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The precise nick site in the double-strand origin (DSO) of pZMX201, a 1,668-bp rolling-circle replication
(RCR) plasmid from the haloarchaeon Natrinema sp. CX2021, was determined by electron microscopy and
DSO mapping. In this plasmid, DSO nicking occurred between residues C404 and G405 within a heptanucle-
otide sequence (TCTC/GGC) located in the stem region of an imperfect hairpin structure. This nick site
sequence was conserved among the haloarchaeal RCR plasmids, including pNB101, suggesting that the DSO
nick site might be the same for all members of this plasmid family. Interestingly, the DSOs of pZMX201 and
pNB101 were found to be cross-recognized in RCR initiation and termination in a hybrid plasmid system.
Mutation analysis of the DSO from pZMX201 (DSO,) in this hybrid plasmid system revealed that: (i) the
nucleotides in the middle of the conserved TCTCGGC sequence play more-important roles in the initiation and
termination process; (ii) the left half of the hairpin structure is required for initiation but not for termination;
and (iii) a 36-bp sequence containing TCTCGGC and the downstream sequence is essential and sufficient for
termination. In conclusion, these haloarchaeal plasmids, with novel features that are different from the
characteristics of both single-stranded DNA phages and bacterial RCR plasmids, might serve as a good model

for studying the evolution of RCR replicons.

Rolling-circle replication (RCR) in bacterial plasmids has
been extensively studied (5, 12, 20, 21). In the initiation step,
the initiator protein (Rep) introduces a specific nick in the
double-strand origin (DSO) and generates a 3’-OH end to
serve as the primer for synthesis of the leading strand. After
one round of replication, the Rep protein terminates the rep-
lication at the DSO by a series of concerted cleavage/joining
reactions and thus generates a double-stranded plasmid for the
next round of replication and a circular single-stranded DNA
(ssDNA) intermediate that is converted to a double-stranded
plasmid from a single-strand origin (SSO) by host enzymes.
Therefore, the DSO serves as an important signal in both the
initiation and termination of RCR (11, 18). Previous studies
have revealed that the DSO sequences used for initiation and
termination overlap, although initiation requires a longer se-
quence than that for termination (11, 43).

Within the DSO sequence, two functional sites have been
defined. They are a binding site where the Rep protein binds to
the origin and a nick site where the Rep protein cleaves the
DNA to initiate or terminate the RCR (6). Among plasmids
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from the same family, the nick site is highly conserved but the
binding site is not, suggesting that the origin’s specificity is
provided by the sequence differences in the binding site (5).
The DNA sequence of the binding site can be either an in-
verted repeat or a set of direct repeats, and the nick site is
always located in the loop region of a hairpin structure (7, 31,
33), which is regarded as necessary for the Rep protein to
introduce the nick, especially when the plasmid is in a tightly
packed super-coiled form (4, 30, 31).

In the domain Archaea, two distinct RCR plasmid families
have been identified according to the homologies of Rep pro-
teins and DSO sequences. One family includes plasmids pGT5
(8), pRT1 (40), and pTNI1 (36), isolated from hyperthermo-
philic archaea. The DSO region of pGT5 is homologous to
the DSO region of the pC194 plasmid family, especially in
the conserved nick sequence TCTTG/ATA (the slash de-
notes the nick site) (8). Like its bacterial counterparts, the
Rep protein of pGTS5 is revealed to have nick-closing and
topoisomerase activities but, distinctively, has an additional
nucleotidyl transferase activity (26-28). Another family in-
cludes more than six plasmids (pGRB1, pHSB1, pHSB2,
pHGNI1, pHK?2, and pNB101) isolated from halophilic ar-
chaea (13-16, 19, 44). These haloarchaeal plasmids are clas-
sified into superfamily I with bacteriophage ®X174 because
the conserved motif IIT of their Rep proteins contains two
tyrosines (17, 44). The putative DSO nick sites of pGRBI,
pHGNI1, and pNB101 are only predicted, by sequence com-
parison with other members of superfamily I (25, 44), but
remain to be determined by experimental approaches.

