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Viral infections cause profound alterations in host cells. Here,
we explore the interactions between proteins of the Alphavirus
Sindbis and host factors during the course of mammalian cell
infection. Using a mutant virus expressing the viral nsP3 protein
tagged with green fluorescent protein (GFP) we directly
observed nsP3 localization and isolated nsP3-interacting pro-
teins at various times after infection. These results revealed that
host factor recruitment to nsP3-containing complexes was time
dependent, with a specific early and persistent recruitment of
G3BP and a later recruitment of 14-3-3 proteins. Expression of
GFP-tagged G3BP allowed reciprocal isolation of nsP3 in Sind-
bis infected cells, as well as the identification of novel G3BP-
interacting proteins in both uninfected and infected cells. Note-
worthy interactions include nuclear pore complex components
whose interactions with G3BP were reduced upon Sindbis infec-
tion. This suggests that G3BP is a nuclear transport factor, as
hypothesized previously, and that viral infection may alter RNA
transport. Imnmunoelectron microscopy showed that a portion
of Sindbis nsP3 is localized at the nuclear envelope, suggesting a
possible site of G3BP recruitment to nsP3-containing com-
plexes. Our results demonstrate the utility of using a standard
GFP tag to both track viral protein localization and elucidate
specific viral-host interactions over time in infected mammalian
cells.

The wide range of diseases caused by viruses is a reflection of
their diverse interactions with host organisms and manipulation of
cellular processes. Discerning the correlation between the local-
ization and interactions of viral proteins in host systems as a func-
tion of time can greatly facilitate our understanding of dynamic
viral infections, ultimately leading to both improved therapeutics
and insight into cellular processes.

* This work was supported by National Institutes of Health Grants Al063233
(to M.R. M.), AI24134 (to C. M. R.), RR00862 (to B. T. C.), RR022220 (to M. P.R.
and B. T. C.), and GM062427 (to M. P. R.); by The Rockefeller University
Women and Science Fellowship CEN5300379 (to |. M. C.); and by the Green-
berg Medical Research Institute. The costs of publication of this article
were defrayed in part by the payment of page charges. This article must
therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
Section 1734 solely to indicate this fact.

51 The on-line version of this article (available at http://www.jbc.org) contains
supplemental Figs. S11-514 and Tables S1 and S2.

' To whom correspondence may be addressed: The Rockefeller University,
1230 York Ave. New York, NY 10021. Tel.: 212-327-8849; Fax: 212-327-
7547; E-mail: chait@rockefeller.edu.

2To whom correspondence may be addressed: The Rockefeller University,
1230 York Ave., New York, NY 10021. Tel.: 212-327-7078; Fax: 212-327-
7048; E-mail: macdonm@rockefeller.edu.

OCTOBER 6, 2006+ VOLUME 281+NUMBER 40

We recently developed a method that uses GEP for the effi-
cient visualization and isolation of protein complexes in living
systems (1). Here, we apply this method to study viral protein
interactions during the progression of an infection. We selected
Sindbis virus for study because it is a genetically amenable
member of the Alphavirus genus in the Togaviridae family, a
positive strand RNA virus family known to cause significant
diseases (reviewed in Ref. 2). After infection of susceptible cells
with Sindbis, the RNA genome is released into the cytoplasm
and translated to generate viral proteins necessary for replica-
tion. Sequences encoding proteins involved in RNA replication,
the nonstructural proteins (nsPs), are located in the 5’ two-
thirds of the viral genome, while the virion structural proteins
are encoded by the 3’ end of the genome (reviewed in Refs. 3
and 4). Translation of the genomic RNA generates a polypro-
tein containing nsP1, nsP2, and nsP3, while readthrough of an
opal termination codon results in production of nsP1-nsP2-
nsP3-nsP4. These polyproteins are then processed by a prote-
ase residing in nsP2 to generate the individual nsPs. The nsPs
carry out important viral functions, including production of a
full-length minus strand RNA, new genomic positive strand
RNA, and a subgenomic RNA, which encodes the viral struc-
tural proteins. Activities important for these processes have
been mapped to specific nsPs (reviewed in Ref. 5); nsP1 is
important for capping the RNAs and interacts with mem-
branes, nsP2 contains the aforementioned proteolytic activity,
exhibits nucleosidetriphosphatase and helicase activities, and is
involved in regulation of RNA synthesis. nsP4 is the viral RNA-
dependent RNA polymerase. While known to be essential for
viral replication, the functions of nsP3 are not yet understood.
Although nsP3 is involved in replication of the viral RNA, the
fact that nsP3 is produced in larger amounts than nsP4 suggests
that nsP3 may interact with multiple host and viral targets to
mediate other activities beneficial to the virus. The sequence
of nsP3 is highly conserved among alphaviruses with the
exception of the carboxyl-terminal domain that varies in
length and sequence. Previous studies showed that deletions

3 The abbreviations used are: nsP, nonstructural protein; GFP, green fluores-
cent protein; mRFP, monomeric red fluorescent protein; G3BP, Ras-
GTPase-activating protein SH3-domain-binding protein; m.o.i.,, multi-
plicity of infection; 14-3-3, tyrosine 3-monooxygenase/tryptophan
5-monooxygenase activation protein; hnRNP, heterogeneous nuclear ri-
bonucleoproteins; NTF, nuclear transport factor; TIA, T-cell intracellular an-
tigen; MS, mass spectrometry; MS/MS, tandem MS; EM, electron micros-
copy; PBS, phosphate-buffered saline; RRM, RNA recognition motif; MALDI,
matrix-assisted laser desorption ionization; TTP, tristetraprolin.
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and insertions in the variable nsP3 carboxyl-terminal domain
are tolerated (6 —8).

