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Abstract The pSSVx from Sulfolobus islandicus, strain

REY15/4, is a hybrid between a plasmid and a fusellovirus.

A systematic study previously performed revealed the

presence of nine major transcripts, the expression of which

was differentially and temporally regulated over the growth

cycle of S. islandicus. In this study, two new transcripts

were identified. Then, 30 termini of all the RNAs were

mapped using adaptor RT-PCR and RNase protection

assays, and termination/arrest positions were identified for

each transcript. The majority of the identified ending

positions were located in the close vicinity of a T-rich

sequence and this was consistent with termination signals

identifiable for most of archaeal genes. Furthermore, ter-

mination also occurred at locations where a T-track

sequence was absent but a stem-loop structure could be

formed. We propose that an alternative mechanism based

on secondary RNA structures and counter-transcripts might

be responsible for the transcription termination at these

T-track-minus loci in the closely spaced pSSVx genes.

Keywords Transcription termination � Stem-and-loop

structure � Counter-transcripts � Fuselloviridae

Introduction

Although the transcriptional machinery is conserved for all

three domains of life, archaeal transcription apparatus

exhibits striking similarities to that of Eucarya. Unlike the

bacterial RNA polymerase that has only 4 different subunits,

the archaeal RNA polymerase consists of 11–14 subunits

and most of them have a counterpart in eukaryotic RNA

polymerase, though the latter contains a few additional

components (Korkhin et al. 2009; Kwapisz et al. 2008;

Kusser et al. 2008). Archaeal general transcription factors,

TBP, TFB and TFE are close homologues of eukaryotic

TBP, TFIIB and TFIIE, both in terms of structure and of

function. Therefore, the archaeal transcriptional machinery

constitutes a simplified version of the eukaryotic RNA pol II

(Bartlett 2005; Bell and Jackson 2001; Geiduschek and

Ouhammouch 2005; Thomm 2007). Due largely to the rel-

ative ease of over-expression of their recombinant forms in,

and their purification from, E. coli, hyperthermophilic pro-

teins including those involved in the transcription process

are more attractive targets for studying molecular mecha-

nisms than their mesophilic counterparts. Consequently,

hyperthermophilic archaea not only serve as useful model

for the dissection of transcription initiation in Archaea, but

also provide simplified/alternative systems for studying

eukaryotic transcription mechanisms (Thomm 2007).

To date, relatively little has been conducted to study

transcription termination in Archaea. As a consequence,
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little is known about the mechanism of transcription ter-

mination and its regulation. Few studies have reported on

the mapping of the 30 termini of archaeal genes, most of

which encode stable RNAs rather than mRNAs (Brenneis

et al. 2007; Kjems and Garrett 1987; Kjems et al. 1987;

Larsen et al. 1986; Müller et al. 1985; Wich et al. 1986).

These studies have revealed that archaeal transcription

terminators contain oligo-T stretches (Berkner and Lipps

2007; Larsen et al. 1986; Müller et al. 1985; Østergaard

et al.1987) and it has been demonstrated that these signals

are sufficient to direct termination by an archaeal RNA

polymerase in vitro (Østergaard et al. 1987; Reiter et al.

1988b) and in vivo (Santangelo et al. 2009). Because oligo-

T sequences are recognised by the eukaryotic RNA pol III

as terminator signals (Braglia et al. 2005; Gunnery and

Mathews 1995; Gunnery et al. 1999), it suggests that there

is a close relationship between archaeal transcriptional

termination and that by eukaryotic RNA pol III. However,

Rho-independent bacterial terminators and the bacterial

Rho-factor can also mediate termination of transcription in

archaeal systems indicating clear similarities also between

archaeal and bacterial termination mechanisms (Santangelo

and Reeve 2006). Thus, it is interesting to systematically

investigate, which mechanisms function in archaeal tran-

scriptional termination.

Plasmids and viruses are essential tools for studying

molecular mechanisms such as transcription, DNA repli-

cation, recombination and repair (Kornberg and Baker

1992), and are instrumental for genetic studies. A survey of

the extrachromosomal elements in the hyperthermophilic

crenarchaeon Sulfolobus (Zillig et al. 1996, 1998) has

revealed the existence of many new viruses, with the

Fuselloviridae being the most common family amongst the

Sulfolobales (Prangishvili et al. 2001). Sulfolobus spindle-

shaped virus 1 (SSV1) is the best-studied member of this

family. DNA replication of SSV1 increases after induction

by UV or other DNA-damaging agents and seems to be

mediated by transcription at the promoter Tind (Reiter et al.

1987; Schleper et al. 1992). The transcriptional analysis

conducted on SSV1 has provided the basics for an early

definition of the consensus sequences of archaeal promot-

ers (Reiter et al. 1988a) and terminators (Reiter et al.

1988b) in both constitutive and UV-inducible transcripts.