It has been reported that in a hybrid plasmid containing two
heterologous DSOs (i.e., the DSOs of pT181 and pC221), the
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TABLE 1. Primers used in this study
Sequence (5'-3')”

..GGAACCATGGCGCTGGAGTTAGAGCCTGAG
.GGAAGGATCCGACGGAAACGACGAAACC
CGTTACTCCGTCTCGCTCTGTC
CACAGCAGACCACCGCAAGC
.GGAAGGTACCGCAGGCGGCGATAGGC
.GGAAGGATCCCGAAACCCGGCGGCTGAC
.TCTTGGTACCGGTGGTCGTGAGTAGCG
TCTTGGATCCATCCTTCGTTTTCGGC
GGAAGGTACCTGCTACAAGAGACGTTTC
.GGAAGGATCCTGGAGGTCGAGGAGATC
..GGAAGGATCCTGCTACAAGAGACGTTTC
.GGAAGGTACCTGGAGGTCGAGGAGATC
GGAAGGTACCAAGCCGGAGGACTCCGCC
GGAAGGTACCTCTCGGCTATCCAAGAC
GGAAGGATCCTAGCCGAGAGGCGGAGTC

ZDA400IVF .
ZDA400IVR.

“ZDRIF or ZDR2F were paired with ZD400R and ZDLR paired with
ZD400F for PCR.
” The restriction sites are underlined.

termination sequences of both DSOs are recognized and small,
derivative plasmids are generated when the Rep protein is
provided in frans (18). Similarly, the Rep protein of pE194 is
able to initiate RCR at its own DSO and terminate at the DSO
of pMV158 (37). In this study, we report the determination of
the precise nick site of the DSO of a novel RCR plasmid,
pZMX201 (DSO,), from the haloarchaecon Natrinema sp.
CX2021 by electron microscopy and DSO mapping. In addi-
tion, by establishing a hybrid plasmid system derived from two
haloarchaeal RCR plasmids, pNB101 (44) and pZMX201, the
cross-recognition of the haloarchaeal DSOs and the DSO se-
quence motifs utilized in RCR were comprehensively investi-
gated.

MATERIALS AND METHODS

Strains, media, and transformation. Escherichia coli strain JM109 was used as
the host for all cloning and sequencing experiments and was cultured in Luria-
Bertani medium (34). When needed, ampicillin was added to a final concentra-
tion of 100 pg/ml. The halophilic archaecon Natrinema sp. CX2021 is the natural
host of pZMX201. Haloarcula hispanica strain ATCC 33960 was used as the
transformation host. These haloarchaeal strains were cultivated at 37°C in AS-
168 medium as described previously (24). Transformation of H. hispanica was
performed as described by Cline et al. (3). When necessary, mevinolin was added
to a final concentration of 3 to 5 pg/ml. The plasmid DNA prepared from
mevinolin-resistant colonies was subjected to electrophoresis and Southern blot-
ting and introduced back into E. coli for further analysis (45).

DNA manipulation. Small-scale preparation of plasmid DNA from a halo-
philic archacon was performed as described previously (44). Restriction analysis
and recombinant DNA manipulation were performed according to standard
methods (34). The plasmid pZMX201 was isolated from Natrinema sp. CX2021,
digested with Ncol and Scal, and inserted into pUCmT (38) to generate the
recombinant plasmids pUCZ2 and pUCZ3, respectively. Both plasmids were
sequenced, and the complete sequence of pZMX201 was determined. To clone
the replicon of pNB101, the repN gene and flanking sequence were amplified by
primers NB4F and NB4R (Table 1) and then inserted into pUCmT to generate
recombinant plasmid pUCN4 for further construction. For DSO mapping and
electron microscopy, total DNA containing the plasmid replication intermediates
of pZMX201 from Natrinema sp. CX2021 and those of pUCZ3 from E. coli were
isolated as described previously (29, 35).

Electron microscopy. Total DNA of pZMX201 was separated by electrophore-
sis in a low-melting-temperature agarose gel, and then the plasmid DNA be-
tween the supercoiled plasmid and high-molecular-weight chromosomal bands
was isolated from the gel. DNA samples with or without enzyme digestion were
further prepared as described previously (38). Micrographs were recorded by
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using a Hitachi H-700A electron microscope. Plasmid pBR322 was used as a size
marker.

DSO mapping. DSO mapping was performed as previously described (10, 42),
with slight modifications. The primer was labeled with T4 polynucleotide kinase
with [y-*?PJATP (5,000 Ci/mmol) and used for DNA sequencing and primer
extension. The total DNA and plasmid DNA from Natrinema sp. CX2021 and E.
coli were used as templates for primer extension with the following program: 3
min at 94°C and then 40 cycles of 1 min at 94°C, 1 min at 60°C, and 1 min at 72°C.
At the same time, DNA sequencing reactions were performed with the same
primers by using an fmol DNA cycle sequencing system (Promega) according to
the protocols of the manufacturer. The products of primer extension and the
DNA-sequencing reaction were respectively resuspended in the same sequencing
stop solution, heated for 2 min at 70°C, and then analyzed on 6% acrylamide
sequencing gel. Radioactive DNA fragments on the gels were visualized on
X-ray film.

