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Abstract Thermoplasma acidophilum is a thermoacido-
philic archaeon that grows optimally at pH1.8 and 56°C
and has no cell wall. Plasmid pTA1 was found in some
strains of the species. We sequenced plasmid pTAl and
analyzed the open reading frames (ORFs). pTAl was
found to be a circular DNA molecule of 15,723 bp.
Eighteen ORFs were found; none of the gene products
except ORF1 had sequence similarity to known proteins.
ORF1 showed similarity to Cdc6, which is involved in
genome-replication initiation in Eukarya and Archaea.
T. acidophilum has two Cdc6 homologues in the genome.
The homologue found in pTA1 is most similar to Tvo3,
one of the three Cdc6 homologues found in the genome
of Thermoplasma volcanium, among all of the Cdc6
family proteins. The phylogenetic analysis suggested
that plasmid pTA1l is possibly originated from the
chromosomal DNA of Thermoplasma.
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Introduction

The Archaea represent one of the three major divisions
of life (Woese et al. 1990). In spite of their prokaryotic
morphology, the Archaea share similarities with Euk-
arya (Brown and Doolittle 1997). In order to study
evolution of life and to harness the Archaea as a simple
model for the more complex Eukarya systems, it is
essential to study biochemistry and genetics in the Ar-
chaea. Identification of extra-chromosomal elements,
such as plasmids and viruses can provide information
needed for the development of genetic tools.

Thermoplasma acidophilum is a thermoacidophilic
Archaeon isolated from a self-heating coal refuse pile.
The archaeon grows optimally at pH 1.8 and 56°C, is
classified in the Euryarchaeota, and has no cell wall
(Darland et al. 1970). Temperature shifts cause a
change in the cell shape, from irregular to spherical,
suggesting the presence of an internal cytoskeleton
(Searcy et al. 1981). The genome of T. acidophilum has
been completely sequenced and was 1,564,905 bp,
which is one of smallest genomes in the Archaea
(Ruepp et al. 2000).

Plasmid pTA1l was found in 7. acidophilum strains
isolated from hot springs in Japan (Yasuda et al. 1995).
Here we report the complete nucleotide sequence of
pTA1l and the identification of eighteen open reading
frames (ORFs). The product of ORF1 showed similarity
to Cdc6, a genome-replication initiation protein found
in Archaea and Eukarya. These results suggest that
plasmid pTA1 may have originated from chromosomal
DNA.

Materials and methods
Materials, strains and plasmids

The type strain of T. acidophilum was kindly provided by
Dr. D. G. Searcy. T. acidophilum HO-122 was previously
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isolated in our laboratory (Yasuda et al. 1995). T. aci-
dophilum culture medium was prepared as described
previously (Yasuda et al. 1995). All primers were
obtained from Sigma Genosys (Hokkaido, Japan). 5’
[0—*P]-dATP was purchased from Amersham
Biosciences (Tokyo, Japan). pTAl plasmid DNA was
isolated by the alkaline lysis method from T. acidophilum
HO-122 cells harvested after a 70-h incubation at 56°C
(Sambrook et al. 1989). Escherichia coli was grown in
LB medium (Sambrook et al. 1989).

Cloning and sequencing of pTAl

Plasmid pTAl was digested with EcoRI, HindIIl or
Hincll. Each fragment was cloned between appropriate
sites of pUCI118. Both strands of each fragment were
sequenced by the primer walking method. Correct
assembly of these fragments was checked by amplifying
the regions around the restriction sites by PCR. The
amplified fragments were cloned and sequenced.

Plasmid DNA was purified from E. coli strains with
the QIAprep Miniprep Kit (Qiagen, Tokyo, Japan).
Sequencing reactions were performed with the BigDye
Terminator v3.1 Cycle Sequencing Kit (Applied Bio-
systems, Tokyo, Japan). The products were applied to
an ABI PRISM 3100 Genetic Analyzer (Applied Bio-
systems, Tokyo, Japan).

Sequence analysis

Identification of ORFs and repeated sequences was
carried out with the computer program GENETYX-
MAC Ver.11.0 (Genetix Corporation, Tokyo, Japan).
The nucleotide and protein sequences and conserved-
domains were searched with the NCBI database using
the programs BLAST and CDART, respectively.

For phylogenetic analysis, sequences were retrieved
from protein databases in NCBI. The sequences of Cdc6
homologues were aligned using Clustal X version 1.81
(Thompson et al. 1997), and subsequently edited man-
ually. The well-aligned sites (202 positions) were used for
tree construction. A phylogenetic tree inferred from the
maximum likelihood method was constructed using
PROML with the JTT amino acid substitution matrix
(Jones et al. 1992). Global rearrangements and ran-
domized input order of sequences (10 jumbles) and a
rate heterogeneity model with gamma distribution
parameter alpha (1.36) calculated by treepuzzle—5.0
(Schmidt et al. 2002) were used. Bootstrap values rep-
resent a consensus of 1,000 Neighbor distance tree
obtained by CONSENSUS and NEIGHBOR. The
pseudo-replicates were generated with SEQBOOT and
the distance was calculated by PROTDIST. The setting
in Bootstrap trial was the same as those for used for
PROML. PROML, SEQBOOT, PROTDIST, NEIGH-
BOR in the PHYLIP package version 3.62 (Felsenstein
1989) were used.

