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Abstract

The thermophilic bacterium Thermus aquaticus NTU103 harbors a 1965-bp plasmid, pTA103. Sequencing analysis
revealed that pTA103 contains two open reading frames. One of the open reading frames (orf2) shares no significant
homology with protein in the data bank. The other one has 50% similarity and 34% identity with RepA-like protein of
pRm1132f, which is a rolling-circle replication (RCR) plasmid isolated from Sinorhizobium meliloti. S1 nuclease analysis
demonstrated that pTA103 contains a single-stranded intermediate, confirming that pTA103 replicates via RCR mecha-
nism. Sequence data also revealed putative double-stranded origin and single-stranded origin sites, indicating the impor-

tance of these cis elements in pTA103 replication.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Thermus aquaticus 1s a gram-negative thermophilic
bacillus that produces 7Tag polymerase, which is a
powerful tool for the polymerase chain reaction
(Brock and Freeze, 1969). Many Thermus spp. contain
plasmids whose function has not been studied thor-
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oughly. Although most of these plasmids are cryptic, a
large plasmid of Thermus thermophilius has been dem-
onstrated to contain a gene cluster encoding B-caro-
tene (Tabata et al., 1994). Mather and Fee (1990) also
reported that plasmid pVV8 is associated with co-
aggregation in 7. thermophilus HBS. Meanwhile, no
bacteriocin production, antibiotics resistance or metal
ion-binding capabilities has been found to be associ-
ated with those plasmids (Hishinuma etal, 1978;
Vasquez etal, 1983). Most plasmids have been
isolated and served as shuttle vectors for gene expres-
sion or protein engineering from thermopbhilic bacteria
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(Jonuscheit et al., 2003; Lasa et al., 1992; Wayne and
Xu, 1997). Few investigations have focused on the rep-
lication mechanism of these plasmids. The first charac-
terized plasmid for revealing the replicative
mechanism of thermophilic plasmids is pRQ?7, which
is present on the hyperthemophilic bacterium 7hermo-
toga species strain RQ7. Plasmid pRQ?7 was identified
as a rolling-circle-replicating (RCR)? plasmid and was
the smallest plasmid described so far (Harriott et al.,
1994; Yu and Noll, 1997).

Rolling-circle-replicating plasmids are omnipres-
ent in Gram-positive bacteria (del Solar et al., 1998;
Khan, 1997, 2005). More plasmids from gram-nega-
tive bacteria have been found to replicate by the
same replication mechanism (Gruss and Ehrlich,
1989; Kleanthous et al., 1991; Kues and Stahl, 1989;
Yasukawa et al., 1991). More than 200 RCR plas-
mids have been described and these plasmids can be
separated into many families based on sequence
homologies of the initiation protein (Rep-like pro-
tein) and double-stranded origin (dso) (Khan, 1997,
2005). RCR plasmid was initially isolated from
Staphylococccus aureus and was present in numer-
ous gram-positive bacteria including Bacillus sub-
tilis, Streptococcus agalactiae, Clostridum butyricum,
Lactococcus lactis, and Streptomyces. Most plasmids
in gram-negative bacteria replicated by theta repli-
cation. However, plasmids isolated from Helicobater
pylori, Selnomonas ruminantium, and Shigella sonnei
also have found involving RCR mechanism (Khan,
1997). Erauso et al. (1996) also reported a plasmid,
pGTS5, in hyperthermophilic archaecon Pyrococccus
abyssi replicated by the RCR mechanism.

Rolling-circle-replicating plasmids replicated by
plasmid-encoded replication initiation proteins
(Rep), which bind to the dso, nick the positive (lead-
ing) strand of the plasmid DNA before the leading
strand is synthesized. The lagging strand is synthe-
sized from the single-stranded origin (sso) after a
single-stranded intermediate was released from the
double-stranded plasmid (del Solar etal, 1998;
Zaman et al., 1993). Hence, the Rep, dso, and sso are
the critical elements for RCR replication mecha-
nisms (Khan, 1997, 2005).

This investigation sequenced pTA103, which is a
plasmid isolated from 7. aquaticus NTU103. Based
on our complete sequence analysis, pTA103 con-
tains a rep-like gene and one unknown open reading

2 Abbreviations used: RCR, rolling-circle-replicating; dso, dou-
ble-stranded origin; sso, single-stranded origin; Rep, replication
initiation protein.

frame transcribed from the opposite direction. S1
nuclease analysis shows that pTA103 replicated via
a single-stranded intermediate which is the direct
evidence of RCR. A putative dso and sso down-
stream of the rep-like gene also were proposed.