Here, we used a mutated Sindbis virus, containing a GFP tag
inserted in frame within the carboxyl-terminal domain of nsP3
(6), to visualize nsP3 and concomitantly identify its host and
viral interacting partners. To ascertain the specificity of the
observed interactions, we utilized a control virus expressing
free GFP, reciprocal immunoisolations of host proteins and co-
localization studies. We monitored the dynamics of viral-host
interactions during the course of Sindbis infection so as to gain
insight into nsP3 function in viral replication and the alteration
of cellular processes. These methods are broadly applicable to
the study of diverse viral systems.

EXPERIMENTAL PROCEDURES

Cell Lines—Rat2 fibroblast cells (ATCC CRL-1764) and
human HEK293 cells were grown at 37 °C in a humidified
chamber containing 5% CO, in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum (Invitro-
gen). Cell lines stably expressing GFP-tagged G3BP and
domains A—D were generated by transfection of HEK293 cells
with expression constructs using FUGENE 6 (Roche Diagnos-
tics) according to the manufacturer’s directions, followed by
selection in the presence of medium containing 1 mg/ml G418
(Invitrogen).

Plasmids and Viruses—Sindbis, Ross River, and Yellow fever
virus stocks were prepared as described previously (8). Wild-
type Sindbis utilized in these studies was generated from plas-
mid pTotol101 (9). Virus expressing enhanced GFP as an in-
frame fusion within nsP3 was described previously (6) and is
here designated nsP3-GFP Sindbis. Sequences encoding
mRFP-1 (10) were cloned in the Spel site generating
pToto1101/mRFP-1; the resulting virus is designated nsP3-
mRFP-1 Sindbis. pTE/5'2]-GFP (described in Ref. 11) contains
sequences encoding enhanced GFP downstream of an engi-
neered extra subgenomic promoter. The generated virus
expresses free GFP from a 5’ subgenomic RNA and the viral
structural proteins from a 3’ subgenomic RNA and is here des-
ignated Control GFP Sindbis. Plasmids expressing GFP-tagged
G3BP1 or domains A—-D of G3BP1 were described previously
(12).

Antibodies—Antibodies directed against the following human
proteins were used at the indicated dilutions for immunofluores-
cence analyses: G3BP1, mouse monoclonal, 1:1000 (611126, BD
Transduction Laboratories); 14-3-3 €, rabbit polyclonal, 1:50
(sc-1020, Santa Cruz Biotechnology); heterogeneous nuclear
ribonucleoprotein (hnRNP) A2/B1, goat polyclonal, 1:50 (sc-
10035, Santa Cruz Biotechnology); hnRNP A3, goat polyclonal,
1:100 (sc-16542, Santa Cruz Biotechnology); hnRNP G, goat
polyclonal, 1:50 (sc-14581, Santa Cruz Biotechnology). Anti-
Sindbis capsid rabbit polyclonal (13), which cross-reacts with
the Ross River capsid protein, was diluted 1:250 to 1:1000, while
anti-Yellow fever NS4 (14) polyclonal serum was diluted 1:500.
Rhodamine Red-X-conjugated AffiniPure donkey anti-mouse,
donkey anti-goat and donkey anti-rabbit IgG antibodies (Jack-
son ImmunoResearch Laboratories) were diluted 1:200. Alexa
Fluor 594 goat anti-mouse IgG and Alexa Fluor 488 goat anti-
rabbit antibodies (Molecular Probes) were diluted 1:1000. Cus-
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tom high titer anti-GFP polyclonal antibodies were prepared at
Covance (Denver, PA) using an in-house prepared GFP to
inject female Elite rabbits as described previously (1). The anti-
GFP polyclonal antibodies were then affinity purified on GFP-
conjugated CNBr-activated Sepharose 4B resin (GE Health-
care) following standard affinity purification procedures (15).
Western analyses utilized the anti-GFP antibodies (1:3000-1:
6000) as well as anti-14-3-3 € mouse monoclonal (Invitrogen
39-7600, 1:200) and anti-B-actin mouse monoclonal (Sigma
A5441, 1:5,000) antibodies. Polyclonal rabbit antibodies, gener-
ated against bacterially expressed amino acids 355-501 of Sind-
bis nsP3 * were utilized at 1:1000 dilution. Horseradish peroxi-
dase-conjugated secondary antibodies (Pierce) were diluted
1:10,000 -1:20,000.

