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Abstract Methanopyrus kandleri is a hyperthermophilic
methanogen that represents one of the most heat-resistant
organisms: the maximum growth temperature of M. kandleri
is 110°C. A random sequence analysis of the genomic DNA
of M. kandleri has been performed to obtain genomic
information. More than 200 unique sequence tags were
obtained and compared with the sequences in the GenBank
and PIR databases. About 30% of the analyzed tags showed
strong sequence similarity to previously identified genes
involved in various cellular processes such as biosynthesis,
transport, methanogenesis, or metabolism. When statistics
relating to the frequency of codons were examined, the
sequenced open reading frames showed highly biased codon
usage and a high content of charged amino acids. Among the
identified genes, a homologue of the catalytic subunit of carbon
monoxide dehydrogenase (CODH) that reduces CO, to CO
was cloned and sequenced in order to examine its detailed
gene structure. The cloned gene includes consensus promoters.
The amino acid sequence of the cloned gene shows a strong
homology with the CODH genes from methanogenic Archaea,
especially in the presumed binding sites for Fe-S centers.
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Hyperthermophiles are microorganisms that are able to
grow at 80°C or higher temperatures. Proteins from
hyperthermophiles show strong resistance to heat, and this
characteristic has evoked interest for their potential
application in biotechnology. Most of hyperthermophiles
belong to the Archaea, and are classified as methanogens,
chemolithotrophs, or chemoorganotrophs depending on
the nature of their energy metabolism [2]. M. kandleri, a
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methanogenic Archaeon that was first found at an abyssal
hot vent near the Gulf of California [13, 19], is one of the
most heat resistant organisms ever known: its optimum
and highest growth temperatures are recorded to be 98°C
and 110°C, respectively. An analysis of the sequence of
16S rRNA locates this organism in a separate lineage
origination near the root of the phylogenetic tree [5, 32].
The genomic structure of M. kandleri has not been
systematically studied, although a few genes have been
cloned and their gene products expressed in Escherichia
coli [16, 18, 28].

M. kandleri is an obligate chemolithoautotroph, and it is
assumed to assimilate CO, into acetyl-CoA using the
modified Ljungdahl-Wood pathway like other autotrophic
methanogens, such as Methanococcus jannaschii [4]. In
this pathway, the methyl carbon of acetyl-CoA is derived
from CO, via reduction in the tetrahydrofolate pathway
and the carbonyl group is obtained by the reduction of CO,
catalyzed by carbon monoxide dehydrogenase (CODH)
[24]. The same enzyme dissimilates acetate into CO and
the methyl group in acetogenic methanogens, such as
Methanosarcina species [ 10]. Hence, CODH is involved in
either the synthesis or the cleavage of acetyl-CoA depending
on the organism.

Most CODH enzymes contain Ni ion as a metal
cofactor except for the enzyme from carboxydotrophic
microorganisms that uses molybdenum as a cofactor [10].
The CODH from Clostridium thermoaceticum has been
well characterized. It is a dimer (o.f3,) of a heterodimer
(af) [33], in which the o subunit is a 82-kDa protein
composed of 729 amino acids, and the B subunit is a
73 kDa protein composed of 674 amino acids [21]. The o
subunit contains the A center where the acetyl-CoA
synthesis occurs and the B subunit contains two metal
binding centers where the CO oxidation takes place {33].
Since the P subunit is responsible for the oxidation or
reduction of CO or CO,, respectively, this subunit is called



the catalytic subunit. The organization of metal clusters
and their involvement in the assimilation of CO, in the
catalytic subunit of CODH is of current interest.

To obtain genome information on the organisms that are
difficult to culture and be analyzed by conventional genetic
methods, the sequence determination of the randomly
selected fragments of genomic DNA and comparison to
known DNA sequences was successfully performed on
Thermotoga maritima [15] and Aquifex pyrophilus [6]. In
this study, a plasmid library that contained the genomic
DNA of M. kandleri was sequenced, and the sequence
information was then analyzed. More than 70 of the M.
kandleri sequences showed significant sequence similarity
with previously identified genes including the catalytic
subunit of CODH. The whole gene of a homologue of the
catalytic subunit of CODH was cloned and its structure
examined.