One of the most striking findings in Sulfolobus virus

studies has been the identification of the first archaeal

helper and satellite virus system, SSV2 and pSSVx, in

which SSV2 acts as an ordinary virus and helper virus to

SSVx, whilst pSSVx is a satellite virus assumed to generate

virus particles thanks to the packaging mechanisms of

SSV2 (Arnold et al. 1999; Stedman et al. 2003).

SSV2 and pSSVx belong to the family Fuselloviridae

and they do not induce cell lysis of their hosts in the entire

life cycle, but impose strong inhibition of the growth of

their host upon infection (Contursi et al. 2006). At the

sequence level, the pSSVx genome contains two open

reading frames (ORFs), which are conserved in the

Fuselloviridae family (Arnold et al. 1999, Stedman et al.

2003); the remaining genome sequence is typically

plasmidic, with the putative minimal replicon shared with

members of the pRN plasmid family, such as pRN1

(Keeling et al. 1996), pRN2 (Keeling et al. 1998), pHEN7

from different S. islandicus species (Peng et al. 2000),

pDL10 from Acidianus ambivalens (Kletzin et al. 1999),

and several defective integrated plasmids occurring in

Sulfolobus genomes (She et al. 2004).

We have used the virus/plasmid hybrid pSSVx as a

model system to study archaeal transcription mechanisms

and demonstrated that: (i) the replication of pSSVx is

induced during the growth of the natural S. islandicus

REY15/4 host (Contursi et al. 2006); (ii) the expression of

all pSSVx genes/counter-transcripts is differentially regu-

lated during the virus life cycle suggesting a close inter-

dependence between gene expression and pSSVx

replication (Contursi et al. 2007). In contrast, the investi-

gation of the transcriptional activity of the cryptic plasmid

pRN1, which, as for pSSVx, belongs to the pRN plasmid

family, revealed a simple pattern of transcription for all the

identified transcripts, the expression levels of which follow

mainly the variation in the copy number of the pRN1

(Berkner and Lipps 2007).

Herein, the transcription termination in pSSVx was

investigated by using the adaptor RT-PCR (Valk et al.

1997) and RNAse protection assay (Sambrook and Russell

2001) techniques. The results of this analysis provide fur-

ther insights into the sequence requirement for transcrip-

tion termination in Sulfolobus and predict the existence of

an alternative mechanism relying on secondary stem-and-

loop structures and counter-transcripts.

Materials and methods

Enzymes and chemicals

The MEGAscript� T7 kit, the RPAIII kit, the AMV reverse

transcriptase and the TurboTM DNase were purchased from

Ambion. Synthetic oligonucleotides were supplied by TAG

Copenhagen A/S. Radioactive materials were obtained

from Perkin Elmer. The MinElute Reaction Cleanup Kit

was from Qiagen.

Sulfolobus growth conditions and RNA extraction

and manipulation

Sulfolobus islandicus REY15/4 (Zillig et al. 1998) was

cultured with a rich medium under the growth conditions
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previously described (Contursi et al. 2007). Cells were

harvested at the early growth phase (26th hour) to obtain

RNAs for determination of the end points of ctRNA1,

ctRNA2, ctRNA3, ORFc68, ORF 76 and ORF60/91 tran-

scripts, whereas cells harvested at the late growth phase

(30th hour) were used for all the other mapping experi-

ments (RNA4, ORF154/288, ORF60, ORF91/ORF892,

ORF60/ORF91/ORF892). Total RNAs were extracted from

cell samples by using the Trizol, Invitrogen reagent fol-

lowing the instructions of the manufacturer. DNA con-

taminants were removed from the RNA preparations by

digestion with TurboTM DNase, Ambion and this procedure

was repeated twice to ensure the complete removal of

residual DNA.

Primer extension analysis

The precise determination of the transcriptional initiation

site of RNA4 and ctRNA3 by oligonucleotide-primed

reverse transcription of RNA was performed as described

previously (Contursi et al. 2007), but using two- to three-

fold more RNA template. RNA preparations from the early

and late log phase were used as template for the primer

extension experiments. The oligos used are shown in

Table 1 of the supplemental material.

Adaptor RT-PCR

The termination regions of the pSSVx transcripts were

determined by the adaptor RT-PCR method, which can

effectively prevent the formation of false-positive ampli-

cons derived from residual plasmid DNA in the RNA

preparations (Berkner and Lipps 2007; Valk et al. 1997).

As much as 0.5–1 lg of total RNA was reverse transcribed

with Ambion M-MLV-reverse transcriptase (50 units).

During reverse transcription, an adaptor primer, consisting

of 20 nt complementary to the 30 end of the target RNA

and a 20-nt adaptor sequence was used to produce the

cDNA molecules. After synthesis, the enzyme and the

adaptor primer were removed from cDNAs using MinElute

Reaction Cleanup Kit (Qiagen). To amplify these cDNAs,

50 sequence-specific primers were used in conjunction with

30 primers complementary to the adaptor sequence (the

primers used are listed in Table 1 of the supplemented

material). The transcript end is assumed to be located

between the last primer that yielded a PCR product and the

first primer that did not yield a product as described by

Berkner and Lipps (2007).

