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Abstract The crenarchaeote Sulfolobus spp. is a host for
a remarkably large spectrum of viruses and plasmids.
The genetic elements characterized so far indicate a large
degree of novelty in terms of morphology (viruses) and
in terms of genome content (plasmids and viruses). The
viruses and conjugative plasmids encode a great number
of conserved proteins of unknown function due to the
lack of sequence similarity to functionally characterized
proteins. These apparently essential proteins remain to
be studied and should help to understand the physiology
and genetics of the respective genetic elements as well as
the host. Sulfolobus is one of the best-studied archaeons
and could develop into an important model organism of
the crenarchaea and the archaea.
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Introduction

Three types of genetic elements are discussed in this
review: Viruses, cryptic plasmids and conjugative plas-
mids. Viruses from Sulfolobus have been reviewed
(Prangishvili et al. 2001; Snyder et al. 2003; Prangishvili
and Garrett 2004), latest developments will be reported
here. The research on cryptic plasmids has focussed on
the plasmid pRN1 from Sulfolobus islandicus, which
could serve as a model for several other cryptic plasmids
of the pRN plasmid family. The proteins encoded by the
plasmid pRN1 have been studied biochemically allowing
to set up a model how pRN1 is replicated. Sulfolobus is

also a host for conjugative plasmids; however, these
plasmids have been less well studied. In the last section
the latest developments in the field of shuttle vector
construction are reported. Although Sulfolobus is one of
the best-studied archaeons, genetic studies with Sulfol-
obus are still at its infancy.

Sulfolobus spp. belong to the Crenarchaeota, one of
the two major branches of the archaea. The genus
Sulfolobus was first described by Brock et al. (1972). He
isolated several Sulfolobus strains from acidic thermal
habitats in Yellowstone National Park, El Salvador,
Italy and Dominica. Sulfolobus strains are thermoaci-
dophiles with an optimal growth temperature above
70�C and an optimal pH of 3. Sulfolobus species are
aerobes, which can grow chemolitho(auto)trophically by
oxidizing elementary sulphur or hydrogen sulphide.
They can also grow heterotrophically. Although being
extremophiles, Sulfolobus strains can be relatively easily
grown in the laboratory without the need of specialized
equipment. Their doubling time in liquid complex media
is a few hours. They can also be cultivated on plates
prepared with Gelrite gum, a polysaccharide that does
not melt at 80�C in the presence of divalent cations.

The physiology of Sulfolobus has been studied in
more detail than that of many other members of the
archaea (Schafer 1996; Gao et al. 1998; Lower et al.
2000; Hjort and Bernander 2001; Reilly and Grogan
2001; She et al. 2001a). Studies on transcription (Qureshi
et al. 1997; Bell et al. 1998; Tang et al. 2005), translation
(Cammarano et al. 1985; Condo et al. 1999), replication
(Pisani et al. 2000; Dionne et al. 2003; Lao-Sirieix and
Bell 2004; Lundgren et al. 2004; Pucci et al. 2004;
Robinson et al. 2004; Savino et al. 2004) and repair
(Constantinesco et al. 2002; Roberts et al. 2003; Con-
stantinesco et al. 2004; Roberts and White 2005) in
Sulfolobus have deepened our understanding of infor-
mation processing in the archaea. For biochemical
studies the thermophilic character of Sulfolobus is yet
another advantage. Proteins from thermophiles are
usually resistant to heat denaturation and to proteolysis
simplifying the purification of recombinant proteins
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produced in mesophilic hosts. Their stability and
conformational rigidity is often advantageous for crys-
tallographic studies. The high number of genomes al-
ready sequenced also reflects the great interest in
Sulfolobus (Table 1). The genomes of S. solfataricus P2
(3.0 Mb), Sulfolobus tokodaii str. 7 (2.7 Mb) and Sulf-
olobus acidocaldarius (2.3 Mb) have been completely
sequenced (Kawarabayasi et al. 2001; She et al. 2001b;
Chen et al. 2005), and the sequencing of S. islandicus
strain HVE10/4 is under way.

The ease of cultivation, its thermophilic character, the
availability of several genome sequences and the already
accumulated data on Sulfolobus strains indicate that
Sulfolobus could develop into a model organism of the
Crenarchaeota and possibly the archaea on the whole.
However, the genetic methods for studying Sulfolobus
strains are not that advanced as for the halophilic and
methanogenic Euryarchaeota, e.g. Haloferax and Met-
hanosarcina. The research on the genetic elements of
Sulfolobus could therefore provide the scientific grounds
to advance the genetic studies with Sulfolobus.

Sulfolobus is a host for several novel viruses

The viruses of Sulfolobus belong to four families: Fu-
selloviridae (SSV1, SSV2 and SSV RH and SSV K1),
Rudiviridae (SIRV1 and SIRV2), Lipothrixviridae
(SIFV) and Guttaviridae (SNDV). In addition a recently
discovered icosahedral virus from the Yellowstone Na-
tional Park could not be assigned to a virus family (Rice
et al. 2004). All Sulfolobus viruses described so far are
non-lytic. Therefore, the viruses do not need to resist to
an acidic and hot environment for longer periods.

Sulfolobus shibatae virus 1: the best-studied
Fuselloviridae

The first member of this new family was the virus SSV1
(Sulfolobus shibatae virus 1) which was isolated from a
Sulfolobus shibatae strain in Beppu, Japan (Palm et al.

