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Alphaviruses are arthropod-borne viruses (arboviruses) that include a number of important human and
animal pathogens. Their replication proceeds in the cytoplasm of infected cells and does not directly depend
on nuclei. Alphaviruses encode only four nonstructural proteins that are required for the replication of viral
genome and transcription of the subgenomic RNA. However, the replicative enzyme complexes (RCs) appear
to include cellular proteins and assemble on cellular organelles. We have developed a set of recombinant
Sindbis (SIN) viruses with green fluorescent protein (GFP) insertions in one of the nonstructural proteins,
nsP3, to further understand the RCs’ genesis and structure. We studied the assembly of nsP3/GFP-containing
protein complexes at different stages of infection and isolated a combination of cellular proteins that are
associated with SIN nsP3. We demonstrated the following. (i) SIN nsP3 can tolerate the insertion of GFP into
different fragments of the coding sequence; the designed recombinant viruses are viable, and their replication
leads to the assembly of nsP3/GFP chimeric proteins into gradually developing, higher-order structures
differently organized at early and late times postinfection. (ii) At late times postinfection, nsP3 is assembled
into complexes of similar sizes, which appear to be bound to cytoskeleton filaments and can aggregate into
larger structures. (iii) Protein complexes that are associated with nsP3/GFP contain a high concentration of
cytoskeleton proteins, chaperones, elongation factor 1A, heterogeneous nuclear ribonucleoproteins, 14-3-3
proteins, and some of the ribosomal proteins. These proteins are proposed to be essential for SIN RC formation
and/or functioning.

Alphaviruses are a widely distributed group of significant
human and animal pathogens. Some of them, including Ven-
ezuelan, eastern, and western equine encephalitis viruses,
cause serious febrile illness and encephalitis (26). Others
cause diseases with mild symptoms that usually include rash,
fever, and arthritis (19). Alphavirus structural and nonstruc-
tural proteins (nsPs) demonstrate an obvious homology,
suggesting that replication of their genomes, interactions
with host cell biology, and formation of viral particles have
much in common (52).

The alphavirus genome is a single-stranded RNA of positive
polarity and almost 12 kb in length that mimics the structure of
cellular mRNAs. It contains both a 5� methylguanylate cap and
a 3� polyadenylate tail (27, 51). These features allow the trans-
lation of viral proteins by host cell machinery directly from the
genome RNA. The 5� two-thirds of the genome is translated
into nonstructural proteins that comprise the viral components
of the replicative enzyme complex (RC) that is required for
replication of the viral genome and transcription of the sub-
genomic RNA. The subgenomic RNA corresponds to the 3�
third of the genome. It is synthesized from the subgenomic
promoter and translated into viral structural proteins, which
are dispensable for RNA replication. The RNAs lacking the

structural genes and encoding only nsPs replicate with essen-
tially the same efficiency as do normal viral genomes (8).

The replication of the alphavirus genome was intensively
studied in two members of the genus, Semliki Forest virus
(SFV) and Sindbis virus (SIN) (52). In the infected cells, three
different RNA species were identified: plus-strand RNA ge-
nomes, plus-strand subgenomic RNAs, and minus-strand ge-
nome RNA intermediates. Their synthesis is asymmetric and
strictly regulated (50). Minus-strand RNA synthesis proceeds
in only the first 3 to 4 h postinfection and is undetectable at the
late stages, when only plus-strand RNA synthesis occurs (45,
46). This regulation of RNA replication strongly depends on
the processing of nonstructural proteins. Initially, they are syn-
thesized as two polyproteins, P123 and P1234. The nsP4 is
cleaved in cis from the polyprotein, and the complex of P123
and nsP4 is capable of initiating minus-strand RNA synthesis
(50). Further processing of P123, performed by nsP2-associ-
ated protease activity (25), probably leads to the formation of
a partially processed complex (nsP1-P23-nsP4) that is still ca-
pable of minus-strand RNA synthesis (32, 59). Then com-
pletely processed nsPs form mature replicase (34, 35). This
complex is capable of the efficient synthesis of the positive-
sense genome and subgenomic RNAs. The individual nsPs are
produced in the cells at different concentrations and are likely
present in RCs at different concentrations as well: nsP4 is
synthesized at least 10- to 20-fold less efficiently than other
nsPs due to the presence of a stop codon between nsP3 and
nsP4 in the polyprotein-coding gene; SIN- and SFV-specific
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nsP2 was previously detected not only in the cytoplasm but also
in the nuclei of infected cells (17, 43).

SFV and SIN infections were found to cause the formation
of unique membrane structures, namely type 1 cytoplasmic
vacuoles (CPV-1), that are associated with a smooth mem-
brane fraction during isopycnic centrifugation in a sucrose
gradient (3, 13, 16, 21). These vacuoles, having diameters be-
tween 600 and 2,000 nm, contain small vesicular invaginations,
spherules, that are proposed as sites of SFV RNA replication.
The CPVs could be labeled with [3H]uridine, a finding that
implies they function in RNA replication (20), and the spher-
ules were suggested as replicative complexes containing all of
the nsPs (20, 29). However, other ultrastructural evidence
strongly indicated that CPVs are indeed likely to be derived
from modified secondary lysosomes and endosomes (41), but
the organization of nsP3 and nsP4 in the infected cells does not
follow a vacuolar morphology that is typical of antigens local-
ized on lysosomes or endosomes (16). Moreover, the structures
recognized by nsP3- and nsP4-specific antibodies were located
on the external surface of CPVs, and they were easily detached
from CPVs during different purification procedures (4, 16).
The residual CPVs retained the characteristic internal spher-
ules but contained no viral nsPs. Thus, the accumulated data
about the structure of alphavirus replicative complexes con-
tinue to be in conflict and the mechanisms of their formation
and functioning need further examination.

In our study, we applied recombinant SIN encoding green
fluorescent protein (GFP) to one of the nonstructural proteins,
nsP3, to further understand the functioning of the latter pro-
tein in SIN replication. We analyzed the intracellular transport
and compartmentalization of nsP3/GFP at different times
postinfection and isolated cellular proteins associated with
nsP3/GFP. Our results indicate that the majority of SIN nsP3/
GFP is likely associated with the cellular cytoskeleton, and
more than 30 cellular proteins appear to form a complex with
this chimeric protein.

MATERIALS AND METHODS

Cell cultures. BHK-21 cells were kindly provided by Paul Olivo (Washington
University, St. Louis, MO). Cells were maintained at 37°C in alpha minimum
essential medium supplemented with 10% fetal bovine serum and vitamins.

