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Abstract A new plasmid was isolated from the haloal-
kaliphilic archaeon, Natronobacterium sp. strain AS7091
and named pNB101. Sequence analysis revealed that
pNB101 consists of 2,538 bp, in which three major open
reading frames (ORF1, ORF2, and ORF3) were iden-
tified in the same strand. The ORF1 encodes a putative
replication (Rep) protein with three typical motifs (I, II,
and III) found in rolling-circle (RC) replicating plas-
mids. The putative double-stranded origin (DSO) and
single-stranded origin (SSO) were detected within ORF3
and downstream of ORF1, respectively. S1 nuclease
digestion and Southern blot analysis demonstrated the
existence of the single-stranded DNA (ssDNA) inter-
mediate from pNB101, which corresponds to the leading
strand in RC replication and was further confirmed by
strand-specific RNA probes. A single transcript for
ORF1 (rep) was detected by Northern blotting, and the
5¢ end of this transcript was determined by primer
extension. Both results indicate that the three motifs
(I–III) are located at the very end of the N-terminal of
this Rep protein. Northern blot analysis also revealed
that the ORF3 was transcribed at a very high level,
which may play an important role in plasmid replication
because the putative DSO is located in this gene.
Together, our results indicate that pNB101, the first
plasmid isolated from haloalkaliphilic Archaea, repre-
sents a novel RC-replicating plasmid.
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Introduction

The extremely halophilic Archaea, Halobacteriaceae, a
group of microorganisms with unusual genetic, bio-
chemical, and physiological characteristics, and unique
evolutionary history, are becoming an increasingly
attractive subject of study for microbiologists (Cowan
1992; Litchfield 1998; Russell 1989; Wise et al. 2002). So
far, at least 14 different genera have been identified in this
group (Ochsenreiter et al. 2002), and several multicopy
plasmids in two genera, Haloferax and Halobacterium,
have been described. The plasmid pGRB1 (1.8 kb) from
Halobacterium sp. strain GRB and its relative plasmids
(pHGN1, pHSB1, and pHSB2) from other Halobacteri-
um species (Hackett et al. 1990; Hall and Hackett 1989;
Kagramanova et al. 1988), as well as pHV2 (6.4 kb) from
Haloferax volcanii (Charlebois et al. 1987) have been
completely sequenced. The minimal replication region of
the plasmid pHK2 (10.5 kb) from Haloferax sp. strain
Aa2.2 has also been defined and sequenced (Holmes et al.
1995). All the above plasmids except for pHV2 were
believed to replicate via a RC mechanism, because they
encode homologous Rep proteins containing conserved
motifs typically found in rolling-circle replicating (RCR)
plasmids and phages (Holmes et al. 1995). Some experi-
mental support for this argument is provided by the fact
that the ssDNA form of the plasmid pGRB1, which is the
hallmark of RCR plasmids, was detected in Halobacte-
rium sp. strain GRB following novobiocin induction
(Sioud et al. 1988). Regardless of their modes of repli-
cation, some of these plasmids including pHV2 have been
successfully used for the construction of shuttle vectors
(Holmes et al. 1994; Lam and Doolittle 1989; Mankin
et al. 1992), which have contributed to both genetic
studies and biomolecular engineering applications in
extremely halophilic Archaea.

In the remaining 12 genera, very few plasmids have
been isolated. Moreover, no plasmid has yet been
described in the subgroup of haloalkaliphilic Archaea.
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Within this subgroup, the genus Natronobacterium dif-
fers from most other halophiles in several respects. They
are capable of tolerating both hypersaline and alkaline
environments. They grow at a high pH level (between
pH 8.5 and 11, where the optimum is at 9.5) and a high
NaCl concentration, but a very low (less than 10 mM)
Mg2+ concentration (Tindall et al. 1980). They also
contain unique diether lipids (Upasani et al. 1994).

