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FIG. 6. Analysis of G3BP1 and G3BP2 relocalization in cells infected with SINV/nsP3Cherry variant. The stable cell line, expressing G3BP1/
GFP or BHK-21 cells transiently expressing G3BP2/GFP (see Materials and Methods for details), were infected with SINV/nsP3Cherry at an MOI
of ~20 PFU/cell. The images were acquired at 4 h postinfection on a confocal microscope.

virus with a Cherry insertion after aa 389 in nsP3) caused a
rapid accumulation of G3BP1/GFP and G3BP2/GFP in the
sites of nsP3/Cherry complex formation (Fig. 6). This profound
relocalization occurred within the first 4 h postinfection and
was independent of Cherry insertion, because cells infected
with wt SINV Toto1101 demonstrated exactly the same phe-
nomenon of aggregation of G3BP fusions to the sites of non-
structural-protein complex formation (data not shown).

In the experiments following those described above, we also
coprecipitated protein complexes from G3BP1/GFP-express-
ing cells infected with SINV/nsP3Cherry by using magnetic
beads loaded with affinity-purified anti-GFP antibody (Fig. 7).
In the isolated samples, nsP3/Cherry was readily detected on
Western blots by nsP3-specific antibody. Similarly, nsP3/
Cherry was coprecipitated from the SINV/nsP3Cherry-in-
fected cells expressing YBX1/GFP and HSC70/GFP proteins
by using the same GFP-specific antibody (Fig. 7). Thus, these
data supported the notion that G3BPs, YBX1, and HSC70 are
components of the SINV nsP3-containing complexes.

Replication of SINV-specific RNA occurs in the subset of the
nsP3-containing complexes. The above-mentioned experi-
ments suggested that SINV replication in BHK-21 cells leads
to an accumulation of the nsP3-specific protein complexes in
(i) the membrane organelle-containing and (ii) the nucleus-
containing fractions. However, the present data (Fig. 2) and

the results of the previous study (14) demonstrated that, by 8 h
postinfection, the nuclear fraction contained more SINV nsP3
than did either the membrane-containing fraction or the post-
nuclear supernatant. Therefore, the obvious questions were
where does viral RNA synthesis proceed and where are the
SINV RNA replicative intermediates compartmentalized in
the infected cells? It was generally believed that negative-
strand RNAs are synthesized as a dsRNA, but it was always a
concern that detection of dSRNA might be a result of the RNA
isolation procedure. Therefore, in the subsequent experiments,
we used dsRNA-specific monoclonal antibodies to define the
localization of viral dsRNA intermediates in the infected cells.
Starting from 2 h postinfection, a large fraction of nsP3-con-
taining complexes could be seen in association with the plasma
membrane and were also found to be colocalized with numer-
ous discrete complexes of dsRNA, which indicated that they
are active for RNA replication (Fig. 8A, panels b, ¢, and d, and
8B). Immunofluorescent staining was performed on the para-
formaldehyde-fixed cells (see Materials and Methods for de-
tails), thereby excluding any possibility of dSRNA formation by
partial annealing of single-stranded RNAs (ssRNAs).

Further analysis of 3D images by using deconvolution and
rendering software demonstrated that, at early times postinfec-
tion, the dsRNAs were almost exclusively localized to plasma
membranes, where dsRNA-containing complexes formed punc-
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FIG. 7. Coprecipitation of nsP3-Cherry protein from cells express-
ing G3BP1/GFP, YBX1/GFP, and HSC70/GFP. (A) Schematic repre-
sentation of the genome of SINV/nsP3Cherry virus used in the study.
(B) Cells expressing the indicated GFP fusions were infected with
SINV/nsP3Cherry, and protein complexes were isolated by a protocol
described elsewhere (14), using magnetic pBeads loaded with affinity-
purified anti-GFP antibody. In the isolated samples, nsP3/Cherry was
detected by Western blotting. The membranes were developed by
SINV nsP3-specific rabbit antibody and anti-rabbit IRDye 800-labeled
secondary antibody. The intensity of the nsP3-specific signals was eval-
uated on a Li-Cor imager.

tuated stripes and large arrays. The enlarged images of the cell,
representing a fragment of the plasma membrane with nsP3/
GFP-containing complexes and dsRNA, are demonstrated in Fig.
8A, panels e to h. nsP3/GFP protein was distributed on the
plasma membrane around dsRNA sites (Fig. 8A, panel g). How-
ever, a significant amount of this protein was directly colocalized
with dsRNA (Fig. 8A, panel h). To confirm the interaction of
dsRNA with viral nsPs, in another experiment, we isolated com-
plexes from the NP-40-treated VES fraction using dsRNA-spe-
cific antibody and protein G-loaded magnetic pBeads. In these
samples, nsP3/GFP, nsP2, and nsP1 were unambiguously identi-
fied in the Coomassie-stained gels by MS (data not shown), which
suggested that nsPs are in direct contact with SINV dsRNA rep-
licative intermediates.

