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Abstract

Alphaviruses are regarded as attractive systems for expression of heterologous genes and development of recombinant vaccines. Venezuelan
equine encephalitis virus (VEE)-based vectors are particularly promising because of their specificity to lymphoid tissues and strong resistance to
interferon. To improve understanding of the VEE genome packaging and optimize application of this virus as a vector, we analyzed in more detail
the mechanism of packaging of the VEE-specific RNAs. The presence of the RNAs in the VEE particles during serial passaging in tissue culture
was found to depend not only on the presence of packaging signal(s), but also on the ability of these RNAs to express in cis nsP1, nsP2 and nsP3
in the form of a P123 precursor. Packaging of VEE genomes into infectious virions was also found to be more efficient compared to that of Sindbis
virus, in spite of lower levels of RNA replication and structural protein production.

© 2005 Elsevier Inc. All rights reserved.
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Introduction

The alphavirus genus in the Togaviridae family contains
almost 30 members, some of which are important human and
animal pathogens (Griffin, 2001; Strauss and Strauss, 1994;
Weaver and Barrett, 2004). Alphaviruses contain a single-
stranded RNA genome of positive polarity of almost 12 kb in
length (Strauss et al., 1984). The 5’ two-thirds of the genome
encodes nonstructural proteins nsP1-4, forming together with
cellular proteins the replicative enzyme complex RdRp. The
nonstructural proteins are synthesized as 2 polyproteins, P123
and P1234, encoding nsP1-3 and nsP1-4, respectively. After
partial cleavage of P1234, the released nsP4 and P123
precursor assemble into the primary RdRp that functions in
the synthesis of minus-strand RNAs, forming replicative
intermediates (Lemm and Rice, 1993; Shirako and Strauss,
1994). After complete processing of P123, nsP1-4 form
mature RdRps that are active in synthesis of new positive-
strand viral genomes and transcription of the subgenomic 26S
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RNA (Lemm and Rice, 1993; Shirako and Strauss, 1994). The
latter RNA is co-linear to the 3’ one-third of the viral genome
and is transcribed from the subgenomic promoter located on
the negative-strand replicative RNA intermediate (Rice and
Strauss, 1981). The 26S RNA accumulates in the cells to
higher concentration than the viral genome and is translated
into the viral structural proteins: capsid, E2 and El, forming
infectious virions. These structural proteins are dispensable for
replication and transcription of alphavirus-specific RNAs
(Bredenbeek et al., 1993; Geigenmuller-Gnirke et al., 1991;
Pushko et al., 1997). They can be deleted in viral genomes or
replaced by heterologous genes, and, upon delivery into the
cells, such RNAs (replicons) sustain self-replication and can
efficiently express heterologous genes cloned under control of
the subgenomic promoter.

The replicon-based gene expression systems were designed
on the basis of Sindbis (SIN), Semliki Forest (SFV) and
Venezuelan (VEE) and eastern (EEE) equine encephalitis virus
genomes (Bredenbeek et al., 1993; Liljestrom and Garoff,
1991; Petrakova et al., 2005; Pushko et al., 1997). These
replicons can be delivered into the cell via transfection of the in
vitro-synthesized replicon RNAs or by infection with replicon-
containing viral particles. Packaging of replicons into these
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particles can be achieved by co-transfecting the cells by in
vitro-synthesized replicon RNAs and so-called defective helper
RNAs (DH RNAs). Transfected replicon RNAs supply nsP1—4
for their own replication and for replication of DH RNAs.
These helper RNAs are incapable of producing a complete set
of nsPs (if any nsPs at all) but can replicate if viral RdRp
components are supplied in frans. Replicating DH RNAs drive
the expression of the structural proteins, packaging replicons
into infectious virions. As do defective interfering (DI) RNAs,
DH RNAs contain virus-specific promoter elements at the 3’
and 5 ends (cis-acting RNA elements). The cis-acting
elements can be either the RNA fragments normally present
at the very 3’ and 5 ends of viral genomes or some other
sequences of cellular or viral origin. In addition, the DH RNAs
also contain a subgenomic promoter that controls the tran-
scription of the subgenomic RNA, encoding viral structural
proteins.

Packaging of virus-specific RNAs (viral genome, replicon,
DI RNA and DH RNAs) into viral particles was shown to
depend on the presence of so-called packaging signals (PS) in
their genomes (Frolova et al., 1997; Weiss et al., 1994; White et
al., 1998). These signals strongly enhance RNA encapsidation,
and they were identified in SIN, SFV and Ross River virus
(RRV) genomes, and the mechanism of their interaction with
the capsid protein was intensively studied in a SIN model
(Weiss et al., 1989, 1994). The tRNA*P sequence found in the
naturally occurring SIN DI RNA was also shown to function
not only as a promoter in RNA replication, but as a PS
efficiently recognized by SIN structural proteins (Fayzulin et
al., 2005; Frolova et al., 1997).

In addition to being an important means of replicon
packaging, alphavirus DH RNAs are useful tools for dissecting
the mechanisms of viral RNA replication and packaging into
infectious particles (Fayzulin et al., 2005; Frolova et al., 1997).
Helper RNAs do not need to encode functional replicative
enzymes, and different RNA fragments of homologous and
heterologous origin can be cloned into DH RNAs for testing
their ability to function as packaging signals or promoters
independently of their capability to express viral nsPs. The
results of such studies not only improve our understanding of
alphavirus replication, but they can be also directly applied in
the subsequent development of alphavirus-based gene expres-
sion systems.

In the present work, we further investigated the packaging
process of the alphaviruses using VEE as a model. The VEE-
based replicons were packaged into virions by using one or two
helpers, and we studied both the efficiency of the replicon
packaging and the ability of helpers to self-package that is
required for large-scale production of packaged replicons. We
demonstrated that packaging of VEE-specific RNAs and their
persistence in a viral population depend not only on the
possession of packaging signal(s), but also on the ability of the
helper RNAs to express functional nsP1—-nsP3. The nsP1—
nsP3 expression does not noticeably change the efficiency of
packaging but appears to have a strong positive impact on DH
RNA replication (most likely on initiation of replication) that is
critical for the ability of these defective RNAs to persist in a

viral population. In addition, VEE demonstrated more efficient
RNA packaging than that found for SIN, in spite of lower
levels of RNA replication and translation of structural proteins.
The data suggest that these specific features of VEE packaging
could be critical determinants of the highly pathogenic
phenotype of this virus. In addition, they may be useful in
further development and application of VEE-based expression
systems.

