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We have developed a novel DNA expres-
sion system, based on the Semliki Forest
virus (SFV) replicon, which combines a
wide choice of animal cell hosts, high
efficiency and ease of use. DNA of interest
is cloned into SFV plasmid vectors that
serve as templates for in vitro synthesis of
recombinant RNA. The RNA is trans-
fected with virtually 100% efficiency into
animal tissue culture cells by means of
electroporation. Within the cell, the re-
combinant RNA drives its own replication
and capping and leads to massive produc-
tion of the heterologous protein while
competing out the host protein synthesis.
The expression system also includes an in
vivo packaging procedure whereby recom-
binant RNA is packaged into infectious
virus particles using cotransfection with
packaging-deficient helper RNA mole-
cules. The resulting high titer recombi-
nant virus stock can be used to infect a
wide range of animal cells with subse-
quent high expression of the heterologous
gene product, but without expression of
any structural proteins of the helper. The
infected cells produce protein for up to 75
hours post infection after which the heter-
ologous product can constitute as much as
25% of the total cell protein. The general
utility of the system is demonstrated
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through the expression of human transfer-
rin receptor, mouse dihydrofolate reduc-
tase, chick lysozyme and Escherichia coli
B-galactosidase.

central technique in basic and applied molec-

ular biology is the expression of cloned genes

from carrier vectors, for which purpose nu-

merous expression systems are available.
While the prokaryotic and yeast expression systems are
highly efficient and easy to use, expression systems for use
in higher eukaryotic cells are still hampered by difficulties
such as insufficient levels of protein production, restric-
tions in host range, and/or complexity of the system. Of
the existing expression systems for higher eukaryotic cells
the baculovirus vector is perhaps the most efficient in
terms of protein production'. However, it can only be
used in insect cells, which, for example, are known to
glycosylate proteins differently than animal cells. The
system also relies on the construction of recombinant virus
stocks through homologous recombination, a laborious
technique especially when large series of genetic variants
have to be analyzed. The most efficient mammalian cell
expression system is based on vaccinia virus. However,
this also uses recombinant viruses that express the heter-
ologous gene upon infection. Alternatively, expression
from recombinant plasmids can be obtained using helper
virus constructs. In this case the plasmid must be trans-
fected into the cells, where huge amounts of helper
proteins are made?->.

In this communication we describe an expression sys-
tem which overcomes these obstacles. It is highly efficient,
easy to use and has a very broad host range. The system
functions in an unorthodox fashion, consisting of a self-
replicating and self-transcribing RNA molecule that only
relies on the host cell translational machinery for func-
tion. The RNA can be used both for direct transfection of
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AGURE 1 SFV expression vector system. To construct the SFV
expression plasmids, the coding region of the pSP6-SFV4 struc-
tural genes was deleted between coordinates Asull (7783) and
Ndel (11033). The vectors retain the promoter region of the 268
subgenomic RNA and the last 49 amino acids of the El protein as
well as the complete noncoding 3’ end of the SFV genome. The
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three expression vectors pSFV -3 have practically the same size
and differ only by a few base pairs in the area of the polylinker
site (see Fig. 2}. The pSFV-Helperl represents pSP6-SFV4 with a
deletion between the restriction sites Kpnf (3597) and Kpnl (5841)
within the nonstructural region of the plasmid.

cells as well as for production of recombinant virus that
only expresses the heterologous portion of a recombinant.
The system is based on the Semliki Forest virus (SFV)
replicon, which has been used extensively as a model in
both virology and cell biology®’~". The use of another
alphavirus {(Sindbis) as an expression vector has earlier
been reported®, but due to technical difficulties has not
found wider use.

SFV has a single-stranded RNA genome of positive
polarity, and replication of this capped and polyadeny-
lated RNA starts upon the initial translation of the 5’
two-thirds of the genomic RNA, producing a polyprotein
which by autoproteolytic events is post-translationally
cleaved into four nonstructural proteins (nsP1-nsP4).
These proteins are responsible for the replication of the
plus strand genome into full-length minus strands which
later in infection are copied into new plus strand ge-
nomes®. The minus strands also serve as templates for the
synthesis of a shorter subgenomic RNA species colinear
with the last one-third of the plus-strand genome. All

FIGURE 2 Polylinker region of SFV vector plasmids pSFV1-3. The
position of the promoter for the subgenomic 265 RNA is boxed,
and the first nucleotide to be transcribed is indicated by an
asterisk. In pSFV1 the BamHI-Smal-Xmal polylinker cassette is
situated 31 bases downstream of the transcription initiation site.
For pSFV2, the cloning site is positioned immediately after the
ribosome binding site of the SFV capsid gene. The initiation
motive of the capsid gene is identical to the consensus sequence®’,

structural proteins of the virus are encoded by this sub-
genomic RNA. The capsid protein binds to newly made
full-length positive strand genomes to form cytoplasmic
nucleocapsids. The other three structural proteins are
membrane proteins that are translocated through the
endoplasmic reticulum membrane and transported to the
cell surface where they meet the nucleocapsid during
virus budding®-12.