RNAse protection assay

RNAse protection assay was employed to determine the 30

ends of ORF60 using the RPAIII kit from Ambion. The

pGEM-T Easy vector (Promega), bearing a sequence

region partially encompassing both the ORF60 and ORF91

genes, was used to generate a uniformly labelled RNA

probe (MEGAscript� T7 kit, Ambion). The labelled probe

purified on preparative polyacrylamide gel as described by

Reiter et al. (1988b) was mixed with 30 lg of REY 15/4

RNA. The digestion of the resulting hybrids with an

RNAseA/RNAseT1 mix and analysis of the length of

protected fragments on polyacrylamide sequencing gel was

performed under the conditions suggested by the Ambion

manufacturer.

Results

Compact organisation of pSSVx genes

and identification of two new transcripts

Previously, nine transcripts had been identified for pSSVx

in S. islandicus REY15/4 (Contursi et al. 2007). In this

study, two new pSSVx transcripts both of which are non-

coding RNAs were identified by primer extension (Fig. 2)

and their sizes were determined by adaptor RT-PCR (see

below). Therefore pSSVx has 11 genes, four of which are

non-coding RNA genes. The complete transcriptional map

of pSSVx is schematised in Fig. 1, in which all the iden-

tified transcripts as well as their location and relative ori-

entation are indicated. The first newly identified transcript,

designated counter-transcript 3 (ctRNA3), overlaps ORF76

and extends towards the opposite direction. The second one

denoted RNA4 lies downstream of ORF288 and starts at

the nucleotide immediately after ORF288 stop codon.

Initiation nucleotides were determined for both RNAs.

Transcription of the ctRNA3 gene starts from an adenine,

whilst RNA4 initiates at a cytosine (Fig. 2). Although this

does not fit well with the general pattern of gene tran-

scription in Sulfolobus where RNAs usually start with

either ‘‘A’’ or ‘‘G’’, transcripts and counter-transcripts of

pSSVx, SIRV1 and pRN1 were also found to begin with

‘‘T’’ or ‘‘C’’ residues (Kessler et al. 2004; Berkner and

Lipps 2007; Contursi et al. 2007), suggesting that the

selection of transcription start sites is less stringent for

transcripts produced from small compact genomes.

The promoter regions of RNA4 and ctRNA3 lie within the

coding regions of ORF288 and ORF154, respectively. An

A/T-rich motif centred at positions -23/-29 and comprising

both the TATA box and a canonical BRE consensus

sequence was found in the upstream region of the tran-

scriptional start sites of the RNA4 transcript (Fig. 2). In

contrast, the region upstream the start sites of ctRNA3 con-

tains a canonical TATA box, but apparently no typical BRE

motif. Several highly expressed viral/plasmidic genes/RNAs

of the genetic elements pSSVx, SIRV1 and pRN1 lack a
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typical BRE motif (Kessler et al. 2004; Berkner and Lipps

2007; Contursi et al. 2007), suggesting that motifs alternative

to the conserved BRE elements can ensure efficient gene

expression. Indeed, in vivo promoter analysis of the araS

gene encoding an arabinose binding protein has revealed an

alternative BRE in the promoter where both BRE and an

upstream activation sequence element (ara box) are essential

for a reporter gene expression (Peng et al. 2009). In this

regard, the presence of four copies of the direct repeat TCTT

in the promoter region of ctRNA3 (Fig. 2) mimics the ara-

box element, suggesting that this RNA expression could be

regulated as for the araS gene.

ORF60/ORF91/ORF892-RepA

ORF91/ORF892 RepA
ORF154/ORF288

T-rich signals RNA4 ORF91/ORF892-RepA

ORF76 ORFc68ORF288 ORF60 ORF91 ORF892/RepA

ORFc68

ctRNA2ctRNA3

ORF76 ORFc68ORF154ORF154 ORF288 ORF60 ORF91 ORF892/RepA

ORF60/ORF91ORF76

ctRNA1

ctRNA2

ORF60

Inverted repeat
signals 

Fig. 1 Transcriptional map of pSSVx genes. The pSSVx transcripts

previously mapped by Northern blot and primer extension (Contursi

et al. 2007) are represented by arrows and are divided into two groups

according to the termination signals identified. The newly identified

RNA4 and ctRNA3 transcripts are represented by dotted arrows.