Results

Packaging of VEE replicons using DH RNAs with deletion of
all of the nonstructural genes

The VEE replicon used in our study was designed on the basis
of the vaccine strain VEE TC-83 genome (Kinney et al., 1989).
The only modification in the TC-83-specific sequence was a
replacement of adenosine in the third position of the 5 UTR by
guanosine that is present in the wild type (wt) Trinidad donkey
(TRD) strain of VEE. The presence of guanosine in this position
was previously shown to be critical for the virus to exhibit an
interferon-resistant phenotype and more efficient transcription
of the subgenomic RNA (Petrakova et al., 2005; White et al.,
2001). The GFP-encoding sequence was cloned under control of
the subgenomic promoter, the second subgenomic promoter
drove the expression of puromycin acetyltransferase (Pur),
which makes cells resistant to puromycin. GFP expression was
convenient for evaluating the titers of packaged replicons in
infectious units (inf.u) (see Materials and methods for details),
Pac expression was used for generating stable Pur® cell lines and
measuring the titers in the colony-forming units (CFU). The
previously designed SIN-based replicon SINrep/GFP (Gorcha-
kov et al., 2004) demonstrated a cytopathic phenotype and
contained a single subgenomic promoter that controlled
transcription of GFP-encoding subgenomic RNA.

The initially constructed VEE DH RNA cassettes (Hvee/
C+Gl, Hvee/C and Hvee/Gl) (Fig. 1A) had a design similar to
that previously described for SIN, VEE and SFV helpers
(Bredenbeek et al., 1993; Liljestrom and Garoff, 1991; Pushko
et al., 1997), in that the VEE genome fragment between nt 520
and 7290, encoding all of the nonstructural genes, was deleted.
The subgenomic RNA of Hvee/C+Gl contained all of the VEE
structural genes, and the Hvee/C and Hvee/Gl helpers were
capable of expressing only capsid and glycoproteins, respec-
tively. The subgenomic RNA in Hvee/Gl cassette encoded the
VEE capsid with a deleted cluster of positively charged amino
acids (see Materials and methods for details). We considered it
a very likely event that, as with the SIN capsid-coding
sequence, the VEE capsid gene could contain a translational
enhancer (Frolov and Schlesinger, 1996), which would
increase the level of synthesis of viral structural proteins in
the infected cells, where the cellular protein synthesis would be
significantly downregulated due to virus replication. Thus, the
putative enhancer-containing sequence was left upstream of the
glycoprotein genes. The deletion was aimed to make the capsid
expressed from Hvee/Gl incapable of RNA packaging and to
eliminate a possibility of infectious viral genome formation
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Fig. 1. Packaging of VEE and SIN replicons in BHK-21 cells using helpers
with deletions of nsP1—4-coding genes. (A) Schematic representation of SIN
and VEE replicons and helper genomes. All of the VEE helpers, Hvee/C+Gl,
Hvee/C and Hvee/Gl, had natural 5UTR, derived from VEE TC-83 virus
genome, and deletion of nt 520—7290. Hsin/C+Gl and tRNA/Hsin/C+Gl had
natural SIN 5'UTR and the 5’ tRNA**? sequence derived from the naturally
occurring SIN DI RNA, respectively. SIN helpers contained a deletion of nt
421-7334 of SIN genome. (B) Titers of packaged VEE and SIN replicons after
electroporation and further passaging of the samples. BHK-21 cells were co-
transfected with VEErep/GFP/Pac or SINrep/GFP replicons and indicated
helper RNAs. Harvested viral particles were used for the next round of
infection of naive BHK-21 cells at the indicated MOIs (measured in inf.u/cell).
Viruses were harvested after development of CPE and used for further
passaging. Titers refer to unconcentrated virus-containing media. Numbers in
the brackets indicate titers in colony-forming units (CFU/ml). All of the
experiments were performed multiple times and generated very reproducible
titers. NA indicates “not applicable” because concentration of the packaged
replicons after passage 1 was insufficient for infecting cells on the next passage
at an MOI of 10 infu/cell. (C) Packaging of replicon and helper RNAs into
viral particles. *P-labeled RNAs were isolated from the viral particles released
from the cells co-transfected with the indicated replicon and helper RNAs (see
Materials and methods for details). RNA isolated from SIN virus was used as a
positive control.

after recombination between the VEE replicon and Hvee/Gl
helper. SIN-specific Hsin/C+Gl and tRNA/Hsin/C+Gl helpers
were described in detail in our previous publication (Breden-
beek et al., 1993). They contained a 6914-nt-long deletion in
the nonstructural genes and differed only in the SUTR. Hsin/
C+Gl had a natural SIN 5UTR, while tRNA/Hsin/C+Gl
contained a tRNA structure (Monroe and Schlesinger, 1983)
that increased the level of its replication and served as a
packaging signal (Fayzulin et al., 2005; Frolova et al., 1997).

SIN and VEE replicons were transfected into BHK-21 cells
together with the homologous helpers, indicated in Fig. 1A,
and particles were harvested 24 h post-electroporation, after
development of profound cytopathic effect (CPE). VEE
replicons were packaged very efficiently both by single helper
Hvee/C+Gl and by two helpers, Hvee/C and Hvee/Gl, (Fig.
2B). In multiple experiments, titers of the replicon-containing
particles reproducibly approached 1-2 x 10° inf.u/ml.
Packaged VEE replicons were capable of establishing persis-
tent replication (see titers in the brackets), and BHK-21 cells
infected with replicons confirmed a Pur® phenotype and
expressed GFP. The titers in CFU/ml were noticeably lower
than titers in infectious units, but this was an expected
phenomenon. During the acute early phase of replication, wt
VEE replicons demonstrate some levels of cytopathogenicity
(Petrakova et al., 2005).

Further passaging of VEE replicon-containing samples,
aimed at testing the possibility of generating larger stocks,
was inefficient. Hvee/C+Gl helper genomes were present in
released particles at low concentrations (Fig. 1C). After
infecting naive cells by samples packaged with one or two
helpers at an MOI of 10 inf.u/cell, we detected the release of
replicons only to the titer of 1—-2 x 107 and 2.5 x 10° inf.u/ml,
respectively. These titers were 2—3 orders of magnitude below
the titers obtained after electroporation. There was no apparent
difference when the infections were performed at higher MOIs
(data not shown). The titers described here for VEE helpers
were consistent with those obtained for SINrep/GFP packaged
with Hsin/C+Gl. The latter helper contained natural SIN
SUTR, and it packaged a homologous SIN replicon very
efficiently but was incapable of self-packaging (Fig. 1C).

