
JOURNAL OF VIROLOGY, Aug. 2010, p. 7543–7557 Vol. 84, No. 15
0022-538X/10/$12.00 doi:10.1128/JVI.00477-10
Copyright © 2010, American Society for Microbiology. All Rights Reserved.

Phosphatidylinositol 3-Kinase-, Actin-, and Microtubule-Dependent
Transport of Semliki Forest Virus Replication Complexes from

the Plasma Membrane to Modified Lysosomes�†
Pirjo Spuul,*§ Giuseppe Balistreri,§ Leevi Kääriäinen, and Tero Ahola
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Like other positive-strand RNA viruses, alphaviruses replicate their genomes in association with modified
intracellular membranes. Alphavirus replication sites consist of numerous bulb-shaped membrane invagina-
tions (spherules), which contain the double-stranded replication intermediates. Time course studies with
Semliki Forest virus (SFV)-infected cells were combined with live-cell imaging and electron microscopy to
reveal that the replication complex spherules of SFV undergo an unprecedented large-scale movement between
cellular compartments. The spherules first accumulated at the plasma membrane and were then internalized
using an endocytic process that required a functional actin-myosin network, as shown by blebbistatin treat-
ment. Wortmannin and other inhibitors indicated that the internalization of spherules also required the
activity of phosphatidylinositol 3-kinase. The spherules therefore represent an unusual type of endocytic cargo.
After endocytosis, spherule-containing vesicles were highly dynamic and had a neutral pH. These primary
carriers fused with acidic endosomes and moved long distances on microtubules, in a manner prevented by
nocodazole. The result of the large-scale migration was the formation of a very stable compartment, where the
spherules were accumulated on the outer surfaces of unusually large and static acidic vacuoles localized in the
pericentriolar region. Our work highlights both fundamental similarities and important differences in the pro-
cesses that lead to the modified membrane compartments in cells infected by distinct groups of positive-sense
RNA viruses.

All positive-strand RNA viruses replicate their genomes in
association with cellular membranes. The formation and activ-
ity of the membrane-bound replication complexes (RCs) can
result in extensive alteration of membrane structures (11, 40,
48). Different viruses use different cytoplasmic membrane
compartments as platforms for replication. Currently, there is
only a limited understanding of how the virus-encoded and
cellular proteins coordinate the formation of the replication-
induced membrane structures. We address the mechanisms of
membrane-bound replication with alphaviruses, particularly
Semliki Forest virus (SFV). The alphaviruses comprise several
human and animal pathogens, including the encephalitogenic
alphaviruses (e.g., Western, Eastern, and Venezuelan equine
encephalitis viruses) as well as the recently reemerging chikun-
gunya virus, which belongs to the SFV clade of alphaviruses.
During the past 5 years, chikungunya virus has caused more
than 2 million infections and 500 deaths, and a new strain has
spread throughout the areas surrounding the Indian Ocean
(50). The alphaviruses use mosquitoes as intermediate hosts
and transmission vectors, and at present no vaccines or antivi-
rals are available to control these infections.

The cytoplasmic replication of alphaviruses depends on the
four viral nonstructural (ns) proteins, nsP1 to nsP4, which are

all essential and act as a membrane-bound replication com-
plex. The nsPs are translated from the viral positive-sense
RNA genome as one large polyprotein. Cleavages catalyzed by
the nsP2 moiety result in the release of the individual proteins.
A large fraction of the synthesized nsPs is involved in genome
replication and associates with membranes, but a sizable frac-
tion dissociates and is distributed in different cellular compart-
ments: nsP1 binds to the inner surface of the plasma mem-
brane (PM); nsP2 is translocated into the nucleus; nsP3 seems
to form aggregates in the cytoplasm; and most of the extra
nsP4, the core RNA polymerase, is degraded by the protea-
some. While the major enzymatic functions of the individual
nsPs have been elucidated (21), little is known of how they
function together in the replication machinery.

As in other positive-strand RNA viruses, the RCs of alpha-
viruses are associated with altered intracellular membranes,
which were first described in the late 1960s and early 1970s (13,
14, 18). In these early studies, it was shown that virus replica-
tion induces bulb-shaped membrane invaginations with a di-
ameter of �50 nm, which were called spherules. The spherules
were found on the limiting membranes of large cytoplasmic
vacuoles, which were named virus-induced cytopathic vacuoles
of type I (CPV-I). On rare occasions, the spherules were seen
also at the PM. By electron microscopic (EM) autoradiogra-
phy, it was also shown that the spherules both at the CPV-I and
at the PM could be sites of RNA synthesis (18). Subsequently,
Froshauer et al. (15) showed that CPV-I are positive for en-
dosomal and lysosomal markers. Moreover, using EM, they
showed that the inside of the spherule is connected to the
cytoplasm by a pore from which electron-dense material
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(which the authors suggest to be the newly synthesized RNA)
seems to diffuse into the cytoplasm.

During the past decade, our group has addressed the bio-
genesis of the CPV-I. We demonstrated that the formation of
the spherules did not require structural proteins (44) and,
more recently, that all four nsPs were associated with the
spherules together with newly formed RNA (labeled by bro-
mouridine), strongly suggesting that they were the actual units
of RNA replication (RCs) (28). We also suggested as one
possibility that the spherules could first arise at the PM; sub-
sequent endocytosis of the spherules could account for the
formation of the CPV-I (28, 44). Of the four nsPs, only nsP1
has affinity for membranes, and when expressed alone, it is
specifically targeted to the inner surface of the PM (45). NsP1
is a monotopic membrane protein; its affinity for membranes is
dictated by an amphipathic alpha helix, located in the central
region of the protein (4, 31). NsP1 has a specific affinity for
negatively charged phospholipids, which could potentially ac-
count for its prevalent localization to the PM, where such lipids
are enriched. Later we showed that the membrane binding of
nsP1 through the amphipathic helix is essential for alphavirus
replication (56).

Several groups of positive-sense RNA viruses make spher-
ules, which appear very similar to those made by the alphavi-
ruses. However, for these virus groups, the spherules arise in
different locations. For the well-characterized brome mosaic
virus (BMV), a plant virus very distantly related to the alpha-
viruses, the spherules are seen in the endoplasmic reticulum
(ER) adjacent to the nucleus (51). For the unrelated nodavi-
ruses, the spherules are localized on mitochondrial surfaces
(25). Recent models of the RCs of flaviviruses suggest that
their replication complexes also resemble spherules (62). For
the Flaviviridae, the RCs are found on the membranes of the
secretory pathway.

The aim of this study was to clarify the role of different
membranes in the formation and maturation of alphavirus
RCs, and particularly to test our hypothesis that the RCs
(spherules) are formed at the PM and are internalized there-
after. By using confocal microscopy, live-cell imaging, and
novel electron microscopic techniques, we demonstrate that
the RCs of SFV undergo an unprecedented, highly dynamic
trafficking between different cellular compartments. They are
first detected at the PM, which serves as the major platform for
spherule formation. A specific endocytic event results in the
transfer of spherules to the limiting membrane of small cyto-
plasmic vesicles. Using pharmacological inhibitors, we have
been able to block the internalization process, and we found
that the exit of spherules from the PM is dependent on the
activity of phosphatidylinositol3- kinase (PI3K). Following the
intracellular dynamics associated with spherules in live cells,
we show the contribution of actin and microtubule-based
transport, as well as that of fusion events with preexisting acidic
organelles, providing the first complete model for the biogen-
esis of the large static CPV-I, where spherules are found at
later stages of infection.

MATERIALS AND METHODS

Cell culture. BHK-21 cells (baby hamster kidney cells) were maintained in

Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 7.5% fetal

bovine serum (FBS; Gibco-BRL, Grand Island, NY), 2% Bacto tryptose phos-

phate broth (Difco Laboratories, Detroit, MI), 2 mM L-glutamine, 100 U/ml

penicillin, and 100 �g/ml streptomycin (Gibco). Primary mouse embryonic fibro-

blasts (MEFs), derived from 17-day-old embryos, and HeLa cells were cultured

in DMEM supplemented with 10% FBS, 2 mM L-glutamine, 100 U/ml penicillin,

and 100 �g/ml streptomycin.