Northern analysis

Total RNA was extracted with the RNA extraction kit
ISOGEN (Nippon Gene Co., Ltd. Toyama, Japan),
purified with an RNeasy spin column (Qiagen, Tokyo,
Japan), and treated with DNase I (Takara Bio Inc.,
Tokyo, Japan).

DNA fragments for each target region were ampli-
fied by PCR with each ORF-specific primer pair and
pTAl as template. Each fragment was cloned into the
Smal site of pSPT18 and used for the preparation of
each RNA probe. RNA probes were labeled with
digoxigenin by using a DIG RNA Labeling Kit SP6/T7
(Roche Diagnostics, Tokyo, Japan). Total RNA from
the T. acidophilum type strain or strain HO-122 was
separated on 1.5% agarose gels containing 6.7%
formaldehyde, and then transferred onto Hybond-N +
membranes (Amersham Pharmacia Biotech, Tokyo,
Japan). DIG Easy Hyb solution (Roche Diagnostics,
Tokyo, Japan) was used for the hybridization at 58°C,
except for ORF6 and ORF16, which were hybridized at
55°C. Hybridization signals were detected with a DIG
Nucleic Acid Detection Kit (Roche Diagnostics, To-
kyo, Japan) according to the manufacturer’s standard
protocol.

Primer extension analysis of ORF1

The 5-end of the ORF1 transcript was determined with
a Primer Extension System-AMYV Reverse Transcriptase
kit (Promega, Tokyo, Japan) using 5'-[a—>*P]-dATP-
labeled oligonucleotides as primers. Primers used were
pel (CCTTAAGGTTGTTCCCGTTGTCCT), pe2 (CC
AGTTGTTCCAGGATAGCGTTGA) and pe3 (CTC
-GTCAGTTCGTCCAGGTTGTTT). After purification
with a chroma spin+ TE-10 (Clontech, Tokyo, Japan),
all samples were separated on a 8% polyacrylamide
sequencing gel containing 7 M urea, and analyzed with
an imaging plate and a BAS 3000 system (Fuji Film
Ltd., Japan).

Results
Structural features of the pTA1 sequence

The complete sequence of the pTAl plasmid from 7.
acidophilum HO-122 was determined (Fig. 1) (Gene-
Bank accession no. AB190359). It was a circular plasmid
with 15,723 bp of DNA and a G+ C content of 46.7%,
which is similar to that of T. acidophilum chromosomal
DNA (46.0%) (Ruepp et al. 2000). The sequence was
numbered from the first base of a Dral site. The overall
DNA sequence of pTAl had no regions related to the
other archaeal plasmids or to genome sequences of 7.
acidophilum or T. volcanium except ORF1 and 2; thus
pTAT1 appeared to be a novel plasmid.
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Fig. 1 Map of pTALl. Eighteen ORFs are shown by arrows. NCR1,
2 and 3 represent intergenetic regions near ORF1. Restriction
recognition sites used in subcloning and the Dral site at base one
are indicated. Putative ORFs in the same multicistronic operons
are indicated by arrows with the same pattern

Open reading frames in pTA1

Sequence analysis identified eighteen ORFs that were
more than 100 amino acids in size (Fig. 1). The con-
sensus sequence of the TATA box in Archaea is TTTAt/
aATA (Reiter et al. 1988). Sequences resembling the
TATA box were found upstream between —31 and
—276 bp of all ORFs except for ORFs 13 and 16
(Fig. 2a). In all of these promoters, the last four nucle-
otides were highly conserved (t/aATA). Stem-loop
structures and thymidine-rich regions, which are po-
tential transcription termination regions (Brown et al.
1989), were found downstream of ORFs 1, 2, 3, 4, 7, 8,
10, 13, 14, 16, 17 and 18. Some ORFs had a short
overlap or a very short spacer region.

ORF1 seemed to encode a 41.5-kDa protein that has
a motifs of “ATPases associated with various cellular
activities” and “‘winged-helix”, and showed sequence
similarity to cell division control protein 6 (Cdc6)
(Fig. 3). ORF1 has a class II winged-helix motif, sug-
gesting direct DNA binding (Capaldi and Berger 2004;
Singleton et al. 2004). Cdc6 is known as a genome rep-
lication initiator in Archaea and Eukarya (Giraldo
2003).

