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The energy conserving methyltetrahydromethanopterin:coenzyme M
methyltransferase complex from methanogenic archaea:
function of the subunit MtrH
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Abstract In methanogenic archaea the transfer of the methyl
group of N°-methyltetrahydromethanopterin to coenzyme M is
coupled with energy conservation. The reaction is catalyzed by a
membrane associated multienzyme complex composed of eight
different subunits MtrA—H. The 23 kDa subunit MtrA harbors a
corrinoid prosthetic group which is methylated and demethylated
in the catalytic cycle. We report here that the 34 kDa subunit
MtrH catalyzes the methylation reaction. MtrH was purified
and shown to exhibit methyltetrahydromethanopterin:cob(I)ala-
min methyltransferase activity. Sequence comparison revealed
similarity of MtrH with MetH from Escherichia coli and AcsE
from Clostridium thermoaceticum: both enzymes exhibit methyl-
tetrahydrofolate:cob(I)alamin methyltransferase activity.
© 1999 Federation of European Biochemical Societies.
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1. Introduction

Methanogenesis from CO, and from acetate proceeds via
N°-methyltetrahydromethanopterin and methyl-coenzyme M
as intermediates [1]. The formation of methyl-coenzyme M
from N°-methyltetrahydromethanopterin (CH3;-H4;MPT) and
coenzyme M (H-S-CoM) is catalyzed by a methyltransferase,
which is membrane associated and which couples the exer-
gonic methyl transfer reaction with the electrogenic transloca-
tion of sodium ions across the cytoplasmic membrane [2]. The
methyltransferase reaction is thus coupled with energy con-
servation.

The methyltetrahydromethanopterin:coenzyme M methyl-
transferase is an enzyme complex composed of eight different
subunits MtrA—H [3]. The complex contains tightly bound the
corrinoid 5’-hydroxybenzimidazolyl-cobamide (factor III),
which in the active enzyme is in the cob(I)amide oxidation
state [4-6]. The complex catalyzes the methylation of its cor-
rinoid prosthetic group with CH3;-H4MPT and its demethyla-
tion with coenzyme M [6]. The complex also catalyzes the
methylation and demethylation of free cob(I)alamin [5].

CH3;—-H4MPT + cob(I)alamin —

H4MPT + CHj3—cob(IIT)alamin (1)
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CHjs—cob(Ill)alamin + H—S — CoM —

cob(I)alamin + CH3;—S — CoM (2)

Of the eight subunits in the methyltransferase complex only
the function of MtrA has been studied so far. The 23 kDa
subunit harbors the corrinoid prosthetic group [4] which is
bound in the nucleotide loop-off form [7]. In the cob(Il)amide
and cob(IlT)amide oxidation states, a histidine residue of
MtrA is the axial ligand to cobalt. The active site histidine
has been determined to be His-84 by site directed mutagenesis
[8]. The MtrA amino acid sequence lacks the corrinoid bind-
ing motif DxHxxG-X4;_45-SXxL-X4_23-GG [9] characteristic of
all other corrinoid proteins containing the corrinoid bound in
the nucleotide loop-off/His-on configuration [10,11] such as
cobalamin-dependent methionine synthase [12], methylmalon-
yl-CoA mutase [13], glutamate mutase [14,15], methylene glu-
tarate mutase [16], methanol:coenzyme M methyltransferase
[17], and methylamines:coenzyme M methyltransferases
[18,19].

This report deals with the function of MtrH. Evidence is
presented that the 34 kDa subunit harbors the CH;-H4MPT
binding site and catalyzes the transfer of the methyl group
from CH;-H4MPT to the corrinoid prosthetic group (Eq. 1).