The number of dsRNA molecules, detected on the plasma
membrane at early times post infection (Fig. 8B, panels a and
c) continued to grow, and at later times, a detectable fraction
of dsRNA relocalized to the cytoplasm (Fig. 8B, panels b and
d), most likely by endocytosis (34). It was previously suggested
that the presence of alphavirus-specific spherules on the
plasma membrane either is the result of fusion of CPVs with
the membrane or is mediated by direct, nsP1-mediated binding
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of RCs to the anionic phospholipids, followed by CPV forma-
tion via endocytosis (23, 34). Our data indicate that the plasma
membrane is not only the site of RC formation, but is the place
of viral dsRNA synthesis, and many dsRNA molecules remain
associated with the plasma membrane even at late times
postinfection. However, most importantly, a large fraction of
nsP3/GFP fusion protein, even at early times postinfection, was
found in the cytoplasm, where it formed complexes in which
dsRNA was undetectable (Fig. 8B, panels b and d). These
complexes either had a very different structure, and dsRNA
was no longer accessible to the antibodies, even after perme-
abilization with nonionic detergent, or they contained no
dsRNA and had functions different from those of RNA repli-
cation. These possibilities are now under investigation.

DISCUSSION

Our previous results and those of other research groups
demonstrated that, in infected cells, SINV-specific protein
complexes are composed not only of viral nonstructural pro-
teins, but also of proteins having a cellular origin (2, 9, 14). We
identified a number of RNA-binding and other proteins in
samples isolated from the postnuclear supernatant of SINV/
nsP3GFP-infected BHK-21 cells by using affinity-purified
GFP-specific antibodies. However, it was reasonable to expect
that virus replication could lead to the formation of a variety of
complexes having different functions in virus replication and
virus-host cell interactions. Thus, the application of the affinity
purification procedure to the crude cytoplasmic fraction might
result in the detection of a mixture of the components belong-
ing to different types of complexes. Moreover, the crude cyto-
plasmic extract contained a very high concentration of the
proteins that might bind to viral ds- and ssRNAs during isola-
tion procedures after treatment of the lysate with nonionic
detergents. In addition, the experimental data also indicated
that some of the SINV nsP3-containing complexes were asso-
ciated with membrane-containing organelles (9, 14, 16, 22, 23,
34) but that others (containing the major fraction of nsP3)
were copurified with cell nuclei and resisted treatment with
nonionic detergents (14). Previous EM-based studies sug-
gested the presence of nsP3 in two types of intracellular struc-
tures. This protein was identified on the surfaces of CPV-1
vesicles (16), but at the same time, it formed large complexes
not associated with any vesicular organelles (9, 54). Thus, we
had many reasons to expect to find at least two types of nsP3-
containing complexes that formed in the cells during SINV
replication.

Therefore, we first analyzed the association of SINV nsP3
with cellular organelles. In SINV/nsP3GFP-infected cells, a
small fraction of nsP3/GFP was found on the surfaces of early/
late endosomes and lysosomes, and higher association of nsP3
with cellular membrane-containing organelles was detected
when the cells were labeled with FM4-64FX dye. Since FM4-
64FX dye was applied at the beginning of infection, it labeled
only newly formed endosomes and ultimately marked the ly-
sosomes. Thus, the nsP3/GFP and FM4-64FX colocalization
suggested to us that vesicle-bound nsP complexes originated
on the plasma membrane as previously proposed (34). Impor-
tantly, a large fraction of nsP3 was not associated with mem-
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FIG. 8. Localization of dsSRNA- and nsP3/GFP-containing protein complexes in BHK-21 cells infected with SINV/nsP3GFP. (A) BHK-21 cells
infected with SINV/nsP3GFP at an MOI of ~20 PFU/cell. At 4 h postinfection, the cells were fixed with 3% paraformaldehyde, permeabilized with
0.5% Triton X-100, and stained with mouse dsRNA-specific primary antibodies and AlexaFluor 555-labeled secondary antibodies. Panels a and
e represent the distribution of nsP3/GFP, panels b and f demonstrate the localization of dsSRNA, panels ¢ and g are overlays of two images, and
panels d and h show the colocalization of nsP3/GFP and stained dsRNA, which is indicated in white. Colocalization was estimated using Imaris
v4.2 software. Panels e to h present enlarged fragments of the cells shown in panels a to d, respectively. (B) Images of BHK-21 cells infected with
SINV/nsP3GFP and stained with dsRNA-specific antibody. At 4 and 12 h postinfection (panels a and b, respectively), cells were fixed with 3%
paraformaldehyde, permeabilized with 0.5% Triton X-100, and stained with mouse dsRNA-specific primary antibodies and AlexaFluor 555-labeled
secondary antibodies. The 3D images were acquired on a confocal microscope equipped with a 63X 1.4-NA oil immersion planapochromal lens.
The image stacks were further processed using Huygens Essential v2.7 deconvolution software and the 3D rendering software Imaris v4.2. The
central images are presented as multiple-intensity projections of the entire stack, and the (x, z) and (y, z) sections of the reconstructed images are
presented as multiple-intensity projections of 2-pm sections denoted on the central image. Note that at 12 h postinfection, the cells started to
change morphology due to cytopathic-effect development. Panels ¢ and d present enlarged fragments of the (x, z) sections boxed in panels a and
b, respectively.