The life cycle of SFV has several features that makes the
virus an attractive candidate for development of a DNA
expression system: SFV RNA genome is infectious due to
its positive polarity, i.e. it functions directly as an mRNA.
The infecting RNA molecule encodes its own RNA repli-
case, which in turn drives an efficient RNA replication and
transcription. As a consequence, practically all ribosomes
of the infected cell will be enrolled in the synthesis of the
virus encoded proteins thus overtaking host protein syn-
thesis. SFV replication occurs in the cell cytoplasm, where
the virus replicase transcribes and caps the RNA for
production of the viral proteins. This obviates many

For pSFV3, the polylinker is positioned three nucleotides further
downstream, i.¢. immediately following the initial AUG codon of
the SFV capsid gene. The three translation stop codons in all
three reading frames following the polylinker are boxed. Se-
quencing primers (SP) needed for checking both ends of an insert
have been designed to hybridize either to the promoter region
(SP1), or to the region following the stop codon cassette (SP2).
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FIGURE 3 Expression of heterologous proteins in BHK cells upon
RNA wransfection by electroporation. Cells were transfected with
RNAs of wild type SFV, pSFVI-dhfr, and pSFVI-TR, pulse-
labeled at 3, 6, 9, 12, 15, and 24 hours p.e. Equal amounts of
lysate were run on a 12% gel. Note that the faster migrating band
in the TR experiment represents an unglycosylated form of the
TR protein, and is not recognized by the monoclonal antibody.
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The 9 hour sample was also used for immunoprecipitation (IP) of
the SFV, the dII'IJfr and the transferrin receptor proteins. Cells
transfected with pSFVi-lysozyme were pulse-labeled at 9 hours
p-e. and then chased for the times (hours) indicated. Equal
portions of lysate or medium was loaded on a 13.5% gel. IP
represents immunoprecipitation from the 1 hour chase lysate
sample. The U-lane is a lysate of labeled but untransfected cells.

problems that are encountered in the conventional “nu-
clear” DNA expression systems, such as mRNA splicing,
limitations in transcription factors, problems with capping
efficiency and mRNA transport. The cytopathogenic ef-
fects appear rather late during infection, and thus there is
an extensive time window from about 4 hours after
infection up to at least 48 hours after infection during
which a high expression level is combined with negligible
morphological change. SFV has a very broad host range as
a consequence of the natural life cycle, which includes
transmission through arthropod vectors to wild rodents
and birds. Under laboratory conditions, SFV infects cul-
tured mammalian (e.g. human, monkey, hamster, mouse,
porcine), avian (e.g. chicken), reptilian (e.g. viper), am-
phibian (e.g. frog) and insect (e.g. mosquito, Drosophila)
cells'-18,

RESULTS

The SFV expression plasmids. As a basis for the
construction of the SFV expression vectors, we used a
¢DNA clone, pSP6-SFV4, spanning the complete genome
of SFV (Fig. I). This plasmid can be used for in vitro
production {with SP6 RNA polymerase) of full-length
SFV transcripts that will initiate virus replication upon
introduction into animal cells'®. To allow for heterolo-
gous inserts, the subgenomic (265) coding region for the
structural proteins of the virus was deleted from pSP6-
SFV4, and a BamHI-Xmal-Smal polylinker sequence, fol-
lowed by a cassette of translational stop codons in all three
reading frames, was inserted downstream from the 268
promoter site?®?! 1o create the final vectors, pSFV1,
pSFV2 and pSFV3 (Figs. 1 and 2). To maintain self-
replication, the vectors also retain the complete nonstruc-

