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Summary. Three structural proteins, VP1, VP2 and VP3,
of the virus-like particle SSV1 of the thermoacidophilic ar-
chaebacterium Sulfolobus sp. strain B12 were purified. VP1
and VP3 are very hydrophobic and show a high degree
of homology. They consist of 73 and 92 amino acid resi-
dues, respectively. The third protein, VP2, is extremely basic
containing 29 basic amino acids but only 4 acidic ones in
a total of 74 amino acid residues. The genes encoding these
three proteins were mapped within the genome by compari-
son of N-terminal amino acid sequences with the SSV1
DNA sequence. The three genes are closely linked in the
order VP1-VP3-VP2 and the coding strand is the same in
all three genes. Ten nucleotides separate the stop codon
for VP1 from the initiation codon for VP3 and one nucleo-
tide separates the genes encoding VP3 and VP2. Duplicate
putative ribosome binding sites are found upstream of the
initiation codons for VP2 and VP3. The major coat protein
VP1 does not start with a methionine residue and appears
to be the result of proteolytic cleavage of a precursor mole-
cule. Transcription of the region encoding VP1, VP2 and
VP3 results in the formation of two mRNAs of 0.5 kb and
1.0 kb, the shorter one only encoding VP1, the longer one
spanning all three genes. A 61 bp sequence encoding part
of VP1 is exactly repeated within the gene for VP3 and
these identical sequences are translated into stretches of
identical amino acids in the two proteins. A function of
this repeated DNA sequence beyond its coding properties
is very likely.
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Introduction

It has been shown by comparative sequence analysis of
conserved macromolecules that the prokaryotes can be di-
vided into two very distinct groups: the eubacteria and the
archaebacteria (Fox et al. 1980). The archaebacteria can
in turn be subdivided into essentially two branches, one
comprising the methanogens and the extreme halophiles
and the other comprising extremely thermophilic archae-
bacteria (Woese and Olsen 1986). Certain features of ar-
chaebacteria appear more ‘“eubacterial” in the former
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branch but more “eukaryotic” in the branch of extreme
thermophiles (Zillig et al. 1985a).

In the case of eubacteria, the study of bacteriophages
has significantly contributed to an understanding of the
molecular biology of their hosts. Viruses that can serve
as model systems for gene organization and gene expression
in halophilic and methanogenic archaebacteria have been
found in Halobacterium (Torsvik and Dundas 1974, 1980,
Wais et al. 1975; Schnabel et al. 1982a; Pauling 1982; Dan-
iels and Wais 1984 ; Vogelsang-Wenke and Oesterhelt 1986)
and Methanobrevibacter (Baresi and Bertani 1984). Only
one of these viruses, bacteriophage ®H of Halobacterium
halobium, has been characterized in detail at the molecular
level (Schnabel et al. 1982a, b; Schnabel 1984 a, b; Schnabel
and Zillig 1984; Schnabel et al. 1984).

In the group of extremely thermophilic archaebacteria
four viruses of Thermoproteus (Janekovic et al. 1983) and
the virus-like particle SSV1 of Sulfolobus sp. strain B12
(Martin et al. 1984) have been described. SSV1 is the only
extrachromosomal element of an extremely thermophilic ar-
chaebacterium, for which detailed molecular biological data
have been obtained. SSV1 had originally been termed SAV1
(Sulfolobus acidocaldarius virus 1) because of the incorrect
classification of its host as Sulfolobus acidocaldarius (Yeats
et al. 1982). Sulfolobus B12 has indeed been shown to be
a close relative of S. solfataricus (Zillig et al. 1985b).

A small number of SSV1 particles are spontaneously
released from their host in late-logarithmic cultures. After
UV irradiation of such a culture, however, large numbers
of the lemon-shaped virus-like particles are released without
apparent lysis of their host cells (Martin et al. 1984). The
genome of SSV1 is a 15.46 kb plasmid (Yeats et al. 1982)
that is packaged as positively supercoiled DNA (Nadal
et al. 1986). Within the cells SSV1 DNA is present both
as a free plasmid and in a site-specific integrated form
(Yeats et al. 1982). The complete nucleotide sequence of
SSV1 DNA has been determined (P. Palm and B. Grampp,
unpublished data). Here we report the purification of three
structural proteins from SSV1 and the characterization of
the genes encoding these proteins.

Materials and methods

Materials. [0-*°S]JdATP was from Amersham, Escherichia
coli DNA polymerase (Klenow fragment) was from Phar-
macia and T4 DNA ligase and pancreatic DNAase I were



from Boehringer. The low molecular weight protein stan-
dard was obtained from Bethesda Research Laboratories.

Bacterial strains and culture conditions. Growth conditions
for Sulfolobus sp. strain B12 (formerly Sulfolobus acidocal-
darius strain B12) were as described previously (Yeats et al.
1982).