In recent years, several specific genes and proteins
have been isolated from Natronobacteria (Mayr and
Pfeifer 1997; Polosina et al. 1998), and the sensory
rhodopsin II from a haloalkaliphilic archaeon, Natron-
obacterium pharaonis, has been studied in some detail
(Hein et al. 2003; Schmies et al. 2000). However, genetic
study and molecular engineering of Natronobacteria re-
main virtually unexplored fields, which is mainly due to
no suitable genetic elements (e.g. plasmids) having been
isolated and no genetic tools developed in these special
organisms. In order to better understand the organisms
in hypersaline and alkaline environments, we have ini-
tiated the screening of the native plasmids and the
establishment of genetic systems in the haloalkaliphilic
Archaea, and a multicopy plasmid pNB101 (2.5 kb) was
isolated from Natronobacterium sp. strain AS7091 out of
29 different haloalkaliphilic archaeal strains. In this
paper, we report the complete nucleotide sequence and
the replication model of this plasmid. Our results suggest
that pNB101, the first plasmid isolated from the halo-
alkaliphilic Archaea, is a novel RCR plasmid.

Materials and methods

Strains and media

The haloalkaliphilic archaeal strains used for plasmid screening
were from Natronobacterium, Natronococcus, and Natrialba, and
were supplied by the Type Culture Collection of the Chinese
Academy of Sciences (Beijing, P.R. China). These strains, including
Natronobacterium sp. strain AS7091, which harbors the plasmid
pNB101, were grown in rich medium containing (per liter) 200 g of
NaCl, 7.5 g of casamino acids (Difco), 10 g of yeast extract
(Oxoid), 3 g of trisodium citrate dehydrate, 0.1 g of MgSO4Æ7H2O,
2 g of KCl, 36 mg of FeCl2Æ4H2O, 0.36 mg of MnCl2Æ4H2O, and 8 g
of Na2CO3, pH 9.0–9.5. Cultures were grown in liquid media at
37�C with constant shaking (200 rpm), or on 1.5% agar plates
prepared with the same media in plastic containers.

Plasmid isolation and DNA sequencing analysis

The plasmid pNB101 was isolated from Natronobacterium sp.
strain AS7091 by the alkaline lysis method (Ng et al. 1995). For
DNA sequencing, the pNB101 DNA was digested at either the
Hind III or the SacI site to generate two kinds of linear plasmid
DNA molecules, which were inserted into pBluescript KS- (Strat-
agene) at the corresponding sites to yield two different recombinant
clones. The pNB101 sequences in both clones were determined by
primer walking with the dideoxynucleotide termination cycle
sequencing method (Strauss et al. 1986) in an ABI automated DNA
sequencer as described previously (Liu et al. 1998). Sequence
analysis was performed with a DNAStar sequence analysis soft-
ware package (DNAStar, Madison, Wis., USA). Nucleotide and
amino-acid sequence homologies were searched with the NCBI
BLAST programs.

The nucleotide sequence of pNB101 described in this study was
deposited in GenBank under the accession number AF474073.

Detection of ssDNA form of pNB101

Total DNAs from mid-log-phase cells of Natronobacterium sp.
strain AS7091 were analyzed for the presence of ssDNA interme-
diate generated from pNB101. For DNA preparation, the cultures
(1.5 ml) were collected and resuspended in 0.5 ml of lysis buffer
(25 mM Tris-Cl, 25 mM EDTA, 0.3 M sucrose, 1 mg/ml lysozyme,
pH 8.0). After a 20-min incubation at 37�C, 0.25 ml of 3% SDS was
added and the mixture was incubated for additional 2 h. The mix-
ture was then extracted with neutral phenol/chloroform and the
DNA in the supernatant was precipitated with isopropanol. The
DNA pellet was air-dried and dissolved in 0.5 ml of TE (10 mM
Tris-Cl, 1 mM EDTA, pH 8.0) containing 50 lg/ml RNase A, and
incubated at 37�C for 30 min. Afterwards, the DNA sample was
treated with proteinase K (150 lg/ml in 0.5% SDS) at 56�C for 1 h,
and was extracted again with phenol/chloroform and precipitated
with ethanol. After these procedures, the extracted DNA was ready
for further analysis.

To detect the ssDNA intermediate, Southern blot analysis was
conducted. Briefly, 5 lg of the total DNAs was treated with or
without 5 U of S1 nuclease. These DNA samples were resolved by
agarose gel electrophoresis, and then transferred to a nylon mem-
brane with or without prior denaturation. After prehybridization,
the blot was hybridized with double-stranded DNA probes, which
were labeled through random priming of the whole pNB101 plas-
mid with digoxigenin (DIG)-dUTP (Roche) according to the
manufacturer’s instructions.

