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The sequence and transcript of the genes encoding a recently discovered coenzyme M methylase in Meth-
anosarcina barkeri were analyzed. This 480-kDa protein is composed of two subunits in equimolar concentra-
tions which bind one corrinoid cofactor per o3 dimer. The gene for the « polypeptide, mtsA4, is upstream of that
encoding the 3 polypeptide, mtsB. The two genes are contiguous and overlap by several nucleotides. A 1.9-kb
mRNA species which reacted with probes specific for either mts4 or mtsB was detected. Three possible
methanogen consensus BoxA sequences as well as two sets of direct repeats were found upstream of m#sA. The
5’ end of the mts transcript was 19 nucleotides upstream of the translational start site of mts4 and was
positioned 25 bp from the center of the proximal BoxA sequence. The transcript was most abundant in cells
grown to the late log phase on acetate but barely detectable in cells grown on methanol or trimethylamine. The
amino acid sequence of MtsB was homologous to the cobalamin-binding fragment of methionine synthase from
Escherichia coli and possessed the signature residues involved in binding the corrinoid, including a histidyl
residue which ligates cobalt. The sequence of MtsA is homologous to the “A” and “M” isozymes of methylco-
bamide:coenzyme M methyltransferases (methyltransferase II), indicating that the o polypeptide is a new
member of the methyltransferase II family of coenzyme M methylases. All three methyltransferase II homolog
sequences could be aligned with the sequences of uroporphyrinogen decarboxylase from various sources. The
implications of these homologies for the mechanism of corrinoid binding by proteins involved in methylotro-

phic methanogenesis are discussed.

Methanosarcina species utilize a number of different meth-
ylated compounds for growth and methanogenesis. In this re-
gard, they are unique among methanogens (6). No other genus
in this branch of the Archaea has the capability to use such a
broad range of methane precursors, including acetate, carbon
dioxide, trimethylamine, dimethylamine, monomethylamine,
methanol (14), dimethylsulfide, methanethiol (16), methylmer-
captopropionate (21), tetramethylammonium ion (56), and
pyruvate (5). To generate methane from these compounds,
organisms such as Methanosarcina barkeri must possess the
enzymatic assemblage to methylate coenzyme M (CoM) from
the growth substrate, since the conversion of methyl-CoM to
methane by methylreductase is a major site of energy conser-
vation in methanogens (4, 10, 61).

Four different enzymes capable of methylating CoM have
been identified (19, 29, 36, 55, 58, 60). All four CoM methyl-
ases either bind corrinoid or interact with proteins binding a
corrinoid cofactor. Presumably, in M. barkeri, the protein-
bound corrinoid is the 5-hydroxybenzimidazole-substituted co-
bamide which is most abundant in this methanogen (46). In
addition, these proteins all carry out CoM methylation by using
non-protein-bound methylated corrinoids such as methylcobal-
amin.

Of the CoM methylases, only the membrane-bound pterin:
CoM methyltransferase is found among both the methylotro-
phic, aceticlastic, and autotrophic methanogens. In Methano-
bacterium thermoautotrophicum, it consists of eight subunits
found in one transcriptional unit (23). The « subunit binds a
corrinoid cofactor (18, 53). During methyl transfer from meth-
yltetrahydromethanopterin, the corrinoid cofactor is transiently
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methylated and another subunit with methylcobamide:CoM
methyltransferase activity methylates CoM (60). Interestingly,
methyl transfer is coupled to the translocation of sodium ion
across the membrane (3). The methyl-pterin:CoM methylase is
involved in the conversion of acetate and CO, to methane,
since methyltetrahydromethanopterin or its derivatives are direct
intermediates in both of these pathways (10, 15, 20).

Two different CoM methylases are involved in the direct
conversion of methylated compounds such as methanol or the
methylamines to methane. These enzymes have been identified
only in Methanosarcina species and are designated as isozymes
of methyltransferase II (MT2) (19, 58, 62). The MT2 isozymes
are isolated as soluble monomeric methylcobalamin:CoM
methyltransferases of approximately 40 kDa without a pros-
thetic group detectable by UV-visible spectroscopy. The se-
quences of the two isozymes are 50% similar (22, 35). The “A”
isozyme (MT2-A) was originally discovered in cells grown on
acetate (19) but has no role in methane formation from acetate
(13). MT2-A was hypothesized to be involved in trimethyl-
amine utilization on the basis of its presence in cells grown on
this substrate (62). It has since been demonstrated that MT2-A
interacts with a 29-kDa corrinoid protein in the monomethyl-
amine:CoM methyl transfer pathway (8, 13) and with a differ-
ent corrinoid protein during methanogenesis from trimethyl-
amine (12, 13). It also participates in methane formation from
dimethylamine (13). The “M” isozyme of methyltransferase 11
(MT2-M) is most abundant in methanol-grown cells (19, 62).
MT2-M interacts with methyltransferase I, a corrinoid-binding
protein with subunits of 55 and 34 kDa, during methanogenesis
from methanol (59). MT2-M can also interact with the corri-
noid protein involved in methanogenesis from trimethylamine
(12, 13).

Recently, a fourth enzyme with methylcobalamin:CoM
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methyltransferase activity was identified (55). This soluble 480-
kDa protein was originally isolated as one of two corrinoid
proteins methylated upon inhibition of methylreductase during
methanogenesis in vitro (9). It is expressed at higher levels in
cells grown on acetate relative to those grown on methanol or
trimethylamine (32) and was recently found to methylate CoM
with methylthiols (54). It is composed of equimolar amounts of
41- and 30-kDa subunits, designated as the « and 8 subunits or
polypeptides, respectively. One corrin ring is found per af
dimer in the isolated protein (33). The a subunit possesses
methylcobalamin:CoM methyltransferase activity and is also
able to effect methyl transfer from the endogenous methyl-
corrinoid to CoM (55). The N-terminal 20 amino acids of the
o subunit are similar to those of MT2-A and MT2, indicating
a possible relationship between these proteins (55).

In this article, we document the transcriptional start site and
regulation of the genes encoding the 480-kDa CoM methylase.
The sequence of the « subunit (MtsA) identifies this polypep-
tide as a new member of the MT2 family of CoM methylases
with further homology to a heme biosynthetic enzyme. The
sequence of the B subunit (MtsB) identifies for the first time a
corrinoid binding motif in a methanogenic protein. These ho-
mologies provide a general model of how MT2 homologs and
their associated corrinoid-binding proteins may interact with
corrinoid during methanogenesis from methanol or the meth-
ylamines.

MATERIALS AND METHODS

Organisms and culture. M. barkeri MS was grown on various substrates in 15-
or 40-liter carboys as described previously (8). The cells were stored frozen at
—70°C. Escherichia coli DH5a was grown on Luria-Bertani broth (49) at 37°C.
Competent cells of E. coli were prepared by the method described by Inoue et al.
(28). Transformants containing plasmid pUC19 and its derivatives were grown in
broth supplemented with 100 pg of ampicillin per ml.