In general, Rep protein plays a role as the replication
initiator for plasmids. A rolling-circle replication
mechanism has been postulated for many plasmids in
Archaea as well as in Bacteria (Erauso et al. 1996).
However, there was no homologue of Rep protein on
pTAl. Accordingly, ORF1 of pTAl is likely to be a
replication initiator.
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Northern analysis of the transcripts

Since some ORFs were overlapping or had short inter-
genic sequences, they may constitute polycistronic ope-
rons (Fig. 2c). Depending on the location of the
terminators, ORFs 5-7, 9,10, 11-13 and 15-16 may
constitute multicistronic operons.

In order to investigate expression of ORFs in pTAI,
northern analysis was carried out. No signal was de-
tected with any of the probes when total RNA from the
type strain, which has no plasmid, was used as the target
(Fig. 4a).

The results are summarized in Table 1. For ORF1,
the length of the signal detected was similar to the length
of ORF1 (Fig. 4a). The ORF2 specific signal was shorter
than ORF2. Therefore, the actual start codon of ORF2
may be located downstream of the predicted start.
Additional ATG and GTG codons are present about
100 bp downstream of the predicted initial codon.
However, no promoter sequences were found upstream
of the alternative first codons. Accordingly, the true
initiation codon of ORF2 is not clear. Specific signals for
ORFs 3, 8, 9, 10, 11, 12, 13, 14, 16 and 18 were not
detected. These ORFs are scarcely transcribed under the
conditions used in our analysis. Two signals each were
detected for ORFs 4 and 17. When hybridization strin-
gency was increased, all of the signals disappeared. The
longer signals are long enough to encode ORFs 4 and
17, respectively, and the shorter signal may result from
degradation products or an alternative transcript of the
longer mRNA. Since a 1.9 kbp signal was detected by
ORFS, 6 and 7 specific probes, these ORFs are likely to
constitute a polycistronic operon. Although the position
of promoters and terminators suggested that ORFs 15
and 16 might constitute a polycistronic operon, specific
signal was detected only with the ORF15-specific probe.
Accordingly, the operon structure of ORF15 and 16 is
not clear.

The northern analysis suggests that promoters in
front of ORFI, 2, 4, 5, 15 and 17 are active under the
conditions. According to the alignment of putative
promoters (Fig. 2a), it is likely that more than six con-
served bases in putative promoter are required for
transcription. However, the failure of detection of
transcripts with well conserved promoter sequence (e. g.
ORF10 and 14) suggests the involvement of other fac-
tors in transcription.

Primer extension analysis of ORF1

In the 5-region of ORF1, there are two candidates for
the first codon (Fig. 4b). We determined the 5’-terminus
of ORF1 by primer extension analysis. A specific band
corresponding to the G complementary to the *C is
visible at the position indicated by the arrow in Fig. 4c.
This transcription start site was located 2 bp upstream
of the second ATG. A putative promoter and RBS were
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a ORF1 :(-31) AACACGTAAAAGAA|aTTAAATA
ORF2 :(-103) GTCAGGTCTGGCGG| aTgATATA
ORF3 :(-127) GCACATCCAACCGC|TcacTATA
ORF4 :(-276) CAAAATATGAATAC|TTTtAATA
:(-29) CGGGCCCAGCCCTA|CTCATATA
ORF5 :(-71) AGGCAAACAGAAAC|aaTATATA
ORF6 :(-136) TCCATGGACGCACC|TgcATATA
ORF7 :(-22) GAGCCACAATAAAA|ggTATATC
ORF8 :(-31) AGTGGGGATCGAAA|gagATATA
ORF9 :(-235) CCGAGATCCTCCAA|TcTATaTA
ORF10 :(-17) CAGTAGTTGATACT|TTTATATA
ORF11 :(-91) AGCCGTATTCATCA|TcatTATA
ORF12 :(-67) TCGCAGACATCCCG|aTatTATA
ORF14 :(-131) AATGTTCGAATTCT| TTTATATt
ORF15 :(-197) AGACATAATAGTAT|gaTAAATA
ORF17 :(-96) GGACCTCGAAAACA| TcTATAaA
ORF18 :(-73) ACCATTCTTATTAT|TaTtAATA
CON TTTAWATA
b ORF1 ORF7

CAACAATGACATTAATCCAATCAATGATAAG
CTCTGGGGGCGGTCCTGTGTCCTGGCCATC
AGCATTCCTCACATCGATGAACTGATAGGGC
AAAGTATGCCTTCACTATCCAAATGAAGAAC
TTACCAGAAGGAAAAGGGAAGATGGACCAGG
CATAGCGATCACAATACAAGGGAAGCAATAT
AACCCAATGGGCTACATCCCATCACGCAGGA
AGGAGGGGATAAAGATGATAGGAATCACAGG
CTGGGAGGAGAAGAAGATCTGTAATGGAGGA
TTCTTTCATCAACAGCATAATGGCCATTTTT
GGTGATATTATGAAAAAAGCAAAACTAATAA
GGATTCATAGCCCTATACAGGATGAACATCA
CCTGGGAGTGAGCGGGCTGATCAAGACCCAC
TTTGCTTTCAGCGATCCATGTCGGGATCTTC
TGAAAAGGGATATTGCAATGGCCGACCCAAA
CGCATGAGAATCCTATACTACTGCCGGAATT
AGAACAACTCTTAATATTAATAAGAAACCAA