brane-containing organelles and formed another type of com-
plex.

To determine the difference in protein composition of the
two types of nsP3 complexes, we extensively modified the pre-
viously used immunoprecipitation procedure. The membrane-
and nucleus-containing fractions were purified by ultracentrif-
ugation of lysates of SINrep(nsP3GFP)-infected BHK-21 cells
in a sucrose gradient. Then, to compare the compositions of
the membrane- and nucleus-associated complexes, both frac-
tions were treated under the same conditions with the zwitter-

ionic detergent Empigen BB. This reagent not only is capable
of solubilizing the membranes, it also dissociates the interme-
diate filaments and some protein complexes (44). As expected,
it released protein complexes from the membrane fraction and
at least partially solubilized the nucleus-associated, virus-spe-
cific complexes. Next, the nsP3/GFP-bound proteins were af-
finity purified by using a GFP-specific antibody. Both types of
complexes displayed similarity in protein composition, in that
they both contained all of the SINV nsPs, as well as HSC70 and
YBXI1. Other major components were represented by G3BP1
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and G3BP2, which were found in different ratios. Similarly, in
mosquito cells, the G3BP1 homolog Rasputin was coisolated
with nsP3/GFP from the sucrose gradient fraction containing
endosomes, lysosomes, and, most likely, plasma membranes.
This conservation of the G3BP component in the complexes
isolated from such varied cell types suggested the importance
of G3BPs and Rasputin, either for SINV replication or for
virus-specific modification of cell biology.

G3BP1 was previously described as a protein interacting
with RanGTP and was shown to regulate cell proliferation and
RNA degradation. It was also identified as a major component
of stress and RNA granules, as well as P bodies (places of
cellular mRNA degradation) and RNA granules (29, 30). Al-
though the compositions of all granule types have exhibited
strong similarities, the granules themselves have different func-
tions. The stress granules are the sites of stalled translation,
and their formation is stress dependent. The RNA granules
are, in turn, the means of mRNA transport in the neuronal
axons and dendrites (1). The cellular function(s) of G3BP2 is
less understood, but it is also resident in stress and RNA
granules (26).

During SINV replication, G3BP1/GFP and G3BP2/GFP
were found to change their distribution, at first being diffuse
and then accumulating in the nsP3-containing complexes (Fig.
6). This phenomenon provides a plausible explanation as to
why the classical stress granules were no longer formed in
response to arsenite treatment in SFV-infected cells (47).
Therefore, it is reasonable to speculate that by sequestering
G3BP1 (and G3BP2), SINV developed a means of interfering
with classical stress granule formation and might use it to
modify cellular translation and to redirect it to the synthesis of
virus-specific proteins. Interestingly, binding of G3BPs to nsP-
containing complexes was detected during SINV, but not
VEEYV, infection (data not shown). This correlates with the
slower inhibition of translation in VEEV-infected cells and led
us to suggest that G3BPs might not be directly involved in
RNA replication.

Besides G3BPs, the complexes coisolated with cell nuclei
appeared to contain ribosomes, and their presence might also
indicate that they have a function in the preferential transla-
tion of virus-specific templates. Such a function was recently
described for G3BP1-containing complexes in the translation
of viral templates in vaccinia virus-infected cells (28). How-
ever, the ribosome colocalization may be also a result of their
binding to nsP2. The latter protein is known for its ribosome-
binding activity (3, 52), and it was definitively identified in the
isolated samples.