1991). This virus is the best-studied virus of the genus
Sulfolobus and can serve as a model for the three related
viruses SSV2 (14.8 kb), a fusellovirus isolate from
Kamchatka (SSV K1, 17.4 kb) and an isolate from
Yellowstone National Park (SSV RH, 16.5 kb)
(Wiedenheft et al. 2004). The Fuselloviridae are lemon
shaped particles of 60 · 100 nm size (Zillig et al. 1996).
Recently, a fusellovirus was also found in a Pyrococcus
abyssi strain (PAV1) (Geslin et al. 2003). Moreover a
fusellovirus-like particle was observed for the halophile
archaeon Haloarcula hispanica (Bath and Dyall-Smith
1998) and for the euryarchaeote Methanococcus voltae
A3 (Wood et al. 1989).

The SSV1 genome of 15.5 kb is maintained as cir-
cular extrachromosomal element in the cell as well as
site-specifically integrated into the host arginyl–tRNA
gene. SSV1 virus production can be induced by expo-
sure to UV light and mitomycin C. The induction is
mediated by the transcription at the promoter Tind;
however, details on the activation mechanism have not
been elucidated. The 11 transcripts of the virus genome
have been mapped and led the basic for an early defi-
nition of the consensus sequences for archaeal pro-
moters and terminators (Reiter et al. 1987, 1988). Pure
viral SSV1 DNA was also used to develop an electro-
transformation procedure for Sulfolobus (Schleper et al.
1992).

The SSV1 genome has 34 open reading frames
(ORFs), which are tightly packed in the genome (Fig. 1).
Eighteen genes code for proteins conserved within the
Fuselloviridae (Wiedenheft et al. 2004). However, only
four genes of SSV1 could be assigned a function up to
now. Three structural proteins could be identified bio-
chemically through protein sequencing of purified virus
particles (Palm et al. 1991). Remarkably only for a single
gene a functional assignment could be made based on
sequence homology to known proteins. This gene en-
codes a type I tyrosine recombinase, which catalyses the
site-specific integration of the viral genome into an ar-
ginyl–tRNA gene of the host. Following integration into
the anticodon loop of the arginyl–tRNA, the arginyl–
tRNA gene is restored by a complementing sequence of

Table 1 Genomes of some viruses and plasmids of Sulfolobus

Element Size Predicted ORFs Conserved
hypothetical
proteins

Functionally
assigned
genes

Characterized
proteins

SSV1 (Fuselloviridae) 15.5 kb 34 18 6 Integrase, adaptor protein D-63,
winged-helix protein F-93

SIRV2 (Rudiviridae) 35.5 kb 54 44 5 dUTPase, Hjc resolvase
SIFV (Lipothirxviridae) 41 kb 74 12 (SIRV1/2),

7 (AFV1)
7

SNDV (Guttaviridae) ca 20 kb
SITV 17.6 kb 36 3 1
pRN1 (cryptic) 5,350 b 6 3 3 CopG, DNA-binding protein, replication protein
pNOB8 (conjugative) 41.2 kb 46 13 11

The genomes of the genetic elements are densely packed with ORFs. For most of the genes a functional assignment was not possible and
only a few gene products have been characterized biochemically. A comparative analysis of the genomes allows to identify highly
conserved ORFs. This table clearly shows the large discrepancy between the exact knowledge of the genome sequences on the one hand
and the lack of characterized gene products on the other hand
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the viral attachment site but the integrase gene is inter-
rupted. It is not known whether the gene products of the
interrupted gene can catalyse the excision of the viral
genome. All Fuselloviridae characterized so far integrate
site-specifically into tRNA genes possibly because the
tRNA genes are not susceptible to genomic drift. The
integrase is the only protein of SSV1 that has been
studied biochemically in more detail. The recombinant
protein has sequence-specific endonuclease activity as
well as ligase activity (Muskhelishvili et al. 1993; Serre
et al. 2002). Both activities are compatible with the
integration process.

Recently the crystal structures of the 63 amino acid
protein D-63 and the 93 amino acid protein F-93 from
SSV1 have been determined. The former protein is di-
meric and has homologues in SSV2 and SSV RH. It
forms a four-helix bundle and is believed to participate
in protein–protein interaction (Kraft et al. 2004a). Nei-
ther its functional role nor its protein interaction part-
ners could be derived from the protein structure. The
protein F-93 is conserved in SSV K1 and SSV2 and is
also a dimeric protein. The protein adopts a winged-
helix DNA-binding fold suggesting that it could func-
tion as a transcription factor. Its DNA target site is
currently unknown (Kraft et al. 2004b).

SSV1 also exists in the cell in an episomal state. The
origin of replication has not been defined but indirect

evidence suggests that the replication origin is located
around the putative ORF b-49 (Palm et al. 1991; Cannio
et al. 1998). Furthermore, a DnaA homologue has been
predicted (Koonin 1992). One further aspect is remark-
able considering the genome organization: genes
encoding for cysteine-free genes are clustered in one
section of the genome and led to the speculation that
SSV1 arouse from an early viral genome fusion event.

The plasmid–virus hybrid pSSVx is another example
for a fusion event (Arnold et al. 1999). The genome of
pSSVx contains three highly conserved ORFs of the
pRN plasmid family (see next section) and two con-
served ORFs from the Fuselloviridiae (see Fig. 1). It is
believed that pSSVx replicates in the host cell as plas-
mid. Upon superinfection with the viruses SSV1 or SSV2
infectious virus particles of two different sizes are re-
leased. The smaller virus particle probably contains the
smaller genome of pSSVx whereas the larger particle
contains either the viral genome of SSV1 or SSV2.

Rudiviridae

Rudiviridae is a viral group specific for the genus Sulf-
olobus. Only two members have been described and were
named SIRV1 and SIRV2 for S. islandicus rod shaped
virus. These virus particles are stiff rods with a diameter
of 23 nm and a length of about 800–900 nm. The virus
particles have no envelope. At the ends of the rods tail
fibres of 28 nm length are found. The linear double-
stranded DNA of the virus is compacted in a superhe-
lical conformation by a 16 kDa structural DNA-binding
protein (Prangishvili et al. 1999).

