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ABSTRACT Positive-strand RNA viruses replicate their genomes in membrane-associated
structures; alphaviruses and many other groups induce membrane invaginations
called spherules. Here, we established a protocol to purify these membranous repli-
cation complexes (RCs) from cells infected with Semliki Forest virus (SFV). We iso-
lated SFV spherules located on the plasma membrane and further purified them
using two consecutive density gradients. This revealed that SFV infection strongly
modifies cellular membranes. We removed soluble proteins, the Golgi membranes,
and most of the mitochondria, but plasma membrane, endoplasmic reticulum (ER),
and late endosome markers were retained in the membrane fraction that contained
viral RNA synthesizing activity, replicase proteins, and minus- and plus-strand RNA.
Electron microscopy revealed that the purified membranes displayed spherule-like
structures with a narrow neck. This membrane enrichment was specific to viral repli-
cation, as such a distribution of membrane markers was only observed after infec-
tion. Besides the plasma membrane, SFV infection remodeled the ER, and the cofrac-
tionation of the RC-carrying plasma membrane and ER suggests that SFV recruits ER
proteins or membrane to the site of replication. The purified RCs were highly active
in synthesizing both genomic and subgenomic RNA. Detergent solubilization de-
stroyed the replication activity, demonstrating that the membrane association of the
complex is essential. Most of the newly made RNA was in double-stranded replica-
tive molecules, but the purified complexes also produced single-stranded RNA as
well as released newly made RNA. This indicates that the purification established
here maintained the functionality of RCs and thus enables further structural and
functional studies of active RCs.

IMPORTANCE Similar to all positive-strand RNA viruses, the arthropod-borne alpha-
viruses induce membranous genome factories, but little is known about the arrange-
ment of viral replicase proteins and the presence of host proteins in these replica-
tion complexes. To improve our knowledge of alphavirus RNA-synthesizing complexes,
we isolated and purified them from infected mammalian cells. Detection of viral RNA
and in vitro replication assays revealed that these complexes are abundant and
highly active when located on the plasma membrane. After multiple purification
steps, they remain functional in synthesizing and releasing viral RNA. Besides the
plasma membrane, markers for the endoplasmic reticulum and late endosomes were
enriched with the replication complexes, demonstrating that alphavirus infection
modified cellular membranes beyond inducing replication spherules on the plasma
membrane. We have developed here a gentle purification method to obtain
large quantities of highly active replication complexes, and similar methods can
be applied to other positive-strand RNA viruses.

KEYWORDS alphavirus, Semliki Forest virus, replication complex, purification, RNA
replication, membrane fractionation
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NA viruses play a major role in emerging and reemerging epidemics, and the most

common RNA viruses have a single-stranded genome of messenger RNA polarity,
i.e., positive-strand RNA (1, 2). During replication, the genomic RNA serves as a template
in the synthesis of a minus strand, which then serves to produce more plus-strand RNAs
(3). All eukaryotic positive-strand RNA viruses replicate their genomes in membrane-
associated complexes that concentrate replication components, provide a structural
framework, and protect viral RNA from host defense mechanisms (4-6). Depending on
the virus, the replication membrane originates from the plasma membrane or subcel-
lular organelles such as mitochondria. Two main types of replication-associated mem-
brane modifications have been recognized (5). One type are double-membrane vesi-
cles, in which typically multiple vesicles are interconnected via their outer membrane
(7-10). The other type are vesicle-like membrane invaginations called spherules, and
the current view is that one or multiple double-stranded RNA (dsRNA) intermediates
and, thus, the negative-strand RNA, reside within a spherule, and newly made,
mature positive strands are released to the cytoplasm via a narrow neck that is wide
enough to allow the import of nucleotides and the export of positive-strand RNAs
(11-16).

As a model system to study spherule invaginations, we use an arthropod-borne
alphavirus, Semliki Forest virus (SFV). Alphaviruses are found on all continents and are
known to cause diseases ranging from mild febrile illnesses to encephalitis and
prolonged arthritis (17). SFV is a close relative of the reemerged chikungunya virus
(CHIKV) that causes arthralgia, persisting in some cases for years (18, 19). The alphavirus
genome encodes two polyproteins. The nonstructural polyprotein P1234 is first cleaved
to P123 and nonstructural protein 4 (nsP4), which form an early replication complex
(RC) that synthesizes minus-strand RNA using the genome as a template (20, 21).
Further cleavage of P123 then yields a late RC consisting of nsP1 to nsP4 and making
plus strands from the minus-strand RNA (20). nsP4 is the core RNA-dependent RNA
polymerase (RdRp), but RNA synthesis also requires nsP1, which is the capping enzyme
and membrane anchor of RCs, nsP2, which is the protease and helicase, and nsP3,
which interacts with multiple host proteins (20, 22-31). The second polyprotein,
which is translated from a subgenomic RNA, is cleaved to the capsid and envelope
proteins (3).

The role of spherules in alphavirus replication was suggested in the 1960s and
1970s, when it was observed that viral RNA synthesis colocalizes with spherule-carrying
cytopathic vacuoles (CPVs) in infected cells, and the RNA-synthesizing activity, viral
RNA, and CPVs were found to be enriched in the same fraction after isolation (32-34).
Spherules (diameter of ~50 nm) contain electron-dense material and can be immuno-
stained for dsRNA, indicating that the replicative dsRNAs are located inside the spher-
ules (35, 36). Furthermore, nsPs colocalize with CPVs and with dsRNA staining (15, 35,
37), and it has been shown that the template RNA length determines spherule size,
strengthening the view of spherules as replication sites (13). Although CPVs revealed
the role of spherules in viral RNA replication, spherules are first formed at the plasma
membrane. In SFV-infected cells, spherules then are internalized, and after fusion with
late endosomes and lysosomes they accumulate in the perinuclear area in CPVs (15). In
contrast, Sindbis virus (SINV) and CHIKV spherules predominantly stay on the plasma
membrane (35, 38).

Functional in vitro studies on alphavirus replication have to a large extent focused
on crude membrane preparations, showing that most of the minus-strand RNA as well
as RNA-synthesizing activity are found in a membrane pellet prepared from infected
cells (11, 39). Alphaviruses synthesize in cells and in vitro the same RNA species,
genomic and subgenomic single-stranded RNA (ssRNA), as well as double-stranded
replicative forms (RFs) and replicative intermediates (Rls) (11, 40, 41). In addition, RNA
Il, corresponding to the 5’ end of the genome up to the subgenomic promoter, is
created but its function remains unclear (11, 39, 42). However, only RNA of positive
polarity is synthesized in vitro (11, 39). Cytosolic host factors are not required in
alphavirus RNA synthesis in vitro, in contrast to positive-strand RNA nidoviruses (11, 39,
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43-45). In order to study both the structure and the molecular mechanisms of these
membranous RCs, purified and active complexes must be obtained. Alphavirus RCs
have been purified in sucrose and glycerol density gradients, indicating that these
complexes are indeed membrane associated (32, 40, 41, 45-47). However, purification,
which may include detergent solubilization, often yields poor replication activity, and
only two to three virus-specific proteins have typically been observed in these com-
plexes. Thus, we still lack an approach to obtain purified, fully functional complexes
amenable for structural studies such as cryo-electron microscopy, and there is no
structure available for the alphavirus RCs or RdRp.

Here, we report a purification method for SFV RCs, and our aim was to maintain the
functionality, integrity, and morphology of the RCs that would enable us to study their
biological mechanisms. First, we show that RCs isolated from SFV-infected cells are
stable and then further purify them. We demonstrate that the purified RCs are highly
active in RNA synthesis and release newly synthesized RNA strands. We also show that
SFV infection causes extensive modification of cellular membranes by inducing spher-
ules on the plasma membrane, but the effects reach multiple intracellular membranes.