Construction of hybrid plasmids. The tested DSO fragment of pNB101
(ND92) was amplified by primer pairs ND92F and ND92R (Table 1) and in-
serted into the Kpnl and BamHI sites of pWL102 (22). The resultant plasmid
was digested with Sphl and HindlIII to excise the E. coli replicon and then
inserted into the same sites of pUCZ2 to generate pZN92. Similarly, other tested
DSO fragments of pZMX201 (ZD89, ZD400, ZD400-1V, ZDR1, ZDR2, and
ZDL) were amplified by using the corresponding primer pairs (Table 1) and
inserted into the Kpnl and BamHI sites of pWL102. The resultant plasmids were
digested with Sphl and HindIII and then inserted into the same sites of pUCN4
to generate pNZ89, pNZ400, pNZ400-1V, pNZR1, pNZR2, and pNZL, respec-
tively. Site-directed mutations, conducted as preciously described (41), were
introduced into the repZ gene of pZMX201 in pZN92 to generate mutants
PZNY297F and pZNY301F or into the TCTCGGC sequence of DSO, of
pZMX201 (ZD89) in pNZ89 to generate the corresponding mutants. To con-
struct the hybrid pNZ36 and its three derivative mutants pNZ36S1, pNZ36S2,
and pNZ36S3, oligonucleotides containing both strands of the tested sequences
(ZD36 and ZD36S1-S3) with additional restriction sites were synthesized, an-
nealed, digested and then inserted into the Kpnl and BamHI sites of pWL102,
and the resultant plasmids were digested with Sphl and HindIII and then in-
serted into the same sites of pUCN4 to generate pNZ36, pNZ36S1, pNZ36S2,
and pNZ36S3, respectively.

Southern blotting. To identify the multiple DNA bands, Southern blot analysis
was conducted as previously described (44). Briefly, 2% amounts of DNA sam-
ples extracted from 1 ml of cultures (optical density at 600 nm, ~0.6) were
resolved by agarose gel electrophoresis and then transferred onto a nylon mem-
brane with prior denaturation. After prehybridization, the blots were hybridized
with the DNA probes, which were labeled through random priming of the
mevinolin resistance (Mev") gene or ampicillin resistance (Amp’) gene with
digoxigenin-dUTP (Roche) according to the manufacturer’s instructions.

Accession number. The nucleotide sequences of pZMX201 and the 16S rRNA
gene of Natrinema sp. CX2021 were deposited in GenBank under the accession
numbers AY588480 and AY588481, respectively.

RESULTS

PZMX201 is a new member belonging to the haloarchaeal
RCR plasmid family. The small, cryptic plasmid named
pZMX201 was isolated from a haloarchaeon, Natrinema sp.
CX2021. Sequence analysis revealed that pZMX201 is a circu-
lar DNA molecule of 1,668 bp with a GC content of 62.5% and
contains only one open reading frame (repZ), encoding a pu-
tative replication initiator protein (RepZ) (Fig. 1A). By the
results of searching the NCBI database, RepZ was revealed to
be homologous (42 to 56%) to the Rep proteins of other
haloarchaeal RCR plasmids. Alignment of the Rep proteins of
these plasmids detected three conserved motifs (Fig. 1B), es-
pecially the two-tyrosine-containing motif III that was con-
served in RCR superfamily I (17, 44). These results indicated
that pZMX201 is a new member of the haloarchaeal RCR
plasmid family. Moreover, several inverted repeats were de-
tected in the noncoding region (Fig. 1A), which may contain
the SSO for pZMX201 due to its potential to form long stem-
loop structures, like bacterial-type SSOs (21). The presence of
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FIG. 1. (A) Physical map of pZMX201. The conserved motifs (I, I, and III) in the protein encoded by repZ and the DSO determined by DSO
mapping are indicated. In the noncoding region (nt 1455 to 295), several inverted repeats that can potentially form long stem-loop structures are
also indicated. (B) Sequence alignment of the three conserved motifs (I, II, and III) of the Rep proteins of haloarchaeal RCR plasmids. Shading
in black, dark gray, or light gray indicates 100%, >80%, or 50% conserved residues, respectively. The two conserved tyrosines in motif III are
labeled with asterisks. (C) Electron microscopy analysis of pZMX201. Panels 1 and 2, sigma-like replication intermediates; panels 3 to 5, Y-like
molecules of Ncol-digested plasmids, with a schematic representation under each panel. The deduced DSO nick sites are indicated by triangles.

The bars correspond to 0.2 kb.

single-stranded (ssDNA) intermediates of pZMX201 was also
detected by Southern blotting (data not shown), further con-
firming that it is a novel haloarchaeal RCR plasmid.