The genomes of both Rudiviridae are very similar;
however, 13 ORFs are unique to SIRV1 and three ORFs
of SIRV2 are not found in SIRV1. Whereas the virus
SIRV2 is stably propagated, the virus SIRV1 forms
variants. Depending on the host strain particular vari-
ants dominate the variant population. These variants
differ in gene size, content and order. At least two
mechanisms appear to be responsible for the generation
of variants: small 12 bp long introns as well as recom-
bination events (Peng et al. 2004).

The genome of SIRV2 has a size of 35.5 kb and
contains 54 ORFs. Most of the ORFs are not similar to
characterized proteins. However, about a third of the
genes have homologues in the genome of another Sulf-
olobus virus (SIFV, see next section). In addition several
ORFs have sequence similarity to eukaryal viruses,
including poxviruses and Chlorella virus (Peng et al.
2001).

Five genes could be assigned a function: a structural
DNA-binding 16 kDa protein, which was identified by
amino acid sequencing (Prangishvili et al. 1999), a dUT-
Pase, which was expressed in Escherichia coli and char-
acterized biochemically (Prangishvili et al. 1998b), a
Holiday junction resolvase, whose resolvase activity on
cruciform DNA was analysed in vitro (Birkenbihl et al.
2001) as well as two putative glycosyl transferases. The

Fig. 1 Genome of the Fuselloviridae SSV1. Black arrows depict
ORFs, which are conserved in all four sequenced Fuselloviridae
from Sulfolobus. VP1-3 are structural proteins of the virus. The
protein VP2 is specific for SSV1. The adaptor protein D-63 and the
winged-helix protein F-93 are labelled. The integrase is the only
protein, for which a function could be derived, based on sequence
alignments. The gene contains the viral attachment site attP. The
putative homologue of DnaA as well as the putative origin of
replication are indicated. Transcription start sites are depicted as
thin arrows. The two conserved genes, which are also found on the
plasmid–virus hybrid pSSVx, are highlighted. Small ORFs are not
drawn to scale
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Rudiviridae have an extremely low GC content of only
25%. The physiological role of the viral-encoded dUT-
Pase could be to lower the intracellular concentration of
dUTP to prevent incorporation into the viral genomes
during replication. The ends of the linear DNA are
covalently closed (Blum et al. 2001). Extensive repeat
structures, e.g. 1.6 kb for SIRV2, are found at both ter-
mini, and head-to-head as well as tail-to-tail replication
intermediates have been identified. Possibly the replica-
tion of the viruses is initiated by nicking of one strand at
the covalently closed termini. The viruses are maintained
at a copy number of about 20 in the cell and do not inte-
grate into the host genome (Prangishvili et al. 1999).

The transcripts of SIRV1 and SIRV2 have been map-
ped (Kessler et al. 2004). In both viruses transcription
starts immediately after infection (30 min) at multiple
starts sites. Nearly all viral genes are simultaneously ex-
pressed and there seems to be little temporal regulation on
the transcription. The viral promoters contain a charac-
teristicGTCmotif just downstreamof the putative TATA
boxes. It has been suggested that this motif could be a cis-
regulatory element (Kessler et al. 2004).

Lipothrixviridae

Viruses from the Lipothrixviridae family are propagated
from several crenarchaeal species: Sulfolobus (SIFV),
Acidianus (AFV and DAFS) and Thermoproteus (TTV1,
TTV2 and TTV3) (Arnold et al. 2000b; Bettstetter et al.
2003; Snyder et al. 2003). These viruses have a lipid
envelope. The Sulfolobus islandicus filamentous virus
(SIFV) forms long flexible virus particles with an ellip-
tical cross-section with a diameter of 16–24 nm. The
filaments are 2 lm long and possess six tail fibres each at
their ends. The virus core contains two major basic
proteins, which seem to be involved in packing the linear
double-stranded DNA of the virus. The N-termini of
both structural proteins were sequenced and their genes,
which form a transcription unit, could be identified. The
virus core is surrounded by a 4 nm lipid envelope, which
is partly derived from host phospholipids. SIFV is non-
lytic and does not integrate into the host genome. The
viral genome has been sequenced except both termini,
which could not be subcloned since they are modified in
an unknown manner. The 41 kb genome is tightly
packed with 74 ORFs. Two genes encode putative heli-
cases of superfamily 2, further three viral proteins have
glycosyl transferase motifs, and could be involved in
modifying host lipids with activated sugar compounds
(Arnold et al. 2000b).

Guttaviridae

The virus SNDV (Sulfolobus neozealandicus droplet-
shaped virus) is so far the only representative of the
provisional virus family Guttaviridae. The virus infects
Sulfolobus strains from New Zealand but not from Ice-

land. The infection is non-lytic and unstable as strains
are easily cured. The virus particles are droplet-shaped
with a length of 110–185 nm and a width of 70–95 nm.
A beard of thin tail fibres is observed at their pointed
ends. The viral genome, which is maintained in an epi-
somal state, is double-stranded circular DNA and has a
size of 20 kb. Viral DNA isolated from virus particles is
methylated at the dam-sites most probably by a virally
encoded methylase (Arnold et al. 2000a).