Plasmid constructs. pSIN/389, pSIN/549, and pSIN/2V/389 plasmids carrying
the full-length genome of SIN with the in-frame insertion of GFP sequence after
amino acids (aa) 389 and 549 of nsP3 were designed by using standard cloning
techniques. The GFP sequence was cloned either into the SpeI site of nsP3
(pSIN/389) that was previously identified as a place for extended insertions (6) or
by PCR-mediated ligation (pSIN/549). pSIN/2V/389 had essentially the same
sequence as pSIN/389, except for a previously described single-point mutation
that leads to the replacement of glycine by valine in the P2 position of the
cleavage site between nsP2 and nsP3 (50). This nsP2 G8063V mutation abol-
ished nsP2/3 cleavage during P123 processing. SIN/389 and SIN/2V/389 recom-
binant clones contained an additional mutation leading to the replacement of a
stop codon between nsP3 and nsP4 by the cysteine-coding codon. A schematic
representation of the recombinant genomes is shown in Fig. 1A. The SIN/28
genome was not designed as a cDNA clone. This recombinant virus was selected
in another project from the random library of GFP insertion mutants of SIN
(data not shown). pSINrep/389 carried a SIN replicon (8). This replicon con-
tained no coding sequence in the subgenomic RNA and had the same GFP
insertion in nsP3 as did pSIN/389. Sequences of all of the recombinant viral and
replicon genomes can be provided upon request.

RNA transcriptions. Plasmids were purified by centrifugation in CsCl gradi-
ents. Before the transcription reaction, plasmids were linearized by using the
XhoI restriction site located downstream of the poly(A) sequence. RNAs were
synthesized by SP6 RNA polymerase in the presence of cap analog under pre-

FIG. 1. Schematic representation of recombinant viral genomes
and analysis of their replication in BHK-21 cells. (A) All of the re-
combinant viruses encoded GFP cloned in frame into the nsP3-coding
sequence. SIN/389, SIN/549, and SIN/28 contained GFP insertions
after aa 389, 549, and 28 of nsP3, respectively. SIN/2V/389 had essen-
tially the same sequence as SIN/389 except for a single point mutation
leading to replacement of glycine by valine in the P2 position of the
cleavage site between nsP2 and nsP3. SIN/389 and SIN/2V/389 recom-
binant viral genomes contained an additional mutation leading to the
replacement of a stop codon between nsP3 and nsP4 by the cysteine-
coding sequence. SIN/28 virus was selected from the random library of
GFP insertion mutants. SG indicates the position of a subgenomic
promoter. (B) Infectivity of in vitro synthesized viral RNAs and com-
parative plaque sizes determined in the infectious center assay (see
Materials and Methods). Plaques were stained after 40 h of incubation
under agarose cover. n.d. indicates that recombinant viral genome was
not designed in cDNA form, the infectious center assay was not per-
formed, and the plaque size was determined in the plaque assay.
(C) BHK-21 cells were infected at an MOI of 10 PFU/cell. At the
indicated times, the medium was replaced and virus titers were deter-
mined by plaque assay as described in Materials and Methods.
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viously described conditions (42). The yield and integrity of transcripts were
analyzed by gel electrophoresis under nondenaturing conditions. Transcription
reactions were used for electroporation without additional purification.

RNA transfections. BHK-21 cells were electroporated under previously de-
scribed conditions (36), and the infectious center assay was performed in parallel
as previously described (17). The residual electroporated cells were seeded into
100-mm dishes, and viruses were harvested after the development of profound
cytopathic effect (CPE). SINrep/389 replicon was packaged by using two SIN
helpers as described elsewhere (14).

Viral replication analysis. BHK-21 cells were seeded at a concentration of 5 �
105 cells/35-mm dish. After 4 h of incubation at 37°C, the subconfluent mono-
layers that formed were infected with different viruses at a multiplicity of infec-
tion (MOI) of 10 PFU/cell for 1 h, washed three times with prewarmed medium,
and overlaid with 1 ml of complete medium. At indicated times postinfection, the
medium was replaced and virus titers in the harvested samples were determined
by a plaque assay on BHK-21 cells as previously described (33).

Isolation of nsP3/GFP-binding cellular proteins. Cell lysis was performed as
previously described by Barton et al. (4). Briefly, subconfluent BHK-21 cells (1 �
107 cells per 150-mm-diameter dish) were infected with recombinant SIN/389
virus or packaged SINrep/389 replicon at an MOI of 20 PFU/cell or 20 infectious
units (IFU)/cell, respectively. At 8 h postinfection, cells were washed with phos-
phate-buffered saline and then scrapped and pelleted by centrifugation at 1,000
� g. Next, cells were suspended in hypotonic buffer (10 mM Tris-HCl [pH 7.5],
10 mM NaCl, 5 mM MgCl2, and 1� protease inhibitor cocktail [Roche]) and,
after 15 min of incubation on ice, broken in a tight glass Dounce homogenizer.
Nuclei were pelleted by centrifugation at 900 � g for 5 min at 5°C (NUC
fraction). No intact cells were found in this fraction under microscope. The
postnuclear supernatant (CYT fraction) was either used directly for the coim-
munoprecipitation of cellular proteins or centrifuged at 15,000 � g for 20 min at
5°C in 1.5-ml tubes. The pellet (P15 fraction) and supernatant (S15 fraction)
were further analyzed.

