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The E2 spike glycoprotein of Semliki Forest virus is produced as a p62 precursor protein, which is cleaved
by host proteases to its mature form, E2. Cleavage is not necessary for particle formation or release but is
necessary for infectivity. Previous results had shown that phenotypic revertants of cleavage-deficient p62
mutants are generated, and here we show that these may contain second-site suppressor mutations in the
vicinity of the cleavage site. These hot-spot sites were mutated to abolish the generation of such suppressor
mutations; however, secondary mutations in another distant domain of the E2 protein appeared instead, all of
which still caused cleavage-deficient mutations. Such mutants grew very poorly and were inefficient in virus
entry and release. The mutated sites define domains of the spike protein which probably interact to regulate
its structure and function. Because of their highly attenuated phenotype and the lower probability of reversion,
the new mutations close to the cleavage site were used to make new helper vectors for packaging of recombinant
RNA into infectious particles, thus increasing further the biosafety of the vector system based on the Semliki
Forest virus replicon.

Incorporation of transmembrane spike glycoproteins into
viral envelopes is a prerequisite for particle infectivity. How-
ever, since the spike proteins contain fusion peptides, which
are not to be exposed and utilized before the virion encounters
a new host cell, many viruses initially synthesize their spike
proteins in a fusogenically inactive precursor form. On their
way from the endoplasmic reticulum to the cell surface, these
precursors mature by cleavage (10, 56). This cleavage is per-
formed by host cell furin-like proteases in the trans-Golgi or
post-Golgi compartment (46, 48) and occurs either at motifs of
basic di-, tri-, or tetrabasic residues or, more commonly, after
(R/K)X(R/K)R or RXXR sequences (43). The sequence
RXXXXR may also be used for cleavage (35).

The alphaviruses (family Togaviridae) are enveloped viruses
harboring a nonsegmented positive-strand RNA genome (42,
45). The virion has a T 5 4 icosahedral symmetry and is
composed of 240 copies of the capsid monomer encapsidating
a single molecule of the positive-strand RNA. The nucleocap-
sid (NC) is surrounded by an envelope containing 240 copies of
the transmembrane glycoproteins E2 and E1, which, in com-
plexes of three E2E1 heterodimers, form the viral spikes (4,
11). The spike proteins are synthesized as a polyprotein pre-
cursor on the endoplasmic reticulum membrane, which is
cleaved to p62 (precursor of E2) and E1 by signal peptidase
cleavage (26). The proteins heterodimerize in the ER (58),
after which they are transported to the cell surface by the
exocytic pathway. During this transport, p62 is cleaved to E2
and E3 by host furin-like proteases (8, 54). The E3 fragments
of Semliki Forest virus (SFV) and Sindbis virus (SIN) are 66
and 64 amino acids long, respectively. In SFV, E3 remains part

of the mature virion (13), whereas it is shed from the spike in
SIN (55).

Cleavage of the SFV p62 precursor protein occurs after the
sequence RHRR, but it can be abolished by mutation of this
motif to either RHRL (29, 40) or SHQL (2). Such mutations
do not hamper virus assembly and release but are severely
impaired in virus binding and entry into new cells. Similar
observations, although not distinguishing the exact defective
event, have been made for SIN (9, 19, 54) and Venezuelan
equine encephalitis (VEE) virus (5) mutants. Infectivity can,
however, be restored by distortion of the spike structure (18,
30, 39, 51, 52), by in vitro protease cleavage (21, 29), or by
low-pH treatment (40).