RESULTS

Isolated SFV RCs are stable. A number of parameters were tested to study if SFV
RCs preserve their replication activity under different conditions and thus are amenable
for purification. Metabolic labeling has shown that SFV RCs are most active in RNA
synthesis in baby hamster kidney (BHK) cells at 4 to 5 h postinfection (p.i.) at a
multiplicity of infection (MOI) of 50 (39). Thus, postnuclear supernatant (PNS) was
prepared from SFV-infected cells (MOI of 50) at 4 h p.i, and in vitro RNA synthesis was
analyzed by measuring the incorporation of [32P]CTP into viral RNA (Fig. 1). Incorpo-
ration was readily detected after a 5-min reaction time, and the signal rapidly increased
up to 60 min (Fig. 1A and B). Consequently, a 1-h reaction time was routinely used
unless otherwise stated. Furthermore, SFV PNS could be diluted at least 100-fold
without the loss of replication activity (Fig. 1C).

The highly active and robust RNA-synthesizing activity in vitro, which tolerated
dilution, indicated that SFV RCs are suitable for purification. We next tested if RCs
remain active during the prolonged incubation times that are required to perform the
purification procedures. The complexes remained active throughout a 48-h incubation
at 4°C (Fig. 1D). In-gel hybridization revealed that the endogenous minus-strand RNA
was also stable, while most of the endogenous plus-strand RNA was digested already
after 3 h (Fig. 1E). This confirms the idea that in cells most plus strands are released to
the cytosol, thus in PNS they are susceptible to cellular RNases, and the minus-strand
RNA resides inside the spherules as part of double-stranded RNA molecules in a form
that protects them from nucleases. We also determined the stability of RCs in the
density gradient medium iodixanol, which is used for subcellular fractionation. After a
24-h incubation, RCs were still highly active and minus-strand RNA was stable (Fig. 1D
and E). Bovine serum albumin (BSA; 1 mg/ml) was observed to boost in vitro replication,
on average about 120% (Fig. 1D). Thus, in further experiments BSA was routinely used
in the reaction mixture. SFV RNA synthesis in vitro could be inhibited by the chain
terminator 3’-dCTP (Fig. 1D).

We then determined the tolerance of detergents using PNS and the in vitro
replication system. In vitro replication activity of SFV RCs was sensitive to all detergents
tested but more sensitive to anionic sodium deoxycholate (DOC) and sodium dodecyl
sulfate (SDS) than to nonionic n-octylglucoside and Triton X-100 (Tx-100) (Fig. 1F). One
percent DOC and SDS caused the loss of both the minus-strand template and replica-
tion activity, indicating that spherules were destroyed and the minus-strand RNA was
exposed to cellular nucleases (Fig. 1F). In contrast, about 80% and 90% of the minus-
strand RNA present in the untreated sample was recovered after 1% n-octylglucoside
and Tx-100 treatments, respectively. Thus, here the partial loss of the activity could be
due to disruption of protein-membrane interactions.
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FIG 1 SFV RCs are stable and robust in RNA synthesis in vitro. (A) BHK cells were infected with SFV at an MOI of 50, and PNS was prepared at
4 h p.i. In vitro replication was studied by the incorporation of [32P]JCTP into SFV RNA, indicated by 26S, I, and 42S. After the incubation times
indicated, RNA was isolated and analyzed in a denaturing agarose gel. Ribosomal 185 RNA (18S rRNA) was detected by in-gel hybridization from
the same gel. (B) Kinetics of the incorporation of [32P]JCTP into 26S (blue) and 42S (green) RNA. Percentages indicate the incorporation compared
to the last time point (100%). Data are presented as means * standard deviations from two independent experiments. (C) Replication assay
performed with either undiluted PNS or PNS diluted as indicated. 185 rRNA was detected as described for panel A. For the undiluted sample, 1/10
of the amount of RNA used for other samples was used. (D) Stability of replication activity. PNS was preincubated at 4°C for 3, 24, and 48 h, or
PNS was diluted in dilution buffer (DB) or iodixanol and preincubated at 4°C for 24 h before a replication assay. The last two lanes show samples
containing 1 mg/ml BSA or 100 uM 3’-dCTP. 18S rRNA was detected by in-gel hybridization from the same gel. (E) Stability of endogenous RNA.
To detect endogenous SFV minus and plus strands, total RNA was isolated after the same preincubations as those described for panel D and
analyzed by in-gel hybridization with specific probes. (F) Detergent sensitivity. PNS samples containing the indicated detergent concentrations
were incubated at 4°C for 1 h and used for either a replication assay or total RNA isolation, followed by in-gel hybridization. After the replication
assay, the incorporation of [32P]CTP into 425 RNA was quantified, and percentages indicate the incorporation compared to the untreated PNS.
The lower panel shows the presence of endogenous minus-strand RNA in the untreated and 1% detergent-treated samples detected by in-gel
hybridization. Numbers below the lanes indicate the percentage of [32P]signal compared to that of the untreated sample. Octyl, n-octylglucoside.

Finally, we tested which subcellular location of spherules is the most suitable for
purification by utilizing drug treatments. It has been reported that wortmannin blocks
SFV spherules mainly on the plasma membrane, while nocodazole treatment leads to
their accumulation in small endocytic vesicles (15). In the absence of drugs, spherules
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FIG 2 Spherule location and replication activity. At 4 h p.i., PNS samples were prepared from SFV-infected (MOI of 500) BHK cells,
treated with 100 nM wortmannin at 1.5 h p.i. or 5 uM nocodazole at 0 h p.i,, or left untreated. These samples were compared to the
PNS samples prepared from SFV-infected (MOI of 50), untreated cells to give the percentages indicated in panels A to C. Error bars
represent standard deviations from two independent experiments. (A and B) Total RNA was isolated from the PNS samples and plus-
and minus-strand RNA were detected by in-gel hybridization with specific probes, followed by quantification of 42S RNA. (C) In vitro

incorporation of [32P]JCTP into viral RNA. 42S RNA was quantified.

accumulate in CPVs. PNS was prepared from untreated and drug-treated cells infected
at an MOI of 500 and collected at 4 h p.i. Quantification of in-gel hybridizations showed
that PNS from wortmannin-treated cells contained the largest amount of endogenous
minus- and plus-strand RNA, also indicating that the number of RCs was the highest
(Fig. 2A and B). Importantly, RCs were highly active in RNA synthesis in vitro indepen-
dent of their subcellular location, although wortmannin-treated samples gave the
highest activity (Fig. 2C). The observed in vitro RNA synthesis was consistent with that
obtained in cells using metabolic labeling (15). The wortmannin treatment and an MOI
of 500 resulted in about the same amount of the minus-strand RNA as an MOI of
50 without drug treatment (Fig. 2B). However, the amount of plus-strand RNA was
doubled (Fig. 2A). This phenomenon was also observed with nocodazole-treated and
untreated cells infected at an MOI of 500 compared to untreated cells infected at an
MOI of 50 (Fig. 2A and B). If we assume that the minus-strand RNA represents spherules,
then at the higher MOI, RCs are formed faster and have more time to synthesize plus
strands.

SFV RCs distribute in both the supernatant and the mitochondrial pellet. Due
to the high abundance and activity, we chose to purify plasma membrane-derived
spherules, and the optimized purification method is summarized in Fig. 3. SFV-infected
cells (MOI of 500) were treated with wortmannin at 1.5 h p.i. and harvested in an
isotonic homogenization buffer at 4 h p.i. Dounce homogenization was used to lyse
cells in the previous assays, but it caused disruption of mitochondria and thus cells
were lysed for RC purification by passaging through a 22-gauge needle. Nuclei and any
remaining intact cells were removed by differential centrifugation, yielding PNS. Further
centrifugation to remove mitochondria at 7,000 X g yielded a P7 pellet and S7
supernatant. The same amount of cells was seeded for mock and virus infection, but
when cells were collected, mock samples contained twice the amount of cells as that
of the infected samples. However, both cell lysates contained similar amounts of
proteins (~13 mg/ml), indicating that there were more proteins in SFV-infected cells
than in mock-infected cells. PNS (~3.2 mg/ml) and S7 (~2.6 mg/ml) prepared from
SFV-infected cells contained more protein than the corresponding samples from mock-
infected cells (~2.0 mg/ml in PNS and ~1.7 mg/ml in S7), indicating that SFV-infected
cells lysed better than mock-infected cells.