2. Materials and methods

Methanobacterium thermoautotrophicum strain Marburg DSM 2133
was from the Deutsche Sammlung fiir Mikroorganismen und Zellkul-
turen. The cells were grown at 65°C and harvested as described by
Schonheit et al. [20]. Hydroxocob(III)alamin and methylcob(I1I)ala-
min were from Sigma. Sodium 2-mercaptoethanesulfonate and the
thin layer chromatography (TLC) aluminum sheets 20 X 20 cm? silica
gel 60 were from Merck. Dodecyl-B-p-maltoside was from Fluka.
Titanium(III)citrate was prepared anaerobically from TiCl; [21]. Tet-
rahydromethanopterin was purified from M. thermoautotrophicum
[22]. ["*C]Formaldehyde (0.37 MBgq/umol; 1.85 MBq) was from Du-
Pont. N°-["“C]Methyltetrahydromethanopterin was synthesized from
[“*C]formaldehyde (74 Bg/nmol) and tetrahydromethanopterin by en-
zymatic reduction [23]. The fast liquid chromatography (FPLC)
equipment was from Pharmacia. The A ZAP Express gene library
was that described by Vorholt et al. [24]. The cloning vector A ZAP
Express (BamHI/CIAP treated), the helper phage ExAssist and Es-
cherichia coli strains XLOLR and XLI1-Blue MRF’ were from Stra-
tagene. The DIG oligonucleotide tailing kit and the DIG luminescent
detection kit for nucleic acids were from Boehringer Mannheim.

2.1. Purification of MtrH

The subunit was prepared from M. thermoautotrophicum under
strictly anaerobic conditions. Except for the centrifugation steps, all
steps were performed in an anaerobic chamber filled with 95% N, and
5% H,.
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Fig. 1. Separation of MtrH from the MtrA-H complex and the
MtrA-G complex by chromatography on Q-Sepharose as analyzed
by SDS-PAGE. Chromatographic separation was performed as de-
scribed in Section 2. For analysis 15% polyacrylamide gels were
used which after electrophoresis were stained with Coomassie bril-
liant blue R250. Lane 1, MtrA-H complex (7 pg protein) which
was eluted from the Q-Sepharose column in fractions 53 and 54;
lane 2, MtrA-G complex (4 pg protein) which was eluted in frac-
tions 29-33; lane 3, MtrH (1 pg protein) which was eluted in frac-
tions 55-58; lane 4, molecular mass standards.

Cell extract of M. thermoautotrophicum was prepared by suspending
47 g (wet mass) cells at 4°C in 80 ml 50 mM Tris-HCI pH 7.6 con-
taining 2 mM dithiothreitol (referred to as Tris buffer). The cells were
disrupted at 0°C by sonification for 3 X 8 min using a Branson sonifier
at an energy output of 200 W. Unbroken cells and cell debris were
removed by centrifugation at 10000X g and 4°C for 30 min. To ob-
tain the membrane fraction the supernatant was centrifuged at
200000X g and 4°C for 90 min. The pellet was washed once with
Tris buffer and was then resuspended in 20 ml Tris buffer containing
1.1% (w/v) dodecyl-B-p-maltoside. After incubation at 0°C overnight,
non-solubilized membranes were sedimented by centrifugation at
200000X g and 4°C for 60 min. The solubilized membranes were
applied to a Q-Sepharose column HiLoad 16/10 (flow rate 3 ml/
min) equilibrated with Tris buffer supplemented with 4 mM dodec-
yl-B-p-maltoside (buffer A). The column was eluted with NaCl in
buffer A: 60 ml 0.20 M, 60 ml 0.26 M, 60 ml 0.30 M, 60 ml 0.34
M, 60 ml 0.38 M, 60 ml 0.44 M and 60 ml 2 M. Fractions of 5 ml
were collected. The enzyme complex MtrA-G lacking the MtrH sub-
unit was eluted at 0.30 M (fractions 29-33). The complex MtrA-H
and the MtrH subunit were eluted in different fractions at 0.38 M
(MtrA-H: fractions 53 and 54; MtrH: fractions 55-58). The chroma-
tographic steps were performed at 18°C which is the temperature
within the anaerobic chamber.