FIGURE 4 Schematic presentation of in vivo packaging of pSFV1dhfr RNA into infectious particles using trans complementation.
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FIGURE 5 Expression of human transferrin receptor in BHK cells
after infection by in vive-packaged particles carrying pSFVI-TR
recombinant RNA. Virus (200 pl) diluted in MEM (including
0.5% BSA and 2 mM glutamine) was overlayed on cells to give
m.oi. values ranging from 5 to 0.005. After 1 hour at 37°C,
complete BHK medium was added and growth continued for 9
hours, at which time a 10 minute pulse and 10 minute chase was
gerformed, and the cells dissolved in NP-40 lysis buffer. Of the

00 pl lysate (corresponding to about 30,000 cells) 10 ul was run
on the 10% gel, processed for autoradiography, dried and
exposed for 2 hours at —70°C.
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FIGURE 6 Expression of LacZ from a pSFV3-lacZ recombinant.
Recombinant RNA was packaged in wvive using Helper-1 as
described in the text. The resulting virus stock was used to infect
cell monolayers at m.o.i. 5, after which production of LacZ was
monitored both from the total cell lysates and growth medium.

tural region of the SFV genome encoding the viral repli-
case complex nsP1-4, and the short 5' (nt 1-247) and 3’
(nt 11,423-11,441) regions required in cis for RNA rep-
lication®?26,

Expression of heterologous proteins from pSFV1. To
test heterologous gene expression, the genes encoding
mouse dihydrofolate reductase (dhfr, a 21 kD cytoplasmic
protein), human transferrin receptor (TR, a 90 kD mem-
brane protein), and chicken lysozyme (a 14 kD secreted
protein) were inserted into the pSFV1 vector. In vitro-
made RNA of the dhfr and TR constructs was electropo-
rated into BHK cells, with RNA of wild type SFV as a
control (Experimental Protocol). At different times post
electroporation (p.e.) cells were pulse-labeled for 10 min-
utes followed by a 10 minute chase, whereafter the cells
were lysed and directly analyzed by SDS PAGE and
autoradiography (Fig. 3). At 3 hours p.e. hardly any
exogenous proteins were made (SFV mRNA synthesis
does not peak until about 6 hours after infection®), and
almost all labeled proteins were of host origin, although a
substantial decrease of host protein synthesis had already
occurred (compare Fig. 3, lane U). In contrast, by 6 hours
p.e., the exogenous proteins were synthesized with high
efficiency, and severe inhibition of host protein synthesis
was evident. This was even more strikin$ at 9 hours p.e.
This result confirms our earlier findings™ that the trans-
fection frequency in practice was 100%. Efficient produc-
tion of the heterologous proteins was (in this experiment)
followed up to 24 hours p.e. Since chicken lysozyme is a
secretory protein, its expression was analyzed both from
cell lysates and from the growth medium. Cells were
pulse-labeled for 10 minutes at 9 hours p.e. and then
chased up to 8 hours, during which time almost all labeled
lysozyme molecules were transported to the medium (Fig.
3,

In vivo packaging of recombinant RNA into infectious
SFV particles. To develop an in vive packaging system for
the introductton of recombinant RNA into cells by normal
infection, we constructed a helper vector, pSFV-Helperl
(Fig. 1). The vector retains the 5’ and 3’ signals needed
for RNA replication as well as the complete structural
region including its promotor, but lacks a region at the
end of nsP1 which is required to package SFV RNA into
nucleocapsids?>??, The principle of the helper-catalyzed
packaging is shown in Figure 4. When helper RNA is
cotransfected with a pSFV recombinant derivative, the
recombinant genome provides the enzyme for RNA rep-
lication and transcription of both incoming RNAs,
whereas the helper supports the production of the struc-
tural proteins via its subgenomic region. Since the helper
lacks the region for RNA packaging, RNA derived from
this vector will not be packaged and hence, transfections
with recombinant and helper only produce virus particles
that carry recombinant derived RNA. The viruses pro-
duced provide a one-round virus stock and after infection
these particles will only express the heterologous protein.

To test the packaging system, in vitro-made RNA of
pSFV1-TR was mixed with helper RNA at different ratios
and these mixtures cotransfected into BHK cells. Cells
were grown for up to 72 hours after which the culture
medium was collected and the virus particles sedimented
by ultracentrifugation. The number of infectious units
(i.u.) was determined by indirect immunofluorescence
staining for TR in BHK cells that had been infected with
serial dilutions of the purified recombinant virus stock. A
helper to recombinant ratio of 1:1 gave the highest titre,
and maximum virus yields were obtained by growing the
cells for 36 hours p.e. On the average, 5 X 10° cells (the
amount used per one electroporation) produced 5 x 10?
iu. TR expression from the recombinant virus was tested
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by infecting BHK cells at different multiplicities of infec-
tion {m.o.i.), and infection with about [ infective unit per
cell caused TR production with virtually complete inhibi-
tion of host protein synthesis, indicating that all cells had
been infected (Fig. 5). Moreover, there was no expression
of helper-encoded proteins (even at m.o.i. 100, data not
shown), indicating that helper RNA is not packaged.