For coimmunoprecipitation, we adjusted NaCl to 150 mM and slowly added
NP-40 to the CYT fraction to 1% and incubated the solution on ice for 30 min.
(NP-40 was found to produce a lower background of nonspecifically isolated
proteins than did other tested detergents.) Then this CYT/NP-40 fraction was
centrifuged at 15,000 � g for 10 min at 5°C. Supernatant (S15/NP-40 fraction)
was mixed with 50 �l of microMACS beads (Miltenyi Biotec) with affinity-
purified anti-GFP antibodies or with protein A microMACS beads, on which the
protein A had been cross-linked with affinity-purified anti-nsP3 antibodies by
using a protocol provided by the manufacturer (Miltenyi Biotec). (These rabbit
anti-nsP3 antibodies were affinity purified on Sepharose with covalently linked
SIN nsP3.) After 1 h of incubation at 5°C, the suspension was loaded on �Col-
umns (Miltenyi Biotec) and washed four times with 200 �l of NP buffer (10 mM
Tris-HCl [pH 7.5], 150 mM NaCl, 5 mM MgCl2, 1% NP-40, and 1� protease
inhibitor cocktail) and bound proteins were eluted in 40 �l of protein gel sample
buffer. The eluted proteins were separated on sodium dodecyl sulfate-10% poly-
acrylamide gels (30) and stained with Coomassie brilliant blue R-250. In parallel,
the same affinity purification procedure was applied to uninfected cells. The
stained bands were excised from the gel and prepared for matrix-assisted laser
desorption ionization–time of flight mass spectrometry (MALDI-TOF MS) and
MALDI-TOF/TOF MS analyses in the Mass Spectrometry Laboratory of UTMB
Biomolecular Resource Facility. Gel pieces were incubated with trypsin (20
�g/ml in 25 mM ammonium bicarbonate, pH 8.0; Promega Corp.) at 37°C for
6 h. One microliter of the digested sample was deposited onto the MALDI plate
and allowed to dry. One microliter of matrix (alpha-cyano-4-hydroxycinnamic
acid; Aldrich Chemical Co.) was then applied on the sample spot and allowed to
dry. MALDI-TOF MS was performed by using an Applied Biosystems Voyager
DE STR for peptide mass fingerprinting. MALDI-TOF/TOF MS was performed
by using an Applied Biosystems model 4700 proteomics analyzer for peptide
mass fingerprinting and MS/MS analysis. Applied Biosystems software was used
in conjunction with MASCOT to search the NCBInr (rodent and viral) databases
for protein identification. Protein match probabilities were determined by using
expectation values and/or MASCOT protein scores. There are not enough data
about hamster sequences in the databases; therefore, the identification of cellu-
lar proteins was performed according to mouse sequences. Mouse and se-
quenced hamster genes have a very high level (�95%) of homology.

Isolation of nsP3/GFP-binding proteins from nuclear fraction. After the low-
speed centrifugation, the nuclear pellet was suspended in 500 �l of hypotonic
buffer (10 mM Tris-HCl [pH 7.5], 10 mM NaCl, and 5 mM MgCl2), sucrose was
added to 60%, and the solution was loaded to the bottom of the centrifuge tubes
containing a discontinuous sucrose gradient prepared on the same buffer sup-
plemented with 150 mM NaCl (1.5 ml of 20, 2 ml of 25, 2 ml of 30, 2 ml of 45,
and 2 ml of 50% sucrose). Centrifugation was performed in an SW-41 rotor at

34,000 rpm and 5°C for 16 h. An opalescent nuclei-containing band (NUC/
sucrose fraction) was collected, sucrose was diluted fourfold, and nuclei were
pelleted in an Eppendorf centrifuge for 1 min at maximum speed. The resulting
pellet was suspended in 600 �l of cytosolic extraction reagent I buffer that was
provided with an NE-PER nuclear and cytoplasmic extraction kit (Pierce), and
further treatment was performed as recommended by the manufacturer for the
nuclei isolation. Then the nuclei were pelleted by centrifugation at 10,000 � g for
5 min at 5°C, and the supernatant was diluted to 3 ml with Tris-buffered saline
and loaded on a discontinuous sucrose gradient (0.8 ml of 20 and 0.5 ml of 60%
sucrose) prepared on the same buffer. After centrifugation at 52,000 rpm, 5°C for
1 h in SW-60 rotor, the opalescent band between 20 and 60% sucrose was
collected and further analyzed on sodium dodecyl sulfate–10% polyacrylamide
gels and by confocal microscopy.

Microscopy. For live microscopy, BHK-21 cells were seeded on the glass
chamber slides (Nunc) and infected with recombinant virus at an MOI of 20
PFU/cell. Then glass chambers were placed in a closed-style incubating chamber
with temperature regulation, humidity control, and CO2 enrichment. Cells were
analyzed by using a Nikon TE300 inverted epifluorescence microscope (Nikon
Plan Fluor 40�/1.4 objective 1.4), equipped with an objective heater (20/20
Technology, Inc.) and a CoolSnap HQ digital monochrome charge-coupled
device camera (Photometrics).

For confocal microscopy, BHK-21 cells were seeded on the glass chamber
slides and infected at an MOI of 20 PFU/cell or 20 IFU/cell with recombinant
SIN or packaged SIN replicon, respectively, and incubated at 37°C in a CO2

incubator. At the indicated times, they were fixed in 3% formaldehyde in phos-
phate-buffered saline, permeabelized with 0.5% Triton X-100, stained with spe-
cific antibodies and corresponding AlexaFluor 546- or AlexaFluor 633-labeled
secondary antibodies, and analyzed on a Zeiss LSM510 META confocal micro-
scope by using a 63�/1.4 objective. For three-dimensional analysis, infected cells
were fixed with 1% formaldehyde for less than 10 min at different times postin-
fection and images were acquired by using a 63�/1.4 objective. The image stacks
were further processed by using Huygens Essential version 2.7 deconvolution
software (Scientific Volume Imaging) and the three-dimensional rendering soft-
ware Imaris version 4.2 (Bitplane AG).

For analysis of nsP3/GFP-containing subcellular fractions, protein complexes
were bound to positively charged glass slides (Electron Microscopy Sciences) and
then either the proteins were stained with antibodies or the GFP fluorescence
was directly analyzed on a confocal microscope.

Analysis of SIN P123 processing and concentration of nsP2 and nsP3/GFP in
different cellular fractions. Portions of the cell lysates at different stages of
isolation were separated by sodium dodecyl sulfate–10% polyacrylamide gel
electrophoresis. After protein transfer, the nitrocellulose membranes were
stained with 0.5% Ponceau S (Fisher) in 1% acetic acid to confirm the quality of
transfer, and processed by rabbit anti-SIN nsP2 antibodies (diluted 1:1,000),
kindly provided by Charles M. Rice (Rockefeller University), or nsP3-specific
antibodies that were prepared by immunizing rabbits with SIN nsP3 purified
from Escherichia coli. Horseradish peroxidase-conjugated secondary donkey anti-
rabbit antibodies were purchased from Santa Cruz Biotechnology and used in a
dilution of 1:5,000. Horseradish peroxidase was detected by using the Western
blotting luminol reagent, which was used according to the manufacturer’s rec-
ommendations (Santa Cruz Biotechnology).