Purification of SSV1. The UV irradiation of Sulfolobus B12
cultures and the preparation of a cell-free supernatant of
the induced culture were carried out as described previously
(Martin et al. 1984). SSV1 was precipitated from the culture
medium by addition of polyethylene glycol 6000 to 10%
final concentration. After 12 h at 4° C the precipitate was
recovered by centrifugation for 1h at 4°C in the
6 x 1,000 ml rotor of the WKF centrifuge G50K. The pellet
was dissolved in 20 mM sodium acetate/acetic acid, pH 6.0,
10 mM MgSO, (AM buffer); 10 ml buffer were used for
11 of the original culture. 20 ml of this concentrated SSV1
preparation were layered on top of a CsCl step gradient
consisting of 9 ml of 13.5% (w/w) CsCl and 9 ml of 27%
(w/w) CsCl in AM buffer. After centrifugation for 90 min
at 20° C and 25,000 rpm in a Beckman SW27 rotor, almost
pure SSV1 formed a band between the two CsCl] solutions.
This band was collected and subjected to CsCl equilibrium
density gradient centrifugation as described (Martin et al.
1984), except that AM buffer was used to prepare the CsCl
solution.

Purification of VPI. For preparation of VP1 6 vol. of a
3:2 mixture of chloroform and ethanol were added to 5 ml
of a solution of SSV1 in 20 mM Tris-HClL, pH 8.0, 1 mM
EDTA (TE buffer). The amount of SSV1 corresponded to
a DNA concentration of about 1 mg/ml. The precipitated
material (mostly DNA) was removed by centrifugation and
the supernatant was dried in vacuo. The residue was dis-
solved in 100 ul of phenol equilibrated with TE buffer and
the solvent was removed by lyophilization. Purification of
this crude VP1 preparation by preparative SDS-polyacryl-
amide gel electrophoresis was performed as described by
Schnabel et al. (1983). Visualization of bands and elution
of the protein was essentially as in Schnabel et al. (1983),
but 0.1% N-lauroylsarcosine was used instead of SDS. Two
bands of apparent molecular weights of 13 kDa and 18 kDa
were excised and eluted separately, but since these bands
proved to be the same protein (see Results) both eluates
were later combined. The eluate was extensively dialysed
against 0.05% N-lauroylsarcosine and the detergent was
extracted with diethylether after acidifying the solution with
formic acid (1 M final concentration). The precipitate con-
sisting of VP1 that was obtained upon removal of the deter-
gent was collected by centrifugation.

Purification of VP2 and enrichment of VP3. Five millilitres
of a preparation of SSV1 in TE buffer (concentration of
SSV1 corresponding to 2 mg/ml DNA) were precipitated
with 4 vol. ethanol. The precipitate was collected by centrif-
ugation and resuspended in 10 ml of TE buffer. The suspen-
sion was heated to 95° C for 10 min and then cooled to
room temperature. Five micrograms of pancreatic DNAase
I were added to the viscous solution and the SSV1 DNA
was digested for 5h at 37° C. Almost ail of the SSV1 pro-
tein remained insoluble at this step. It was recovered by
centrifugation and dissolved in 0.5 ml of phenol saturated
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with TE buffer. After addition of 4 vol. ethanol the precipi-
tate was recovered by centrifugation, washed with 70% eth-
anol and dried for 3 min in a vacuum desiccator. VP2 was
extracted from this preparation (“fraction A”) with 1 ml
of a 3% solution of N-lauroylsarcosine at 95° C for 5 min.
Removal of the detergent from the crude VP2 preparation
was done as for VP1 (see above). For amino acid sequence
analysis this preparation was further purified by preparative
SDS-polyacrylamide gel electrophoresis as for VP1. As
most of the VP2 remained in solution after extraction of
the N-lauroylsarcosine, the preparation was dialysed
against 20 mM ammonium acetate to remove non-volatile
salts and then lyophilized.

For enrichment of VP3 protein fraction A (see above)
was dissolved in 0.5 ml of phenol saturated with TE buffer
and 6 vol. chloroform/ethanol (3:2) were added to remove
most of the VP1. The resulting precipitate (““fraction B”)
contained VP3 as the major component.

SDS-polyacrylamide gel electrophoresis. SSV1 proteins were
analysed on 15% SDS-polyacrylamide gels using the system
of Laemmli (1970) or on 5%25% gradient gels as de-
scribed by Mirault et al. (1971). In some cases, especially
for size determinations, SDS-urea gels as described by
Tandy et al. (1983) were used.

