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Abstract The complete sequence of the plasmid pRN2
from the thermoacidophile Sulfolobus islandicus has been
determined. The plasmid was found to be circular and
6959 bp in length. S. islandicus harbors another endogenous
plasmid, pRN1, and comparison of pRN1 and pRN2 revealed that these two plasmids are essentially homologous,
although very distantly related. pRN1 and pRN2 share
several stretches of highly conserved noncoding DNA and
three common open reading frames. Two of these reading
frames are likely related to replication, one encoding a large
protein with a helicase domain similar to viral helicases, and
the other a copy number control protein, CopG.
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Introduction
Sulfolobus islandicus strain REN1H1 is a sulfur-dependent
thermophile isolated from the Reykjanes sulfataric field in
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Iceland (Zillig et al. 1994). At the time it was discovered, S.
islandicus was observed to harbor two endogenous plasmids
of approximately 5.5 and 6.9 kb. These plasmids were shown
to have a high copy number in S. islandicus (roughly 20 and
35 per cell, respectively), and capable of transformation and
replication in both S. islandicus and S. solfataricus but not S.
acidocaldarius (Schlepper 1993; Zillig et al. 1994).
The small size, high copy number, and fairly broad host
range make pRN1 and pRN2 attractive candidates as
potential Sulfolobus vectors. Plasmids from a number of
Archaea have been identified and characterized in varying
detail (Schalkwyk 1993; Schleper et al. 1995; Erauso et al.
1996; Elferink et al. 1996; Zillig et al. 1996), and some have
been successfully used to develop shuttle vectors (see
Table 2 in Schalkwyk 1993). However, much of this work
has concentrated on plasmids from the archaeal group
known as Euryarchaeota. The Sulfolobales belong to the
Crenarchaeota, which are only distantly related to
Euryarchaeota. Although many mesophilic Crenarchaeota
are now being discovered (see, for instance, DeLong et al.
1994), the majority of characterized Crenarchaeota are
thermophiles, and many are also acidophiles. Often these
present practical difficulties for laboratory manipulations
because they require extremely high temperature and pressure or have low tolerance for oxygen. Sulfolobales are
adapted to thermoacidophily, but are nevertheless among
the most easily manipulated Crenarchaeota as the result of
their comparatively moderate growth requirements.
The complete sequence of pRN1 was determined previously (Keeling et al. 1996). It was found to be predominantly composed of open reading frames, including one that
spanned more than half its length. This large reading frame
encodes a putative protein of 904 amino acids with a domain similar to helicases used for initiating replication by a
diversity of eukaryotic viruses and some bacteriophages
(Gorbalenya et al. 1990; Ilyina et al. 1992). The only other
fragment of pRN1 with detectable homology to any known
sequence was a small open reading frame immediately upstream of this large helicase gene. The product of this small
gene was shown be related to CopG, a copy number control
protein used by numerous eubacterial plasmids (del Solar et

392

N. Matsuda et al.: EGF receptor and osteoblastic differentiation

al. 1993). In these eubacterial plasmids, the copG gene is
located upstream of a gene encoding a replication initiator
protein, and the two genes are expressed from a common
promoter. The CopG protein binds to this promoter and
represses the expression of both proteins, thus controlling
the replication of the plasmid. The position of the helicase
and copG-like genes in pRN1 was reminiscent of these
eubacterial plasmids, and led to the suggestion that pRN1
might operate in a similar fashion (Keeling et al. 1996).
Here we have determined the sequence of the second,
larger, endogenous plasmid of S. islandicus, pRN2.
This plasmid appears to be homologous to pRN1, but nevertheless quite divergent. By comparing the two plasmids,
highly conserved regions that are likely important to
maintenance have been identified, and conversely, potentially disruptable sites to develop pRN1 or pRN2 as
cloning vectors have also been identified in nonconserved
regions.

Materials and methods
pRN2 was originally cloned at a unique KpnI restriction site
(Zillig et al. 1994). Restriction subclones were constructed
from this clone using the enzymes EcoRI, SphI, PstI, ClaI,
HincII, and HindIII. These clones as well as the original
KpnI clone were sequenced using dye-terminator chemistry
on an ABI 373A automated sequencer (Foster City CA),
providing most of the sequence on one strand. The remaining gaps, and the complementary strand sequence, as well as
confirmation of sequences flanking restriction subclone
junctions, were obtained by primer walking. To confirm that
the KpnI site initially used to clone pRN2 is indeed a unique
site, the 475-bp region around it was amplified from native
plasmid by PCR using the primers GAAGGTGGCTAATTATAGAG and AACGCCCCATAGTTAATCGT.
The single product of this reaction was found to be of the
expected size and sequence.