Plasmid constructs. The pSFV-ZsG plasmid was designed to contain ZsGreen

fluorescent protein fused with nsP3. The ZsGreen sequence was amplified by

PCR from the pZsGreen plasmid (Clontech Laboratories, Inc., Mountain View,

CA), and CTCGAG (XhoI site) was added to both ends of the sequence. The

resulting PCR product was inserted into the XhoI sites of pSFV4 infectious

cDNA and the pSFV1 replicon (33).

Antibodies and reagents. Rabbit polyclonal anti-nsP3 has been described

previously (28). Mouse monoclonal antibody J2 against double-stranded RNA

(dsRNA) was purchased from Scicons (Hungary). Mouse monoclonal antibodies

against �-tubulin and �-tubulin were obtained from Sigma-Aldrich, Inc. (St.

Louis, MO) and GM130 antibody from BD Transduction Laboratories (San

Jose, CA). Phalloidin-AF568 and LysoTracker Red DND-99 were purchased

from Molecular Probes (Eugene, OR), as were the secondary antibodies with

AF488 and AF568 fluorophores.

(�)-Blebbistatin, wortmannin, LY294002, and PI-103 were purchased from

Sigma. Nocodazole for tubulin disruption was obtained from Calbiochem (Merck

KGaA, Germany).

Viruses, growth curve experiments, and drug treatments. Wild-type (wt) SFV

and SFV-ZsG were obtained from cloned cDNA as described previously (56).

Sindbis virus (SIN) was similarly obtained from the cDNA clone pTOTO1101, a

kind gift from Charles M. Rice. For growth curve determination, BHK-21 cells

were infected with 10 PFU/cell for 1 h in infection medium (MEM plus 0.2%

bovine serum albumin [BSA] plus 2 mM L-glutamine) and were then washed

extensively. New medium was added, and 100-�l aliquots were withdrawn at the

time points indicated in Fig. 3A. Virus titers were determined by a plaque assay

(23). Virus growth curves in the presence of inhibitors were obtained by using

SFV-ZsG. BHK-21 cells were infected at a multiplicity of infection (MOI) of 10

for 1 h and were then washed five times. New medium containing the respective

drugs was added, and aliquots of 100 �l were withdrawn at the time points

indicated in Fig. 7. Virus titers were obtained by infecting BHK-21 cells with

dilutions of the collected samples and counting the number of nsP3-ZsG-positive

cells by direct fluorescence at 4 h postinfection (p.i.). Western blotting was

performed as described previously (30).

For live-cell imaging, virus replicon particles (VRPs) were used instead of

infectious SFV-ZsG for safety reasons. The split-helper system was applied to

package the SFV1 replicon RNA into the VRPs (52).

For drug treatments, BHK-21 cells were infected with 500 PFU/cell for 20 min

in infection medium; then they were washed extensively, and fresh medium was

added. Drugs were added at 20 min or 1 h 30 min p.i., depending on the

experiment, and cells were fixed at 2 h or 4 h p.i., respectively. For microtubule

disruption, nocodazole was added from the beginning of the infection. LY294002

washout was performed after 4 h of infection (a 2-h 30-min drug treatment), and

samples were fixed at 8 h p.i.

Viral RNA synthesis. BHK-21 cells were infected with wt SFV at an MOI of

10 for 1 h. After five washes, new medium containing the respective drugs and 2

�g/ml of actinomycin D was added. Untreated or mock-infected samples served

as controls. Duplicate dishes of each set were pulse-labeled at 4.5 h p.i. and 5.5 h

p.i. with 25 �Ci/dish of [3H]uridine for 30 min in the presence of actinomycin D

(2 �g/ml). Samples were washed twice with cold phosphate-buffered saline (PBS)

and were lysed with 2% sodium dodecyl sulfate (SDS) in PBS at 65°C. Labeled

RNAs were precipitated in 10% trichloroacetic acid (TCA) on ice for 1 h.

Precipitates were collected on glass fiber filters (GF/C; Whatman) and washed

twice with 5% TCA, and the incorporated [3H]uridine was quantified by liquid

scintillation (Optiphase Supermix; Perkin-Elmer) counting.

Indirect immunofluorescence. Cells were fixed at room temperature with 4%

paraformaldehyde in phosphate-buffered saline for 15 min, quenched with 50

mM NH4Cl, and permeabilized with 0.1% Triton X-100. The samples were

incubated for 1 h at room temperature with primary antibodies, followed by

washes and 1 h of incubation with appropriate secondary antibodies. Mowiol

4-88 (Calbiochem) containing 2.5% DABCO [1,4-diazabicyclo(2,2,2) octane;

Sigma] was used for mounting the coverslips.

Microscopy. Fixed samples were analyzed with a Leica TCS SP5 upright

confocal microscope using an HCX APO 63�/1.30 numerical aperture, cor-

rected for 21°C glycerol objective. In addition, an Olympus AX-70 Provis micro-

scope with a 20�/0.50 Ph1 air objective was used to take field pictures for

quantification analysis. Pictures were collected by a Photometrics SenSys air-

cooled charge-coupled device (CCD) camera using the AnalySIS program. The

exposure was always set to 200 ms for dsRNA imaging.
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For live-cell imaging, cells were grown in no. 0 glass-bottom culture dishes

(MatTek, Ashland, MA), and MEM supplemented with 0.2% BSA, 2 mM L-

glutamine, and 20 mM HEPES (pH 7.4) was used as an imaging medium. The

Olympus IX71 TILL imaging system supplemented with a 37°C chamber and

CO2 was used to image the live cells with a UPlanSApo 60� 1.20 numerical

aperture water objective. Images were acquired at the rate of 2 frames/s (2 Hz).

A Leica TCS SP2 confocal microscope supplemented with a 37°C chamber and

CO2 was used to image the live cells with an HCX PL APO 63�/1.20 numerical

aperture, corrected for a 0.17-mm cover slip, water objective. Live-cell recordings

were done with bidirectional scanning at a speed of 800 Hz; image stacks were

acquired at the rate of 0.5 or 1 frame/s (0.5 or 1 Hz) as specified in the figure

legends. To visualize the acidic compartment of the cell, LysoTracker was added

to the sample 20 min before imaging and was present during the recordings.

For correlative light-electron microscopy (CLEM), cells were grown in no. 2

glass-bottom P35G-2-14-C-Grid dishes (MatTek). After glutaraldehyde fixation,

samples were analyzed with a Leica TCS SP2 confocal microscope using an HC

PL APO 20�/00.7 CS air objective and an HCX PL APO 63�/1.2 water objective

for larger magnifications. To visualize the grid, the microscope was set to reflec-

tion mode. For transmission electron microscopy (TEM), chemically fixed and

osmium-stained cells were processed for flat embedding and ultrathin sectioning

as described previously (46). A JEOL 1200 EX II transmission electron micro-

scope operated at 80 kV was used for imaging. Scanning electron microscopy

(SEM) was performed using a Zeiss DSM 962 microscope. Before imaging, cell

monolayers (processed as for TEM) were covered with hexamethyldisilazane

(Fluka) and were allowed to dry overnight at room temperature.

Image analysis. SFV phenotypes were defined based on quantitative determi-

nations of the localization of RCs in time course experiments or in the presence

of drugs by using ImageJ (National Institutes of Health, Bethesda, MD). In all

cases, the borders of approximately 100 cells were drawn manually in each

imaging field (in 4 to 5 fields per experiment), and the cells were visually

classified into three phenotypic groups according to the localization of the RCs.