Protein was determined by the method of Bradford [25] using re-
agents from Bio-Rad Laboratories. Bovine serum albumin was used
as standard.

2.2. Methyltransferase activity assays

The radioactive assays were performed in 1.5 ml plastic tubes in an
anaerobic chamber. The cob(I)alamin and methylcob(IIT)alamin con-
taining assays were carried out under dim red light.

2.2.1.  Methyltetrahydromethanopterin: coenzyme M methyltransfer-
ase (MT). The 30 pl assay mixture contained 50 mM Tris-HCI pH
7.6 containing 2 mM dithiothreitol, 10 mM MgCl,, 2.5 mM ATP,
0.5 mM Ti(Ill)citrate, 0.3 mM “CH;-H;MPT (70 Bg/nmol) and
0.5 mM H-S-CoM. These components were mixed at room temper-
ature before placing the reaction tubes at 60°C. After a short incuba-
tion time the reaction was started by the addition of enzyme (0.5-10 ug
protein). In time intervals of 30-60 s, samples of 2 ul were withdrawn
and analyzed for “CH;3;-H;MPT and '*CH;-S-CoM by thin layer
chromatography on silica gel 60. The sheets were developed at 18°C
in an anaerobic chamber for 60-90 min in n-butanol/acetic acid/ water
(2:1:1, by volume) [6]. The TLC sheets were exposed overnight on a
phosphor storage screen and analyzed using a Phosphorlmager (Mo-
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lecular Dynamics). The Ry value for '“CH;3;-H4MPT was about 0.2
and that for *CH;-S-CoM about 0.7.

2.2.2.  Methyltetrahydromethanopterin:cob(I)alamin — methyltrans-
ferase (MTI). The 30 pl assay mixture contained 50 mM Tris-
HCI pH 7.6 containing 2 mM dithiothreitol, 10 mM MgCl,, 2.5 mM
ATP, 0.5 mM Ti(IIl)citrate, 0.3 mM “CH;-H;MPT (70 Bg/nmol)
and 0.5 mM cob(I)alamin. These components were mixed at room
temperature before placing the reaction tubes at 60°C. After a short
incubation time the reaction was started by the addition of enzyme
(0.5-10 g protein). In time intervals of 30-60 s, samples of 2 ul were
withdrawn and analyzed for '“CH;-H4MPT and “CH;-cob(IIl)ala-
min by thin layer chromatography on silica gel 60. The sheets were
developed at 18°C in an anaerobic chamber for 60-90 min in n-buta-
nol/acetic acid/ water (2:1:1, by volume) [6]. The TLC sheets were
exposed overnight on a phosphor storage screen and analyzed using a
PhosphorIlmager (Molecular Dynamics). The Ry value for “CHs-
H4MPT was about 0.2 and that for *CH3-Cob(IlI)alamin about 0.6.

2.2.3.  Methylcob(III)alamin:coenzyme M methyltransferase activ-
ity (MT2). The activity assay was performed in 1.5 ml quartz cu-
vettes under anaerobic conditions. The 0.8 ml assay mixture contained
50 mM Tris-HCI pH 7.6, 0.25 mM CHj-cob(Ill)alamin and 2 mM
H-S-CoM. After incubation at 60°C enzyme (1-100 pg) was added
and the formation of cob(Il)alamin from methylcob(IlI)alamin was
followed by measuring the decrease in absorbance at 520 nm spectro-
metrically (Agsy=6.2 mM~! cm™!).

