Proc. Natl. Acad. Sci. USA
Vol. 77, No. 11, pp. 6376-6380, November 1980

Biochemistry

The capsid protein of Semliki Forest virus has clusters of basic
amino acids and prolines in its amino-terminal region
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ABSTRACT  The amino acid sequence of the capsid (C)
protein was deduced from the nucleotide sequence of the C
gene. This part of the viral 425 RNA genome was transcribed
into double-stranded ¢cDNA. The ¢cDNA was cloned in the
Escherichia coli x1776-pBR322 host-vector system and then
the base sequence was determined with the technique described
by Maxam and Gilbert. The amino acid sequence of the C pro-
tein shows a clustering of basic amino acids and prolines within
the first 110 amino acids.

Semliki Forest virus (SFV) is a simple membrane virus of the
alphavirus group. It has been used extensively as a model system
to study the structure and assembly of cellular membranes (1).
The virus particle consists of an icosahedral nucleocapsid sur-
rounded by a membrane. The nucleocapsid is a complex of
about 240 capsid proteins (C protein, M, = 30,000) (2, 3) and
a RNA molecule (42S), the viral genome (4). The membrane
consists of a lipid bilayer with about 240 external glycoprotein
spikes (5). Each spike contains three different glycopolypep-
tides: E1 (M, = 49,000), E2 (M, = 52,000), and E3 (M, =
10,000) (6, 7). The E2 polypeptide spans the membrane; there
are about 30 amino acid residues present on the internal side
of the viral membrane (8, 9).

The virus enters the host cell by absorptive endocytosis (10).
Inside the lysosomes of the cell, the low pH probably triggers
a fusion of the viral membrane with the lysosomal membrane
(10, 11). This allows the nucleocapsid to enter the cell cyto-
plasm, where the viral genome is uncoated so that it can act as
a mRNA for synthesis of polymerase molecules. The viral RNA
polymerase synthesizes new 42S RNA molecules and smaller
26S RNA molecules. The latter molecule is homologous to the
8’ end of the viral genome (12) and functions as a mRNA for
the SFV structural proteins, which are translated from a single
initiation site (13). The C protein is made first. As soon as it is
completed it is cleaved from the growing polypeptide chain,
and the ribosomes continue to read off the membrane proteins
in the order E3, E2, and E1 (8, 14). The membrane proteins are
cotranslationally translocated across the membrane of the en-
doplasmic reticulum and transported to the plasma membrane
(15, 16).

The assembly of the nucleocapsid in the cell cytoplasm is not
understood. Newly synthesized capsid proteins are known to
be associated with the large subunit of the ribosome before they
complex with the 42S RNA into nucleocapsids (17). The final
step in SFV assembly, budding, takes place at the cell surface
(18). The nucleocapsid binds to the cytoplasmic aspect of the
plasma membrane which folds around the nucleocapsid. In the
budding process the virus-spike glycoproteins are included into
the viral membrane, whereas the host proteins are excluded
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from the virus. This specificity can probably be explained by
the formation of bonds between the C protein in the nucleo-
capsid and the spanning segments of the spike glycoproteins
9).
A more detailed understanding of SFV structure and as-
sembly at the molecular level is difficult without the knowledge
of the amino acid sequences of the structural proteins. We re-
port here the primary structure of the C protein.

MATERIALS AND METHODS

Materials. Oligo(dT)-cellulose (T3) was from Collaborative
Research (Waltham, MA). All isotopes were purchased from
Radiochemical Centre (Amersham, England). Restriction en-
donuclease Xho I and Ava I were from P-L Biochemicals. Cla
I, HindIIl, Hindll, Alu 1, Pst I, and BamHI were from
Boehringer. Hpa 11, Hha 1, Hinfl, Hae 111, Sau 1, Taq I, and
EcoRI were gifts from V. Pirrotta. Reverse transcriptase was
generously provided by J. Beard. DNA polymerase was a gift
from W. McClure. S1 nuclease and T4 polynucleotide kinase
were prepared as described (see ref. 19).