The early stage corresponded to strong PM staining; the second (intermediate)

stage was characterized by partial PM staining and small, scattered cytoplasmic

puncta; the late stage was defined as showing little PM signal and larger puncta

in the perinuclear area. The standard deviation (SD) was calculated for each

sample group.

Live recordings from the Olympus TILL imaging system (see videos S1 and S2

in the supplemental material) were processed with TILLvisION (TILL Photonics

GmbH) and were analyzed with Image-Pro Plus (Media Cybernetics, Inc.) and

Bitplane Imaris (Bitplane Inc.).

Selected confocal stacks (see Fig. 2A, 3Ca and D, 5A, and 6A and B) were

deconvoluted with AutoQuant AutoDeblur 3D Blind Deconvolution (Auto-

Quant Imaging, Inc.). Bitplane Imaris was used to make 3-dimensional (3D)

reconstructions as maximum projections (see Fig. 3Ca and D, 4A, B, and E, 5A

and B, and 6A and B), orthoslices (see Fig. 2A), and isosurface renderings (see

Fig. 6A and B) and to process the live-cell imaging data from confocal micros-

copy (see videos S3 and S4 in the supplemental material). A Gaussian filter with

a 0.13-�m filter width was applied to live recordings. Tracks and speed for the

RC trafficking were calculated using the Imaris spot-tracking function (Fig. 4A

and B, 5B, and 6C). Spherules were quantified manually after TEM and SEM by

counting spherules in 1-�m2 areas in 10 to 15 images per sample.

RESULTS

Semliki Forest virus RCs arise first at the PM. The mRNA
sense genome of alphaviruses is translated in the cytoplasm of
infected cells to a large polyprotein, from which four nsPs are
generated by autoproteolysis (Fig. 1A). Each of the four nsPs
colocalizes in a macromolecular complex responsible for viral
genome replication, which also contains newly synthesized
RNA (reviewed in reference 48) (Fig. 1B). These replication
complexes (RCs) are bulb-shaped membrane invaginations
designated spherules (Fig.1Dd). A speculative model of the
membrane-bound RC is presented in Fig. 1C. We use the
terms RC and spherule as synonyms below.

We wanted to follow the distribution of SFV RCs in a time
course, starting from very early time points after infection, in
order to detect the first active RCs. For this purpose, BHK
cells were infected and fixed starting from 1 h postinfection

(p.i.). After fixation, cells were coimmunolabeled with poly-
clonal antibodies raised against each of the four nsPs (nsP1 to
nsP4) and a monoclonal antibody against dsRNA. The pres-
ence of dsRNA molecules in infected cells is a hallmark for
positive-strand RNA virus genome replication (61). As shown
by double labeling with anti-nsP3 and anti-dsRNA antibodies,
there was colocalization of these labels throughout infection
(Fig. 1D). This was true also for antisera against nsP1, nsP2,
and nsP4 (not shown). There was no detectable labeling of
mock-infected cells with any of the antibodies (Fig.1Da), and
therefore, labeling with an anti-dsRNA antibody was a reliable
tool for revealing the RCs. The dsRNA signal was also sharper
than that obtained with antibodies against nsPs, possibly be-
cause the replication intermediates are located inside the
spherules and do not diffuse into the cytoplasm (Fig. 1D).
Double labeling early in infection revealed that the RCs were
almost exclusively at the PM (Fig. 1Db and c). Electron mi-
croscopy in parallel samples confirmed the presence of numer-
ous typical spherules on the cell surface at this stage of infec-
tion (Fig.1Dd), strongly suggesting that the PM was the site of
formation of these structures. Evidently, the RCs were re-
moved from the PM at later stages of infection. From 2 to 4 h
p.i., double labeling with anti-dsRNA and anti-nsP3 antibodies
resulted in the staining of small intracellular vesicles (Fig. 1De
to g). Interestingly, when the bottom of the cell, where the PM
is parallel to the confocal optical plane, was imaged, dsRNA-
labeled RCs reproducibly aligned in stripes (Fig.1Df). At 8 h
p.i., RCs were detected in typical perinuclear cytopathic vacu-
oles (CPV-I). No PM staining could be detected at this time
point (Fig.1Dh).

To determine whether the localization of RCs depended on
the amount of virus used, we infected the cells at two more
multiplicities of infection, 5 PFU/cell and 500 PFU/cell. Irre-
spective of the 100-fold difference in the virus inocula, the
dsRNA signal was first detected at the PM, where it was am-
plified significantly, followed by stepwise internalization during
infection, leading finally to accumulation in the perinuclear
area (data not shown).

Quantitative analysis of RC localization. The time course
experiments clearly illustrated that the localization of the RCs
followed a chronological order: first at the PM, then in small
and scattered cytoplasmic vesicles, and finally in large perinu-
clear vacuoles, the previously described CPV-I (1, 15, 28, 44).
Our aim was to systematically dissect the main steps of this
“cycle” using inhibition studies aimed at blocking the RCs in
each of these three stages. For this purpose, three major phe-
notype groups were visually distinguished (see Materials and
Methods) based on the localization of dsRNA: early (PM),
intermediate (PM and small cytoplasmic dots), and late (large
vacuoles in the perinuclear area) (Fig. 1E). In this and further
inhibition experiments, cells were infected using 500 PFU/cell,
since a fast and synchronous infection cycle allowed shorter-
time-scale experiments. This was important in order to avoid
nonspecific effects when cells were exposed to different phar-
macological treatments. Under these experimental conditions,
more than 60% of the cells had strong dsRNA staining at the
PM at 1 h 30 min p.i. During the course of infection, the RC
localization shifted toward an intermediate (2 h 30 min p.i.)
and then a late (4 h p.i.) phenotype, supporting the idea that
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FIG. 1. Replication scheme and time course of SFV infection. (A) Schematic view of the SFV genome and expression of the ns proteins. The
main functions of the individual ns proteins are shown. (B) RNA replication strategy of SFV through a dsRNA intermediate. Although the
replication intermediate is shown as entirely double stranded, the actual extent of the dsRNA is not known. (C) Model of the replication-induced
membrane structure, or spherule, with replicase proteins shown at the neck and a dsRNA molecule located inside the spherule. Newly synthesized
positive-sense RNA is released to the cytoplasm. Proteins are not shown to scale. Multiple copies of replication proteins could be located
throughout the spherule (24). (D) Localization of SFV RCs in a time course. BHK cells were either mock infected or infected with SFV at 50
PFU/cell, and samples were fixed at the indicated time points p.i. RCs were detected with anti-nsP3 (green) and anti-dsRNA (red) antibodies.
Colocalization (yellow) represents active RCs. Samples were analyzed with confocal microscopy, and representative optical sections from the
middles of the cells are shown. The total number of sections (sec) per cell is also given. (a) Mock-infected sample. (b and c) Samples fixed at 1 h
30 min (b) and 2 h (c) demonstrate the accumulation of the RCs at the PM. (d) The EM cross section corresponding to panel c shows the spherules
at the PM. (Inset) A virus particle at the outer surface of the PM (left) appears similar in size but morphologically distinct from a spherule (right).
(e and f) For the sample fixed at 2 h 30 min, both a middle (e) and a bottom (f) section are shown. (g and h) Images of samples fixed at 4 h (g)
and 8 h (h) demonstrate the later phenotype with perinuclear CPVs. Bars, 10 �m for confocal microscopy images and 200 nm for the EM image.
(E) Visual profiling. Phenotypes were defined according to the localization of RCs in a time course of infection with 500 PFU/cell. Images of 5
fields per coverslip at each time point were randomly selected, and approximately 100 cells were marked in each field. According to the localization
pattern of the RCs, the cells were grouped into three phenotype categories: early (PM staining), intermediate (PM staining and small RC-
containing vesicles), and late (larger perinuclear RC-containing vesicles [CPV-I]).
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the CPV-I represent the final stage of RC trafficking, which
starts from the PM.