Most of the proteins and about half of the lipids present in PNS from mock- and
SFV-infected cells distributed to S7 (Fig. 4A and B). In order to detect lipids, we utilized
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FIG 3 Schematic of RC isolation and purification. Overview of the purification from cell harvesting to iodixanol density gradient centrifugations. From the
sedimentation gradient, band 3 was collected for further purification by flotation. Band 2 in the flotation gradient represents the purified RCs.

an approach to stain lipoproteins with Sudan black B after polyacrylamide gel electro-
phoresis (see Materials and Methods). However, gels were stained after a short elec-
trophoresis to allow detection of species below a 10-kDa marker. Distribution of
different viral and cellular markers was further studied by Western blotting (Fig. 4C).
Most of nsP2, nsP3, and nsP4, as well as about 50% of nsP1, was found in the viral S7.
SFV capsid protein was also mainly found in the S7 fraction. The Golgi matrix protein
of 130 kDa (GM130), the endoplasmic reticulum (ER) marker calnexin, the mitochondrial
marker succinate dehydrogenase subunit A (SDHA), and the cytosolic marker B-actin
showed a similar distribution into S7 and P7 fractions in both mock and virus samples.
GM130 was exclusively detected in S7, and B-actin was more prominent in S7 than in

A Mock SFV C Mock SFV D
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FIG 4 Distribution of proteins, lipids, and RNA in the S7 and P7 fractions. PNS was prepared from mock- or SFV-infected (MOI of 500)
BHK cells treated with wortmannin and separated into an S7 supernatant and P7 pellet. (A and B) Protein and lipid profiles of PNS,
S7, and P7 in an SDS-polyacrylamide gel stained with Coomassie blue (A) or Sudan black B (B). Numbers on the left indicate the
molecular masses (kDa) of marker proteins. (C) Distribution of viral and cellular markers as studied by Western blotting. PMCA was used
as a marker for the plasma membrane, GM130 for the Golgi membrane, calnexin for the endoplasmic reticulum, SDHA for the
mitochondria, Rab7 for the late endosomes, and B-actin for the cytosol. Numbers in parentheses indicate the percentage of the
protein present in the S7 fraction compared to that in PNS. The first number is from mock-infected samples and the second one from
virus-infected samples. (D) Incorporation of [32P]CTP into SFV RNA in PNS, S7, and P7 prepared from SFV-infected cells. Numbers below the
lanes indicate the amount of incorporation into 42S RNA as a percentage of the label incorporated in PNS. (E) Distribution of endogenous
minus- and plus-strand RNA analyzed by in-gel hybridization from PNS, S7, and P7 prepared from SFV-infected cells. As a control, a probe
against 18S rRNA was used. Numbers below the lanes indicate the amount of 42S RNA as a percentage of that in PNS.
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P7. Most of SDHA distributed in the P7 pellet, and about half of calnexin was found in
S7. About half of the plasma membrane calcium pump ATPase (PMCA) was found in
mock S7, while in the virus-infected samples it was more prominent in S7 than in P7.
In both mock- and virus-infected samples the late endosomal marker Rab7 was more
prominent in S7 than in P7, but the enrichment was stronger in the mock samples.

In vitro replication activity present in the viral PNS, S7, and P7 fractions was analyzed
by quantifying the incorporation of [32P]CTP into SFV 42S RNA (Fig. 4D). About 50% and
30% of the PNS activity was recovered in S7 and P7, respectively. In-gel hybridization
showed that the minus-strand RNA distributed equally to S7 and P7 (Fig. 4E), indicating
that differential centrifugation caused a partial loss of replication activity in the pellet
fraction. Approximately 60% of the genomic RNA was found in S7.

SFV infection modifies the properties of cellular membranes. We selected the S7
fraction for further purification in density gradients (Fig. 5 and 6), as more than half of
the active RCs remained in this fraction. RCs were first purified from the S7 fractions by
sedimentation in a 10 to 20% iodixanol step gradient (Fig. 3) by loading 500 wl of S7
on the top of a 12-ml density gradient, resulting in ~0.9 and 1.3 mg of protein loaded
from mock- and virus-infected samples, respectively. Signals from the cellular markers
were comparable in the S7 fractions from mock- and SFV-infected cells (Fig. 5 and 6).
After sedimentation, a light-scattering band was detected in every interphase as well as
close to the gradient surface. Gradients were fractionated, and the protein pattern in
each fraction was determined by SDS-PAGE (Fig. 5A). Most proteins stayed in the top
fractions of sedimentation gradients derived from the S7 fraction of mock (labeled
mock)- or SFV (labeled SFV)-infected cells, although the latter resulted in the detection
of more proteins, especially in fraction (fr.) 5. Lipids were detected in all fractions that
correspond to the bands and in the pellet (Fig. 5B). In both gradients, lipids concen-
trated in fr. 5 and 6 (band 3). However, fr. 3 and 4 (band 2) of the mock gradient
contained more lipids than the corresponding fractions of the SFV gradient.

Western blotting revealed the distribution of viral and cellular markers between
gradient fractions (Fig. 5C). In the SFV gradient, nsPs concentrated in fr. 1, 3 and 4, and
5 and 6, corresponding to bands 1, 2, and 3, respectively. SFV capsid protein was
observed in fr. 1 to 8. The Golgi marker stayed on the top of both gradients, and the
remaining mitochondrial marker was mainly on the top and a minor amount was
detected in fr. 5. In the mock gradient, the plasma membrane marker PMCA mostly
stayed on the top, while in the SFV gradient it concentrated in fr. 1 as well as fr. 5 and
6 (band 3). To further study the distribution of the plasma membrane, another plasma
membrane marker, Na,K ATPase, was included, and this marker gave distribution in the
sedimentation gradients similar to that of PMCA, although PMCA showed stronger
concentration in fr. 5 and 6 (band 3) in the SFV gradient. The late endosomal marker
Rab7 predominantly stayed on the top of the mock gradient, while in SFV it concen-
trated in both fr. 1 as well as fr. 5 and 6 (band 3). Lysosome-associated membrane
protein 2 (LAMP-2), which is a marker for late endosomes and lysosomes, showed a
different distribution from that of Rab7. In the mock gradient, LAMP-2 concentrated in
fr. 2 to 5 and in the SFV gradient in fr. 1 to 5. The ER marker calnexin concentrated in
the mock gradient in fr. 3 and 4 (band 2) and fr. 5 and 6 (band 3) and in the SFV gradient
in fr. 5 and 6 (band 3). To further examine ER distribution, two additional markers for
ER were included. CLIMP-63 (cytoskeleton-linking membrane protein 63), also known as
CKAP-4 (cytoskeleton-associated protein 4), is predominantly found in ER sheets (48),
and reticulon 4B (RTN4B), also known as neurite outgrowth inhibitor B (Nogo-B),
localizes to ER tubules and sheet edges (49). CLIMP-63 showed a distribution similar to
that of calnexin, although an additional band was detected in fr. 1. RTN4B was found
in fr. 1 to 5 of the mock gradient, while in the SFV gradient RTN4B concentrated in fr.
5 and 6 (band 3), similar to calnexin and CLIMP-63. The cytosolic marker B-actin
concentrated in the top fractions, but in the SFV gradient it was also found in fr. 5 and
6 (band 3). We also tested the addition of 150 mM KCI to the cell lysate to determine
if a higher salt concentration was required to keep membranes from aggregating, but
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FIG 5 Infection modulates cellular membranes. S7 was prepared from mock- and SFV-infected (MOI of 500) BHK cells treated with wortmannin, and RCs
were purified by a 3-h sedimentation in a 10 to 20% iodixanol step gradient. After centrifugation, gradients were fractionated (fr. 1 to 12, from top to
bottom; fr. 13, the pellet) and compared to S7. On the left, fractions are from mock-infected sample, and on the right, fractions are from SFV-infected
sample. Protein (A) and lipid (B) patterns were studied in an SDS-polyacrylamide gel stained with Coomassie blue or Sudan black B. Numbers on the left
indicate the molecular masses (kDa) of marker proteins. (C) Western blotting shows the distribution of viral and cellular markers as described for Fig. 4.
Furthermore, Na,K ATPase was used as an additional marker for the plasma membrane, LAMP-2 for the late endosomes and lysosomes, and CLIMP-63
and RTN4B as additional markers for the endoplasmic reticulum (sheets and tubules, respectively). The sample volumes loaded from the fractions in the
Coomassie- or Sudan-stained gels (A and B) and Western blot gels (C) were about five and seven times larger, respectively, than the sample volume
loaded from the original S7, shown on the right.

no effect in sedimentation was observed, indicating that the results were not due to
unspecific membrane aggregation.

