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ABSTRACT The genes that encode the a, f3, and y
subunits of component C of methyl coenzyme M reductase
(mcrA, mcrB, and mcrG) in Methanococcus vannielii have been
cloned and sequenced, and their expression in Escherichia coli
has been demonstrated. These genes are organized into a
five-gene cluster, mcrBDCGA, which contains two genes,
designated mcrC and mcrD, with unknown functions. The mcr
genes are separated by very short intergenic regions that
contain multiple translation stop codons and strong ribosome-
binding sequences. Although the genome of M. vannielii is 69
mol % A+T, there is a very strong preference in the mcrA,
mcrB, and mcrG genes for the codon with a C in the wobble

C Cposition in the codon pairs AAU (asparagine), GAU (aspartic
C C Cacid), CAU (histidine), AUU (isoleucine), UUU (phenylala-

Cnine), and UAU (tyrosine). The mcrC and mcrD genes do not

show this codon preference and frequently have U or A in the
wobble position. As the codon pairs listed above are likely to be
translated by the same tRNA with a G in the first anticodon
position, the presence ofC in the wobble position might ensure
maximum efficiency of translation of transcripts of these very
highly expressed genes.

Methanogenesis, the terminal step in the anaerobic biodegra-
dation ofbiomass, is a process ofmajor importance in the global
cycling ofcarbon. Although the substrate may be CO2, formate,
methanol, methylamines, or acetate, the final reaction resulting
in the release ofCH4 is, in all methanogens, the reduction ofthe
CH3 moiety of 2-(methylthio)ethanesulfonic acid. This reaction
is catalyzed by a complex enzyme system, known as methyl
coenzyme M reductase (methyl reductase), which constitutes
5-12% of the cellular protein (1-7). Methyl reductase has been
resolved by purification into protein components A and C and
a small cofactor, component B (3, 4). Component C is thought
to be the actual site of methyl group reduction. Here we report
the cloning, DNA sequence determination, and expression in
Escherichia coli of the genes (mcr) that encode the a, 13, and y
subunits of component C of methyl coenzyme M reductase in
Methanococcus vannielii. Cloning ofmcr genes from the marine
Methanococcus voltae has been reported (5, 8, 9) but without
detailed DNA sequence data.

MATERIALS AND METHODS
Purification of Methyl Reductase and Production of Antise-

ra. Methyl reductase component C was purified from M.
vannielii by the procedure of Ellefson and Wolfe (4). Purified
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holoenzyme was used to raise rabbit anti-methyl reductase
antibodies. Antisera preparations were shown by immuno-
blot analyses to contain antibodies that bound to the a, 1B, and
y subunits of component C.
Cloning and Subcloning of the M. vannielu mcr Genes. A

gene library was constructed by ligation of an EcoRI partial
digest of M. vannielii genomic DNA into Xgtll (10). Recom-
biniant Xgtll clones were screened for their ability to direct
the synthesis of antigens in infected cells ofE. coli that bound
the rabbit anti-methyl reductase antibodies. Peroxidase-
labeled anti-rabbit goat immunoglobin was used to detect the
antigen-rabbit antibody complexes (10). DNA was prepared
from peroxidase-positive recombinant clones (Xgt11MR),
and restriction enzyme maps of the M. vannielii DNAs
cloned in these phages were constructed.
Two different oligonucleotide probes were synthesized for

each mcr gene designed to hybridize to adjacent but nonover-
lapping regions of the a-, 1-, and y-encoding genes (Fig. 1).
DNA preparations from the Xgt1lMR phages were screened
by Southern hybridization analysis (11) to identify phages
that contained DNA sequences complementary to the oligo-
nucleotide probes. Hybridization of DNA from two such
phages, Xgt11MR7A (a- and y-probe positive) and Xgtll-
MR8A (13-probe positive), to digests of M. vannielii genomic
DNA indicated that DNA from both phages hybridized to a
common 4.3-kilobase-pair (kbp)' HindIII fragment that was
subsequently cloned into pUC18 (12) to produce plasmid
pET4300 (Fig. 1).
DNA Sequencing. The M. vannielii DNA cloned in

Xgt1MR7A, Xgt11MR8A, and pET4300 and subcloned into
plasmids, as indicated in Fig. 2, was sequenced by chemical
cleavage methods (13). A detailed sequencing strategy is
available upon request.

Labeling of Polypeptides Synthesized in E. coli Minicells.
Polypeptides encoded by plasmids were labeled and identi-
fied by their synthesis in minicells incubated in the presence
of L-[35S]methionine or a mixture of 14C-labeled amino acids
(14). A Zeineh soft laser scanning densitometer was used to
quantitate the exposure of the fluorograms.