ORF14

taaTCCCCCGATACCGAAATAAAGGGGGATACCGC
ATTACACGGCATAAATCATCATTCCACACACAACC
ACGAATACGGAAAACCCAAATTCCAATTTTATATA
TGATAAATTTAGA

ORF2
taaGTGATTCTCTTTTTCTCATTTTCTCTTTCTCT
TTCCAGTGTGG

ORF3
tgaGAAGACTATCTTATATCCATCAAAGGCCATGA
GAAGATAATTCATCAATTGAGACTTACCGGACCCG

ORF4
tgaATGAACGATAAACCATGCAAAGACCGCATAAA
GAATCGAGGAAGAGCAAGGGAAAGCGGTTTTTCAT

taaTGGAGGACCATCATGGCCAGCTTCACAACCGA
GATCCTCCAATCTATTTATTCTTTCATCAACAGCA

ORF8
tgaACCCCCTGAACTGGATCAAGGACATATCGCAG
GCAACCATCAACCAGATCCAGAATGCCATCCTATA
CCTTTTCCAGGAATT

ORF10
taaTGGGGAAAATAGTAGATACAGCAATAGCCGTA
TTCATCATCATTATAGGATTCATA

ORF13

tgaAGGAGCAGAACGAACATTATCCAAAGTAATAA
AAAACGGCAAAAGCCGAAAACGGAGGGCCGGATCC
GCCACCAGGGCAGGCCTCCAAAAACGGCAAACAAC

tgaATTTCTCGTGTTATCCTTCCTTGGGGGATGGA
ATATATCGTATAGTGGCGTCTTTGTGTCTTCCIGG

ORF16
ttaCAAGAACCCCCACCAAAAAGAAATTGATGGAC
CATTAATTTTTTCCCCAACCAT

ORF17
ttaTATGCCATACTATTATTATATCTATGARAAAT

ORF18
tgaAGATACACTTTATCGCAAAAACGAAATAAAAT
TAATTTTTTTCAAACGGAACCAAGA

CGGTGTAGCATTCGCCGTAATTTTTGTGATCG GAACCCAATATTTTTAACAACC
c +80
o Posaseadian
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Fig. 2 a-c Sequences of putative promoters and terminators in
pTAIl. a Putative promoter sequences. A box indicates putative
promoter TATA box sequences in ORFs in pTAl. Putative first
codons are in bold. Figures at the far left indicate the promoter
position of the first base numbered from the first codon. CON is the
consensus promoter sequence of the archaeal TATA box (Reiter
et al. 1988). Mismatches are indicated in lowercase letters. Base C at
the transcriptional initiation site that was determined by primer
extension analysis of ORF1 is double underlined. ORF4-2 shows an