The Sulfolobus turreted icosahedral virus

The STIV (Sulfolobus turreted icosahedral) virus was
isolated from an acidic hot spring in Yellowstone Na-
tional Park and could be propagated in Sulfolobus sol-
fataricus strains P1 and P2. The virus particles have a
diameter of 74 nm. In addition, 12 turret-like projec-
tions extend 13 nm above the viral surface. The STIV
has a double-stranded DNA genome with a size of
17.6 kb. Thirty-six ORFs were assigned but only three
ORFs show similarity to other proteins in the databases.
The gene of the major capsid protein, which has a mass
of 37 kDa, could be identified. This protein is believed to
adopt a similar fold as the major capsid proteins of
adenoviruses (Rice et al. 2004).

Plasmids

Two types of plasmids have been reported for the genus
Sulfolobus: rather small cryptic plasmids with genome
sizes of 5–14 kb and a family of conjugative plasmids
with genomes larger than 25 kb. The first Sulfolobus
plasmids were discovered by Zillig and co-workers by a
systematic screening for genetic elements in geothermal
waters in Iceland (Zillig et al. 1994).

Cryptic plasmids

The first cryptic plasmid completely sequenced was the
plasmid pRN1 which was isolated from the S. islandicus
strain REN1H1 (Keeling et al. 1996). This strain also
harbours the plasmid pRN2 and it could be shown that
both plasmids replicate independently (Purschke and
Schaefer 2001). In the following years further plasmids
from Iceland were sequenced: pRN2 and pHEN7 as well
as the virus–plasmid hybrid pSSVx. Strikingly all these
plasmids belong to a single plasmid family which was
termed pRN (Peng et al. 2000). Another member of the
family is the plasmid pDL10, which has been isolated
from the crenarchaeote Acidianus ambivalens. The plas-
mids of the plasmid family share three highly conserved
genes, whose proteins have been characterized bio-
chemically (see below). Plasmids of the pRN-type were
also found integrated in the genome of S. solfataricus
and S. tokodaii (She et al. 2001a, 2002, 2004). The
integration of these plasmids were probably mediated by
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a site-specific integrase since the genes for the integrase
and the attachments sites could be detected. In the case
of the integrated plasmid pXQ1, the integration event
into the S. solfataricus genome leads to the disruption of
the integrase gene as is the case for the virus SSV1 (see
above). Excision of the plasmid is therefore unlikely and
no free plasmid nor an empty integration site could be
detected by PCR (She et al. 2001a). The genomic
attachment sites for pXQ1 (S. solfataricus), pST1 and
pST3 (S. tokodaii) are inside tRNA genes. The latter
element has its plasmidal attachment side outside the
integrase gene, therefore the integrase gene remained
intact after integration and could in principle catalyse
the excision of the plasmid from the genome (She et al.
2002). The same type of non-partioning integrases is also
encoded on conjugative plasmids (see below).

With the sequencing of plasmids from other geo-
graphic regions the diversity of cryptic Sulfolobus plas-
mids increased. The plasmid pIT3 (AY591755.1)
isolated from a S. solfataricus strain from Italy and the
plasmids pTAU4, pORA1 and pTIK4 obtained from
Sulfolobus strains from New Zealand (Greve et al.
2004b) are different from the pRN family plasmids.
These plasmids have only some features with the pRN-
type plasmids in common (see below).

The fundamental property of all pRN plasmids is
that they share three conserved ORFs (Fig. 2). These
genes are termed in this review according to the gene
names of plasmid pRN1, i.e. orf56, orf80 and orf904. Up
to now no pRN plasmid has been discovered outside the
crenarchaeal phylum. Moreover, plasmids of the pRN
family are not related to any other known eubacterial or
archaeal plasmid.

The proteins encoded by the orf56 homologues con-
tain the DNA-binding domain of the ribbon–helix–helix
fold (pfam01402). The best-studied protein of this do-
main is the CopG protein from pLS1, which participates
in the copy-control of the plasmid. CopG is a sequence-
specific DNA-binding protein which binds to its own
promoter and represses its own expression as well as the
expression of the following replication protein RepA
(del Solar et al. 1990). In addition to transcriptional
repression by CopG, a RNA counter-transcript is
thought to participate in copy-control as well (Rasooly
and Rasooly 1997). The structure of this protein
repressor, which is the shortest reported to date, has a
homodimeric ribbon–helix–turn–helix fold. The helix–
turn–helix structure is involved in dimerization and not
DNA binding. The DNA-binding interface of these
proteins is an anti-parallel b-sheet that is formed from
both subunits of the dimeric proteins.

The ORF56 protein was purified from recombinant
E. coli cells and characterized. The highly basic protein
is a 56 amino acid protein with a molecular mass of
6.5 kDa (Lipps et al. 2001b). It could be shown that the
ORF56 protein is a sequence-specific double-stranded
DNA-binding protein, which binds with high affinity
and moderate specificity to an inverted repeat upstream
of its own start codon. The protein is dimeric in solution
and assembles into a tetramer on the cognate DNA.
Primer extension analysis of RNA isolated from S. is-
landicus REN1H1 cells containing the plasmid pRN1
revealed that there is a transcriptional start site 33 bases
upstream of the start codon (Lipps, unpublished). The
inverted repeat of the ORF56 binding site is located
within these 33 bases, suggesting that ORF56 acts as a
repressor for transcription initiation upstream of orf56.
The gene downstream of orf56, orf904, could form a
transcription unit with orf56. As suggested by bioinfor-
matic analysis of the S. solfataricus genome, translation
initiation within an operon requires a ribosome-binding
site (Tolstrup et al. 2000). In fact a Shine–Dalgarno se-
quence could be identified upstream of a putative start
codon of orf904 further supporting that orf56 and orf904
are transcribed in a bicistronic message. The physio-
logical function of ORF56 could be to down-regulate
the expression of the genes orf56 and orf904, the latter
coding for the replication protein of the plasmid (see
below). By this mechanism, the initiation of the plasmid
replication could be limited leading to copy number
control.