RESULTS
Purification of Component C of Methyl Reductase and

Design of Oligonucleotide Probes. The a-, 83-, and y-subunit
polypeptides of purified component C were eluted from gels
to provide material for determination of amino-terminal
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FIG. 1. Preparation of the subunits of component C and design of the oligonucleotide probes. Methyl reductase component C (MR) was
purified (4) from M. vannielii. The a, (3, and y subunits, separated by NaDodSO4/PAGE, had electrophoretic mobilities indicative of molecular
weights of 63,000, 48,000, and 29,500, respectively. Nonoverlapping mixed oligonucleotide probes, with the sequences shown, were designed
as indicated from two regions of each amino acid sequence. The DNA sequences obtained for the corresponding regions of mcrA (a-encoding),
mcrB (,8-encoding), and mcrG (<-encoding) are shown as the noncoding strand aligned below the encoded amino acids (identified by the
single-letter code).

amino acid sequences. Eluted y subunits always migrated in
subsequent gels to form two bands; however, the polypep-
tides in these two bands were found to have identical
amino-terminal amino acid squences (Fig. 1). The amino acid
sequences obtained are aligned in Fig. 1 with the DNA
sequences synthesized as oligonucleotide probes and with
the DNA sequences eventually determined for the corre-
sponding regions of the mcr genes. The /3 and y subunits did
not have amino-terminal methionine residues; a definitive
identification of the first two amino-terminal residues of the
a subunit was not possible. A mistake in the design of the
oligonucleotides was the use of only UUU at positions
designating incorporation of phenylalanine residues. Occur-
rence of the UUC codon had been found to be extremely rare
in M. vannielii genes (15-17); however, the preferred phen-
ylalanine-encoding codon in the a-, /3-, and v-encoding genes
is, in fact, UUC (see Table 2).

Subcloning, Physical Organization, and DNA Sequences of
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the mcr Genes. The M. vannielii DNA, cloned in Xgtl1MR1A,
XgtllMR8A, and pET4300, was shown by restriction enzyme
analyses and Southern hybridizations to be organized as
shown in Fig. 2. The DNA sequence is presented in Fig. 3.
The genes encoding the a, /3, and y subunits of component C
have been designated mcrA, mcrB, and mcrG, respectively,
and encode polypeptides with the properties listed in Table 1.
A most unexpected finding was that the mcrB and mcrG
genes are separated by two additional genes, designated
mcrD and mcrC, which if expressed would direct the syn-
thesis of polypeptides with the properties listed in Table 1. It
appears likely that mcrBDCGA is a single transcriptional
unit, since the intergenic regions are very short containing
both multiple translation termination codons and strong
ribosome-binding sequences (17). The bases that surround
the ATG initiation codons are conserved, giving a consensus
translation initiation sequence of 5' CTCTATGG for mcrA,
mcrB, and mcrG.
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5' -AAAAAAIAGGAGTGGTTCCTATGGTAAAG-33
5 -AAATTATAAGGIAIAATCTATGATCGAA-3
5' -CGACAGAAIAATGILATTTTATGCCCGTA-33
5 -ATTINGTIAGGIATCTTATGGCATAT-3
5 TIAAGCCATLGAGGITACTTATGGAAGCT-3'

5'*AAATTAGGGTTGTCI

5 -TAATCCTATGAATATTTAAGGAGGGCCTTTTGGCCTTCCTTTTTT; 3'

FIG. 2. Organization and subcloning of the mcrBDCGA genes. The M. vannielii genomicDNA cloned in XgtllMR8A and XgtllMR7A exends
3.5 kbp and 1.7 kbp to the left and right, respectively, of the mcrBDCGA gene cluster. The DNAs subcloned into pUC18 (12) to produce the
pET plasmids shown are bracketed by arrows, which indicate the sites and the restriction enzymes used in subcloning (H, HindIII; P, Pst I;
E, EcoRI). There is a second very small EcoRI fragment (39 bp; see Fig. 3) in mcrC, which is not indicated in the figure but is cloned in pET800.
The DNA sequences immediately upstream and surrounding the initiation ATG codon of each rmcr gene are listed below the diagram. The bases
in larger print, in addition to the ATG codons, indicate the proposed ribosome-binding sites and translation termination codons are underlined.
The sequence extending 3' from the termination codon of mcrA is also shown.
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0
80
160

EcoR I
aagcttttggttcatattaccatcttatttacttttataaaaatagtagtaagtagtaattcattaaaaatagaattcca
atattagtttttgtcatgctaattacaaatttatctagtattagctagcatgataagatataattaacctaatccaaaac