Determination of the DSO nick site in pZMX201 by electron
microscopy analysis and DSO mapping. Plasmid DNA recov-
ered from low melting-temperature agarose was prepared for
electron microscopy analysis. Thirty-seven sigma-like replica-
tion intermediates were detected among 675 DNA molecules
(Fig. 1C, panels 1 and 2). These sigma-like intermediates have
similarly sized circles with extended tails, indicating the process
of replication of the leading strand. To locate the replication
origin, the plasmid DNA was digested with Ncol before being
subjected to electron microscopy analysis. Y-like molecules
with various branch ends representing the Ncol and DSO nick
sites were observed (Fig. 1C, panels 3 to 5), and the lengths of
the branches from 10 representative molecules were carefully
measured. The results indicate that the DSO nick site is close
to the Ncol site.

To precisely determine the DSO nick site in pZMX201, a
primer extension experiment was performed (Fig. 2A) with
primer DM1 (Table 1), downstream of the Ncol site and com-
plementary to the putative leading strand, the sense strand of
the repZ gene. A strong primer extension band corresponding
to G404 was generated with total DNA or plasmid extracted
from Natrinema sp. CX2021 as the template (Fig. 2A). This
band was never generated when the recombinant plasmid
(pUCZ3) DNA from E. coli was used as template in the same
experiments. These results demonstrated that the precise DSO
nick site of pZMX201 should be between C403 and G404 (Fig.
2A). Moreover, when a primer (DM2; Table 1) complemen-
tary to the other strand upstream of the Ncol site was used, no

extension products could be detected (data not shown). There-
fore, the extension signal was not ascribed to either the DNA
secondary structure or the double-strand break but was indeed
generated by the nicking of the Rep protein in the DSO.

After the sequence containing the nick site of pZMX201 was
aligned with the sequences of other haloarchaeal RCR plas-
mids, a heptameric sequence (TCTC/GGC; the slash denotes
the detected nick site) was found to be conserved among all
these plasmids. In the adjacent nucleotides, however, only par-
tially conserved sequence motifs, such as a CCAAG and an
AACCG, were found (Fig. 2B). By DNA-folding analysis, im-
perfect hairpin structures were discovered in these putative
DSO regions. Interestingly, although the heptameric sequence
(TCTC/GGC) is usually located in the stem region of a hairpin
structure, the nick site is in an unpaired position (pHGN1 and
pHSB1) or near an unpaired nucleotide (pGRBI1, pHK2,
pHSB2, pNB101, and pZMX201) (Fig. 2C).

Cross-recognition of the DSO by Rep proteins from plas-
mids pZMX201 and pNB101. To verify these novel DSOs in
haloarchaea, two hybrid plasmids (pNZ89 and pZN92) carry-
ing different haloarchaeal RCR replicons and tested DSO frag-
ments were constructed with the same additional elements,
including an Mev" gene, a haloarchaeal theta-type replicon
(pPHV2) (2), and an E. coli replicon (pUCmT) with an Amp"
gene (Fig. 3). pNZ89 contains a replicable pNB101 fragment
and an 89-bp DSO,, (ZD89) from pZMX201 (Fig. 3A), while
PZNO92 contains an Ncol-pZMX201 fragment and a 92-bp
DSO (ND92) from pNB101 (DSOy) (Fig. 3B). Based on
pNZ89, various hybrid plasmids containing different DSO,,
fragments or mutants were also established (Fig. 3C).

The pHV2 replicon in these plasmids likely replicates by a
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FIG. 2. (A) Mapping of the DSO nick site of pZMX201. Top panel: outline of the DSO mapping. Dotted arrow indicates the newly synthesized
leading strand. The extension of the primer (solid arrow) complementary to the leading strand will stop at the 5" end nicked by the Rep protein
and generate a specific product corresponding to the nick site in the sequencing gel. Bottom panel: total DNA (lane 1) and plasmid DNA (lane
2) from Natrinema sp. CX2021 cells containing pZMX201, and total DNA (lane 3) and plasmid DNA (lane 4) from E. coli cells containing the
recombinant plasmid pUCZ3 were extended by the primer DM1 (Table 1). The corresponding sequence is shown on the left. The nick site is
denoted by the pair of triangles. (B) Alignment of the putative DSO regions of the haloarchaeal RCR plasmids. The inverted repeat of pZMX201
is indicated by the pair of arrows. The partially conserved CCAAG and AACCG sequences are underlined. The conserved nucleotides are shaded
in black (100%), gray (>80%), or light gray (>50%). (C) Results of folding analysis of the putative DSO regions of the haloarchaeal RCR plasmids
using the mfold web service (46). Numbering corresponds to the published sequence of each plasmid. pHSB2, whose sequence in this DSO region
is identical to that of pGRBI, is listed in parentheses. The position of the conserved TCTCGGC sequence of pZMX201 is denoted. The nick site
in DSO_, and the putative ones in other DSOs are indicated by triangles. dG, change in Gibbs free energy.