Preliminary structure analysis of the recombinant
protein by multidimensional NMR suggests that the
ORF56 protein adopts a ribbon–helix–turn–helix struc-
ture (Lipps, unpublished). This succession of secondary
structure elements is also found in the CopG protein of
the plasmid pLS1. Since the ORF56 homologues seem to
be structurally similar to the CopG protein and also
have DNA-binding activity, which could be involved in
plasmidal copy-control, I suggest to rename the respec-
tive genes of the crenarchaeal plasmids as copG. The
cryptic plasmids from Italy (pIT3) and New Zealand

Fig. 2 Genome of the cryptic plasmid pRN1. The three highly
conserved ORFs of the plasmid family pRN are depicted as black
arrows. The copy-control gene copG appears to be cotranscribed
with the gene of the replication protein ORF904. The DNA-
binding proteins CopG and ORF80 bind within their own
promoter region. The exact physiological function of ORF80 is,
however, unknown. The replication origin has not been determined

21



(pTAU4, pORA1 and pTIK4) might also encode CopG
proteins and in several instances putative copG genes
were identified upstream of a large ORF which could be
involved in plasmidal replication initiation. But the se-
quence similarity to the among the CopG proteins is
generally very low and the corresponding proteins are
often not detected using a standard BLASTP search
(E=10).

In contrast, the orf80 genes of the plasmids are the
most conserved genes of the plasmid family pRN and
homologues are also found on the cryptic plasmid
pTIK4 and pTAU4 but not on the plasmid pORA1 and
pIT3. In addition orf80 homologues are also highly
conserved within the conjugative plasmids of Sulfolobus
(see below). By using the search tool for conserved do-
mains the orf80 homologue of the plasmid pDL10 pro-
duced a weakly significant hit to the winged-helix
arsenical resistance repressor domain (conserved domain
cd00090). It is currently not known whether the ORF80
proteins belong to the winged-helix DNA-binding pro-
teins. The orf80 gene of the plasmid pRN1 codes for a
basic 9.5 kDa protein. Based on the amino acid
sequence the protein can be divided in two parts. The
N-terminal 40 amino acids are predicted to have a
helical secondary structure and contain several
conserved leucines in the correct distances for forming a
leucine zipper. The C-terminal 30 amino acids contain a
high number of conserved basic amino acids. This part
of the protein could therefore fold into a basic DNA-
binding domain.

The ORF80 protein from pRN1 has been expressed
and purified from E. coli (Lipps et al. 2001a). The di-
meric protein binds double-stranded DNA in a se-
quence-specific manner. By DNase I footprinting two
binding sites on the plasmid pRN1 were detected. The
binding sites are very similar and have the core con-
sensus sequence TTAAnnnnnnnTTAA. Using small
synthetic DNA fragments containing the consensus se-
quence-specific binding to these fragments could be
shown by electrophoretic mobility shift assay (EMSA)
as well as by fluorescence titrations. With a dissociation
constant of 140 nM under physiological salt concentra-
tion the binding of the ORF80 protein to DNA is of
rather low affinity (Lipps et al. 2001a).

The two DNA-binding sites detected by DNase I
footprinting are separated by 65 bp and are found up-
stream of the orf80 gene. Most interestingly upstream of
the orf80 homologues ORF80 binding sites could be
identified on all pRN plasmids as well as on some con-
jugative plasmids, and in all cases the binding sites were
separated by about 65 bp (see Fig. 5). The conservation
of not only the binding site sequence but also the distance
of the binding sites points to an important structural or
functional role of both binding sites. EMSA experiments
indicate that a rather large albeit specific DNA–protein
complex is formed on DNA molecules containing both
binding sites. In line with this observation a highly
cooperative binding was observed with these DNA sub-
strates. It is therefore suggested that ORF80 assembles

into a rather large protein–DNA complex on a single site
of the plasmid pRN1 (Lipps et al. 2001a). The structural
and functional significance of this putative complex is
currently unknown. The physiological function of
ORF80 remains obscure; nevertheless the orf80 homo-
logues are partly annotated as plrA meaning plasmid
regulatory gene A.

The third conserved ORF of the plasmid family pRN,
the gene orf904, is by far the largest ORF of the plasmid
family. The corresponding genes occupy about a third to
a half of the plasmids and encode proteins of about 900–
1,000 amino acids. Within the C-terminal part of the
proteins a helicase domain of superfamily 3 can be
identified. The best-studied protein containing this do-
main is the bacteriophage P4 a protein, which is a
multifunctional replication protein harbouring a helicase
domain in its C-terminal part (Ziegelin et al. 1993, 1995).

The gene orf904 from the plasmid pRN1 encodes a
106 kDa protein. The N-terminal 40 amino acids are not
found in the corresponding proteins of the other plas-
mids. Possibly translation starts at the alternative start
codons amino acids valine 14 (GTG), valine 22 (GTG)
or methionine 24 (ATG). The ORF904 protein was ex-
pressed in E. coli and purified as N-terminally his-tagged
protein. The recombinant protein proved to be a mul-
tifunctional protein with helicase, primase and DNA
polymerase activity (Lipps et al. 2003). The helicase
activity of ORF904 has 3¢–5¢ polarity (Lipps, unpub-
lished). The ATPase activity of ORF904 is stimulated in
the presence of double-stranded DNA. Single-stranded
DNA and RNA are only weak activators for the AT-
Pase activity.