The activity of class I PI3K is needed for the PM internal-

ization of RCs. To demonstrate that the RC spherules found
on the surfaces of modified endosomes and lysosomes origi-
nate from the PM, a set of drugs was tested for the ability to
block internalization. Drugs that induced actin depolymeriza-
tion (e.g., latrunculins and cytochalasins) could not be used for
long experiments, since BHK cell monolayers were very sensi-
tive to such treatments and detached within minutes. Micro-
tubule disruption was much better tolerated but did not stop
spherule internalization. Rather, it affected later steps of RC
intracellular trafficking (see below). We found that wortman-

nin, a potent and irreversible inhibitor of PI3K (5), fulfilled the
task of retaining the RC spherules at the PM.

After incubation for 1 h 30 min, SFV-infected cells were
treated with different concentrations of wortmannin. At 4 h
p.i., cells were fixed, and RCs were visualized by dsRNA im-
munofluorescence labeling. The treatment caused a virtually
complete block of the RCs at the PM (Fig. 2A). In control
experiments, the presence of wortmannin did not inhibit the
clathrin-dependent uptake of transferrin, which accumulated
in enlarged cytoplasmic vacuoles, as previously reported (55).
To obtain ultrastructural information and to estimate the ex-
tent of spherule retention at the PM, drug-treated infected
cells were imaged by scanning electron microscopy. The results

FIG. 2. Involvement of PI3K in the trafficking of the RCs. (A) Wortmannin blocks RCs at the PM. Untreated cells and cells treated with 100
nM wortmannin were analyzed by orthogonal optical sectioning. In the untreated sample, dsRNA-positive CPV (green) are located in the
perinuclear area at 4 h p.i., but wortmannin inhibits the internalization of the RCs. Cell contours are shown by staining of actin with phalloidin-
AF568 (red). Bars, 10 �m. (B) Parallel samples were analyzed by scanning electron microscopy. (a) An untreated sample shows a clear PM with
very few spherules at 4 h p.i. (b) In a wortmannin-treated sample, the PM is filled with spherules. (c) High magnification of an area acquired from
an adjacent field of the treated sample, showing that spherules appear in clusters. (C) Quantification of the localization of RCs in the presence
of 100 nM wortmannin, 50 �M LY294002, or 200 nM PI-103 compared to the localization of RCs in an untreated sample. Infected cells from four
fields (n indicates the total number of the cells analyzed) were quantified for RC localization. Error bars represent SDs.
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confirmed that the PM was covered with thousands of clus-
tered spherules (Fig. 2Bb and c), in contrast to the smooth
appearance of untreated infected cells in a parallel experiment
(Fig.2Ba). The wortmannin-induced RC retention at the PM
was concentration dependent, and a clear effect could be ob-
tained even with 30 nM. Another control experiment was per-
formed by treating uninfected cells with wortmannin. These
cells again showed a smooth appearance, confirming that wort-
mannin by itself does not induce any cell surface structures
(data not shown). Quantitative immunofluorescence analysis
showed that when a concentration of 100 nM was used, more
than 65% of the cells showed a strong dsRNA signal at the PM
even at 4 h p.i. (Fig. 2C), resembling the localization of RCs in
early stages of infection. These results were also confirmed in
murine embryonic fibroblasts (MEFs) and HeLa cells. Nota-
bly, when added at the beginning of infection (20 min p.i.),
wortmannin did not interfere with the PM targeting of RCs
(not shown); dsRNA-positive RCs still targeted the PM,
whereas little or no signal was detected in the cytoplasm. To
confirm our results, two other PI3K inhibitors were tested. The
drug PI-103, a specific inhibitor of class I PI3K, and the less-
specific inhibitor LY294002 (5, 24) were used. PI-103 (200 nM)
and LY294002 (50 �M) were added at 1 h 30 min p.i., and the
cells were fixed at 4 h. The results were comparable to those
obtained with wortmannin: the vast majority of the spherules
were blocked at the PM (Fig. 2C). Similar results were also
observed with MEFs and HeLa cells, showing that the same
trafficking route is used in these three different cell lines. For
the reversible inhibitor LY294002, we also tested the effect of
the removal of the drug. The inhibitor was removed at 4 h p.i.,
and the incubation was continued up to 8 h p.i. dsRNA staining
confirmed that all the RCs were internalized after the washout
of the drug and localized perinuclearly (data not shown).

Use of SFV-ZsGreen to follow RCs in live cells. In order to
monitor the events that lead the RCs from the PM to the
perinuclear area in live cells, a recombinant SFV was created
by fusing the coral reef ZsGreen (ZsG) fluorescent protein
with the replicase protein nsP3 (Fig. 3A). Since only the viral
protein nsP1 has membrane binding activity (3, 56), the colo-
calization of nsP3-ZsG with membranes in live cells (and with
dsRNA in fixed samples) indicates its presence as part of the
replication complex. Virus growth rates and the stability of the
nsP3-ZsG fusion protein are shown in Fig. 3A. The colocal-
ization of nsP3-ZsG with dsRNA in fixed cells confirmed its
participation in the replication complex and the massive accu-
mulation at the PM early in infection (Fig. 3B).

To determine whether the nsP3-ZsG fluorescent signal
could be used as an accurate marker to follow the spherules in
live cells, we used correlative light-electron microscopy
(CLEM) (41, 42). This is a recently developed technique by
which a cell of interest is first imaged by fluorescence micros-
copy and is subsequently localized and analyzed by electron
microscopy (see Materials and Methods). BHK cells were in-
fected with SFV-ZsG VRPs (500 infectious units [IU]/cell) and
were fixed at 2 h 30 min p.i. In order to visualize only the
membrane-bound nsP3-ZsG, the PM adjacent to the coverslip
was imaged with confocal fluorescence microscopy (Fig. 3Ca,
inset). Samples were then prepared for conventional transmis-
sion electron microscopy, and the first section parallel to the
coverslip was used for EM imaging. The cell of interest was

first relocalized at low magnification (Fig.3Ca). Higher magni-
fications of this portion of the PM confirmed the presence of
thousands of spherules (Fig. 3Cb and c), which reached max-
imum densities of �100 per �m2 (the mean density in this
region was 74 � 41/�m2 [range, 26 to 132/�m2]; a total of 1,156
spherules were counted in the experiment) and appeared dis-
connected from the surrounding cytoplasm as a result of hor-
izontal sectioning.

As in the case of wt SFV-infected cells, at later stages of
infection nsP3-ZsG localized at the limiting membranes of
large vacuoles concentrated in the perinuclear area and posi-
tive for LysoTracker, a marker of acidic organelles (Fig. 3D).
Notably, the vast majority of the cellular acidic vacuoles were
now completely surrounded by nsP3-ZsG (Fig. 3D). EM anal-
ysis of parallel samples confirmed the presence of numerous
CPV-I, each harboring hundreds of spherules (not shown).

Intracellular dynamics of RCs. Once it was established that
the recombinant SFV-ZsG was a suitable tool, fluorescent
live-cell imaging was performed. As a starting point, wide-field
imaging was used in order to obtain a general overview of the
intracellular dynamics of the RCs.

BHK cells were infected with SFV-ZsG VRPs at 500 IU/cell.
Under these conditions, the nsP3-ZsG signal was already de-
tectable at 2 h p.i. LysoTracker was added to simultaneously
visualize the cellular acidic compartment. In live-cell imaging,
RCs appeared to be associated with very dynamic organelles,
which displayed different types of movements. The smallest
ZsG-positive intracellular vesicles were more abundant in the
cell periphery in the early stages of infection and did not
colocalize with LysoTracker. These LysoTracker-negative ves-
icles underwent multidirectional and short-distance move-
ments (see video S1 in the supplemental material). On the
other hand, larger vesicles containing the RCs were always
acidic, displayed less-frequent, saltatory movements over long
distances (see video S2 in the supplemental material), and
underwent multiple fusion and fission events throughout the
cytoplasm. In contrast, the largest acidic ZsG-positive vesicles
(CPV-I) were immobile and were concentrated in the perinu-
clear area (see video S3 in the supplemental material).