A series of expression vectors based on the SFV replicon
were previously constructed, which allow cloning of foreign
sequences as part of the SFV replicon replacing the sub-
genomic RNA portion of the genome. For packaging of such
recombinant RNAs into infectious virus particles, a helper
vector was made in which the replicase region was deleted but
which carried the structural genes (27). Although such helper
RNA, when cotransfected with recombinant RNA into cells is
not packaged into particles (due to lack of packaging signal),
small amounts of wild-type SFV, which stem from amplifica-
tion of vector-helper recombinants in the culture, could be
recovered. To prohibit the amplification of these recombi-
nants, a new helper was created which harbored mutations
(SHQL) at the p62 furin cleavage site, thus rendering particles
noninfectious unless activated by chymotrypsin treatment in
vitro. While the SHQL mutations did not reduce the frequency
of recombination itself, they efficiently prohibited the spread of
wild-type virus to the extent that no such particles have been
found to date. The SHQL mutation was also tested in the
context of the full-length cDNA clone of SFV and turned out
to be severely attenuated (2).

In our previous study, we found that transfection of full-
length SFV RNA harboring the cleavage-deficient SHQL mu-
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tation resulted in production of phenotypically revertant virus
that appeared as microplaques with a frequency close to 1026

(for unactivated virus) (2). In this study, we have further char-
acterized such revertants and found that they were second-site
escape mutations accumulated in the vicinity of the furin cleav-
age site. A similar observation was made earlier when an
RHRL mutant was tested in mice and found to be severely
attenuated but not fully avirulent (14), suggesting the presence
of infectious revertants. We reasoned, therefore, that it should
be possible to engineer less leaky variants by mutating the hot
spots, thus abolishing or at least severely reducing the possi-
bility of new suppressor mutations. Such constructs, if tight,
would be useful in creating an even safer helper construct for
packaging of recombinant RNA into SFV particles (2, 27). We
show here that the new mutants indeed remained cleavage
deficient; however, other mutations located at a significant
distance from the original cleavage site still appeared, albeit at
low frequency.

MATERIALS AND METHODS

Cells, viruses, and antibodies. Baby hamster kidney (BHK-21) cells were
cultured in either Glasgow minimal essential medium (MEM) supplemented
with 5% fetal calf serum, 10% tryptose phosphate broth, 2 mM glutamine, and
20 mM HEPES (Life Technologies, Inc., Paisley, Scotland) or MEM with Earl’s
salts supplemented with 0.2% bovine serum albumin, 2 mM glutamine, and 20
mM HEPES. SFV was derived from the pSFV4 infectious clone plasmid (28).
Packaging of in vitro-produced viral RNA into infectious particles has been
described previously (2, 27). Antibodies were used as mouse ascites preparations.
The anti-E1 monoclonal antibody K-22/98 was a kind gift from A. Salmi (De-
partment of Virology, University of Turku, Turku, Finland). It recognizes E1 in
both free form and heterodimeric form with p62/E2 (1).

Viral genome sequencing by reverse transcriptase PCR (RT-PCR). Plaque
purification, virus amplification, RNA extraction, and sequencing were done as
previously described (57). The oligonucleotides used for first-strand synthesis
were 59-gttatatgccattgcttaccc-39 (nucleotides [nt] 11237 to 11257) and 59-cggta
gcttcggacctgaccgc-39 (nt 8525 to 8546).

Construction of mutants. Site-directed mutagenesis was performed by the
method of Kunkel et al. (25) or by PCR (36). Briefly, the EcoRI fragment (nt
1301 to 2656) from plasmid pSFV-Helper 1 (27) modified around the p62
cleavage site as described previously (2) was cloned into the phagemid vector
pBK (Stratagene, La Jolla, Calif.) by standard procedures (41). Single-stranded
template was prepared as specified by the manufacturer and used for site-
directed mutagenesis as described previously (26). The mutagenized EcoRI
fragments were recloned back to the original pSFV-Helper 1 plasmid. The same
mutations were generated in pSFV4 (28) with the unique BglII (nt 6715) and NsiI
(nt 8927) restriction endonuclease sites. Mutants SHQL I244 and SHQL K244
were generated by the previously mentioned PCR mutagenesis protocol. The
primers used were 59-tactggcaaagtgccaccg-39 (nt 8721 to 8739) and 59-ttttgccgtg
gatgacggtt-39 (nt 9237 to 9257) as the 59 and 39 primers, respectively. The
mutagenic primers were 59-ttcgtcccga(a/t)agccgacgaa-39 (nt 9140 to 9160). The
PCR products were cloned into pSFV4 via the unique Sse8337I (nt 8749) and
BssHII (nt 9227) restriction sites. All the constructs were sequenced to verify the
presence of the mutations by cycle sequencing by using the Dyedeoxy terminator
method as specified by Applied Biosystems and run on an automated DNA
sequencer (ABI 373A; Applied Biosystems).