**** * ** _-mcrB
240 tgatgtatatatcaaaaaaataggagtggttcctATGGTAGTATGAAGACAAAATAAGTTTGTACGATGCGAAAGGAA

m v k y e d k i s I y d a k g n

320 ACCTAGTAGCAGAAAATGTACCATTGGAAGCTATTAGCCCATTATACAACCCTACCATCAAAAGCATGTTAAAGAACATT
1 v a e n v p l e a i s p 1 y n p t i k s m I k n i

400 AAAAGAACCGTTGCTGrCAACTTAGCGGATATTGAAAATACTCTGGCTACCGGrAGCATCGGTGGAAAAGGCTGTAAAGT
k r t v a v n 1 a d i e n t I a t 9 s g9 g k g c k v

480 TCCAGGTAGAACCCTAGATTTATCCGTTGTTAGCAATGCTCAAGCAATTGCTGATGAAGTAGAAAAAATCTTGAAAGTAT
p g r t 1 d I s v v s n a q a 1 a d e v e k i I k v s

560 CCAAAGATGACGATACCGCAATCAAATTGATTAACGGCGGAAAACAAATGGCCGTGCAGGTTCCATCCGAAAGGTTAGAA
k d d d t a i k I i n g g k q m a v q v p s e r I e

640 GTAGCGGCAGAATACTCAGTATCAATGCTrGCAACCGCAATGGCATTGAAAGAAGCAATCATCAAAACATTCAACGTAGA
v a a e y s v s m I a t a m a I k e a i i k t f n v d

720 CATGTTTGAAGGTTCAACAGTTCACGCTTCAATCATGGGTAAGTACCCGCAAGTTATGGACTACGCTGGAGGTAACATCG
m f e g s t v h a s i m g n y p q v m d y a g g n i a

800 CTTCACTCTTAGGrGCACCrTCAAACTTAGAAGGrTTAGGTTACGCTTTAAGAAACArTCCAGTTAACCATGCAGTTGCT
s gI 9 a p s n l e iI g y a I r n i p v n h a v a

880 ACTACCAAGAAAAACATGATGAACGCTATTGCATrCTCATCAGTTATGGAACAAACTGCAACTrTTGAAATGGGTGACGC
t t k k n m m n a I a f s s v n e q t a t f e m g d a

EcoRI
960 AATCGGGTCArTCGAAAGACAGCACTTACrrGGrTTAGCTTACCAAGGATTAAACGCTGACAACTTAGTAATTGATTCA

i g s f e r q h 1 1 9 I a y q 91 n a d n v i e f i

1040 TTAAAGCAAATGGAAAAGGAACTGTTGGrACAGrTGrACAGrCAGrTGTTGAAAGAGCACTTGCTGACGGCGTAATCGTT
k a n g k g t v g t v v q s v v e r a 1 a d g v i v

1120 GTTGA1AAACAATGGGCTCAGGATTTAACATGTACAAGCCAGCTGATGTAAACAAGTGGAACGCTTACGCAGCAGCAGG
v d k t m g s g f n m y k p a d v n k w n a y a a a g

1200 TrTAGTTGCAGCAGCAGCAGTAAGCTGTGGTGCGGCAAGAGCTGCACAAAACATCGCrTCAGrTArTCTGrACTATAACG
lv a a a a v s c g a a r a a q n i a s v i y y n d

Pst I
1280 ACATTTTAGAGTACGAAACTGGTTTGCCGGGTGTTGACTACGGTAGATCAATGGGTAcTgWGTAGGATTCTCATTCTrC

i I eye t g p g v d y g r s m g t a v g f s f f

1360 TCACACTCAATCTACGGTGGCGGTGGACCTGGTATCTTTAACGGAAACCACGTTGTAACCAGACACTCCAAAGGATTTGC
s h so y g 9 g g p g i f n g n h v v t r h s k g f a

1440 AATTCCTCCAGTATGTGCAGCAATGTGTGCAGATGCAGGTACGCAGATGTTCTCACCTGAACACACTTCAGCATTAGrTG
i p p v c a a m c a d a g t q m f s p e h t s i l v g

1520 GTGCCGTATACTCAGCATTTGACGAGTTTAGGGAACCGATGAAATACGTAATTGAAAGAGCATTAAACATTAAAGATAAA
a vy s a f d e f r e p m k y v i e r a 1 n i k d k