Passage number
10

6 8
11,500 nt— — S  —VEE genome
7,500 nt.—| L - . | DI RNAs

4,000 nt.— | SR S— S— S /LI subgenome

1 4

1x10° 2.5x10% 1.5x10°
Virus titer(PFU/ml)

1.2x10'" 6x10°

Fig. 2. Accumulation of the DI RNAs in the samples of VEE TC-83 passaged
in BHK-21 cells at high MOI. Passaging was performed as described in
Materials and methods. RNA labeling in the presence of ActD and analysis
were performed for the samples harvested after passage 1, 4, 6, 8 and 10 as
described in Materials and methods. Virus-specific RNAs and viral titers are
indicated.
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Consequently, the samples could not be serially passaged at
MOI of 10 infu/cell (Fig. 1B) or higher (data not shown) to
produce titers exceeding 107 infu/ml. Consistently with our
previous work, an SIN helper with the S UTR derived from the
naturally occurring DI RNA (tRNA/Hsin/C+Gl) packaged not
only the SIN replicon to high titers, but also packaged itself
(Figs. 1B and C), making viral samples capable of being
serially passaged without reductions in titers. Based on these
data, we assumed that concentrations of helper-containing
particles in the samples of VEE replicons packaged with either
Hvee/C+Gl or Hvee/Gl and Hvee/C were insufficient for
delivery of helper RNAs into the cells at concentrations
adequate for supporting next rounds of productive infection.

VEE DI RNAs

Alphavirus defective interfering RNAs are composed of 1)
cis-acting RNA elements required for their replication by
replicative enzymes produced by replicating helper virus and
ii) the sequences that promote DI RNA packaging into viral
particles, PSs (Strauss and Strauss, 1994). Structure of the DI
RNAs was intensively studied for SFV and SIN (Lehtovaara
et al.,, 1982; Monroe and Schlesinger, 1983, 1984; White et
al., 1998), but there was no available information about the
replication and sequences of VEE-specific DI RNAs. Thus,
we generated VEE DI RNAs by serial passaging of cDNA-
derived VEE TC-83 in BHK-21 cells at high MOIs. The first
passages were performed at an MOI of close to 10,000 PFU/
cell. At the late passages, the MOI became lower (close to
100 PFU/cell) due to accumulation of the DI RNAs (Fig. 2).
These RNAs were readily detectable by the metabolic
labeling with [*H]uridine followed by electrophoresis in
denaturing conditions. After 10 passages, there was no
accumulation of clearly visible dominating DI RNA species,
and the DI RNAs genomes were distributed on the gels
between 6000 and 8000 nt, albeit 1-3 diffuse RNA bands
could be detected (Fig. 2). Based on the length of the VEE DI
RNA genomes, we hypothesized that, as has been demon-
strated for SIN and SFV, these DI RNAs contained a deletion
of the viral structural genes but, most likely, retained a major
segment of RdRp-coding sequence. To test this hypothesis,
we performed an RT-PCR analysis of VEE DI RNA genomes
using primers specific to 3’ UTR and nsP3 gene (nt 5312—
5333). The PCR product was a diffuse band, containing DNA
fragments ranging between 450 and 850 nt. After this
material was cloned, we selected at random 6 clones that
were revealed to contain the end of the VEE nsP3 gene and
fragments of nsP4 and 3’ UTR of different lengths (data not
shown). Thus, a significant fraction of the RNAs had a
common feature: deletions of the structural genes and the
nsP4-coding sequence. This was an indication that either i)
the genome sequence between nt 520 and the end of nsP3
gene (deleted in Hvee helpers) could contain an efficient
packaging signal(s) utilized by VEE capsid, or ii) the
nonstructural protein(s) had to be expressed in cis from the
DI RNA genomes to support the efficient persistence of the
latter RNAs in the viral population, or iii) both the presence

of PS and expression of nsPs cis could have synergistic
positive effects on RNA packaging and/or replication.

Replication of VEE helper RNAs encoding nsPI1—nsP3

To further investigate the effect of nsP1-nsP3-coding
sequences on RNA packaging and the presence of virus-
specific RNAs in viral populations, we designed a set of
recombinant helpers that were either capable of expressing
nsP1-3 (H123/C+Gl, H123/Gl and H123/C) (see Materials
and methods for details) or contained essentially the same
nsP1—-nsP3-coding nucleotide sequence except for an insertion
of 4 nt at the 1620 position (Hstop123/C+Gl) (Fig. 3A). These
few extra nucleotides destroyed the open reading in the nsP1—
coding sequence, making this helper incapable of nsPs
production. Helpers H123/C+Gl encoded all of the VEE
structural genes under control of the subgenomic promoter,
and helpers H123/C and H123/Gl contained VEE capsid- and
glycoprotein-coding cassettes, respectively, that were the same
as those described above for Hvee/Gl and Hvee/C. Upon
transfection into the cells, H123/C+Gl efficiently packaged
replicons to the titers exceeding 10° inf.u/ml (Fig. 3B).
Samples harvested after electroporation were passaged at an
MOI of 10 and 1 inf.u/cell, and replicons were reproducibly
packaged to a concentration of 1-2.5 x 10° infu/ml,
indicating that helpers were present in the harvested samples
at levels sufficient for supporting productive viral replication
during serial passaging. In the case of the two-helper packaging
system (H123/C and H123/Gl helpers), titers of packaged
replicons were detectably lower but, during passaging at MOls
10 and 1 inf.u/cell, remained at the levels exceeding 10® inf.u/
ml, which suggested that replicons and both helpers were
efficiently packaged into viral particles. Harvested samples of
replicons packaged with H123/C+Gl or both H123/C and
H123/Gl helpers demonstrated plaque-forming activity, indi-
cating the presence of the bi- and tri-partite genome particles
(or aggregates of the particles) containing both replicon and
helper genomes in the virions (Fayzulin et al., 2005;
Geigenmuller-Gnirke et al., 1991). However, the measured
titers were 3 and 5 orders of magnitude lower for H123/C+Gl
or H123/C + H123/Gl, respectively, than were titers determined
in infectious units (data not shown). Thus, replicon and helper
RNAs were predominantly packaged into separate virions.
Compared to VEE TC-83, the tri-component genome virus
with VEErep/GFP/Pac + H123/C + H123/Gl genome demon-
strated slower growth kinetics (Fig. 3C) but to comparable final
titers.