Isolation of genomic DNA. DNA was prepared by a modification of two
existing procedures (40, 48). One gram of frozen M. barkeri cell paste was
resuspended in 10 ml of 1% sodium dodecyl sulfate (SDS)-45 mM EDTA-45
mM ammonium bicarbonate buffer (pH 8.0). The suspension was then passed
through a French press at 500 Ib/in? and then DNA was extracted by standard
methods (49).

Cloning and sequencing techniques. Standard molecular technique protocols
were employed as described by Sambrook et al. (49), with E. coli DH5« as the
host strain and pUC19 as the vector. Degenerate oligonucleotide probes were
constructed with the N-terminal sequences of both subunits of the 480-kDa CoM
methylase (55). Probe 30A [GA(A/G)ATGAA(A/G)GA(A/G)AA(A/G)GA]
and probe 30B [GA(C/T)GA(A/G)GG(A/G/C/T)AT(A/C/T)ATGAT] comple-
mented DNA encoding the N terminus of the B subunit, and probe 40B [GA(C
/T)TA(C/T)GT(A/G/C/T)CC(A/G/C/T)CC(A/G/C/T)GC] complemented DNA
corresponding to the N terminus of the « subunit. Plasmid DNA for sequencing
was prepared by the alkaline-lysis miniprep method described by Kovalenko et
al. (31). Nested deletions were made with exonuclease III (25). Sequenase
version 2.0 (United States Biochemicals Corp., Cleveland, Ohio) and
[«-*3S]dATP (1,000 Ci/mmol; Amersham Life Science Inc., Arlington Heights,
I11.) were used for sequencing reactions. Both strands of DNA corresponding to
the coding region of the 480-kDa CoM methylase were sequenced.

RNA isolation and Northern hybridizations. RNA was prepared and Northern
blotting was performed by modifications of the techniques described by Henni-
gan and Reeve (27) and Pihl et al. (45). M. barkeri was grown to the mid-log
phase and harvested by filtering through Whatman no. 1 filter paper. The col-
lected cells were immediately resuspended in RNase-free distilled water and
passed through a French press at 20,000 Ib/in? directly into acid phenol-chloro-
form (Ambion Inc., Austin, Tex.). RNA preparations were stored as an ethanol
precipitate at —70°C. The molecular mass of the transcript was estimated by
using RNA size standards (Gibco-BRL, Grand Island, N.Y.).

Determination of transcript start site. The 5’ end of the mts transcript was
determined with an S1 nuclease mapping procedure (49). An M13 ladder gen-
erated by dideoxy sequencing with —40 primer (United States Biochemicals) was
used to determine the size of the protected fragment. In control experiments
where E. coli tRNA was used instead of M. barkeri RNA, no protected fragment
was detected.

Homology searches. BLAST searches (1) were run with the nonredundant
database maintained at the NIH National Center for Biotechnology Information
or the PRODOM database of protein families extracted from SWISSPROT (52).
Searches of the SWISSPROT database were performed by use of the MPsrch
program by S. Sturrock and J. Collins that employs the Smith-Waterman algo-
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rithm (51) on the BLITZ server maintained at EMBL. Multiple alignments of
sequences were made with CLUSTALW (57) on the World Wide Web server
maintained at the Baylor College of Medicine. All of these programs employed
the BLOSUM60 or BLOSUMS62 substitution matrix (26). Similarities of se-
quences in the alignments were calculated by summing the percentage of aligned
residues with a positive score in the substitution matrix with the percentage of
aligned identical residues.

Nucleotide sequence accession number. The sequence described in the present
article is deposited in GenBank under accession number U36337.

RESULTS

Organization of the genes encoding the 480-kDa CoM meth-
ylase. Restriction digests of M. barkeri genomic DNA were
probed with oligonucleotides designed to complement DNA
sequence encoding the N terminus of either the o subunit
or the B subunit of the 480-kDa CoM methylase. A 4.7-kb
EcoRI-HindIIl fragment (hybridizing with the B-specific
probes) and a 3.7-kb PstI fragment (hybridizing with the a-spe-
cific probes) were identified and cloned into pUC19. Subclones
were then generated from nested deletions produced by exo-
nuclease digestion of the original clones and sequenced. The
sequences of the originally cloned fragments were found to
overlap, and the merged sequence contained two open reading
frames which began with the N-terminal sequences of the « or
B subunit of the CoM methylase (Fig. 1).

The gene encoding the « subunit of the CoM methylase
(mtsA) is 5’ to the gene encoding the B subunit (mtsB). The
two genes overlap, since the TGA stop codon of mtsA extends
4 nucleotides into the reading frame of mtsB. A ribosome
binding site complementary to the 3’ region of the 16S rRNA
of M. barkeri (GenBank accession number M59144) is found 9
nucleotides upstream of the start codon of mtsA. A similar
sequence is found 10 nucleotides upstream of the initiation
codon of mtsB. Following mtsB are three polypyrimidine se-
quences (designated T1 through T3) which could be involved
in termination of transcription (47, 63).

Two separate groups of direct repeats were noted upstream
of the initiation codon of mtsA (Fig. 1). The first group extends
from —159 to —200 and consists of three repeats of a 14-
nucleotide sequence (ACTCTCTGGTGTGA) without inter-
vening sequence. The second group extends from —407 to
—464 and consists of two directly repeating 25-nucleotide se-
quences (ATAATAATTAGAAAACAAGAAAAAA) sepa-
rated by 6 nucleotides.

Regulated cotranscription of mfs4 and mtsB. Total RNA
isolated from the organism grown to the late log phase on
either acetate, methanol, or trimethylamine was probed with
DNA complementary to the mRNA encoding MtsA (a syn-
thetic oligonucleotide complementary to nucleotides extending
from positions +42 to +65 and a HindIII-PstI restriction frag-
ment extending from positions +280 to +926) or MtsB (a
PstI-Sall restriction fragment extending from positions +926
to +1269). All three probes identified a fragment of approxi-
mately 1.9 kb in the total RNA isolated from cells grown on
acetate (Fig. 2). The minimal size of a transcript extending
from the start codon of mtsA4 and ending at the stop codon of
mitsB would be 1,926 nucleotides. This suggests the two genes
are transcribed as a single unit.

Equivalent amounts of RNA isolated from cells grown on
trimethylamine or methanol showed little or no signal when
hybridized with the same probes which hybridized with the
1.9-kb transcript present in cells grown on acetate. Transcrip-
tion of the 480-kDa CoM methylase is therefore a regulated
event.