Cell Disruption, Extraction, and Immunoaffinity Purification—
Cultured cells, grown to ~70% confluence, were harvested in
phosphate-buffered saline (PBS) by scraping with a rubber
policeman. After PBS washing and centrifugation, the cell pellet
was weighed and resuspended (0.1 ml/g) in 20 mm HEPES, pH
7.5, 1.2% (w/v) polyvinylproline, and protease inhibitors. The
cells, frozen as small pellets by dropping into liquid nitrogen,
were loaded in round-bottom Eppendorf tubes. One 2-mm
stainless steel grinding ball was placed in the middle of the
sample to prevent cracking of the tube. Cells were lysed cryo-
genically in 6 steps of 3 min at 30 Hz using the Retsch MM 301
Mixer Mill (Retsch, Newtown, PA). Cell disruption efficiency
was confirmed by light microscopy. The cell powder was
homogenized in lysis buffer as described (1). We tested several
buffers for efficient protein extraction and maintenance of
viral-host protein interactions. Based on a previous work iso-
lating biochemically active Sindbis replication complexes (16),
our optimized lysis buffer was 20 mm K-HEPES, pH 7.4, 110 mMm
KOAC, 2 mm MgCl,, 0.1% Tween 20, 1% Triton, 0.5% deoxy-
cholate, 0.5 M NaCl, 25 units/ml DNase, 1/100 (v/v) protease
inhibitor mixture (20 mg/ml phenylmethylsulfonyl fluoride +
0.4 mg/ml pepstatin A), and 1/200 (v/v) protease inhibitor mix-
ture (Sigma). Immunoaffinity purifications were performed as
described (1) using 1-h incubations with M-270 Epoxy Dyna-
beads (Dynal, Lake Success, NY) coupled to in-house prepared
anti-GFP antibodies.

Mass Spectrometry—Isolated proteins were resolved by one-
dimensional SDS-PAGE. Each entire gel lane was cut into
1-2-mm pieces and proteins digested with trypsin and ana-
lyzed by mass spectrometry (17) using MALDI QqToF MS and
MALDI IT MS/MS as described (1).

Immunofluorescent Microscopy—Cells were seeded onto col-
lagen-coated coverslips or 4-well slides and were infected or
mock infected prior to fixation with 3.7% formaldehyde in PBS.
Nuclei were stained with 0.8 um bisbenzimide (Sigma, Hoechst
No. 33258) in PBS containing 0.2% saponin. For indirect immu-
nofluorescence, samples were blocked in PBS containing 0.2%
saponin and 10% goat serum. Sequential incubations with pri-
mary and secondary antibodies were performed in PBS with
0.05% saponin/10% goat serum, and nuclei were stained as
above. The samples were mounted in PBS with 90% glycerol

4 M. V. Soukhodolets and C. M. Rice, unpublished data.
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and visualized on a Nikon Eclipse TE300 inverted microscope
equipped with a TE-FM epifluorescence attachment, mercury
lamp power supply, and a Spot RT camera (model 2.2.1, Diag-
nostic Instruments). Images were acquired with a 100X oil
immersion objective using the Spot software.

Confocal Microscopy—Cells were seeded onto collagen
coated coverslips and after infection were fixed as described
above or with 1% paraformaldehyde in PBS. Nuclei were stained
with 4 um TO-PRO-3 (Molecular Probes) in PBS with 0.05%
saponin and were mounted as described above. For indirect
immunofluorescence, samples were treated as described above,
but 2% bovine serum albumin was utilized in place of the goat
serum, and nuclei were stained by incubation with 5 um TO-
PRO-3in PBS. Cells were mounted as described above and visu-
alized in the Rockefeller University Bio-Imaging Resource Cen-
ter utilizing a Zeiss LSM 510 upright Axioplan confocal
microscope equipped with a HeNe laser (633 line), and a Kryp-
ton/Argon laser (488 and 568 lines) or an Argon laser (488 line)
and a HeNe laser (543 line). Images were acquired with either a
63x/1.2 NA C-Apochromat or a 40x/1.2 NA C-Apochromat
water immersion objective using the LSM software.

Electron Microscopy (EM)—EM analyses were conducted in
The Rockefeller University Bio-Imaging Resource Center using
aJEOL 100 cx electron microscope operated at 80 kV. Rat2 cells
were mock infected or infected for 12 h with nsP3-GFP Sindbis
(m.o.i. ~10-15), fixed for morphological analysis with 2.5%
glutaraldehyde in 0.1 M cacodylate, pH 7.4, and post-fixed in 1%
osmium tetroxide. The samples were processed by routine
transmission EM techniques and were embedded in EMbed
812 (Electron Microscopy Sciences, Hatfield, PA). For
immuno-EM, cells were fixed in 2% paraformaldehyde, 1% glut-
araldehyde in 0.1 M cacodylate, pH 7.4, and ultrathin cryosec-
tions were prepared and labeled as described (18, 19) with anti-
GFP antiserum (1:2000) and secondary antibodies conjugated
to 10-nm gold particles (Amersham Biosciences). Scans of the
negatives were used to generate the images shown using Adobe
Photoshop software.