The Hstop123/C+Gl helper was also efficient in replicon
RNA packaging, but further passaging of the viral samples
generated by electroporation was unsuccessful. To additionally
investigate if Hstop123/C+GI helper RNAs were packaged into
virions, we metabolically labeled RNAs with *?P and analyzed
the RNA content of purified viral particles. After electropora-
tion, Hstop123/C+Gl helper genomes were packaged as
efficiently as H123/C+Gl RNAs (Fig. 3D). This result
indicated that the nsP1—nsP3-coding sequence likely contained
a packaging signal(s) that made both HI123/C+Gl and
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Hstop123/C+Gl genomes more efficiently packaged into
virions, when compared to the encapsidation of the Hvee/
C+Gl helper RNA that had the same 5’ and 3’ cis-acting RNA
elements. These helpers demonstrated very similar levels of
intracellular replication after co-transfection with replicons into
the cells (data not shown). Nevertheless, at the next passage,
the Hstop123/C+Gl-containing viral populations were unable
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to establish productive replication, even at an MOI of 10 inf.u/
cell, and replicon-containing infectious virions were released
into the media to 3 orders of magnitude lower titers.

Taken together, the results indicated that possession of the
packaging signal(s) and cis-acting promoter RNA elements is
insufficient by themselves for the persistence of VEE-specific
RNAs in a viral population. The ability of the RNAs to serve as
a template for nsP1-nsP3 translation, in addition to being
competent in utilizing the RdRp by the promoter sequences,
appeared to play a critical role in replication and following
packaging of defective VEE genomes.

Expression of nsP1, nsP2 and nsP3 in cis is required for
persistence of VEE-specific RNAs in viral populations

To further investigate the phenomenon that synthesis of the
nonstructural proteins in cis is beneficial for the persistence of
VEE-specific RNAs in a viral population during serial
passaging, we tested whether synthesis of the entire P123
was required or if particular nsPs could be sufficient. DH RNA
capable of the production of only nsP1 could be easily
designed (H1stop/C+Gl), but the constructs capable of expres-
sing only nsP2 or nsP3 had to have major changes in the DH
genome sequence that would make interpretation of the data
impossible. Therefore, we designed new helpers as three nearly
identical cassettes (Fig. 4A): H123/C+Gl, Hlstop/C+Gl and
H12stop/C+Gl had only 3-nt differences in the nsP-coding
region. Thus, all of these DH constructs were expected to
contain the same packaging signal(s). As described above,
H123/C+Gl encoded the intact P123; Hlstop/C+GIl had an
insertion of a stop codon immediately downstream of the
nsP1-coding sequence. Similarly, a stop codon was inserted
into the nsP2/nsP3 cleavage site of H12stop/C+Gl, making this
construct capable of P12, nsP1 and nsP2, but not nsP3,
production. After co-electroporation of the replicon and newly
designed helper RNAs into the cells, VEErep/GFP/Pac was

Fig. 3. Packaging of VEE replicons in BHK-21 cells using helpers with
deletions of nsP4-coding gene. (A) Schematic representation of VEE replicons
and helper genomes. All of the helpers were derived from the VEE TC-83
genome, in which nt 5702—-7500 encoding almost the entire nsP4 was deleted.
The TGA codon was inserted after nt 5701. Hstop123/C+Gl helper contained
an additional insertion of 4 nt sequence after nt 1620. (B) Titers of packaged
VEE replicons after electroporation and further passaging of the samples. BHK-
21 cells were co-transfected with VEErep/GFP/Pac replicon and indicated
helper RNAs. Harvested viral particles were used for the next round of
infection of naive BHK-21 cells at the indicated MOIs (measured in inf.u/cell).
Viruses were harvested after the development of CPE and used for further
passaging. Titers refer to unconcentrated harvested virus-containing media. NA
indicates “not applicable” because concentration of the packaged replicons
after the previous passage was insufficient for infecting cells at an MOI of 10
inf.u/cell. (C) Growth curves of the tri-component genome VEE (VEErep/GFP/
Pac + H123/C + H123/Gl) and VEE TC-83. BHK-21 cells were infected at an
MOI of 10 inf.u/cell or PFU/cell with tri-component virus and VEE TC-83,
respectively. At the indicated times, media were replaced, and titers of
packaged replicons and virus were determined as described in the Materials and
methods. (D) Packaging of replicon and helper RNAs into viral particles. **P-
labeled RNAs were isolated from the viral particles released from the cells co-
transfected with VEErep/GFP/Pac and indicated helper RNAs (see Materials
and methods for details). RNA isolated from VEE TC-83 virus was used as a
positive control.
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Fig. 4. Packaging of VEE replicons in BHK-21 cells using helpers with
deletions of nsP4-coding gene. (A) Schematic representation of VEE replicons
and helper genomes. All of the helpers were derived from the VEE TC-83
genome, in which nt 5702—7500 were deleted. In all of them, TGA codons
were inserted after the last amino acid of nsP3. The TGA codon was also
inserted after the last amino acid of nsP1 and nsP2 in Hlstop/C+Gl and
H12stop/C+Gl, respectively. (B) Packaging of replicon and helper RNAs into
viral particles. *>P-labeled RNAs were isolated from the viral particles released
from the cells co-transfected with the indicated replicon and helper RNAs (see
Materials and methods for details). (C) Titers of packaged VEE replicons after
electroporation and further passaging of the samples. BHK-21 cells were co-
transfected with VEErep/GFP/Pac replicon and indicated helper RNAs.
Harvested viral particles were used for the next round of infection of naive
BHK-21 cells at the indicated MOIs (measured in inf.u/cell). Viruses were
harvested after development of CPE. Titers refer to unconcentrated harvested
media. NA indicates “not applicable” because concentration of the packaged
replicons after the previous passage was insufficient for infecting cells at an
MOI of 10 inf.u/cell.

efficiently packaged into infectious viral particles (Figs. 4B and
(), and, for reasons that are not clear yet, the DH H1stop/C+Gl
was the most efficient in replicon-containing particle produc-
tion. All of the three helpers were found efficiently packaged
into viral particles after co-electroporation with replicons (Fig.
4B). However, after the next passage at an MOI of 10 inf.u/cell,
titers of packaged replicons were 2—3 orders of magnitude
lower in Hlstop/C+Gl- and H12stop/C+Gl-derived viral
samples (Fig. 4C). In contrast, H123/C+Gl was capable of
supporting serial passaging without a decrease in titers (Fig.
4C). These data indicated that nsP1-nsP3 expressed in cis
(most likely in their unprocessed form P123) were critical for
helper functioning in terms of its presence in the samples

during serial passaging of packaged replicons and helpers in
tissue culture. We cannot completely rule out a possibility that
the expression of nsP3 alone from the helper could be sufficient
for supporting passaging. However, formation of the alphavirus
replicative complexes is a sophisticated process, and it is
difficult to expect proper nsP3 functioning when it is
synthesized not in P123 context.