Differential transcription termination is indicated by the relative

length of the transcripts. The stem-and-loop structures as predicted by

the Mfold programme 2.3 are shown. ctRNA1, ctRNA2 and ctRNA3

belong to the T-rich signal cluster. They are grouped together with the

genes bearing the inverted repeat signals to show the putative

‘‘kissing complexes’’ (see text)
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Fig. 2 Primer extension analysis of RNA4 and ctRNA3 transcripts.
Total RNA isolated from REY15/4 cells was analysed by primer

extension. The oligonucleotides used are RNA4prext and ctRNA3-

prext (cf. Table 1 of supplemented material). The cDNA products

were electrophoresed with a sequence ladder generated by a different

primer on the pSSVx genome and the transcriptional start sites

(indicated by the arrows) were deduced on the basis of the length of

the correspondent sequence product. The putative TATA box and

BRE are under and overlined, respectively. Direct repeats are

highlighted by dotted horizontal arrows. Transcription initiation sites

are indicated on the sequence by bent arrows above the corresponding

nucleotides
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Apparently, a relatively short sequence in the pSSVx

genome is responsible for high transcriptional activity. This

sequence segment (924 bp) from the 30 end of ORF288 to

the 50 end of ORF892 is very rich in compactly organised

transcriptional signals, since it should enable transcription

termination of several transcripts as well as allow tran-

scription initiation of eight of the eleven RNAs identified

(Fig. 1).

Identification of termination signals in pSSVx

Most of the in vitro and in vivo studies are consistent with

the notion that archaeal termination is stimulated by oligo-

T stretches even though in a context-dependent fashion

(Reiter et al. 1988b; Santangelo and Reeve 2006; Santan-

gelo et al. 2009). Thus, we searched for the presence of

runs of 4 or more T residues within the first 200 bp of the

30-flanking region: few oligo-T tracts, ranging from T4 to

T12 were present at the 30 end of most of the mono- and bi-

cistronic units (i.e. ctRNA1, ctRNA2, ctRNA3, RNA4,

ORFc68, ORF154/288 and ORF91/ORF892) and were

unevenly interspersed within the first 150–180 bp of the

predicted 30 ends (Fig. S1).

On the other hand, the functionally clustered and/or

closely spaced mono- and bi-cistronic units ORF 76,

ORF60 and ORF60/ORF91 lacked the T-rich signal.

Instead, they carried inverted repeats in the termination

regions (Fig. S1). The ‘‘Mfold 2.3’’ (http://mfold.bioinfo.

rpi.edu/cgi-bin/rna-form1-2.3.cgi) was used to predict the

propensity of the inverted repeats to fold into stem-and-

loop structures and to calculate the DG values at 75�C.

These values can be used as a parameter for the stability of

the stem-and-loop structures and hence for the likelihood

of these structures causing pausing and/or transcription

termination (Wilson and von Hippel 1995). Less negative

values indicate weaker terminators that will probably result

in an increased read through by the elongation complex,

whereas more negative values point out to efficient termi-

nators. For the inverted repeats present in the termination

regions of the ORF 76, ORF60 and ORF60/ORF91 tran-

scription, their DG values at 75�C vary from -0.59 to

-3.07 kcal/mol (Fig. S2) and these values fall into the

same order of magnitude of the stem-and-loop structures

that have been identified as termination signals for the

pRN1 transcripts (Berkner and Lipps 2007). This suggests

that the identified stem-and-loop structures should function

as transcriptional terminators in pSSVx.

To verify whether the identified DNA elements includ-

ing the T-rich and the inverted repeat sequences functioned

as termination signals in vivo, the adaptor RT-PCR

method (Berkner and Lipps 2007) and the RNAse protec-

tion assay were used to map the 30 termini of the tran-

scripts. The adaptor RT-PCR was employed to determine

the termination sites for all the pSSVx genes carrying the

T-rich signal and for two (ORF76 and ORF60/91) of

the three transcription units bearing the inverted repeat.

The mapped 30 termini of all the pSSVx transcripts together

with their transcription start sites are listed in Table 1.

Transcripts ending at T-rich termination sequences

This set of transcripts includes the following mono- or

bi-tri cistronic transcripts (ctRNA1, ctRNA2, ctRNA3,

ORFc68, RNA4, ORF154/ORF288, ORF91/ORF892-

RepA and ORF60/ORF91/ORF892-RepA). The adaptor

RT-PCR experiments are exemplified with the analysis of

the transcripts containing the ORF892-RepA gene encod-

ing a putative polymerase/primase (Fig. 3, panel A) and

with that of the ORF154/288 operon encoding proteins

necessary for specific pSSVx DNA recognition and pre-

packaging process (Fig. 3, panel B). Only the primers

located upstream of each T-rich signal yielded a PCR

product, whilst those located downstream of the signals

failed to support any PCR activity (see Fig. S1 for the

locations of the primers and of the T-rich sequences).

Comparing the sequence regions around the 3’ termini

of ctRNA1, ctRNA2, ctRNA3, RNA4, ORFc68, ORF154/

288 and ORF91/ORF892, revealed the following findings:

(i) the A?T content is skewed around the termination sites

(%70% vs. the average value of 61.3%); (ii) these tran-

scripts ended in the vicinity of a T-rich motif constituted by

8–12 thymidine residues that are either arranged as a

continuous stretch or separated by few nucleotides

(Table 1). In most cases, this main T-rich motif is preceded

by 2–4 tri–tetra–penta–esa T-stretches that are unevenly

distributed over a 150–180 bp region (Fig. S1). Possibly,

these T-stretches function in concert to increase efficiency

in transcriptional termination.