DNA sequence analysis. All DNA sequencing was done by
the chain termination method (Sanger et al. 1977) using
the M13 cloning and sequencing technique (Sanger et al.
1980; Messing and Vieira 1982). The programs of Devereux
et al. (1984) and Staden (1980) were used for computer-
aided editing and comparison of sequences. The second
largest EcoRI fragment of SSV1 DNA (Yeats et al. 1982)
was circularized by ligation. Random cloning of fragments
obtained by sonication of this DNA into the Smal site
of M13mp8 and sequencing of the clones were done accord-
ing to Deininger (1983) following the protocol of Amer-
sham International plc.

Protein sequence analysis. N-terminal amino acid sequences
of purified VP1 and VP2 were determined in a prototype
liquid-phase sequenator using a program optimized for pep-
tide sequencing (Lottspeich et al. 1984). For determination
of the N-terminal amino acid sequence of VP3 the proce-
dure described by Aebersold et al. (1986) was used with
some minor modifications. In short, a protein mixture con-
taining this polypeptide (fraction B, see above) was sepa-
rated on a 15% polyacrylamide gel and electrophoretically
transferred to a sheet of derivatized glass fibre. The band
of interest was cut out after staining with Coomassie Bril-
liant Blue R250 and directly sequenced in a gas phase se-
quenator (Applied Biosystems 470A). The phenyl-thiohy-
dantoin amino acid derivatives were identified by an isoc-
ratic HPLC system as described by Lottspeich (1985).

Purification of Sulfolobus RNA. Frozen Sulfolobus cells
were lysed in an SDS/urea buffer as described by Sather
and Agabian (1985). The resulting viscous solution was re-
peatedly passed through a hypodermic syringe to shear
DNA and then extracted three times with phenol/chloro-
form. The nucleic acid was precipitated with ethanol, col-
lected by centrifugation and re-dissolved in 7 M guanidin-
ium chloride, 0.025 M sodium citrate, pH 7.0. After re-
peated extraction of this solution with phenol/chloroform
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Fig. 1. SDS-polyacrylamide gel electrophoresis of SSV1 proteins. Proteins were separated on 5%-25% gradient gels (lanes A-E), 15%
gels (lanes F, G) or 15% gels containing 6 M urea (lanes H, I, J). The numbers to the left of lanes A, C, F and H give apparent
molecular weights in kilodaltons. The molecular weights of the SSV1 structural proteins calculated from DNA sequence data are
7.74 kDa (VP1), 8.61 kDa (VP2) and 9.80 kDa (VP3). Lane A, SSV1 protein soluble in 3:2 chloroform/ethanol (crude VP1). Lane
B, same as lane A, but overloaded with protein. Lane C, protein eluted from the 13 kDa band of crude VP1 (see lane A) and re-applied
to a gel. Lane D, protein eluted from the 18 kDa band of crude VP1 (see lane A) and re-applied to a gel. Lane E, VP2 after purification
by preparative SDS-polyacrylamide gel electrophoresis . Lane G, fraction B of SSV1 protein mostly consisting of VP3. Lane I, crude
VP2 obtained by detergent extraction of protein fraction A. The low molecular weight minor band probably corresponds to band
F in lane G (a host-encoded DNA-binding protein). Lane J, VP1 after purification by preparative polyacrylamide gel electrophoresis.

Lanes F, H, sizes markers

the RNA was again precipitated with ethanol. This crude
RNA preparation was dissolved in 0.1 M Tris-HCI, pH 8.0,
0.01 M EDTA and caesium trifluoroacetate solution (Phar-
macia Fine Chemicals) was added to a final density of 1.75
g/ml. The RNA was banded by centrifugation for 20 h at
65,000 rpm and 10° C in a Beckman VTi65 rotor. A floccu-
lent band in the middle of the tube and all the solution
below it were collected and the RNA was recovered by
ethanol precipitation.

Preparation of strand-specific M13 probes. M13 clones con-
taining fragments of SSV1 DNA obtained by sonication
were radioactively labelled as described by Hu and Messing
(1982).

Northern analysis of transcripts. Total Sulfolobus RNA
(20 pg per lane) was denatured by incubation with glyoxal,
separated on 1% agarose gels and transferred to nitrocellu-
lose as described by Thomas (1983). Hybridization was per-
formed essentially as described by Maniatis et al. (1982).

Results

Purification of SSV1

The procedure described by Martin et al. (1984) for the
purification of the virus-like particles was simplified. For

precipitation of SSV1 from the culture medium PEG 6000
was used instead of ammonium sulphate. A CsCl step gra-
dient centrifugation followed by a CsCl equilibrium density
gradient centrifugation was used to obtain pure SSV1.