theta-type model and is compatible with RCR replicons (16),
therefore supplying a platform for investigating the interaction
between Rep proteins and DSOs in these hybrid plasmids.
If the Rep protein, RepN from pNB101 or RepZ from
pZMX201, is able to recognize the heterologous DSO as a
termination signal after initiating from its own DSO, an
ssDNA intermediate of the derivative plasmid containing an
Mev" gene and an RCR replicon with the chimeric DSO (M)
will be generated. On the other hand, if the replication can
initiate from the heterologous DSO and terminate at its own
DSO, an ssDNA intermediate of the derivative plasmid con-
taining the pUCmT replicon and the pHV?2 replicon (E) will be
generated (Fig. 3A and B). These ssDNA intermediates might
be converted into the double-stranded plasmids by host en-
zymes.

After pNZ89 was introduced into H. hispanica and the plas-
mid DNA was extracted from the transformants and subjected

to electrophoresis, only the M derivative was detected by aga-
rose gel electrophoresis (Fig. 4A), and a faint E-like band
could be detected by Southern blot analysis (Fig. 4C). To
confirm the presence of the E derivative or the full-length
hybrid plasmid (H), the plasmid DNA extracted from the H.
hispanica transformants was introduced back into E. coli (Fig.
4A and Table 2). Twenty E. coli transformants were analyzed
and found to harbor the same plasmid (derivative E), which
contains the pHV2 replicon and a junction site between DSOy
and DSO_, (Fig. 4D). As the E derivative can hardly be de-
tected by electrophoresis or Southern blotting, the number of
E. coli transformants transformed by the plasmids from H.
hispanica was used to evaluate the amount of the E derivative,
which represented the efficiency of initiation from DSO,, (Ta-
ble 2). As the H plasmid was not detected either by Southern
blotting or by screening the transformants of E. coli (Fig. 4
and Table 2), it is likely that efficient termination had dis-
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FIG. 3. (A and B) Physical map of hybrid plasmids pNZ89 and pZN92 and their derivatives. If the RCR initiates from the original DSO (I) and
terminates at the tested DSO (II), a derivative (designated M) containing an Mev' gene and an RCR replicon with the chimeric DSO will be
generated. If the replication initiates from the tested DSO (II) and terminates at the original DSO (I), a derivative (designated E) containing the
pUCMT replicon and the pHV2 replicon will be generated. The open {)-shaped symbol represents DSOy from pNB101, the filled ()-shaped symbol
represents DSO,, from pZMX201, and the half-filled ()-shaped symbol indicates the junction site of the DSO sequences from pZMX201 and
pNB101. (C) Schematic representation of the various DSO,, fragments and mutants used in hybrid plasmids. Numbering corresponds to the
sequence of pZMX201 in GenBank. The arrows indicate the position of the inverted repeat in DSO,. The nucleotide sequence of ZD36 is shown.
The conserved TCTCGGC sequence is boxed, and the sequence motifs subjected to mutation are underlined. The identical nucleotides are
indicated by dashes.
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FIG. 4. (A) Agarose gel electrophoresis of hybrid plasmids extracted from corresponding H. hispanica transformants. The DNA was stained
with ethidium bromide (EtBr). The predominant super-coiled DNA molecules are labeled with H (full-length hybrid plasmid), E (derivative
containing E. coli replicon), and M (derivative containing Mev' gene). DNA samples from equal amounts of cultures were subjected to
electrophoresis and transformation of E. coli. The resultant plasmids detected in the E. coli transformants are indicated under the gel. The first
lane contains size markers. (B and C) The blots were hybridized with probes Mev" (B) and Amp" (C), respectively. Corresponding bands detected

for each lane are denoted under the panel. The hybrids used for each experiment are indicated on top of each lane.

—, not detectable.

(D) Sequence of the DSO junction site in the E derivative of pNZ89 (pNZ89-E). The junction site (TCTC/GGC) and flanking sequences from

DSOy and DSO,, are shown. The slash indicates the nick site.

sociated most pNZ89 plasmids, if not all of them, into small
derivatives.