MATERIALS AND METHODS

Bacterial Strains and Growth Conditions
Methanopyrus kandleri cells (DSM #6324) were obtained
from Deutsch Sammlung von Mikroorganismen (DSM,
Braunschweig, Germany). The cultivation of M. kandleri
cells was performed according to the method developed by
Kurr et al. [19]. A BSM medium was prepared under
anaerobic conditions in a H,:CO, gas mixture. The M.
kandleri cells were inoculated (5% inoculum) in a 125-ml
serum bottle (Wheaton, Scientific Co., Milliville, NIJ,
U.S.A.) containing 40 ml of the BSM medium in 3 atm of
a H,:CO, gas mixture (80:20, v/v). After 24 h of cultivation
at 98°C while shaking at 200 rpm, the cells were harvested
by centrifugation at 12,000 xg for 20 min at 4°C and stored
at -80°C. The E. coli host strain for plasmid DNA
amplification was DH5a. The E. coli cells were grown at
37°C while shaking at 250 rpm in a Luria-Bertani (LB)
medium [26] supplemented with appropriate antibiotics.

Enzymes and Reagents

All restriction and DNA modification enzymes used for
this study were of molecular biology grade. The sequencing
reaction was performed using the Sequenase version 2.0
reaction kit (USB, Cleveland, U.S.A.), Sequitherm™ Long-
Read™ Cycle sequencing kit (Epicentre, Madison, U.S.A.),
and Tag Dye Deoxy Terminator Cycle sequencing kit (PE
Applied Biosystems, Warrington, U.K.).

Isolation of Genomic DNA from Methanopyrus kandleri
The genomic DNA of M. kandleri was isolated using the
method developed by Shima er al. [28] with slight
modification. About 0.4 g of M. kandleri cell paste was
ground with a pestle in a cold mortar under liquid nitrogen,
and the powder was mixed with 10 ml of a TES buffer [20
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mM Tris-HCl (pH 8.0), 10 mM EDTA (pH 8.0), 0.25M
Sucrose] containing proteinase K (0.5 mg/ml). Sodium
dodecyl! sulfate (SDS) was added to the suspension at a
final concentration of 1%, and incubated at 60°C
overnight. After incubation, a 0.1 volume of 5 M NaCl
was added to the mixture, and the insoluble materials in
the sample were removed by centrifugation at 18,000xg
for 30 min at 4°C. An equal volume of isopropanol was
added to the supernatant, and the precipitated DNA was
recovered by centrifugation at 14,000 xg for 10 min at 4°C.
The DNA was dissolved in 1 ml of a TE buffer (10 mM
Tris-HCI, 1 mM EDTA, pH 8.0), extracted with phenol
(a 50:50 phenol-chloroform mixture) and finally with
chloroform.

Construction of Plasmid and Lambda Libraries of M.
kandleri

For the construction of a plasmid library, the genomic
DNA of M. kandleri was digested with Kpnl to generate
DNA fragments ranging in size from 0.1 to 20 kb. The
plasmid vector pBluescript II KS (+) was digested with
Kpnl and dephosphorylated with calf intestinal alkaline
phosphatase (CIP) (New England Biolab, U.K.). The DNA
fragments of M. kandleri were then ligated into the
pBluescript II KS (+) by T4 DNA ligase (Promega,
Madison, U.S.A.), and the ligated DNAs were transformed
into the E. coli strain DH5a by electroporation using an
electroporator (Invitrogen electroporator 1I, Netherland).
The transformed cells were plated on LB agar
supplemented with ampicillin (100 pg/ml), isopropylthio-
B-D-galactoside (IPTG), and 5-bromo-4-chloro-3-indolyl-
B-D-galactoside (X-Gal) as described by Sambrook er al.
[26]. The plasmid DNAs from white colonies were
isolated and used for further study.