RNA analysis. To analyze the presence of SIN-specific RNAs in the isolated
protein complexes, 2.5 � 106 BHK-21 cells in 100-mm dishes were infected with
packaged SINrep/389 replicon at an MOI of 20 IFU/cell. Virus-specific RNAs
were metabolically labeled with [3H]uridine (20 �Ci/ml) in the presence of 1
�g/ml of dactinomycin (ActD) from 1 to 8 h postinfection. nsP3/GFP-bound
protein complexes were isolated on �Columns according to the above-described
protocol. The same RNA labeling and protein isolation procedures were applied
to uninfected cells. The radioactivity was measured by liquid scintillation count-
ing.

RESULTS

Sindbis virus tolerates GFP insertions into different frag-
ments of nsP3. To study the formation of SIN replicative
complexes, we designed recombinant SIN viruses with inser-
tions of GFP-coding sequence into the nsP3 genes. SIN/549
and SIN/389 viral genomes contained GFP insertions in the
highly variable region of nsP3 after aa 549 and 389, respectively
(Fig. 1A). The sites for insertions were selected based on the
facts that, according to computer predictions, the carboxy-
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terminal peptide of nsP3 is disordered, and SIN was found to
be capable of tolerating multiple deletions (31) and the inser-
tion of the luciferase gene after aa 389 (6) and of other genes
after aa 549 (R. Gorchakov and I. Frolov, unpublished data).
SIN/28 contained a GFP-coding sequence after aa 28 of nsP3
(Fig. 1A). This particular mutant was identified during the
screening of the random library of GFP insertion variants of
SIN. That library was generated in the plasmid containing the
entire nsP2-coding gene flanked with the short sequences of
nsP1 and nsP3. The detailed description of the library and
identified nsP2-insertion mutants will be presented later (data
not shown). The SIN/389 construct had an additional mutation
in the genome, in which the stop codon between the nsP3 and
nsP4 genes was replaced by cysteine-coding TGT. This muta-
tion had a positive effect on virus replication (data not shown).
The SIN/2V/389 variant had essentially the same design as
SIN/389 but contained a single mutation that changed the
glycine to valine in the P2 position of the cleavage site between
nsP2 and nsP3. This nsP2 G8063V mutation prevented nsP2/
3 cleavage and changed the intracellular distribution of the
nsP2 (17).

Recombinant viruses were rescued by transfection of the in
vitro-synthesized RNAs into BHK-21 cells. The infectivity of
the RNAs in the infectious center assay was comparable to that
found for SIN Toto1101 RNA (Fig. 1B), indicating that no
additional adaptive mutations are required for virus viability.
However, among these mutants, SIN/389 was capable of more
efficient growth in tissue culture, approaching titers higher
than 109 PFU/ml, and it formed plaques of essentially the same
size as those of wild-type SIN Toto1101 (Fig. 1B and C).
SIN/549 and SIN/28 developed smaller plaques and demon-
strated low, but detectable, levels of instability, leading to an
evolution of a large-plaque phenotype. The better-replicating
SIN/549 mutants either remained capable of GFP expression
or were GFP negative. The evolved GFP-expressing viruses
acquired additional adaptive mutations in the protease domain
of nsP2 (R. Gorchakov, unpublished data). However, they
needed additional investigation for proper interpretation of
the results, and, therefore, SIN/549 was not used in the exper-
iments described below.

Taken together, the data suggested that SIN tolerates the
insertions of GFP into different fragments of the nsP3 and
sustains replication and a cytopathic plaque-forming pheno-
type. However, the GFP insertion after aa 389 of nsP3 had the
least effect on SIN replication and the SIN/389 variant was
subjected to further experiments. The SIN/2V/389 cleavage
mutant was also viable (Fig. 1) and used in the experiments
that were aimed at investigating the colocalization of the nsPs.

Distribution of nsP3/GFP fusion protein at different times
postinfection. The GFP expression was readily detectable
within the first 3 to 4 h postinfection of BHK-21 cells with the
SIN/389 variant (Fig. 2A). Initially, GFP fluorescence was dis-
tributed in the cytoplasm. Then, at the later times postinfec-
tion, with the progression of the cytopathic changes in the cells,
GFP (as an nsP3/GFP fusion protein) concentrated closer to
the nuclei (Fig. 2A). The relocalization of GFP in the infected
cells strongly correlated with the previously described changes
in the distribution of nsP3 in the course of SFV and SIN
infections (16, 41). This fact and the efficient replication of the
SIN/389 mutant implied that the fusion of GFP with nsP3 did

not affect the biological functions of the latter protein. Staining
with organelle-specific antibodies indicated that nsP3/GFP-
containing structures never colocalized with the Golgi appara-
tus (Fig. 2B). Similarly, no colocalization of GFP with lyso-
somes was detected after the staining of live cells with
LysoTracker (Fig. 2C).

Next, we performed a detailed analysis of nsP3/GFP expres-
sion and distribution in the infected cells. The three-dimen-
sional images of infected cells were prepared at different times
postinfection by using a confocal microscope and analyzed by
deconvolution and reconstruction software (see Materials and
Methods). At 4 h postinfection with the SIN/389 variant, a
large fraction of nsP3/GFP was distributed in the cells in a
diffuse, nonaggregated smear-like form but some of the pro-
tein had already formed larger complexes (Fig. 3A and B).
These assembled protein complexes looked like spherules with
diameters of �0.5 �m, which correlated with the size of the
endosomes and small vacuoles that were previously detected
by electron microscopy (EM) after the staining of permeabil-
ized SFV-infected cells with nsP3-specific antibodies (41, 44).
However, based on the previously published measurements of
Cy5-labeled SFV particles under confocal microscopy (57) (0.4
to 0.5 �m instead of the 70 nm determined in the structural
studies), we might expect the real size of the complexes to be
a few fold smaller. At 7 to 8 h postinfection, nsP3/GFP con-
centrated in these spherule complexes of similar sizes (no
further diffuse GFP staining was detected); however, many of
spherules were already further grouped together (Fig. 3C and
D). By 11 to 12 h postinfection, when cells had already dem-
onstrated profound morphological changes, the nsP3/GFP was
mainly located close to the nuclei in very large aggregates that
were previously detected by immunostaining (Fig. 3E and F).
However, the latter aggregates still consisted of the above-
described spherules whose aggregation was likely caused by the
reorganization of the entire cytoplasm during CPE develop-
ment. The nsP3/GFP-containing spherules changed their po-
sitions very slowly, suggesting that they were probably associ-
ated with stable cellular structures like cytoskeleton filaments.