Purification of SSV1 proteins

Since SDS-polyacrylamide gel electrophoresis of total SSV1
proteins only showed several blurred and overlapping
bands (Martin et al. 1984), a fractionation procedure was
employed that included detergents and organic solvents.
Addition of a large excess of a 3:2 chloroform/ethanol mix-
ture to a concentrated SSV1 preparation yielded a soluble
fraction containing most of the SSV1 protein and a precipi-
tate mainly consisting of DNA. After removing the precipi-
tate by centrifugation and drying the supergatant in vacuo
this protein fraction was insoluble in the same solvent mix-
ture from which it had been recovered and it was also insol-
uble in concentrated solutions of strong detergents e.g. 10%
SDS at 100° C. The protein residue was, however, soluble
in phenol saturated with an aqueous buffer. Removal of
the phenol by lyophilization gave rise to a preparation that
readily dissolved in ionic detergents (e.g. 1% SDS) and
in 3:2 chloroform/ethanol. Analysis by SDS-polyacryl-
amide gel electrophoresis showed the presence of essentially
two bands corresponding to apparent molecular weights
of 13 kDa and 18 kDa (Fig. 1, lane A). A ladder of more
than 30 individual bands was observed when the gel was



overloaded (Fig. 1, lane B). The 13 kDa and 18 kDa bands
represented the same protein as shown by elution of the
proteins from the excised bands and re-application of the
eluates to an SDS-polyacrylamide gel. Both bands again
yielded a 13 kDa major band and an 18 kDa minor band
(Fig. 1, lanes C and D). The polypeptide forming these
bands is the major protein component of the virus-like par-
ticles and was termed VP1 (viral protein 1). For the amino
acid sequence analysis VP1 was purified by preparative
SDS-polyacrylamide gel electrophoresis as described in Ma-
terials and methods.

A second protein component of SSV1 (VP2) could be
selectively extracted with anionic detergents from an SSV1
protein preparation (fraction A) that was obtained after
destruction of the SSV1 particles by addition of ethanol
and removal of the DNA by nuclease digestion. The appar-
ent molecular weight of VP2 from SDS-polyacrylamide gel
electrophoresis was 13 kDa like that of the major band
of VP1. VP2 could, however, be distinguished from VP1
as it stained dark blue with Coomassie Brilliant Blue R250
whereas VP1 stained faintly purple. For the amino acid
sequence analysis preparative SDS-polyacrylamide gel elec-
trophoresis was used to purify VP2 to homogeneity (Fig. 1,
lane E).

After dissolving protein fraction A in phenol, a 3:2 chlo-
roform/ethanol mixture was added, resulting in the precipi-
tation of some protein but leaving VP1 in solution. The
analysis of the precipitated protein (fraction B) by SDS-
polyacrylamide gel electrophoresis indicated the presence
of a major band with an apparent molecular weight of
18 kDa (band D in Fig. 1, lane G). This band, which was
stained faintly purple by Coomassie Brilliant Blue R250,
was completely obscured by the VP1 oligomers that domi-
nated the protein pattern when unfractionated SSV1 pro-
tein was applied to a gel (Martin et al. 1984). The protein
corresponding to this 18 kDa band was termed VP3.

Amino acid sequence analysis of the three SSV1 proteins

The N-terminal amino acid sequences of purified VP1 and
VP2 were determined by Edman degradation in a liquid
phase sequenator. Sixty-nine amino acid residues were iden-
tified for VP1 and 16 residues for VP2. The N-terminal
amino acid residue of VP1 was glutamic acid and that of
VP2 was methionine. Neither of the N-terminal amino
acids was found to be blocked by covalent modification.
As insufficient amounts of VP3 were available for purifica-
tion by preparative gel electrophoresis, a different strategy
for sequencing was employed. A protein fraction containing
VP3 (fraction B, see above) was separated by SDS-poly-
acrylamide gel electrophoresis on a semi-preparative scale
and transferred to a derivatized glass fibre sheet. The
18 kDa band mainly consisting of VP3 was cut out and
an N-terminal amino acid sequence of four residues was
determined in a gas phase sequenator. The N-terminal ami-
no acid of this protein was a non-modified methionine resi-
due. This sequence analysis showed that about 20% of the
protein in the “VP3 band” (band D in Fig. 1, lane G) was
contaminating VP1. Four other bands on the same gel were
also analysed by this method. One band with an apparent
molecular weight of 27 kDa (band A in Fig. 1, lane G) and
another band with an apparent molecular weight of 23 kDa
(band B in Fig. 1, lane G) both consisted of VP3 indicating
that this protein forms aggregates similar to VP1. The third
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band (band E in Fig. 1, lane G) with an apparent molecular
weight of 13 kDa was found to consist of a 1:1 mixture
of VP1 and VP2. Finally a band of an apparent molecular
weight of about 6 kDa (band F in Fig. 1, lane G) proved
to be a mixture of at least two polypeptides that appeared
not to be encoded by the SSV1 genome. At least one of
these polypeptides is a host-encoded DNA-binding protein
(R. Reinhardt, personal communication).