Identification of the leading strand of pNB101 in RC replication

The total DNA samples from Natronobacterium sp. strain AS7091
were subjected to agarose gel electrophoresis and transferred to a
nylon membrane. The blot was hybridized with strand-specific
RNA probes, which were labeled with [a-32P]rUTP in vitro by T7
RNA polymerase (Sambrook et al. 1989), using two plasmids
containing the entire pNB101 sequence in different orientation in
pBluescript KS- as the templates.

RNA isolation and Northern blot analysis

Total RNAs from exponentially grown cells of Natronobacterium
sp. strain AS7091 were prepared with TRIzol reagent (Gibco BRL)
according to the manufacturer’s instructions. The RNA pellets
were dissolved in DEPC-treated water, and 20 lg of total
RNAs was used for Northern blot analysis. For probe prepara-
tion, the DNA sequence for each probe was first amplified
by polymerase chain reaction (PCR). The following primers
were used: 5¢-GGCGAGGAACTTGTGGCAG-3¢ (forward) and
5¢-CGATGCTGGGACCGCACA-3¢ (reverse) for probe 1 (P1, nt
1961–2232 in ORF3); 5¢-GTCCAGACGCGAGAGAGG-3¢ (for-
ward) and 5¢-TGTTCTCAAGCGGTGTGC-3¢ (reverse) for probe
2 (P2, nt 11–328 in ORF1); 5¢-CGCGAGAAAGGCGCTACAC-3¢
(forward) and 5¢-TCACGCCACTGGTCAAACG-3¢ (reverse) for
probe 3 (P3, nt 513–992 in ORF1). The PCR products were then
purified and labeled with [a-32P]dCTP through five additional PCR
cycles. The other procedures, such as gel electrophoresis, prehy-
bridization, hybridization, washing, and exposure, were conducted
as described previously (Xiang et al. 2000).

Determination of the transcriptional start site of ORF1

Two primers, 5¢-GACGGAGATCGGGCGGAAC-3¢ (nt 84–102)
and 5¢-CTCCCAGACCTTCGCGTACT-3¢ (nt 557–576), which
were complementary to the sequence downstream of the ATG-1
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and ATG-421 of ORF1, respectively, were labeled at the 5¢-end
with [c-32P]ATP, and used for DNA sequencing and primer
extension. For primer extension analysis, 30 lg of total RNAs and
30 pmol of [c-32P]ATP-labeled primer were mixed in a volume of
12 ll, denatured at 70�C for 10 min, and then quickly chilled on
ice. Afterwards, 4 ll of 5·first strand buffer (Gibco BRL), 2 ll of
0.1 M DTT, 1 ll of 10 mM dNTP and 1 ll of Superscript RT II
(200U, Gibco BRL) were added to the RNA/primer mixture and
incubated at 42�C for 1 h. The reaction was terminated by incu-
bation at 70�C for 15 min. Then, 50 ll RNase reaction mix
(100 lg/ml salmon sperm DNA, 20 lg/ml RNase A) was added,
and the mixture was incubated at 37�C for 15 min. The primer
extension products were extracted with phenol/chloroform and
precipitated with ice-cold ethanol. At the same time, DNA-
sequencing reactions were performed with the same primers by
using the fmol DNA cycle sequencing system (Promega) according
to the protocols of the manufacturer. The products of primer
extension and DNA-sequencing reaction were respectively resus-
pended in the same sequencing stop solution and heated for 2 min
at 70�C, then analyzed on 6% acrylamide sequencing gel. Radio-
active DNA fragments on the gels were visualized on X-ray film.

Results

Isolation and sequence characterization of pNB101

After screening the native plasmids in 29 different
haloalkaliphilic archaeal strains from three genera,
Natronobacterium, Natronococcus, and Natrialba, one
multicopy plasmid was isolated from the Natronobacte-
rium sp. strain AS7091 and named pNB101. Subsequent
restriction enzyme mapping of pNB101 revealed the
presence of two unique restriction enzyme sites, SacI
and Hind III, in this plasmid. These two sites were then
utilized to clone the entire pNB101 sequence into an
E. coli cloning vector, pBluescript KS-, to generate two
different plasmids, pNB1 and pNB2. Both plasmids were
then used for DNA sequencing analysis and construc-
tion of a detailed map of pNB101 (see Fig. 1).