To additionally determine whether GFP-containing spher-
ule complexes and larger aggregates were artifacts resulting
from the insertion of GFP into nsP3, we stained SIN/389-
infected cells with nsP2-specific antibodies. As we expected,
similar to previously published results (17, 29), nsP2 was par-
tially present in complex with nsP3 and a large fraction of nsP2
was distributed in the cytoplasm and nucleus (Fig. 4A, B, and
C). In the cells infected with SIN/2V/389, nsP3-containing
spherules and aggregates were also detected, but their concen-
trations were lower and the uncleaved nsP2/nsP3 was mainly
distributed diffusely in the cytoplasm, never in the nucleus (Fig.
4D, E, and F). These data were consistent with the results of
our previous study, in which nsP2/nsP3 fusion protein that was
expressed by cleavage-deficient virus was found to be incapable
of translocation to the nucleus (17). Taken together, these data
indicated that the nsP3/GFP-containing large protein com-
plexes, consisting of smaller spherules, most likely had the
same structure as the previously described nsP3 aggregates
that were found in the infected cells after staining with nsP3-
specific antibodies (16, 44) and nsP3/GFP-expressing viruses
can be used for studying the effects of different mutations in
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the nonstructural genes on the formation of nsP3-containing
protein complexes in the infected cells.

Fractionation of nsP3/GFP-containing protein complexes.
To further analyze the distribution of nsP3, we additionally
fractionated cell lysates and compared the accumulation of
nsP3/GFP in the nuclear and S15 and P15 fractions (see Ma-
terials and Methods). All of the experiments were performed
on the cell lysates prepared at 8 h postinfection. This time
point was selected based on the distribution of GFP fluores-
cence found in the preliminary experiments, which suggested
that at 8 h postinfection at an MOI of 20 PFU/cell, nsP3/GFP
was present in spherule complexes and in more-aggregated

form and appeared to be distributed between different cellular
compartments. Such wide distribution could allow us to iden-
tify a wider set of cellular proteins that were interacting with
nsP3/GFP and involved in SIN replication (see below).

Cell lysates were fractionated into nuclear, S15, and P15
fractions (see Materials and Methods). The processed nsP3/
GFP and its phosphorylated forms (31) were readily detected
in S15 and P15 fractions (Fig. 5). However, the major fraction
of this protein was found in the NUC fraction. nsP2 was also
found in the nuclear fraction, but the difference between its
concentration in the nuclear, S15, and P15 fractions was not as
strong as that found for nsP3/GFP (Fig. 5, lower panel). This

FIG. 2. Formation of nsP3/GFP-containing protein complexes in SIN/389 virus-infected cells. (A) BHK-21 cells were infected at an MOI of 20
PFU/cell and merged phase-contrast and GFP images of live cells were taken every 10 min between 2 and 11 h postinfection. Four- and 8-h time points
are presented. (B) BHK-21 cells were infected at an MOI of 20 PFU/cell. At 8 h postinfection, they were fixed with 1% formaldehyde, permeabilized
with Triton X-100, and stained with giantin-specific antibodies (red). (C) Live cells were stained for 30 min with LysoTracker at 8 h postinfection. Images
for panels B and C were prepared by using a confocal microscope.
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fact additionally indicated that nsP2 is present in the cells both
in nsP3-associated and nonassociated forms.

The nuclear fraction was additionally purified by ultracen-
trifugation on a discontinuous sucrose gradient (see Materials
and Methods). However, based on Western blot analysis, nsP3/
GFP and nsP2 remained associated with nuclei even after this

additional purification step (Fig. 5; also see Fig. 7). The mi-
crosomal fraction released from the nuclear pellet during ul-
tracentrifugation and collected in the same gradient contained
cellular vacuoles, but nsP3/GFP was detected at a very low
concentration (data not shown).

nsP3/GFP could be partially released from the nuclear frac-

FIG. 3. Gradual formation of the nsP3/GFP protein complexes. BHK-21 cells were infected with SIN/389 and confocal microscope images were
prepared and processed as described in Materials and Methods at 4 h postinfection (A and B), 7.5 h postinfection (C and D), and 11 h postinfection
(E and F). Insets in panels A, C, and E indicate enlarged areas that are presented in panels B, D, and F, respectively.
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tion by treatment with 1% of NP-40 (but not by a high con-
centration of NaCl). However, the complete detachment was
achieved only by using an NE-PER nuclear and cytoplasmic
extraction kit from Pierce. This reagent was designed for the

purification of nuclei and appears to remove the residual en-
doplasmic reticulum (ER) and, most likely, the cytoskeleton
filaments. It solubilized nsP3/GFP-containing complexes, and
they could be additionally purified by ultracentrifugation in a
discontinuous sucrose gradient (see Materials and Methods).
The fusion proteins harvested between the layers of 20 and
60% sucrose remained, at least partially, in an aggregated form
(Fig. 6), but this fraction was always strongly contaminated
with other cellular proteins (data not shown). No regular ves-
icle-like structures were detected by EM analysis of these GFP-
containing complexes after pelleting them by ultracentrifuga-
tion (data not shown). Moreover, relative to starting material,
only a small fraction of nsP2 and nsP3 was isolated. Thus, we
concluded that the isolation procedure was not gentle enough
and, after purification, the fluorescent structures most likely no
longer represented replicative complex-like formations. There-
fore, they were not analyzed further.

Compared to the nuclear fraction, P15 and S15 fractions
carried lower concentrations of nsP3/GFP-containing pro-
tein complexes (Fig. 7A and B). We believe that the GFP-
containing structures detected in these fractions (Fig. 7B)
were mainly the result of the ER and cytoskeleton fragmen-
tation during the homogenization procedure. However, the
endosomes and lysosomes were readily detectable by EM in
P15 and S15 samples (data not shown) and, thus, the pos-
sibility of some association of nsP3/GFP with these or-
ganelles cannot be ruled out.

FIG. 4. Colocalization of nsP2 and nsP3 in the infected cells. BHK-21 cells were infected with SIN/389 (panels A, B, and C) or SIN/2V/389
(panels D, E, and F) at an MOI of 20 PFU/cell and stained with nsP2-specific antibodies at 8 h postinfection. Green indicates distribution of GFP,
red indicates distribution of nsP2, and yellow indicates places of GFP and nsP2 colocalization on merged images. Nuclei in panels D and F were
stained with SYTOX Orange.