DNA sequence analysis and identification of the genes encod-
ing VP1, VP2 and VP3

The nucleotide sequence of the complete SSV1 genome has
been determined (P. Palm and B. Grampp, unpublished
data) using the dideoxy chain termination method (for de-
tails see Materials and methods). The comparison of this
DNA sequence with the N-terminal amino acid sequences
of the three SSV1 structural proteins resulted in the unambi-
guous identification of the corresponding genes. Only one
possible DNA sequence was found when all six possible
reading frames of the SSV1 genome were screened for their
ability to encode the N-terminal amino acid sequences of
VP1, VP2 and VP3. The DNA sequence in this part of
the genome was verified by using overlapping fragments
throughout this region and by sequencing both strands.

Size determination of the SSV1 proteins
by gel electrophoresis

The apparent molecular weights of VP1, VP2 and VP3 as
determined by SDS-polyacrylamide gel electrophoresis
(15% gels or 5%—25% gradient gels) were 13 kDa (VP1),
13 kDa (VP2) and 18 kDa (VP3). In the protein preparation
that was used for the sequence determination of VP3 (frac-
tion B) two additional blurred bands with apparent molecu-
lar weights of 27 kDa and 23 kDa (bands A and B in Fig. 1,
lane G) were also due to VP3 as shown by amino acid
sequence analysis (see above). A dark blue band of an ap-
parent molecular weight of 21 kDa (band C in Fig. 1,
lane G) that was also seen in this preparation appeared
to be due to aggregation between VP2 and VP3 (not
shown).

The apparent molecular weights of VP1, VP2 and VP3
on SDS-polyacrylamide gels did not agree well with the
sizes predicted from the DNA sequence (see below). There-
fore VP1 and VP2 which were available in pure form, were
also analysed on 15% SDS-polyacrylamide gels containing
6 M urea (Tandy et al. 1983). Using this system the appar-
ent molecular weight of VP1 was 5.8 kDa (Fig. 1, lane J)
and that of VP2 was 7.6 kDa (Fig. 1, lane I) which was
in more reasonable agreement with the sizes deduced from
the DNA sequence (73 amino acid residues for VP1 corre-
sponding to 7.74 kDa; 74 residues for VP2 corresponding
to 8.61 kDa).

Properties of VP2

According to DNA sequence data the SSV1 structural pro-
tein VP2 is 74 amino acid residues long and extremely basic
(see Fig. 2 for the protein sequence). It contains 39% basic
amino acids but only 5% acidic ones resulting in a very
high positive net charge. The basic amino acids (17 lysines,
9 arginines and 3 histidines) are almost evenly distributed
throughout the sequence. A short stretch of hydrophobic
amino acid residues (...LLSALLLA...) is found close to the
carboxy-terminus (Fig. 2). Several lines of evidence indicate
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Fig. 2. DNA sequence of the region encoding VP1, VP2 and VP3 and the amino acid sequences of the three SSV1 proteins. The
first six nucleotides of the DNA sequence correspond to the EcoRI site indicated in Fig. 4A. Initiation codons for VP2 and VP3
and the three possible start codons for a VP1 precursor protein are underlined. Putative ribosome binding sites are indicated by small
cireles. Open circles correspond to the first and closed circles correspond to the second possible alignment given in Fig. 5. The 61 bp
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directly repeated DNA sequence is indicated by thick horizontal bars

that VP2 is tightly bound to SSV1 DNA (W.-D. Reiter
and R. Reinhardt, unpublished results).

Properties of VP1 and VP3
Both VP1 and VP3 are hydrophobic proteins consisting

of 73 and 92 amino acid residues, respectively. As for VP2 ethanol.

the sizes of VP1 and VP3 were deduced from the DNA
sequence, assuming that there are no introns within the
genes and that the proteins are not processed at their car-
boxy-termini. An extreme hydrophobicity is especially ap-
parent for VP1 that readily dissolves in 3:2 chloroform/
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Fig. 3. Homology between VP1 and VP3. Vertical lines between the aligned sequences indicate identical amino acid residues. Conservative
exchanges are marked by two dots. The following amino acids were considered to be similar: (I, L, V, F), (S, T), (D, E). The extremely
hydrophobic regions in VP1 and VP3 are indicated by horizontal bars and the amino acid residues that are encoded by the 61 bp

direct DNA sequence repeat are marked by crosses

0 1010 200 3[|]0 400 5[30 600 790 800 9[])0 1[]][][] 1190 bp

EcoRI
VP yP3 VP2
e |
A Clonel Clone 2
— 1420
=
= i
— 280

B 1 2

Fig. 4A, B. Northern analysis of transcripts derived from the region
encoding the SSV1 structural proteins. A Map position of M13
clones used as hybridization probes. The EcoRI site indicated on
the left separates the second largest and the third largest EcoRI
fragment of SSV1 DNA (see Yeats et al. (1982) for the restriction
map of SSV1). B Autoradiograph of nitrocellulose filters contain-
ing total RNA from SSV1-induced cells. The filters were hybridized
with clone 1 (lane 1) and clone 2 (lane 2). The numbers to the
right of lane 2 give the sizes (in bases) of DNA markers run in
parallel

