017, respectively. Alignment was performed with the PILEUP subprogram
of the GCG program. The lowercase letters indicate amino acids that are not in well-conserved regions; capital letters indicate amino acids in
well-conserved regions. Boldface type indicates identity in two of three sequences, asterisks indicate identity in all three, and dots indicate
conserved residues. The top letters indicate the character of the conserved residue: n, hydrophobic; p, polar; c, charged; - or +, the conserved
charge.

ferase (MeTr) catalyzes transfer of the NA5-methyl group of
(6S)-methyltetrahydrofolate (CH3-H4folate) to the cobalt cen-
ter of a corrinoid/iron-sulfur protein (C/Fe-SP). Both MeTr
and the C/Fe-SP have been purified to homogeneity (7, 23).
The MeTr reaction is similar to the first step of the reaction
catalyzed by methionine synthase (5), a 139-kDa protein that,
after activation by S-adenosyl-L-methionine, transfers the
methyl group of CH3-H4folate to bound cobalamin, forming
methyl-Co3+. Subsequently, the methyl group is transferred to
homocysteine to form methionine.
The acsE gene encoding MeTr has previously been cloned

from C. thermoaceticum DSM521 into plasmid pCtJ9A and
expressed at low levels in Escherichia coli (24). The acsE gene
is part of a cluster containing the genes encoding CO dehy-
drogenase (acsA and acsB) (21) and the C/Fe-SP (acsC and
acsD) (18). For DNA sequencing and increasing the level of
heterologous expression, the acsE gene was subcloned by

digesting pCtJ9A (24) with PstI and EcoRI and ligating the
fragment into Bluescript vectors SK- and KS- digested with
the same enzymes. Plasmid DNA was transformed into E. coli
(13), and colonies were selected and screened by growth on
plates containing ampicillin, 5-bromo-4-chloro-3-indolyl-p-D-
galactopyranoside (X-Gal) and isopropyl-3-D-thiogalactopy-
ranoside (IPTG) and by colony hybridization with _P-labeled
oligonucleotide probes specific to MeTr (24). Plasmid DNA
was prepared on a large scale by alkali lysis (6) followed by
precipitation with polyethylene glycol (20). To sequence the
acsE gene in the Bluescript construct, six deletion clones were
generated from the 5' end after digestion with KpnI and Sall
and six were generated from the 3' end after digestion with
SacI and XbaI. The DNA was then digested with exonuclease
III (14) and treated with S1 nuclease by using the Erase-A-
Base kit (Promega). The DNA was electrophoresed, excised
from a gel, ligated, and transformed (13) into E. coli JM109.
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FIG. 3. Search matrix of the E. coli methionine synthase (abscissa) with MeTr (ordinate). Alignment was performed by using the Argos

program (3) with a constant search window length of 25 residues and a cutoff value of 35. Since the length of the hashed marking is a measure
of homology, the hashed diagonal line indicates the region of significant homology.

Plasmids were selected for size by using the "quick-screen"
method (Strategene manual). Nucleotide sequences were de-
termined by the dideoxynucleotide method (25) for double-
stranded DNA with Sequenase version 2.0 (U.S. Biochemical
Corp., Cleveland, Ohio) and [a-32P]dATP (ICN Biochemi-
cals).
Both DNA strands were sequenced from 129 bases upstream

to 100 bases downstream of the acsE open reading frame (Fig.
1). The codon probability of the three possible reading frames
using the established codon usage of C. thermoaceticum (21)
and the program of Staden and McLachlan (26) indicated that
the determined open reading frame for acsE was greater than
99% probable (results not shown). These results indicate that
no frameshift errors occurred during sequence analysis. The
deduced subunit molecular weight, 28,640, was identical to that
determined by mass-spectroscopic analysis (below), and the
sequence of the first 27 amino acids of MeTr originating with
N-formylmethionine and ending with PAPV had been deter-
mined earlier and was identical to that area in the deduced
sequence (24). The deduced and experimentally determined
amino acid compositions were in agreement. These combined
results indicate that the sequence shown in Fig. 1 is correct.
Homology searches of the Brookhaven, GenBank, and

EMBL data banks by using BLAST (1) revealed significant
homology with the methionine synthases from E. coli and
Mycobacterium leprae. Results of analysis by the Genetics
Computer Group (GCG) program BESTFIT, shown in Fig. 2,
revealed 50% similarity and 25% identity with the E. coli
methionine synthase region between amino acids 350 and 600.
With the M. keprae protein, the identity reaches 31%. The
results of the Argos program (3), shown in Fig. 3, reveal the
striking similarity between the MeTr protein sequence from
residues 1 to 200 and the E. coli methionine synthase from
residues 350 to 650. The hatched line depicts the region of
highest homology. It is known that the H4folate-binding do-
main of methionine synthase is in a 98.4-kDa amino-terminal
tryptic fragment that includes residues 1 through 896 (8). Since
the region from residues 650 to 850 includes the cobalamin-
binding domain (4, 19), our results suggest that the regions
from 350 to 650 of methionine synthase and 1 to 200 of MeTr
may include their H4folate-binding domains.