DNA sequence analysis showed that pNB101 is a cir-
cularmolecule of 2,538 bpwith aG+Ccontent of 63.7%,
which is similar to the high G+C content of the genome
or plasmids of other haloarchaea (Charlebois et al. 1987;
Hackett et al. 1990; Hall and Hackett 1989; Holmes et al.
1995). Examination of the six possible phases of the
plasmid sequence revealed the presence of three major
ORFs (ORF1, ORF2, and ORF3) in the same strand,
which cover about 80% of the entire sequence (Fig. 1).
These ORFs were supposed to encode three polypeptides
with 388, 95, and 181 amino acids. The first base in the
putative translation initiation codon (ATG) ofORF1was
arbitrarily defined as the position 1 of this plasmid. While
no significant homologieswere found in theNCBI protein
databases for the deduced proteins encoded byORF2 and
ORF3, the deduced protein encoded by ORF1 shared
31%–37% identity (45%–54% similarity) with the Rep
proteins of the small plasmids (pHSB1, pGRB1, pHSB2,
and pHGN1) from Halobacterium strains, and pHK2
fromHaloferax sp. Aa2.2, suggesting that these plasmids
isolated from different members of halophilic Archaea
may belong to the same family. Because no significant

promoter sequence can be detected upstream ofATG-1 of
the ORF1, it was deduced that another possible start
codon (ATG-421) could be used by the plasmid at the
further downstream site (Fig. 1).

As well as the above three open reading frames, two
regions with specific structural features were detected.
Region I (RI, nt 1161–1460) is located between the
ORF1 and ORF2 (Fig. 1). A putative hairpin structure
with a GC-rich stem produced by the inverted repeats
was detected immediately downstream of the ORF1.
Following this hairpin structure there is a 200-bp-long
AT-rich (44.8% in this region vs 35.4% for the rest)
section. Three direct repeats, GTACAG, CGGCCG,
and GGTTTC, were repeated three times, respectively,
in this section. While the repeat GGTTTC was mainly
found in this section, the other two direct repeats were
dispersed in the whole plasmid with about ten occur-
rences. Another special region, named Region II (RII, nt
2191–2350), is mainly located within the ORF3 (Fig. 1).
Region II also contained a significant amount of direct
or inverted repeats.

Comparative analysis of the pNB101 structure
with RCR plasmids

Three general replication models: theta, strand dis-
placement, and RC replication, have been described for
circular plasmids (del Solar et al. 1998). RCR plasmids
are widespread in Bacteria, and have also recently been
found in species of Archaea. Two plasmids, pGT5 and
pRT1 (Erauso et al. 1996; Ward et al. 2002), isolated

Fig. 1 Map of pNB101. The three major open reading frames,
namely ORF1 (rep), ORF2, and ORF3, are indicated with open
arrows. The three motifs (Motifs I–III) common to Rep proteins of
RC plasmids are indicated by rectangles. The putative DSO and
SSO are indicated by black and gray ellipses, respectively. The
Region I (RI) and II (RII), and the restriction sites for appropriate
enzymes are also indicated. The numbers in parentheses indicate
positions in base pairs from the 1 point at the top of the map,
arbitrarily defined by the first ATG codon of the largest open
reading frame (ORF1)
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from the hyperthermophilic archaeon Pyrococcus, were
identified to replicate via the RCR model. Their ssDNA
intermediates in RC replication were determined by
Southern blot analysis (Erauso et al. 1996; Ward et al.
2002). The plasmid pGRB1, pHSB1, pHSB2, and
pHGN1 isolated from Halobacterium, as well as pHK2
from Haloferax, were also believed to replicate via a
RCR mechanism because their putative Rep pro-
teins contain the three motifs (I, II, and III) conserved in
RC-replicating plasmids or phages (Holmes et al. 1995).
These conserved motifs were also detected in the putative
Rep protein from the ORF1 of pNB101 (Figs. 1 and 2).