To generate a lambda library, the genomic DNA (2 ug)
of M. kandleri was partially digested with BamHI until the
average size of the DNA fragments were within the range
of 10-20 kb. The DNA fragments were ligated into 1 pig
of lambda Dash II (Qiagen, Germany) digested with
BamHI. The ligated DNAs were mixed with a Gigapack 11
XL packaging extract (Stratagene, U.S.A.) as described in
the instruction manual. E. coli strain [XL1-Blue MRA
(P2)] was transfected with the recombinant bacteriophages
and plated on an LB agar plate. The phages from the
developed plaques were collected and used for further
screening.

DNA Sequencing and Sequence Analysis

Sequence determination was performed using the dideoxy
chain termination method [24]. The sequencing reaction
products were separated on a 6% acrylamide gel and the
sequences were read using either an ABI 373A automatic
sequencer (Applied Biosystems, U.S.A.) or an LI-COR
automatic sequencer (LLI-COR, Inc., U.S.A.). The nucleotide
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sequences obtained were compared with the known proteins
in the database using the sequence comparison program,
advanced BLAST (Basic Local Alignment Search Tool)
[1] program. The CLUSTAL W program [30] was used for
the conserved regions in the protein sequences between
similar proteins.

Preparation of RNA from M. kandleri

The preparation of the total RNA of M. kandleri was
performed using Weil’s method [31] with the following
modification. About 04 g of cells (wet weight) was
ground in a cold mortar under liquid nitrogen, and then the
powder of the cell lysate was resuspended in 10 ml of a
TES buffer containing 5 mg of proteinase K and 1% SDS.
After incubation at 60°C for 2h, a 0.1 volume of 5M
NaCl was added to the mixture, and any particulate
materials in the reaction mixture were removed by
centrifugation at 18,000xg for 30 min at 4°C. Nucleic acids
were precipitated by the addition of an equal volume of
isopropanol, and the resulting pellet was dissolved in a TE
buffer. The nucleic acids were treated with RNase-free
DNase (Promega, U.S.A.) and further purified by phenol
extraction [7, 22]. After ethanol precipitation, the RNA
pellet was dissolved in diethyl pyrocarbonate (DEPC)-
treated water and stored at - 80°C in a deep-freezer until use.

Primer Extension

Primer extension was performed according to Sambrook et
al. [26]. About 20 pmol of oligonucleotide was labeled
with [y-"P] ATP (5,000 Ci/mmol, Amersham, U.K.), and
the labeled oligonucleotide was hybridized with 10 pg of
the total RNA of M. kandleri in a hybridization buffer
(100 mM MgCl,, 500 mM NaCl) overnight at 34°C. The
nucleic acid was recovered by ethanol precipitation and a
reverse transcription reaction was performed in 50 mM
Tris-HCI (pH 7.6), 60 mM KCl, 1 mM dithiothreitol (DTT),
and [ unit/ul of a placental RNase inhibitor using 27
units of an avian myeloblastosis virus (AMV) reverse
transcriptase (Promega, U.S.A.). The reaction product was
separated on a 6% (w/v) polyacrylamide gel along with the
sequencing reaction product using the same oligomer as
the sequencing primer.

Cloning of a Homologue of the Catalytic Subunit of
CODH from M. kandleri

The general procedures for A library screening and DNA
cloning were performed as described by Sambrook er al.
[26]. The A library was screened using the sequence tag
Imk-ef as a probe. The plaques that hybridized with the
probe were amplified and their DNA was isolated. One of
the phage DNA had a 7 kb-EcoRI fragment that hybridized
with the probe. The 7 kb-EcoRI fragment was cloned into
pBluescript I KS (+) (Stratagene, Germany) to produce
pMKCD1. The 7-kb EcoRI fragment was further digested

with Hindlll, and a 2.8 kb-HindIIl fragment that contained
the whole coding region of the catalytic subunit of the
CODH was further cloned into pBluescript II KS (+) to
produce pHIN. The DNA sequence of the 2.8 kb-HindIIl/
EcoRI fragment was determined by the dideoxy chain
termination method [24] using T3, T7, and synthetic
primers (synthesized by Bio-synthesis, Co., U.S.A.).