FIG. 5. Distribution of nsP3/GFP and nsP2 in the cells infected
with SIN/389. BHK-21 cells were infected at an MOI of 20 PFU/cell.
At 8 h postinfection, cells were harvested, homogenized, and further
fractionated as described in Materials and Methods. Aliquots of the
fractions that were used for gel electrophoresis are indicated. After
transfer, the nitrocellulose membranes were processed by rabbit anti-
nsP2 or anti-nsP3 antibodies and horseradish peroxidase-conjugated
secondary donkey anti-rabbit immunoglobulin G antibodies. The prep-
aration of protein fractions is described in Materials and Methods.
Sucr., sucrose.
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Thus, nsP3/GFP expressed by SIN/389 assembles into the
higher-order complexes. These larger structures copurify with
nuclei if cell lysates are not treated with the detergents. They
likely remain tightly attached to the residual nuclei-bound ER
and/or filamentous network.

The purification of cellular proteins associated with nsP3/
GFP. The nuclear fraction derived from SIN/389 variant-in-
fected cells contained a very high concentration of protein, but
the nsP3/GFP was tightly bound to cellular organelles and/or
filaments attached to the nuclei. Purification of the chimeric
nsP3 and bound cellular protein factors from the nuclear frac-
tion most likely required a strong treatment with detergents
and the application of a multistep purification process, leading
to loss of much of the material (see above). Therefore, based
on the fact that at 8 h postinfection, P15 and S15 contained
essentially equal amounts of nsPs, we used combined P15 and
S15 from infected cells (CYT fraction) to identify the nsP3-
binding cellular proteins (see Materials and Methods). In the
initial experiments, we tested two protein tags (the chitin-
binding domain and His6), which were fused in frame with the
carboxy-terminal part of nsP3. The recombinant viruses were
viable, but the tags were likely insufficiently exposed for bind-
ing and, therefore, the amount of isolated proteins was very
small. Moreover, different tested affinity beads demonstrated a
high level of nonspecific binding of cellular proteins to the
matrix. Thus, the final isolation protocol was designed based
on using a GFP tag that was cloned into the variable region of
nsP3 and small-sized MACS magnetic beads.

In the present study, we excluded from our experiments SIN
structural proteins that are present at high concentrations in
the infected cells. To achieve this, we designed a SIN replicon,
SINrep/389, in which the SIN structural genes were deleted.
This replicon was packaged into viral particles to a concentra-
tion of 1 � 1010 IFU/ml and used in the experiments described
below. The infection of the cells by SINrep/389 caused the
formation of the same nsP3/GFP structures as those in SIN/
389 virus-infected cells (data not shown).

A CYT fraction derived from homogenized cells, infected
with SINrep/389, was treated with NP-40 and purified on
MACS beads loaded with covalently linked, affinity-purified
anti-nsP3 or GFP-specific antibodies (see Materials and Meth-
ods). The same purification procedure was applied to an equal

FIG. 6. nsP3/GFP-containing structures partially purified from a
nuclear pellet. The nuclear pellet after the low-speed centrifugation
was further purified in a discontinuous sucrose gradient and fraction-
ated by using the NE-PER nuclear and cytoplasmic extraction kit
(Pierce) and additional centrifugation (see Materials and Methods).
Fraction collected between 20 and 60% sucrose was bound to posi-
tively charged glass slides and then stained with nsP2-specific antibod-
ies (A). Panel B shows GFP fluorescence in the sample used for panel
A, panel C shows a merged image of panels A and B, and panel D is
an enlarged image of that presented in panel B.

FIG. 7. Analysis of nsP3/GFP distribution in different fractions of cell lysates. The same portions of NUC fraction (A) and P15 fraction (B) were
bound to positively charged glass slides and nsP3/GFP concentration was evaluated by using a confocal microscope. Nuclei were stained with
SYTOX Orange.
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number of uninfected cells to identify the nonspecifically bind-
ing proteins. The results of the experiments were essentially
the same, regardless of the antibodies used, and cellular pro-
teins copurified with nsP3/GFP generated the same pattern on
the gel. (One of the reproducible isolations is demonstrated in
Fig. 8A.) The protein bands were excised from the gel, sub-
jected to in-gel trypsin digest and further identified by
MALDI-TOF or TOF-TOF mass spectroscopy (see Materials
and Methods). We easily identified bands corresponding to
nsP1, nsP2, nsP3/GFP, and nsP3/GFP/nsP4 fusion protein. The
presence of uncleaved nsP3/nsP4 in SIN RCs was previously
reported (4). nsP4 itself was not identified unambiguously,
because this protein is present at low concentrations, and its
band was most likely mixed with that of another, more abun-
dant cellular protein.

As expected, we detected the presence of the following cel-
lular proteins forming different cellular filaments (Fig. 8A):
vimentin, myosin IX heavy chain, and myosin regulatory light

chain (two isoforms). Beta-actin was also found in the protein
complexes that were isolated from the infected cells, but it was
also present in the sample that was isolated from the unin-
fected cells and, therefore, its functioning in the formation of
nsP3-containing structures is questionable. Plectin 1 was not
detected in all of the repeated experiments and at least not at
the same concentrations. Hsc70 protein formed one of the
major bands and was reproducibly detected in all of the isola-
tions, suggesting the possibility of its functioning in RCs or
during their formation. The majority of other detected proteins
could be characterized as RNA-binding (hnRNP A0, hnRNP
A1, hnRNP A2/B1, hnRNP A3, hnRNP U, fragile-X-related
protein 1, mYB-1b, and ras-GTPase-activating protein SH3-
domain binding protein, G3bp) and ribosomal proteins
(Rps18, Rps9, Rpl10A, Rpl10, and Rpl7). In addition, we
identified on the gel several bands corresponding to 14-3-3
protein family members.