To exclude the possibility that the ZD89 fragment is too
short to be used as an efficient initiation signal, a 400-bp DSO_,
fragment (ZD400) (Fig. 3C) of pZMX201 was used to replace
the ZD89 fragment of pNZ89, resulting in pNZ400. However,
similar results were obtained after introducing pNZ400 into H.
hispanica, and the E derivative was only detectable by intro-
ducing it back into E. coli (Fig. 4 and Table 2), confirming that
RepN could terminate efficiently at DSO_, but initiated from it
weakly.

In the case of pZN92, both the M and E derivatives were
detected by electrophoresis (Fig. 4A). The M and E derivative
plasmids appeared to be compatible, since their relative copy
numbers had not changed after being incubated for 60 gener-
ations with or without selective pressure. Both the M and E
derivatives were sequenced, and the junction sites were found
to be indeed in the conserved sequence TCTCGGC (data not

shown). These results indicated that RepZ could terminate
and initiate at ND92 (DSOy). As the H plasmid was not
maintained for both hybrids (Fig. 4 and Table 2), it seemed
that the termination rate of RepZ at DSOy was similar to that
of RepN at DSO, but that, likely, the RepZ initiated more
efficiently from DSOy.

Small derivative plasmids were generated by Rep process-
ing, but not by homologous recombination. To exclude the
involvement of homologous recombination in the generation
of derivative plasmids (M and E), the hybrid plasmid
pNZ400-IV was constructed. The fragments in pNZ400-IV are
same as those in pNZ400, except that the ZD400 fragment was
inserted inversely. If homologous recombination occurred be-
tween DSOy and DSO,, it would also generate two plasmids
with sizes similar to the sizes of M and E. However, such
plasmids were not detectable after pNZ400-IV was introduced
into H. hispanica (Fig. 4 and Table 2). This result indicated that
the small derivative plasmids (M and E) in the above investi-
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TABLE 2. Summary of DSO recognition in the hybrid plasmids

Plasmid(s) Transformation back Activity of

Plasmid or  detected into E. coli* tested DSO*
point with
mutation Southern Introdu.cel:)d No. of Termination Initiation
blotting plasmid”  transformants

pPZN92 M. E E 1.5 x 10* +++ +++
pNZ89 M, E E 3.8 X 10? +++ ++
pNZ400 M E 3% 10? +++ ++
pNZ400-IV  H H 1.4 x 10* - -
pNZY297F H H 1.4 x 10* - -
pNZY301F  H H 1.3 % 10* - -
TI1G M E <10? +++ +
C2A H H 8 x 10° - -
T3G H H 7.4 X 103 - -
C4A H H 2.3 % 10° - -
G5T H H 1.9 x 10° - -
G6T M H <10 +++ -
C7A M E <10 +++ +
pNZL H H 8.9 X 10 - -
pNZR1 M E 1.4 % 10? +++ ++
pPNZR2 M X 0 4+ -
pNZ36 M X 0 e+ -
pNZ36S1 H,M H 7% 103 ++ -
pNZ36S2 H H 8.1 x 10° - -
PNZ36S3 H H 1.1x 10 - -

“ DNA samples from equal amounts of cultures were introduced into E. coli to
calculate the transformation rate of the H plasmid or E derivative, which rep-
resents the initiation efficiency of the tested DSO.

? X, not detectable.

¢ —, no activity; +, ++, and +++, low-, intermediate-, and high-level activity,
respectively.

gations were not generated by a homologous recombination
and demonstrated that the orientation of the DSO should be
consistent with the direction of replication.

To further confirm that the small derivative plasmids (M and
E) were generated by the nick/closing activities of the Rep
protein, the two tyrosines (Y297 and Y301) in motif III of
RepZ, which were deemed to be involved in these activities of
the Rep protein (16), were replaced by phenylalanine (F) in
PZN92. The resulting plasmids, pZNY297F and pZNY301F,
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were introduced into H. hispanica. Unlike pZN92, the small
derivative plasmids (M and E) were not detectable in either of
these two kinds of transformants (Fig. 4). Thus, the generation
of M and E was indeed the result of the replication process
conducted by the Rep protein, and both tyrosines in motif III
of RepZ were necessary for its function.