The Rep proteins have a type I-topoisomerase-like
activity to cleave and join plasmid DNA, which are in-
volved in initiation and termination of leading strand
synthesis in RC replication. The motif III of the Rep
protein is the catalytic motif. It contains the conserved
tyrosines (Y) involved in the nucleophilic attack of the
plasmid DNA, and thereby introduces a site-specific
nick on the plus strand at the DSO region, and leaves a
3¢-OH end as a primer for leading-strand synthesis
(Khan 2000). RC replicons can be divided into two
superfamilies according to the sequence of motif III
(Koonin and Ilyina 1993). Superfamily I, which includes
coliphage F-X174 and several bacterial plasmids, such
as pRQ7 from Thermotoga sp. strain RQ7 (Harriott
et al. 1994), is characterized by two conserved tyrosines
in this motif. The pNB101 and the known RCR plas-
mids isolated from extremely halophilic Archaea all have
two tyrosines in this motif (Fig. 2), suggesting that they
belong to this superfamily. Other RCR plasmids such as
bacterial plasmid pC194 (Seery et al. 1993) and archaeal
plasmid pGT5 (Erauso et al. 1996), which harbor a
single tyrosine in motif III (Fig. 2), can be grouped to
the superfamily II. This unique feature in motif III seems
to be correlated with the active forms of Rep protein
(dimeric or monomeric) during the nicking–closing
process of leading-strand synthesis (Khan 2000). Thus,
pNB101 and pGT5 may represent different types of the

archaeal RCR plasmids. Another important motif for
Rep protein is the HUH motif (motif II), which usually
has two conserved histidines, and is thought to be the
metal-binding domain. This typical motif was also
detected in pNB101 (Fig. 2). In contrast to the above two
motifs, motif I is less conserved among the RCR plas-
mids, and its function is yet to be explored. Nevertheless,
as with motifs II and III, the pNB101 motif I was also
highly conserved with the corresponding motif found in
other halophilic archaeal RCR plasmids (Fig. 2), further
suggesting that these plasmids are closely related.

Within the nucleotide sequence of pNB101, a puta-
tive double-stranded origin (DSO) of replication was
identified in Region II at the 3¢-end of ORF3 (Fig. 1).
The DSO in RCR plasmids is a specific sequence in
which Rep protein introduces the initial nick. It has two
loci, namely the bind and nick sites. A typical feature of
RCR plasmids is that the nick sites are highly conserved
among replicons of the same family, whereas the bind
sites are usually different (Khan 2000). Although no nick
sites in the halophilic archaeal RCR plasmids have been
experimentally identified yet, it has already been inferred
in pGRB1 based on sequence comparison (Erauso et al.
1996). The nick site of the putative pNB101 DSO
showed strong similarity to those found in pGRB1 and
its relatives. The GA dinucleotide at the putative nick
site is totally conserved, and nucleotides surrounding
this dinucleotide are also highly conserved in pNB101
(Fig. 3a). In addition, as in other DSO, the putative
DSO in pNB101 contained several direct repeats (DR
I–IV) and inverted repeats (IR I–III) contiguous to or
separated from the nick site (Fig. 3b). These repeats
presumably serve as the Rep protein-binding site.

The single-stranded origin (SSO) of replication is
usually a specific non-coding region with strong sec-
ondary structure. Two of the conserved sequences,
RNA polymerase binding site (RSB) and 6-nt sequence
(CS-6), have been shown to be critical for binding of
RNA polymerase and termination of RNA primer
synthesis in SSOA-type origins (Khan 2000; Kramer
et al. 1997). The CS-6 motif for the SSOA-type
(pMV158) is TAGCGt/a (del Solar et al. 1998); while
for the archaeal plasmid pGT5 it is likely TAGTGG
(Erauso et al. 1996). The putative SSO of pNB101 with
these specific characters was identified within the Re-
gion I immediately downstream of the ORF1 (Fig. 1).
This putative SSO in pNB101 generates the most stable
stem–loop structure in this plasmid (Fig. 4b). Within
the loop region, it also contains a putative CS-6 se-
quence, TAGGGG, which shares four or five out of six
nucleotides with that of pMV158 or pGT5, respectively.
The sequences surrounding the CS-6 were also highly
conserved in both pNB101 and pGT5 (Fig. 4a).

In summary, our comparative analysis revealed the
presence of the putative Rep gene (rep), DSO, and SSO
in pNB101, suggesting that this plasmid is likely to
replicate through a RC mechanism. Since the DSO,
SSO, and rep gene are localized on the same strand of
pNB101, we defined this strand as the plus strand.