To confirm that isolated protein complexes at least partially

FIG. 8. Analysis of protein complexes bound to nsP3/GFP and detection of virus-specific RNA in the samples. (A) BHK-21 cells were infected
(Inf.) with packaged SINrep/389 replicon at an MOI of 20 IFU/cell. Proteins were isolated by using GFP-specific antibodies as described in
Materials and Methods and after elution from the affinity columns were separated on sodium dodecyl sulfate-10% polyacrylamide gels and stained
with Coomassie brilliant blue R-250. The same purification procedure was applied to uninfected cells (Uninf.). Coomassie-stained bands were
excised from the gels and the proteins were identified by MALDI-TOF analysis. Names of the identified proteins are presented. (B) BHK-21 cells
were infected with packaged SINrep/389 replicon at an MOI of 20 IFU/cell, and virus-specific RNAs were metabolically labeled in the presence
of ActD as described in Materials and Methods. nsP3/GFP-bound protein complexes from cytoplasmic lysate were isolated on �Columns. The
same labeling and protein isolation procedures were applied to uninfected cells. The radioactivity in the samples was measured by liquid
scintillation counting. (C) The amount of radioactivity in the NUC fraction isolated from infected and uninfected cells during protein fractionation
(presented in panel B). The NUC fractions were washed with cold trichloracetic acid to remove unincorporated [3H]uridine.
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represent SIN RCs, we metabolically labeled RNAs in SINrep/
389-infected and uninfected cells with [3H]uridine in the pres-
ence of ActD (see Materials and Methods) and affinity-puri-
fied proteins according to the above-described procedure. A
high level of [3H]uridine-labeled RNA was readily detected in
the nsP3/GFP-bound complexes that were isolated from the
replicon-infected cells but not from the uninfected cells (Fig.
8B). This was an indication that the isolated protein fraction
contained replicon-specific RNAs, most likely present in a
double-stranded RNA form (because no treatment was done
to avoid RNase activity). The nuclear fraction contained a
greater-than-10-fold amount of viral RNA relative to that
found in affinity-purified complexes (Fig. 8, compare panels B
and C), suggesting that GFP-containing structures copurified
with nuclei also contained a high concentration of active RCs.
Thus, the data indicate that proteins copurified with GFP-
tagged nsP3 contain at least incomplete SIN RCs but the
functioning of the isolated proteins certainly needs further
investigation.

Colocalization of Hsc70 and vimentin with nsP3/GFP-con-
taining complexes. To confirm the biological significance of the
results, we performed colocalization experiments by using an-
tibodies specific to two of the identified proteins, Hsc70 and
vimentin (Fig. 9). BHK-21 cells were infected with SIN/389
virus and stained at 8 h postinfection. Virus replication caused
a strong redistribution of Hsc70 (Fig. 9, compare panels B and
D). Instead of the universal pattern that is characteristic of
Hsc70 in the mock-infected cells (Fig. 9D), we detected a large

fraction of this protein colocalized with the nsP3/GFP-contain-
ing complexes. Vimentin is a highly abundant cellular protein,
and we conclusively detected its colocalization with nsP3 only
in places where the vimentin concentration was lower. nsP3/
GFP-containing protein complexes were found in the vimen-
tin-formed patches (Fig. 9E and F). These data indicated that
the applied coimmunoprecipitation procedure based on using
nsP3- or GFP-specific antibodies indeed isolated cellular pro-
teins associated with nsP3/GFP.

DISCUSSION

Within the past few years, good progress was made in un-
derstanding alphavirus replication. Nevertheless, the structure
of the replicative complexes and the mechanism of their func-
tioning remain unclear. SIN or SFV replication leads to the
appearance in the cytoplasm of unusual cytoplasmic vacuoles,
CPV-1, containing membrane invaginations that are specific
for only the alphavirus-infected cells. The data about their
functional role(s) are contradictory. In some studies, CPVs
were proposed to be modified late endosomes or lysosomes
containing alphavirus RCs (20, 29) and the invaginations were
suggested as sites of replication and transcription of virus-
specific RNAs. However, another work demonstrated that
CPVs could be isolated free of the viral nonstructural proteins
without affecting the unusual characteristic morphology of
CPVs (16). Enzymatically active RCs have also been solubi-
lized by nonionic detergents and have demonstrated activity in

FIG. 9. Analysis of nsP3/GFP colocalization with Hsc70 and vimentin during virus replication. BHK-21 cells were infected with SIN/389 virus
at an MOI of 20 PFU/cell. At 8 h postinfection, cells were stained with antibodies specific to Hsc70 (A, B, and C) and vimentin (panels E and F)
and analyzed on confocal microscope as described in Materials and Methods. Panel D indicates mock-infected BHK-21 cells that were stained with
Hsc70-specific antibodies. Green staining indicates nsP3/GFP distribution and red indicates the distribution of Hsc70 (B, C, and D) and vimentin
(E and F). Merged images are presented in panels C and F. Arrows indicate positions of vimentin patches colocalized with nsP3/GFP-containing
structures. Nuclei in panels E and F were stained with SYTOX Orange.
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the absence of any membrane components (3, 4). However, the
ability of the isolated complexes to initiate the synthesis of new
RNAs was not evaluated. Thus, it might be reasonable to
expect that the association of RCs with cellular vacuoles,
CPVs, is not an absolute requirement for the replication and
transcription of virus-specific RNAs.

To further investigate the structure of SIN-specific RCs and
to identify the cellular proteins required for their functioning,
we developed a number of recombinant SIN viruses with GFP
insertions in different viral nonstructural genes. Mutants with
GFP insertions in the nsP3 genes were used in the present
work. GFP was found to be more advantageous than other
traditional tags, because it could be used for affinity purifica-
tion, and viral protein fused with GFP could be also easily
traced during viral infection as previously shown, for example,
for hepatitis C virus replicons (40). We found that GFP could
be cloned into at least three different sites of the nsP3 gene
without abrogating viral replication. However, the insertion
between aa 389 and 390 was more favorable because it had
higher stability, better exposure of GFP to antibodies, and the
least effect on virus replication. The nsP3/GFP protein of the
SIN/389 variant demonstrated an expression pattern that was
consistent with that previously described for nsP3 (16, 41). At
the early times postinfection (2 to 4 h), the fusion protein was
diffusely distributed in the cytoplasm without forming distinct
high-order structures at high concentrations and then (by 7 to
8 h postinfection) was assembled into better-defined com-
plexes, spherules, having similar sizes of less than 0.5 �m. At
late times postinfection, the spherules formed large aggregates
(usually located around the nucleus). These aggregates easily
disassembled to smaller components during cell homogeniza-
tion (Fig. 7A), indicating that the nsP3-containing protein
complexes are not directly and/or not tightly linked. Interest-
ingly, the nsP3-containing complexes were abundant not only
in the P15 or S15 fractions, which are traditionally used for
alphavirus RCs isolation, but also in the nuclear pellet. In this
nuclear fraction, they were likely strongly attached to the re-
sidual ER and/or the cytoskeleton fibers and could be further
purified by only procedures based on strong treatment with
detergents, causing a loss of protein components. As previously
described (16), the nsP3-containing complexes did not follow
vacuolar morphology but certainly could be associated with
cellular vacuoles, because the nsP1 protein, having the meth-
yltransferase and guanylyltransferase activities required for the
capping of newly synthesized positive-strand viral RNAs, is
palmitoylated and appears to be membrane-bound (1, 2).