Most surprisingly, ORF904 is also able to carry out
DNA polymerization in a primer extension assay. The
kinetics of DNA polymerization suggests that ORF904
is not a processive DNA polymerase and that its specific
activity is rather low. The enzyme does neither have a 3¢–
5¢ (proofreading) nor a 5¢–3¢ exonuclease activity. In
marked contrast to all DNA polymerases ORF904 is
able to polymerize DNA de novo, i.e. without a primer.
The primase activity of ORF904 prefers deoxynucleo-
tides as precursors about 20-fold over ribonucleotides
suggesting that in vivo ORF904 uses deoxynucleotides
for priming. The primers synthesized by ORF904 have a
length of 8 bases and can be extended by the polymerase
activity of ORF904 upon prolonged incubation (Lipps
et al. 2003).

From the amino acid sequence no similarity to
known DNA polymerases and primases could be de-
tected. The domain structure was investigated by dele-
tion studies, which revealed that the N-terminal 255
amino acids are sufficient to carry out DNA polymeri-
zation. To further pin down the active site of polymer-
ization, point mutants of the conserved acidic residues
were constructed. Mutant proteins, in which the amino
acids aspartate 111, glutamate 113 or aspartate 171 were
changed to alanine, are inactive in DNA polymerization
and primase activity. These findings strongly suggest
that these amino acids are critical for enzymatic catalysis
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and that primase and DNA polymerase activity use the
same active site (Lipps, unpublished). The correspond-
ing domain of the protein was therefore termed prim/pol
domain. The domain could be expressed separately in E.
coli and the crystal structure could be determined with
high resolution (Lipps et al. 2004). The structure consists
of a DNA-binding domain and a catalytic subdomain
containing the active site residues identified by muta-
tional analysis. The residue aspartate 111 binds a man-
ganese ion suggesting a metal-dependent reaction
mechanism as observed for DNA polymerases (Steitz
et al. 1994). Surprisingly the prim/pol domain has
structural similarity to the catalytic subunit of the ar-
chaeal primase from Pyrococcus furiosus (Augustin et al.
2001). Both enzymes share a conserved core, which
forms the active site. The sequence conservation between
both enzymes is very low and cannot be detected by
similarity searches. Only four residues of the active site
are conserved. In addition six conserved amino acids are
found at homologous surface positions outside the ac-
tive site. The structural similarity could be a result of
convergent evolution. Alternatively both enzymes could
have evolved from an ancestral enzyme, which could
have been a simple DNA replicase. Notably both en-
zymes, the replication protein and the pyrococcal
primase, are able to polymerize DNA de novo, a realistic
property at the advent of DNA replication.

The prim/pol domain is also found on the cryptic
plasmids pORA1 and pIT3. On both plasmids this do-
main is the N-terminal part of a large protein of more
than 800 amino acids. The remainder of the protein is
not clearly related to the helicase domain of ORF904.
However, the AAA+ ATPase region comprising the
Walker motifs, which are also found in helicases of
superfamily 3, could be detected on the putative repli-
cation proteins (see Fig. 3). It is noteworthy that the
cryptic plasmid pTAU4 has a distinct type of replication
protein. This plasmids codes for a mini-chromosome-
maintenance (MCM) protein and does not have an
N-terminal prim/pol domain. The MCM-proteins are
believed to be the replicative helicases for archaea and
eukaryotes. They are related to the superfamily 3 heli-
cases (Koonin 1993) suggesting that all cryptic plasmid
sequenced so far require helicase activity for replication.
It is currently unknown whether the helicase activity is
needed for unwinding the replication origin or for
replication fork movement.

The observed biochemical activities of the gene
products encoded by pRN1 now allow us to draft a
model how pRN1 is replicated. The replication protein
ORF904 can be assumed to be central to the plasmidal
replication. It is suggested that ORF904 alone or in
concert with another protein, possibly ORF80, recog-
nizes the origin of replication. Subsequently, the helicase

Fig. 3 Alignment of the putative helicase domains of the replica-
tion proteins from the cryptic plasmids. The helicase domains of
the replication proteins are only very weakly conserved. Aligned
are the central part of the proteins based on an structural alignment
of two superfamily 3 helicase structures, the helicase of the adeno-

associated virus 2 (AAV2) and the large T antigen of SV40 (simian
virus). The Walker A motif can be clearly detected. In contrast the
Walker B and C motifs are only weakly conserved. The secondary
structure elements (a a-helix, b b-strand, T turn) of the AAV2
structure are indicated above the alignment
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domain of ORF904 will melt the replication origin using
chemical energy from the hydrolysis of ATP and the
prim/pol domain of ORF904 will synthesize a primer.
Theoretically ORF904 alone could replicate the com-
plete plasmid. However, low processivity and the lack of
proofreading activity suggest that the host replication
machinery carries out DNA replication after the primer
has been synthesized. The CopG protein (ORF56) could
limit the intracellular concentration of the replication
protein and thereby down-regulate plasmidal replication
initiation. The function of the ORF80 protein is still a
mystery, possibly ORF80 has a structural role, e.g. it
could mark the replication origin.

Conjugative plasmids

Sulfolobus is also a host for conjugative plasmids. The
first conjugative plasmid discovered was the plasmid
pNOB8 which was isolated from a Japanese strain of
Sulfolobus (Schleper et al. 1995). The plasmid is trans-
ferred from a donor cell to another cell by extensive
cellular contacts. Conjugation is quite efficient and the
plasmid is able to spread through the whole culture. The
plasmid is replicated in the host cell to a high copy
number of about 20–40, leading to growth retardation of
the culture. Upon prolonged growth the plasmid
undergoes extensive genetic variation and is also cured
in many Sulfolobus strains. The genome of the plasmid
pNOB8 and its major deletion variant pNOB8-33 has
been determined (She et al. 1998). The deletion variant
probably results from a recombination event at an 85 bp
long direct repeat. The deletion variant is less stable at
low copy numbers which is explained by the lack of a
putative ParA and ParB protein (see Fig. 4) which are
lost after recombinational deletion (She et al. 1998). The
genetic dynamics of the conjugative plasmids have also
been studied using plasmids of the pING family from
S. islandicus strains (Stedman et al. 2000). The variants
pING4 and pING6 are derived from pING1 by inte-
gration of genomic IS elements. Two conjugation
defective deletion variants pING2 and –3 were also
discovered. For pING2 recombination at two inverted
repeat TAAACTGGGGAGTTTA within the plasmid
pING4 could have caused the deletion. Identical
recombination sites were recently identified in other
conjugative plasmids (Greve et al. 2004a) and the similar
motif TTTACTGGGGAGTAAA is found seven times
on the conjugative plasmid pTC. Both putative recom-
bination motifs are a perfect inverted repeat separated
by four guanosines.