An in vitro replication assay showed that most SFV replication activity was in fr. 5 and
6 (band 3) of the sedimentation gradient (Fig. 7B), and thus this band, at a density of
1.10 to 1.11 g/ml, was collected for further purification. The final step in the purification
was equilibrium centrifugation in a 10 to 30% iodixanol step gradient, as shown in
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FIG 6 SFV RCs concentrate with the plasma membrane, ER, and late endosome markers. Light-scattering band 3 from the sedimentation gradient was further
purified by an 18-h flotation in a 10 to 30% iodixanol step gradient. After centrifugation, gradients were fractionated (fr. 1 to 12, from top to bottom; fr. 13, the
pellet) and compared to S7. Fractions from mock-infected samples are on the left, and fractions from SFV-infected sample are on the right. Protein (A) and lipid
(B) patterns were analyzed in an SDS-polyacrylamide gel stained with Coomassie blue or Sudan black B. Numbers on the left indicate the molecular masses (kDa)
of marker proteins. (C) Distribution of viral and cellular markers studied by Western blotting as described for Fig. 4. (D) Distribution of Na,K ATPase (plasma
membrane), LAMP-2 (late endosomes and lysosomes), and CLIMP-63 and RTN4B (endoplasmic reticulum sheets and tubules, respectively) between flotation
fractions 3 to 5 was analyzed and compared to S7 by Western blotting. The sample volumes are the same as those for Fig. 5.

Fig. 3. After flotation, two light-scattering bands were observed and gradients were
fractionated. Fractions 10 to 12 represent 30% iodixanol containing band 3 collected
from the sedimentation gradient. The upper band in the flotation gradient (Fig. 3, band
1) was considerably weaker than the other band (Fig. 3, band 2), and detectable
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FIG 7 Purified RCs remain active in RNA synthesis. (A) Distribution of endogenous minus- and plus-strand RNAs between SFV
sedimentation (left) and flotation (right) fractions studied by in-gel hybridization. 18S rRNA was detected from the same fractions (fr.
1 to 12, from top to bottom; fr. 13 is the pellet), and S7 is shown for comparison. (B) In vitro replication activity of the same fractions
as those used for panel A, studied by [32P]CTP incorporation. (C) Comparison of in vitro replication activity of S7 and purified RCs after
replication reaction mixtures were incubated 4 h. S7 and RCs indicate [32P]CTP incorporation by the S7 fraction and the purified RCs,
respectively. In panel A the volume from the fractions used for RNA isolation was about ~7.5 times larger than the S7 sample volume,
and in panels B and C 20-fold-diluted S7 was used.

proteins and lipids concentrated in the area of the band 2 or lower fractions. Coomassie
staining revealed very little protein in the mock fractions (Fig. 6A). In the SFV gradient,
proteins were mainly observed in fr. 4 (band 2) as well as in fr. 9 to 12. Lipids were
detected in both gradients in fr. 4, although SFV gave a much stronger signal (Fig. 6B).
In the mock gradient, Western blotting detected only a weak calnexin signal in fr. 3 and
4 (Fig. 6C). In the SFV gradient, nsPs and capsid protein concentrated in fr. 4, except that
nsP2 and capsid were also detected in fr. 9 to 12, indicating that nsP2 and capsid
protein in these fractions did not float and thus were not membrane associated. The
plasma membrane marker PMCA, late endosome marker Rab7, and ER marker calnexin
also concentrated in fr. 4. In addition, B-actin and the residual mitochondria were
detected in fr. 4. Golgi marker was hardly detectable. The density in fr. 4 was 1.11 g/ml.
As viral nsPs and PMCA, Rab7, and calnexin concentrated in fr. 4 in the SFV gradient, fr.
3 to 5 were further studied using additional cellular markers (Fig. 6D). The plasma
membrane marker Na,K ATPase, as well as ER markers CLIMP-63 and RTN4B, also
concentrated in fr. 4 in the SFV gradient, while these markers were undetectable in the
mock fr. 3 to 5. Interestingly, LAMP-2, a marker for the late endosomes and lysosomes,
was undetectable in fr. 3 to 5 of both mock and SFV gradients.

We next assayed where SFV minus- and plus-strand RNA as well as 18S rRNA
distributed in the sedimentation and flotation gradients (Fig. 7A). 18S rRNA concen-
trated in sedimentation fr. 4, and only a small amount was detected after flotation in
fr. 9 to 12, indicating that the detected rRNA did not float. After sedimentation, the
minus- and plus-strand RNA were mainly recovered in fr. 1, 3 and 4, and 5 and 6, and
after flotation, both concentrated in fr. 4. Approximately 20% of the minus-strand RNA
present in S7 was recovered in flotation fr. 4.

In both sedimentation and flotation gradients, [32P]CTP incorporation colocalized
with the endogenous minus-strand RNA (Fig. 7), and high in vitro replication activity
was observed after the purification. The RCs in the flotation fr. 4 (band 2) were
designated purified RCs and collected for further characterization. The average protein
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FIG 8 Purified RC membranes contain spherule-like structures. SFV RCs were purified in subsequent sedimentation and flotation
gradients, fixed, and pelleted by differential centrifugation for thin-section electron microscopy. Mock-infected samples served as a
control. All micrographs shown are from SFV samples. (A) Membrane sheets observed in both SFV and mock sample. (B) Membranes
with spherical invaginations of about 50 nm in diameter typical of SFV only. This most likely represents plasma membrane sheets
sectioned in a different orientation than that of panel A, resulting in vesicle-like appearance. (C) Membrane sheet showing smaller
round vesicles that may represent neck parts of spherule-like structures, indicated by arrows. (D to 1) Close-ups of spherule-like
structures, indicated by arrows. In panel D, white arrowheads indicate nucleocapsids. Scale bars, 1,000 nm (A and B), 100 nm (C to F),
and 50 nm (G to I).

concentration of the purified RCs from three purifications was 0.02 mg/ml, indicating
that less than 1% of the proteins present in S7 were remaining. However, the recovery
of the activity present in S7 was approximately 20% when the [32P]CTP incorporation
into the genomic RNA was compared (Fig. 7C). The purified RCs synthesized both
genomic and subgenomic RNA, but RNA Il was observed only in sedimentation fr. 1 and
3 (Fig. 7B and Q).

Purified RCs display spherule-like structures and release newly made RNA.
Electron microscopy of the purified RCs and the corresponding membrane fraction
from mock-infected cells revealed sheets, vesicles, and some tubule-like membranes
(Fig. 8). Sheets, which might be derived from the plasma membrane or ER, were
observed in both samples (Fig. 8A). Sheets or vesicles with multiple, spherical invagi-
nated membranes were typical of the purified RCs and could not be detected in the
mock samples (Fig. 8B to ). The diameter of these invaginations was similar to that of
spherules, about 50 nm, and some of them showed a dark spot in the middle, most
likely representing RNA. In addition, membrane sheets displaying smaller round struc-
tures, which may represent narrow spherule necks, were observed (Fig. 8C). A few
nucleocapsids were also found close to the spherule-like structures (Fig. 8D).