RESULTS AND DISCUSSION

Strategy for Visualizing Viral Proteins in Host Cells and Iso-
lating Their Interacting Partners—We used a four-step strategy
to study viral protein interactions in host systems. The method
isillustrated in Fig. 1 for the study of Sindbis nsP3. To follow the
localization and interactions specific to nsP3 we utilized nsP3-
GFP Sindbis, a virus expressing GFP as a fusion with nsP3 (6).
The viral polyprotein of this mutant virus is properly post-
translationally processed, and the virus replicates to equivalent
titers as wild-type virus, with only a slight delay in replication
kinetics (6). As a control for nonspecific protein interactions in
Sindbis-infected cells we utilized Control GFP Sindbis (11), a
virus expressing free GFP. Upon infection of Rat2 cells, the free
GFP was diffusely localized in the nucleus and cytoplasm,
whereas nsP3-GFP was localized to distinct cytoplasmic foci, as
observed previously for nsP3 (6, 20, 21). In parallel with visual-
ization, the cells were rapidly frozen and cryogenically lysed to
help preserve protein complexes close to their original cellular
state. The cell lysates were used for immunoaffinity purifica-
tions on magnetic beads coated with polyclonal anti-GFP anti-
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FIGURE 1. Strategy for the visualization and isolation of viral proteins via
a GFP tag. Top, schematic representations of Sindbis (S/N) genomes; nsPs and
structural genes (C, PE, 6K, ET) are indicated. Arrows show transcription sites
for the subgenomic RNAs. Center, visualization of GFP expressed by the Sind-
bis mutants. Rat2 cells were mock infected or infected (m.o.i. ~10) with the
indicated virus, fixed 4.5 h post-infection, and analyzed by fluorescence
microscopy. The merged blue (nuclei) and green (GFP) images are shown.
Bottom, immunoaffinity purifications via the GFP tag from cells infected for
12 h with the indicated viruses. The isolated proteins were resolved by SDS-
PAGE and identified by MS (right). Western blot using anti-GFP antibodies is
shown (left). Validation of the observed interactions was carried out using
reciprocal immunoisolations and co-localization experiments. p230, nsP1-
nsP2-nsP3.Bands due to IgG heavy chain or secondary reactivity to IgG heavy
chain are indicated. The faint bands observed in the upper region of the Con-
trol GFP Sindbis Western blot are also likely due to secondary antibody bind-
ing to multimers of IgG. MS and MS/MS analyses did not reveal any viral
proteins in the control GFP Sindbis lane.

bodies, and the purified proteins were identified by mass spec-
trometry (1). Our protocols have been optimized to obtain an
efficient recovery of nsP3-GEFP, as shown by the major Coomas-
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FIGURE 2. Profiling viral-host protein interactions during the course of
infection. A, GFP visualization by immunofluorescent microscopy at various
times after infection of Rat2 cells with Control GFP Sindbis and nsP3-GFP
Sindbis. B, immunoaffinity purifications were performed from control and
nsP3-GFP samples at different stages of infection. Immunoisolated proteins
were separated by SDS-PAGE. A selection of specific (blue) and nonspecific
(gray) associated proteins are labeled. C, table indicating the presence (+) or
absence (—) of the selected proteins at each time point of infection.

sie Blue-stained band on our SDS-PAGE of the isolated mate-
rial (Figs. 1 and 2). For validation of identified host factors, we
used several methods. First, as mentioned above, we used a
control virus, expressing free GFP, to address cellular proteome
changes solely due to viral infection and discriminate the
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potentially specific interactions. Second, we performed co-lo-
calization studies for these potential interacting partners.
Third, we immunoisolated the host factor to test for the pres-
ence of a specific nsP3 interaction.

Determination of Viral-Host Interactions as a Function of
Infection Time—To follow the dynamics of viral-host protein
interactions during the course of infection, we visualized (Fig.
2A) and isolated (Fig. 2B) free GFP and GFP-tagged nsP3 after 2,
4,6, 8, and 10 h of infection with Control GFP Sindbis or nsP3-
GFP Sindbis, respectively. Comparisons between the control
and nsP3 isolations at these stages of infection in replicate
experiments discriminated interactions specific to nsP3 from
nonspecific interactions (Fig. 2C). Most proteins observed in
our control immunoisolations were highly abundant cytoskel-
etal proteins we often encounter as nonspecific binding pro-
teins in isolations from mammalian lysates. These same non-
specific binding proteins were observed in the nsP3-GFP
isolations, albeit with higher abundance. Although we cannot
exclude specific interactions with these cytoskeletal proteins,
their higher abundance is likely the result of additional nonspe-
cific binding to nsP3-GFP or to its specific binding partners, a
phenomenon that we have documented extensively in the
immunoisolation of proteins (1, 22).