Conjugative plasmids seem to be widespread in the
genus Sulfolobus. Screening of 300 isolates from Iceland
resulted in the discovery of 11 conjugative plasmids
(Prangishvili et al. 1998a). The conjugative plasmids
discovered in Iceland are about 25–35 kb in size. The
plasmids have similar characteristics as the plasmid
pNOB8 including high copy number, growth retardation
and high genetic variation. The genome sequence of five

conjugative plasmids from Iceland (pING1, pKEF9,
pHVE14, pARN3 and pARN4) have been determined
and analysed (Greve et al. 2004a). Moreover, the se-
quence of a conjugative plasmid from China, named
pTC, has been published (NC_005969.1).

Comparisons of the genome sequences of the conju-
gative plasmids sequenced allow to delineate the essential
genes of this plasmid family (Greve et al. 2004a). The
highly conserved genes are clustered in two conserved
sections (Fig. 4). One section contains six genes and it is
proposed that this section encodes the core of the ar-
chaeal conjugation apparatus. While none of the proteins
have been studied biochemically yet, the amino acid se-
quence of two proteins resembles partly the bacterial
proteins TraG and TrbE, two proteins which participate
in the transport of single-stranded DNA across bacterial
membranes. In both archaeal proteins Walker A and B
motifs could be detected suggesting that both proteins
can hydrolyse nucleotides and provide chemical energy
for the transport process. A further protein in this section
contains a large number of putative transmembrane
helices. This protein could be implicated in forming a
pore across the archaeal membrane. All theses genes are

Fig. 4 Genome of the conjugative plasmid pNOB8. The roughly 50
ORFs are colour-coded according to conservation and putative
function. Shown in red are the six highly conserved genes of the
conjugative plasmids with a suggested function in the conjugation
process, in violet are five conserved genes which are believed to
participate in replication initiation or maintenance. The ORFs
from the copG and the orf80/plrA gene are shown in blue.
Homologues of these genes are also found on cryptic plasmids
and viruses. ORFs were labelled when their amino acid sequence
produces a significant match to a characterized protein. On the
plasmid pNOB8, two transposase genes and three genes which
appear to be involved in plasmid partitioning (ParA, ParB) are
found. These genes are not present on the other sequenced
conjugative plasmids. Parts of two ORFs are similar to the
bacterial proteins TrbE and TraG which are involved in type IV
DNA transport and are accordingly labelled ‘TrBE’ and ‘TraG’.
The conjugative plasmid also encodes a tyrosine integrase. The
attachment site attP is found upstream. The putative replication
origin is shown in blue and the major recombinational deletion
leading to the variant pNOB8-33 is indicated by an arrow. Small
ORFs are not drawn to scale
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not only conserved in the isolates from Iceland but are
also found in the Japanese isolate pNOB8 and in the
Chinese conjugative plasmid pTC underpinning the
ubiquitous conservation of the whole section and sug-
gesting that this section forms a minimal functional unit
for DNA transport across membranes. These genes
could make up the essential core of the archaeal conju-
gation apparatus, which appears to be substantially dif-
ferent from bacterial conjugation.

A second section contains seven conserved genes. For
this section of the genome the assignment of specific
function to the conserved genes remain difficult. Of the
seven genes only four genes, namely the copG, orf80/
plrA, the integrase gene and the first gene of the putative
operon could also be detected on the recently sequenced
Chinese isolate pTC. The genes of this section might
participate in replication initiation. One further protein
resembles a putative plasmidal replication initiation
protein and another protein might contain a leucine
zipper (Greve et al. 2004a). A protein with sequence
similarity to the CopG DNA-binding protein is found in
this section. Interestingly, the CopG proteins are also
conserved in the cryptic plasmids of Sulfolobus (see
above). Therefore, the CopG proteins could participate
in regulating the replication initiation of the cryptic as
well as the conjugative plasmids. Interestingly, CopG
homologues are also found in the viral genomes from
AFV1, SITV, SIRV1 and SIRV2. Furthermore homo-
logues of the ORF80 protein from the cryptic plasmid
pRN1 can be detected in all conjugative plasmids. It
seems that this protein carries out an important function
but its precise physiological role remains unknown (see
above). Putative ORF80 binding site could be detected
on some of the conjugative plasmids (see Fig. 5). The
hallmark of the ORF80 binding sites of the pRN plas-
mid family is their palindromic character and the fact
that two binding sites are separated by about 65 bases.
These characteristics are also valid for the proposed
binding sites of the conjugative plasmids.

The only gene for which a specific function could be
derived in this section is a non-partitioning integrase. In
the genomes of S. tokodaii and S. acidocaldarius copies
of conjugative plasmids were detected suggesting
that the integrase could have integrated the plasmids in
the genome of the hosts (Greve et al. 2004a). The
presence of a conjugative plasmid in the genome of

S. acidocaldarius could supply the host with the conju-
gation machinery and might explain the conjugational
marker transfer observed for this organism (Aagaard
et al. 1995; Grogan 1996; Reilly and Grogan 2001).
Moreover, the integration and excision of pNOB8 in two
glutamyl–tRNA genes of S. solfataricus has been re-
cently described (She et al. 2004) suggesting that the
integrase gene of pNOB8 is functional.