Isolation of RNA. The 42S RNA was isolated from purified
virus particles. SFV (5 mg of protein) was dissociated in 5 ml
of 10 mM Tris, pH 7.4/10 mM NaCl/1.5 mM MgCl;/1% Na-
DodSO4. The clear solution was extracted twice with redistilled
phenol/chloroform/isoamyl alcohol, 2.4:2.4:0.1 (vol/vol). The
RNA in the waterphase was precipitated with ethanol and
dissolved in HoO (1 mg/ml).

The 26S RNA was isolated from infected BHK-21 cells.
Thirty Falcon bottles (75 cm?) with a monolayer of BHK-21
cells were infected with SFV at about 100 plaque-forming units
per cell (20). The cells were cooled on ice 6 hr after infection,
and a cytoplasmic extract was prepared as described (21). This
extract (=25 ml) was made 2% in NaDodSOy and then diluted
to 100 ml with 10 mM Tris, pH 7.4/50 mM NaCl. After ex-
tracting twice with phenol/chloroform/isoamyl alcohol, 48:48:2
(vol/vol), the nucleic acids in the water phase were precipitated
and taken up in 10 mM Tris, pH 7.4/1 mM EDTA/0.1% Na-
DodSO4. From this preparation poly(A)-containing RNA
molecules were isolated by chromatography on oligo(dT)-cel-
lulose (22) and fractionated further on a 10-30% (wt/vol) su-
crose gradient (23). The RNA in the 268 fraction was collected,
precipitated, and dissolved in HoO (=1 mg/ml). Al RNA
samples were stored at —70°C.

Preparation of Double-Stranded cDNA. About 10 ug of 425
RNA was used as template for cDNA synthesis. The procedure
to prepare double-stranded (ds) cDNA has been described (19).
For colony hybridizations (see below) single-stranded (ss) cDNA
that contained one 32P-labeled nucleotide was used.

Molecular Cloning. The ds cDNA was inserted into the

Abbreviations: SFV, Semliki Forest virus; C, capsid; ds, double
stranded; ss, single-stranded; kb, kilobase; bp, base pair.
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Pst 1 site of the plasmid pBR322 by using the oligo(dG-dC)-
tailing procedure described by Réwekamp and Firtel (24).
Escherichia coli x1776 was transformed with the hybrid
plasmid (25) in a P3 physical containment laboratory at the
European Molecular Biology Laboratory. After growth the
colonies were hybridized against 32P-labeled ss cDNA from 425
RNA to detect chimeric plasmids (26). Several strongly hybri-
dizing colonies were found. These were screened for length of
the hybrid plasmid by using the miniscreening technique of
Barnes (27). The clones containing the longest hybrid plasmids
were then grown in 1-liter cultures. Hybrid plasmids were
purified from these clones either by chromatography on hy-
droxyapatite (28) or by equilibrium centrifugation in dye/CsCl
gradients. E. coli tRNA, which still contaminated the plasmid
fraction, was removed by gel filtration. All plasmid preparations
were stored at —30°C in HzO (1 mg/ml).

This work was done in accordance with the German guide-
lines for recombinant DNA research.

Characterization of Hybrid Plasmids. A preliminary
characterization of the insert in the hybrid plasmid was made
with electron microscopy. The insert was cleaved from the
vector with Pst I and isolated by electrophoresis on an agarose
gel (see below). Purified inserts were then denatured and hy-
bridized to 42S or 26S RNA in a buffer containing 80% (vol/vol)
formamide (29). The nucleic acids were treated with gene 32
protein of the T4 phage and adsorbed to mica sheets (30). The
length of the insert molecule and its location (that is, its distance
from the 3’ end of the RNA molecule) were measured. Values
in base pairs were obtained by comparison to the DNA of phage
PM 2 as an internal standard [10 kilobases (kb)] or to in vitro
transcripts of phage T7. A molecular weight of 4.2 X 106 was
found for the 42S RNA. This corresponds to 12.7 kb.