The two proteins are highly homologous (Fig. 3).
Charged amino acid residues are only found at the amino-
termini and the carboxy-termini of the two polypeptides
(Fig. 3). The central regions of both VP1 and VP3 consist
of mostly hydrophilic but uncharged amino acids. This re-
gion is 18 amino acids longer in VP3 than in VP1, account-
ing for most of the size difference between the two proteins
(73 residues in VP1 vs 92 residues in VP3). Two extremely
hydrophobic regions consisting of about 20 amino acid resi-
dues each are located between the charged termini of VP1
and the central part of this polypeptide. A completely anal-
ogous situation is found in VP3 (Fig. 3). The alignment
of the hydrophobic regions that are close to the amino-
termini in the two proteins shows that there is a high degree
of functional homology, i.e. amino acids in corresponding
positions are similar in the two proteins and they are occa-
sionally identical (Fig. 3). The hydrophobic regions close

to the carboxy-termini of VP1 and VP3, however, are com-
pletely identical (Fig. 3). This surprising feature is the result
of a direct DNA sequence repeat encoding this part of the
two proteins (see below).

The organization of the genes encoding VPI1, VP2 and VP3

All three genes map on the second largest EcoR1 fragment
of SSV1 DNA (Yeats et al. 1982) and they are closely linked
in the order VP1-VP3-VP2 (Figs. 2 and 4A). The coding
strand is the same for the three genes (Fig. 2). It can be
safely assumed that the methionines that constitute the N-
terminal amino acid residue in both VP2 and VP3 corre-
spond to translational starts because there are no upstream
initiation codons before a stop codon is encountered. An
intergenic region of ten nucleotides separates the genes en-
coding VP1 and VP3, but there is only one nucleotide be-
tween the stop codon of VP3 and the initiation codon of
VP2 (Fig. 2). For VP1 the translational start is not known
since the N-terminal amino acid of this protein is a glutamic
acid residue and proteolytic cleavage of a precursor mole-
cule must therefore be assumed. Three possible initiation
codons are located upstream of the triplet encoding the
N-terminal glutamic acid before a stop codon is encoun-
tered (Fig. 2).

Ribosome binding sites

A comparison of the 3’-terminal sequence of Sulfolobus 16 S
rRNA with the sequences upstream of the genes encoding
VP2 and VP3 showed that there are two possible candidates
for ribosome binding sites for each gene (Figs. 2 and 5).
The anti-Shine-Dalgarno sequence of Sulfolobus sp. strain
B12 has been determined (P. Palm and B. Grampp, unpub-
lished data) and is identical to that of the related species
Sulfolobus solfataricus (Olsen et al. 1985). For both genes
one of the putative ribosome binding sites is located several
bases upstream of the translational start codon and the
other is directly adjacent to it (VP2) or one nucleotide up-
stream of it (VP3). As there is only a one nucleotide inter-
genic region between VP3 and VP2, one of the putative
ribosome binding sites for VP2 is located within the coding
region for VP3 and the other is centred around the VP3
stop codon (Figs. 2 and 5).

The analysis of putative Shine-Dalgarno sequences up-
stream of the three possible initiation codons for a VP1
precursor protein suggested that a GUG codon 13 amino
acid residues upstream of the actual N-terminus is the most
likely candidate for translation initiation. As for VP2 and
VP3 there are two candidates for ribosome binding sites
upstream of this GUG triplet (Figs.2 and 5). These se-
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VP1 (putative initiation site) : 1. A%Aﬁi :

1l
16S rRNA (reverse complement) T GIA[I-'» [IS I GATCCA
VP1  (putative initiation site) : 2. GAAGGTTCETG
VP2 (actual initiation site) : 1. G?A??A?TGATAT
16STRNA (reverse complement) T?LG?WHCCA
VP2 (actual initiation site} 2. AGGAGTGATATG
VP3 (actual initiation site) 1. WHG‘WTG
16SrRNA (reverse complement) TI lIEIIX?[Ii TGATCCA
VP3 (actual initigtion site) 2. TGAGGGATG

Table 1. Codon usage for the three SSV1 structural proteins

TGCTAGAAGGTTCGIG. ..