Interestingly, the requirement of nsP1-3 expression in cis
for persistence of virus-specific RNAs in viral populations
during serial passaging is a requisite of VEE, but not of SIN
infection. We designed a set of SIN helpers, Hsin123/C+Gl,
Hsinl123/C and Hsinl23/Gl, having essentially the same
genome strategy as VEE-specific H123 constructs encoding
nsP1-3 (Fig. 5A). After co-electroporation of SIN replicon and
these helpers into BHK-21 cells, they were efficiently
packaged into viral particles (Fig. 5B) and replicated in the
transfected cells (Fig. 5C, upper panel). However, at the next
passage, their replication in the infected cells was below
detectable levels, and only a control helper tRNA/Hsin/C+Gl
was replicating (Fig. 5C, lower panel). As a result, titers of
packaged replicons became 3 orders of magnitude lower than
those after electroporation.

SIN and VEE differ in the efficiency of infectious virion
formation

To further investigate the specific characteristics of VEE
packaging, we infected BHK-21 cells with VEE TC-83 and
compared virus release, synthesis of virus-specific RNAs and
viral structural proteins with those in SIN Toto1101-infected
cells. At any time post-infection (at an MOI 10 PFU/cell),
VEE-specific structural proteins were synthesized 5- to 6-fold
less efficiently than were those SIN-specific proteins (Figs. 6A
and B). VEE RNA replication and transcription of the
subgenomic RNAs were also 7- to 8-fold lower compared to
the levels found in SIN-infected cells (Figs. 6C and D). VEE
TC-83 virus was used in these experiments for safety reasons,
but it should be noted that we previously demonstrated that
A; — G mutation does not change the level of genome RNA
replication (Petrakova et al., 2005). However, in contrast to
more efficient production of both RNA and protein compo-
nents of the virions, infectious SIN virus particles were
released to the media at almost 50-fold lower rates, starting
from as early as 4 h post-infection and accumulated to a 10- to
20-fold lower final concentration.

One of the possible explanations for such strong
disagreement between infectious virus release and the rates
of viral proteins and RNA synthesis could be due to the
lower infectivity of SIN virions. To rule out this possibility,
freshly prepared stocks of VEE TC-83 and SIN Totol1101
viruses were purified to homogeneity on sucrose gradients.
VEE TC-83 samples demonstrated a specific infectivity of
2.8-4.2 x 10° PFU/ug of protein. SIN Totol1101 infectivity
was found to be 3- to 4-fold lower, namely, 0.97—1.5 x 10°
PFU/pg of protein. However, the observed 3- to 4-fold
difference in the infectivities could not explain the strong
discrepancy between lower protein and RNA synthesis in
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Fig. 5. Packaging of SIN replicons in BHK-21 cells using helpers with deletions of the nsP4-coding gene. (A) Schematic representation of SIN replicons and helper
genomes. The detailed information is presented in Materials and methods. (B) Packaging of replicon and helper RNAs into viral particles. 3*P-labeled RNAs were
isolated from the viral particles released from the cells co-transfected with the indicated replicon and helper RNAs (see Materials and methods for details). RNA
isolated from SIN virus was used as a positive control. (C) Replication of SIN-specific RNAs in BHK-21 cells after electroporation (upper panel) and during passage
1 performed at an MOI 10 inf.u/cell. At 3 h post-transfection or post-infection, media were replaced by the same media supplemented with ActD (1 pg/ml) and
[PH]uridine (20 pCi/ml). After 4 h of incubation at 37 °C, RNAs were isolated and analyzed as described in Materials and methods. SINrep/GFP and Hsin123/C plus
Hsin123/Gl helpers, lanes 1; SINrep/GFP and Hsin123/C+Gl helper, lanes 2; SINrep/GFP and Hsin/C plus Hsin/Gl helpers, lanes 3; SINrep/GFP and Hsin/C+Gl
helper, lanes 4; SINrep/GFP and tRNA/Hsin/C+Gl helper, lanes 5. (D) Titers of packaged VEE replicons after electroporation and further passaging of the samples.
BHK-21 cells were co-transfected with SINrep/GFP replicon and indicated helper RNAs. Harvested viral particles were used for the next round of infection of naive
BHK-21 cells at the indicated MOIs. Viruses were harvested after development of CPE. Titers refer to unconcentrated harvested media. NA indicates “not
applicable” because concentration of the packaged replicons after the previous passage was insufficient for infecting cells at an MOI of 10 inf.u/cell.

the VEE-infected cells and higher titers of the released
infectious virus. Thus, VEE appears to use a more efficient
mechanism(s) of virus particle formation that leads to higher
levels of wvirus replication in spite of the less efficient
synthesis of the structural proteins and virus-specific RNAs.

Discussion

The mechanism of packaging of viral genomes into
infectious viral particles was studied to different degrees for

at least three members of the alphavirus genus, including
SIN, SFV and RRV (Frolova et al., 1997; Lehtovaara et al.,
1981, 1982; Monroe and Schlesinger, 1983, 1984; Weiss et
al., 1994; White et al., 1998). The main efforts were focused
on an investigation of the specificity of RNA-capsid-binding
during nucleocapsid formation and interaction of the capsid
with glycoproteins that determines the formation of the viral
envelope (Lopez et al., 1994). The DI RNAs were the main
tools in the identification of the packaging signals, whose
presence in the DI RNAs was critical for their persistence in
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Fig. 6. Virus replication and synthesis of virus-specific RNAs in SIN Toto1101- and VEE TC-83-infected cells. (A and B) BHK-21 cells (5 x 10° cells in 35-mm
dishes) were infected with SIN Totol1101 or VEE TC-83 at an MOI of 10 PFU/cell. At the indicated times, proteins were pulse-labeled with [>>S]methionine as
described in Materials and methods and analyzed on sodium dodecyl sulfate—10% polyacrylamide gels. The gels were dried and autoradiographed (A) or analyzed
on a Storm 860 Phosphorlmager (B). The levels of synthesis of virus-specific proteins were determined by measuring radioactivity in the protein band corresponding
to capsid and were normalized to the number of cysteins and methionines in these proteins. (C and D) BHK-21 cells (5 x 10° cells in 35-mm dishes) were infected
with SIN Toto1101 or VEE TC-83 at an MOI of 10 PFU/cell. At the indicated times, media were replaced by the same media supplemented with ActD (1 pg/ml) and
[*H]uridine (20 uCi/ml). After 4 h of incubation at 37 °C, RNAs were isolated and analyzed as described in Materials and methods (C). The levels of viral genome
replication were determined by excising the bands corresponding to 49S viral genome RNA from the gel shown on panel C followed by measuring radioactivity by
scintillation counting (D). (E) BHK-21 cells (5 x 10° cells in 35-mm dishes) were infected with SIN Toto1101 or VEE TC-83 at an MOI of 10 PFU/cell. At the
indicated times, the media were replaced, and virus titers were determined as described in Materials and methods.

the viral samples during serial passaging. The sequences of
naturally occurring DI RNA genomes were intensively
analyzed, and these studies were complemented by reverse
genetics experiments, in which the effect of deletions on
RNA replication and packaging was assessed.