2.3. Cloning and sequencing of the mtrH gene from Methanosarcina
barkeri (strain Fusaro)

A heterologous probe was derived from the sequence of the mrD
gene from Methanosarcina mazei (strain G61) [26]. The synthetic oli-
gonucleotide 5'-AACATAGGAGGTACAATTGAAGGGTTCCAC-
3’ was labelled with digoxigenin-UTP and used to screen a A ZAP
Express genomic library (Sau3Al) of M. barkeri [24]. From one of the
positive clones the phagemid pMB6 was generated by excision and
recircularization of pBK-CMYV carrying a 8 kbp Sau3Al fragment
including the mtrH gene. This gene was sequenced using the dideox-
ynucleotide method of Sanger et al. [27]. Both strands of the mtrH
gene were sequenced independently and completely. The nucleotide
sequence has been submitted to the EMBL Nucleotide Sequence
Data Base with the accession number AJ132817.

3. Results and discussion

Methyltetrahydromethanopterin:coenzyme M methyltrans-
ferase was purified from the membrane fraction of Methano-
bacterium thermoautotrophicum by extraction with dodecyl-B-
p-maltoside followed by chromatography on Q-Sepharose.
During chromatography fractions with the complex lacking
the 34 kDa MtrH subunit and fractions containing only the
34 kDa MtrH subunit were obtained (Fig. 1). The MtrA-G
complex no longer catalyzed the overall reaction but still
exhibited methylcobalamin:coenzyme M methyltransferase

Table 1

Specific methyltransferase activities of the MtrA-H complex, of the
MtrA-G complex and of the MtrH subunit separated by chroma-
tography on Q-Sepharose

Subunit Specific activity (U/mg)

MT MT1 MT2
MtrA-H 1 1 0.1
MtrA-G <0.001 <0.001 0.2
MtrH <0.001 0.07 <0.001

The following methyltransferase activities were tested: methyltetra-
hydromethanopterin:coenzyme M methyltransferase (MT); methyl-
tetrahydromethanopterin:cob(I)alamin ~ methyltransferase (MT1);
and methylcob(Ill)alamin:coenzyme M methyltransferase (MT2).
Chromatographic separation was performed as described in Section
2. The fractions analyzed were those also analyzed by SDS-PAGE
in Fig. 1. The MtrA-H complex was only approximately 50% pure.
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MtrH MFKFDKEQIVLDIAGVKIGGQPGEYP[TVLAGTIF[YaleHK[ 40
MetH F--------onaano- N ER----- NVAGSKKFAELII 21
MtrH VEDEKG:[E‘DKAAAEALm'réE‘ELsDATENPvaq;{iFG‘iGTp 80
MetH AEN----IYDEALD--vaquszGAqv@Dvnunn‘ MLDGV 55
MtrH E ‘::vnyL}DF === TDAPFLIDSTSGEARAAAAKYATE 117
MetE AAMKRFLNLIASEEDIATVEIMIDSSEFAVIEAGLEC- -~ 92
MmtrH ve[Lap[Rafzly[NS1Nals I|pfEs IDAE‘KESDL ----- shaIvL 152
MetH - -|LIQGKCIVNSI|--SLKEGEERFLEKARLIKEYGAAVYVVM 128
MtrH |AFNPMDP--[TVEGKIGILEVGGGGIDKGMLETAAECEIKY 190
MetH AFDEEGQARTADKRVE[T|------- CERAYNILTEEVGFNP 161
MtrH PLiIpvavreLchcalcaavRssfFavik-------[a FGLE-- 221
MetH ND[IIFDPNI|LTIATGIEEHNNYGIDFIEAIRVIKETLEGA 201
MerH  -le HNVie sAWDWLREFKKTLkEAKAT HMVicDVEsNLV 260
MetE L|Ijs SINVISFS/HRGMPAAREANL-ESVFLEEATKAGMDM- 239
uezH  lOMAGGDFVILYGPIENANMIFRA AgMVDIiJ“IG-EAAKDLG 299
MetE |GIVNAGKL|LPYDDPEE---LRQAALDLI YDDREATERLL 276
MtrH [VEAVEDHPFTRLL 312
MetH AETYD--PLGKLTLFEG 291