Fig. 5. Putative ribosome binding sites upstream
of the initiation codons of VP2 and VP3 and
upstream of a possible initiation codon for a
VP1 precursor protein. For all three proteins
two possible alignments (1. and 2.) with the
reverse complement of the 3’-end of the
Sulfolobus 16 S rRNA are shown. Vertical lines
indicate identical nucleotides. The initiation
codons are underlined

Amino acid Codon VP1 VP2 VP3 Total Amino acid Codon VP1 VP2 VP3 Total
Gly GGG - 1 1 2 Thr ACG — - 1 1
Gly GGA — — 1 1 Thr ACA 2 1 1 4
Gly GGU 3 1 2 6 Thr ACU 2 — 5 7
Gly GGC 2 1 1 4 Thr ACC 2 — 2 4
Glu GAG — 1 2 3 Asn AAU — — 3 3
Glu GAA 1 — 1 2 Asn AAC 5 — 3 8
Asp GAU - 1 - 1 Cys uGu - - -
Asp GAC 1 2 — 3 Cys UGcC - — - —
Val GUG 2 1 3 6 Tyr UAU 2 1 3 6
Val GUA 4 1 4 9 Tyr UAC 1 2 2 5
Xa} ggg ! 1 ; . Leu UuG 3 - 2 5
a - Leu UUA 3 2 3 8
Ala GCG 1 4 1 6 Leu CUG 1 2 — 3
Ala GCA 2 1 2 5 Leu CUA 3 1 2 6
Ala GCU - 1 1 2 Len CUU — 2 — 2
Ala GCC 1 1 1 3 Leu CcucC 3 2 1 6
Arg AGG — 3 3 Phe 91818 — 1 3 4
Arg AGA — 1 - 1 Phe uucC 3 — 2 5
Q;z o6 -2 -2 Gin cAG - - - -
Are cau ) - . Gln CAA 2 1 1 4
Arg cGC - 2 - 2 His CAU  — 1 —~ 1
Ser ucG _ _ 1 1 His CAC — 2 - 2
Ser UCA 1 1 2 4 Pro CCG 1 1 2 4
Ser UCcu — - 1 1 Pro CCA - - 1 1
Ser ucc — — 1 1 Pro CCU — — 1 1
Ser AGU - 2 2 4 Pro CCC 3 1 1 5
Ser AGC 2 - 1 3 amber UAG  — 1 - 1
Ile AUA 7 3 5 15 ochre UAA — — — -
Ile AUU — — 1 1 opal UGA 1 — 1 2
Met AUG — 3 1 4
Lys AAG 1 10 3 14
Lys AAA 1 7 - 8

quences are two and nine nucleotides away from the puta-
tive initiation codon.

A 61 bp direct repeat in the genes encoding VPI and VP3

A sequence of 61 nucleotides roughly corresponding to the
coding region for the stretch of hydrophobic amino acids
close to the carboxy-terminus of VP1 is exactly repeated

within the gene for VP3 where it encodes the carboxy-termi-
nal hydrophobic region of this protein (Fig.2). Thus
stretches of 20 amino acid residues ranging from positions
50 to 69 in VP1 and from positions 68 to 87 in VP3 are
completely identical in the two proteins (Fig. 3). Short
stretches of identical amino acids in corresponding posi-
tions of VP1 and VP3 are a general feature of these two
proteins but these short stretches of perfect amino acid ho-



mology are not encoded by identical nucleotide sequences
(Figs. 2 and 3).

The codon usage in VP1, VP2 and VP3

There is no apparent restriction in the codon usage for
the three SSV1 proteins. Though the G+ C content of SSV1
DNA is only 40%, not even a preference for A or U as
the third base in codons was found. The codon usage in
VP1, VP2 and VP3 is summarized in Table 1.

Transcription of the region encoding VP1, VP2 and VP3

As shown by Northern analysis, two mRNAs of 0.5 kb
and 1.0 kb map within the region encoding the three SSV1
structural proteins (Fig. 4). A probe comprising sequences
upstream of the VP1 gene (clone 1 in Fig. 4A) strongly
hybridizes to both transcripts whereas a probe containing
the coding region for VP3 and VP2 (clone 2 in Fig. 4A)
strongly hybridizes to the longer RNA but only weakly
to the smaller one (Fig. 4B). Clone 2 contains the “VP3
copy” of the 61 bp direct repeat and the hybridization of
this clone to the 0.5 kb RNA is probably primarily due
to the “VP1 copy” of this repeat being present in this small
RNA. S1 nuclease protection analysis indicates that both
RNAs have a common 5’-end mapping around nucleotide
48 (see Figs. 2 and 4 A for numbering) and that the smaller
RNA terminates within the T-rich region about 30 nucleo-
tides downstream of the VP3 initiation codon (unpublished
results from this laboratory). According to these mapping
data the longer RNA terminates about 40-50 nucleotides
downstream from the VP2 stop codon. From the relative
intensities of the hybridization signals using clone 1 as a
probe (Fig. 4) it can be concluded that the 0.5 kb RNA
is several times more abundant than the 1.0 kb RNA.