2. Materials and methods
2.1. Bacterial, plasmid preparation, and medium

Thermus aquaticus NTU103, a isolate from a hot
spring in Taiwan, was the host strain of pTA103. T aquat-
icus YT-1 (ATCC25104) was obtained from America
Type Culture Collections. Plasmids from these strains
were prepared by the method of Kado and Liu (1981) and
modified alkaline lysis method of Birnboim and Doly
(1979). Plasmid pTA103 and the smaller plasmids of
T. aquaticus YT-1 were purified by the standard alkaline
extraction procedure except that the clear lysate was vor-
texed vigorously for 30 s to destroy the large plasmids.
Thermus medium was prepared by the method of Williams
and da Costa with mild modification (1992). T. aquaticus
NTU103 was cultured on Thermus agar plates, which were
prepared with 20-25g/L agar. The plates were sealed in
plastic bags and incubated at 60 °C. Escherichia coli strain
DH5a was used for gene manipulation.

2.2. In vitro transposition and DN A sequencing

EN:TN (R6Kyori KAN-2) (Epicentre; Madison, WI)
was inserted into pTA103 by in vitro transposition (Gory-
shin and Reznikoff, 1998; York et al., 1998). Plasmids that
contained an EN::'TN (R6Kyori KAN-2) insertion were
selected on LB-kanamycin plates after transforming the
plasmids into TransforMax EC100D pir* electrocompe-
tent E. coli (Epicentre). DNA was sequenced with KAN-2
FP-1 forward primer (5'-ACCTACAACAAAGCTCTCA
TCAACC) and R6KKan-2 RP-1 reverse primer (5'-C
TACCCTGTGGAACACCTACATCT) near the borders
of the transposon. 16S rRNA gene of NTU 103 was
amplified with 16S rRNA gene conserved primers 27f
(5'-AGAGTTTGATCCTGGCTCAG) and 1522r (5'-AA
GGAGGTGATCCA(AG)CCGCA). After amplification,
16S rRNA gene was cloned into pGEM-7zf(—) (Promega)
for full-length sequence analysis by M13 forward and
reverse universal primers.

2.3. Analyzing the rep and orf2 transcripts

Total RNA was isolated by the method of Aiba et al.
(1981) with a minor modification. 7. aquaticus NTU103
were cultured for different periods of time and the cell pel-
lets were washed with TE [10mM Tris—Cl, 1 mM EDTA
(pH 8.0)] buffer. After the pellets were suspended in 2ml
RNA extraction buffer 25mM EDTA, 10% sucrose,
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25 mM Tris—Cl, pH 8.0, and RNase free DNase 20 U) and
incubated on ice for 15min. RNA was extracted twice
with equal volumes of acidified 60°C phenol. RNA was
precipitated with ice-cold ethanol following chloroform
extraction. Reverse transcriptase-polymerase chain reac-
tion was performed with primers, rep5’'(5'-ATGGGCTA
CCGGGTGGCCCAT) and rep3'(5'-ATCGGTGAGCA
CCCCTTCGGA) for rep gene and ORF2-5'(5'-AT
GGGCCACACGCTTCACAGC) and ORF2-3'(5'-GGC
TATCCTGGGGGTGCCCCC) for rep gene and orf2,
respectively. Northern blotting was conducted with DIG-
labeled gene-specific probes of rep and orf2. The rep gene-
specific probe for Northern blotting was generated with
primers  rep5’-2(5'-TATTGGCCGGGCGTTCGGGG)
and rep3’. Meanwhile, orf2 gene-specific probe was syn-
thesize by ORF2-5'-2(5'-GCCTTAGCCAGAATCTCG
CCC) and ORF2-3' by polymerase chain reaction.
RNase-treated samples were prepared as a negative
control.

2.4. ssDNA detection and southern hybridization

Bacteria were harvested in exponential phase after cul-
turing in Thermus medium and total DNA was extracted
as previously described (Kado and Liu, 1981). ssDNA was
detected according to the method described elsewhere
(Noirot-Gros and Ehrlich, 1996), with or without S1
nuclease treatment and with or without DNA denatur-
ation prior the gel blotting. Southern hybridization was
performed following the instructions of manufacturer of
the DIG-High Prime Kit (Roche, Taipei, Taiwan).

2.5. Nucleotide sequences accession number

The GenBank accession number for pTA103 is
AY190303.

3. Results and discussion

3.1. Hybridization of pTA103 and the plasmids in T.
aquacticus YT-1

Thermus aquacticus NTUI103 contained two
cryptic plasmids, of which pTA103 is the smaller
one, and was studied herein. Sequence analysis of
16S rRNA gene showed that NTU103 shared
99.8%  similarity with 7. aquaticus YT-1
(ATCC25104), isolated from Yellow Stone
National Park in the United States (Brock and
Freeze, 1969). Plasmids from 7. aquacticus YT-1
and NTU103 were analyzed by 0.8% agarose gel
electrophoresis followed by southern hybridization
with DIG-labeled pTA103 as a probe. The results
indicated that these two strains included no plas-
mids with a similar size (Fig. 1. lanes 1 and 2).