Transcripts ending at inverted repeats

This set includes functionally clustered and/or closely

spaced genes (ORF76, ORF60 and ORF 60/91) for which

the sequence analysis does not reveal any T-rich signals at

their 30 ends. ORF60 and ORF91, together with ORFc68

and ORF892/RepA, constitute the so-called rep locus of

pSSVx. A complex transcription pattern involving pre-

mature termination and anti-termination as well as signif-

icant variations in the temporal expression of these genes

have been previously observed and related to the control of

replication and copy number of pSSVx in its natural host

S. islandicus (Contursi et al. 2007).

ORF76 encodes a leucine zipper DNA-binding protein

and is the most conserved gene in crenarchaeal conjugative

and cryptic plasmids (Lipps et al. 2001). Northern blot

analysis had demonstrated that ORF76 was always
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expressed as a monocistronic messenger (Contursi et al.

2007). Hence, the 41-bp sequence interposed between the

stop codon of ORF76 and the transcription start nucleotide

of the operon ORF154/288 (Fig. S1) is able to arrest pre-

cisely the transcription of ORF76, as well as to drive the

ORF154/ORF288 transcription. Interestingly, the adaptor

RT-PCR revealed that the ORF76 transcript terminated in

proximity of the transcription initiation site of ORF154/288

and in the same region where the oppositely oriented

ctRNA3 also initiates (Fig. S1 and Fig. S2). The inverted

repeat was the only identifiable sequence in the 41-bp

intergenic region with potential to function as a termination

signal because of the high propensity to fold into a stem-

and-loop structure (Fig. S1).

ORF91 is situated in a tandem array partially overlap-

ping with the ORF892-RepA (Arnold et al. 1999). The

ORF91 protein contains a putative Zn motif similar to that

found in nucleic acid (single and double strand RNA and/or

DNA) binding proteins from plant RNA viruses (carlavi-

ruses) and transcriptional activators of late genes in both

coliphage and relative satellites (Contursi et al. 2007). Our

previous results showed that ORF91 is transcribed either

as bicistronic (ORF60/ORF91 and ORF91/ORF892) or

tricistronic (ORF60/ORF91/ORF892) mRNAs (Fig. 1).

The end position of the ORF60/91 transcript could be

determined only on RNAs prepared from cells harvested at

an early stage of growth. In fact at this growth phase, the

read-through activity and the formation of the ORF60/

ORF91/ORF892 transcript were negligible and hence did

not interfere with PCR identification. It was found that the

ORF60/ORF91 transcript terminated downstream of

the predicted stem-and-loop structure and of the start site of

the oppositely transcribed ctRNA2 (Fig. S1 and Fig. S2).

The ORF60 encodes a protein exhibiting significant

sequence identity to CopG proteins, namely transcriptional

regulators in the copy number control of several broad

host-range bacterial plasmids (Arnold et al. 1999; del Solar

et al. 2002). Transcriptional analysis had revealed that this

gene was transcribed as mono-(ORF60), bi-(ORF60/

ORF91) or tri-(ORF60/ORF91/ORF892) cistronic mRNAs

(Fig. 1) (Contursi et al. 2007). In this case, the read-

through at the putative termination region of the ORF60

transcript was always active throughout all the stages of the

pSSVx cycle, precluding the application of the adaptor RT-

PCR methodology. Thus, the RNase protection assay was

alternatively employed to identify the termination site at

Table 1 Adaptor RT-PCR and

RNAse protection results

Transcripts start sites mapped

previously (Contursi et al. 2007)

are shown as well as the

termination ends determined by

RT-adaptor PCR and RNAse

protection assays. The putative

transcription termination signals

are indicated: the T-rich motifs

are constituted by 8–12

thymidine residues and are

arranged either on a continuous

stretch or are separated by few

nucleotides and the stem-and-

loop structures found

downstream the closely spaced

and/or functionally clustered

genes

tttttttcattttt

ttatttttccgttattt

ttttttttctttt

ttatttttccgttattt

ttttttactccatttt

tttcgcctttt

tttttttcattttt

ORF76                    1095                   1325/1405       

ORF154/288               1367                   3091/3150

ORFc68                   3027                   2676/2710

34330513                    06FRO

907/966  8333             298FRO/19FRO

ctRNA1                   3341                   2710/2676

ctRNA2                   3557                   3370/3324

6501/320238313ANRtc

0513/19036862          4ANR

2163/05530513                 19/06FRO

Transcript Start position Ending positions Termination signals
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the 3’ end of ORF60. Total RNAs were prepared from

S. islandicus REY15/4 and hybridised to an RNA probe

uniformly labelled with 32P-UTP. The 436-nt long ribop-

robe contained 96 bases of ORF60 30-coding sequence, 243

bases of ORF91 50-coding sequence, 31 bases of the

intergenic sequence and 66 nucleotides matching the pol-

ylinker of the pGEM-T Easy vector (Fig. 4).