Certain proteins were consistently associated with nsP3
throughout the course of infection. For example, G3BP1 and
G3BP2 (Ras-GTPase-activating protein SH3-domain-binding
protein) were present abundantly at all time points of infection
(MS and MS/MS data shown in supplemental Figs. S11 and
S12). Conversely, the recruitment of other host proteins to
nsP3-containing complexes was time-regulated; examples
include the hnRNPs A1, A3, A2/B1, and G, detected primarily
at the early times of infection, and 14-3-3 €, ¢, and 7 (tyrosine
3-monooxygenase/tryptophan 5-monooxygenase activation
proteins €, {, and 7)), found specifically at the late times of infec-
tion. The nsP3 interaction with G3BP and 14-3-3 was also con-
firmed using human HEK293 fibroblast cells infected for 10 h
(data not shown). Supplemental Table S1 provides a complete
list of the proteins identified at each time point shown in Fig. 2.
A recent publication studied nsP3 interactions at one time
point of infection (8 h) using BHK-21 hamster cells (21). Com-
paring these reported interacting proteins with our data, we
noted that seven proteins, including vimentin and myosin, were
present in our control samples that test for nonspecific interac-
tions, raising questions as to the specificity of the reported
interactions. In our study, of the total 59 identified proteins, 35
were specific to the nsP3 isolations. Ten of these specific pro-
teins were also reported in the recent publication, including
G3BP1, 14-3-3 € and ¢, and several hnRNPs.

In agreement with our immunoaffinity purification results,
we observed temporally regulated co-localizations of G3BP1
and 14-3-3 proteins with nsP3 (Fig. 3). G3BP1 co-localized with
nsP3-GFP at both early and late times after infection (Fig. 3A4).
G3BP1, which is virtually undetectable in uninfected Rat2 cells
(Fig. 6), becomes readily apparent in infected cells, likely due to
subcellular redistribution. We also noted this redistribution in
infected human, hamster, and murine cells (data not shown).
We observed similar changes in G3BP1 staining in Rat2 cells
infected with wild-type Sindbis (Fig. 6), demonstrating that the
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FIGURE 3. G3BP1 and 14-3-3 co-localize with nsP3-GFP. Rat2 cells were infected with nsP3-GFP Sindbis (m.o.i. ~70) for the indicated times and analyzed by
confocal microscopy. Samples were incubated with antibodies to G3BP (A) or 14-3-3 € (B) and Rhodamine Red-X-conjugated secondary antibodies. Green (left),
red (middle), and merged (right) images are shown. Nuclei (blue) are shown in the merged images. Bars, 10 um. Representative fluorescence intensity profiles

are shown to the right.

redistribution was not an artifact of the GFP tag. In agreement
with our immunoaffinity purification results, 14-3-3 co-local-
ization with nsP3-GFP was observed only at late times of infec-
tion (Fig. 3B). Although foci of 14-3-3 were observed at late
times following infection with Control GFP Sindbis, 14-3-3 did
not co-localize with the free GFP expressed from this control
virus (supplemental Fig. S13). This confirmed that nsP3, and
not the GFP tag, was responsible for the 14-3-3 co-localization
seen after infection with nsP3-GFP Sindbis. We also observed
co-localization of nsP3-GFP with hnRNPs A2/B1, and A3, and
partial co-localization with hnRNP G (data not shown).

The apparent association of 14-3-3 with nsP3 only at late
stages of infection raised questions to whether this is a truly
time-dependent association or rather the result of altered con-
centrations of these interacting molecules. We therefore
assessed the levels of 14-3-3 in infected cells at various times
and found that viral infection did not alter 14-3-3 levels (Fig. 4).
As expected (see Fig. 2), our results showed an increase in the
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FIGURE 4. Expression of nsP3, 14-3-3, and actin as a function of infection
time. Rat2 cells were infected with nsP3-GFP Sindbis (m.o.i. ~10) and har-
vested at the indicated times after infection. Equal protein loading of whole
cell lysates were analyzed by Western blot for the indicated proteins.

levels of nsP3 with infection time (Fig. 4). The increased levels
of nsP3 at the later time points could influence the nsP3-14-3-3
interaction or its detection. One possibility is that 14-3-3 also
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10 h post-infection. For 3 h post-infection, seven 15-cm dishes were utilized
(#1). For 10 h post-infection, two experiments were performed utilizing either
one 15-cm dish (#7) or seven dishes (#2). Expression levels of nsP3 and 14-3-3
€ prior to (left panel) and after (middle and right panels) GFP immunoisolations
were assessed by Western blot. The percentages loaded of the whole cell
lysates orimmunoprecipitates are indicated (bottom). To enable comparisons
between the 3-h and all 10-h immunoprecipitated samples, the levels of each
protein were analyzed on the same blot.

associates with nsP3 at early times but falls below our detection
levels due to the low levels of the isolated complex. Despite
these low levels, we were able to detect proteins (e.g. hnRNPs)
that associated with nsP3 at early times. However, this result
could be due to differences in the stoichiometry of these pro-
teins with respect to nsP3. To determine whether the low levels
of nsP3 were responsible for the failure to detect 14-3-3 at early
times, we took two approaches to compensate for the different
levels of nsP3: 1) performing immunoisolations from fewer cells
at a late (10 h) than an early (3 h) time point or 2) performing
immunoisolations from equal cell numbers from early and late
time points but loading less of the late. For the first approach,
we obtained samples from early and late times that contained
equivalent amounts of nsP3 and immunoisolated similar
amounts of nsP3-GFP (Fig. 5, experiment #1). The total amount
of 14-3-3 was higher in the 3-h lysate than the 10-h lysate due to
the corresponding increased number of cells used to compen-
sate for the nsP3 levels. However, 14-3-3 was not detected in the
immunoisolation from the 3-h sample, while it was clearly pres-
ent in the 10-h sample. For the second approach, we also
obtained similar levels of nsP3 and confirmed the presence of
14-3-3 at 10 h of infection (Fig. 5, experiment #2). Together, the
immunoisolations (Fig. 2), co-localization (Fig. 3 and supple-
mental Fig. S13), and Western blot analyses prior to and follow-
ing IP (Figs. 4 and 5) demonstrate that the 14-3-3-nsP3 inter-
action is temporally regulated.