Potential promoter sites of the mts transcript. The meth-
anogen consensus BoxA sequence, TTTA(A/T)ATA (47), has
several close matches upstream of mtsA, which are designated
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-517 cttttgaagatgataacaaacaaaaatataaaattaaacacataaaaaacaaaacataataattag

-45]1 aaaacaagaaaaaacaaaatataataattagaaaacaagaaaaaatgtataaagagtagaaaaata

-385 tgaggattcgttttttcttaacggaaaaatctgggaattacctgtgtatgttcacaatacagtttt
-319 gatgtgaattttccatatacctgtaatatagacttttgatattattttaaacttaactttttttga
-253 atgcgcgettataggatcgttttatactctgtttaagcagaagcaagecttttactctctggtgtyg

-187 aactctctggtgt%actctctggtgtﬁiaatttgagggtcttggqaaaaataaagtggttgttga
A3 A2

-121 acacattcgtgcaatgaaatttnacatatataaatttttccgtattttttagagatatatatatt
s/D
=55 tttccttattatgctaactgcatttagttaaatatccaaatactcatattaataaAtaaaaggaga

M Vs EMTU®PTIRIRVMAARAVILGSGR
+12 catatatcatggtaagtgaaatgactccaacccgaagagttatggcagccgtgcttggaggcaggg
vV D N P L A Q
+78 ttgattacgtaccccccgctaatcccctcgctcagactacaacagaactgatgcagatatgcaatg
A S WP KA HU F D S K M P E
+144 cttcctcgccaaaaqcccactttgacagcaagatgatggcaga"cttgcagccgccccctatgaaa
o} Q
+210 tttgcggcataqagqctgcacgtccccagtttgatatttc"cttgaagcggaggttttgggatgca
R

+276 agCttgattggaacaacchgaccgacctcccgtaacaggtcctgcttataccgatcccqccqaca
I T w&?PDWNULEZ EAGU RTIUPUV VL GATIEE
+342 taacctggcctgacaatctggaagaagccggaagaatcccggtagtgeteggagecaategaggaac
L R K R Y D G M L P PV L T S P F T V A

+408 tgaggaagcggtacgatggtatgcttectgtcataccagtcctgacatetecttttacagtagety
G HIAGVENTLVRW K H A
+474 gccacatagcaggggttgaaaacctggtaagatggacaaagaccgatcccgaaaaageccatgett
F I EA A TDVF VI AY G KUL QT A Y G A H

+540 :tattqaggcaqcaactqatttcgtgatagcttacgqaaagttacagaccgcctacggggcacata
F

+606 tactttttccggcagatccatcagcctcaggagacctga*ttccgggqaaacttacaaagaattcg
vV L R c P L I
+672 tacttcctgcccacaaaaggatggcaaaggaaatcagctgccctttgatcctgcacatctgcggag
D T s L K Q s I F
+738 ataccagcaaacttctqccttacataaagcagagfgqta qatY,gl:tr,<:l:c:ctt‘.tg,:—xt:qccgtf.gu
PV C R Q V
+804 cagtctggtactgccgtcaggtgatggqcaacgagatgtcCattcttggaagcctggacgttatag
M Q Q
+870 accttatgccaaacggcacccctgaacaggtatafaa\:agaactcgagaatgcatcctgcagggag
A G A F G E L
+936 ctgatattgtnggactgcatgcgacgtttcattcggtacttcccttgaaaacctcaggqcctatg
DV E D I I Q
+1002 tcagggcctgcaaggagactccgattccgaaatatgatgatgtggaagacat"atcaggcagatcg
V G I G R NMIKE N L G G M Q K *
s/D M I R H I
+1068 gagtcggtattggaagaaacatgaaggaaaatgtcctgggagggatgcagaaatgatcaggecacat
D M K E K E P A K F K I

+1134 tgaccttgcagttcagaatattttagagatgaaagaaaaagagccc:;caaaatttaaaagactcat
L D E G N K v

+1200 tgacgaagggatcatqathgccttgqggtaqatvttgaagacggaaataaagaagtaactactgt
Q Q V A E A V I

+1266 cgaccagataaagaatcagaacagaccgaaagatcccgaatacgcatccgtagcaqaagctgtgat

E G NN AE TV KL I 8§

+1332 agaaggaaataatgcagaaacagtaaaactcatatctqcvttacttgaaaaaggaaaagatcctac
v 3 D G E

M P
+1398 agatctgqttttcaucgcﬂcctatgcccggaatcvagacvqtgtgtgagctttacgatattgggga
E L A E G V E L C Q K

+1464 gagctatgtgccggaaatcttgctggcaaacgaagctcttatgaaaggagttgaactctgccagaa

P K L D

+1530 aaagaaaggagaagtcccatctcagggaaaagtggtatcccttgttactgtaggaqacctqcatga

I N vV AA I L RANGVFE V I DL G R

+1596 tataggaaaqaatattgtagccgctattctcagagcaaatggcttcgaagtaatcgaccttggaag

+1662 aqatqtaactgtgqaagcagctgt:cgaagccgtaaagtvaacaaaagctaatcttgtcaccggaac

M A N L E P E G V

+1728 aacccttatgag acaaccaaaggaggcctcaaagccctcgcaaatgctctggaacccgagggggt
P L A G G A A V D R R

+1794 ccctctqgcctgcgganggvtgctqtqgacaqgcgtttcgttgatacctttgqgaactcggtata

vV K E S E

+1860 tggaagaacaccaCttgatchgtaaaaatcgcaaaggagatatqtgaaggaaagagctgggaaga

N E
+1926 agcccgcaacgaactttattgattctacttttcttccLgtttttttattttttgvgttcgagattt
+1992 atctctctttcatttagtgaattttaaaatatggaaaacaatitetgtaaaatgaataaagatcag

+2058 acagagacaataaagatcagaataagataataaagattagaaatagacaataaaaaccagaa

FIG. 1. Nucleic acid sequence of mts4 and mtsB and the predicted amino
acid sequence of the o and B subunits of the 480-kDa CoM methylase. Nucle-
otides in the sequence are numbered relative to the 5" end of the transcript
determined by S1 nuclease mapping. Arrows are drawn below two separate sets
of direct repeats. Al, A2, and A3 indicate putative BoxA sequences. Stop codons
are indicated by an asterisk. T1, T2, and T3 indicate sequences which may signal
transcriptional termination. S/D over a boldface sequence indicates a ribosome
binding site.

Al to A3 in Fig. 1. To determine which of these might direct
transcription of mts, we identified the 5’ end of the mts tran-
script in cells grown on acetate. Attempts to use primer exten-
sion were unsuccessful, possibly because the 5’ region of the
mits transcript possesses a high potential for secondary struc-
ture. Therefore, S1 nuclease analysis was employed to map the
start site of the transcript. Total RNA isolated from cells
grown on acetate was denatured in the presence of a radiola-
belled BssHII-HindIII fragment (nt —246 to +279) and al-
lowed to anneal overnight. The major protected DNA frag-
ment identified following S1 nuclease digestion was 279 bases
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44

— 2.37

-
—135

FIG. 2. Detection of mts transcript in RNA extracted from cells grown on
acetate (A), trimethylamine (T), or methanol (M). Numbers on the right indicate
positions and kilobase sizes of RNA standards in the gel following electrophore-
sis. The Northern blot shown was probed with an oligonucleotide complementary
to the 5’ region of the transcript (+42 to +65). Similar results were obtained with
the other probes mentioned in the text.