M 1 2 3 4

Fig. 1. Southern hybridization of pTA103 and plasmids from 7.
aquaticus YT-1. Plasmids were separated by agarose gel electro-
phoresis (lanes land 2) and Southern blot analysis (lanes 3 and
4), using pTA103 as a probe. Lanes 1 and 3, plasmids from Ther-
mus aqauticus YT-1 and, lanes 2 and 4, plasmids from 7. aqaticus
NTU103.

Southern hybridization also revealed that plasmids
in T. aquaticus YT-1 shared no homology with
pTA103. (Fig. 1. lanes 3 and 4). These results also
indicated that although the 16S rRNA gene in
T. aquaticus NTU103 and YT-1 were 99% similar,
the plasmid profiles of these two strains were quite
distinct and the plasmids in these two strains
shared no sequence homology.

H5 (1923) 0/1965

B2 (209)

H1 (1546
asin pTA103 5 (460)
1,965 bp —e B3 (487)
—& 12 (51)
c1 aas) G2 (523)

F3 (1171) l \O D3 (8956)
C4 (25 A3 (952)
D4 (067)
Fig. 2. Map and transposon insertions in pTA103. rep and orf2
are two open reading frames in transcribed from opposite
directions. Black circles indicate the locations of transposon
insertions. Putative sso and dso were located downstream of
rep gene. Numbers denote the nucleotide positions.
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3.2. DNA sequences analysis of pTAI103

Sequences of pTA103 were determined by using
primers near the borders of EN::TN (R6Kyori KAN-
2) (Fig.2). Sequencing results demonstrated that
pTA103 is 1965bp long and has a G+ C content as
high as 67.5%, which was similar to chromosome
G+C content (654-674%) of T. aquaticus YT-1
(Brock and Freeze, 1969). Sequence analysis also
revealed that pTA103 contained at least two open
reading frames; one of which, orf2 (from nt 947 to nt
120) (Fig.2) shared no homology with any protein
from databases. The other orf (from nt 513 to nt
1454) (Fig. 2) shared 50% similarity and 34% identity
with the Rep-like protein of pRm1132f, which is a
group III RCR plasmid (Barran et al., 2001).

As is generally known, RCR plasmids are usually
classified based on sequence homologies among
their Rep-like proteins and dsos. The structure of
Rep-like proteins contained at least two domains:
one involved in origin nicking; the other, specific
recognition of a dso sequence (Khan, 2005). All Rep-
like proteins belonging to a particular family shared
highly conserved nicking domain, which contain a
conserved tyrosine residue (del Solar et al., 1998; Ily-
ina and Koonin, 1992; Khan, 1997; Projan and Nov-
ick, 1988). This tyrosine residue is located at
position 121 of the Rep-like protein encoded by
pTA103 (Fig. 3A). On the other hand, the DNA-
binding domain in the pTA103 Rep protein differs

A B

from that of the other Rep proteins (Projan and
Novick, 1988). According to the phylogenetic analy-
sis of the pTA103 Rep-like protein, the protein
likely belongs to the third family of the RCR plas-
mids. Meanwhile, pTA103 is the first reported RCR
plasmid in 7. aquaticus.

3.3. dso and sso

Most RCR plasmids are relatively small, ranging
from 0.8 to 10kb. Khan (1997) classified these plas-
mids into five groups, based on the homology in their
initiator Rep proteins and leading or dsos. Replica-
tion of the leading-strand of RCR plasmids initiated
from the dso. The sequences of dsos usually have a
secondary structure, either within or upstream of the
rep gene (Khan, 1997). Although the Rep-like protein
of pTA103 shared a 50% similarity with a group III
Rep protein, a sequence that is homologous to the
group III dsos has not been found upstream of the
gene that encodes the Rep-like protein.

Unlike the dso sequences, the sso sequences
among plasmids of the same family are generally
unrelated. Several types of ssos, such as sso4, ssoU,
ssoT, and ssoW have been identified according to
their secondary structures and sequence homology
(Andrup et al.,, 1994; Boe et al., 1989; del Solar et al.,
1993; Kramer et al., 1995, 1999; Madsen et al., 1993;
Meijer et al., 1995; Seeger et al., 1995; Zaman et al.,
1993). Khan (1997) posited that sso generally locates

*
G >
< J
v Apcdcthr  CTA
pTA103 EVGRYVGKGGV L) Cg ¢ c C
121 G AG %C AT
pRm1132f KLARYISKGVG G ¢
14 ssoA dso
pC194 EMAKYSGKDSD
214 c
pavi ALIEYLTKNQD & 2\
2713
pT181 FIRIYNKKQER
191 Acr