Discussion
The organization of the genes encoding VP1, VP2 and VP3

The genes for the three SSV1 structural proteins are closely
linked and coordinately expressed. In addition to a poly-
cistronic messenger coding for all three proteins there is
also an abundant monocistronic mRNA encoding VP1.
Since VP1 is the major coat protein, this pattern of tran-
scription appears to regulate the level of synthesis of the
individual structural proteins. The organization of genes
in polycistronic transcriptional units is a typical feature of
eubacteria but not of eukaryotes. A close linkage of protein-
encoding genes has also been found in methanogenic ar-
chaebacteria (Konheiser et al. 1984; Hamilton and Reeve
1985; Reeve et al. 1986) though a common transcript has
only been demonstrated in one case (Konheiser et al. 1984).

Ribosome binding sites

The conservation of the 3’-end of 16 S rRNA between eu-
bacteria and archaebacteria (Steitz 1978) and the faithful
translation of genes from methanogenic archaebacteria in
eubacteria (Wood et al. 1983; Bollschweiler and Klein 1982)
strongly indicates that translation initiation is controlled
by the same mechanism in both groups of organisms, i.e.
by a complementarity between the 3’-end of 16 S rRNA
and a sequence on the mRNA that is usually located several
bases upstream of the initiation codon (Shine and Dalgarno
1974).
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Two putative ribosome binding sites each have been
found upstream of the initiation codons of VP2 and VP3.
In both cases one of these sequences is located several bases
upstream of the initiation codon and the other one is either
directly adjacent to the AUG codon (VP2) or very close
to it (VP3). It cannot be determined at this time whether
this feature is of any importance for the initiation of transla-
tion in Sulfolobus. Since the genes encoding the SSV1 struc-
tural proteins are the first protein-encoding genes character-
ized for an archaebacterium belonging to the branch of
extreme thermophiles, no data for comparison are available
from closely related organisms. For methanogenic archae-
bacteria, however, the presence of putative ribosome bind-
ing sites has been investigated (Bollschweiler et al. 1985;
Cue et al. 1985; Hamilton and Reeve 1985). In each case
studied one single putative Shine-Dalgarno sequence was
found upstream of the corresponding start codon.

A 61 bp direct DNA sequence repeat within the coding region

Identical sequences of 20 amino acid residues in the car-
boxy-terminal hydrophobic regions of VP1 and VP3 are
encoded by identical DNA sequences of 61 nucleotides. It
is conceivable that some evolutionary pressure favours the
complete conservation of a certain region in two homolo-
gous viral proteins, but it is difficult to understand why
the corresponding DNA sequence should also be complete-
ly conserved. Third base exchanges should not be of any
selective disadvantage to the cell unless there is a restriction
in the codon usage. An analysis of the codon usage in VP1,
VP2 and VP3, however, showed that such a restriction does
not exist in Sulfolobus B12 (Table 1).

The presence of a sequence repeat within a coding region
inflicts severe limitations on the sequence and thus on the
properties of the encoded protein(s). Apparently these limi-
tations can be tolerated in the case of VP1 and VP3 as
these two proteins are generally very homologous. Though
it is very likely that this direct DNA sequence repeat has
a function in addition to its coding properties, all discussion
about such an additional function must remain speculative
at the moment. A possible role in regulation of translation,
in termination of transcription or in the processing of
mRNAs cannot be ruled out though inverted rather than
direct repeats are usually involved in these cases. A function
of this repeat in the regulation of replication must be con-
sidered though this would probably interfere with gene ex-
pression. Another possible role of the direct DNA repeat
is its involvement in the initiation of transcription. It is
known that enhancer elements of some eukaryotic viruses
contain long direct DNA sequence repeats that are usually
in a tandem arrangement (Dorsch-Hésler etal. 1985).
Though enhancers containing long direct repeats are usual-
ly found upstream of transcriptional starts, they can also
be effective in downstream positions (for review see Gluz-
man 1985). Almost nothing is known as yet about the regu-
latory elements that govern the expression of protein-en-
coding genes in archaebacteria. It has been found, however,
that there is a striking similarity between the eukaryotic
nuclear RNA polymerases and the RNA polymerases of
archaebacteria, especially those belonging to the branch of
extreme thermophiles that includes Sulfolobus (Huet et al.
1983). Therefore it appears to be an intriguing possibility
that some signal structures involved in the initiation of tran-
scription are also shared by these two groups of organisms.
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