— 0.24

in length (Fig. 3). A few faint bands were also detected above
and below the major protected fragment. This indicated that
the stable form of the transcript begins 6 nucleotides before
the ribosome binding site indicated in Fig. 1. This is 25 nucle-
otides from the center of the putative BoxA sequence Al,
which is closest to the translational start site.

Homology of MtsB to the cobalamin binding sequence ex-
emplified by methionine synthase. A BLAST search of the
nonredundant database maintained at the National Center for

S1 ATCG
—

—

FIG. 3. Determination of the 5" end of the mis transcript. A 525-bp fragment
was denatured and hybridized to total cellular RNA, and then single-stranded
nucleic acid was digested with S1 nuclease (S1). An M13 DNA sequencing ladder
was used to estimate the size of the protected fragment (ATCG).
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et + o + o+ o+ . ++e +  + o .
MtsB 1 MIRHIDLAVQNILEM KEKEPAKFKRLIDEG IMIGLGVDLEDGNKE VTTVDQIKNQNRPKD
MetH 598 -—-—--GQLAIYDDLPA ELRDAVEDVILNRRD DGTERLLELAEKYRG TKTDDTANAQQAEWR
+  +t+te + ++ 2 ottt ee o 4+ e det et ++
MtsB 61 --PEYASVAEAVIEG NNAETVKLISALLEK GKDPTDLVLNALMPG IQTVCELYDIGESYV
MetH 654 SWEVNKRLEYSLVKG ITEFIEQDTEEARQQ ATRPIEVIEGPLMDG MNVVGDLFGEGKMFL
<---Ial----- > <--IO2---> <mmmm Io3~—======—~ > <-
ot+++ + + + . + o + + st + eetees ecceece teot o +
MtsB 117 PEILLANEALMKGVE LCQ----KKKGEVPS QGKVVSLVIVGDLHD IGKNIVAAILRANGE
MetH 714 PQVVKSARVMKQAVA YLEPFIEASKEQGKT NGKMVIATVKGDVHD IGKNIVGVVLQCNNY
—————————— I0g~—mmmm > <IIB1-> <--—-IIQl-->
ot+teee . . + . ste+ +  o++ + +  fe te +eo oo eee
MtsB 173 EVIDLGRDVTVEAAV EAVKSTKANLVTGTT LMSTTKGGLKALANA LEPEG--VPLACGGA
MetH 774 EIVDLGVMVPAEKIL RTAKEVNADLIGLSG LITPSLDEMVNVAKE MERQGFTIPLLIGGA
<IIP2> <—-=-II02---> <IIP3> <-——---- IIQ3-———==~~ > <IIB4>
+ o+ o +ee + .+ + +e o+
MtsB 231 AVDRRFVDT-—-—---— FGNSVYGRTPLDAVK IAKEICEGKS-—---- ————--— WEEARNELY
MetH 834 TTSKAHTAVKIEQNY SGPTVYVQNASRTVG VVAALLSDTQRDDFV ARTRKEYETVRIQHG
<-IT04> <IIB5-> <-I105 ----- R St ITOG-—==——= >

FIG. 4. Sequence homology of MtsB (B subunit of the 480-kDa CoM methylase) to E. coli methionine synthase. Symbols: ®, identity between MetH and MtsB; +,
alignment of MetH and MtsB residues with positive scores from the BLOSUMS62 matrix used to produce the alignment; ® , alignment of residues that are also identical
in the methionine synthases from C. elegans and M. leprae. Underlined residues (e.g., X) indicate positions that are also identical in alignments of methionine synthases,
MitsB, clostridial glutamate mutase, and human methylmalonyl-CoA mutase. The spans of residues designated Ial and IIB4, etc., indicate a helices or B sheets in

domain I or II of the cobalamin binding fragment of MetH (11).

Biotechnology Information indicated homology of the B sub-
unit of the 480-kDa CoM methylase to cobalamin-dependent
methionine synthase from E. coli (MetH) (2), Caenorhabditis
elegans (GenBank accession number Z46828), and Mycobacte-
rium leprae (GenBank accession number U00017). Homology
was also indicated by a search of the SWISSPROT database
using the EMBL BLITZ server. This search produced an align-
ment of MetH (positions 688 to 838) with MtsB (positions 92
to 236), with a score of 185. The number of sequences in the
database which would randomly give this score when paired
with MtsB over this length was predicted to be 6 X 10~2,

The region of homology is within a tryptic fragment of MetH
which binds cobalamin and whose three-dimensional structure
was recently determined (11). A CLUSTALW alignment of
this region is presented in Fig. 4. The alignment was generated
by use of the sequences of MtsB and all the methionine syn-
thases mentioned above, but only the MetH and MtsB se-
quences are shown. The region of homology extends over both
domains of the MetH cobalamin binding fragment, beginning
with the a helix in MetH, designated Ia3, and continuing
through to B sheet IIB4 (16). Several residues have been iden-
tified as invariant in the binding of cobalamin by MetH (11) as
well as glutamate mutase component S (37) and methylmalo-
nyl-CoA mutase (11). These amino acids are conserved in the
alignment of MetH with MtsB. The only exception was the
substitution of serine at positions 804 and 810 in MetH with
threonine in MtsB.

The sequence GD(L/V)HDIGKNIYV is found in both MetH
and MtsB. In MetH, this sequence is found at the junction of
B sheet IIB1 and « helix Ilal of the cobalamin binding frag-
ment, the histidyl residue serving as the lower axial ligand of
the central cobalt ion of cobalamin.

Homology of MtsA to MT2-A and -M. The sequences of the
MT2-A and MT2-M isozymes have been determined from M.
barkeri NIH (35) and M. barkeri Fusaro (22). BLAST homol-

ogy searches against the nonredundant composite database
maintained at the National Center for Biotechnology Informa-
tion indicated very strong similarity of the « subunit of the
480-kDa CoM methylase with nearly the entire length of both
MT?2 isozymes. The MT2-A (from strain NIH) and « subunit
alignment had a score of 168 with a P(4) value of 3.6 X 107°°,
while that of MT2-M (from strain NIH) with the « subunit had
a score of 191 with a P(3) value of 1.7 X 107%,

An alignment of all three sequences by the CLUSTALW
program is presented in Fig. 5. The o subunit shows an overall
similarity of 49.7% with MT2-A, with 31.2% of aligned resi-
dues being identical. The alignment of the o subunit with
MT?2-M showed an overall similarity of 50.6%, with 26.5%
identity. In comparison, the MT2-A and MT2-M isozymes
were 48.8% similar to each other, with 36.4% identical resi-
dues at aligned positions. The high similarity of the o subunit
to both MT2-A and MT2-M indicates that this protein is a new
member of the MT2 family of methylcobamide:CoM methyl-
transferases.

One notable area conserved among all three proteins was
the sequence (V/I)LHICG, which has been suggested to be
involved in zinc binding by MT2-A and MT2-M (35).