Fig. 2 Identification of the three motifs universally conserved in
RC Rep proteins within the amino-acid sequence of pNB101 Rep
protein. These motifs are aligned with the homologous regions of
the Rep proteins from several RCR plasmids isolated from
halophilic Archaea (a1), Bacteria (b1 or b2) or thermophilic
Archaea (a2). Residues are boxed where most sequences have
identical amino acids
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Identification of the pNB101 ssDNA intermediate
in RC replication

To determine whether pNB101 actually replicates
through the RC mechanism, the possible existence of
the ssDNA intermediate of pNB101 in RC replication
was examined with Southern blot analysis. Total DNA
extracted from Natronobacterium sp. strain AS7091
with or without S1 nuclease treatment was resolved in
agarose gel electrophoresis, and was transferred to a
nylon membrane with or without prior denaturation.
After hybridization, one band migrating faster than
the supercoiled double-stranded DNA band was

detected with the pNB101 probes under denaturing
conditions (left lane of Fig. 5a). This band disappeared
after S1 nuclease treatment (right lane of Fig. 5a). Its
sensitivity to S1 nuclease digestion indicates that this
band should be a single-stranded DNA. Moreover,
only this single stranded form of the plasmid was
efficiently hybridized to the probes under non-dena-
turing conditions, and addition of S1 nuclease again
resulted in disappearance of this band (Fig. 5b), which
further confirms that it is the ssDNA intermediate of
pNB101 in replication, and thus pNB101 indeed rep-
licates via a RC mechanism.

Determination of the leading strand of pNB101
in RC replication

The ssDNA intermediate of RCR plasmid corresponds
to the leading strand of this plasmid in RC replication,
which is cleaved by Rep protein and displaced by the
DNA polymerase. To identify which strand is the
leading strand, we hybridized the ssDNA intermediate
with two RNA probes corresponding to either strand
of pNB101. The RNA probe corresponding to the
minus strand was able to hybridize with the ssDNA
intermediate (right lane of Fig. 5c). In contrast,
hybridization with the RNA probe equivalent to the
plus strand could not detect the same band (left lane of
Fig. 5c). These results indicate that the ssDNA inter-
mediate (leading strand) is generated from the plus
strand. As in most other RCR plasmids (Khan 1997),
our results also showed that the rep gene of pNB101 is
on the leading strand, and the transcription of the rep
gene proceeds in the same direction as the leading-
strand synthesis does.

Determination of the transcription pattern
of pNB101

Although pNB101 was identified as a RCR plasmid, its
organization differs from the other RCR plasmids from
halophiles. For example, pGRB1 (1.8 kb) contains only
one major open reading frame (rep) and the puta-
tive DSO is within the rep gene. In contrast, pNB101
contains three major open reading frames, and the
DSO is located in ORF3, which is separated from the
putative rep gene (ORF1). To understand the replication

Fig. 4a, b Identification of the putative SSO of pNB101. a
Alignment of the central sequence of the putative SSO of
pNB101 with that of the archaeal RCR plasmid pGT5. The
identical nucleotides in both sequences are boxed. b Secondary
structure of putative SSO of pNB101. The hexanucleotide sequence
TAGGGG, which is similar to the conserved six-nucleotide
sequence (CS-6, see text) in SSOA (del Solar et al. 1998), is
indicated with asterisks. The inverted sequences separated by the
stem–loop structures are indicated with arrows. The stop codon of
rep at the upstream of the SSO is also indicated

Fig. 3a, b Identification of the putative pNB101 DSO. a Alignment
of the sequence of the putative DSO of pNB101 with those of two
different halophilic archaeal RCR plasmids, pGRB1 and pHGN1.
Identical nucleotides in all sequences are boxed. A space indicates
the putative cleavage site. b Sequence of the pNB101 DSO region.
The inverted repeats (IR) are indicated with arrows above the
sequences, and the direct repeats (DR) are underlined. The
conserved nucleotides near the putative DSO cleavage site (DSO
nick) are indicated by asterisks
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mechanism of pNB101, we have analyzed the tran-
scription of these two main open reading frames (ORF1
and ORF3) using Northern blot analysis.