Fig. 2. Alignment of the amino acid sequence of MtrH with that of
MetH. The sequences shown represent majority sequences of six
MtrH sequences and eight MetH sequences (see text). Identical and
chemically similar amino acids are boxed. Amino acids which are
identical in all 14 sequences are shaded in gray. The alignment was
performed with the Lasergene computer DNAStar program (MEG-
ALIGN) using the clustal method.

activity. The subunit MtrH catalyzed the methylation of cob-
(Dalamin with CH3;-H4MPT to methylcob(Il)alamin but
lacked methyltetrahydromethanopterin:coenzyme M methyl-
transferase activity and methylcob(Ill)alamin:coenzyme M
methyltransferase activity (Table 1).

The results summarized in Table 1 indicate that MtrH in
the MtrA—H complex is the subunit which harbors the CHj3-
H4MPT binding site and which catalyzes the methyl transfer
to the corrinoid prosthetic group. This conclusion is substan-
tiated by the finding that MtrH shows sequence similarity to
AcsE [28], which catalyzes the transfer of the methyl group
from N°-methyltetrahydrofolate (CH;-H4F) to a corrinoid-
iron-sulfur protein in Clostridium thermoaceticum and which
also exhibits methyltetrahydrofolate:cob(I)alamin methyl-
transferase activity. Tetrahydromethanopterin is a tetrahydro-
folate analogue [29]. Both MtrH and AcsE share sequence
similarity to the N-terminal third of cobalamin-dependent
methionine synthase MetH assumed to harbor the CH3-H4F
binding site [30].

In Fig. 2 the amino acid sequence of MtrH is aligned with
that of the putative CH3-H4F binding domain of MetH. The
sequences shown represent majority sequences of the MtrH
sequence from M. thermoautotrophicum [3,31], Methanococcus
Jjannaschii [32], Methanopyrus kandleri [8], Methanosarcina ma-
zei [26] and Methanosarcina barkeri (see Section 2) and of the
MetH sequence from Escherichia coli [33], Pseudomonas putida
[34], Mycobacterium tuberculosis [35], Mycobacterium leprae
[36], Synechocystis sp. [37], Caenorhabditis elegans [38], Rattus
norvegicus [39] and Homo sapiens [40]. The two majority se-
quences are 21.3% identical and 37.2% similar.

The purified MtrH catalyzed methylcobalamin formation
from CH3;-H4MPT and cob(I)alamin at significantly lower
rates than the MtrA—H complex. A possible explanation could
be that MtrH has to be in contact with the other subunits for
optimal catalytic efficiency. An example of such a cooperative
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effect has recently been reported for another corrinoid con-
taining enzyme complex. The methanol:coenzyme M methyl-
transferase from Methanosarcina barkeri is composed of the
subunits MtaA, MtaB and MtaC of which MtaC harbors the
corrinoid prosthetic group [17]. MtaB catalyzes the methyla-
tion of the corrinoid and MtaA its demethylation. The pres-
ence of MtaA was shown to positively affect MtaB activity
and vice versa [41].

Acknowledgements: This work was supported by the Max-Planck-Ge-
sellschaft, by the Deutsche Forschungsgemeinschaft and by the Fonds
der Chemischen Industrie.

References

[1] Thauer, R.K. (1998) Microbiology 144, 2377-2406.

[2] Deppenmeier, U., Miiller, V. and Gottschalk, G. (1996) Arch.
Microbiol. 165, 149-163.

[3] Harms, U., Weiss, D.S., Girtner, P., Linder, D. and Thauer,
R.K. (1995) Eur. J. Biochem. 228, 640-648.

[4] Gartner, P., Ecker, A., Fischer, R., Linder, D., Fuchs, G. and
Thauer, R.K. (1993) Eur. J. Biochem. 213, 537-545.

[5] Weiss, D.S., Girtner, P. and Thauer, R.K. (1994) Eur. J. Bio-
chem. 226, 799-809.