RESULTS AND DISCUSSION

Cell Culture and Library Construction

The growth of the M. kandleri cell was confirmed by
detecting the methane gas in the culture bottle after 12 h of
culture. The cylindrical shape (0.5 pm diameter and 1.5-
2 um of length) of the cultured cell observed by electron
microscopy (data not shown) was consistent with the
previously observed shape of M. kandleri [13, 19]. About
0.4 g of cells (wet weight) was obtained from 11 of culture
and approximately 200 pg of genomic DNA was isolated
from 0.4 g of cell paste.

After the construction of a plasmid library, the plasmid
DNAs from 290 white colonies were purified. When the
BamHI fragments of the genomic DNA of M. kandleri
were ligated into A DASH I DNA, about 3,000 plaques
were generated. The average size of the insert DNA in the
plaques was about 12-20 kb. The phages from the 3,000
plaques were pooled and amplified. The amplitied lambda
library was used for the screening of the CODH gene.

Sequence Determination and Analysis of the Plasmid
Library of M. kandleri

To obtain the genetic information of M. kandleri, the
constructed plasmid libraries were sequenced. From the
290 plasmid DNAs in the plasmid libraries, 202 plasmid
DNAs were successfully sequenced. The failure to
sequence was probably due to an inadequate purity of the
DNA or a failure of the sequencing reaction procedure.
The 202 sequence tags obtained were analyzed using the
advanced BLAST program. Amino acid sequences of six
possible reading frames deduced from the obtained
sequence tags were compared with protein sequences in
the database. Among the 202 tags, 68 clones were selected
with sequences longer than 300 bp and a matched score of
over 80 from a BLAST search of previously identified
genes. There were 51 clones that matched genes with
assigned functions. The remaining 17 clones were matched
with genes with hypothetical functions.

Genes from M. kandleri and Codon Usage

The lists of the 68 sequence tags are shown in Table 1
along with genes exhibiting a strong similarity. In general,
the sequence tags from M. kandleri showed strong
similarity to the genes from methanogens or other Archaea
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Table 1. Lists of identified genes from the M. kandleri genomic library.