Although there is no experimental evidence for the
replication origin of the conjugative plasmids, Greve
et al. detected a conserved region which is highly en-
riched in repeats and is AT-rich (Greve et al. 2004a).
Moreover, nucleotide skew analysis supports a replica-
tion origin in this region. The putative replication origin
which is downstream of the section for the putative
genes for archaeal conjugation (Fig. 4) is conserved in
the pING deletion variants pING2 and pING3 the latter
comprising only 6 kbp.

Viruses and plasmids used as genetic tools

Although quite a large number of genetic elements have
been characterized for Sulfolobus, they have not been
used extensively to conduct genetic studies. Several
groups have developed shuttle vectors that can be
propagated in E. coli and Sulfolobus strains.

One shuttle vector was constructed by cloning the
Pyrococcus rolling-circle plasmid pGT5 (Erauso et al.
1996) and the alcohol dehydrogenase gene from S. solfa-
taricus into pBR322. This vector is stably maintained at a
low copy number in E. coli (under ampicillin selection)
and in S. acidocaldarius and P. furiosus in the presence of
butanol or benzyl alcohol (Aravalli and Garrett 1997).

The shuttle vector pEXSs is based on a heat-stable
mutant of the hygromycin phosphotransferase, which
was generated by error-prone PCR for this purpose
(Cannio et al. 1998). The antibiotic hygromycin appears
to be suitable as a positive selection marker, since this
antibiotic, unlike most antibiotics, is not rapidly de-
graded under the acidic conditions and the elevated
temperatures. To ensure replication in Sulfolobus the
plasmid contains the putative origin of replication of the
virus SSV1. The plasmid is maintained at about one to
two copies per cell (Cannio et al. 1998). Recently this
shuttle vector was used to express heterologously an

Fig. 5 Putative binding sites of the ORF80 homologues. Aligned
are the putative binding sites (underlined) of ORF80 homologues
from the conjugative plasmids pTC, pARN4, pKEF9 and pARN3.
In the first line the experimentally determined binding sites for the
plasmid pRN1 are shown. The binding sites are upstream of the
orf80/plrA genes (start codon in capitals) except for the plasmid

pARN4. Here the start codon is situated between both binding
sites. A single binding site consists of an eight base palindrome
(bold letters) separated by seven bases. The distance between both
binding sites is 65 bp. The functional significance for the invariant
spacing of the sites is unknown
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alcohol dehydrogenase gene in Sulfolobus (Contursi
et al. 2003) and to complement a genomic b-galactosi-
dase deletion (Bartolucci et al. 2003).

Shuttle vectors based on the complete SSV1 genome
have also been presented. With an elegant strategy, singly
cut SSV1 DNA was produced and ligated into a pBlue-
script vector. Among 21 possible integration sites, only a
single integration site appeared to be tolerated and pro-
duced viable viruses after transformation inS. solfataricus
(Stedman et al. 1999). The copy number of the shuttle
vector termed pKMSD48 was high with about 20–40
copies per cell. Since the virus spreads through the culture
by infection there is no need for a selective marker.

Plasmids based on the virus SSV1 have also been
constructed by Schleper and co-workers. The vector
pMJ03 is the most versatile vector of their constructs.
This plasmid contains the b-galactosidase gene lacS
under the control of a heat shock promoter and the
genes pyrEF enabling selection using uracil-free growth
media with suitable Sulfolobus strains (Jonuscheit et al.
2003). In contrast to the plasmid pKMSD48, pMJ03 is
solely maintained as an integrated copy in the Sulfolobus
chromosome. The vector is very stable under selective
conditions, i.e. growth without uracil. The vector can be
used for reporter gene studies and for the expression of
proteins in Sulfolobus since the heat shock promoter is
strong and inducible (Jonuscheit et al. 2003).

A shuttle vector based on a chromosomal origin of
replication (oriC) was recently described (Contursi et al.
2004). In this work a 1.1 kb intergenic region between
the S. solfataricus cdc6 gene and mcm gene was identified
as a replication origin. Although this replication origin is
different from the replication origins determined by
others (Contursi et al. 2004; Lundgren et al. 2004;
Robinson et al. 2004), autonomous replication was ob-
served for the plasmid. The pUC-based plasmid con-
tained the intergenic region as replication origin and the
hygromycin phosphotransferase gene as selection mar-
ker for Sulfolobus. The vector was stably maintained in
S. solfataricus and had a copy number around one. No
recombination or rearrangements have been observed
(Contursi et al. 2004).

All shuttle vectors constructed so far have not been
extensively used by other laboratories. Clearly, further
improvements are required and will help that the vectors
are used more avidly by the scientific community. To-
gether with the recent development of a homologous
recombination method for Sulfolobus (Worthington
et al. 2003; Schelert et al. 2004) and the availability of
microarrays (Lundgren et al. 2004) it is expected that
genetic studies with Sulfolobus will provide new insights
into the biology and physiology of Sulfolobus.

Concluding remarks

In the past years quite a number of viruses and plasmids of
Sulfolobushave been discovered.The viruses ofSulfolobus
belong to five novel virus families. The genomes of viruses

andplasmids encode a large number of conservedproteins
whose functions still remain to be unveiled. The discovery
of a novel replication protein on the cryptic plasmid
pRN1 and the delineation of an archaeal conjugation
apparatus should stimulate the research on the orphan
genes in this area and shall also be highly rewarding.
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