To determine the stability of the newly made RNA, in vitro replication reactions were
terminated by adding the nucleoside analogue 3'-dCTP followed by a chase for 3 h (Fig.
9A). In the unterminated control samples, the amount of the [32P]CTP-labeled genomic
RNA increased approximately 1.7-fold or 2.5-fold in the reaction mixtures containing S7
or purified RCs, respectively. After termination, the level of the labeled genomic RNA
slowly decreased in both S7 and purified RCs at a similar rate. However, the half-life was
more than 180 min. In contrast, when a capped in vitro transcript of Tmed RNA, which
contains the SFV 5" and 3’ untranslated regions as well as the subgenomic promoter,
was added to the reactions, it was rapidly degraded in the S7 sample and the half-life
was less than 15 min. This indicated that the newly synthesized SFV RNA was protected
in the S7 sample, and for CHIKV, it has been proposed that membrane or polysome
association, RNA structure, or encapsidation protects newly made ssRNA from cellular
nucleases (11). In the reaction mixture containing purified RCs, the Tmed RNA was
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FIG 9 Characterization of the in vitro replication activity of the purified RCs. (A) Stability of newly synthesized SFV genomic RNA. After
a 60-min replication assay, [32P]JCTP incorporation was blocked by the addition of 100 uM 3’-dCTP, and incubation at 30°C was
continued for an additional 180 min. The graph on the left represents an assay with 10-fold-diluted S7 and on the right with the
purified RCs. At the indicated chase times radioactivity in 42S was quantified (yellow). As a control, a reaction without 3'-dCTP was
quantified (blue). In addition, in vitro transcript of Tmed added in the reaction at a 0-min chase was quantified by in-gel hybridization
(green). All values are presented as percentages of the values at the 0-min chase. (B) Purified RCs and additional exogenous template.
Replication assay reaction mixtures were incubated for 2 h. RCs indicates [32P]CTP incorporation by the purified RCs. RCs + Tmed RNA
shows incorporation by the purified RCs after an exogenous Tmed RNA transcript was added. As a control, [32P]CTP incorporation by
the P15 membrane fraction from cells transfected with the P1234 polyprotein and Tmed template plasmids is shown, and genomic
and subgenomic (SG) Tmed are indicated. The lower panel shows the presence of Tmed, detected by in-gel hybridization. (C)
Detergent stability and sensitivity. Purified RCs were treated with 1% Tx-100, followed by an assay to detect replication (upper) and
in-gel hybridization to detect the minus-strand template RNA (lower). (D) ssRNA and RF/RI forms of in vitro-synthesized RNAs. After
a 2-h replication assay with the purified RCs, RNA was isolated and treated with RNase A/T1 or Il under high-salt conditions to
specifically digest ssRNA or dsRNA, respectively, and analyzed under denaturing (left) or nondenaturing (right) conditions. (E) Release
of newly made RNA. A replication assay was performed with the concentrated purified RCs, and after 60-, 120-, and 180-min replication
reactions, aliquots were removed to prepare pellet and supernatant fractions, followed by RNA isolation and analysis in a denaturing
agarose gel. The schematic shows how [32P]CTP is incorporated into viral RNA during in vitro RNA synthesis, resulting in dsRNA
containing a plus strand synthesized both in cells (indicated by magenta) and in vitro (indicated by orange). After a round of replication
and release of the previous plus strand, an RC contains only the in vitro-synthesized plus strand if replication is semiconservative. (F)
Increase in the amount of RNA during in vitro replication. After a 4-h replication assay with the purified RCs and unlabeled NTPs, RNA
was isolated and genomic RNA was detected by in-gel hybridization. No NTPs indicates a reaction without added NTPs, and ctrl
indicates a sample without any incubations before RNA isolation. 42S RNA was quantified, and average percentages from two
independent experiments are shown in the table.

approximately as stable as the viral replication products, suggesting that purification
removed most of the cellular nucleases.

As added RNA remained relatively stable in the purified preparations, we tested if
the purified RCs are able to utilize an exogenous template RNA. However, no additional
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RNA products were synthesized when the Tmed template was provided in addition to
the endogenous one (Fig. 9B), indicating that once a functional RC has been formed it
is unable to replicate another template. We also tested if RCs remained sensitive to
detergents when cellular nucleases were removed by purification. After 1% Tx-100
treatment, the minus-strand template remained stable while replication activity was
almost completely lost (Fig. 9C), indicating that the detergent sensitivity was not
(solely) due to exposure to nucleases but due to solubilization of the membrane-
associated RCs.

We next assessed incorporation of [32P]CTP into ssRNA, RF, and Rl by isolating RNA
after a replication assay with the purified RCs and treating the isolated RNA with
RNases. RF and Rl are fully and partially double-stranded RNA molecules, respectively,
and under high-salt conditions, RNase A/T1 should digest free ssRNA and single-
stranded overhangs of Rls, thus the full-length 32P-labeled RNA observed after the
digestion in a denaturing gel is mainly derived from RFs. RNase Ill should digest RF and
double-stranded regions of Rls, and after such a treatment, the full-length 32P-labeled
RNA observed in a denaturing gel is mainly derived from ssRNAs. Sixty-four and 19% of
the radiolabeled genomic RNA present in the untreated sample was recovered after the
RNase A/T1 and Il treatments, respectively, in denaturing electrophoresis (Fig. 9D).
Thus, approximately 60% of the newly synthesized RNA was in RF, 20% in Rl, and 20%
in free ssSRNAs. However, after both treatments signal might remain that contained an
almost full-length 32P-labeled RNA (annealed with the minus-strand template) or an
almost full-length 32P-labeled single-stranded overhang. Nondenaturing electrophore-
sis also supported the presence of both RF and RI, because the RF/RI signal was reduced
approximately 32% after the A/T1 digestion. Most likely, single-stranded overhangs in
Rl were digested and thus the signal was reduced. The untreated and RNase lll-treated
samples gave equally strong ssRNA signals, whereas after the A/T1 treatment no ssRNA
was observed in a nondenaturing gel. The RNase treatments also indicate that SFV
replication is semiconservative, because after the A/T1 digestion under high-salt con-
ditions, 32P-labeled genomic RNA was detected in the denaturing gel (Fig. 9D). This is
possible only if the labeled RNA was in a dsRNA molecule. If replication were conser-
vative, such a form would not exist.

To determine whether the ssRNAs synthesized by the purified RCs were released, we
studied their membrane association. For this, the purified RCs were concentrated to
remove iodixanol, and after a replication assay, pellet and supernatant were separated
to detect membrane-associated and free RNA. Most of the 32P-labeled RNA stayed
associated with the pellet fraction after the replication assay (Fig. 9E). However,
32P-labeled 26S and 42S RNA were also detected in the supernatant, and their amounts
increased at the same rate in both pellet and supernatant fraction, indicating that the
more RNA was synthesized, the more RNA was found in the supernatant. At every time
point, approximately 30% of the labeled genomic RNA was found in the supernatant,
which is close to the amount of sSRNA approximated based on the RNase treatments
(Fig. 9D and E).