Mapping with restriction endonucleases was done as de-
scribed by Smith and Birnstiel (32). The digestion conditions
for the various restriction endonucleases were as follows: 10 mM
Tris, pH 7.5/10 mM MgClp/10 mM dithiothreitol was used
with Xho 1, Ava 1, Hinfl, Hpa 11, Hae 111, Hha 1, Sau 1, and
BamHI. The MgCl; concentration was lowered to 2 mM for
digestion with Taq 1. NaCl (50 mM) was included in the buffer
for digestions with HindIl, HindIIL, Pst 1, Alu I, and Cla I; 100
mM NaCl, was included in digestions with EcoRI The incu-
bation temperature was 70°C for Taq I, 30°C for Pst I, and
87°C for the rest. Partial digestion products of the end-labeled
DNA molecule were obtained by transferring one fourth (2.5
ul) of the reaction volume at 5, 15, 30, and 60 min to 10 ul of
40 mM Tris, pH 7.8/5 mM sodium acetate/0.1 M EDTA/2.5%
glycerol/ 0.025% bromphenol blue. The amount of enzyme

added was calculated to give a nearly complete digestion in 60

min.

Nucleotide Sequence Determinations. DNA fragments
were end-labeled with 32P and the sequence was determined
by using base-specific chemical cleavages as described by
Maxam and Gilbert (33). The polynucleotide kinase reaction
was used to label 5’ termini with 32P. Recessive 3’ ends of DNA
fragments were labeled in reactions with DNA polymerase and
[32P]deoxynucleoside triphosphates (34). End-labeled fragments
were isolated by agarose gel electrophoresis and subsequent
electroelution into hydroxyapatite as described by Tabak and
Flavell (35). The two strands of the labeled DNA fragments
were dissociated in 0.3 M NaOH (10 min at 37°C) and sepa-
rated by electrophoresis in 6% (wt/vol) polyacrylamide gels (20
X 40 cm) (86). The front plate was cooled to 2°C. After elec-
trophoresis at 300 V for 10 hr, the bands were located by au-
toradiography, appropriate zones were cut from the gel, and
the DNA was eluted by shaking the gel pieces at 37°C for 12
hr in 0.5 ml of 40 mM Tris, pH 7.8/5 mM sodium acetate/1

mM EDTA.
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FiG. 1. Electron micrograph of 42S RNA hybridized to the SFV
c¢DNA insert of pBR SFV 3 isolated after cleavage with Pst 1. The ds
hybrid region appears as a thin thread in comparison with the ss re-
gion complexed with gene 32 protein.

End-labeled DNA samples that had gone through five
base-specific cleavage reactions (G, G+A, C+T, C, and C+A)
were analyzed on sequencing gels essentially as described (37).
The thickness of the gel was reduced to 0.2 mm. In some runs
the temperature of the gel was kept at 70°C by using a plate
heated with water instead of one of the normal glass plates.
Before autoradiography the gel was fixed in 10% acetic acid for
10 min and dried in an oven at 70°C. In order to make handling
of the thin gel easy, it was covalently bound to one of the glass
plates by treating this with a silane mixture before casting the
gel (unpublished data).

The nucleotide sequences read from the gels were overlapped
by using a computer program that will be described else-

where.
RESULTS

Characterization of a Clone Containing the C Gene.
Electron microscopic measurements on hybrids between the
recombinant plasmid DNA and SFV RNA suggested that one
of the plasmids, pBR SFV 3 contained the entire C protein gene.
Length measurements of the insert molecule when hybridized
to 42S RNA (Fig. 1) indicated that it contained about 1600 bases
and that its 5’ end was located some 2800 bases from the 3’ end
of the 425 RNA molecule. Hybridization against 26S RNA (Fig.
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FI1G. 2. Electron micrograph of 26S RNA hybridized to the SFV
c¢DNA insert of pBRSFV 3.
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FI1G. 3. Analysis of end-labeled partial digestion products of pBR SFV 3 on a 1.4% agarose gel (20 X 40 cm; 1.5 mm thick). The enzymes
used are indicated at the top. The small and the large Pst I fragments of pBR SFV 3 mark the limits of the insert region. Approximate lengths
in base pairs (bp) were calculated by using the Hae III partial digestion products of end-labeled pPBR322 (right lane) as standard lengths

(31).