**** * r-o.mctrD
1600 TTATAAggtagtattctATG'TAACTTGAAGTCTTCCCACATAGGTATfTAAAAGCAGAAACAACTGAAAACTTCCTA

I stop m i e 1 e v f p h r y 1 k a e t t e n f 1

1680 AATAGTGCTTATTCATTTAGCACTGTrGAAAGAGTAGTAATACATGGAGAATCACTCCCTAAAAAAGTAGGATACGGTCC
n s a y s f s t v e r v ve h g e s I p k k v g y g p

1760

1840

1920

2000

2080

216in
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AAAAATTAAGAGAAATCCCAGATGAAGACGTTGrAAAAATCATGGGACACAGGCAGCCTGGTGAAGACTACAAAACAGTT
k I r e i p d e d v v k i m 9 h r q p g e d y k t v

CACCCACCATTAGAAGAAATGGACATGCCAGCTGACTACGrAAGAGACrTAGTAGAGCCATTAAACGGTGCTAAGGAAGG
h p p 1 e e m d m p a d y v r d 1 v e p 1 n g a k e g

ACACAGGGTTAGATACATCCAGTTTGCTGACTCAATGTATTTTGCTCCTGCTCAACCATACGACAGGTCAAGATTGTACA
h r v r y i q f a d s m y f a p a q p y d r s r I y m

EcoRI
TGATCAGATTAAGGGGAGTAGATGCAGGTACGCTCTCAGGAAGACAAGrTGrTGAATGTAGAGAMGTGACCTTGAAGXK

i r r g v d a 9 t 1 s 9 r q v v e c r e s d l e e

TTCrCCAAAAACTTGCTTATGGATACCGAACTCTTTGACCCTGCAACATCAGGAGTAAGAGGTGCAACTGTACACGGCCA
f s k n I I m d t e 1 f d p a t s 9 v r g a t v h 9 h

3200 CTCCTTAAGATTAGATGAAAACGGAATGATGTTTGACGCATTACAAAGATGTGTGTrCGACGAAAAAACCGGACACGTAA
s I r 1 d e n g m m f d a 1 q r c v f d e k t g h ve

3280 TGTATGTAAAAGACCAGGTTGGAAAGCCACTCGACCAGCCAGTTGACGTTGGAGAACCAATGCCTGAAGCAAAATTAAGA
y v k d q v g k p 1 d q p v d v g e p m p e a k r

3360 GAAATCACAACCATCTACAGAAAAGATGGTATCGCAATGAGAACAGACCCTGAAGTTATTGAAGTTGTAAAGAGAATCCA
e i t t 1 y r k d g i a m r t d p e v i e v v k r i h

3440 CAGAGCAAGMCTCTTGGTGGATACATCCCTACAAACGAAATATTCAAAGGATTATAAttaattcttaaattaaaaaaaa
r a r t 1 g g y i p t n e i f k g 1 stop

******* rcaurA
3520 cctcttaagccattgaggtgaacttATG.CTGAAAAAAGTTTATTCTTGAAAGCATTAAAGGAAAAATTCGAAGAAG

m e a e k r I f 1 k a 1 k e k f e e d

3600 ATCCAAAGGAAAAATACACAAAATTCTATACCTACGGCGGTTGGGAACAATCTGTCAGGAAAAGAGAATTTGTTGCAGCT
p k e k y t k f y t y g g w e q s v r k r e f v a a

3680 AACGAAAAAGTTTTAGCTGAAAAAAGACAGGGAGTTCCACTTTACAACCCTGATATtGGTGTTCCTTTAGGACAGAGAAA
n e k v aa e k r q g v p 1 y n p d i v p 1 g q r k

3760 GTTAATGCCTTACAAATTGTCAGGAACTGACTCATACTGTGAAGGTGACGACTTACACTTCATGAACAACGCTGCTATCC
1 m p y kh s g t d s y c e g dd 1 h f m n a a i q

3840 AAcAGTTATGGGAcGATATcAGAAGAACAGrTGTrGrAGGTATGGAcAcTGcTcAcrcAGrTTTAGAAAAAAGATTGGGT
q I w d d i r r t v v v g m d t a h s v I e k r 1 g

3920 GTAGAAGTAACTCCTGAAACAATCAACGAATACATGCACACAATTAACCACGCACTrTCAGGTGGTGCAGTTGTrCAAGA
v e v t p e t I n e y m h t i n h a I sgg9a9 e q e

4000 ACACATGGTTGAAGTTCACCCTTCCCTTGCATGGGATTCATACGCTAGAATCTTCACTGGTGACGATGAATTAGCTGCGG
h m v e v h p s 1 a w d s y a r i f t g d d e 1 a a e