In the Bluescript construct, MeTr can be expressed at high
levels in E. coli. The activity of the enzyme was measured at
525 nm by monitoring the demethylation of methyl-B12 by
H4folate to form B12 and CH3-H4folate (AF525 = 8.6 mM-1

cm-'). This assay is similar to the radioactive measurement
described previously (15) and contained 66 puM methyl-B12,
300 gxM H4folate, and 5 mM dithiothreitol in a total volume of
0.8 ml. It is notable that MeTr is not stimulated by adenosyl-
methionine. The specific activity of MeTr in E. coli cell extracts
was 13 pLmol min- mg-' (U mg-') at 550C, approximately
fivefold higher than in extracts from C. thermoaceticum (3 U
mg1). Western immunoblot analysis of cell extracts with
purified MeTr from C. thermoaceticum as a standard demon-
strated that MeTr represents 8 to 10% of soluble cell protein
in E. coli and -2% in C. thermoaceticum. The high level of
heterologous expression may result from the upstream DNA
sequences being similar to consensus transcriptional and trans-
lational control sequences in E. coli. A putative ribosome-
binding site (AGGAGGC) with strong homology to the E. coli
consensus sequence was located with a standard spacing of 7
bases before the ATG start codon. Upstream of the coding
region for acsE is a sequence, TCCAGA-X22-TTATTl, that is
similar to that of the E. coli consensus transcriptional control
region, TTGAGA-X21-TATAAT.
MeTr was isolated from E. coli and C. thermoaceticum, and

the native and heterologously expressed proteins were com-
pared. C. thermoaceticum was grown as described previously
(2), and MeTr was purified 51-fold under anaerobic conditions
in a Vacuum Atmospheres chamber at 16'C to apparent
homogeneity by slightly modifying a previously reported pro-
cedure (7). The same procedure was used to purify the enzyme
from E. coli except that, after the disrupted cells were centri-
fuged, the supernatant was incubated at 70'C for 10 min and
centrifuged at 10,000 X g before being applied to the DEAE
column. MeTr was routinely measured by Western hybridiza-
tion (24), and the concentration of protein was determined by
the Rose Bengal method (9). The specific activity of purified
MeTr from both E. coli and C. thermoaceticum was between
150 and 200 U mg-1 at 550C. Activity measurements thus
agree with immunological analysis that active MeTr represents
8 to 10% of soluble cell protein in E. coli and -2% of soluble
cell protein in C. thermoaceticum. MeTr was found by plasma
emission spectroscopy (16) to contain no metals at levels above
0.1 g-atom/mol of protein. It was also shown to lack chro-
mophoric prosthetic groups since the absorption spectrum
arises from the aromatic amino acids; the e280 of 13,400 for the
monomer is in agreement with the calculated value (i.e.,
14,000). The subunit molecular weights determined by matrix-
assisted laser desorption mass spectroscopy for the MeTr
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expressed in C. thermoaceticum (28,640 + 35; n = 4) and in E.
coli (28,550 ± 110; n = 4) were identical within error limits to
that deduced from the DNA sequence (i.e., 28,641) and
determined by sodium dodecyl sulfate electrophoresis (i.e.,
27,000). In addition, the native protein is a dimer whose
molecular weight estimated by gel filtration is 58,900 (7). The
combined results indicate that the native protein and heterolo-
gously expressed protein are identical.

Nucleotide sequence accession number. The nucleotide se-
quence presented here has been assigned accession no. L34780
by GenBank.

Metal content was determined by Rebecca Risley, Plasma Emission
Laboratory, University of Georgia. We thank Fred Wagner, UN-L,
and BioNebraska for performing mass-spectroscopic analysis of MeTr.
We thank John Stezowski, UN-L, for partial support of T.D. This

work was supported by NIH grant GM39451 to S.W.R. and an
EPSCoR Metallobiochemistry Grant.
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