2) showed that the length of the hybrid region was about 250
bases shorter than the hybrid region in 42S RNA. There was a
short and a long stretch of unhybridized nucleic acid on the
sides. The shorter stretch was about 250 bases long and the
longer stretch was about 2800 bases long. These results suggest
that the inserted DNA of pBR SFV 8 includes about 1400 bases
of the 5’ end of the 26S RNA and in addition some 250 bases
adjacent to the 26S RNA region on the 425 RNA. The coding
region for the C protein should be totally included in this insert
(18, 14).

The cleavage sites for various restriction endonucleases were
mapped on the pBR SFV 3 insert using the procedure as de-
scribed (32). The hybrid plasmid was linearized with Cla 1,
end-labeled using the polynucleotide kinase reaction, and re-
cleaved with HindIIl. HindIlI cleaved the DNA six bases to
the right of the Cla I site on the vector portion of pBR SFV 3
(88). This resulted in a DNA molecule with a single label 750
bases away from the insert region. Fig. 3 shows the partial di-
gestion pattern of end-labeled pBR SFV 3 when treated with
several different restriction endonucleases and analyzed on a
vertical agarose gel. The products migrating faster than the
small Pst I fragment or slower than the large Pst I fragment
were derived from cleavages outside the insert region. Fig. 4
shows the restriction enzyme map of the pBR SFV 3 insert. The
map is based on several partial and complete digestion exper-
iments and on the nucleotide sequence.

Fragments for sequence determination were generated from
PBR SFV 3 by the following series of digestions. (i) Cut with
Xho 1, label, recut with Cla 1, and isolate the 1920-bp fragment.
(#) Cut with Ava I, label, recut with EcoRI, and isolate the 596-
and 216-bp fragments. The sequence of the 216-bp fragment
was determined after strand separation. (i) Cut with EcoRI,

Xho 1
Ava I\
]E}coffltl
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Taq j

N 1 A i
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FIG. 4. Restriction endonuclease map of the pBR SFV 3 insert.
The cleavage sites present within the first 200 bases have been
omitted. The arrows indicate stretches of DNA in which the sequence
of both strands have been determined.

label, recut with Xho I, and isolate the 947-bp fragment. (iv)
Cut with Hinfl, label, recut with Cla I, and isolate the 1447-bp
fragment or recut with Xho I and isolate the 473-bp fragment.
(v) Cut with Taq I, label, recut with HindII, and isolate the
881-bp fragment. The Cla I and the HindII sites were located
on the vector part of the hybrid plasmid. The base sequence
from the left EcoRI site to the Xhol site is shown in Fig. 5.
Amino Acid Sequence of the C Protein. Translation of the
base sequence into amino acid sequences in all three reading
frames showed that only one of the reading frames was open
throughout. The second reading frame contained 10 nonsense
codons, and the third reading frame contained 12. This sug-
gested that reading in frame one gives the correct amino acid
sequence. In the beginning of this sequence (Fig. 5) there was
a Met-Asn dipeptide. This must represent the amino terminus
of the C protein because the same peptide had been found to
be labeled with formyl [35S]methionine from initiator tRNA
in C protein made in vitro from the 26S RNA (13). The car-
boxy-terminal tryptophan (39) was 267 amino acids further
along the chain just before the amino terminus of the E3 protein

Table 1. Amino acid composition of the C protein*

From sequence  Experimental’

Lys 36 33.9
His 7 7.0
Arg 15 13.8
Asp 12

Asn 10 } 215
Thr 16 15.7
Ser 10 11.1
Glu 11

Gln 15 } 281
Pro 23 22.1
Gly 20 24.5
Ala 23 23.5
1/2 Cys 4 44
Val 19 17.2
Met 8 7.0
Ile 11 10.5
Leu 9 10.2
Tyr 7 6.7
Phe 6 6.4
Trp 5 2.7

* M, = 29,828,

t Ref. 2.
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F1G. 5.
acid sequence for the C protein beneath.