Metabolic labelling. [35S]methionine-labelled wild-type and mutant SFV were
prepared as previously described (31). Briefly, in vitro-transcribed viral RNA was
used to transfect BHK-21 cells by electroporation as previously described (28).
At 6 to 7 h postelectroporation, the medium was replaced with [35S]methionine-
containing MEM supplemented with 1% fetal calf serum at 200 mCi/ml (.1,000
Ci/mmol; Amersham) and incubation was continued overnight. The supernatant
was clarified from cell debris by low-speed centrifugation, and virus was pelleted
through a 20% (wt/wt) sucrose cushion in TNE buffer (50 mM Tris-HCl [pH 7.4],
100 mM NaCl, 0.5 mM EDTA) in an SW28 Beckman ultracentrifuge rotor for 90
min at 25,000 rpm. The viral pellet was resuspended in TNE buffer and kept at
280°C. For pulse-chase assays, transfected BHK-21 cells were labelled 8 to 9 h
posttransfection.

Packaging of recombinant viral genomes. Packaging of recombinant viral
genomes with the SFV-helper viruses constructed in this work was performed as
previously described (27).

Binding and internalization assays. Binding and internalization of [35S]me-
thionine-labelled SFV on BHK-21 cells were performed as previously described
(31, 53). Briefly, 80% confluent monolayers were incubated on ice with virus at
a multiplicity of infection of 10 to 20, in MEM-bovine serum albumin medium for
1 to 2 h with continuous shaking. Unbound virus was removed by washing the
cells twice with cold medium. Binding was assayed, after solubilization in 1%
Nonidet P-40-containing buffer, by scintillation counting (1214 Rackbeta

counter; LKB Wallac). The input amount was always in good agreement with the
sum of the bound and washed viral levels. Internalization was initiated by incu-
bation at 37°C for the required time intervals. Uninternalized virus was removed
by treatment with proteinase K (0.5 mg/ml in phosphate-buffered saline).

Immunoprecipitation analysis. Cell lysates were incubated with the antibody
for 3 h at 4°C with continuous shaking. Immune complexes were precipitated
with protein A-Sepharose (Pharmacia Biotech, Uppsala, Sweden), analyzed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
visualized by fluorography. When necessary, protein levels were quantified by
phosphoimager analysis on a FUJI BAS2000 instrument.

Stability of the heterodimer. The buffers used to generate the different pH
values were as previously described (40). Purified viral particles were incubated
in the respective buffer for 10 min on ice. After immunoprecipitation with the
anti-E1 monoclonal antibody, protein samples were analyzed by SDS-PAGE.