HindlI!
4080 AATTAGACAGTAGATTCTTAATTGACATTAACAAATTGTrCCCAGCAGAACAAGCTGAX5TTGAAAAAAGCTATCGGT

d s r f l i d I n k f p a e q a e a 1 kh a i

4160 AAAAAMCATACCAAGTATCAAGGGTACCATCACTCGTAGGTAGAGTATGTGACGGCGGTACAATCTCAAGATGGrCrGC
k k t y q v s r v p s l v g r v c d g g t i s r w s a

4240 AATGCAGATTGGAATGTCATTCATTACCGCATACAAACTTTGTGCAGGAGAAGCTGCAACAGCTGACTTCTCATATGCTr
m q i g m s f i t a y k 1 c a g e a a t a d f s y a s

4320

4400

4480

4560

TGCTAAAGGGTCTCCGGTAAATCAtTCTGAAAAAAAGGAAATTACrGTrAAAGGAGrTCCGGTAGAACTCAATCTTCAGG
a k g s p v n h s e k k e i t v k g v p v ee n 1 q v

TTGGAAGATTATGGGTTTTACTAAAGGATGAAAGCGAAATTGAAAAAATCGATGAACTTTGtAAAGAACTTTTCCCATTT
g t 1 w v 1 I k d e s e 1 e k i d e l c k e 1 f p f

GGATACCGGTTAACAAAGGGTAAATTCTTAAGGGATACTCCTACAGtATCAGACTTTATAAAATACGGGGAATCTGCGGT
g y r I t k 9 k f I r d t p t v s d f i k y g e s a v

TGAAAATATCGACCCCAAATTATTAAGTGCAACTGATCCAAGAAGTAAGTTTCAAAATTCCGTAAAAATGATTCCAAAAA
e n i d p k l I s a t d p r s k f q n s v k m i p k s

* ***** _- mcrC
GTGAAAATTCGACAGAATAAtgtgattttATGCCTAGGTAGAAAAGAACAGATTGTTGACTGTAGAGCTGTTATGGGT

e n s t e stop m p v g r k e q i v d c r a v m g

rTTarn^nAaGAnrGRnA~rTG~rCAAA~aGnr..ACTTTTGCAGAAGGACTTCGTAACGACGTGGTCGTTGTTGCAATGTC4 LOU 6 1tmb 1wnWljk IiUUU 9UU614 tRAAVUUJ2AW U6AUAUUA6 |U AA>tVnV VV 1V U MV t UV1|
1 g e g g g a q r g t f a e g l r n d v v v v a m s

EcoRI
2240 GCCTGGGAGAAGGCATATTACAAAACCCGTATGCGAAATTACCTATGGAATAAGGGAAGCAGGWTCAAACCAGCATTC

p g r r h i t k p v c e 1 t y g i r e a g i q t s vt
EcoRI

2320 tAGTATrGGATGCAGGAGGGGGV-TCCcrrCAGATGCTCCACAGGGAAGTTTAGGCTCAACTTTTGGGCTTAAACCTGAT
v I d a g g g i p s d a p q g s l g s t f g I k p d

2400 GAAGCACGACAAGTTAATCGACATAAATTATGiTGTAATTcACrTTGGAAACGTAAAAAGTCATATAATCTArAAAGCTAG
e a r q v n r h k c v i h f g n v k s h i i y k a r

2480 GTTATTC rTAAAGTACGTGACCATTCCTACAATTATAGTTTGTCAGTCTCCAGTGGACATGGAAGACTTTGCAAAAATTG
i f k y v t i p t i i v c q s p v d m e d f a k i 9

2560 GAATTAAGACCCTAGACGTAATGCCTTTAGAACCTAAAACTGAGGGCACTATrTGTCGAAATTATTACAGGCGrAGTAAGG
i k t d v m p 1 e p k t e g t i v e i i t g v v r

******* -a-mcrG
2640 GGGGAATCTTCCCCACAAAAAAAGATTGATGAAATCATAGAAAGCAtAAAAAAACATTTAGGTTAAgt gatcttATGGC

g e s s p q k k i d e i i e s i k k h 1 g stop m a

2720 ATATAAGCCTCAGTTCTACCCTGGAGCAACAAAAGTTGCTGAAAAcAGACGAAATCACTTAAATCCAAACTACGAATTGG
y k p q f y p g a t k v a e n r r n h I n p n y e 1 e

CAAAACACGCTGACGTAArTCAGATGGGTAACGCTTTACCTGGAAGAAGAGCAAGAGGTCCAAACGAGCCAGGGGGAATC
k h a d v i q m g n a 1 p g r r a r g p n e p 8 8 1