Both the presence of newly made RNA in Rls (Fig. 9D) and release of newly made
strands (Fig. 9E) indicated that de novo initiation occurs in vitro. In addition, the linear
rate of RNA synthesis in the unterminated RC samples (Fig. 9A) indicated that the
purified RCs are able to initiate new strands. Thus, we approached this question by
determining how much the amount of viral RNA increases during in vitro replication
compared to the amount of RNA present in the RCs after purification. We have
previously shown that SFV RCs mainly synthesize RNA of positive polarity in vitro (39),
thus here we detected plus-strand RNA using a probe that recognizes an early part of
the SFV4 genome (nucleotides 95 to 121). After a 4-h in vitro replication assay at 30°C
using unlabeled nucleotide triphosphates (NTPs), RNA was isolated and genomic RNA
was detected by in-gel hybridization. In this sample both in-cell-made RNA, present in
the purified RCs, as well as in vitro-synthesized, newly made RNA are detected. For
comparison, RNA was also isolated from a reaction mixture that contained no added
NTPs and from a sample that contained only purified RCs and was not incubated at
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30°C. In these samples, only RNA made in cells and present in the purified RCs is
detected if we assume that the purified RCs contain no significant amount of cellular
NTPs. During in vitro RNA synthesis, the amount of completed genomic RNA increased
50% in the active samples compared to the controls without NTPs or incubation (Fig.
9F). Thus, this result also supports the possibility of de novo initiation during in vitro
RNA synthesis and at least indicates active synthesis of very long RNA stretches
resulting in complete genomes.

DISCUSSION

Our present study demonstrates that the virus-induced plasma membrane invagi-
nations, i.e., spherules, represent the active replication complexes of alphaviruses. We
showed here that all four viral nsPs, minus- and plus-strand RNA, as well as RNA-
synthesizing activity were found in the same purified membrane fraction, displaying
spherule-like structures on the plasma membrane sheets (Fig. 6 to 8).

Previous purification attempts of alphavirus RCs have mainly focused on the isola-
tion of CPVs (32, 40, 45-47, 50). However, spherules are formed on the plasma
membrane and internalization is not typical of all alphaviruses (15, 35, 38). Here, we
observed that SFV RCs were most abundant and active when isolated from infected
cells treated with wortmannin (Fig. 2), which leads to the retention of the majority of
spherules on the plasma membrane (15), thus we chose to purify spherule-carrying
plasma membrane sheets. First, we homogenized cells in isotonic buffer using a needle
instead of hypotonic buffer and a Dounce homogenizer, such as those used in several
previous protocols (32, 40, 41, 45-47). Second, we purified RCs from a postnuclear and
postmitochondrial supernatant instead of a membrane pellet (40, 45-47), as differential
centrifugation causes a partial loss of activity (Fig. 4) (11, 39). Third, we observed that
SFV RCs were sensitive to detergents (Fig. 1F), thus detergent solubilization was
excluded. Fourth, we used two consecutive density gradients of iodixanol under
isotonic conditions. Our purification protocol yielded RCs that were highly active in
synthesizing both genomic and subgenomic RNA as well as releasing newly made
strands (Fig. 9). In addition, our purification method produced highly active complexes
in large quantities, as from ~107 cells we purified enough RCs to make at least one
hundred standard in vitro replication assays, and it can easily be further scaled up.

The sedimentation analyses revealed that SFV infection extensively modifies cellular
membranes (Fig. 5). The plasma membrane had higher density, most likely due to the
RNA-containing RCs. Furthermore, major differences in three ER markers were ob-
served, and the ER showed increased density after infection, indicating that SFV causes
ER remodeling. Several viruses are known to affect ER organization. For example, herpes
simplex virus 1 (HSV-1) infection results in compression of ER around the nuclear
membrane, most likely to facilitate nuclear egress of HSV-1 nucleocapsids (51). SFV
infection also affected the late endosomal and lysosomal markers. Consequently, SFV
has more profound effects on the membrane dynamics of the host cell than merely
inducing plasma membrane invaginations.

Purification of the RCs resulted in a replication-active membrane fraction enriched
with the markers for the plasma membrane, ER, and late endosomes (Fig. 6). We could
remove soluble proteins, the Golgi membranes, and most of the mitochondria. The
corresponding membrane fraction from mock-infected cells revealed only a minor
signal for the ER marker calnexin, indicating that we purified a virus-specific network of
membranes associated with replication. In cells, the peripheral ER tubules form a
branched network contacting the cytoskeleton, plasma membrane, and cell organelles
(52). The purified membrane preparations revealed ER markers for both ER sheets and
tubules, although the marker used for the ER sheets has been reported to be found also
at the plasma membrane (48). However, it remains to be studied if the RC-carrying
plasma membrane sheets are truly connected to the other membranes or if these
membranes have the same density. Clearly, this enrichment was not observed in the
mock samples, thus SFV infection modified the studied membranes. However, besides
genome replication, expression of SFV structural proteins and host defense responses
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may affect different membranes. Another possibility is that SFV infection causes the
relocalization of some cellular proteins. For example, the late endosomal marker Rab7
was present in the purified RC-membrane fraction, but the endolysosomal marker
LAMP-2 could not be detected and thus Rab7 could have been relocalized during
infection.

Membrane association of the replicase proteins, mediated mainly by nsP1, is indis-
pensable for alphaviruses (25, 53, 54), and our results showed that detergent solubili-
zation caused a significant loss of replication activity, although the minus-strand
template was stable (Fig. 1F and 9C). Thus, the polymerase activity was sensitive to
detergents, further highlighting the importance of the membrane association of the
RCs. Detergent solubilization has, however, been shown to increase the density of
alphaviral RCs while they retain all nsPs and residual RNA synthesis activity (45). It
remains to be studied whether the membrane association of SFV nsPs occurs only in
the spherule neck or if they are also found inside the membrane invagination. Cryo-
electron tomography of Flock House nodavirus (FHV) spherules has revealed a crown
structure in the spherule neck with a 12-fold symmetry and a central electron density
(12). It was suggested that FHV replicase protein A forms these structures, and if
alphavirus RCs establish a similar structure, it may have a different organization, as
alphaviruses have four replicase proteins instead of one.

We observed that the purified RCs incorporated [32P]CTP into both ssRNA and
dsRNA and released newly made RNA (Fig. 9), and approximately 20 to 30% of the
newly made genomic RNA was released as ssRNA. These data indicated that de novo
initiation occurs in vitro. Second, we determined that the amount of genomic RNA
present in the purified RCs was increased ~1.5 times during the in vitro replication. As
the probe used recognizes an early part of the genome, the results indicate that long
RNA strands were produced in vitro, and consequently most in vitro-synthesized strands
were either de novo initiated or were reinitiated from a short RNA strand made in cells.
Furthermore, the results also showed that large amounts of RNA were produced in vitro.
So far, it is unclear how many copies of genomic RNA are contained by SFV spherules.
FHV spherules are variable in size, and the authors speculated that some spherules
contain more than one dsRNA or positive-strand RNA (12).

In PNS, most of the in vitro-synthesized RNA is single stranded (11, 40), and in
vitro-synthesized RF and Rl reach the maximal level in about 15 min, after which only
the amount of ssRNA increases (55). In alphavirus-infected mammalian cells, CPVs are
located close to the ribosome-rich ER, and connecting bridges are formed that may
represent RNA strands being translated. Thus, the release of the newly made RNA might
require translation or nucleocapsid assembly, and it has been suggested that these
steps occur in a matrix between CPVs and the rough ER (36, 56). If the efficient release
of the newly made RNA strands requires translation and assembly of the nucleocapsids
close to the RCs, this may explain why most of the in vitro-synthesized RNA remained
in membrane-associated, double-stranded replicative forms or intermediates. Although
we observed SFV capsid protein and nucleocapsids in the purified membrane fraction
(Fig. 6 and 8), efficient encapsidation may not be achieved in vitro using purified
membranes, as no rRNA was detected.