However, it should be noted that the presence of packaging
signals usually increases the packaging of replicating RNA by
a range of only 10- to 20-fold. Moreover, in recent years, a
variety of viable alphavirus chimeras have been developed
(Kuhn et al., 1996; Paessler et al., 2003; Schoepp et al., 2002).
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They encoded replicative machinery and cis-acting RNA
promoter elements derived from one alphavirus and structural
proteins from a heterologous virus. The efficient replication of
SIN/RRV, RRV/SIN, SIN/VEE, VEE/SIN and SIN/SFV
chimeric viruses in vitro and in vivo supports the idea that
packaging signals could not be the only determinants of RNA
packaging. In other experiments, alphavirus replicons were
also packaged into structural proteins of heterologous alpha-
viruses (Perri et al., 2003), exhibiting very low sequence
identity in the structural and nonstructural genes that makes it
virtually impossible for heterologous capsid to find an
appropriate packaging signal. Taken together, the data indicat-
ed that some other mechanism(s), besides the specific
interaction of the alphavirus capsid with packaging signals,
might be involved in RNA packaging.

In the present study, we started to investigate the mechanism
of packaging of the VEE-specific RNAs into viral particles.
VEE is a particularly important representative of the alphavirus
genus not only as a significant human and equine pathogen, but
also as a promising vector for development of recombinant
vaccines (Gupta et al., 2005; Hevey et al., 1998; Lee et al.,
2003). Despite the intense interest in VEE, our understanding
of the biology of this virus, including the mechanisms of RNA
replication and viral particle formation, is far from complete.
We found that, as do other alphaviruses, the VEE genome
contains packaging signal(s) capable of increasing the level of
RNA packaging into viral particles. The DH H123stop/C+Gl
and DH H123/C+Gl helpers were packaged more efficiently
than Hvee/C+Gl that did not contain nsP2-, nsP3- and the
major part of nsPl-coding sequence. The more efficient
packaging that we detected was not due to higher replication
levels of longer DHs. In the electroporated cells, we detected
identical levels of H123/C+Gl and Hvee/C+Gl helper replica-
tion that were evaluated based on the subgenomic RNA
synthesis (data not shown). (However, the difference in
stability of the RNAs cannot be ruled out.) Therefore, it is
reasonable to expect that nt 520—7290 of the VEE genome
contains sequence(s) that have strong positive impact on RNA
encapsidation.

Nevertheless, the presence of packaged DH RNA genomes
in a viral population generated by electroporation was
insufficient for supporting their persistence in the samples
during serial passaging. Helpers had to encode the ORF for
nsP1-nsP3 (the components of the RdRp) to keep their
presence in the samples at concentrations sufficient for
productive replication. Accordingly, H123/C+Gl and
H123stop/C+Gl helpers (that had only a 4-nt sequence
difference) were packaged equally efficiently after co-transfec-
tion into the cells, but only H123/C+Gl produced a high
concentration of both replicon- and DH RNA-containing viral
particles during the subsequent passaging of samples in tissue
culture. Moreover, the expression of only nsP1, or nsP1 and
nsP2, by DHs was insufficient for passaging of viral samples.
We speculate that synthesis of the entire P123, the precursor of
nsP1, nsP2 and nsP3, in cis led to its binding to DH RNAs and
formation of the pre-replicative complex, lacking only nsP4.
This could make initiation of replication (that now required

only nsP4 supplied in trans by a replicon) a more feasible
event. Alternatively, P123, synthesized in cis, might make the
DH RNA more resistant to degradation before initiation of
replication and/or target the RNA-P123 complex to the
appropriate cellular compartment. We strongly believe that
the requirement of P123 synthesis in cis is beneficial for VEE
replication because this is an efficient selection system that
might reduce the possibility of an accumulation of defective
genomes in the viral population.

The requirement of P123 translation in cis is not the only
mechanism that differs in the replication processes of VEE and
SIN. As we previously described (Paessler et al., 2003;
Petrakova et al., 2005) and confirmed in this work (Fig. 6),
compared to SIN, VEE-specific RNAs are reproducibly
synthesized less efficiently, but cells release packaged VEE
RNAs to the same concentration as do the cells transfected with
similar SIN replicon and helper constructs. The higher rates of
release of infectious VEE virions, in spite of a less efficient
synthesis of viral structural proteins and RNAs, appeared to be
the distinguishing feature of VEE replication (Fig. 6). These
data suggest that VEE developed a more efficient mechanism
of virion formation. A lower level of RNA replication could be
a strong advantage for propagation of this virus in IFN-o/p-
competent cells, both in vivo and in vitro. The number of
replicative complexes is believed to determine the level of
dsRNAs present in the infected cells, and this in turn may be
one of critical determinants in the development of a virus-
induced cell response (Sarkar et al., 2004; Sarkar and Sen,
2004; Sen, 2001). Therefore, a faster development of viremia,
when the antiviral reaction is low, might be a critical factor in
VEE pathogenesis. This possibility is indirectly supported by
the evidence that VEE replication does not lead to changes in
the intracellular environment to the same levels or rates as
those found in SIN-infected cells. Replication of VEE-specific
RNAs inhibits cellular translation and, most likely, transcrip-
tion of mMRNASs to a lesser extent, and the VEE-based replicons
are capable of establishing persistent replication more effi-
ciently than similar SIN-based constructs. In some cell lines,
the persistence occurs even without acquiring adaptive muta-
tions in the nonstructural proteins (Petrakova et al., 2005).

Based on accumulated direct and indirect evidence, we
suggest that packaging and persistence of previously studied
SIN- and SFV-specific DI and DH RNAs in viral populations
depend on at least two factors. i) DI or DH RNAs can be
packaged at higher rates and to higher concentrations due to
smaller sizes of the genome and the presence of additional
homologous or heterologous packaging signals. One of the
examples is SIN DI 25 RNA, in which the natural packaging
signal is duplicated and a 5’ tRNA™P sequence exhibits the
packaging signal activity as well (Frolova et al., 1997; Monroe
et al., 1982; Monroe and Schlesinger, 1983). This more
efficient packaging makes DI25 RNA genomes dominant in
viral populations and leads to infection of the cells with
numerous DI RNAs. ii) The defective genomes can attain cis-
acting RNA elements that function more efficiently in RNA
replication. Such 5’ UTRs represented by tRNA® or 5 UTR of
the 26S subgenomic RNA were found in SIN DI RNAs
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(Monroe and Schlesinger, 1983; Tsiang et al., 1985). In our
previous study, we have used the unique features of tRNA*P to
increase packaging and replication of SIN DH RNAs (Frolova
et al.,, 1997) and transformed SIN into bi- and tri-component
genome viruses, in which the genome fragments encoding
complementing functions were packaged into separate viral
particles (Fayzulin et al., 2005).