RESULTS

Isolation of infectious revertants of the SHQL isolate. The
p62 spike glycoprotein of SFV is normally cleaved after the
RHRR motif (Fig. 1). Previous characterization of the non-
cleavable SHQL mutant, which as such is noninfectious, had
shown that replicative virus was generated at a frequency of
about 1026 but that plaques of such virus were quite small (2).
To analyze the genotype of such revertants, a plaque assay was
used by plating virus particles onto BHK cells at a multiplicity
of infection of 5. Plaques were scored after 48 h, and individual
plaques were picked and further passaged on BHK cells for the
production of small virus stocks. To determine whether the p62
precursor protein of these isolates had converted to a cleavable
form, infected BHK cells were pulse-labelled and the p62/E2
and E1 spike proteins produced were analyzed by SDS-PAGE.
Figure 2A shows the profiles of two such isolates, both of which
produce an uncleaved p62 protein. To determine the genotype
in the E3/E2 cleavage region, the RNA from 20 isolates was
prepared and sequenced by RT-PCR. Most of the revertants
(14/20) harbored a single base substitution, resulting in an
H-to-R mutation at position 64 of E3 (mutant SHQL R64)
(Fig. 1). One isolate was a double mutant, with an H-to-R
mutation at position 64 of E3 and a Q-to-R mutation at posi-
tion 4 of E2 (mutant SHQL R64/R4), and two isolates had the
T-62 residue in E3 changed to an R (mutant SHQL R62). One
isolate had three R residues inserted at the cleavage site be-
tween E3 and E2 (mutant SHQL RRR), and two isolates had
the same insertion plus the S residue at position 1 of E2
changed to R (mutant SHQL RRR/R1), creating a string of
four R residues.

To determine the phenotype of these mutants in a clean
background, the mutations were reconstructed into the paren-
tal pSFV4-SHQL clone. Full-length viral RNA was produced
in vitro by SP6 transcription and subsequently transfected into
BHK-21 cells, and the metabolically labelled proteins were
analyzed by SDS-PAGE (Fig. 2B). The SHQL R64 and SHQL
R64/R4 mutations did not result in p62 cleavage (Fig. 2B, lanes
1 and 2), while the presence of the mutation leading to a string
of either three or four R residues (SHQL RRR and SHQL
RRR/R1) resulted in full and partial p62 cleavage, respectively
(Fig. 2B, lane 3 and 4). The SHQL R62 mutation did not result
in p62 cleavage but produced a slightly smaller p62 protein
(Fig. 2B, lane 5). This was probably due to loss of a sugar
group, since the mutation disrupted the motif N-60/T-62 in E3,
a site known to become glycosylated (12).

New variants of SHQL. Since most of the infectious rever-
tants represented single base substitutions leading to single
amino acid changes, we attempted to create less leaky SHQL
variants by introducing secondary mutations that would dimin-
ish the probability of such conversions by requiring at least two
simultaneous base changes. We also wanted to avoid the pos-
sibility that combinations of mutations in the region would
allow furin-type enzymes to cleave the protein. The furin fam-

2826 TUBULEKAS AND LILJESTRÖM J. VIROL.



ily of proteases cleave at either RXXR or RXXXXR motifs,
and such motifs had been created by the SHQL R64 mutation
in combination with wild-type residue R59 or by the SHQL
R62 mutation in combination with wild-type residue R59. The
reason why these particular mutants were not cleaved could be
that the site was not accessible for the enzyme, but there was
a risk that new mutations in this region might change the
conformation of the protein and thus allow cleavage. For these
reasons, we chose to make three new variants of SHQL, one in
which H64 was changed to S (SHQL S64), one in which T62
was changed to S (SHQL S62), and one in which R59 was
changed to G (SHQL G59). The S and G substitutions were
chosen because other alphaviruses have such residues in the
corresponding positions (45).

RNA from the new clones was produced in vitro and trans-
fected into BHK-21 cells which were then metabolically la-
belled, and the lysates were analyzed directly by SDS-PAGE
(Fig. 3). All new variants produced an uncleaved p62 protein
with the same apparent size as p62 from the SHQL variant. To
determine whether the mutations had any effect on virus as-
sembly and release from cells, transfected cells were labelled
for 30 min and chased for 3 h to determine the kinetics of virus
release (Fig. 3). Quantitation showed that all the variants re-
leased about 30% of the labelled material into the growth
medium at the end of the 3-h chase, which was the same
amount produced by both wild-type and SHQL virus, suggest-
ing that the new mutations had not affected the virus assembly
process.