CAGTTCGGTArCCTTTCAGACGTTGTACAAACTACAAGAGTTTCAGACGACCCAGTTGAGCAGTCATrAGAAGTAGrAGC
q f g i I s d v v q t t r v s d d p v e q s I e v v a

AGCTGGTGCTGCATTATATGACCAAATATGGCTTGGTGCATACATGTCTGGTGGCGTAGGTTTCACACAATACGCTACAG
a g aa 1 y d q i w 1 g a y m s 88 v g f t q y a t a

CAGCATACACCGACGATATCTTGGACGATTTCrCATACTATGCACTTGACTACGTAGAGAAAAAATACGGTAGAATGGGA
ay tdd i 1 d d f s y y a 1 d y v e kk y g r m 9

4640 ACrAAAGCTAcAArGGACGTAGTAGAAGACATTGcAAGTGAAGTTAcACtCTACTCATrAGAACAGTACGATGAATACCC
t k a t m d v v e d i a s e v t 1 y s0 e q y d e y p

4720 CGCATTATTAGAAGACCACTTTGGTGGATCACAGAGAGCTGCAGTTGCTGCTGCTGCATCCGGTATCGGTGTATGTATGG
a ll d d h f g g s q r a a v a a a a s g i0 v c m a

4800 CAACAGGTAACTCAAACGGTCGTGTAAACGGCTGGTACTTATCATAAATATTACACAAAGAATACCACAGTAGACTTGGA
t g n s n a g v n g w y I s q i I h k e y h s r I g

4880 TTCTATGGTTACGACTTGCAGGACCAATGTGGTGCTTCAAACTCACTCGcAATcAGAAAcGAcGAATcTGcAccTcTTGA
f y g y d I q d q c g a s n s 1 a i r n d e s a p I e

4960 ATTAAGGGGGCCTAACTACCCTAACTACGCAATGAACGTAGGTCACCAGGGAGAATACGCAGGTATTGCACAAGCTGCTC
r g p n y p n y a m n v g h q g e y a 8 i a q a a h

5040 ACTCAGCAAGAGGAGATGCATTTGGAATGAGTGCATTAATTAAAGTTGCArTCGCTGACCCAATGCTTGTATrTGACrTT
s a r g d a f a m s a I i k v a f e d p 1 v f d f

EcoRI
5120 TCAAAACCAAGAAAAGAATTTGCAAGAGGAGCATTAAGAGAATTCGACGCtGCAGGAGAAAGAGACGTTATCTTACCTGC

s k p r k e f a rga r e f d e r d v i I p a

5200 AAAATAAtcctatgaatatttagaggigccttttggcttcctttttttatacctattatatattgtttcggaatcattaa
k stop

5280
5360

caatattgctaattaaaatatactttaattaaattaaaggaaaattaggctttgttttttaaaaaaacgaatgcaaagta
atatatatagtataacaagatattaactgattagctaacggcatagataacgtt

2800

2880

2960

3040

3120

FIG. 3. The DNA and amino acid sequences (identified by the single-letter code) of the mcrBDCGA genes. The DNA sequence of the
noncoding strand is shown with the first base of each codon directly above the encoded amino acid. Ribosome-binding sites are indicated by
asterisks. Bases in intergenic regions are indicated by lowercase letters. Restriction sites used in subcloning (see Fig. 2) are indicated.

We have also cloned and sequenced the DNA regions that Codon Usage. Codon usage in the mcrA, mcrB, and mcrG
flank the mcrBDCGA gene cluster (Figs. 2 and 3), but there genes shows unanticipated preferences. To accommodate the
is no indication of additional closely adjacent open-reading very high 69 mol % A+T in the genome ofM. vannielii, it was
frames. Consistent with previous observations (15-17), these anticipated that whenever possible the third position in a
flanking intergenic regions have very high A+T contents; codon would be occupied by an A or a U residue (17).
however, there is an unusually G+C-rich sequence immedi- Surprisingly, however, in the morA, mcrB, and mcrG genes
ately 3' to the mcrA gene. As RNA, this region could form a it is the codon with C in the wobble position in the codon pairs
hairpin loop followed by a sequence of five U residues (Fig. C ( C ( a C
2), a sequence that should function as a transcription termi- A.A (asparagine); GAU (aspartic acid); CA c(histidie);
nator in eubacteria (18). AUC (isoleucine); UUC (phenylalanine), and UAC (tyro-
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Table 1. Properties of the polypeptides encoded by the mcr genes
Amino acidstt