In conclusion, we showed that alphavirus infection strongly modifies cellular mem-
branes beyond inducing the spherules and that the ER might be connected to the
RC-carrying plasma membrane. This is the first step in extending our knowledge of
alphavirus membrane-associated RCs, and further studies on these purified complexes
should give insights into the host proteins present and required for their activity on the
plasma membrane, as well as their structural organization. Currently, alphaviruses,
coronaviruses, and arteriviruses represent important groups of pathogenic positive-
strand RNA viruses lacking structural information on RdRps (57, 58). The alphaviral core
RdRp has been purified in an active form (31), but the structure of the RC might give
more information about the active conformation of the polymerase and interactions, as
all four nsPs are required for RNA synthesis.
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MATERIALS AND METHODS

Cell culture, viruses, and plasmids. BHK-21 cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM; Sigma-Aldrich) supplemented with 10% (vol/vol) fetal bovine serum (FBS; Gibco), 2 mM
L-glutamine (Gibco), 100 U/ml penicillin (Gibco), and 100 wg/ml streptomycin (Gibco). BSR T7/5 cells,
derived from BHK stably expressing T7 RNA polymerase (59), were cultured in DMEM supplemented with
10% FBS, 2% (vol/vol) tryptose phosphate broth (Difco), 2 mM L-glutamine, 1% (vol/vol) nonessential
amino acids (Gibco), 1 mg/ml G418 (Merck), 100 U/ml penicillin, and 100 wg/ml streptomycin. Both cell
lines were grown at 37°C and in 5% CO,. The same conditions were used for virus infection and DNA
transfection. SFV4-HA, containing a hemagglutinin (HA) peptide in frame within nsP3 in the Xhol site, has
been described and was propagated as done previously (39). Secondary stocks of SFV4-HA were used
in all virus infections. The polyprotein construct P123"A4 and template Tmed have been described
previously (39, 60).

Isolation of RCs from infected and transfected cells. About 1 X 107 BHK-21 cells were infected
with SFV4-HA at an MOI of 50 or 500 for 1 h or 20 min, respectively, in MEM containing 0.2% BSA and
2 mM L-glutamine. After the adsorption, cells were washed twice and fresh medium was added.
Wortmannin (100 nm; Sigma-Aldrich) and nocodazole (5 wM; Calbiochem) treatments were performed as
described previously (15). Nocodazole was added at the same time as the virus and wortmannin at 1.5
h p.i. Cells were harvested at 4 h p.i. by trypsinization, and PNS was prepared using a Dounce
homogenizer as described in reference 39. BSR cells were cotransfected with the polyprotein and Tmed
template plasmids, and 16 h after transfection PNS and P15 membrane fractions were prepared as
previously described (39).

Purification of RCs from infected cells. Approximately 4 X 107 BHK-21 cells were infected with
SFV4-HA at an MOI of 500 and treated with wortmannin as described above. Mock-infected cells served
as a control and were treated with wortmannin. At 4 h p.i, cells were harvested by scraping in
phosphate-buffered saline and washed with homogenization buffer (HB; 250 mM sucrose, 3 mM
imidazole [pH 7.4], 2 ug/ml actinomycin D [Sigma-Aldrich], Pierce EDTA-free protease inhibitor [1 tablet
per 10 ml; Thermo Fisher Scientific]) and resuspended in 500 ul of HB containing 200 U/ml RiboLock
(Thermo Fisher Scientific). Cells were disrupted using a 22-gauge needle and syringe by 24 up-and-down
strokes. Unlysed cells and nuclei were removed by centrifugation (510 X g, 10 min, 4°C), yielding PNS,
which was diluted 3-fold with HB containing RiboLock. The membrane pellet (P7) and soluble fraction
(S7) were prepared by further centrifugation of the diluted PNS (7,000 X g, 10 min, 4°C). The P7 fraction
was washed once with and resuspended in HB containing RiboLock.

RCs were purified from S7 fractions by sedimentation (100,000 X g, 3 h, 4°C) in a discontinuous
iodixanol (Sigma-Aldrich) gradient consisting of 2.3-ml layers of 20, 17.5, 15, 12.5, and 10% (wt/vol)
iodixanol in dilution buffer (DB; 250 mM sucrose, 35 mM HEPES [pH 7.4], 2.5 mM dithiothreitol [DTT], 7
mM KCl) containing Pierce EDTA-free protease inhibitor (1 tablet per 10 ml). Five hundred microliters of
S7 was loaded on the top of a gradient. After sedimentation, gradients were fractionated, and protein, lipid,
and RNA composition as well as replication activity were analyzed as described below. The density of the
fractions was measured by weighing. For further purification, the light-scattering zone between 12.5% and
15% iodixanol layers was collected and purified by equilibrium flotation centrifugation (90,000 X g, 18 h, 4°C)
in a discontinuous iodixanol gradient consisting of 3 ml of 30% and 1.8-ml layers of 26, 22, 18, 14, and
10% (wt/vol) iodixanol in DB. A 30% layer contained the light-scattering zone collected from the
sedimentation gradient. After flotation, gradients were fractionated and fractions analyzed as the
sedimentation fractions. For further experiments, the light-scattering zone between 14% and 18%
iodixanol layers was collected, yielding purified RCs. As a control, membranes from wortmannin-treated
mock-infected cells were purified using the same protocol.

In vitro replication assays. A standard 30-ul reaction mixture without BSA contained 25 ul of PNS,
32 mM HEPES (pH 7.4), 225 mM sucrose, 2.3 mM DTT, 6.3 mM KCl, 1.7 ug/ml actinomycin D, and 830 U/ml
RiboLock. A standard 30-ul reaction mixture with BSA contained 22 ul of PNS, S7, P7, P15, sedimentation
or flotation fraction, or purified RCs, T mg/ml BSA, 28 mM HEPES (pH 7.4), 200 mM sucrose, 2 mM DTT,
5.6 mM KCl, 1.5 pg/ml actinomycin D, and 810 U/ml RiboLock. In addition, both reaction mixtures
contained 3 mM magnesium acetate, 177 mM creatine phosphate (Sigma-Aldrich), 8.3 U/ml creatine
phosphokinase (Sigma-Aldrich), 1 mM ATP, 10 uM UTP, 10 uM GTP, 8.5 uM CTP, and 0.055 uM (5 uCi)
[a-32P]CTP (PerkinElmer). If required, samples were diluted with DB, and if samples contained imidazole,
6 mM magnesium acetate was used in the reaction mixture. Reaction mixtures were incubated at 30°C
for 1 h unless otherwise stated. After incubation, reactions were terminated by adding LiDS/LET (5%
lithium dodecyl sulfate, 20 mM Tris-HCI [pH 7.4], 100 mM LiCl, 2 mM EDTA, and 5 mM DTT)
containing 80 png/ml proteinase K and incubating for 15 min at 37°C. Unincorporated label was
removed using RNase-free Micro Bio-Spin P-30 gel columns (Bio-Rad), and the acid phenol method
was used to isolate RNA.

To determine stability of RCs, PNS was incubated at 4°C for 3, 24, and 48 h or diluted in DB or 35.5%
(wt/vol) iodixanol in DB and incubated at 4°C for 24 h. After incubation, aliquots were removed for total
RNA isolation and in-gel hybridization to detect endogenous RNA (see below) and for an in vitro
replication assay. To test detergent sensitivity, PNS was treated with 0.01 to 1% (wt/vol) n-octylglucoside,
0.01 to 1% (vol/vol) Tx-100, 0.01 to 1% (wt/vol) DOC, or 0.01 to 1% (wt/vol) SDS in DB at 4°C for 1 h,
followed by total RNA isolation and in-gel hybridization to detect endogenous RNA (see below) or a
replication assay. To inhibit replication, 100 uM 3’-dCTP (TriLink BioTechnologies) was added to the
reaction mixture.

To monitor the stability of newly synthesized RNA in the S7 fraction or purified RCs, 100 uM 3'-dCTP
and 220 ng of Tmed in vitro transcript were added to one aliquot and DB to another one after a
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1-h replication assay. In vitro transcript was prepared using a Sacl-linearized Tmed plasmid and an
MMESSAGE mMACHINE T7 transcription kit (Ambion) according to the manufacturer’s instructions. After
a chase at 30°C, aliquots were removed and reactions were terminated as described above.