Pir No. Gene description Score Clone # (High)
Biosynthesis of amino acid, cofactors, prosthetic group, and carriers
pirllC64459 dihydroxy-acid dehydrogenase [Methanococcus jannaschiil 429 smk-153
pirllD64413 cobalamin biosynthesis protein N [Mc. jannaschii] 332 smk-116
pirllJC4352 aspartate-tRNA ligase [Pyrococcus sp.] 277 pmk-135
splPO6195IPABA_SERMA  p-aminobenzoate synthase glutamine amidotransferase component 11 214 smk-118
splP21157ICOBQ_METVO cobyric acid synthase [Mc. voltae] 198 smk-128
enlIPIDIe299306 TDP-D-Glucose synthase [Streptomyces argillaceus) 146 smk-114
pirllC64375 glutamate- 1-semialdehyde 2,1-aminomutase [Mc. jannaschii] 130 pmk-21
enllPIDId1011268 cobyric acid synthase [Synechocystis sp.] 112 pmk-161
gnlIPIDId1030554 173aa long hypothetical molybdenum cofactor biosynthesis protein 106 pmk-97, 101
[Pyrococcus horikoshii)
Cell envelope and cellular processes related protein
pirll[E64318 centromere/microtubule-binding protein [Mc. jannaschii) 241 pmk-70
2il2258418 dolichol monophosphate mannose synthase {Homo sapiens] 174 pmk-123
Central intermediary and energy metabolism
pirllH64390 carbon-monoxide dehydrogenase beta subunit [Mc. jannaschii] 124 lmk-ef
gil2622619 succinate dehydrogenase, flavoprotein subunit {Mb. thermoautotrophicum] 490 pmk-68
pirllA64304 succinate dehydrogenase, flavoprotein [Mc. jannaschii} 374 pmk-106, 18
pirllB64361 L-lactate dehydrogenase [Mc. jannaschii] 306 pmk-46
spiPS3191ISUCD_COXBU  succinyl-CoA Synthetase alpha chain [Coxiella burnetii] 195 pmk-25
gil2982926 nitrate reductase (NAD(P)H) large subunit [Aquifex aeolicus) 126  pmk-47
pirllF64327 H'-transporting ATP synthase subunit K [Mc. jannaschii] 120 smk-102
splPO8640IAMYH_YEAST glucoamylase S1/S2 precursor 102 smk-53
pbdI1FCAI ferredoxin 83 pmk-102
Methanogenesis
pirllH64406 N5-methyl-H4MPT-coenzyme M methyltransferase homolog [Mc. jannaschii} 255 pmk-118
2il1354836 methyl coenzyme M reductase beta-chain [Methanopyrus kandleri] 212 pmk-30
pirllA64455 methyl coenzyme M reductase system, component A2 [Mc. jannaschii) 190 pmk-16
pirliS57465 formylmethanofuran DHase subunit A [Mb. thermoautotrophicum] 150 pmk-76
pirliH64405 N5-methyl-H4MPT-coenzyme M methyltransferase homolog [Mc. jannaschii}] 149 pmk-59
pirlIS57453 formylmethanofuran DHase (tungsten) subunit F [Mc. jannaschii] 139  pmk-164
gnllPIDle334007 N5-methyl-H4MPT-coenzyme M methyltransferase, subunit MtrD 138  pmk-105, 143,
[Methanopyrus kandleri) smk-103
pirllB37777 methyl viologen-reducing hydrogenase [Methanothermus fervidus) 85 lmk-hb
Purines, pyrimidines, nucleosides, and nucleotides
pirllD64437 glucose-1-phosphate thymidylyltransferase [Mc. jannaschii] 250 pmk-117
spiPS0845IKDGK_BACSU  2-dehydro-3-deoxygluconokinase {Bacillus subtilis] 126  smk-101
splP8O30SITYSY_METTH  thymidylate synthase (TS) [Methanobacterium thermoautotrophicum) 100 pmk-69
Replication, transcription, and translation
gnllPIDId 1026092 DNA polymerase II subunit 2 [Pyrococcus furiosus] 317 smk-170
splP54109IRS2_METJA 30S ribosomal protein S2P [Mc. jannaschii] 393 smk-112
splP54067IRS6E_METJA  30S ribosomal protein S6E [Mc. jannaschii] 368 pmk-24
gif2621738 ATP-dependent RNA helicase related protein [Mb. thermoautotrophicum] 285 pmk-89
gil2984318 initiation factor elF-28 alpha subunit [Aquifex aeolicus] 282 pmk-09
gnlIPIDId1031905 967aa long hypothetical leucyl-tRNA synthetase [Pyrococcus horikoshii) 248 smk-133
gnlPIDId1031046 480aa long hypothetical prolyl-tRNA synthetase [Py. horikoshii] 221  smk-26
£ii2650146 mRNA 3'-end processing factor, putative [A. fulgidus] 199  pmk-25
splP54064IR24E_METIJA 508 ribosomal protein L24E [Mc. jannaschii] 152 smk-24
gil2826316 putative transcription initiation factor (TF II E, subunit alpha) 102 smk-32
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Table 1. Continued.