To obtain more-detailed information about different types
of RC movement, particle tracking after confocal live-cell im-
aging was performed. Early in infection (at 2 h 30 min p.i.),
fast, multidirectional movements (type I) of nonacidic RC car-
riers were dominant (Fig. 4A, tracks 1 to 5), with mean veloc-
ities in the range of 0.3 �m/s (Fig. 4C, track A1, and D).
However, the displacement of these vesicles remained rather
small (2.1 � 0.5 �m), suggesting an actin-based transport
mechanism (22).

On the other hand, RCs that were associated with the acidic
organelles showed a different type of dynamic (type II move-
ments). They traveled distances of �10 �m (Fig. 4A, track 6)
and showed peak velocities as high as 1.3 �m/s (Fig. 4C, track
A6, and D), resembling microtubule-based transport (37).
These type II movements continued until the later stages of
infection (4 h p.i.), resulting in the perinuclear localization of
acidic ZsG-positive organelles (Fig. 4B). At this time point, a
third type of dynamic was also seen (type III movement) (Fig.
4B, tracks 1 and 2). Large acidic organelles covered with RCs
(CPV-I) in the perinuclear area displayed a very static nature
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(Fig. 4C, track B1, and D; see also video S3 in the supplemen-
tal material).

Fusion events leading to different types of dynamics of RC
carriers, from type I to type III movements, were followed at
3 h p.i. Fast fusion events occurred between small neutral
ZsG-positive vesicles and larger acidic organelles. This type of
event was followed by directional transport to the perinuclear
area (Fig. 4E, arrowheads; see also video S4 in the supplemen-
tal material), representing type II movement. Slow fusion
events between acidic ZsG-positive organelles could also be
detected, resulting in large organelles that progressively lost
their dynamics (Fig. 4E, circled areas; see also video S4 in the
supplemental material), illustrating type III movements. These
results suggest a mechanism for the biogenesis of the CPV-I in
which RCs, internalized from the PM in small neutral vesicles,
are delivered to larger acidic organelles as a result of multiple
fusion events and are transported to the perinuclear region.

An intact actin-myosin network is required at the early

stages of RC trafficking. Actin plays an important role during
endocytosis and vesicle transport (16, 54). In mammalian cells,
for instance, this cytoskeleton component is involved in differ-
ent stages of both clathrin- and caveola-mediated endocytosis,
although a complete description of the molecular events reg-
ulating this process is still missing. The contribution of the
actin network to the early events of RC trafficking was inves-
tigated. As shown in Fig.1Df, the RCs labeled with an anti-
dsRNA antibody were not randomly distributed but were
strongly aligned in stripes at 2 h 30 min p.i. This phenomenon
is reproducible (44) and is more evident when one is imaging
the PM attached to the coverslip, where the actin network is
very abundant. Therefore, infected BHK cells were costained
with anti-dsRNA (or anti-nsP3) and phalloidin to visualize the
possible connection between viral replicase and actin fibers,
respectively. Although no colocalization could be detected

FIG. 3. Analysis of replication of SFV-ZsG in fixed and live cells. (A) (Top) Schematic view of the SFV-ZsG genome. The insertion of the ZsG
sequence is highlighted. (Bottom) The growth curve of SFV-ZsG is compared to that of the wt SFV4 virus. BHK cells were infected with 10
PFU/cell, and aliquots were taken every 2 h. Titers (PFU/ml) were determined by a plaque assay. At 10 h, cells were lysed, and samples were
analyzed by Western blotting with anti-nsP3 antibodies to verify the presence of the fusion protein nsP3-ZsG (shown in the inset). (B) PM
localization of RCs containing ZsG early in infection. BHK cells were infected with SFV-ZsG at 500 PFU/cell and were fixed at 2 h p.i. An
anti-dsRNA antibody (red) was used to confirm the presence of ZsG in replication complexes. A representative confocal section is shown. The area
that is boxed in the left and center panels is displayed at higher magnification on the right and shows the colocalization of the dsRNA and ZsG
signals. Bars, 10 �m (left and center) and 5 �m (right). (C) Correlative light-electron microscopy (CLEM) was used to study the RCs at the bottom
of the cell. BHK cells were infected with SFV-ZsG VRPs (MOI, 500), and at 2 h 30 min p.i., cells were fixed with glutaraldehyde. (a) A
representative infected cell was imaged with a confocal microscope (inset image in green). The same cell was relocated by EM, and the first
horizontal section (sec 1) was analyzed. (b) A higher magnification of the same cell shows massive amounts of spherules at the bottom of the cell.
Bar, 1 �m. (c) Higher magnification of panel b, showing clusters of spherules (white arrowhead) distinct from the nucleocapsids (black arrowhead).
Bar, 200 nm. (D) Live-cell imaging of BHK cells infected with SFV-ZsG VRPs (MOI, 500). The cellular acidic compartment was visualized by
LysoTracker (red). Images were captured at 4 h p.i. with confocal microscopy. 3D reconstruction of the entire cell is shown (see Materials and
Methods). Bars, 10 �m (left and central panels) and 3 �m (rightmost panel).
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FIG. 4. Intracellular dynamics of RCs at different stages of infection. (A and B) Confocal live-cell imaging of BHK cells infected with SFV-ZSG
VRPs (MOI, 500). LysoTracker (red) highlights the acidic cellular organelles. The tracking of six ZsG-positive vesicles is shown. The respective
vesicles are circled in split channels (at the top) and also in the merged image (bottom left); these images represent the first frame of the recording.
Tracks are color coded according to time, as indicated on the images. Bars, 5 �m. The rate of the recording was 0.5 frame/s (0.5 Hz). (A) Different
dynamics of RCs early in infection (2 h 30 min p.i.). Tracks 1 to 5 represent type I movements, and track 6 represents type II movements. Note
that only vesicle 6 is acidic. The total recording time was 5 min 21 s. (B) Dynamics of RCs late in infection (4 h p.i.). Tracks 1 and 2 (type III)
show the movements of late acidic ZsG-positive vesicles (CPV-I), which are mostly immobile. Tracks 3 and 4 show the movements of small
RC-containing vesicles that are not acidic (type I), and tracks 5 and 6 demonstrate directed long-distance type II dynamics. Vesicle 5 becomes
acidified during the recording, and vesicle 6 is already acidic at the beginning of the movie (see video S3 in the supplemental material). The total
recording time was 4 min 40 s. (C) Representative track charts for type I (track A1), type II (track A6), and type III (track B1) movements. The
changes in velocity during the recordings are shown. (D) Summary table of the three types of movements of RC-positive vesicles during the SFV
infection cycle. Track displacement and maximum and mean velocities are shown; SDs were calculated based on six tracks. (E) Live-cell imaging
of BHK cells infected with SFV-ZSG VRPs (MOI, 500) at 3 h p.i. (see video S4 in the supplemental material). LysoTracker (red) highlights the
cellular acidic organelles. The frames were recorded at the rate of 1 frame/s (1 Hz) over 7 min 35 s. Split channels are shown at time zero (left
top and bottom panels); otherwise, merged images are presented. The fast fusion of an early ZsG-positive vesicle (not acidic) with a preexisting
acidic organelle is indicated by arrowheads, and its long-distance movement to the pericentriolar area is followed. In the same movie, the slow
fusion of two CPVs is indicated by circled areas. Bars, 3 �m.
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with the stress fibers that were more strongly stained by phal-
loidin, at 2 h 30 min p.i. the striped pattern of nsP3 distribution
followed the direction of the actin fibers (Fig. 5A). This was
especially evident at higher magnifications (Fig. 5A, rightmost
panel). Microtubules did not follow the striped pattern of RCs
at this time of infection (not shown). Pharmacological inhibi-
tion studies confirmed a role for the actin network during the
early stages of RC trafficking. To test whether interference
with the dynamics of the actin network affected the movement
of the RCs, we used blebbistatin, an inhibitor of the actin
motor protein myosin II (26, 57). BHK cells were infected with
SFV-ZsG VRPs (500 IU/cell) for 2 h 30 min, followed by
exposure to blebbistatin (30 nM) for 2 or 10 min before imag-
ing. Strikingly, even the smallest RC-containing vesicles were
immobile, as shown by particle tracking (Fig. 5B), in contrast
to the highly dynamic movements detected by vesicle tracking
in untreated cells (compare Fig. 4A). In Fig. 5C, different
parameters of vesicle motion are reported for cells exposed to
blebbistatin for 2 or 10 min (compare with values in Fig. 4C
and D).