Nucleotides in the conserved TCTCGGC sequence play vari-
ant roles in DSO recognition. Based on the construction of
pNZ89, site-directed mutations were introduced into the con-
served TCTCGGC sequence of ZD89 to construct mutants
T1G, C2A, T3G, C4A, G5T, G6T, and C7A, respectively (Fig.
3C). For mutants C2A, T3G, C4A, and G5T, only the H plas-
mids were detected in all the experiments (electrophoresis,
Southern blotting, and transformation), indicating that nucle-
otides C2, T3, C4, and G5 were essential for both initiation and
termination (Fig. 5 and Table 2). In the case of mutants T1G
and C7A, the M derivative was detected by electrophoresis and
Southern blotting, and the E derivative was also detected, at
lower levels, by introducing plasmid preparations into E. coli
(Fig. 5 and Table 2). This indicated that mutation of T1 and C7
did not affect termination but largely decreased the efficiency
of initiation. For mutant G6T, the M derivative was detectable,
as in T1G and C7A, while the H plasmid, but not the E
derivative, was detected at a low rate by transformation of E.
coli (Fig. 5 and Table 2). This indicated that the substitution of
G6 completely blocked initiation and partially depressed ter-
mination.

The left half of the stem-loop structure of DSO, is necessary
for initiation, but not for termination. Three mutants, pNZR1,
pNZR?2, and pNZL, were constructed to identify the bound-
aries of the DSO,, region. Fragment ZDL (in pNZL) consists
of the stem-loop region plus the left part of the sequence of
ZD400, ZDR1 (in pNZR1) consists of the stem-loop region
plus the right part of the sequence of ZD400, and the ZDR?2
fragment (in pNZR?2) differed from ZDR1 by the omission of

L1 |
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| 1 1 | I N O

ToEcoli:E HHHHHE

Boss MHHHHMM Blotsts-—HHH H— —

FIG. 5. Site-directed mutation of the conserved TCTCGGC sequence of the ZD89 fragment in pNZ89. Agarose gel stained with EtBr (A) and
blots hybridized with probes Mev' (B) and Amp® (C) are shown as described in the Fig. 4 legend.
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FIG. 6. Determination and mutational analysis of the necessary DSO
with probes Mev' (B) and Amp* (C) are shown as described in the Fig.

the left half of the stem-loop structure (Fig. 3C). The M de-
rivatives were detected by electrophoresis and Southern blot-
ting for both pNZR1 and pNZR2; however, in the E. coli
transformation experiments, the E derivative was detected for
pNZRI1, but no transformant was detected for pNZR2 (Fig. 6
and Table 2). These results indicated that ZDR1 was active in
both initiation and termination, while ZDR2 lost the activity
for initiation. For pNZL, only the H plasmid was detected in
all these experiments (Fig. 6 and Table 2), indicating that the
ZDL fragment was inactive for both initiation and termination.
Taking these results together, the stem-loop region plus the
right part of the sequence (ZDR1) were necessary and suffi-
cient for initiation, the left part of the sequence upstream of
the stem-loop region might not participate in the DSO func-
tion, and the DNA sequence in the left half of the stem-loop
structure of DSO,, was not necessary for termination but was
indispensable for initiation.

A 36-bp DSO,, fragment is sufficient for termination. Based
on the results for pNZR2, hybrid plasmid pNZ36 was con-
structed, and the results proved that the 36-bp sequence lo-
cated in the left part of fragment ZDR2, consisting of TCT
CGGC plus the downstream sequence (Fig. 3C), is sufficient
for termination but, again, inactive for initiation (Fig. 6 and
Table 2). By comparing the 36-bp sequence of pZMX201 with
the sequences of other haloarchaeal plasmids, a group of con-
tiguous sequence motifs, one being CCAAG and two AACCG,
were chosen to conduct mutation analysis. The CCAAG con-
tains conserved C and G in all of these plasmids, while the first
AACCG is conserved among five of these seven plasmids (Fig.
2B). Three mutants (ZD36S1 to ZD36S3) were constructed by
replacing these motifs with a random sequence, TCAGT (Fig.
3C). Further examination indicated that the two AACCG se-
quences were indispensable for the termination function of
pNZ36, as only the H plasmids were detected, while the re-

region of DSO,. Agarose gel stained with EtBr (A) and blots hybridized
4 legend.

placement of the CCAAG sequence decreased the termination
efficiency, as both H and M plasmids were detected, indicating
that only part of the replication was terminated at ZD36S1
(Fig. 6 and Table 2). Thus, the 36-bp sequence may be the
minimal DSO,, for termination function.