2 +13

-1

ORF8 ORF9

+

1

e 8

ORF18

alternative promoter found near the second codon. b Putative
terminator sequences. ltalic bold letters indicate the pyrimidine-rich
regions. The inverted repeats are underlined. Lowercase letters are
stop codons of ORFs. ¢ Map of promoters and terminators.
Overlaps and gaps between ORFs are shown by positive (+) and
negative (—) figures, respectively. Arrow ORF; White triangle
promoter; Vertical line terminator. Putative ORFs in the same
multicistronic operons are indicated by arrows with the same
pattern
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Fig. 3 Alignment of Cdc6. P.abyssi MSFKSTISTGGTSMSEGE-QLHLDKLFERLLKARKIFKNKEVLRHSYTPKD-LPHRHEQI 58
ATP-binding motifs and a PFZ1  mm e MFEKRPKLFKNRDVLSPLFVPDT-LQDRKEEV 31
winged-helix motif are P.aerophilum  =—=--=--- - mmmm e MAIVVDDSVFSPSYVPK-RLPHREQQL 26
indicated by upper lines (Liu pTAl —--e- MTLIQSMISDKNNLDELTRKTIETLKDNGNNLKDPSVFDLNYQPK-KIFIRKEIN 54
et al. 2000; Singleton et al. T T N
2004). An arrow shows the first Walker-A
methionine after the P.abyssi EALAQILVPVLK- -GETPSNIFVYGKTGTGKTVTVKFVTEELKKVSQKYNIPVEVIYINC 116
transcription initiation site pFZ1 GAISQYLGYILD--GATPPHLLIVGPPGSGKTVTTKYVINELEKHTSDAV--IEYIVADG 87
determined by primer extension P.aerophilum QQLDILLGNWLRNPGHHYPRATLLGRPGTGKTVTLRKLWELYKDKTT- - - - - ARFVYING 81
analysis. CON I and CON II PTAL AILEQLGQYALW- - -KIPKHIALIGPKGAGKTITIKTIAESLQRTQG- - - - - LENIYINA 106
are consensus sequences in class + * + + * *pkxkkpk 4+ o+ 4 + + + +
I and class 11 winged-helix Walker-B
motifs, respectively (Singleton P.abyssi EIVDTHYRVLANIVNHFKDETGIEVPLVGWPTDEVYAKLKQVIDMRERFVIIVLDEIDKL 176
et al. 2004). Upper two and pPFZ1 TAYQ-VATSIARAPRR----=-------- GLGFLNIVEKIRERASE--GKMIIVMDEIDKT 132
lower two homologues of Cdc6 P.aerophilum FIYRNFTAIIGEIARSLNIP- - --FPRRGLSRDEFLALLVEHLRERDLYMFLVLDDAFNL 137
have class I and class II winged-  pTA1 RETQTSYKIYQEITKHY--------- TKGPDLSEMRAKALKRLTDH- - - TLLIIDEVDFL 154
helix motifs, respectively. + o+ * ++ + R
Numbers at the right refer to Sensor-A
amino acid numbers. Accession  P.abyssi VKKSGDEVLYSLTRINTE- - - LKRAKVSVIGISNDLKFKEYLDPR-VLSSLSEEEVVFPP 232
numbers of the sequences are pFZ1 LSRDGDKLLYHLSRE------- -~ PNVCIVGLSNKLTVMDMIGDSGVISSFKPRRISFAP 183
Pyrococcus abyssi (PAB2265), P.aerophilum AP----DILSTFIRLGQEADKLGAFRIALVIVGHNDAVLNNLDPS-TRGIMGKYVIRFSP 192
Pyrobaculum aerophilum pTA1 KDQ---DILYTVTRET--------- KTTLILLTQKLSWIKNLKDESVASSLQPQLITFNQ 202
(PAE0737) and plasmids pFZ1 R4 * o+ + o+ + o+ + *
(NP 039767) from Sensor-B
Methanobacterium P.abyssi YDANQLKDILTQRAEEAFYPGVLEEGVIPLCAALAAREH- - - - - - GDARKALDLLRVAGE 286
thermoformicicum pFZ1 YSAPQLEEILNYRVEMAFNDGVLEDDVVPLCAALAAQRN - - - - - - GDARYALDLLSFAAD 237
P.aerophilum YTKDQIFDILLDRAKAGLAEGSYSEDILQMIADITGAQTPLDTNRGDARLAIDILYRSAY 252
PTAL YTPQELSEILTMRAEEGLYQ- - FDPGSINLISALVARNYR- - - - - GDTRIAIKTLERIGY 255
* ++ HFF K 4t + + + + + A+t + Fhpk Kpgp ok +
P.abyssi IAEREGASKVTEKHVWRAQEKIE - ODMMEEVIKTLPLQSKVLLYAIVLLDENG-DLPANT 344
PFZ1 IATIRQLKGVVSESDVRMATDEVE-VEFIRRSIEQLRDNQKILLYAVMTSQGGT - - - - - - P 290
P.aerophilum ARQQNGRKHIAPEDVRKSSKEVL-FGISEEVLIGLPLHEKLFLLAIVRSLKISHTPYITF 311
pPTAl RNQWNEEEIY - -KALEEAYNELEG- - - - - TILRGLSPRDLEILLIISKTPESN------ K 302
+ + + o+ +++ +  F 4+ +* 4+
Helix sheet Wing Sheet
CON I Helix Turn LTXRRISDLIXELDMLGILxXXXVVSRGR--YGRTKEIXL
P.abyssi GEVYSVYRELCEYLDL-EPLTQRRISDLINELDMLGI INAKVVSKGR - - YGRTKEIRLNV 401
pFz1 TEIYRKYNKMAEEQFGGNALTQRRLSQLLRELELYGLVEIEVVGRG- - -RGRGVNWHVVP 347
P.aerophilum GDAEESYKIVCEEYGE-RPRVHSQLWSYLNDLREKGIVETRQNKRGEGVRGRTTLISIGT 370
pPTAlL AYLIAKQSTYARNI------ SRPTFLQALNHLQNLDLIMLTKKRVG- - -KSNTQEAEILL 353
CONS II L L LGII G  RGV(R)
++ + 4+ + 4+t +++ * 4 ++ +
P.abyssi TPYKIRNVFRY-DYAIQPLLTVSLKGGQRRLL 432
pFZ1 SSSIDPDLMLE-AIRRSL-----=---=--~-~ 364
P.aerophilum EPLDTLEAVITKLIKEELR------------- 389
pPTAl NNKDLIEKIASEKL-----=--=-~--=-~-~ 367
+ +

found at —31 bp and at +2 bp of the start codon,
respectively (Fig. 4b). Based on this information, the
second ATG likely to be the real start codon.