Total RNAs were extracted from 10 ml liquid cul-
tures of exponentially grown Natronobacterium sp.
strain AS7091. A sample of 20 lg of total RNAs was
used for each lane in the RNA blot, and was hybrid-
ized with the specific probes for ORF1 and ORF3
(Fig. 6a). The ORF3 that harbors the DSO could
independently transcribe at a very high level, resulting
in a transcript of about 0.5 kb (band II in the left lane
of Fig. 6b), which was detected by the ORF3 probe P1.
In addition, a larger transcript (about 1 kb) that may
be generated from the co-transcription with ORF2 was
also detected with the same probe (band I in the left
lane of Fig. 6b). This co-transcription had been con-
firmed with an OFR2-specific probe (data not shown).
When the DNA probe P2 which represents the coding
sequence for the first �300 bp of ORF1 (rep gene) was
used for hybridization, however, no signal was detected
(middle lane of Fig. 6b). It suggests that the tran-
scriptional start site of rep may be located in the
downstream sequence. Indeed, the downstream probe
P3 detected a single transcript with a calculated size of
about 0.75 kb (band III in the right lane of Fig. 6b). In
all the three blots, the contaminated DNA of pNB101
was detected at the same position by all the three
probes (Fig. 6b), which was confirmed by loading the
plasmid DNA in separate lanes and recognized by all
the three probes (data not shown), thus it can be used
as a size reference and a positive hybridization control
of each probes. Together, our results indicated that the
three ORFs of this plasmid were actively expressed in
replication of this plasmid. Moreover, unlike pGRB1
and its relatives, the DSO and rep gene of pNB101
were transcribed separately.

Determination of the transcriptional start site
of the rep gene

To understand the results from Northern blot analysis
of the rep gene, the transcription initiation site was
determined by primer extension experiments. For this
purpose, we have designed two primers (nt 84–102 and
nt 557–576) located downstream of the two putative
translational start codons, ATG-1 and ATG-421,
respectively. In agreement with the Northern blot re-
sults, no extension product was detected with the first
primer (data not shown). In contrast, the primer exten-
sion product with the second primer allowed us to assign
the rep transcriptional start site at G-417 (Fig. 6c), one
or four bases upstream of the putative start codon GTG-
418 or ATG-421, respectively. This confirms that the
transcription of the rep gene is initiated in the middle of
the ORF1, and the transcript of this rep also lacks a
5¢-untranslated region as do many other archaeal

Fig. 5a–c Detection of the ssDNA intermediate in the replication
of pNB101. The top panel of each figure (a–c) is ethidium bromide
staining of the DNA gel to show the equal loading of two samples,
while the bottom panel of each figure is the Southern blots after
hybridization. a, b Detection of the pNB101 ssDNA intermediate
with pNB101 dsDNA probes. Purified total DNAs from Natron-
obacterium sp. strain AS7091 were resolved on 0.8% (w/v) agarose
gels with (lane 2) or without (lane 1) prior to S1 nuclease treatment.
The DNA was denatured (a) or not denatured (b) prior to transfer
to a nylon membrane. c Identification of the pNB101 leading
strand in RC replication with strand-specific RNA probes
corresponding to the plus strand (lane 1) or minus strand (lane 2)

Fig. 6a–c Determination of the transcription pattern of ORF1 and
ORF3. a Genetic organization of the replicon of pNB101 including
ORF1 (rep), ORF3 (DSO), and SSO. The numbers indicate the size
(in bp) of each DNA fragment. The positions of the probes (P1, P2,
and P3) for Northern blot analysis (b) were shown. b Detection of
the transcripts of ORF1 and ORF3 by Northern blot analysis. Top
panel ethidium bromide staining of the RNA gel to show the equal
loading of the three samples. The positions of 23S and 16S RNA
were indicated. Bottom panel Northern blotting detection of the
transcripts of ORF3 (band II in the left lane) and ORF1 (band III in
the right lane) by probe P1 and P3, respectively. Note that probe P2
did not detect any transcript (middle lane) while P1 also detected a
larger transcript (band I in the left lane). The contaminated DNA of
the plasmid pNB101 detected by all the three probes at the same
position is indicated with asterisks. c Determination of the
transcriptional start sites of the rep gene by primer extension
analysis. The relevant sequence is shown on the left. The
transcriptional start point (TS) is indicated with a triangle, while
the putative translation start codon (ATG-421) is boxed
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mRNAs. Considering that the ATG-421 encode the first
amino acid (M) of the Rep motif I (MVTLSASSE), our
results also indicate that the Rep motifs of this protein
are located at the very end of the N-terminal. It will be
intriguing to study the structure and function of this
novel type of Rep protein. A putative promoter se-
quence ATAGAAC (nt 388–394) was also detected at a
distance of 23 bp upstream from G-417, which further
confirmed that G-417 represents a truly transcriptional
start site. This result is consistent with the 0.75 kb rep
transcript (nt 417–1167) revealed by Northern blot
analysis (Fig. 6b).