DISCUSSION

The results of previous studies have shown that the haloar-
chaeal RCR plasmids belong to a novel family distantly related
to the bacterial RCR plasmids and ssDNA phages (44). Al-
though some of them have been used as shuttle vectors, the
origins of replication have not been experimentally elucidated.
In this work, the precise nick site of DSO, in pZMX201 in a
conserved sequence (TCTC/GGC) was determined for the first
time by both in vitro and in vivo experiments (Fig. 1 and 2).
The DSO nick site sequence is conserved among the haloar-
chaeal family of RCR plasmids but is not homologous to those
of any other RCR replicons (5). Employing a hybrid plasmid
system, the DSOs of pZMX201 and pNB101 were found to be
cross-recognized (Fig. 3 and 4). As the similarity between the
DNA sequences of pZMX201 and pNB101 is only 34%,
the chance of homologous recombination is reduced, so that
the hybrid is stable when the tested DSO is inactive. In
addition, the junction site of two heterologous DSOs was
found, by sequencing the derivative plasmids, to be in the
conserved TCTCGGC sequence (Fig. 4D), which confirmed
that the nick site of DSO in vivo was consistent with the result
of DSO mapping.

Mutation analysis of the conserved TCTCGGC sequence of
DSO, revealed that nucleotides T1, G6, and C7 could be
replaced without destroying the termination function of the
sequence. To investigate the possibility that other regions har-
boring sequence motifs similar to TCTCGGC in plasmid
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PZMX201 or pNB101 might also be recognized as DSO, three
DSO candidates were identified and cloned, i.e., DSO,, (nt
770 to 968, containing a TCTCGAC sequence) and DSO_; (nt
35 to 263, containing a TCTCGGA sequence) from pZMX201
and DSOy, (nt 1476 to 1655, containing a TCTCGGA se-
quence) from pNB101. After testing their initiation and termi-
nation functions in the pZN and pNZ plasmids, these DSO
candidates were found to be inactive (data not shown). Thus,
although the flanking sequences are not as conserved as the
TCTCGGC motif, they may contain sequences or structures
that are important for interaction with the Rep protein.

The structural features of the DSO regions from all the
haloarchaeal RCR plasmids were analyzed (Fig. 2C). Among
the hairpin structures detected, only two are structurally sim-
ilar to other RCR DSOs, with the nick sites located in the
unpaired region. In five other plasmids, including pZMX201,
the nick site is in a stem region but near an unpaired position.
As in bacterial plasmids, the nick site is always located in the
loop region of a hairpin structure to facilitate the nicking by
the Rep protein (30). It is possible that the hairpin structure in
pZMX201 might serve as a target for recognition by the Rep
protein and might melt from the unpaired position to expose
the nick site upon the Rep/DSO interaction. By using deletion
analysis, we found that the left half of the hairpin structure,
present in pNZR1 but absent in pNZR2, was necessary for
initiation but not for termination. Therefore, the left half of
the hairpin structure (in pPNZR1) may represent the 5’ termi-
nal boundary of DSO,, for initiation. In addition, as ZD36 is
likely the minimal DSO for termination, it is clear that the
functional DSO,, should contain the hairpin structure plus the
downstream sequence. This functional DSO, is similar to
those of bacterial plasmids (pLS1, pC194, and pT181) in struc-
ture, as the latter also contain a hairpin structure plus down-
stream sequence for the binding of Rep protein (7, 11, 43).
However, different from the DSOs of bacterial plasmids where
the hairpin structures are necessary for termination, the left
half of the hairpin structure of DSO_ is not necessary for its
RCR termination. This characteristic is like the origin of
$X174, where a 30-bp sequence without obvious secondary
structures is sufficient for both initiation and termination
(9, 23).

Besides these novel features of the haloarchaeal DSO se-
quence, the Rep proteins of the haloarchaeal RCR plasmid
family contain a conserved two-tyrosine motif III in which both
tyrosines were necessary for replication (Fig. 4 and Table 2).
The two-tyrosine motif is characteristic of the Rep protein of
some ssDNA phages and is also found in a few bacterial plas-
mids which have not been comprehensively studied (17, 44).
The two tyrosines in the Rep protein of ®X174 are known to
function in the initiation and termination steps, respectively,
and their cooperation facilitates the reinitiation after one
round of replication that produces a large number of phage
progeny efficiently (39). The Rep proteins of well-studied bac-
terial RCR plasmids, including pLS1, pC194, and pT181, con-
tain a one-tyrosine motif III (21). Intriguingly, RepA of pC194
contains a glutamine, which is similar in both function (in the
termination step) and position (separated by 3 amino acid
residues from the central tyrosine) to the second tyrosine in the
Rep protein of ®X174 (32). Furthermore, it has also been
demonstrated for the RepC protein of pT181 that some amino
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acids other than the fixed central tyrosine may be involved in
the termination step (1). Thus, the additional tyrosine function
in termination may be displaced by a negatively charged amino
acid (i.e., glutamine), while the central tyrosine function in
initiation was conserved in evolution. These results suggest
that all these RCR replicons, which have diverse DNA and
protein sequences, have a similar replication mechanism and a
common evolutional ancestor.
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