Phylogenetic analysis of Cdc6 in pTAIl

To estimate the relationship between ORF1 of pTAl
and Cdc6, a phylogenetic tree was derived from an
alignment of Cdc6 homologues from Archaea and
Eukarya. We retrieved Cdc6 homologues from the
NCBI database through similarity searches with
BLASTP using reported homologues as the query. We
omitted some homologues that were very short or lacked
the conserved domain. In the Thermoplasmaceae, two
and three homologues were found in 7. acidophilum and
in T. volcanium, respectively.

For construction of our tree, the sequences of the
Cdc6 homologues in the Archaea were aligned and five
representative from Eukarya was included as the out-
group (Fig. 5). Some points are noted for the phyloge-
netic tree of Cdc6. First, the tree has two large branches
(Group A, B). Group A contains Cdc6 homologues of
three Pyrococcus species and a plasmid pFZ1. No Group
B homologues were found in these species. Homologues
were found in both groups for the species that have more
than one homologue. However, Cdc6 of P. aerophilum,
which contains only one homologue, was a member of
Group B. Second, Eukarya branched at the border of
the two groups. It is likely that group A and B diverged
in early evolutionary history, since these groups are
rooted by the Eukaryal Cdc6 branch. Third, this
branching is concordant with the classification based on
winged-helix motif sequence (Singleton et al. 2004):
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Fig. 4 a—c Northern analysis
and 5-end mapping of ORF1
transcript by primer extension
analysis. a Northern analysis of
ORFI. Total RNA from type
strain or strain HO-122 was
analyzed in lane TA or HO-122,
respectively. Marker positions
are shown on the right. Arrow
indicates signal position. b 5’-
teminal region of ORF1. The
RBS and TATA box are shown
by boxes. The 3’-sequence of
16s rRNA in T. acidophilum is
5" TGGATCACCTCC-3’ (Ree
et al. 1989). Underlines indicate
primers (pel, 2 and 3, see
Materials and methods) used in
primer extension analysis.
Asterisks indicate the
transcriptional initiation site.

¢ Autoradiogram of the
electrophoresis gel loaded with
primer extension products. A,
T, G and C: DNA sequencing
ladders. pel, 2 and 3: primer
extension reaction products.
Transcription initiation sites are
indicated by asterisks. Possible
start codons are in bold. Arrows
indicate primer extension
signals

Table 1 Northern analysis of
pTA1 ORF transcripts

ND Specific signal was not det-
ected

% The position of putative pro-
moters and terminators from
the first and the last codon,
respectively

® Length of the signal detected
by northern analysis of whole
RNA from T. acidophilum
HO-122

¢ Expected length of polycis-
tronic operons. The length
between the first codon of the
first ORF and the stop codon of
the last ORF are given

4 Promoter found near second
ATG, and ORF and operon
length expected from the second
ATG

a Kig
&
- -
{kbp)
-10
-4
-3
-2
- <«
- 1
-0
-06
-
-04
b M T L I 0 S M _I s D K
TTTGARATTAARACACGTAARAGAARTTARATAC AACARATGACATTAATCCAAT* CANTGATIRAGCGACAAR
boxA RBS
N N L b ELTT®RIEKTTITZETTULTZEXKT DI NG GTINTDNTLIE KD P
AACAACCTGGACGAACTGACGAGGAAGACGATCGAAACGCTGAAGGACAACGGGAACAACCTTAAGGACCC
pe3 pel
S vV F DL NJYOQUPJZ K I KTIFTIRIEKTETINA ATITLE Q
GAGCGTATTCGATCTGAACTACCAGCCCAAGAAGATATTTATTAGAARAGAGATCAACGCTATCCTGGAAC
L G Q Y A
AACTGGGCCAGTATGCA
pe2
¢ 6IGgpe1 o w ATGC pe3
b - L s -
L 4 48 g ¥
i 83 38~
= - - R - - e g - - e
H P 3 N E g
* *
a - - 5 E Q
P 33 3 )
3 b 3%
wo S i -
"
ORF Promoter® Terminator® ORF length (bp) Signal (kbp)® Operon length (bp)©
1 -31 +3 1,101 1.4 1,101
2 -103 +2 834 0.74 834
3 -126 +12 600 ND 600
4 -276 +15 453 1.0, 0.68 453
(—29)¢ (399)¢ (399)¢
5 -71 813 1.9 1,623
6 -136 459 1.9
7 -22 +5 351 1.9
8 -31 +14 291 ND 291
9 -235 306 ND 5,154
10 -17 +18 4,348 ND
11 91 831 ND 2,112
12 -67 837 ND
13 +57 441 ND
14 -131 +14 333 ND 333
15 -197 306 0.8, 0.6 543
16 +21 237 ND
17 -97 +1 375 0.45, 0.69 375
18 -32 +5 441 ND 441
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Fig. 5 Phylogenetic tree of Cdc6 and Cdc6 homologues. A scale
bar represents 0.1 substitutions per residue. The numbers next to
the nodes refer to the bootstrap values (out of 1,000) that support
the branching pattern. Bootstrap values lower than 400 are not
shown. Sequence accession numbers: Homo, Homo sapiens NP
001245; Scel and 2, Saccharomyces cerevisiae P09119 (Cdc6) and
AAC49129 (Orcl); Spol and 2, Schizosaccharomyces pombe
CAA18425 (Cdc6) and CAA22443 (Orcl); Pfa, Plasmodium
falciparum PFLO150w; Cpa, Cryptosporidium parvum EAK87413;
Aful and 2, Archaeoglobus fulgidus AF0244 and AF0695; Apel and
2, Aeropyrum pernix APE0475 and APE(0152; Halo4, 5, 6 and 8,
Halobacterium sp. NRC-1 VNG6363G, VNG6272G, VNG2271G,