When RCs were allowed to accumulate at the PM in the
absence of drugs for 1 h 30 min, the addition of blebbistatin
caused a significant delay in the internalization of RCs. Even at
4 h p.i., many cells had strong PM staining, with only few small
cytoplasmic dots (Fig. 5D, dsRNA). This long exposure to the
drug resulted in depolymerization of the actin fibers (Fig. 5D,
actin). Consistently, the striped pattern of the RCs was lost.
Quantification showed that at this time point, only 11% of the
cells had the late phenotype in the presence of blebbistatin
(Fig. 5E), compared to 65% in the untreated sample.

The alignment of RCs and actin fibers was detected only
early in infection. It has been reported previously that at late
time points SFV leads to the disruption of the actin cytoskel-
eton. This is caused by the viral protein nsP1 through an
unknown mechanism (29). Interestingly, we found a strong
correlation between the localization of RCs and the stage of
actin disruption (Fig. 5A and F). When the RCs were still
aligned in stripes, the actin fibers were intact. As the RCs
moved inward, the actin started to be destroyed. By 6 h p.i.,
when all the replication complexes localized in the perinuclear
area, no actin fibers could be detected by phalloidin staining.
Instead, very prominent filopodium-like extensions that were
positive for actin were induced (Fig. 5F). Taken together, these
results suggest an important role for actin only at the early
stages of RC trafficking.

Microtubules and the biogenesis of the CPV-I. Wide-field
live-cell imaging recordings and speed measurements after
confocal microscopy indicated that the directed long-distance
movements of RC carriers were consistent with microtubule-
dependent transport (Fig. 4A to D, type II movements) (37,
63). Moreover, at 4 h p.i., CPV-I systematically accumulated
around the centrioles and surrounded the Golgi apparatus in
interphase cells, in a ring-like arrangement (not shown).

To investigate the role of microtubules, the microtubule
network was disrupted by the addition of nocodazole (5 �M) to
BHK cells together with SFV or SFV-ZsG VRPs (500 PFU/
cell), since it has been shown previously that the entry of SFV
is not dependent on microtubules (59). Acidic organelles were
labeled by the addition of LysoTracker 20 min before live-cell
imaging. At 4 h p.i., untreated cells infected with SFV showed

a typical pattern of large CPV-I in the perinuclear area (Fig.
6A). Higher magnification and 3D reconstruction revealed that
nsP3-ZsG-labeled RCs were actually surrounding the acidic
lumen of the CPV-I. EM analysis in parallel experiments con-
firmed the presence of numerous CPV-I in the perinuclear
region, each having a diameter of 400 to 600 nm and a high
density of spherules at the limiting membrane (see Fig. 8 for an
overview of RCs at various stages of infection).

A completely different pattern was seen in nocodazole-
treated infected cells. The RCs were associated mostly with
smaller vesicles that were not stained with LysoTracker. These
vesicles were scattered throughout the cytoplasm (Fig. 6B).
Some of the acidic organelles were also positive for nsP3-ZsG,
but, as shown by 3D modeling, RCs appeared only as a few
sparse patches and no longer saturated the limiting mem-
branes of these enlarged acidic vacuoles (Fig. 6B, right). EM
analysis in separate experiments confirmed the presence of two
populations of spherule-containing vacuoles in nocodazole-
treated samples. The smaller vacuoles often had a diameter of
250 to 350 nm and had numerous spherules at 4 h p.i.; the
larger vacuoles ranged from 600 to 800 nm in diameter and had
sparse spherules on their limiting membranes (not shown).

Tracking of the RC movement after confocal microscopy
showed that in the presence of nocodazole, the type II move-
ment described above was inhibited (Fig. 6C). Although the
microtubule network was completely destroyed by nocodazole,
at 2 h p.i. RCs showed PM localization, and the characteristic
stripes at the bottom of the cell remained aligned with actin
fibers (not shown). Confocal imaging also showed that most of
the nsP3-positive structures were positive for dsRNA, demon-
strating that nocodazole does not interfere either with spherule
formation at the PM, with RNA replication (as assessed by
dsRNA staining), or with the internalization of the viral RNA
replication complexes (Fig. 6D). Instead, nocodazole affected
the further transport of the internalized small vesicles carrying
spherules, resulting in their scattered distribution all over the
cytoplasm.

Taken together, these results are in agreement with the
model that microtubule-based movement serves as a mecha-
nism to transport the spherules from the small neutral vesicles
to the surfaces of acidic organelles. In the absence of nocoda-
zole, this process culminates in the formation of the typical,
large CPV-I, which accumulate in the pericentriolar area.

Virus replication in the presence of inhibitors of RC traf-

ficking. Virus production and RNA synthesis were measured
in the presence of wortmannin or nocodazole, which stopped
the RCs at the PM or at small cytoplasmic vesicles, respec-
tively. After a 1-h infection with SFV-ZsG (MOI, 10), BHK
cells were treated with the different drugs, and released viruses
were collected at 2-h intervals. Drugs were replenished after
each withdrawal. A one-step growth curve was obtained for
each sample as explained in Materials and Methods. As shown
in Fig. 7, the stopping of RCs at the PM by wortmannin
treatment did not inhibit virus production. In contrast, micro-
tubule disruption decreased the level of virus release more
than 10-fold. The effects of the drug treatments on viral RNA
synthesis were also tested (Fig. 7, inset). While in the presence
of wortmannin, RNA production was significantly higher than
that of untreated infected cells, nocodazole had a slight inhib-
itory effect. Thus, spherules at the PM are active in RNA
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FIG. 5. The actin network is utilized early in infection. (A) RCs are aligned at the bottom of the cell following the direction of actin fibers. BHK
cells were infected with SFV (MOI, 50) and were fixed at 2 h 30 min p.i. RCs were stained with an anti-nsP3 antibody (green), and actin was
visualized with phalloidin-AF568 (red). Bar, 10 �m. The boxed area is shown at a higher magnification in the rightmost panel. (B) Blebbistatin
freezes all the movements of RCs in live cells. BHK cells were infected with SFV-ZsG VRPs (MOI, 500), and 30 nM blebbistatin was added at
2 h 30 min p.i. Imaging was started 2 min after the addition of the drug. Representative tracks are shown (image on the right). The rate of the
recording was 0.5 frame/s (0.5 Hz). The total recording time was 3 min 44 s. Images represent the first frame of the recording. Bar, 5 �m. (C) (Left)
Track of the vesicle circled in panel B (after exposure to blebbistatin for 2 min). (Right) Illustrative track from a 10-min treatment with blebbistatin.
Under the graphs, statistics for six representative tracks are shown. (D) Blebbistatin treatment delays the inward movement of the RCs and the
maturation of the CPV. BHK cells were infected with SFV (MOI, 500), and 30 nM blebbistatin was added at 1 h 30 min p.i. Samples were fixed
at 4 h p.i. and were stained with an anti-dsRNA antibody (green) and phalloidin-AF568 (red). (E) The localization of the RCs was quantified in
four fields (n indicates the total number of the cells analyzed) and was compared to that in an untreated sample. Error bars represent SDs for two
independent experiments. (F) Actin disruption later in infection. BHK cells were infected with SFV (MOI, 50) and were fixed at 6 h p.i. The sample
was stained as described for panel A. The boxed area is shown at a higher magnification in the rightmost panel, displaying the virus-induced
filopodium-like extensions that contain actin. Bars, 10 �m.
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synthesis and sustain virus production similarly to spherules on
the CPV. Disruption of microtubules had a small negative
effect on RNA synthesis and a larger effect on virion release.