The three protected fragments (370, 243 and 134

nucleotides) were generated upon protection by the four

transcripts ORF60, ORF60/ORF91, ORF91/ORF892 and

ORF60/ORF91/ORF892 produced at the rep locus. Signal

assessment was based on the mapping of the 50 termini of

all transcripts (Contursi et al. 2007). In fact, both the

bicistronic ORF60/ORF91 and the tricistronic ORF60/

ORF91/ORF892 mRNAs contributed to generate the 370-

nt fragment, whereas the 243-nt signal corresponded to the

portion of the riboprobe protected by the ORF91/ORF892

transcript. The shorter RNA fragment of 134 nt, matched

the size of the ORF60 singular transcript ending at a spe-

cific termination site, i.e. 38 nt downstream of ORF 60 stop

codon. This result is in agreement with the length of the

ORF60 transcript previously estimated by Northern blot

(ca. 150 nt). The variation of the relative abundance of the

protected fragments in the different growth phases (Fig. 4)

mirrors the differential temporal regulation of transcription

of all RNA species at the rep locus (Contursi et al. 2007).

The end point of ORF60 transcript mapped immediately

downstream of two potential stem-and-loop structures and

close to the initiation transcription sites of the ORF91/

ORF892 transcript and of the reversely transcribed ctRNA1

(Fig. S1 and Fig. S2). The ladder of short fragments in the

size range between 40 and 80 nt are likely due to the

presence of these secondary structures that were also

detected in our previous primer extension analysis

(Contursi et al. 2007) and might act like termination

intermediaries (see below).

In conclusion, ORF76, ORF 60 and ORF60/ORF91

showed three common features, i.e. (i) an inverted repeat,

(ii) a counter-transcript starting in the vicinity of the 30

ends, containing the inverted repeat and extending over

most of the coding sequence, (iii) a purine–uridine-rich

motif surrounding and including the stem-and-loop struc-

ture (Fig. S2). These elements suggest that transcription

termination of these genes must take place through a

mechanism different from that operating at the T-rich ter-

mination sequences.

ORF154/288 transcript carries a long untranslated tail

The partially overlapping ORF154 and ORF288 exhibited

high sequence similarity to a tandem of ORFs present in the

genomes of SSV viruses with identity scores of 63–75% for

the homologues of ORF154 and 31–49% for those of

ORF288. They have been earlier indicated as proteins nec-

essary for specific pSSVx DNA recognition and pre-pack-

aging process (Arnold et al. 1999; Stedman et al. 2003).

In contrast to all terminations described above, tran-

scription termination was not found to occur in the region up

BA 1 2 3 4 M1 2 3 4 1 2 3 4

ORF892T2 ORF892T3ORF892T1

1 2 3 4 1 2 3 4

ORF288T1 ORF288T3
M

1 2 3 4 1 2 3 4

ORF288T5 ORF288T7ORF288T5 ORF288T7

Fig. 3 Adaptor RT-PCR for the mapping of the 30-end of ORF91/

ORF892 and ORF154/ORF288 transcripts. a The RNA isolated from

REY15/4 cells was reversely transcribed with three different adaptor

primer, ORF892T1, ORF892T2 and ORF892T3, as described in the

text. Lane M markers. Lane 1 adaptor RT-PCR product, lane 2 control

without the adaptor pimer, lane 3 PCR product as positive control,

lane 4 control without RT. The 30-end of ORF91/ORF892 lies in the

sequence region between the ORF892T2 and ORF892T3 primers

(669–709 nucleotides of the linear map of pSSVx). b The same RNA

used in the experiment of panel A was subjected to adaptor RT-PCR

by using a set of 7 primers. Results of the analysis are shown only for

four of the primers used. The end position of ORF154/ORF288 lies

between nucleotides 3091 and 3150 of the linear map of pSSVx
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to 300 nt downstream of the ORF288 stop codon. More

primers were then designed for the adaptor RT-PCR analysis

(Table S1 of supplemented material) and this revealed that

the ORF154/ORF288 transcript terminated between 406 and

466 nucleotides downstream of its stop codon and within a

T-rich sequence correspondent to the promoter sequence of

ORF60 (Fig. 1). Further, we assumed that the same termi-

nation point was also used for the RNA4. The region

encompassing RNA4 sequence not only produces this

autonomous transcript, but it also represents an extended 30

tail of the ORF154/288 operon. This long 30-untranslated

region (approximately of 420 nt) is the only 30UTR extend-

ing for more than 180 nucleotides beyond the stop codon

amongst those of the pSSVx transcripts.