Results and discussion
Sulfolobus islandicus strain REN1H1 carries two endogenous cryptic plasmids, pRN1 and pRN2. The sequence of
pRN1 was determined previously (Keeling et al. 1996), and
we have now also determined the sequence of the larger
plasmid, pRN2. This sequence was found to be 6959 bp in
length, and its map is circular. The predicted size and the
physical map derived from the enzymes used for subcloning
(not shown) were both in close agreement with those predicted from the sequence.
The dominant feature of pRN2 is its similarity in organization and sequence to pRN1 (Fig. 1). Three open reading
frames (ORF) are clearly homologous between pRN1 and
pRN2, and two of these are likely a coregulated unit with
functional analogs in eubacterial plasmids. The downstream
ORF of this pair is very large, 904 and 980 codons in pRN1

Fig. 1. Maps of pRN1 (inner circle) and pRN2 (outer circle).
Detectably homologous regions are indicated by a shaded area between the two maps. Open reading frames shared between the two are
shown in black: these are ORF80/81, copG, and the helicase-like gene,
ORF904/980. Other open reading frames that are not shared and have
not been identified are labeled “orf ” and are shown as open boxes. The
direction of transcription of all these reading frames is clockwise, as
indicated by arrows. Conserved noncoding regions are shaded and
labeled with roman numerals I–V. The poly-cytosine track is represented by a black hatch in block V

and pRN2, respectively. This ORF was recognized in pRN1
as having a carboxy-terminus ATP/GTP binding site characteristic of helicase domains common to many eukaryotic
and eubacterial viruses (Gorbalenya et al. 1990; Keeling et
al. 1996). Such helicases are often part of episome primasehelicase complexes, and often the primase activity maps
to another domain of the same large protein (Ilyina et al.
1992). The amino-terminus of the pRN1 and pRN2
helicase-like ORFs are very highly conserved with respect
to one another, but they do not resemble any known
primase family, or indeed any other known protein.
Immediately upstream of this helicase-like ORF in both
pRN1 and pRN2 is a second shared ORF, similar to a copy
number control element copG. CopG is a helix-turn-helix
protein used by numerous eubacterial plasmids to suppress
the initiation of plasmid DNA replication by controlling the
expression level of a replication initiation protein (reviewed
in del Solar et al. 1993). Typically, copG is encoded immediately upstream of the gene for the initiator, and controls
replication by binding to their common promoter, suppressing transcription of both genes (del Solar and Espinosa
1992; Kwak and Weisblum 1994). In both pRN1 and pRN2
the copG-like gene is located immediately upstream of the
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large helicase-like gene, suggesting that the pRN plasmids
also use this strategy and that the helicase is a replication
initiation protein.
A third gene shared by pRN1 and pRN2 has not previously been recognized, and points out the advantage of
having the two sequences. These genes, ORF80 in pRN1
and ORF81 in pRN2, are 78% identical at the amino acid
level, but not demonstrably homologous to any other
known sequence, and are of unknown function. Similarly,
there are a handful of stretches of noncoding DNA with
higher than expected identity between pRN1 and pRN2
that would otherwise not be recognized as significant
(blocks I–IV in Fig. 1). These conserved blocks range between 50 to 200 bp in length, with a minimum of 67% and as
high as 89% nucleotide identity between the corresponding
fragments of pRN1 and pRN2. Block V in particular draws
attention to itself, partly because it is isolated from other
conserved features of the plasmids, and partly because of
the unusual characteristics of its sequence. This conserved
region is approximately 130 bp in length, and includes an
unusual poly-cytosine track flanked by a pyrimidine-rich
sequence in one direction and a purine-rich sequence in the
other. In addition, the sequence around this region contains
several iterations of the octomer CTAACTCT, which appears six times near the poly-cytosine track in pRN1 and
four times in pRN2. This repeat and the poly-cytosine track
were noted as possibly important in pRN1 (Keeling et al.
1996), and their appearance in pRN2 supports this.
From Fig. 1 it can be seen that the two Sulfolobus plasmids are roughly colinear from the start of copG clockwise
to the end of ORF80/ORF81. The three shared genes and
all the conserved stretches of noncoding DNA except block
V fall between these points, and the spacing and order of
these features is also conserved. Conversely, with the exception of block V, the remaining sequence is not detectably
conserved between pRN1 and pRN2, and the majority of
the size variation can also be found here. The size variation
and lack of obviously conserved features in this area make
it an attractive target for disruption.
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