Similarity of MtsA to UROD. It has been noted that the
sequences of MT2-A and MT2-M could be aligned with that of
uroporphyrinogen decarboxylase (UROD) from E. coli (22).
Searches using the BLITZ server of the SWISSPROT database
with the MtsA sequence as the query sequence demonstrated
that this is a general property of members of the MT2 family.
BLITZ searches produced statistically significant alignments of
all three MT2 homologs with UROD from Synechococcus sp.
(30), E. coli (42), Bacillus subtilis (21), Saccharomyces cerevisiae
(17), and Rhodococcus sp. (SWISSPROT P42503). For exam-
ple, the BLITZ alignment of positions 9 to 328 of the MT2-M
sequence with the Synechococcus UROD sequence indicated
60% similarity and 35% identity in this region. The Synecho-
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MT2-M 1 -MSEFTLKTRLLAALEGKPVDKVPVCSVTQTGIVELMDEVGAAWPEAHTNPELMAKL

MT2-A 57 AEAAHTVVGFEAVRVPFDITAEAEFFGCGIKAGDLKQQP-SVIKPSVKNLEDLEKLK

« o 4 + o oo o seet oo ce + + e . o+ + e+
MtsA 58 AAAPYEICGIEAARPQFDISLEAEVLGCKLDWNKPDRPP--VTGPAYTDPADITWPD
o o ee4 efee o 4+ 44 o teettt +o o . + .

MT2-M 57 AIANYELSGLEAVRLPYCLTVLGEAMGCEINMGTKNRQPSVTASPYPKNLDGAAVPA

MT2-A 113 NYNLKEGRIAVVLEAVKILSEKYGKELPIIGSMIGPFSLAQHINGDAWFGNLFTG-E

. 4+ eeo et o4+ o ++e eote + eotte oo o
MtsA 113 NL-EEAGRIPVVVGAIEELRKRYDGMLPVIPVLTSPFTVAGHIAGVENLVRWTKTDP
+e 4 see ot eot teti +edte  + e eds 4+ edd 4o+

MT2-M 114 DL-LQRNRIPAVLEAIKIVREKVGPDVPIIGGMEGPVTLASDLISVKSFMKWSIKKT
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. o« 4+ ee oo o . + eetfee foe oo of++ o o++
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. .ot foeseotot . + 4o+ « » .4
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+ 4+ teeeee 4 4o 4 o+ e 4 +eot+  ++

MT2-M 227 S---ASVNSVTVLHICGKVNAILSDMADCGFEGLSVEEKIGDAAEGKKVIGDRARLV

MT2~A 281 GNLDPVAVLWNGTPEEIAEASKKALDAGVGLLTVGCGTVSMTPTVNLQKMIECAKSH

stee + 4 seeeeiy +H+ o+ e 44 . . eet  + .
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o+ + e 444 + o+ e et o F+ e seette o o e
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MT2-A 338 TY-—————————————m e ——

MtsA 335 PIPKYDDVEDIIRQIGVGIGRNMKENVLGGMQK

MT2-M 338 YA~———=————=—————————

FIG. 5. Sequence homology of MtsA (a subunit of the 480-kDa CoM methylase) with MT2-A and MT2-M. Identities (®) and positive residue pairings (+) in the
BLOSUMBS62 matrix are indicated. The symbols refer only to the alignments between the MT2 sequence above or below the sequence of MtsA. The MT?2 isozyme
sequences are from M. barkeri NIH (GenBank accession numbers U38918 and U38919) (35).

coccus UROD sequence was aligned with positions 85 to 336 of
the MT2-A sequence, with 58% similarity and 39% identity.
The program aligned positions 52 to 292 of the MtsA sequence
with the E. coli UROD sequence and found 63% similarity
over this region, with 29% identical residues.

BLAST searches of the PRODOM database of consensus
sequences derived from the aligned protein families further
confirmed the relationship between the MT2 family of
polypeptides and the UROD proteins. The UROD consensus
sequence was aligned with four segments of the MtsA se-
quence, extending from positions 67 to 281 with a score of 82
and a P(4) value of 3.8 X 107'°. The consensus sequence had
25% identity and an overall similarity of 46% when aligned by
CLUSTALW with this same region of the MtsA sequence. The
overall similarity of the UROD enzymes to the MT?2 family of
proteins allows an alignment of the sequences of these two sets
of proteins (Fig. 6). Notable are tyrosine, phenylalanine, gly-
cine, and proline residues conserved among all UROD and
MT?2 polypeptide sequences.

DISCUSSION

The 480-kDa methylcobalamin:CoM methyltransferase is a
regulated protein which can constitute more than 1% of the
soluble protein in cells grown on acetate (33). This is not
surprising for a protein involved in a major catabolic reaction
such as the methylation of CoM (55). The region 5’ of the mts
operon has features which may reflect the strong and regulated
expression of the protein. We could identify three putative
methanogen BoxA sequences preceding mits4. While multiple
promoters are often observed preceding highly expressed
genes, only one of these appears functional during transcrip-
tion of mts in acetate-grown cells. The center of the proximal
BoxA sequence Al is within the expected distance of 27 + 4
nucleotides from the transcriptional start (47, 63). Al would
not be predicted to be a strong promoter, since the placement
of a purine in the first position would decrease transcription
initiation (24, 44). However, the 480-kDa protein is transcrip-
tionally regulated, and a weak promoter such as this might
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region is the presence of two separate groups of directly re-

peating sequences. Direct repeats have been implicated in reg-
ulation of transcription both in Eucarya and Bacteria (34, 38).

Direct repeats have been noted previously in Methanosarcina
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FIG. 6. Sequence alignment of the « subunit of the 480-kDa corrinoid CoM methylase (MtsA), MT2-A, and MT2-M isozymes with URODs from E. coli (Ec),
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also possible that the other putative promoter sequences direct

require an activation factor produced in response to a physio-
logical signal to initiate strong transcription of the gene. It is
transcription but that the transcript is processed and we are
simply observing the most stable form of the mts transcript.
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species (41, 50). It is possible that the repeating sequences
might be involved in the regulated transcription of the mts
operon. Only one function for direct repeats has been demon-
strated in Methanosarcina species. The 3’ ends of four different
transcripts of the pta operon were mapped to the beginnings of
four consecutive direct repeats (50). The function of the re-
peating sequences upstream of the mts operon is not as clear,
since no open reading frame terminates within or near either
set of repeating sequences.

The 480-kDa protein carries out CoM methylation with ei-
ther free methylcobalamin or the endogenously bound corri-
noid cofactor (55). The role of the B subunit in the latter
reaction appears to be tight binding of the corrinoid cofactor,
since this subunit possesses the corrinoid binding motif iden-
tified in methionine synthase, glutamate mutase, and methyl-
malonyl-CoA mutase (11, 37). This is the first identification of
a known corrin binding site in a methanogenic protein. The
homology of the corrinoid binding site is much higher between
methionine synthase and MtsB than between either methyl-
transferase and the mutases. This is not due to the interaction
of the 480-kDa protein with MetH substrates. Methionine syn-
thase catalyzes the methylation of homocysteine with methyl-
tetrahydrofolate, but the 480-kDa protein is not methylated by
methyltetrahydrosarcinapterin or demethylated by homocys-
teine. The « subunit, not the B subunit, methylates the thiol of
CoM (55). Rather, the homology between MtsB and MetH
seems to reflect the binding of methylated cobamides. For
example, the two longest helices of domain I in the MetH
cobalamin binding fragment (designated I3 and Ia4) are con-
served between MetH and the 480-kDa CoM methylase but
are lacking in the adenosylcobalamin-binding mutases (11).