DISCUSSION

All positive-strand RNA viruses studied usurp and modify
cytoplasmic membranes, creating characteristic compartments
devoted to virus genome replication. The molecular mecha-
nisms that orchestrate the biogenesis and maturation of these
complex structures are still poorly understood. The Togaviridae

(alphaviruses and rubella virus) are so far the only group of
viruses known to replicate their genome utilizing endosomal
and lysosomal membranes (15, 27). During alphavirus infec-
tion, the viral ns proteins and newly synthesized RNA colocal-
ize in membrane invaginations called spherules, which have
therefore been identified as the units of RNA replication (21).
Their homogenous size and defined morphology makes their
recognition by transmission electron microscopy easy, leading
to their initial discovery more than 40 years ago (see the in-
troduction). The spherules have a diameter of approximately
50 nm and are connected to the cytoplasm by a pore with a
diameter of about 5 to 10 nm (15, 44). Cellular proteins may
also participate in these structures (2, 6, 36, 40, 43, 48, 60).
Indirect data obtained by studying alphavirus RNA synthesis
indicate that the RCs are very stable entities. Minus-strand
templates are made only early in infection and remain stable
thereafter. Similarly, the positive-strand RNA synthesis rate
remains stable for several hours, even in the presence of pro-
tein synthesis inhibitors (21). Using live-cell imaging, we pro-
vide here the first dynamic view of alphavirus RCs, showing
that they undergo an unprecedented large-scale movement.

FIG. 6. Involvement of microtubules in the transport of CPV to the
perinuclear area. (A to C) Confocal live-cell imaging of SFV-infected cells,
either untreated or in the presence of nocodazole (from the beginning of
infection). BHK cells were infected with SFV-ZsG VRPs (MOI, 500), and
imaging was performed at 4 h p.i. LysoTracker (red) was used to stain the
acidic organelles. (A) (Left) Untreated sample, showing the late phenotype
and the ZsG signal around the acidic organelles. (Right) Isosurface repre-
sentation of the area boxed on the left. CPV were cut in half to illustrate the
ZsG signal surrounding the LysoTracker staining. (Inset) Intact CPV in the
boxed area, hiding the LysoTracker signal. (B) (Left) In the presence of
nocodazole, RC-containing vesicles stay scattered. They are not transported
to the perinuclear area, and only some ZsG signal colocalizes with Lyso-
Tracker as small patches on the surfaces of acidic organelles. The area boxed
with solid lines was chosen for isosurface representation, while the area boxed
with dashed lines was used for tracking of the RCs in panel C. Bar, 10 �m.
(Right) Isosurface representation. Bar, 1 �m. (C) Tracking of the RCs in a
nocodazole-treated sample. The rate of the recording was 0.5 frame/s (0.5
Hz). The total recording time was 1 min 36 s. Representative tracks are
shown; statistics for one track (circled) are given on the right. Bar, 5 �m.
(D) Nocodazole treatment does not interfere with the replication of SFV.
BHK cells were infected with SFV (MOI, 500) in the presence of nocodazole,
and cells were fixed at 4 h p.i. The scattered nsP3-positive vesicles (green) are
also positive for dsRNA staining (red). Bars, 10 �m.

FIG. 7. Virus replication in the presence of inhibitors. One step
growth curves of SFV-ZsG in the presence of wortmannin or nocoda-
zole are shown. Released viruses were withdrawn at 2-h intervals as
indicated, and virus titers were measured by direct fluorescence (see
Materials and Methods). (Inset) Effects of the same inhibitors on SFV
RNA synthesis. Infected BHK cells were pulse-labeled with [3H]uri-
dine at the indicated times, and labeled RNA was measured by scin-
tillation counting after TCA precipitation. The results are averages for
two independent experiments; error bars represent SDs.
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The spherules arise at the PM, from which they are trans-
ported to the surfaces of large acidic vacuoles (CPV-I) by
means of a specific endocytic event and different components
of the cytoskeleton. Using inhibition studies together with
quantitative image analysis, we were able to break this pathway
into defined stages.

Alphavirus RCs at the PM: accumulation and endocytosis.

The early events during virus infection are difficult to monitor,
because the initial numbers of RCs are low. However, alpha-
virus replication is very efficient, and a relatively large virus
dose (50 to 500 PFU/cell) was utilized in the current studies.
We first detected nsPs and dsRNA at the PM. Discernible
signals appeared there by 45 min p.i. and became easily de-
tectable by 1 h 30 min (Fig. 1D). The continued accumulation
of a fluorescent signal at the PM was correlated in time and
place with the appearance of numerous spherules by using

CLEM (Fig. 3C). This experiment, together with previous
studies (28), further reinforces the view that the induced mem-
brane alterations are indeed the sites of dsRNA accumulation,
and thus, both dsDNA and spherules can be used as markers of
the RCs. From the PM, we followed the RCs in live cells by
using a recombinant SFV expressing fluorescent hybrid protein
nsP3-ZsG, together with continued reference to dsRNA stain-
ing and EM experiments. nsP3 appears to be a good marker for
the RCs. nsP3 does not contain membrane binding domains;
therefore, its association with trafficking vesicles indicates par-
ticipation in the RC. In particular, nsP3, when expressed alone,
is never found at the PM (49), which represents the prominent
initial site of RC formation in the current results.

Figure 8 provides an overall summary of our results. Early in
infection, even in the absence of inhibitors, the spherules are
present at the PM in large quantities, reaching maximal local

FIG. 8. Model for the trafficking of alphavirus RCs and the biogenesis of CPV-I. After SFV entry, which occurs via clathrin-mediated
endocytosis, low-pH-triggered fusion releases the nucleocapsids, and viral mRNA is translated into a polyprotein. Protein-RNA complexes are
transported to the PM by an unknown mechanism (white arrows). At the PM, spherule structures are formed (step 1), followed by endocytosis in
a PI3K (inhibition by wortmannin)- and actin-myosin (inhibition by blebbistatin)-dependent manner. Small internalized vesicles carry a few
spherules (step 2), and many homotypic fusions, as well as fusions with late endosomes, occur (step 3 [inhibition by nocodazole]). These larger,
acidic, RC-containing vesicles are transported to the perinuclear area by using microtubules (inhibition by nocodazole), where the maturation of
stable large CPV-I is completed (step 4). The acidic nature of the late vesicles is indicated by pink coloring. wort., wortmannin; EE, early
endosome; LE, late endosome. Representative EM images from each step of the RC trafficking are shown to the right of the model.
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densities higher than 100/�m2. We have not investigated how
the newly translated nsPs and the primary RNA template are
delivered to the PM before spherule formation. Potentially,
the spherule components could arrive there through passive
diffusion or active transport in the cytoplasm. The current data
show that microtubule-mediated transport and PI3K activity
are not involved in the formation of the spherules at the PM,
since the addition of nocodazole or wortmannin simulta-
neously with infection does not inhibit this process. The accu-
mulation of RCs first at the PM probably extends to the whole
alphavirus superfamily, since a strong accumulation of dsRNA
and replicase proteins at the PM during the early stages of
infection has also been seen for cells infected with SIN, an-
other alphavirus rather distantly related to SFV (17, 32).