To test whether the new variants reverted to the replicative
form, virus stocks were prepared and used to infect BHK cells
at a multiplicity of infection of 5. Indeed, after 48 h, plaques
could be seen; however, they were significantly smaller than
the revertant plaques obtained after plating the SHQL virus,
and they appeared with a frequency which was 1 order of
magnitude lower than that determined previously for SHQL.
The SHQL S62 variant did not give any revertants, while vari-
ant SHQL S64 gave two and SHQL G59 gave one. The three
plaques were isolated, and stocks were prepared from which
the RNA was isolated for RT-PCR sequencing all across E3
and 90 bases into E2. In no case could we identify additional
mutations in this region, which in every case had retained their
original genotype. The two independent revertant isolates of
variant SHQL S64 were chosen and sequenced across the com-
plete structural gene region (nt 8079 to 11240). Single amino
acid changes were identified at position 244 of E2, which had
been changed from R to I in one case and to K in the other
(Fig. 1). To assess the effect of the I244 and K244 mutations in
the absence of the S64 mutation, they were transferred to the
SHQL background. Analysis showed that they did not allow
p62 cleavage to any extent, but virus production appeared to be
significantly reduced compared to either wild-type or SHQL
virus (Fig. 4; Table 1).

Characterization of the revertant isolates. Since all rever-
tants except those with R insertions gave rise to infectious virus
in the absence of p62 cleavage, it was of interest to analyze the
stability of the spike structure and the infectivity of the virus

FIG. 1. Schematic presentation of the mutations in the E3/E2 SFV glycoprotein.

FIG. 2. Characterization of SFV isolates by SDS-PAGE. BHK-21 cells trans-
fected with SFV RNA were pulse-labelled for 15 min and chased for 3 h. Cell
lysates were immunoprecipitated with anti-E2 and anti-E1 polyclonal antibodies.
(A) Lanes: 1, wild type; 2, SHQL; 3 and 4, two independent revertant isolates,
which later turned out to be of type SHQL R64. (B) Reconstructed mutants with
the SHQL background. Lanes: 1, SHQL R64; 2, SHQL R64/R4; 3, SHQL RRR;
4, SHQL RRR/R1; 5, SHQL R62.

FIG. 3. Secondary mutations in the SHQL background. Transfected BHK
cells were pulse-labelled for 15 min and chased for 3 h. Cell lysates were loaded
directly on the gel (lanes 1 to 5). Virus was quantitatively sedimented from the
medium by centrifugation through a 20% sucrose cushion (lanes 6 to 10). Lanes:
1 and 10, wild type; 2 and 6, SHQL; 3 and 7, SHQL S64; 4 and 8, SHQL S62; 5
and 9, SHQL G59.
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particles. Radiolabelled viral particles of the wild type, SHQL
R64, SHQL R64/R4, SHQL K244, and SHQL I244 were pro-
duced after continuous labelling during growth on BHK cells.
During this production, the SHQL R64 and SHQL R64/R4
variants produced virus as much as the wild type or SHQL,
while production of SHQL K244 and SHQL I244 virus was
reduced by a factor of 3 (Fig. 4). The specific infectivity was
estimated for each isolate (Table 1). All the mutants had re-
duced infectivity; mutants SHQL K244 and SHQL I244 were
the least infectious, being 4 orders of magnitude less infectious
than the wild type (Table 1).

To analyze whether the mutations had any effect on binding
of the virus particle to the cell, radiolabelled virus was loaded
on BHK-21 cells at 0°C (to inhibit endocytosis) for 60 min at a
multiplicity of infection of 10 or 20 (the same result was ob-
tained for both), after which the cells were extensively washed
with ice-cold medium. The amount of virus bound was then
determined by cell solubilization and scintillation counting.
While 70% of the input wild-type virus bound to the cells, only
9% of the SHQL virus bound. The revertants showed a slight
increase in binding, with SHQL I244 having a threefold in-
crease compared to SHQL (Table 1).

Internalization of the viral particles was also monitored.
About 70% of wild-type particles were internalized during a
10- to 20-min interval, while only 4% of the SHQL particles
were internalized. Moderate increases in uptake efficiency
were observed for the mutants with respect to SHQL, with the
exception of SHQL R64/R4 mutant, which showed a twofold
increase (Table 1).