[6] Gartner, P., Weiss, D.S., Harms, U. and Thauer, R.K. (1994)
Eur. J. Biochem. 226, 465-472.

[7] Harms, U. and Thauer, R.K. (1996) Eur. J. Biochem. 241, 149—
154.

[8] Harms, U. and Thauer, R.K. (1997) Eur. J. Biochem. 250, 783—
788.

[9] Sauer, K. and Thauer, R.K. (1998) FEBS Lett. 436, 401-402.

[10] Marsh, E.N.G. and Holloway, D.E. (1992) FEBS Lett. 310, 167
170.

[11] Ludwig, M.L. and Matthews, R.G. (1997) Annu. Rev. Biochem.
66, 269-313.

[12] Drennan, C.L., Huang, S., Drummond, J.T., Matthews, R.G.
and Ludwig, M.L. (1994) Science 266, 1669-1674.

[13] Mancia, F., Keep, N.H., Nakagawa, A., Leadlay, P.F., McSwee-
ney, S., Rasmussen, B., Bosecke, P., Diat, O. and Evans, P.R.
(1996) Structure 4, 339-350.

[14] Zelder, O., Beatrix, B., Kroll, F. and Buckel, W. (1995) FEBS
Lett. 369, 252-254.

[15] Chen, H.P. and Marsh, E.N.G. (1997) Biochemistry 36, 7884—
7889.

[16] Beatrix, B., Zelder, O., Linder, D. and Buckel, W. (1994) Eur.
J. Biochem. 221, 101-109.

[17] Sauer, K., Harms, U. and Thauer, R.K. (1997) Eur. J. Biochem.
243, 670-677.

[18] Paul, L. and Krzycki, J.A. (1996) J. Bacteriol. 178, 6599-
6607.

[19] Burke, S.A., Lo, S.L. and Krzycki, J.A. (1998) J. Bacteriol. 180,
3432-3440.

[20] Schonheit, P., Moll, J. and Thauer, R.K. (1980) Arch. Microbiol.
127, 59-65.

[21] Goubeaud, M., Schreiner, G. and Thauer, R.K. (1997) Eur.
J. Biochem. 243, 110-114.

[22] Breitung, J., Borner, G., Scholz, S., Linder, D., Stetter, K.O. and
Thauer, R.K. (1992) Eur. J. Biochem. 210, 971-981.

[23] Fischer, R., Gértner, P., Yeliseev, A. and Thauer, R.K. (1992)
Arch. Microbiol. 158, 208-217.

[24] Vorholt, J.A., Vaupel, M. and Thauer, R.K. (1996) Eur. J. Bio-
chem. 236, 309-317.

[25] Bradford, M.M. (1976) Anal. Biochem. 72, 248-254.

[26] Lienard, T. and Gottschalk, G. (1998) FEBS Lett. 425, 204-208.

[27] Sanger, F., Nicklen, S. and Coulson, A.R. (1977) Proc. Natl.
Acad. Sci. USA 74, 5463-5467.

[28] Roberts, D.L., Zhao, S., Doukov, T. and Ragsdale, S.W. (1994)
J. Bacteriol. 176, 6127-6130.

[29] Thauer, R.K., Klein, A.R. and Hartmann, G.C. (1996) Chem.
Rev. 96, 3031-3042.

[30] Goulding, C.W., Postigo, D. and Matthews, R.G. (1997) Bio-
chemistry 36, 8082-8091.



168

(31]

(32]

(33]
(34]

(33]

Smith, D.R., Doucette-Stamm, L.A., Deloughery, C., Lee, H.,
Dubois, J., Aldredge, T., Bashirzadeh, R., Blakely, D., Cook,
R., Gilbert, K., Harrison, D., Hoang, L., Keagle, P., Lumm,
W., Pothier, B., Qiu, D., Spadafora, R., Vicaire, R., Wang, Y.,
Wierzbowski, J., Gibson, R., Jiwani, N., Caruso, A., Bush, D.,
Safer, H., Patwell, D., Prabhakar, S., McDougall, S., Shimer, G.,
Goyal, A., Pietrokovski, S., Church, G.M., Daniels, C.J., Mao,
J.I., Rice, P., Nolling, J. and Reeve, J.N. (1997) J. Bacteriol. 179,
7135-7155.