Alphavirus Infections, but Not All RNA Virus Infections,
Cause Redistribution of G3BP1—Similar to our observations
with wild-type Sindbis, infection with Ross River, another
Alphavirus genus member, generated the same G3BP1 redistri-
bution (Fig. 6). This suggests that G3BP recruitment may be
generally important during alphavirus infection. However,
infection with the Flavivirus Yellow fever virus did not alter the
G3BP1 subcellular localization (Fig. 6). Therefore, this redistri-
bution is not a general feature of all positive strand RNA virus
infections.

The Nuclear Transport Factor 2 (NTF2)-like Domain of G3BP
Is Sufficient for Its Association with nsP3—G3BP1 was previ-
ously identified as binding to Ras-GTPase-activating protein
(23) and has since been reported to have a variety of biological
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FIGURE 6. The G3BP1-nsP3 association is specific to alphaviruses. Rat2
cells were mock infected or infected (m.o.i. ~3) with the indicated wild-type
viruses for 8 h (Sindbis, Ross River) or 20 h (Yellow fever) and were processed
for fluorescence microscopy to detect G3BP1 (G3BP, red). Infected cells (Virus,
green) were detected by staining for virus capsid protein (Sindbis, Ross River)
or NS4 (Yellow fever). Nuclei (blue) are shown in the merged images.

activities (reviewed in Ref. 24). While the precise function of
G3BP1 remains uncertain, conserved motifs have been noted
(23, 25, 26), including an acidic domain, an RNA recognition
motif (RRM), an RGG motif, and a NTF2-like domain (Fig. 7A).
The motifs have been implicated in several interactions, for
example the RRM and RGG motifs in RNA binding (27), the
NTEF2-like domain in G3BP protein multimerization, and the
NTF2-like and RRM domains in stress granule localization (12).
To map the interaction domain of G3BP1 with nsP3, we gener-
ated cells expressing GFP-tagged full-length G3BP1 or individ-
ual domains of G3BP1, previously described and termed A, B,
C, and D (12). Western analysis demonstrated appropriate
expression of the tagged proteins (supplemental Fig. S14). For
co-localization studies of GFP-tagged G3BP1 proteins we gen-
erated a mutant Sindbis expressing nsP3 fused to the mono-
meric red fluorescent protein (mRFP-1 (10)). The mRFP tag
was inserted in the same position as the GFP tag in the nsP3-
GFP Sindbis mutant virus. Our results (Fig. 7B) showed co-
localization of nsP3 with both the full-length G3BP1 and
G3BP1 domain A, which exhibits homology to NTF2 (26). Co-
localization with nsP3 was not observed for domains B, C, and
D, although there was occasional overlap of staining for nsP3-
mRFP and GFP-D.

Reciprocal immunoisolations of G3BP1 were performed to
verify the nsP3 interaction (Figs. 8 and 9). Cells expressing GFP-
tagged G3BP1 (full-length ABCD) or the A—-D domains were
infected with wild-type Sindbis and used for immunoisolations
via the GFP tag. nsP3 interacted with both the NTF2 homology
motif (A domain) and the full-length G3BP1 (ABCD), as deter-
mined by Western blot analysis (Fig. 8). No interaction was
observed for domains B, C, or D. Mass spectrometry analyses of
immunoisolates from infected cells expressing GFP-tagged A
domain and ABCD confirmed the presence of nsP3 in viral
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FIGURE 7. The G3BP1 NTF2-like domain is sufficient for association with
nsP3. A, domains of G3BP1 protein: NTF2 homology, acidic domain, the RRM,
and the RGG domain. The G3BP amino acids expressed as GFP fusion proteins
in the expression constructs are indicated. B, confocal microscopy: HEK293
cells expressing GFP-tagged G3BP (ABCD) or GFP-tagged domains of G3BP (A,
B, C,and D, as indicated) were infected with nsP3-mRFP-1 Sindbis (m.o.i. ~4).
Cells were fixed for analysis by confocal microscopy after 14 h. The green
(GFP-G3BP or GFP-G3BP domain, indicated as G3BP*-GFP), red (nsP3-mRFP),
and merged images are shown. Nuclei (blue) are shown in the merged
images. Bars, 5 um.

infected cells (Fig. 9). The A domain is known to mediate mul-
timerization, and indeed endogenous G3BP was detected in
immunoisolations of GFP-A and GFP-ABCD from both unin-
fected and infected cells (Fig. 9). Together with the co-localiza-
tion results, these findings indicate that the NTF2 homology
domain of G3BP1 is necessary and sufficient for the observed
G3BP-nsP3 interaction.