The sequence corresponding to the loop between the first 8
sheet (IIB1) and « helix (Ilal) of MetH is almost identically
conserved in MtsB. Crystallography and electron paramagnetic
resonance spectroscopy have shown that in MetH, the histidyl
residue of this loop serves as the a ligand of the central cobalt
ion of the bound cobalamin (11). The base of the corrinoid
cofactor is no longer ligated to cobalt and is sequestered in a
hydrophobic pocket. The strong sequence homology between
MtsB and the MetH IIB1-Ilal loop, as well as the extension of
sequence homology to the residues which line the benzimid-
azole binding pocket, suggests that binding of corrinoid occurs
by a similar mechanism in MtsB. We could not detect homol-
ogy between other sequenced methanogen corrinoid proteins
(18, 39, 53) and MetH.

The isolated o subunit of the 480-kDa protein carries out the
methylation of CoM with free methylcobalamin as well as with
the corrinoid ligated to the B subunit (55). The primary se-
quence of the a subunit revealed that this methylcobalamin:
CoM methyltransferase is homologous to MT2-A and MT2-M.
The « subunit of the 480-kDa protein, MT2-A, and MT2-M
can therefore now be classified as members of a single family
of homologous methyl-cobamide:CoM methyltransferases.

The tight association of this novel MT2 homolog, the «
subunit, with the corrinoid-ligating B subunit is unlike either
MT2-A or MT2-M, which are both isolated as monomeric
polypeptides without a bound corrinoid polypeptide (19).
MT2-A is encoded on a monocistronic transcript (22), while
the o and B subunits of the 480-kDa protein are cotranscribed.
An explanation for these differences may lie in the need for
MT2-M and MT2-A to bind with several different corrinoid
proteins during methanogenesis from different substrates.
MT2-M interacts with a 122-kDa corrinoid protein (MT1) dur-
ing methanogenesis from methanol (59). MT2-A associates
with a 29-kDa corrinoid protein during methanogenesis from
monomethylamine (8). Both MT2-A and MT2-M can interact
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with a 26-kDa corrinoid protein during methanogenesis from
trimethylamine (12). MT2-A or MT2-M must have higher dis-
sociation constants with these different corrinoid proteins than
that of the o subunit with the B subunit of the 480-kDa corri-
noid protein. Apparently, dissociation of this novel MT2 ho-
molog, MtsA, from the interactive corrinoid protein, MtsB, is
neither thermodynamically nor physiologically favored.

MT?2 homologs bind corrinoid since they mediate CoM
methylation with methylcobamides. The similarity of all three
members of the MT2 family to UROD may have revealed a
second corrinoid binding motif in methanogens. The substrate
of UROD, uroporphyrinogen III, is a tetrapyrrole ring, al-
though it lacks a nucleoside such as that found in corrinoid
cofactors. Long segments of each of the MT2 homolog se-
quences can be aligned with their most-similar UROD se-
quence with approximately 30% identity. Protein domains with
this level of identity often adopt similar folding structures (43).
The two protein families may have maintained similar struc-
tures to bind their respective tetrapyrrole substrates.

The 480-kDa corrinoid protein thus appears to be composed
of two proteins, both of which bind the corrinoid cofactor by
two different mechanisms. The possession of the signature
residues of the MetH corrinoid binding motif (11) by MtsB
suggests that the B subunit binds the lower face of the cofactor,
with a histidyl residue serving as o ligand to the cobalt, and the
benzimidazole bound in a hydrophobic pocket. The a subunit
may therefore interact primarily with the upper face or edges
of the corrin ring, possibly in a manner similar to tetrapyrrole
binding by UROD:s.

As an MT?2 homolog and its associated corrinoid protein,
MtsA and MtsB provide a model for the interaction of corri-
noid in other MT2 homologs and their associated corrinoid
proteins. Since MT2-A, MT2-M, and MtsA are homologous, it
seems likely that the corrinoid proteins which associate with
them (8, 12, 59) will also be homologous and have the MetH
corrinoid binding motif. Recently, it was found that the corri-
noid protein involved in monomethylamine metabolism does
possess this same motif (7).

Since the 480-kDa CoM methylase consists of a polypeptide
with a strong corrinoid binding motif tightly bound to a novel
member of the MT2 family, one would predict its participation
in the transfer of methyl groups from a methylotrophic metha-
nogenic substrate to CoM, by analogy to the metabolic roles of
MT2-A and MT2-M. Recent results from our laboratory have
demonstrated that the purified 480-kDa protein is responsible
for the methylthiol:CoM methylase activity which is induced
when M. barkeri is cultured on acetate (54).

ACKNOWLEDGMENTS

This research was supported by a grant from the Energy Biosciences
Division of the DOE Office of Basic Energy Sciences (DE-FGO02-
91ER2000042).

Our sincere thanks and appreciation are extended to our colleagues
in the Department of Microbiology at Ohio State University for their
insight and assistance during the development and execution of this
research.

REFERENCES

1. Altschul, S. F., W. Gish, W. Miller, E. W. Meyer, and D. J. Lipman. 1990.
Basic local alignment search tool. J. Mol. Biol. 215:403-410.

2. Banerjee, R. V., N. L. Johnston, J. K. Sobeski, P. Datta, and R. G. Matthews.
1989. Cloning and sequence analysis of the Escherichia coli metH gene
encoding cobalamin-dependent methionine synthase and isolation of a tryp-
tic fragment containing the cobalamin-binding domain. J. Biol. Chem. 264:
13888-13895.

3. Becher, B., V. Miiller, and G. Gottschalk. 1992. Ns—methyl—tetrahydro__meth—
anopterin:coenzyme M methyltransferase of Methanosarcina strain G1 is an
Na™-translocating membrane protein. J. Bacteriol. 174:7656-7660.



6606

4.

(=2}

10.

11.

12.

13.

14.
15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

PAUL AND KRZYCKI

Blaut, M., U. Deppenmeier, B. Kamlage, D. Westenberg, B. Becher, V.
Muller, and G. Gottschalk. 1993. Mechanisms of energy conservation in
methanogenic bacteria, p. 171-180. In J. C. Murrell and D. P. Kelly (ed.),
Microbial growth on C1 compounds. Intercept Ltd., Andover, England.

. Bock, A.-K., A. Prieger-Kraft, and P. Schonheit. 1994. Pyruvate—a novel

substrate for growth and methane formation in Methanosarcina barkeri.
Arch. Microbiol. 161:33-46.