During the infectious process, the spike heterodimer (E2E1)
of wild-type virus is dissociated in the increasingly acidic milieu
of the developing endosome. This dissociation is important for
release of the E1 protein from E2 to allow a trimeric E1 to
catalyze the fusion of the viral and endosomal membrane (52,
53). Accordingly, to analyze the effect of the reversions on the

stability of the spike heterodimer, radiolabelled virus prepara-
tions were incubated on ice for 10 min in buffer of decreasing
pH. Dissociation of the spike complex was monitored by im-
munoprecipitation from Nonidet P-40-lysed virus with an an-
ti-E1 monoclonal antibody, which coprecipitates an intact het-
erodimer at neutral pH (1). The wild-type spike heterodimer
started to dissociate at pH 6.0, and dissociation was completed
at pH 4.5, while the SHQL mutant spike heterodimers did not
dissociate even at pH 4.5, due to the uncleaved p62 protein
(Fig. 5A). The SHQL R64 and SHQL R64/R4 variants also
displayed resistance to low-pH-induced dissociation. However,
for mutants SHQL I244 and SHQL K244, the p62-E1 het-
erodimeric complex had already dissociated at pH 7.4 (Fig.
5B).

New helpers for recombinant particle production. Since the
new SHQL variants appeared to result in significantly fewer
revertants and since those found grew very poorly, it was of
value to test whether these new mutations would work in the
context of the helper vector. The SHQL mutation has been
extensively used for production of recombinant SFV particles
in a cotransfection setup where only recombinant but not
helper RNAs are packaged into forming virions (2, 27). To test
this, the mutations S64, S62, and G59 were cloned into the
helper 2 vector (2), which originally carried the SHQL muta-
tion alone. RNA was produced in vitro and cotransfected with
recombinant vector RNA encoding LacZ into BHK-21 cells for
particle production. At 9 h posttransfection, the cells were
labelled for 15 min and chased for 3 h, and the labelled prod-
ucts both in the lysate and in the growth medium were ana-
lyzed by SDS-PAGE (Fig. 6). It was found that all new helper
constructs readily expressed the uncleaved p62 protein, E1,
and capsid protein. When the efficiency of particle production
was assessed, it was found that the new helpers were as efficient
as the original SHQL helper in producing recombinant virus.

DISCUSSION

Mutations at the p62 cleavage site can inhibit the cleavage of
p62 to E3 and E2 glycoproteins, rendering the virus essentially
noninfectious. Preliminary tests on the reversion frequency of
the SHQL mutation concluded that second-site mutations,
rather than true revertants, contributed to the observed rever-
tant phenotypes. In this work, we identified such mutational
hot spots by isolating revertants and sequencing the genes
coding for the structural envelope glycoproteins. None of the
mutations restored the original cleavage-site motif at the same
position. Instead, we found second site-mutations that mapped
in the vicinity of the p62 cleavage site (SHQL RRR and SHQL

FIG. 4. Production of SFV isolates. BHK-21 cells were transfected with
RNA, pulse-labelled for 15 min, and chased for 3 h. Cell lysates were loaded
directly on the gel (lanes 1 to 6). Virus particles were quantitatively sedimented
through a 20% sucrose cushion before loaded on the gel (lanes 7 to 12). Lanes:
1 and 7, wild type; 2 and 8, SHQL; 3 and 9, SHQL R64; 4 and 10, SHQL R64/R4;
5 and 11, SHQL I244; 6 and 12, SHQL K244.

FIG. 5. (A) Dissociation of the heterodimer by pH values ranging from 6.5 to
4.5. (B) Dissociation of the heterodimer at pH 7.4. Lanes: 1, wild type; 2, SHQL
I244; 3, SHQL K244.