Discussion

Several RCR plasmids have been reported in halophilic
Archaea (Hackett et al. 1990; Hall and Hackett 1989;
Holmes et al. 1995; Kagramanova et al. 1988), and some
of these have been used for the development of vectors
(Holmes et al. 1994). However, these plasmids were
mainly isolated from Haloferax and Halobacterium, and
their genetic features remained to be further investi-
gated. In this paper, we report the DNA sequence and
molecular characterization of the first plasmid isolated
from the haloalkaliphilic Archaea, the pNB101 from
Natronobacterium sp. strain AS7901. Several lines of
evidence indicate that pNB101 may replicate through
the RC replication mechanism. First, a homologous RC
replication protein with conserved motifs was found in
this plasmid. Second, the putative DSO with conserved
nick sequence and appropriate second structure was
identified. Third, the putative SSO with typical stem–
loop structure and CS-6-like sequence was revealed.
Finally, the ssDNA intermediate of pNB101 in RC
replication was demonstrated by S1 nuclease digestion,
and the leading strand was verified by Southern blot
analysis with strand-specific RNA probes. Comparative
analysis of the DSO and Rep features in the RCR
plasmids from halophiles strongly suggests that the
pNB101 from Natronobacterium, the pGRB1 and its
relatives from Halobacterium, and the pHK2 from
Haloferax are closely related. However, pNB101 differs
from those plasmids in gene organization and possibly
in transcription pattern and may represent a new and
unique model of replication control.

In most RCR plasmids, the plasmid genes are located
in the same strand. Transcription of the rep gene and
replication of the leading-strand usually proceed at the
same direction (Khan 1997). These features are shared
by pNB101. Two small putative genes, ORF2 and
ORF3, are located on the plus strand, as is the rep gene.
These genes are transcribed at the same direction as the
leading strand replication proceeds.

The rep gene of pNB101 seems to encode a novel Rep
protein because the three RC Rep motifs are located at
the very end of the N-terminal, which had never been
reported before. These motifs are highly conserved
within the RCR plasmids isolated from the halophiles

and presumably contribute to nicking–closing activities
in their conserved DSO nick sites. Compared with the
Rep proteins from other RCR plasmids, the pNB101
Rep protein is relatively small (about 28 kDa), and
should be a good candidate for studying the replication
mechanism of the RCR plasmid in halophilic Archaea.

Besides the rep gene, the functions of ORF2 and
ORF3 are currently unknown. However, the ORF3
seems to be involved in the initiation of the plasmid
replication too, because the DSO is located within
ORF3 near the 3¢-end, and Northern blot analysis re-
vealed that this gene transcribed at a very high level in
replication of the plasmid. It would be interesting to
investigate this high-level transcription besides investi-
gation of the protein function. A plausible mechanism
for high-level transcription around DSO is that it may
relax the supercoiled DNA, and help to generate the
cruciform structure at DSO to expose the nick site for
Rep protein. Similar situations were found in the chro-
mosome replication, such as in lambda phage as well as
in E. coli, where transcription of the origin, named as
transcriptional activation of replication, is the crucial
step for initiation of the replication of the chromosome
DNA (Baker and Kornberg 1988; Taylor and Wegrzyn
1995). This mechanism may be utilized by RCR plas-
mids because most DSOs are located very near the
transcribed rep gene or even within the rep gene. The
sequences around the DSOs are certainly transcribed in
those RCR plasmids. Although the DSO of pNB101 is
relatively far from its rep gene, our results indicated that
they were both efficiently transcribed. However, whether
transcription of or around DSO is a common theme for
RCR plasmid replication initiation remains to be
investigated, and pNB101 may be a good model for this
study because transcriptions of the DSO and the rep
gene in this plasmid were respectively controlled.

The ultimate goal of our study is the development of
a genetic tool for the Natronobacteria. The plasmid
pNB101 could serve as an excellent candidate for this
purpose. The unique Hind III site may be ideal for the
insertion of an antibiotic resistant gene and other nec-
essary DNA fragments, as it is distant from the SSO,
DSO, and the rep gene. However, it may affect the
expression of the uncharacterized ORF2. Another pos-
sible site for insertion of the foreign DNA is the unique
SacI site, which does not interrupt any of the ORFs and
has a necessary distance from SSO, DSO, and the rep
gene. Construction of a vector based on this plasmid and
subsequent introduction of this construct into the Na-
tronobacteria will provide novel experimental results to
help us understand the genes and structures in this
plasmid.
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