However, the structure of the VEE-specific DI RNAs did
not follow the same rules as did SIN DI RNAs. They were a
few-fold longer than sequenced SIN and SFV DI RNAs, and
a large fraction of them contained deletions of structural
genes and nsP4. According to this finding, the persistence of
VEE-specific DH RNAs in viral population during serial
passaging was achieved by using an alternative approach. The
designed VEE DH RNAs not only contained a large fragment
of the viral genome with the packaging signal(s) but were
capable of expressing the P123 that increased their ability to
replicate (most likely, to initiate replication) in the infected
cells in the presence of the replicon. Thus, VEE was
transformed into bi- and tri-component genome viruses
(Lazarowitz, 2001) that could be serially passaged in tissue
culture. Unexpectedly, this P123-coding design was advanta-
geous only for VEE, but not for SIN (Fig. 5). SIN-specific
P123-encoding helpers were efficiently packaged into viral
particles after co-transfection with replicons but did not
replicate at the next passage at the level sufficient to support
packaging. This result correlated with found fundamental
differences between VEE-specific and previously published
SIN-specific DI RNAs.

Based on the results of this study, it was not clear how
electroporated Hvee/C+Gl, Hl1stop/C+Gl H12stop/C+Gl and
H123stop/C+Gl helpers were capable of replicating and
producing viral structural proteins at a level sufficient for
packaging of replicons. These DH RNAs did not produce P123
and were inefficient in replication (most likely, initiation of
replication) on the next passages regardless of having a
packaging signal or not, but they functioned efficiently if
delivered into the cells by transfection. To understand this
ambiguity, we compared VEE replication after electroporation
of the in vitro-synthesized viral RNA genomes with replication
of the same virus after infecting cells at different MOIs. The
results indicated that electroporation of the RNAs at concen-
trations that we usually use for packaging of the replicons is
equivalent to infection at a very high MOI, ~100 PFU/cell
(data not shown). Therefore, transfection of high amounts of
DH and replicon RNAs into the cells made P123-negative
helpers capable of using replicon-provided nsPs, replicating
and producing viral structural proteins to the level sufficient for
RNA packaging. However, at the next passage, the difference
in replication became critical, when fewer DH RNA genomes
were delivered into the cells, and the DH RNAs encoding no
functional P123 could not supply structural proteins to the level
required for productive infection.

In conclusion, we have shown that the packaging of VEE-
specific RNAs during serial passaging of replicon- and helper-
containing viral particles strongly depends on two conditions:
the presence of packaging signal(s) in DH genomes and their

competence for efficient replication, which is determined by
the ability to express nsP1, nsP2 and nsP3 in the form of P123
precursor. Moreover, VEE developed more efficient mecha-
nism of infectious virions formation that allows this virus to
replicate more efficiently than does SIN, using lower levels of
the synthesized viral genome RNA and structural proteins. The
found phenomena might be advantageous for supporting the
integrity of the viral genome and developing high-titer viremia
on the background of lower levels of RNA replication that are
likely to lead to a less efficient antiviral response.

Materials and methods
Cell cultures

BHK-21 cells were kindly provided by Dr. Paul Olivo
(Washington University, St. Louis, MO). They were main-
tained at 37 °C in alpha minimum essential medium («MEM)
supplemented with 10% fetal bovine serum (FBS) and
vitamins.

Plasmid constructs

pVEErep/GFP/Pac and pSINrep/GFP plasmids encoding
VEE replicon capable of expressing green fluorescent protein
(GFP) and the puromycin acetyltransferase (Pac) gene, or the
SIN replicon, encoding GFP, were described elsewhere
(Gorchakov et al., 2004; Petrakova et al., 2005). pHsin/C+Gl,
pHsin/C, pHsin/Gl and ptRNA/Hsin/C+Gl helper-coding plas-
mids were previously described (Bredenbeek et al., 1993;
Fayzulin et al., 2005). They were formerly referred to as DH-
BB(5'SIN), BB/C, BB/Gl and DH-BB, respectively. The
terminology was changed to make their names consistent with
those of other constructs developed in this work. These helpers
encoded SIN genomes with either natural 5 UTR or tRNA®P
S'UTR (derived from naturally occurring SIN DI RNA). The
deletion of nt 421-7334 covered nsP2, nsP3 and most of the
nsP1- and nsP4-coding regions. pHsin123/C+Gl plasmid
encoded SIN genome with deletion of nt 5769—7334. This
helper genome was capable of expressing nsP1, nsP2 and nsP3,
and its subgenomic RNA encoded all of the SIN structural
proteins. pHsin123/Gl and pHsinl123/C helper-containing
plasmids had the same deletion of the nsP4 gene as did
pHsin123/C+Gl, but the subgenomic RNAs were derived from
the previously described pDH-BB/C and pDH-BB/GI (Fayzu-
lin et al., 2005) and were capable of expressing only SIN
capsid and SIN glycoproteins, respectively. pHvee/C+Gl,
pHvee/C and pHvee/Gl encoded VEE helper RNAs, cloned
under control of the SP6 promoter. They contained a deletion
of nt 520-7290 covering almost the entire VEE P1234
polyprotein, encoding the RdRp. The Hvee/C+Gl helper
contained the entire subgenomic RNA encoding all of the
VEE TC-83 structural proteins. The subgenomic RNA of
Hvee/C encoded only VEE capsid because nt 8387-11326
were deleted. Hvee/Gl helper contained VEE subgenomic
RNA, in which nt 7805-7897 (coding cluster of positively
charged amino acids) were deleted to make the capsid
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incapable of RNA binding. pH123/C+Gl encoded the helper
genome containing a deletion of nt 5702—-7500 (covering
almost entire nsP4-coding sequence) with a TGA codon
inserted downstream of the nsP3-coding sequence, at 5701
position. This helper contained the entire subgemomic RNA
encoding all of the VEE TC-83 structural proteins. Subge-
nomic RNA of H123/C helper encoded only the VEE capsid,
and nt 8387-11,326 were deleted. H123/Gl helper contained
VEE subgenomic RNA with the deletion of nt 7805-7897,
making the capsid incapable of RNA binding. The Hstop123/
C+Gl helper construct was essentially the same as H123/C+Gl,
except for the insertion of a TCGA sequence after nt 1620.
These 4 nucleotides were inserted to destroy the open reading
frame (ORF). H1stop/C+Gl and H12stop/C+Gl helpers had the
same genome structure as H123/C+Gl, except for insertion of
TGA codons immediately after the nsP1- and nsP2-coding
sequences, respectively. Standard recombinant DNA techni-
ques were used for all plasmid constructions, and all of the
required sequence modifications were carried out using PCR-
based mutagenesis or by using existing convenient restriction
sites. Maps and sequences are available from the authors upon
request.