A+T,* Molecular Hydro- Methio-
Gene mol % weightt Basic Acidic phobic Polar nines Total
mcrA 58.1 60,697 55 75 199 128 15 552
mcrB 58.6 46,743 36 43 174 109 17 442
mcrC 59.6 21,222 25 22 69 38 4 197
mcrD 65.2 17,973 23 24 51 38 1 159
mcrG 58.5 29,637 36 43 75 49 11 259
*The mol % A+T of the polypeptide-encoding DNA sequence.
tAmino-terminal methionine residues are assumed not to be present in the mature polypeptides (Fig.
1) (2).
tAmino acids (single-letter code) in each gene product are tabulated as K, R (basic); D, E (acidic); A,
I, L, F, W, V (hydrophobic); and N, C, W, S, T, Y (polar).

sine), which is used most frequently. This increased use of C
results in a significant increase in the overall G+C content of
the mcrA, mcrB, and mcrG genes (Table 1). In contrast to the
mcrA, mcrB, and mcrG genes, codon usage in the mcrC and
mcrD genes follows the pattern previously observed (15-17)
of consistent use ofA and U in the wobble position (Table 2).

Expression ofmcr Genes in E. coli. Expression ofthe cloned
mcr genes was demonstrated in minicells of E. coli DS410
(14). The products ofthe mcrB (gpmcrB-i.e., the ,B subunit),
mcrD (gpmcrD), and mcrG (gpmcrG-i.e., the y subunit)
were identified on the basis of their apparent molecular
weights (Fig. 4) and on their synthesis or nonsynthesis in
minicells containing pET4300, pET1400, pET2700, and
pET1300 as predicted by the organization of mcr genes
shown in Fig. 2. The products of the mcrB and mcrG genes
were also shown to comigrate with the f8- and -subunit
polypeptides, respectively, of component C purified directly
from M. vannielii. Expression of mcrC in minicells was less
certain. Minicells containing pET4300 synthesized a poly-
peptide, indicated (?) in Fig. 4, which has an electrophoretic
mobility indicative of a molecular weight of -25,000. The
molecular weight of gpmcrC calculated from the DNA
sequence would be 21,222. The hesitancy in making the gene
product identification, in addition to the discrepancy between
the observed and calculated molecular weights, is that (?) is
not synthesized in detectable amounts in minicells containing
pET2700 (Fig. 4). An alternative is that (?) is a truncated
gpmcrA. Plasmid pET4300 encodes the amino-terminal 199
amino acids of gpmcrA, which, if expressed, would result in
the synthesis of a polypeptide with a molecular weight of
22,592; however, as with gpmcrC, a truncated gpmcrA should
also be synthesized in minicells containing pET2700. Syn-

thesis of gpmcrA (and gpmcrG) was observed in minicells
infected with Xgt11MR7A (data not shown).

DISCUSSION
The sequence of the cloned mcr genes has not only added
support to the conclusion that the frequency of translation
initiation in methanogens is regulated by ribosome-binding
sites (17) but has also suggested an additional mechanism to
regulate the amounts of polypeptide synthesis. The mcrA,
mcrB, and mcrG gene products, the a, 13, and y subunits of
component C, must be synthesized in very large amounts,
and we have shown that in these genes there are many
examples of codons with C in the wobble position being used
much more frequently than the synonymous codon with a U
in this position (Table 2). These pairs of synonymous codons
are translated in E. coli (20) and Saccharomyces cerevisiae
(21) by a single tRNA with a G residue in the first anticodon
position and, from the 19 M. vannielii tRNA sequences so far
available (22-24), this would appear also to be the case in M.
vannielfi. Use of codons with a C in the wobble position
maximizes the number of G-C pairs at the sites of codon-
anticodon interactions. This could therefore be a mechanism
evolved to maximize the rate and/or efficiency of translation
(25). This argument was presented previously to explain the
preferred use of C-containing codons in highly expressed
genes in S. cerevisiae, an organism that also has a genome
with a very high A+T content (21). It was also pointed out
that, although the cysteine-encoding codons UGC and UGU
are translated by a single tRNA with G in the first anticodon
position, the preferred cysteine codon in S. cerevisiae is
UGU. This ensures conformity with the overall pattern in S.