Protein production by the SFV vector. To determine
the amount of protein expressed by the system, the gene
encoding the Escherichia coli B-galactosidase protein, LacZ,
was cloned into pSFV3. RNA from the recombinant
construct was packaged ir vive into SFV particles and the
virus stock used to infect BHK cells. An initial test showed
that about one particle per cell is enough to start a
complete infection, since there were essentially no differ-
ences in expression levels using m.o.i. ranging from 1 to
100. Thus, the self-replicating mechanism of the virion
quickly saturates the cytoplasmic translation system with
virus specific mRNA. Time-course experiments showed
that production of LacZ continued up to about 80 hours,
after which synthesis ceased, probably due to limitation of
host components. However, the cells remained sealed
throughout the experiment, since no LacZ leaked into the
growth medium (Fig. 6). The amount of LacZ produced
was assayed using purified LacZ as standard, and 5 x 10°
cells produced 400 pg of protein, corresponding to about
25% of total cell protein. Figure 7 shows an SDS-PAGE
analysis of corresponding lysates staining the gel with
Coomassie brilliant blue. The LacZ is by far the most
prominent protein in the cell lysate.

DISCUSSION

An essential prerequisite for the successful design of an
SFV expression system was the earlier development of a
new RNA transfection procedure based on electropora-
tion, whereby virtually all cells receive the vector RNA'®.
This allows full expression of the recombinant genomes,
and is also the key to the production of a high titre stock
of recombinant virus using only ore round of replication.
Although expression analysis can be made using electro-
porated cells, for most purposes it is probably more
practical to use the recombinant stock, which consists of
about 5 X 107 infectious units per electroporation. This is
sufficient to perform about 10° labeling experiments
involving 10* cells, each allowing clear product identifica-
tion using SDS-PAGE and autoradiography with an over-
night exposure, without prior antibody-mediated protein
concentration from the cell lysates. The LacZ expression
experiment showed that a single electro_})oration can be
used for the production of about 3 x 10'" molecules, and
as one packaging stock can be used to infect 5 x 10° cells
it can be used to produce a total of 400 mg active
B-galactosidase.

Xiong and coworkers recently described the expression
of the chloramphenicol acetyltransferase (CAT) protein
using a Sindbis virus vector®. Although the overall prin-
ciple of their vector is similar to that of SFV, the total
protein production obtained after initial transfection of
cells remained quite low, probably due to inefficient
(0.1%) transfection. They also described the packaging of
Sindbis recombinant genomes into virus particles using
wild-type virus as helper. However, 67 passages of the
mixed virus stock were necessary to obtain a preparation
of virus, which contained a titre of the recombinant virus
high enough to be useful for protein expression. The
necessity for a high number of passages is also most likely
due to the low transfection efficiency. Moreover, since the
Sindbis helper consists of an infectious virus derivative,
coinfections will lead to high expression of virus proteins,
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FIGURE 7 Accumulation of LacZ in cells infected with pSFV3-lacZ
recombinant virus (see Fig. 6). Lysates were prepared at 24, 48,
and 78 hours p.i. Lane U, 48 hour lysate of uninfected cells. Of
total cell lysate protein 25 wug was loaded in each lane. After
electrophoresis 1&9 gel was stained with Coomassie brilliant blue.
At the 48 and 78 hour timepoints a strong band besides LacZ can
be seen. The identity of this band, which has a molecular weight
of about 65 kD, is unclear. Pulse-labeling showed that this protein
is synthesized only very late after infection. It does not react with
antibodies against SFV nsP proteins, and might represent a
heat-shock protein.

which might hamper analysis of the heterologous gene
products.

An important question relating to the usefulness and
safety of the SFV expression system is whether any wild
type SFV particles could arise after cotransfection with
recombinant and helper RNAs. Recently, recombination
was reported to occur between defective Sindbis virus
transcripts, and was assumed to be due to template
switching during RNA replication®®. To date, however,
we have not detected any wild type SFV in our recombi-
nant stocks, as assayed by either immunofluerescence or
pulse-labeling experiments (note the absence of SFV
structural proteins in Fig. 5).