Another identified protein, YBX1 (or mYb-1b protein), be-
longs to the evolutionarily conserved family of nucleic acid-
binding proteins. Y-box proteins have been described in bac-
teria, plants, and animals, and all of them contain a “cold
shock” domain (CSD). Three members of this family were
identified in vertebrates (45, 46), but only YBXI1 is expressed
ubiquitously in adults. In vertebrate cells, the Y-box proteins
are comprised of three domains: an alanine- and proline-rich
N-terminal domain, followed by a CSD domain and a C-ter-
minal domain that consists of repeated sequences of predom-
inantly basic or acidic amino acids (B/A repeat) (32). Two
domains, the CSD and the B/A repeat, have been shown to
mediate binding to RNA, ssDNA, and DNA; however, infor-
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mation about the sequence specificity of RNA binding is very
limited. YBX1 has been implicated in the regulation of tran-
scription, translation, and RNA processing. It is mostly present
in the cytoplasm, where it can be found as a component of
ribonucleoprotein complexes, and has recently been reported
to bind to the dengue virus 3’ untranslated region and to have
an antiviral effect (49). Moreover, in our experiments, YBX1
was detected in SINV nsP3-containing complexes isolated
from mammalian, but not mosquito, cells. Thus, it might func-
tion as a component of the antiviral cell response in cells of
vertebrate origin. This hypothesis needs further experimental
support.

The heat shock HSC70 protein was the third cellular factor
reproducibly isolated from both BHK-21 and C,10 cells, and
SINV replication led to its partial relocalization to sites of nsP3
accumulation (14). The growing body of evidence indicates
that heat shock proteins play important roles in the replication
of many viruses (6-8, 55, 67), and our results suggest alphavi-
ruses are not an exception. The mechanism of HSC70 function
in SINV replication has yet to be determined.

Another important result from our study was that SINV
nonstructural-protein complexes synthesize virus-specific
dsRNAs on the plasma membrane, where at early times postin-
fection, the dsRNAs were found to be organized in large punc-
tuated arrays. On the plasma membrane, the dSRNA was de-
finitively colocalized with small, nsP3-containing complexes,
and their size suggested to us that they were likely to be in the
early stages of development. At late times postinfection, a
small but detectable fraction of dsSRNA was transported into
the cytosol. The number of dsRNA-containing structures cor-
related with low concentrations of nsP3/GFP-containing endo-
somes found in the cytosol even at late times postinfection
(Fig. 1 and 8B, panel b). A high concentration of dSRNA on
the plasma membrane indicates that its role in viral dsSRNA
and most likely in sSRNA synthesis might be strongly under-
estimated. The dsRNA is not accessible to specific antibody
(even if cells are physically broken) unless the cells are treated
with nonionic detergent (data not shown). This finding sug-
gests that, on both the endosomes and the plasma membrane,
these molecules are localized inside lipid membrane-contain-
ing compartments that prevent the dsRNA from efficiently
functioning in triggering signaling cascades, such as those me-
diated by MDAS or RIG-I, and inducing the antiviral response.
During fractionation in sucrose gradients, the dsRNA was
mainly present in the fraction containing membrane organelles
(endosomes and plasma membrane), rather than that associ-
ated with nuclei, which appeared to indicate that the latter
complexes play a less important role, if any at all, in viral-RNA
synthesis (data not shown).

In conclusion, we demonstrated the following. (i) SINV in-
fection in BHK-21 cells led to the formation of at least two
types of nsP3-containing complexes, one of which was found in
association with endosome-like vesicles and the plasma mem-
brane while the second was coisolated with cell nuclei and
could be solubilized only by treatment with filament-destabi-
lizing detergent, but not with standard, nonionic detergents.
(ii) Both types of complexes contained as common compo-
nents G3BP1 and G3BP2 (in different ratios), YBX1, and
HSC70. (iii) Rasputin, an insect cell-specific homolog of
G3BP1, was identified in the membrane-associated, nsP3-con-
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taining complexes isolated from mosquito cells, a finding that
suggested that the complexes were highly conserved in the cells
of vertebrate and invertebrate origin. (iv) The membrane-as-
sociated complexes contained high concentrations of dsRNAs,
which indicated their efficient function in viral RNA synthesis.
(v) dsRNA synthesis efficiently proceeds on the plasma mem-
brane, followed by at least partial transport of dsRNA into the
cytosol with endocytotic vesicles. These findings provide new
insights into the mechanism of SINV replication and virus-host
cell interactions.
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