The ability of RCs to use an exogenous template RNA was tested by adding 1 pg of Tmed in vitro
transcript in a reaction mixture containing purified RCs. As a control, P15 from cells transfected with the
polyprotein P123"24 and template Tmed plasmids was used. Replication assay reaction mixtures were
incubated at 30°C for 2 h and terminated as described above. In order to test Tx-100 sensitivity of purified
RCs, they were incubated with 1% Tx-100 for 1 h at 25°C. After incubation, aliquots were removed for
total RNA isolation and in-gel hybridization to detect endogenous RNA (see below) or for a replication
assay.

In order to determine how much the amount of genomic RNA increases during in vitro replication
compared to the amount of genomic RNA present in the RCs after purification, replication assays were
performed using purified RCs and reaction conditions described above for a standard reaction with BSA,
except that 10 uM CTP and no [a-32P]JCTP was used. In addition, a reaction devoid of NTPs was
performed. After a 4-h incubation at 30°C, RNA was isolated and genomic RNA was detected by in-gel
hybridization (see below). As a control, RNA was isolated from the purified RCs without incubation
at 30°C.

RNA isolation, denaturing agarose gel electrophoresis, and in-gel hybridization. Total RNA from
replication assay reactions, PNS, S7, and P7 samples, sedimentation and flotation fractions, and purified
RCs was isolated using the acid phenol method and analyzed by denaturing formaldehyde agarose gel
electrophoresis as described previously (39). If required, spike RNA (Tmed or Tshort in vitro transcript) was
added to the samples before RNA isolation to allow normalization. Tshort in vitro transcript was prepared
from the Tshort plasmid (60) as described above for Tmed.

In-gel hybridization to detect RNA molecules from dried gels using 32P-labeled oligonucleotides has
been described previously (61). SFV4-HA negative-stranded RNA was detected with the probe
HybSFV4neg_4, and genomic and subgenomic RNA were detected with the probe HybSFV4pos_5 (39).
SFV4-HA genomic RNA and RNA Il were detected with the probe HybSFV4pos_8 (5'-GTCAGCCTCAATA
TCAACATGCACTTT-3"), complementary to nucleotides 95 to 121 of the genome. Tmed RNA was detected
with the probe HybTmedpos_2 (39). Tshort RNA was detected with the probe HybTmedpos_3 (5'-AGG
TGTATAACAGGTCCTCTCATTAATT-3’), complementary to nucleotides 1270 to 1297. 185 rRNA was de-
tected with the probe 5’-ATGCCCCCGGCCGTCCCTCT-3".

Dried gels were exposed to Phosphorimager screens to detect 32P label, and the screens were
scanned with a Typhoon 9410 imager (GE Healthcare). Quantity One software (Bio-Rad) was used to
quantify the incorporated label. Normalization of signals for variations in RNA recovery and loading was
done based on quantification of 18S rRNA or spike RNA detected by in-gel hybridization.

RNase treatments of products from an in vitro replication assay. Replication assays were
performed using purified RCs and a 2-h reaction time, and RNA was isolated as described above. Isolated
RNA was treated with RNase cocktail enzyme mix (Ambion) containing RNase A and T1 (final concen-
trations of 2.5 and 100 U/ml, respectively) or RNase Il (50 U/ml; NEBNext RNase Il RNA fragmentation
module) under high-salt conditions. RNase A/T1 reaction mixture contained 4X SSC (600 mM NaCl, 60
mM sodium citrate, pH 7.0), and RNase Il reaction mixture contained 2X SSC (300 mM NacCl, 30 mM
sodium citrate, pH 7.0) and 1X RNase Ill reaction buffer. After a 15-min incubation at 37°C, proteinase K
was added (80 pg/ml) and incubation was continued for 15 min. RNA was precipitated as described in
reference 39. Besides being subjected to denaturing formaldehyde agarose gel electrophoresis, RNA was
analyzed without denaturation in a 1.0% (wt/vol) agarose gel in Tris-borate-EDTA buffer after mixing with
2 volumes of gel loading buffer Il (Ambion).

RNA release. To study release of newly synthesized RNA, purified RCs were concentrated and
iodixanol was removed by washing with DB in Amicon ultracentrifugal filter units (3,220 X g, 4°C; 50,000
nominal molecular weight limit; Merck Millipore). An in vitro replication assay was performed as
described above, and after 1-, 2-, and 3-h reaction times, aliquots were removed and diluted with DB and
pellet and supernatant fractions were separated by differential centrifugation (20,600 X g, 15 min, 4°C).
The pellet was washed with DB, and the pellet and supernatant were treated with proteinase K (80
png/ml) for 15 min at 37°C. RNA was isolated using the acid phenol method (39).

Protein and lipid analyses. Protein concentrations were measured using the Coomassie blue
method (62), with BSA as a standard. PNS, S7, P7, and sedimentation and flotation fractions were
analyzed by SDS-PAGE with 4% (wt/vol) acrylamide in the stacking gel and 10%, 12%, or 16% (wt/vol)
acrylamide in the separation gel. SDS-PAGE (12%) gels were stained with Coomassie blue to show
proteins. SDS-PAGE (16%) gels were stained with Sudan black B (Sigma-Aldrich) according to the
manufacturer’s instructions to detect lipids. After electrophoresis, Sudan black B stains both lipids and
lipoproteins. For Western blotting, proteins separated in 10% or 12% SDS-PAGE gels were transferred to
Amersham Protran nitrocellulose blotting membrane (GE Healthcare). Membranes were blocked with 5%
(wt/vol) nonfat dry milk powder in Tris-buffered saline (TBS), followed by incubation with rabbit
polyclonal antibodies against SFV nsP1, nsP2, nsP3, or nsP4 (37) or mouse monoclonal antibody against
B-actin (Sigma-Aldrich) in TBS with 5% milk and 0.1% (vol/vol) Tween 20. Alternatively, membranes were
blocked with 5% milk in TBS containing 0.1% Tween 20, followed by incubation with rabbit monoclonal
antibody against SDHA (Cell Signaling), mouse monoclonal antibody against PMCA (Abcam), rabbit
polyclonal antibody against Na,K-ATPase « (Cell Signaling), rabbit polyclonal antibody against calnexin
(Abcam), rabbit polyclonal antibody against CLIMP-63 (Abcam), rabbit polyclonal antibody against
RTN4A and RTN4B (Abcam), mouse monoclonal antibody against GM130 (BD Biosciences), mouse
monoclonal antibody against Rab7 (Abcam), rabbit polyclonal antibody against LAMP-2 (Novus Biolog-
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icals), or rabbit polyclonal antibody against SFV capsid protein (63) in TBS with 5% (wt/vol) BSA and 0.1%
Tween 20. The primary antibodies were detected with secondary antibodies IRDye800CW donkey
anti-rabbit IgG (Li-COR Biosciences) and Alexa Fluor 680 donkey anti-mouse IgG (Invitrogen) and an
Odyssey system (Li-COR). Quantification was performed with Image Studio software (Li-COR). The
antibody against RTN4A and RTN4B recognized only a band of about 50 kDa, indicating that the detected
protein was RTN4B (49), and the result was confirmed using sheep polyclonal antibody against RTN4B
(MRC-PPU Reagents).

Electron microscopy. The light-scattering zone between 14% and 18% iodixanol layers in the
flotation gradient (see the purification procedure described above) was collected and fixed with 2%
(vol/vol) glutaraldehyde (Sigma-Aldrich) in 100 mM HEPES (pH 7.4) on ice for 30 min. After fixation,
membranes were pelleted by differential centrifugation (11,700 X g, 30 min, 4°C). Membrane pellets
were washed, osmicated, and embedded into resin (TAAB Laboratories Equipment, Ltd.) using standard
procedures, and ultrathin sections (60 nm) were cut, picked on single-slot copper grids, and poststained
with lead and uranyl acetate. The homogeneity of the pellet was checked by systematic sectioning
through the entire pellet. The micrographs were taken with a Jeol JEM-1400 transmission electron
microscope operating at 80 kV at the Electron Microscopy Unit of the Institute of Biotechnology,
University of Helsinki.
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