Group A and B homologues, respectively, have Class 1
and Class II consensus winged-helix motif sequences.
Fourth, in general the branch length of group A was
shorter than that of group B. Fifth, the subdivision be-
tween euryarchaeota and crenarchaeota groups was not
clearly supported. Finally, the Cdc6 homologue of pTALl
was closely related to that of 7. volcanium Tvo3 with a
high bootstrap value.

Estimation of the replication origin of pTAl

Repeated sequences are often targeted by multimeric
proteins, or they can form secondary structures, such as
a stem-loop. In some Archaeal species, oriC sequences
with some repeats were reported (Lopez et al. 1999;
Matsunaga et al. 2003). Non coding regions near ORF1
were named NCR 1 (n.t. 14914 to 15238), NCR 2 (n.t.
15648 to 366), NCR 3 (n.t. 1448 to 2012) and NCR 4

VNGI1224G; Mthl and 2, Methanothermobacter thermautotrophi-
cus MTHI1412 and MTHI1599; Macl and 2, Methanosarcina
acetivorans MA0001 and MAOO08S5; Mma, Methanosarcina mazei
MM1314; Pab, Pyrococcus abyssi PAB2265; Pae, Pyrobaculum
aerophilum PAEO0737; Pfu, Pyrococcus furiosus PF0017; Pho,
Pyrococcus horikoshii PH0124; Ssol, 2 and 3, Sulfolobus solfatari-
cus SSO0257, SSO0771 and SSO2184; Stol, 2 and 3, Sulfolobus
tokodaii ST0305, ST0471 and ST2165; Tacl and 2, Thermoplasma
acidophilum TA0636 and TA0451m; Tvol, 2 and 3, Thermoplasma
volcanium TVNO758 and TVN1044, TVN1477; plasmids pFZ1 NP
039767 from Methanobacterium thermoformicicum

(n.t. 3414 to 3912) (Fig. 1). pTAl contained three
groups of direct repeats (1, 3, 4) and seven inverted re-
peats (2, 5-10) in the NCRs. These repeated sequences
are more than 13 bp in length and have homology
higher than 90% within each group (Fig. 6). Although
there was no direct or inverted repeat, a 19-bp palin-
drome (ATACTTTTAa/tTAAAAGTAT) was found in
NCR 4.

NCR 1 has three tandem direct and inverted repeats
(group 1 and 3). Because of the palindromic sequence of
these repeats, these multiple repeats overlapped. Multi-
ple repeats appear in the origin of well-known plasmids
in some bacteria (Kues and Stahl 1989). Plasmid
pNRCI100 and the chromosomal replicons of halophilic
Archaea also contain tandem repeats (Mojica et al. 1995;
Ng and DasSarma 1993). Some groups of repeated se-
quence have mutual similarity between groups. Groups
I, 3 and 4 shared an AT-rich 10 bp sequence, and
Groups 6 and 9 share a similar 10 bp sequence. Con-
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1448 2012
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100 bp
b
1: 15159~ TATTATTATTAAtAA -15173 2: 14907- CAAAGATATAATA -14919
15184~ TAaTATTAAaTAAGAA -15198 14943- CAtAGATATAATA -14931
15214- TATTATTATTAAGAA -15228
3: 15155~ TTCTTATTAtTATTA -15169 5: 15678- TAAAATTAATTTTT -15691
15198~ TTCTTATTAATATTA -15184 200- TAAAATTAtTTTTT -187
15228- TTCTTAaTAATAaATA -15214
4: 129- ATTAATATATTAA -141 7: 1643- CTGAAAAGAGAAAGAGAAA -1661
172- ATTAATATAATAA -184 1975- CTGgAAAGAGAAAGAGAAA -1993
6 17- ACAGGGGGGACATTTAACGACA -38 8: 1682- CTCTTTCCAGTAT -1694
252- AGAGGGGGGACATTTtACCACA =231 1984~ CTCTTTCCAGTQT -1972
9: 1722- GGGGAAATTTGCGACGG -1739
1973- GtGGAAATTTGCGACGG -1957 10: 1758- TTGCTTCGGTAGAGGAC -1774
1897- TcGCTTCGGTAGAGGQGC -1881