However, an oligo-T putative termination signal was also

identified in a sequence region closer to the end of ORF288

(between 31 and 38 nt downstream of the stop codon).

Therefore, the RNAase protection assay was employed to

verify whether the transcription of ORF154–ORF288 stops

also at this site. Unfortunately, the RNAase protection

experiment resulted in a smear of multiple signals probably

due to degradation activity affecting the ORF154/ORF288

transcript (Contursi et al. 2007), which did not allow to assess

whether this site was a real termination site or not.

Discussion

Based on the sequence analysis data and the experimental

evidence, pSSVx genes can be classified into two groups

with regard to their transcriptional termination signals at

the 30 ends: genes showing alternatively: (i) T-rich stret-

ches of more than 7 nucleotides or (ii) inverted repeats with

high propensity to form stable stem-and-loop structures.

Only the first category of termination signals is consis-

tent with previous reports describing that Archaea use the

ORF91 ORF892/RepAORF60

A C G T

436 nt
1 2 3

4 5ORF60/ORF91/ORF892-RepA

ORF91/ORF892-RepA

Riboprobe 436 nt

370 nt

243 nt

ORF60/ORF91

ORF60

p

134 nt

370 nt

134 nt

243 nt

40-80 nt

Fig. 4 Mapping of the 30-end of ORF 60 by RNAse protection assay.

Total RNAs prepared from S. islandicus REY15/4 before (26th

incubation hour) and after (30th incubation hour) the pSSVx

induction of replication sets were hybridised to an RNA probe

uniformly labelled with 32P-UTP. The location of the riboprobe is

shown on the left. Lane 1 shows RNAse-generated fragments when

the RNA from the 30th incubation hour was used. Lanes 2–3 show

RNAse-generated fragments when two different amounts of RNA

from the 26th incubation hour were used. Lanes 4 and 5 show controls

lacking Sulfolobus RNA and undigested RNA probes, respectively.

The size of the fragments (in nucleotides) were determined from

DNA size markers run in parallel. The 436-nt long riboprobe

contained 96 bases of ORF60 30-coding sequence, 243 bases of

ORF91 50-coding sequence, 31 bases of the intergenic sequence of the

two genes and 66 nucleotides matching the polylinker of the pGEM-T

Easy vector. As indicated in the schematics, both the bicistronic

ORF60/ORF91 and the tricistronic ORF60/ORF91/ORF892 mRNAs

contributed to the 370-nt fragment, whereas the 243-nt signal

corresponded to the portion of the ORF91/ORF892 transcript. The

shorter RNA fragment of 134 nt matched the size of the ORF60

singular transcript ending at a discrete termination site, i.e. 38 nt

downstream of ORF 60 stop codon
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intrinsic mechanism of transcription termination (Brenneis

et al. 2007; Santangelo and Reeve 2006; Spitalny and

Thomm 2008; Thomm et al. 1994).

In bacteria, an intrinsic termination signal appears as a

hairpin followed by approximatively eight uridines at the 30

terminus. The hairpin loop and the U-trail have distinct and

complementary roles: the T-stretches induce pausing of the

RNA polymerase near the termination point because of the

unusual instability of the A:U DNA–RNA hybrid. Pausing

of RNA pol at the T-trail then promotes the formation of

the hairpin, resulting in unwinding of 4–5 base of the A:U

hybrid adjacent to the hairpin stem. Consequently, the

shortened hybrid A:U sequence destabilises the transcrip-

tion elongation (TEC), leading to the complex disassembly

and thereby transcriptional termination (Greenblatt 2008;

Gusarov and Nudler 1999; Nudler and Gottesman 2002;

Wilson and von Hippel 1995; Yarnell and Roberts 1999).

The transcription termination of the first group of

pSSVx genes recalls the bacterial intrinsic mechanism,

although only the presence of one of the two elements, i.e.

the T-trail is sufficient for termination. In fact, Archaea

share termination features more similar to transcription

termination driven by eukaryotic Pol III, which pauses and

subsequently releases the TEC when it simply encounters

dT(n) tracts (Braglia et al. 2005; Gunnery et al. 1999;

Hamada et al.2000). This mechanism is consistent with the

chemical nature of nucleic acids because a U-rich

RNA:DNA hybrid is significantly less stable than struc-

turally similar dA:dT duplexes. As a result, a T-stretch

sequence functions as a slippery sequence to facilitate

transcript release (Martin and Tinoco 1980).

The pSSVx transcripts showing the T-rich motif at their

30 termini are ctRNA1, ctRNA2, ctRNA3, RNA4, ORFc68,

ORF154/288 and ORF91/ORF892, as determined by RT-

PCR mapping. The T-rich sequence is preceded and/or

followed by additional shorter T-stretches distributed over

150–180 bp at the 30 terminus. Since reduced elongation

rates have been correlated with increased termination

efficiency for both the bacterial RNA pol and the eukary-

otic pol III (Artsimovitch and Landick 2000; Lee et al.