RNA transcriptions

Plasmids were purified by centrifugation in CsClI gradients.
Before the transcription reaction, the VEE replicon- and VEE
helper-coding plasmids were linearized using an Mlul restric-
tion site located downstream of the poly(A) sequence. SIN
replicon- and SIN helper-containing plasmids were linearized
using an Xhol restriction enzyme. RNAs were synthesized by
SP6 RNA polymerase in the presence of a cap analog using
previously described conditions (Bredenbeek et al., 1993). The
yield and integrity of transcripts were analyzed by gel
electrophoresis under non-denaturing conditions. Aliquots of
transcription reactions were used for electroporation without
additional purification.

RNA transfections

BHK-21 cells were electroporated by previously described
conditions (Liljestrom et al., 1991). We always used 4 pg of in-
vitro-synthesized replicon RNA and 6 pg of each helper RNA
for electroporation. Packaged replicons were harvested 24 to
28 h post-electroporation. For measuring the titers of packaged
replicons in infectious unit per ml (inf.u/ml), BHK-21 cells
were seeded at a concentration of 5 x 10> cells/35-mm dish.
After 4 h incubation at 37 °C, monolayers were infected with
10-fold dilutions of the samples and incubated for 1 h at 37 °C,
and then 1 ml of complete medium was added to the wells.
Incubation continued either at 37 °C for 6—8 h or at 30 °C for
16—18 h. The numbers of GFP-expressing cells were evaluated
on an inverted fluorescent microscope. To measure the
concentration of the packaged VEE replicon, VEErep/GFP/
Pac, in colony-forming units (CFU/ml), cells infected with ten-
fold dilutions of the packaged replicons were incubated in
complete media, supplemented with 5 pg/ml of puromycin.

Colonies of Pur® cells were stained with crystal violet after
5-7 days of incubation at 37 °C.

Viral replication analysis

BHK-21 cells were seeded at a concentration of 5 x 10°
cells/35-mm dish. After 4 h incubation at 37 °C, monolayers
were infected with MOIs, as indicated in figure legends, and
overlaid with 1 ml of complete medium. At indicated times
post-infection, media were replaced, and virus titers or titers of
packaged replicons in the harvested samples were determined
by a plaque assay on BHK-21 cells as previously described
(Lemm et al., 1990) and by the above described method,
respectively.

Generation of VEE TC-83 DI RNAs

2.5 x 10° BHK-21 cells were infected with 1 ml of the VEE
vaccine strain TC-83 samples harvested after the previous
passage. Viruses were harvested after development of profound
cytopathic effect (CPE) that usually occurred within 30 h post-
infection. Titers were determined by a standard plaque assay on
BHK-21 cells (Lemm et al., 1990). Accumulation of the DI
RNAs was detected by infecting 5 x 10° BHK-21 cells with
200 pl of undiluted virus samples followed by metabolic RNA
labeling in 0.8 ml «MEM supplemented with 10% FBS, 1 ng/
ml of ActD and 20 pCi/ml of [*H]uridine at 37 °C between 3
and 7 h post-infection. RNAs were isolated from the cells by
TRIzol reagent, as recommended by the manufacturer (Invitro-
gen). They were denatured with glyoxal in dimethyl sulfoxide
and analyzed by agarose gel electrophoresis using the
previously described conditions (Bredenbeek et al., 1993).

RNA analysis

Cells were transfected with in-vitro-synthesized RNAs or, in
some experiments, infected with viral particles and seeded into
35-mm dishes at a concentration of 10° cells/dish. After
incubation at 37 °C for 16 h, cells were washed with
phosphate-free Dulbecco’s Modified Eagle Medium (DMEM),
and the incubation continued in 0.8 ml of the same phosphate-
free DMEM supplemented with 1% FCS and 50 puCi/ml of
[**P]phosphoric acid at 37 °C for 8 h. Virus particles were
harvested before CPE development and pelleted by centrifu-
gation in the tabletop Optima ultracentrifuge (Beckman) in
TLA-55 rotor at 52,000 rpm for 1 h at 4 °C. RNAs were
isolated from the pelleted viruses by TRIzol reagent, as
recommended by the manufacturer (Invitrogen). They were
denatured with glyoxal in dimethyl sulfoxide and analyzed by
agarose gel electrophoresis using the previously described
conditions (Bredenbeek et al., 1993).

To test intracellular RNA replication, cells were transfected
by electroporation or infected at the MOIs indicated in the
figure legends with packaged replicons or viruses, and virus-
specific RNAs were labeled with [*H]uridine as described in
the figure legends. RNAs were isolated from the cells by
TRIzol reagent, as recommended by the manufacturer (Invitro-
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gen), denatured with glyoxal in dimethyl sulfoxide and
analyzed by agarose gel electrophoresis.

Analysis of protein synthesis

BHK-21 cells were seeded into 35-mm dishes at a
concentration of 5 x 10> cells/well. After 4 h incubation at
37 °C in 5% CO,, they were infected at an MOI of 10 PFU/cell
with the viruses indicated in the figure legend in 500 pl of
oMEM supplemented with 1% FBS at room temperature for 1
h with continuous shaking. The medium was then replaced by
corresponding complete medium, and incubation continued at
37 °C. At the indicated times post-infection, the cells were
washed three times with phosphate-buffered saline (PBS) and
then incubated for 30 min at 37 °C in 0.8 ml of DMEM
medium lacking methionine, supplemented with 0.1% FBS and
20 uCi/ml of [*>S]methionine. After this incubation, cells were
scraped into the media, pelleted by centrifugation and
dissolved in 200 pl of standard protein loading buffer. Equal
amounts of proteins were loaded onto sodium dodecyl sulfate—
10% polyacrylamide gels. After electrophoresis, gels were
dried, autoradiographed and analyzed on a Storm 860
Phosphorlmager (Molecular Dynamics).
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