. Boone, D. R., W. B. Whitman, and P. Rouviere. 1994. Diversity and taxonomy

of methanogens, p. 35-80. In J. G. Ferry (ed.), Methanogenesis: ecology,
physiology, biochemistry, and genetics. Chapman & Hall, New York.

. Burke, S. A,, and J. A. Krzycki. Manuscript in preparation.
. Burke, S. A, and J. A. Krzycki. 1995. Involvement of the “A” isozyme of

methyltransferase IT and the 29-kilodalton corrinoid protein in methanogen-
esis from monomethylamine. J. Bacteriol. 177:4410-4416.

. Cao, X., and J. A. Krzycki. 1991. Acetate-dependent methylation of two

corrinoid proteins in extracts of Methanosarcina barkeri. J. Bacteriol. 173:
5439-5448.

Daniels, L. 1993. Biochemistry of methanogenesis, p. 41-112. In M. Kates,
D. J. Kushner, and A. T. Matheson (ed.), The biochemistry of Archaea
(Archaebacteria). Elsevier Science Publishing, Inc., New York.

Drennan, C. L., S. Huang, J. T. Drummond, R. G. Matthews, and M. L.
Ludwig. 1994. How a protein binds B;,: a 3.0 A X-ray structure of B,-
binding domains of methionine synthase. Science 266:1669-1674.
Ferguson, D. J., and J. A. Krzycki. Reconstitution of trimethylamine-depen-
dent CoM methylation with the trimethylamine corrinoid protein (TCP) and
the isozymes of methyltransferase II from Methanosarcina barkeri. J. Bacte-
riol. Submitted for publication.

Ferguson, D. J., J. A. Krzycki, and D. A. Grahame. 1996. Specific roles of
methylcobamide:coenzyme M methyltransferase isozymes in metabolism of
methanol and methylamines in Methanosarcina barkeri. J. Biol. Chem. 271:
5189-5194.

Ferry, J. G. 1992. Biochemistry of methanogenesis. Crit. Rev. Biochem. Mol.
Biol. 27:473-503.

Ferry, J. G. 1992. Methane from acetate. J. Bacteriol. 174:5489-5495.
Finster, K., Y. Tanimoto, and F. Bak. 1992. Fermentation of methanethiol
and dimethylsulfide by a newly isolated methanogenic bacterium. Arch.
Microbiol. 157:425-430.

Garey, J. R., R. Labbe-Bois, A. Chelstowska, J. Rytka, L. Harrison, J.
Kushner, and P. Labbe. 1993. Uroporphyrinogen decarboxylase in Saccha-
romyces cerevisiae. hemI2 gene sequence and evidence for two conserved
glycines essential for enzymatic activity. Eur. J. Biochem. 205:1011-1016.
Girtner, P., D. S. Weiss, U. Harms, and R. K. Thauer. 1994. N>-Methyltet-
rahydromethanopterin:coenzyme M methyltransferase from Methanobacte-
rium thermoautotrophicum, catalytic mechanism and sodium ion depen-
dence. Eur. J. Biochem. 226:465-472.

Grahame, D. A. 1989. Different isozymes of methylcobalamin:2-mercapto-
ethanesulfonate methyltransferase predominate in methanol-versus acetate-
grown Methanosarcina barkeri. J. Biol. Chem. 264:12890-12894.

Grahame, D. A. 1991. Catalysis of acetyl-CoA cleavage and tetrahydrosar-
cinapterin methylation by a carbon monoxide dehydrogenase-corrinoid en-
zyme complex. J. Biol. Chem. 266:22227-22233.

Hansson, M., and L. Hederstedt. 1992. Cloning and characterization of the
Bacillus subtilis hemEHY gene cluster, which encodes protoheme IX biosyn-
thetic enzymes. J. Bacteriol. 174:8081-8093.

Harms, U., and R. K. Thauer. 1996. Methylcobalamin:coenzyme M methyl-
transferase isoenzymes MtaA and MtbA from Methanosarcina barkeri. Clon-
ing, sequencing and differential transcription of the encoding genes and
functional overexpression of the mtaA gene in Escherichia coli. Eur. J. Bio-
chem. 235:653-659.

Harms, U., D. S. Weiss, P. Girtner, D. Linder, and R. K. Thauer. 1995. The
energy conserving N°>-methyltetrahydromethanopterin:coenzyme M methyl-
transferase complex from Methanobacterium thermoautotrophicum is com-
posed of eight different subunits. Eur. J. Biochem. 228:640-648.

Hausner, W., G. Frey, and M. Thomm. 1991. Control regions of an archael
gene: a TATA box and an initiator element promote cell-free transcription
of the tRNA(val) gene of Methanococcus vannielii. J. Mol. Biol. 222:495-508.
Henikoff, S. 1984. Unidirectional digestion with exonuclease III creates tar-
geted break points for DNA sequencing. Gene 28:351-359.

Henikoff, S., and J. G. Henikoff. 1992. Amino acid substitution matrices from
protein blocks. Proc. Natl. Acad. Sci. USA 89:10915-10919.

Hennigan, A. N., and J. N. Reeve. 1994. mRNAs in the methanogenic ar-
chaeon Methanococcus vannielii: numbers, half-lives, and processing. Mol.
Microbiol. 11:655-670.

Inoue, H., H. Nojima, and H. Okayama. 1990. High efficiency transformation
of Escherichia coli with plasmids. Gene 96:23-28.

Kengen, S. W. M,, P. J. H. Daas, E. F. G. Duits, J. T. Keltjens, C. van der
Drift, and G. D. Vogels. 1992. Isolation of a 5-hydroxybenzimidazolyl cob-
amide-containing enzyme involved in the methyltetrahydromethanopterin:
coenzyme M methyltransferase reaction in Methanobacterium thermoautotro-
phicum. Biochim. Biophys. Acta 1118:249-260.

Kiel, J., A. A. M. Ten Berge, and G. Venema. 1992. Nucleotide sequence of
the Synechococcus sp. PCC7942 hemE gene encoding the homologue of

31

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.
55.

56.

J. BACTERIOL.

mammalian uroporphyrinogen decarboxylase. DNA Seq. 2:415-418.
Kovalenko, S. A., M. Tanaka, and T. Ozawa. 1994. Simple methods for
preparation of plasmid DNA yielding long and accurate sequence data.
Nucleic Acids Res. 22:5771-5772.

Kremer, J., S. Burchfield, C. Frazier, and J. Krzycki. 1994. Differential in
vitro methylation and synthesis of the 480-kilodalton corrinoid protein in
Methanosarcina barkeri grown on different substrates. J. Bacteriol. 176:253—
255.

Kremer, J. D., X. Cao, and J. Krzycki. 1993. Isolation of two novel corrinoid
proteins from acetate-grown Methanosarcina barkeri. J. Bacteriol. 175:4824—
4833.