1990, Powell and Reines 1996), these additional oligo

d(T)-tracts reasonably act as ‘‘speed humps’’ by slowing

down progressively the rate of the RNA pol, thus

increasing the dwell time of RNA pol at the termination

signal.

The second group of pSSVx genes, which includes the

functionally clustered and/or closely spaced genes ORF76,

ORF60 and ORF60/91, is distinguished by inverted repeats

at their 30 ends with potential to fold into a secondary

structure and by a purine/uridine rich motif partially

overlapping and/or immediately downstream of the inver-

ted repeats (Fig. S1). Moreover, this motif comprises also

the transcription start site of a counter-transcript.

The ORF76 shows all these features but constitutes a

unique case, since it is always transcribed as a monocis-

tronic RNA with a precise and invariant termination site.

Homologues of ORF76 on the crenarchaeal plasmids

pRN1, pRN2, pDL10, pHEN7 and pNOB show longer

intergenic region separating their 30 ends from the contig-

uous genes. Moreover, in contrast to ORF76, they all end

with a T-stretch. Therefore, a horizontal gene transfer event

occurred to insert the ORF154/288 operon downstream of

ORF 76 and provided a new termination signal residing in

the promoter of ORF154/288 operon. A spatial relationship

between promoter regions and termination signals has been

already pointed for SSV1 transcripts (Reiter et al. 1988b),

confirming that initiation of transcription at a defined and

canonical promoter of the downstream neighbourhood gene

is effective for termination. In contrast to ORF76, down-

stream of ORF 60 and ORF 60/91 at the Rep locus, no

canonical promoters (directing the expression of the tan-

dem-arranged genes ORF91 and ORF892, respectively; see

Fig. 1) exist. The absence also of other defined termination

signals explains the balance between transcription termi-

nation and read-through previously demonstrated for these

ORFs (Contursi et al. 2007).

The transcription termination and read-through take

place in restricted regions and in close proximity of two

distinct transcription initiation points: one relative to the

contiguous collinear gene, and the other, inversely oriented,

relative to a counter-transcript (ctRNA1 or ctRNA2,

Fig. 1). The transcription interference (TI) resulting from

convergent transcription (Crampton et al. 2006; Osato et al.

2007) can be evoked to explain this tuneable shift of ter-

mination towards anti-termination occurring at the Rep

locus. In fact, according to the TI model, a significant

proportion of RNAPs elongating ORF60 and ORF60/91

RNAs clash into the open promoter complexes of the

counter-transcripts ctRNA1 and ctRNA2, respectively, thus

stalling or pausing. Stalling of RNAP would favour the

formation of a stem and loop in a fashion similar (and hence

alternative) to the T-trail stretches. This secondary structure

in turn exerts a drastic destabilising effect that renders the

paused RNAP prone to termination and to disengagement

from the template (Gusarov and Nudler 1999; Wilson and

von Hippel 1995). At this point, RNAP molecules on the

opposite strands can complete the elongation of the counter-

transcripts from the stall site after this initial delaying.

Conversely, the read-through of the ORF60 and ORF60/91

would prevail on their transcription termination when the

rate of the transcription initiation of the relative counter-

transcript is low. In agreement with this hypothesis, our

previous result demonstrated that when the expression of

the antisense ctRNA1 and ctRNA2 is switched off, the

termination at the 30 end of ORF60 and ORF60/ORF91 is

less efficient allowing the termination read-through.
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Nevertheless, the hairpins on the nascent mRNA have a

low calculated intrinsic thermodynamic stability at the

growth temperature of Sulfolobus (75�C) (Mitra et al.

2009) (Fig. S2) to fulfil the proposed function. Hybridisa-

tion between the complementary loops formed on the

nascent mRNAs and their counter-transcripts might

increase the stability of these hairpins through the so-called

kissing complexes (Brantl 2002, 2007).

To sum up, the proposed mechanism is based on three

main factors: formation of the stem and loop, transcription

of ctRNAs and pausing of RNAP. Efficient termination

occurs only when defined promoter sequences are located

downstream of the stem-and-loop/purine–uridine-rich

motif, as for ORF76. In the absence of such canonical

promoters, transcription termination is tuneable and bal-

anced by read-through, possibly as a consequence of

transcriptional interference.

Because of the peculiar transcriptional pattern and reg-

ulation mechanisms occurring at the rep locus, pSSVx

represents an interesting model system for the study of the

mechanisms involved in the regulation of termination–anti-

termination in Archaea. The identification of effectors,

including possible protein terminator and/or anti-termina-

tor factors, and investigation of their individual contribu-

tions are necessary to define the molecular basis of these

mechanisms. The development of a shuttle vector based on

the pSSVx (Aucelli et al. 2006) could help to understand

whether single ORFs and regulatory sequences are relevant

to the balance between termination and anti-termination

and contribute to the pSSVx/SSV2 interplay.
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