A major advantage of the SFV system is that a high titer
recombinant virus stock can be produced by a single
{overnight) transfection experiment. There is no need for
tedious selection/screening, plaque purification or ampli-
fication steps for the production of a recombinant virus
stock. This feature of the SFV expression system is espe-
cially important in experiments where the phenotypes of
a large number of mutants have to be characterized.
Furthermore, the recombinant virus can be used to trans-
duce the recombinant genome in a “natural” and non-
leakey way into a large variety of cells including insect and
most higher eukaryotic cell types. This property should be
especially useful when cell-type specific post-translational
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modifications are required for the activity of the ex-
pressed protein.

EXPERIMENTAL PROTOCOL

General. Cell culture, DNA techniques, in vitro mutagenesis,
immunoprecipitations, immunofluorescence and SDS-polyacryl-
amide gel electrophoresis were done as described previously®19.
Polyclonal rabbit anti-mouse dhfr was a kind gift from E. Hurt
(European Molecular Biology Laboratory, Heidelberg, FRG).
SFV nonstructural proteins nsP1-4 were immunoprecipitated as
described earlier®®. Anti-E1, anti-E2%°, and anti-C*! monoclonal
antibodies and rabbit anti-lysozyme®?, and anti-nsP1-4*® have
been described. The human transferrin receptor was precip-
itated with the monoclonal antibody OKT-9 in ascites Aluid. This
preparation was provided by Thomas Ebel at our laboratory
using a corresponding hybridoma cell line obtained from ATCC
(American Type Culture Collection).

In vitro transcription and transfection. These have been
described in detail previously'®. Briefly, RNA was synthesized at
37°C for 1 hour in 10-50 pl reactions containing 1-5 pg of
Spel-linearized plasmid DNA, 40 mM Hepes-KOH (pH 7.4), 6
mM MgCl,, 2 mM spermidine-HC, 5 mM dithiothreitol (DTT),
100 pg/ml of nuclease free BSA, 1 mM each of ATP, CTP and
UTP, 500 uM of GTP, 1 mM of m’G(5")ppp(5")G, 1 unit/ul of
RNasin and 100--500 units/ml of SP6 RNA polymerase. For
transfection by electroporation, RNA was added either directly
from the in vitro transcription reaction or diluted with transcrip-
tion buffer containing 5 mM DTT and 1 unit/pl of RNasin. CeH
were trypsinized, washed once with complete BHK-cell medium
and once with PBS (without MgCl, and CaCly,) and finally
resuspended in PBS to give 107 cells'ml. Cells (0.5 ml) were
transferred to a 0.2 cm cuvette (BioRad, Richmond, CA), 5-50 ul
(5-10 pg) of RNA solution added and electroporation done at
room temperature by two consecutive pulses at 1.5 kV/25 pF
using a BioRad Gene Pulser apparatus with its pulse controller
unit set at maximum resistance. The cells were diluted at least
1:20 in complete BHK-cell medium and transferred onto tissue
culture plates.

Construction of recombinant pSFV1. The dhfr gene was
isolated from pGEM2-dhfr®® as a BamHI-HindIil fragment,
blunted with Klenow fragment and inserted into Smal-cut
pSFV 1. The transferrin receptor gene was first transferred from
pGEMI1-TR™* as an Xbal-EceRI fragment into pGEM7ZF(+) and
subsequently from there as a BamHI fragment into pSFV1. A
BamHI fragment from pGEM2 carrying the lysozyme gene®* was
transferred into pSFV 1. The Escherichia coli lacZ gene was isolated
as a BamHI fragment from the plasmid pMC1871%,

Assay of B-galactosidase. Cells were washed once with PBS
and then lysed in NP-40 buffer (1% NP-40, 50 mM Tris-HCI, pH
7.6, 150 mM NaCl, 2 mM EDTA) for 10 min on ice. To assay for
LacZ®®, a small amount of lysate was diluted in Z-buffer (60 mM
Na,HPO,, 40 mM NaH,PO,, 10 mM KCl, 1 mM MgSQ,, 40 mM
2-mercaptoethanol), ONPG  (¢-nitrophenyl-B-p-galactopyrano-
side, 4 mg/ml in Z-buffer) was added and the mixture incubated
at 37°C before measurement of the resulting yellow color at 420
nm. Purihed B-galactosidase protein was used as standard.
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