Table 2. Frequency of occurrence of codons in M. vannielii genes

Codons used
AAC/ GAC/ CAC/ AUC/ UUC/ UAC/ UGC/ AAA/ GGU + GGA/ GUU + GUA/

Gene AAU GAU CAU AUU UUU UAU UGU AAG GGC + GGG GUC + GUG
mcrA 17:0 29:9 12:0 12:10 15:6 24:5 0:5 25:3 42:6 37:1
mcrB 23:4 10:10 6:1 13:14 8:7 15:2 0:4 21:5 35:6 39:2
mcrG 6:2 15:5 8:0 9:1 4:4 9:3 0:2 10:4 18:1 20:1

Total 46:6 54:24 26:1 34:25 27:17 48:10 0:9 56:12 95:13 96:4
mcrC 2:1 5:4 1:4 2:14 1:4 1:2 1:3 11:3 15:8 15:5
mcrD 1:6 2:4 0:3 3:3 4:4 3:2 0:1 13:4 7:2 13:1

Total 3:7 7:8 1:7 5:17 5:8 4:4 1:4 24:7 22:10 28:6
hisA 4:10 4:10 1:1 4:13 0:4 0:4 1:0 21:4 19:3 22:4
hisI 3:5 3:10 0:3 3:6 1:6 0:3 0:3 15:3 7:2 7:1
ORF502 8:13 6:26 7:6 6:27 0:17 8:12 3:4 42:5 31:8 27:2
ORF634 7:16 9:24 1:4 8:41 2:19 7:15 3:3 54:9 36:10 54:5

Total 22:44 22:70 9:14 21:87 3:46 15:34 7:10 132:21 93:23 110:12
The DNA sequences are provided in Fig. 3 and refs. 15 and 16. The figures in the two far right columns are the frequency of occurrence of

GGU + GGA compared with GGC + GGG and GUU + GUA compared with GUC + GUG. In such groups of four synonymous codons-i.e.,
GGN, GUN, etc.-there is always very pronounced preferential use of the codons with A or U in the wobble position in all M. vannielii genes.

Biochemistry: Cram et al.
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ing (Fig. 4). Preferred codon usage in E. coli genes (20) is very
different from the preferred codon usage in M. vannielii
genes. Although the amounts ofgpmcrC and gpmcrD may not

X PROTEINS be very large in M. vannielii, it is clearly important to
determine their roles, if any, in methanogenesis. The rates of

H 9a2 methanogenesis obtained with in vitro preparations of methyl
reductase are usually very low when compared with in vivo

B;59 rates (1, 2, 6, 7). The possibility must therefore now exist that
preparations of methyl reductase, obtained by the standard

c.; 38 procedures (2-7), may have low activities because the func-
tions of gpmcrD and gpmcrC have been lost during purifica-
tion.
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FIG. 4. Synthesis ofmcr gene products (gpmcr) in minicells ofE.
coli. The mcr gene products synthesized in minicells containing the
plasmid listed above each lane are indicated to the left of the figure.
Plasmid pET1400 (see Fig. 2) contains the amino-terminal 1060 bp of
mcrB and directs the synthesis of a truncated gpmcrB (calculated
molecular weight, 37,474), indicated as 13'. The identity of the
polypeptide indicated by (?) remains uncertain (see text). Minicells
infected with coliphages T7 or X and incubated in the presence of
[35S]methionine synthesized the phage-encoded gene products used
as molecular weight standards (shown here x 10-3). The same
patterns of radioactively labeled polypeptides were detected using
either a mixture of 14C-labeled amino acids or [35S]methionine as the
radioactive precursor. The precursor and mature forms of 13-

lactamase (19), encoded by the pUC18 vector DNA (12), are
indicated to the right of the figure. Based on methionine content and
scanning densitometry, minicells containing pET4300 synthesized
molecules of gpmcrB, gpmcrG, gpmcrD, and 3-lactamase (19) in the
ratio 6.5:3:45:1.

cerevisiae DNA of avoidance of the dinucleotide GC (21).
Consistent with the S. cerevisiae observations, the preferred
cysteine codon in almost all M. vannielii genes, including
mcrA, mcrB, and mcrG, is also UGU (Table 2). One notable
difference in preferred codon usage in genes of S. cerevisiae
as compared with genes of M. vannielii is that single-base
codons such as AAA are avoided in yeast genes (21), whereas
this is the preferred lysine codon in M. vannielii genes (Table
2).

If the above arguments for the use of C-containing codons
to facilitate high levels of gene expression in M. vannielii are

valid, then we must predict that the products of the mcrC and
mcrD genes are not synthesized in such large amounts in M.
vannielii. The observed synthesis of relatively large amounts
of gpmcrD in E. coli minicells may, in this regard, be mislead-

Determination of the amino acid sequences and synthesis of the
oligonucleotide probes were performed in the laboratories of Biogen
Research Corporation. This work was supported in part by Depart-
ment of Energy Grant DE-AC02-81ER10945 and by Environmental
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