TABLE 1. Characteristics of SFV isolates

Isolate Stock titer
(PFU/ml)a

Specific
infectivityb

Binding
to cellsc Internalizationd

Wild type 3.0 3 108 100 72.9 71.25
SHQL 3.3 3 108 0 8.45 4.09
SHQL R64 4.0 3 105 0.26 8.04 5.96
SHQL R64/R4 1.6 3 106 0.55 11.73 9.54
SHQL I244 2.0 3 104 0.037 26.44 7.27
SHQL K244 2.0 3 104 0.030 16.12 7.0

a Virus produced from transfection of 107 BHK cells during a 24-h incubation.
b The infectivity of an arbitrarily chosen amount (PFU) was correlated with the

protein content of the viral particles as measured by gel electrophoresis. Wild
type was given a value of 100.

c Percentage of input virus (mean of three experiments [SD 5 10%]).
d Percentage of bound virus (mean of three experiments [SD 5 10%]).

2828 TUBULEKAS AND LILJESTRÖM J. VIROL.



RRR/R1), creating alternative substrates for endoproteases
(43). There is no mechanistic explanation for the way in which
these insertions might be generated, although such phenom-
ena, related to the replication of RNA viruses, have been
observed (37).

We also found second-site suppressor mutations which ren-
dered the virus infectious without affecting the cleavage site
(SHQL R64 and SHQL R64/R4). These mutants retained the
uncleaved phenotype, suggesting that p62 cleavage per se is not
an absolute requirement for infectivity. Similar observations
have been made for the SIN isolate, where creation of a gly-
cosylation site abolishing cleavage did not affect virus replica-
tion (7). However, it appears that the replication-proficient
phenotype was due to the particular genetic background of the
S.A.AR86 SIN strain used in these studies (38, 39), since the
same mutations in the AR339 background were lethal (19, 54).

Since most of the sequenced revertants were R64 or R64/R4,
we chose to study them in more detail as part of the parental
SHQL background. Pulse-labelling experiments on cells trans-
fected with the mutant viral RNAs showed that virus assembly
and release were not affected by the mutants but that infectiv-
ity was significantly lower than for wild-type virus. Cell binding
assays with the mutant viruses suggested no major difference
between SHQL and either of the mutants; however, R64/R4
appeared to enter BHK-21 cells more efficiently. Both muta-
tions had partially restored infectivity profiles and stable spike
structures as measured by resistance to low-pH dissociation.
The R64/R4 double mutant was clearly more infectious, sug-
gesting that the addition of an extra charged R residue may
have resulted in enhanced structural changes in the domain.
Taken together, these results suggest that distortion of the
spike structure by mutation in the vicinity of the cleavage-site
domain can allow replication by changing the spike structure,
thereby enhancing the binding of the cellular receptor and/or
enhancing the entry into cells.

In our attempt to create a less leaky variant of SHQL, we
engineered the viral genome around the p62 cleavage site,
giving rise to mutants S64, S62, and G59. We showed that the
mutations affected neither the production of the structural
glycoprotein nor the virus assembly or release. While the re-
version frequency of the new engineered forms to the infec-
tious phenotype was now significantly lower than for SHQL, it
was still possible to isolate infectious mutants. They harbored
second-site mutations that map at position 244 of E2. Inter-
estingly, in VEE virus, second-site suppressor mutations to a
noncleavable E3/E2 precursor (PE2 in VEE virus) harbored a

mutation at neighboring position 243 of E2 (5), which corre-
sponds to position 242 of SFV. While the authors did not
attempt to elucidate the infectious phenotype by assaying for
the binding and internalization steps, our data clearly show a
substantial enhancement in binding of the mutant to BHK-21
cells compared to that of SHQL. At the same time, the mutant
heterodimer was more labile to low-pH dissociation.

Other studies have shown that SIN second-site suppressors
to a noncleavable PE2 glycoprotein precursor harbored muta-
tions in E2 at position 169 (His to Leu), 216 (Gly to Glu) and
239 (His to Lys), among others (19). Furthermore, a single
amino acid substitution at position 162 of the SFV E2 (Glu to
Lys) showed a destabilizing effect on the E2/E1 heterodimer
and on virus release (14).