GTA

(unpublished data). Table 1 shows the amino acid composition
and M. of the C protein as calculated from the amino acid se-
quence. The values are very close to those found experimentally
(2). After this work was completed, Boege et al. (40) reported
the amino acid sequence and composition data of several tryptic
peptides derived from the SFV C protein. Their data are ac-
commodated within our nucleotide sequence.

The sequence of the 267 amino acids in the C protein shows
a striking clustering of basic amino acids and proline within the
first 110 residues of the protein (Fig. 5). This segment includes
21 lysine residues, 9 arginine, and 16 proline. Only three as-
partic acids and one glutamic acid are present within this re-
gion. The first basic cluster is an arginine pair at positions 12
and 13. This is followed shortly by three Arg-Pro sequences.
There is a Arg-Pro-Pro-Lys-Pro-Lys-Lys-Lys-Lys sequence
starting at position 63. Close to this sequence there is a Lys-
Pro-Lys-Pro-Lys sequence starting at position 74 and a Pro-
Lys-Lys sequence starting at position 81. Three lysines are
found at positions 92-94 and five lysines and one proline at
positions 100-105. The carboxy terminus is acidic. Three glu-
tamic acid residues are found within the six last residues. The
rest of the polypeptide chain shows a relatively even distribution
of basic and acidic amino acids.

DISCUSSION

The C protein plays a fundamental role in the assembly of the
SFV particle. At least three interactions are of importance: in-
teractions between C protein subunits, between C proteins and
the 42S RNA, and between C proteins and the virus spike gly-
coproteins. Newly made C proteins bind rapidly to 42S RNA
molecules in the cytoplasm of infected cells. A complex of one
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TAC ATC CCT ACG CAA ACG TTT TAC GGC CGC CGG TGG
TYR ILE PRO THR CLN THR PHE TYR GLY ARG ARC TRP (14)
ACT CCG GTG GCT CCC GTC GTC CCC GAC TTC CAG GCC
THR PRO VAL ALA PRO VAL VAL PRO ASP PHE GLN ALA (39)
ACA ATG ACA CAG AAC GCA ATT GCT CCT GCT AGG CCT
THR MET ARG GLN ASN ALA ILE ALA PRO ALA ARG PRO (64)
AAA ACC CAG CCC AAG AAG ATC AAC GGA AAA ACG CAG
LYS THR GLN PRO LYS LYS ILE ASN GLY LYS THR GLN (89)
AAG AAA CCC GCA AAA AGA GAA AGA ATG TGC ATG AAG
LYS LYS PRO CLY LYS ARG CLU ARC MET CYS MET LYS (]14)
AAG GTC ACT GGG TAC GCC TGC CTG GTG GGC GAC AAA
LYS VAL THR CLY TYR ALA CYS LEU VAL CLY ASP LYS (]39)
GCG CAC CTG GCA AAG CTA GCT TTC AAG AAA TCG AGC
ALA ASP LEU ALA LYS LEU ALA PHE LYS LYS SER SER (]64)
AGG TCG GAT GCC TCA AAG TAC ACG CAT GAG AAG CCC
ARG SER ASP ALA SER LYS TYR THR HIS CLU LYS PRO (189)
ACC GCA CCT AGG TTC ACT ATA CCC ACA GCA GCG GGC
SER CLY GLY ARG PHE THR ILE PRO THR GLY ALA GLY (214)
GGG AGG GTA GTC GCT ATC GTC CTG GGC GGG GCC AAC
CLY ARG VAL VAL ALA ILE VAL LEU GLY GLY ALA ASN (239)
AAA GAT ATG GTG ACT AGA GTG ACC CCC GAG GGG TCC
LYS ASP MET VAL THR ARG VAL THR PRO GLU GLY SER (264)
CTT GCC AAT GCT ACC TTC CCG TGC TTC CAG CCC CCG
CTA CGG ATG €