Kwon, H.-B., S.-C. Park, H.-P. Peng, H. M. Goodman, J. Dewdney, and
M.-C. Shih. 1994. Identification of a light-responsive region of the nuclear
gene encoding the B subunit of chloroplast glyceraldehyde 3-phosphate
dehydrogenase from Arabidopsis thaliana. Plant Physiol. 105:357-367.
LeClerc, G. M., and D. A. Grahame. 1996. Methylcobamide:coenzyme M
methyltransferase isozymes from Methanosarcina barkeri: physicochemical
characterization, cloning, sequence analysis, and heterologous gene expres-
sion. J. Biol. Chem. 271:18725-18731.

Lu, W.-P., B. Becher, G. Gottschalk, and S. W. Ragsdale. 1995. Electron
paramagnetic resonance spectroscopy and electrochemical characterization
of the partially purified N°-methyltetrahydromethanopterin:coenzyme M
methyltransferase from Methanosarcina mazei Go1. J. Bacteriol. 177:2245—
2250.

Marsh, E. N. G., and D. E. Holloway. 1992. Cloning and sequencing of
glutamate mutase component S from Clostridium tetanomorphum. FEBS
Lett. 310:167-170.

Mattern, S. G., M. E. Brawner, and J. Westpheling. 1993. Identification of a
complex operator for galPI, the glucose-sensitive, galactose-dependent pro-
moter of the Streptomyces galactose operon. J. Bacteriol. 175:1213-1220.
Maupin-Furlow, J., and J. G. Ferry. 1996. Characterization of the cdhD and
cdhE genes encoding subunits of the corrinoid/iron-sulfur enzyme of the CO
dehydrogenase complex from Methanosarcina thermophila. J. Bacteriol. 178:
340-346.

Meakin, S. A., J. H. Nash, W. D. Murray, K. J. Kennedy, and G. D. Sprott.
1991. A generally applicable technique for the extraction of restrictable
DNA from methanogenic bacteria. J. Microbiol. Methods 14:119-126.
Morris, C. J., and J. N. Reeve. 1988. Conservation of structure in the human
gene encoding argininosuccinate synthetase and the argG genes of the ar-
chaebacteria Methanosarcina barkeri MS and Methanococcus vannielii. J.
Bacteriol. 170:3125-3130.

Nishimura, K., T. Nakayashiki, and H. Inokuchi. 1993. Cloning and se-
quencing of the hemE gene encoding uroporphyrinogen IIT decarboxylase
(UPD) from Escherichia coli K-12. Gene 133:109-113.

Orengo, C. A., D. T. Jones, and J. M. Thornton. 1994. Protein superfamilies
and domain superfolds. Nature (London) 372:631-634.

Palmer, J. R., and C. J. Daniels. 1995. In vivo definition of an archael
promoter. J. Bacteriol. 177:1844-1849.

Pihl, T. D., S. Sharma, and J. N. Reeve. 1994. Growth phase-dependent
transcription of the genes that encode the two methyl coenzyme M reductase
isozymes and N°-methyltetrahydromethanopterin:coenzyme M methyltrans-
ferase in Methanobacterium thermoautotrophicum AH. J. Bacteriol.
176:6384-6391.

Pol, A., C. van der Drift, and G. D. Vogels. 1982. Corrinoids from Methano-
sarcina barkeri: structure of the a-ligand. Biochem. Biophys. Res. Commun.
108:731-737.

Reeve, J. N. 1992. Molecular biology of methanogens. Annu. Rev. Microbiol.
46:165-191.

Rinker, A. G., Jr., and D. R. Evans. 1991. Isolation of chromosomal DNA
from a methanogenic Archaebacteria using a french pressure cell press.
BioTechniques 11:612-613.

Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular cloning: a
laboratory manual, 2nd ed., p. 1626. Cold Spring Harbor Laboratory, Cold
Spring Harbor, N.Y.

Singh-Wissmann, K., and J. G. Ferry. 1995. Transcriptional regulation of the
phosphotransacetylase-encoding and acetate kinase-encoding genes (pfa and
ack) from Methanosarcina thermophila. J. Bacteriol. 177:1699-1702.

Smith, T. F., and M. S. Waterman. 1981. Identification of common molec-
ular subsequences. J. Mol. Biol. 147:195-197.

Sonnhammer, E. L., and D. Kahn. 1994. The modular arrangement of
proteins as inferred from analysis of homology. Protein Sci. 3:482-492.
Stupperich, E., A. Juza, M. Hoppert, and F. Mayer. 1993. Cloning, sequenc-
ing and immunological characterization of the corrinoid-containing subunit
of the N°-methyltetrahydromethanopterin:coenzyme M methyltransferase
from Methanobacterium thermoautotrophicum. Eur. J. Biochem. 217:115-
121.

Tallant, T., and J. Krzycki. Manuscript in preparation.

Tallant, T. C., and J. A. Krzycki. 1996. Coenzyme M methylase activity of the
480-kilodalton corrinoid protein from Methanosarcina barkeri. J. Bacteriol.
178:1295-1301.

Tanaka, K. 1994. Anaerobic degradation of tetramethylammonium by a
newly isolated marine methanogen. J. Ferment. Bioeng. 78:386-388.



VoL. 178, 1996

57. Thompson, J. D., D. G. Higgins, and T. J. Gibson. 1994. CLUSTAL W:

improving the sensitivity of progressive multiple sequence alignment through
sequence weighting, position specific gap penalties and weight matrix choice.
Nucleic Acids Res. 22:4673-4680.

58. van der Meijden, P., H. J. Heythuysen, A. Pouwels, F. Houwne, C. van der

Drift, and G. D. Vogels. 1983. Methyltransferases involved in methanol
conversion by Methanosarcina barkeri. Arch. Microbiol. 134:238-242.

59. van der Meijden, P., B. W. te Brommelstroet, C. M. Poirot, C. van der Drift,

and G. D. Vogels. 1984. Purification and properties of methanol:5-hydroxy-
benzimidazolylcobamide methyltransferase from Methanosarcina barkeri. J.
Bacteriol. 160:629-635.

60. Weiss, D. S., P. Girtner, and R. K. Thauer. 1994. The energetics and

A NOVEL M.

61.
62.

63.

BARKERI METHYLTRANSFERASE II HOMOLOG 6607

sodium-ion dependence of N°-methyltetrahydromethanopterin:coenzyme M
methyltransferase studied with cob(I)alamin as methyl acceptor and meth-
ylcob(III)alamin as methyl donor. Eur. J. Biochem. 226:799-809.

Wolfe, R. S. 1991. My kind of biology. Annu. Rev. Microbiol. 45:1-35.
Yeliseev, A., P. Girtner, U. Harms, D. Linder, and R. K. Thauer. 1993.
Function of methylcobalamin:coenzyme M methyltransferase isoenzyme IT
in Methanosarcina barkeri. Arch. Microbiol. 159:530-536.

Zillig, W., P. Palm, H.-P. Klenk, D. Langer, U. Hiidepohl, J. Hain, M.
Landendorfer, and I. Holz. 1993. Transcription in the Archaea, p. 367-391.
In M. Kates, D. J. Kushner, and A. T. Matheson (ed.), The biochemistry of
Archaea (Archaebacteria). Elsevier Science Publishing, Inc., New York.