The suppressor mutations at position 244 of the SFV E2
protein are within a domain which has been predicted to be a
major conformational epitope recognized by protective anti-
bodies (16, 17, 44). The same epitope has been found in other
alphaviruses (15, 22, 49). This region is located between two
N-linked glycosylation sites (residues 201 and 262), suggesting
that indeed this charged domain is presented on the surface of
the E2 molecule, where it has a complex folding and where the
epitopes have been identified as nonlinear (23). The domain is
believed to be the target in neutralization and to function in
virus binding and/or entry, and several mutations within this
domain have conferred a rapid penetration phenotype (33, 50).

Mutations at position 4 of E2 may also confer a rapid-
penetration phenotype (6, 24), consistent with the R4 mutation
in this study. Interestingly, competition assays with antipeptide
antibodies have indicated a spatial overlap with the E2 amino
terminus and region close to the 244 domain (18, 20, 22),
suggesting that the rapid-penetration phenotype of R4 may be
an indirect effect that occurs by uncovering the 244 domain to
enhance virus binding. There are several observations of mu-
tations in other regions of E2 which confer a rapid-penetration
phenotype in response to a change in conformation (47), which
may be achieved either by the mutation directly (3, 39) or after
binding of the virus to its receptor on the cell surface (34).

The cleavage site of p62 would be expected to be exposed on
the surface of the protein, since it is recognized by furin-like
protease in the wild-type protein. This is supported by the fact
that uncleaved p62 can be cleaved at this site by protease in
vitro. The charged character of the cleavage domain also sup-
ports the notion that the domain is exposed, and the site is also
permissive for insertion of foreign peptides and epitopes (9,
32). The domain around residue 240 in SIN also appears to be
exposed, since short peptides can be inserted into this site as
well (9).

The results of this study, taken together with previously
obtained data, suggest that the domains covering residues 1
and 244 of the E2 protein are exposed on the surface and that
they may interact in the quaternary structure of the protein.
Mutation at either site can distort this structure. The high
lability of the heterodimer for the SHQL I244 and SHQL K244
mutants, even at pH values of 6.5 and 7.4, is particularly illus-
trative in this respect. A change in the E2 structure may lead to
exposure of domains which enhance the binding of the virus to
its receptor and, through decreasing the association of E2 and
E1, may increase the uptake of bound virus into cells by al-
lowing the formation of the E1 trimer structure needed for
fusion of the viral and endosomal membranes (51–53).

The noncleaved phenotype of the SHQL variant of SFV
makes it a perfect candidate for a helper-based packaging
expression system for the production of conditionally infec-
tious recombinant particles (2). The new mutations described
in this study (R62, S64, and S62) are far less prone for muta-

FIG. 6. New SFV SHQL variants as helpers. Recombinant RNA encoding
LacZ and helper RNAs were cotransfected into BHK-21 cells, pulse-labelled for
15 min, and chased for 3 h. Lysates were either loaded directly on the gel (lanes
1 to 4) or immunoprecipitated with anti-E1 and anti-E2 antibodies (lanes 5 to 8).
Packaged virus was pelleted from the growth medium by ultracentrifugation
through a 20% sucrose cushion (lanes 9 to 12). Lanes: 1, 5, and 9, SHQL helper
(original helper 2); 2, 6, and 10, helper SHQL S64; 3, 7, and 11, helper SHQL
S62; 4, 8, and 12, helper SHQL G59. The C protein of purified virus often smears
in SDS-PAGE and is not a good indicator of quantitation (lanes 9 to 12). ppt,
precipitate.
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tions, which occur at very low frequency, are highly deficient in
replication. As demonstrated here, these mutations can be
used in the context of the original SHQL mutations to create
new helper vectors, which further enhance the biosafety of the
SFV packaging system.
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