In order to be internalized, the membranous RCs must uti-
lize an endocytic process. The term internalization, which we
have used throughout this work, may not be entirely accurate
in this case, since the spherules can already be considered to be
internal structures of the cell. The interior of the spherule
always remains connected to the cytoplasm through an open
neck, and the membrane of the spherule is continuous with the
PM and with the limiting membrane of its endocytic carrier
vesicle (Fig. 8, step 2). In terms of endocytosis, the spherule
can be considered an atypical cargo. Indeed, using EM, our
group and others have previously reported the presence of
spherules inside PM processes morphologically similar to en-
docytic vesicles at the stage of internalization (15, 28). We
discovered that the primary transfer of spherules from the PM
to the cytoplasm requires the dynamics of the actin-myosin
network (Fig. 5) and also the activity of class I PI3K (Fig. 2).

By modifying the phosphoinositide composition of intracel-
lular membranes (34), the class I PI3Ks produce second mes-
sengers that play a crucial regulatory role in different cellular
processes, including endocytosis, cell growth and differentia-
tion, apoptosis, and innate as well as adaptive immune re-
sponses (20). Viruses have evolved different strategies to mod-
ulate the activities of these enzymes and thereby to regulate
different steps during their life cycle, from entry and replica-
tion (39, 47, 53) to the tuning of host antiviral responses (7, 9).
This work is the first reported study in which PI3K activation
was correlated with the localization of the virus RCs. Notably,
since spherules have time to accumulate at the PM during the
first hours of infection, it is possible that during the internal-
ization stage, the class I PI3K needs to be activated by a
specific signal that remains to be characterized. In fibroblasts,
the binding of extracellular ligands (e.g., growth factors or
viruses) to their receptors leads to a cascade of events that
results in the activation of PI3K and the recruitment of pro-
teins involved in actin remodeling (38, 58). Importantly, these
events trigger a global activation signal that spreads over the
entire surface of the cell. Our results are consistent with the
participation of both actin and PI3K in alphavirus RC endo-
cytosis.

One question that arises is which set of molecules triggers
the internalization of spherules from the PM, and what role the
nsPs play in this process. Studies in which different ns polypro-
teins were expressed in cell cultures suggest that nsP3 contains
at least some of the information required to shift the replicase
polyprotein from the PM to the surfaces of endosomes, since
polyprotein P12 is found exclusively at the PM, but P123 is also

found on endosomes (49). A speculative interpretation is that
alphaviruses may have evolved a way to activate the PI3K
signaling pathway by first accumulating their RCs at the PM.
Our further studies are especially focused on the characteriza-
tion of the molecular events at the PM and the endocytic
pathway utilized for spherule internalization (unpublished
data).

Dynamics of viral RCs. Our study provides the first detailed
description of the sequential stages of alphavirus RC transport.
As summarized in Fig. 8, after their initial massive accumula-
tion at the PM (step 1), SFV spherules are internalized as part
of the limiting membranes of small neutral carrier vesicles
(step 2). These primary carriers are distributed in the cyto-
plasm at the periphery of the cell and undergo short-distance
multidirectional movement (see video S1 in the supplemental
material). We were able to block these movements with bleb-
bistatin, a drug that interferes with the functioning of the
actin-myosin network by inhibiting nonmuscle myosin II. After
docking with preexisting acidic vesicles, the primary carrier
vesicles move rapidly to the perinuclear area close to the mi-
crotubule organizing center (MTOC) by directional microtu-
bule-based transport (Fig. 8, step 3), as demonstrated by live-
cell imaging (see videos S2 and S4 in the supplemental
material) and nocodazole treatment (Fig. 6). In the pericent-
riolar region, further fusion events generate the final stable
and static compartment, the CPV-I (Fig. 8, step 4; see also
video S4 in the supplemental material).

To date, the number of studies on RC dynamics in other
positive-sense RNA viruses is limited (10, 12, 19, 63). Although
our study highlights important differences in the pathways that
lead to the modified membrane structures in cells infected by
different positive-sense RNA viruses, fundamental similarities
are also evident. The replication of hepatitis C virus (HCV)
and mouse hepatitis virus (MHV), a coronavirus, occurs on
ER-derived membrane structures, which, however, are mor-
phologically quite different for these two viruses. In the studies
of RC dynamics, in both instances small, highly mobile struc-
tures were reported, which contrasted with the immobile larger
accumulations of RCs in the perinuclear area (19, 63). The
mobile elements moving along microtubule tracks may repre-
sent newly formed RC vesicles. In the case of HCV, it is
interesting that although the long-distance movements were
independent of the ER, the small RCs were always targeted
back to ER tubules (63). The RCs of both HCV and MHV
remain on ER-derived membranes and do not proceed, e.g., to
the Golgi complex. It was suggested that the small RC-con-
taining elements may coalesce into a reticulovesicular network
or a membranous web and may thus be immobilized. For
poliovirus, vesicle clusters originating at the ER appear to
make use of the components of the cellular anterograde mem-
brane traffic system and also to move along microtubules to a
stable perinuclear location (12).

In contrast to these ER-derived RCs, in this study we dem-
onstrate that alphavirus RCs originate at the PM and undergo
a multistep vesicular transport pathway, which includes numer-
ous fusion events. The result for alphaviruses is not the for-
mation of vesicular networks but the formation of large acidic
vacuoles in the perinuclear area, the CPV-I, containing hun-
dreds of RCs on their surfaces (18). Notably, the average
diameter of CPV-I reaches 2 �m at 12 h p.i. (18), significantly
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exceeding the sizes of late endosomes and lysosomes in unin-
fected cells (35). It thus appears that alphaviruses have evolved
a mechanism to stabilize membranes of the endolysosomal
compartment for their replication.

In spite of these entirely different pathways, a common fea-
ture for these positive-strand animal RNA viruses is that the
virus-induced membrane rearrangements progressively con-
centrated around the MTOC. Furthermore, they are quite
stable, sustain virus RNA replication for many hours, do not
exchange viral proteins with the cytoplasm (19, 63), and appear
static when analyzed by live-cell imaging. Thus, HCV and
MHV must also disrupt the normal ER dynamics, which would
quickly break down the stable membranous webs. The initial
mobility of RCs, described for the positive-strand RNA viruses
mentioned above and for alphaviruses, may be important in
establishing the unusually stable compartments, which remain
active in replication for long periods and appear to be resistant
to normal cellular mechanisms preventing the accumulation of
such structures in uninfected cells. Another interesting simi-
larity is that at least under cell culture conditions, the move-
ments of viral RCs are not strictly required for RNA replica-
tion and virus production. Disruption of microtubules with
nocodazole has had either no effect or only modest effects on
the viruses with which it has been studied (12, 19). With SFV,
the retention of RCs at the PM by wortmannin also had no
inhibitory effect on virus production or RNA synthesis in cell
culture (Fig. 7). Microtubule disruption did have a negative
effect on virus release, which was expected, since the transport
of envelope glycoproteins to the PM requires microtubule-
based anterograde transport (8). The effect on RNA synthesis
was less pronounced, and we do not have an immediate expla-
nation for it.

The question of why the alphavirus RCs initially assemble at
the PM and are subsequently internalized from there currently
remains a matter of speculation. The removal of spherules
from the PM is not due to “unspecific” endocytosis, since it
requires the activity of class I PI3K, a highly regulated enzyme
involved in many different cellular processes. Thousands of
spherules are internalized within 2 h, suggesting that this event
could result in the modification of large areas of the PM, which
plays multiple crucial roles during alphavirus infection. Not
only is it the site of virus entry, budding, and, as shown in this
work, RC formation, but it also represents the interface be-
tween infected cells and cells of the immune system. Thus, the
dynamics of alphavirus RCs could also be linked to virus
pathogenesis. More insight into the molecular details of this
yet unexplored area of alphavirus-host interaction should be
gained, and in vivo studies will be required to test this possi-
bility.
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