The nucleotide sequence from the left EcoRI site to the Xho I site (see Fig. 4) on the pBR SFV 3 insert, with the deduced amino

RNA molecule with its complement of C proteins folds to form
the icosahedral nucleocapsid. Empty capsids have not been
detected in the infected cell. Apparently the C proteins cannot
self-associate to form the capsid shell. Binding to the RNA seems
necessary for nucleocapsid assembly. After the nucleocapsid
has been assembled, it diffuses to the plasma membrane, where
it probably becomes bound to the cytoplasmic domains of the
virus spike glycoproteins that are spanning the plasma mem-
brane (9). The surface-bound nucleocapsid then acts as a tem-
plate for the budding process, ensuring incorporation of the
virus spike glycoproteins into the budding segment of the
plasma membrane. Each C protein is postulated to have one
binding site for the virus spike glycoproteins, and when all the
binding sites on the C proteins of the nucleocapsid are filled,
the virus particle is released into the extracellular medium.

Before a virus can infect a host cell and start a new round of
virus replication, most of the C protein interactions established
during assembly of the virus particle have to be disrupted. This
presumably takes place after the virus has entered the lysosomes
by adsorptive endocytosis (10, 11). It is possible that the acid
pH of the lysosomes not only causes fusior of the SFV mem-
brane with the lysosomal membrane but also destabilizes the
protein—protein and the protein-RNA interactions of the C
protein. The SFV nucleocapsid undergoes a conformational
change upon treatment with slightly acidic buffer (pH 6.0) (41).
Whether this structural change induces uncoating is not
known.

The striking feature of the primary structure of the SFV C
protein is the clustering of basic amino acid residues (lysine and
arginine) with proline within the first 110 amino acid residues
from the amino terminus of the protein. We suggest that these
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clusters are involved in RNA binding in the SFV nucleocapsids.
The abundant basic side chains offer charges for salt bridges
with phosphate groups in the RNA. Clusters of basic amino acid
residues and proline have also been found in histone H1 from
sea urchin (42) and to a lesser extent in other histone proteins
(43). It is interesting in this context that histone~DNA complexes
dissociate at low pH, the HI histone being the first removed (50).
A Pro-Lys-Arg-Lys sequence and a Pro-Arg-Pro sequence are
also present in the amino-terminal region of the polyoma virus
VP1 protein (44). A Pro-Lys-Lys-Pro-Lys sequence is found in
the corresponding region of the SV40 virus VP1 protein (45).
VP1 is the major protein component in the icosahedral nucle-
ocapsid of these viruses. In the carboxy-terminal region of the
core antigen from hepatitis B virus, the sequence Ser-Pro-(Arg)s
occurs three times, and there is a double repeat of the sequence
Ser-Pro-(Arg)4-Ser-Gln (46).

There is evidence that suggests that RNA-protein interactions
are of major importance in stabilizing the SFV nucleocapsid.
The RNA in the nucleocapsid is sensitive to low concentrations
of RNase. Such treatment leads to considerable shrinkage of the
nucleocapsid and to disruption of the nucleocapsid structure
at higher RNase concentrations (47). The nucleocapsid is also
sensitive to concentrations of NaDodSQy that are considerably
lower than those normally needed to disrupt protein—protein
interactions (48). A number of plant viruses, of which cucumber
mosaic virus is the prototype, show similar sensitivity to RNase
and NaDodSOj (49). It has been suggested that these viruses
are stabilized mainly by RNA-protein interactions. It will be
interesting to see whether the primary structures of the coat
proteins from these viruses also possess extensive clusters of basic
amino acids and prolines.
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