G3BPI Interacts with Nuclear Pore Complex Proteins—In
addition to providing a confirmation of the G3BP-nsP3 inter-
action and to mapping this interaction to the NTF2-like
domain, the reciprocal immunoisolations also identified novel
G3BP-associated proteins. Members of the nuclear pore com-
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FIGURE 8. nsP3 associates with the NTF2-like domain and the full-length
G3BP1. HEK293 cells stably expressing GFP-tagged versions of G3BP1
domains (A, B, C, D, and ABCD) were infected with wild-type Sindbis (m.o.i.
~15) for 15 h. A, B, C, D, and ABCD forms of G3BP1 were immunoisolated via
the GFP tag. Levels of isolated G3BP1 forms and nsP3 were assessed by West-
ern blot as indicated.

plex, such as Nup214, gp210, and Nup88 (28, 29), were identi-
fied in G3BP isolates from uninfected and infected cells. Our
isolations also confirmed the previously reported interaction of
G3BP1 with ubiquitin specific protease 10 (USP10) (30). A
G3BP-interacting protein isolated only from infected cells was
14-3-3. This protein was previously immunoisolated and co-
localized with nsP3-GFP (Figs. 2 and 3), indicating that 14-3-3
is likely to be present in this isolation due to its interaction with
nsP3. The G3BP-associated proteins are summarized in Fig. 9
and supplemental Table S2.

nsP3 Partially Localizes to the Nuclear Envelope—We used
electron microscopy to ascertain in greater detail the subcellu-
lar localizations of nsP3 in infected cells (Fig. 10). Morpholog-
ical characteristics of infected Rat2 cells (Fig. 10, A and B)
included cytoplasmic vacuoles with spherule invaginations,
characteristic of alphavirus infection and likely sites of RNA
replication and transcription (20, 31-33). In addition, aggre-
gates of electron-dense granular material with irregular bound-
aries were specific to infected cells. These aggregates had the
appearance of either rod-like (Fig. 104) or round (Fig. 10B)
electron-dense material, which might represent two types of
aggregates or one structure observed from different planes of
sectioning. Cytoplasmic electron-dense material, identified as
containing Semliki Forest virus nsP3 by immunogold labeling,
has been reported in both Semliki Forest virus-infected and
nsP3-overexpressing HeLa cells (34). Using GFP immunogold
labeling we detected Sindbis nsP3 in cytoplasmic aggregates
(Fig. 10, C and D), likely corresponding to the electron-dense
material seen in our morphological analyses (Fig. 10, A and B).
In agreement with previous reports (20, 33), we also detected
nsP3 on the cytoplasmic face of the cytoplasmic vacuoles and
the plasma membrane (data not shown). In addition, we
detected nsP3 at the nuclear envelope (Fig. 10E), which, consid-
ering the nsP3-G3BP association, may explain the reduced
G3BP-nuclear pore interactions noticed upon infection (Fig. 9).

The Role of nsP3-associating Host Proteins during Infection—
G3BP was detected as one of the main interacting partners of
nsP3 at all studied times of infection. While the role of the G3BP
recruitment in alphavirus replication is unclear, there is prece-
dent for its involvement in viral replication, as G3BP1 has been
found to be important for vaccinia virus intermediate stage
transcription (35). G3BP has been implicated in a number of
cellular processes, many of which suggest a possible role in
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FIGURE 9. Reciprocal immunoisolations indicate the association of
G3BP1 with nuclear pore proteins. HEK293 cells stably expressing free GFP
or GFP-tagged versions of G3BP1 domains were mock-infected (uninfected)
or infected with wild type Sindbis (m.o.i. ~10) for 15 h. A, GFP-tagged A
domain and ABCD domain were immunoisolated via the GFP tag from both
uninfected (—) and infected (+) cells. Cells that express free GFP served as
controls. Representative identified proteins are shown on the SDS-PAGE gel.
Breakdown of GFP-A was observed in infected cells. B, relative levels of pro-
teins identified in the immunoisolates of GFP-A and GFP-ABCD (uninfected
and infected). Plus signs indicate the relative levels as assessed by semiquan-
titative mass spectrometry; minus signs indicate that the protein was not
detected.
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RNA metabolism or translation regulation (reviewed in Ref.
24). G3BP1 has been shown to assemble stress granules (12),
sites of mRNAs coupled to abortive translation initiation com-
plexes (reviewed in Ref. 36). Recent studies (37) on the related
alphavirus Semliki Forest virus showed that stress granules are
formed upon infection and correlate with host translational
shutdown. Subsequent dissolution of the granules occurs at late
times after infection and the infected cells lose their ability to
assemble stress granules, as measured by T-cell intracellular
antigen-1 (TIA-1) and eIF3 staining. The stress granules iden-
tified by TIA-1 staining after alphavirus infection are likely not
the same structures as the cytoplasmic aggregates of nsP3
identified by us and others (34), since we did not identify TIA-1
in the nsP3 and G3BP containing complexes (supplemental
Table S1) and TIA-1 did not co-localize with nsP3-GFP and
G3BP (data not shown). However, since G3BP1 can assemble
stress granules, the recruitment of this molecule into nsP3-con-
taining complexes may influence TIA-1 containing stress gran-
ule formation (or dissolution). Alteration of the G3BP- or TIA-
1-related stress granule pathway by the recruitment of G3BP by
nsP3 might play a role in alphavirus control of cellular
translation.