Bult, C.J., White, O., Olsen, G.J., Zhou, L., Fleischmann, R.D.,
Sutton, G.G., Blake, J.A., FitzGerald, L.M., Clayton, R.A., Go-
cayne, J.D., Kerlavage, A.R., Dougherty, B.A., Tomb, J.F.,
Adams, M.D., Reich, C.I., Overbeek, R., Kirkness, E.F., Wein-
stock, K.G., Merrik, J.M., Glodek, A., Scott, J.L., Geoghagen,
N.S.M., Weidman, J.F., Fuhrmann, J.L., Nguyen, D., Utterback,
T.R., Kelley, J.M., Peterson, J.D., Sadow, P.W., Hanna, M.C.,
Cotton, M.D., Roberts, K.M., Hurst, M.A., Kaine, P.P., Boro-
dovsky, M., Klenk, H.P., Fraser, C.M., Smith, H.O., Woese,
C.R. and Venter, J.C. (1996) Science 273, 1058-1073.

Banerjee, R.V., Johnston, N.L., Sobeski, J.K., Datta, P. and
Matthews, R. (1989) J. Biol. Chem. 264, 13888-13895.
Holtwick, R., Meinhardt, F. and Keweloh, H. (1997) Appl. En-
viron. Microbiol. 63, 4292-4297.

Cole, S.T., Brosch, R., Parkhill, J., Garnier, T., Churcher, C.,

[36]
(371

(38]
[39]
(40]

[41]

B. Hippler, R.K. Thauer/FEBS Letters 449 (1999) 165-168

Harris, D., Gordon, S.V., Eiglmeier, K., Gas, S., Barry III, C.E.,
Tekaia, F., Badcock, K., Basham, D., Brown, D., Chillingworth,
T., Connor, R., Davies, R., Devlin, D., Feltwell, T., Gentles, S.,
Hamlin, N., Holroyd, S., Hornsby, T., Jagels, K., Grogh, A.,
McLean, H., Moule, S., Murphy, L., Oliver, K., Osborne, J.,
Quail, M.A., Rajandream, M.-A., Rogers, K., Rutter, S., Seeger,
K., Skelton, J., Squares, R., Squares, S., Sulston, J.E., Taylor,
K., Whitehead, S. and Barrell, B.G. (1998) Nature 393, 537—
544.

Smith, D.R. (1994) GenBank accession number: U00017.
Kaneko, T., Sato, S., Kotani, H., Tanaka, A., Asamizu, E., Na-
kamura, Y., Miyajima, N., Hirosawa, M., Sugiura, M., Sasamo-
to, S., Kimura, T., Hosouchi, T., Matsuno, A., Muraki, A., Na-
kazaki, N., Naruo, K., Okumura, S., Shimpo, S., Takeuchi, C.,
Wada, T., Watanabe, A., Yamada, M., Yasuda, M. and Tabata,
S. (1996) DNA Res. 3, 109-136.

The C. elegans Sequencing Consortium (1998) http://genome.-
wustl.edu/gsc/C_elegans, Science 282, 2012-2018.

Yamada, K., Tobimatsu, T. and Toraya, T. (1998) Biosci. Bio-
technol. Biochem. 62, 2155-2160.

Li, Y.N., Gulati, S., Baker, P.J., Brody, L.C., Banerjee, R. and
Kruger, W.D. (1996) Hum. Mol. Genet. 5, 1851-1858.

Sauer, K. and Thauer, R.K. (1999) Eur. J. Biochem. (in press).