Fig. 6 a, b Direct and inverted repeats found in NCR1, 2 and 3
and the genomes of T. acidophilum and T. volcanium. a Direct and
inverted repeats in NCR1, 2 and 3. Repeats of 13 bp and longer are
shown by arrows. Figures near the arrows indicate group numbers
of repeats. Arrows shown above and below the lines indicate direct
and inverted repeats, respectively. Numbers at both ends of

served repeated sequences are often recognized by DNA
binding proteins. The presence of a 13 bp consensus
repeat (t/cTa/cCAg/cTGGAAAT) has been postulated
in the oriC of Archaea (Lopez et al. 1999). Recently, a
34 bp long inverted repeat sequence including the 13 bp
consensus repeat was found in the replication initiation
site of Pyrococcus strains (Matsunaga et al. 2003). In
pTAT NCR regions, 7 bp in Group 8 matched with this
consensus repeat (TTCCAGT).

Discussion

The sequence of plasmid pTA1, which was isolated from
the thermoacidophilic Archaeon T. acidophilum, was
determined. According to similarity searches, ORF1 had

intergenic regions represent nucleotide positions. b Sequences of
repeats, where group numbers at the left correspond to those in a.
Figures at the end of the sequences represent positions in the
plasmid pTAl. Mismatches are shown in lowercase. Conserved
nucleotides among different groups are underlined

high sequence similarity to the replication initiator Cdc6
protein, which suggests a close correlation between
pTA1 and the genome. Because many Archaeal plasmids
use the rolling circle replication mechanism (Erauso
et al. 1996), there is an alternative possibility that pTA1
is replicated by a rolling mechanism using a novel Rep
protein. However, single stranded intermediates of roll-
ing circle replication were not detected by Southern
analysis (data not shown).

By phylogenetic analysis, homologues of Cdc6 were
separated into two groups rooted by a branch from
Eukarya (Fig. 5). The Cdc6 homologues present in
species that contained more than two homologues typ-
ically had representatives of both groups. Most species
that contained only one homologue had a group A
member, except P. aerophilum. The Cdc6 homologue



encoded on pTA1l belongs to group B. Recently, Rob-
inson et al. (2004) analyzed the biochemical character-
istics of Cdc6 homologues found in S. solfataricus. They
proposed that two of them, Ssol and Sso3, are positive
initiators, and Sso2 is a negative regulator of replication
(Robinson et al. 2004). These homologues belong to
different groups: Ssol and Sso3 are in group A, while
Ss02 is a member of group B. The Cdc6 homologues in
groups A and B may have different characteristics and
roles in archaeal replication systems. However, the sit-
uation may not be so simple. Only one Cdc6 homologue
was found in P. aerophilum and it is a member of group
B. No obvious Cdc6 homologues were found in the ge-
nomes of Methanocaldococcus jannaschii or Methano-
pyrus kandleri. Accordingly, the roles of the multiple
Cdc6 homologues present in archaeal genomes will have
to be examined. The Cdc6 homologue from pTAl may
contribute to the study of archaeal replication systems.

T. acidophilum and T. volcanium have two and three
homologues of Cdc6, respectively. Tacl and Tvol rep-
resent deep branches in group A in the phylogenetic tree.
The Cdc6 homologues of Thermoplasmatales are sepa-
rated into two branches in group B. 7vo3 is on the same
branch as the pTA1l Cdc6. The branching pattern sug-
gests that the third Cdc6 homologue in the chromosomal
DNA was incorporated into the plasmid pTAl in 7.
acidophilum along with the initiation sequence.

No sequences similar to the known origin of Archaea
could be found in the intergenic regions near ORF1 except
one short sequence. However, the presence of some direct
and inverted repeats in the intergenic regions suggests that
one or more of these intergenic regions may function as a
putative replication origin for plasmid pTAT.

A genetic manipulation system for T. acidophilum,
including plasmid vectors and transformation methods,
has not been developed. Here, we report a plasmid se-
quence and a putative replication origin. This plasmid
may be useful for construction of vectors. The knowl-
edge presented here can be used to develop genetic tools
for T. acidophilum that can be used for functional
analysis of the genes identified by the whole genome
sequence analysis.
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