Our studies identified the NTF2-like domain of G3BP1 as
the probable site of interaction with nsP3. The co-isolation
of nuclear pore complex proteins with G3BP1, along with the
RNA binding ability of G3BP, suggests that G3BP may func-
tion as a transport factor for RNA movement into or out of
the nucleus, as suggested previously (38). Levels of G3BP-
associated nuclear pore complex proteins were significantly
reduced in infected cells, possibly due to the virus-induced
subcellular redistribution of G3BP or to competition
between nuclear pore proteins and nsP3 for binding to
G3BP. Our finding that a subset of nsP3 localizes to the
nuclear envelope suggests that, in addition to the cytoplas-
mic nsP3-G3BP association, an association between nsP3
and G3BP might also take place at the nuclear envelope.
These results suggest that Sindbis may recruit G3BP as a
means to block G3BP-dependent export (or import) of host
mRNAs. Alternatively, host RNAs undergoing nuclear
export may be captured for subsequent sequestration,
resulting in translational shutoff. It is also possible that
G3BP association with nsP3 represents a specific host
response to counteract alphavirus infection.

Several hnRNP proteins (A1, A2/B1, G, and A3) were also
identified in the nsP3-GFP-containing complexes. Members of
the hnRNP family have been found to be involved in other virus
life cycles, including activation of poxvirus late transcription
(39) and in the regulation of mouse hepatitis virus RNA repli-
cation (40—42). These RNA-binding proteins might be specif-
ically recruited or could be present due to their presence on
RNA molecules, bound, for example, to G3BP. Decreased
amounts of hnRNP proteins in the nsP3-containing complexes
at the later infection time points could be due to decreased
expression levels, degradation, or altered binding to the
complexes.

Another isolated interacting partner of nsP3, 14-3-3, may
also reflect viral control of important cellular processes.
14-3-3, a phosphoserine-binding adapter protein involved in
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evaluation of infected Rat2 cells. Cytopathic vacuoles (cpv) with spherules (A, dark arrowhead) as well as aggre-
gates of electron-dense rod-like (A) and round (B) structures (white arrowheads) were specific to infected cells.
C-E, immunogold (10 nm) labeling of cryosections from infected cells using anti-GFP antibodies localizes
nsP3-GFP to cytoplasmic aggregates of rod-like (C) and round (D) material. Labeling of the nuclear membrane
(E) was also observed. nuc, nucleus; bars, distances in nm.

regulating cell signaling pathways (reviewed in Ref. 43), was
observed to associate with nsP3 in a time-dependent man-
ner. Experiments utilizing equivalent amounts of nsP3 from
early and late stages of infection verified that the nsP3-14-
3-3 association occurs only at late times. This implies a
change in the state of the interacting partner of 14-3-3,
which could be a phosphorylation event. Two likely candi-
dates are nsP3 itself and G3BP, both known to be phospho-
rylated on serine residues (44, 45). The recruitment of 14-3-3
might be important for host translational shutoff, the shutoff
of minus strand synthesis, or other processes that are time-
dependent in infected cells. Interestingly, Sindbis infection
is known to activate stress responses including the p38 mito-
gen-activated protein kinase signaling cascade (46), impli-
cated in the posttranscriptional regulation of gene expression
(reviewed in Ref. 47). Phosphorylation of tristetraprolin (TTP)
induced by this pathway has been suggested to result in 14-3-3
binding to TTP, which blocks TTP movement to stress granules
and inhibits TTP-mediated mRNA decay (48). 14-3-3 recruitment
to nsP3-containing complexes may alter mRNA trafficking or
decay or affect other signaling pathways.
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CONCLUSIONS

These studies utilized natural viral
infection with differentially tagged
GFP-expressing alphaviruses and
high titer anti-GFP antibodies for the
efficient isolation of protein com-
plexes. We determined the viral and
host proteins that interact with Sind-
bis nsP3 during the course of infec-
tion of vertebrate cells. These results
led to several interesting hypotheses
regarding the manipulation of cellular
processes by Sindbis. It should be pos-
sible to build a comprehensive picture
of the complex alphavirus-host rela-
tionship using mutant viruses that
express GFP on alternative viral pro-
teins or are mutated or deficient in
specific viral proteins. Animal models
can be studied using a similar
approach to investigate virus replica-
tion, spread, and pathogenesis in vivo.
These techniques depend on the abil-
ity to insert a tag within a protein
without disrupting viral function.
Although this will not always prove
feasible, several viable GFP-tagged
viruses have already been utilized for
visualization studies. Therefore, we
predict that the presently described
techniques, which should be
broadly applicable to many viral
systems, will greatly facilitate our
understanding of the molecular
details of viral infections and the
biology of the cell.
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