AC
GGGGGGCAG CAT CSSCTCC g\GGCCCCC

1623 1685 1702 1762

Fig. 3. Sequence alignment of active site of Rep-like proteins and secondary structure analysis of the sequence between the nt 1675 and the
nt 1770 region in pTA103. (A) Amino acid sequence alignment of the active site of Rep-like proteins of five RCR plasmids. Tyrosine resi-
due involving in nicking plasmid DNA is indicated with a triangle. The numbers denote the location of the tyrosine residue in the active
site in Rep-like proteins. (B) Secondary structures of putative sso4 and dso of pTA103. Asterisks mark the CS¢ of sso4. Arrow indicates

the nic site of a putative dso.
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at a short distance upstream of dso. Like the dsos,
ssos also contain a sequence that forms a secondary
structure. RCR plasmids with ssoA origins exhibit a
conserved six-nucleotide sequence, 5'-TAGCGt/a-3'.
Plasmid pTA103 also contains a similar sequence of
5'-TAGCGA-3 located in a 62-bp palindromic
structure between nt 1623 and nt 1685 (Fig. 3B),
which potentially forms a hairpin structure. Accord-
ingly, another palindromic structure with a length of
61 bp located between nt 1702 and nt 1762 was
found downstream of the putative ssoA. This region
may function as the dso for pTA103 RC replication.
The possible nic site is likely at nt 1728. (Fig. 3B).

3.4. Detection of ssDN A

The single-stranded DNA (ssDNA) intermedi-
ates from the exponential-phase cells were analyzed
to verify that pTA103 replicates with the RCR
mechanism. ssDNA is detected according to its Sl
nuclease sensitivity and nitrocellulose-binding prop-
erty. Southern hybridization detected ssDNA that
hybridized to DIG-labeled pTA103 probe (Fig. 4,
lane 1). On the other hand, the DNA was undetected
if the sample was treated with S1 nucleases (Fig. 4,
lanes 2-4). Double-stranded DNA was applied to
electrophoresis and was alkaline denatured before
blotting served as positive control (Fig. 4, lane 5).
Without the alkaline treatment, double-stranded
DNA does not bind to nitrocellulose filter. This
clearly suggests the existence of pTA103 ssDNA
intermediates in 7. aquaticus NTU103. This result is
the direct evidence that pTA103 is an RCR plasmid.

3.5. Detecting RNA transcripts

Thermus aquaticus NTU103 was cultured in
S50mL of Thermus medium and bacteria were

Fig. 4. S1 nuclease analysis of pTA103. Lane 1, plasmid sample
untreated with S1 nuclease; lanes 2-4, DNA treated with S1
nuclease for 20, 30, and 60 min, respectively; lane 5, pTA103
denatured by alkaline buffer before Southern blotting.

collected in the middle exponential phase and sta-
tionary phase. RT-PCR was performed with
MMLYV reverse transcriptase at 37 °C. The RT-PCR
products of rep and orf2 were amplified using their
specific primers. The results revealed that both open
reading frames were amplified with different size.
(Fig. 5A, lanes 2 and 5). An amplification with
RNase-treated samples was used as a negative con-
trol (Fig. 5A, lanes 1 and 4); amplification with
pTA103 as template served as positive controls
(Fig. 5A, lanes 3 and 6). Additionally, Northern
blotting showed that the transcripts of rep-like gene
and orf2 could be detected simultaneously under
different growth condition (Fig. 5B, lanes 1 and 2).
The transcript of orf2 was observed to be a shorter
transcript (Fig. 5B, lanes 3 and 4). Both experiments
demonstrated that these two open reading frames
express transcripts at the middle exponential phase
(Fig. 5B. Lane 1,3) and stationary phase (Fig. 5B.
Lane 2,4). Because plasmid replication may be con-
trolled by antisense RNA (del Solar et al.,, 1998),
whether the replication of pTA103 is affected by
orf2 is of interest. In pTA103, the rep and orf2 open
reading frames overlap and are transcribed from the
opposite orientations. This phenomenon was also
observed for the two open reading frames in
pRm1132 (Barran et al., 2001). Further investigation
must be conducted for elucidating the function of
orf2 on the opposite transcription orientation of
rep-like gene.

This report characterizes a RCR plasmid,
pTA103 from T. aquaticus NTU103. The possible
functional regions of dso and ssoA for this plasmid
are predicted.

B 1 2 3 4

Fig. 5. RNA transcripts from rep and orf2. (A) Transcripts were
analyzed using RT-PCR with specific primers for each open
reading frame. Lanes 1-3 are the products of the rep transcript.
Lanes 4-6 are the products of orf2. (B) Northern hybridization
of the rep and orf2 transcripts. Lanes 1 and 2 are transcripts
hybridized with a rep-specific probe. Lanes 3 and 4 are tran-
scripts hybridized using an orf2-specific probe. Arrow indicates
the transcript of the rep-like gene. Dashed arrow denotes the
transcript of orf 2.
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