Pir No. Gene description Score Clone # (high)
Transport and binding proteins
2il2649523 ATP transporter, ATP-binding protein, putative [Archaeoglobus fulgidus) 268 pmk-14
gil2104726 V-ATPase A subunit [Desulfurococcus sp. SY] 213 pmk-104
gnlIPIDId 1030679 355aa long hypothetical GTP-binding protein [Py. horikoshii] 207 pmk-110
gnllPIDIe1294480 putative cationic amino acid transporter [Streptomyces coelicolor] 133 pmk-108
Other categories
spi031662IYKRS_BACSU  hypothetical 38.9-kD protein in dat-spooe intergenic region [Bacillus subtilis] 206 pmk-93
pirlil40767 catalase [Campylobacter jejuni] 158 Imk-pb2
£il927403 F46G10.3 [Caenorhabditis elegans] 134 pmk-107
pirlIS72844 B-aspartate methyltransferase PimT [Mycobacterium leprae) 115 smk-55
pirliS50120 activating factor-common tabacco [Nicotiana tabacum] 96 pmk-166
spiQ09625IYS8A_CAEEL  hypothetical 84.3-kD protein ZK945.10 in chromosome IT 85 pmk-77
Unknown and hypothetical protein
splQ603621YOS7_METJA  hypothetical protein MJO057 [Mc. jannaschii] 226 pmk-137
splQ584821YAB2_METJA  hypothetical protein MJ1082 [Mc. jannaschii] 209 pmk-08
splQ578971Y455_METJA  hypothetical protein MJ0455 [Mc. jannaschii] 180 pmk-156
splQ58952IYF57_METJA  hypothetical protein MJ1557 [Mc. jannaschii] 155 pmk-22
splQ580951Y682_METJA  malT-glpR intergenic region hypothetical intein-containing 920 pmk-167
protein homolog MJ0682 [Mc. jannaschii]
splQ587781YD83_METJA  hypothetical protein MI1383 [Mc. jannaschii] 89 Imk-kf
2il2622305 conserved protein [Mb. thermoautotrophicum] 266 pmk-129
gil2622180 conserved protein [Mb. thermoautotrophicum] 206 pmk-141
gil2621853 conserved protein [Mb. thermoautotrophicum] 145 pmk-48
gil2622692 conserved protein [Mb. thermoautotrophicum)| 137 smk-9
gil2621447 conserved protein [Mb. thermoautotrophicum} 95 pmk-60
2il2622971 unknown [Mb. thermoautotrophicum] 97 pmk-28
spl0267621Y666_METTH  hypothetical protein MTH666 [Mb. thermoautotrophicum) 95 pmk-19
2il264940 conserved hypothetical protein [A. fulgidus] 280 smk-129
£il2650030 conserved hypothetical protein [A. fulgidus] 100 smk-154
gnllPIDIe291024 orf 2 [Mp. kandleri] 377 smk-93
gnllPIDIe291026 orf 4 {Mp. kandleri) 582 pmk-103

such as Methanococcus jannaschii, Methanobacterium
thermoautotrophicum, and Archaeoglobus fulgidus. Two
sequence tags, pmk-30 and pmk-105, had the same DNA
sequences as the previously identified methyl coenzyme
M reductase beta subunit [23] and N,-methyl-HMPT-
coenzyme M methyltransferase [12], respectively. There
were no mismatched bases between the two sequence tags
and reported sequences. This result indicates that the
accuracy of the sequencing was more than 99%. The
identified genes were grouped according to their cellular
function such as the biosynthesis of amino acids, cell
envelope formation, energy metabolism, nucleotide synthesis,
replication/transcription/transiation, transport, other categories,
and hypothetical genes. To examine the detailed structure
of the M. kandleri genes, the complete gene encoding the
catalytic subunit of carbon monoxide dehydrogenase
(CODH) was cloned and its DNA sequence was determined.

The number of codons for each amino acid was
determined to examine the codon frequency in M. kandleri.

All the codons from the most probable open reading
frames of the 68 sequence tags were collected, and the
codon percentages for each amino acid are listed in Table 2
along with those for M. jannaschii and E. coli. The most
distinct characteristic of codon usage in M. kandleri is the
dominant occurrence of G or C in the third position of the
codon. For Phe and Tyr, more than 90% of codons ended
with C. More than 70% of the remaining codons for most
amino acids, except Arg and Gly, used G and C at the third
position of the codon. The 6 and 4 codons for Arg and Gly,
respectively, were used evenly in M. kandleri. This trend
of codon usage in M. kandleri was quite different to that in
E. coli and M. jannaschii, a hyperthermophilic methanogen.

Molecular Cloning of a Homologue of the Catalytic
Subunit of the CODH Gene

To examine the detailed structure of a constantly expressed
gene from M. kandleri, a homologue of the catalytic
subunit of CODH was cloned using the sequence tag lmk-