In spite of their lower concentrations of nsP3/GFP, the P15
and S15 fractions were a more favorable source for the isola-
tion of cellular proteins associated with SIN nsP3. Compared
to that of the nuclear fraction, P15 and S15 had lower concen-
trations of unrelated cellular proteins and nsP3/GFP was
present in two forms: spherule-like and higher-order aggre-
gates. Thus, the isolation of the nsP3-bound proteins from
these fractions could likely provide more information about
the cellular factors functioning both at the early and late stages
of the RC assembly. The spectra of proteins that were affinity
purified from SINrep/389-infected and uninfected cells were
dramatically different. No intensively stained bands (except
actin) were detected on the lanes with proteins isolated from
mock-infected cells. In other experiments, we also used P15

and S15 fractions from the cells that were infected with wild-
type SIN expressing unmodified nsPs as a control and the
spectrum of isolated proteins was similar to that from unin-
fected cells (data not shown), indicating that differences in
protein profiles, shown in Fig. 8A, are likely not due to cellular
rearrangements resulting from CPE development. Impor-
tantly, the SINrep/389 infection-specific protein patterns were
very similar when affinity purification procedures were per-
formed by using either GFP-specific or nsP3-specific antibod-
ies. Moreover, the same spectrum of proteins was isolated
from the cells that were infected with nsP2/GFP SIN variants
(data not shown), with few additional proteins that might be
involved in the functions of nsP2 other than RNA replication.
Viral nsPs (nsP1, nsP2, and nsP3/GFP) were readily identified
by mass spectroscopy, and radioactively labeled, virus-specific
RNAs were also detected in the isolated protein complexes,
suggesting that they contained at least some fraction of pro-
teins that are involved in SIN RNA replication. The finding of
the uncleaved nsP3/nsP4 in significant concentrations corre-
lated with the previously published data (4). However, its iso-
lation also could be a result of mutating the stop codon be-
tween nsP3 and nsP4 (see Materials and Methods). Cellular
proteins that were copurified with nsP3/GFP at the highest
concentrations were heavy and light chains of myosin IX, vi-
mentin, and Hsc70. A finding of myosin and vimentin sup-
ported the possibility that SIN RCs are associated with cy-
toskeleton fibers. Moreover, their binding to myosin was
previously suggested by the report by Barton et al., in which
partially purified RC samples contained high concentrations of
actin, myosin, and tubulin (4). Moreover, the association of
SIN nsPs with fibrillar and granular structures was suggested in
EM studies (16). It is difficult to conclusively demonstrate an
association of RCs with a fibrillar network because its compo-
nents are very abundant in the cells. However, we found nsP3/
GFP-containing protein complexes to be associated with vi-
mentin patches (Fig. 9).

The immunostaining of the infected cells with Hsc70-specific
antibodies demonstrated a strong change in its intracellular
distribution and colocalization of a great fraction of this pro-
tein with nsP3/GFP. The discovery was surprising, but this
protein with a chaperone function certainly might be involved
in RC formation and/or functioning. The requirement of heat
shock proteins in virus replication was previously described for
other infections (5, 23, 60), and the role(s) of Hsc70 and maybe
other heat shock proteins in SIN replication needs further
investigation.

hnRNPs are among the most common nuclear proteins hav-
ing various RNA-related activities. Some of them normally
function in the nuclear export of mRNAs and cytoplasmic
mRNA trafficking (38, 39). Recently, various hnRNPs were
also suggested as host proteins involved in the replication of
different RNA and DNA viruses (10, 11, 22, 37, 47–49, 58) and
the virus replication-related activities usually correlated with
the relocation of hnRNP from nuclei to the cytoplasm. In our
study, we detected the presence of hnRNP U, hnRNP A3,
hnRNP A1, hnRNP A0, and hnRNP A2/B1 in the protein
complexes that were copurified with nsP3/GFP. Their exact
functions in SIN replication need to be further determined, but
we speculate that at least some of the detected hnRNPs might
be involved in SIN RC assembly and/or functioning.
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The elongation factor 1A, eEF1A (formerly eIF-1 alpha),
was not present in the purified protein complexes at as high a
level as that of myosin or vimentin, but its band was easily
identified on the gel. The requirement of this proteins for
RNA replication was previously defined for a number of plant
and animal viruses (7, 12). Thus, it was not so surprising to find
it in the nsP3-bound complexes, particularly considering that
the inhibitory effect of SIN replication on the transcription of
cellular mRNAs suggests a possible sequestering of translation
factors from cellular translational machinery (15, 18).

A role for the detected 14-3-3 proteins in SIN replication
appears to be possible as well. These proteins were shown to
bind more than 100 other cellular proteins and proposed to
play roles in a wide range of cellular processes, including signal
transduction, cell cycle regulation, stress response, and cy-
toskeleton organization (56). They were also found to play a
role in replication of a number of viruses (9, 24, 28, 53).

To date, it is difficult to evaluate the role of ribosomal
proteins in the complex that we isolated from the infected cells.
However, they were present as an incomplete, but very repro-
ducible, set that appears to be insufficient for the assembly of
a functional ribosome, and copurified with nucleolar phospho-
protein B23.2, a putative ribosome assembly factor (54) having
molecular chaperone activities (55). These facts suggest the
functioning of some of the ribosomal proteins in the replica-
tion of virus-specific RNAs. We cannot rule out the possibility
that additional ribosomal proteins might be present in the
nsP3-bound complexes, because some of the low-molecular-
weight polypeptides that are present on the gel remain uniden-
tified.

In conclusion, we demonstrated that (i) SIN nsP3 can toler-
ate the insertion of GFP into different fragments of the coding
sequence. The designed recombinant viruses are viable, and
their replication leads to the assembly of nsP3/GFP chimeric
proteins into gradually developing higher-order structures hav-
ing different organizations at early and late times postinfection.
(ii) At late times postinfection, nsP3 is assembled into com-
plexes which have similar sizes and appear to be bound to
cytoskeleton filaments. (iii) Protein complexes that are isolated
from the postnuclear supernatant by using nsP3- or GFP-spe-
cific antibodies contained a high concentration of the cytoskel-
eton proteins, chaperones, eEF1A, hnRNPs, and some of the
ribosomal proteins. These proteins are proposed to be essen-
tial for SIN RC formation and/or functioning.
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