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µg/mL; Sigma-Aldrich) for 60 min at 4 °C before th e labeling. The same pre-incubation was also used 
when translation inhibitors were tested in IVRA. 

For Western blotting, proteins were separated by SDS-PAGE with 4% and 10% (w/v) acrylamide 
concentrations in the stacking and separation gels, respectively, and transferred to AmershamTM 
ProtanTM Nitrocellulose Blotting Membrane (GE Healthcare). After blocking with 5% ( w/v) non-fat 
dry milk powder in Tris-buffered saline (TBS), membranes were incubated with rabbit polyclonal 
antibodies against SFV nsP1, nsP2, nsP3, or nsP4 [41] or mouse monoclonal anti-HA antibody 
(Sigma-Aldrich) in TBS with 5% milk and 0.1% ( v/v) Tween-20. Mouse monoclonal antibody against 
�†-actin (Sigma-Aldrich) was used as a cytosolic marker. Secondary antibodies IRDye® 800CW 
donkey anti-rabbit IgG (LI-COR Biosciences, Lincoln, NE, USA) and Al exa Fluor 680 donkey 
anti-mouse IgG (Invitrogen) were used for fluoresc ent detection of the primary antibodies with an 
Odyssey system (LI-COR). Quantification was performed using Image Stud io Software (LI-COR). 

3. Results 

3.1. Isolation of Active Replication Complexes from SFV-Infected Cells 

Metabolic labeling of SFV RNA synthesis with 3H-uridine was used to determine the optimal 
time point for the isolation of active SFV RCs. BHK cells were infected with an MOI of 50, and the 
incorporation of label into viral genomic (42S) an d subgenomic (26S) RNA species became detectable 
after 1.5 h.p.i. (Figure 1A,B). The rate of 3H-uridine incorporation into viral RNA reached a 
maximum level at 4–5 h.p.i. Thus, SFV-infected cells were harvested at 4 h.p.i. and homogenized in 
isotonic buffer to prepare PNS. Typically, the PN S samples had a total protein concentration of ~3 
mg/mL. To further isolate the RCs, PNS was separated into a P15 pellet and S15 supernatant by 
differential centrifugation at 15,000× g, and the distribution of viral ns Ps as well as RNA was studied. 
The cytosolic marker �†-actin and 18S rRNA were predominantly found in the S15 fractions (Figure 
1C,D). Western blotting showed that all four nsPs were present in PNS, as well as in the P15 and S15 
fractions (Figure 1C). The P15 fraction contained the majority of nsP1 (~90%) and about half of nsP4. 
Approximately 30% and 40% of nsP2 and nsP3 were found in P15, respectively. In-gel 
hybridizations showed that the P15 fraction contai ned the majority (~80%) of the minus-strand RNA 
present in the PNS, while a minor fraction of th e genomic plus-strand RNA (~20%) was found in P15 
(Figure 1D). 

The RNA-synthesizing activity present in the PN S, P15, and S15 fractions was analysed by 
measuring the incorporation of 32P-CTP into viral RNA in an IVRA (Figure 1E). No labeled RNA was 
detected in the mock PNS, while the PNS prepared from SFV-infected cells synthesized three RNA 
species corresponding to SFV genomic and subgenomic RNA, as well as an RNA species designated 
as RNA II, in line with other alphaviruses [2 5,33]. The genomic RNA was the major product 
synthesized in vitro, and RNA II was only detected in the 32P-labeled reaction products of the in vitro 
assay, not in the 3H-uridine-labeled viral RNA synthesized in cells (Figure 1A,E). This might be due 
to the short half-life of RNA II in the infected cells or due to the lack of sensitivity in detecting 
3H-labeled RNA compared to 32P-labeled molecules. Approximately 9% and 49% of the in vitro 
replication activity present in the PNS was recovered in the S15 and P15 fractions, respectively 
(Figure 1E). The membrane fraction prepared from severe acute respiratory syndrome 
(SARS)-coronavirus-infected cells is inactive in replication in vitro unless a cytosolic fraction is 
added in the reaction mixture [42]. However, mixi ng of the S15 and P15 did not restore the full 
replication activity of SFV (69% of that in the PNS), indicating that the factors in the S15 fraction are 
dispensable for replication and that the differential centrifugation likely caused damage to RCs, 
leading to a partial loss of activity. The slight b oost after mixing P15 and S15 was most likely due to 
the cellular NTP pool present in S15. 

3.2. Application of the in Vitro Replication Assay to the Trans-Replication System 

BSR cells were co-transfected with the SFV replicase and template plasmids to determine if the 
RCs isolated from the trans-replication system are active in RNA synthesis in vitro. PNS was 
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prepared from the transfected cells at 16 h post transfection using the same method as optimized for 
SFV-infected cells. The wild-type replicase polyprotein, P1234, as well as the polymerase inactive 
mutant, P1234GAA , were included in this study. In addition, two partially uncleaved polyproteins 
were used. In P1^2^34, cleavage sites between nsP1 and nsP2 as well as nsP2 and nsP3 have been 
mutated, resulting in the polyprotein P123 and nsP4. In P12CA3, the active site of the nsP2 protease 
has been mutated, and nsP4 is expressed from a separate plasmid as an ubiquitin–nsP4 fusion. The 
Tmed plasmid that expresses a 2963-nt RNA containing the 5�� and 3�� untranslated regions (UTRs) 
and the subgenomic promoter was provided as a template plasmid [26]. 

 

Figure 1. Kinetics of Semliki Forest virus (SFV) RNA synthesis and isolation of active replication 
complexes for in vitro analysis. (A) SFV-infected baby hamster kidney (BHK) cells were 

pulse-labeled with 3H-uridine for 1 h during the time periods indicated. After labeling, RNA was 

isolated, analysed by denaturing agarose gel electrophoresis, and visualized by fluorography. The 
positions of genomic and subgenomic RNA are indicated; (B) Liquid scintillation counts of the same 

RNA as in A; (C) Expression of the replicase proteins and their distribution between the P15 and S15 

fractions as studied by Western blotting with specif ic antibodies. Distribution  of the cytosolic marker 
�†-actin is also shown. Post-nuclear supernatant (PNS) was prepared at 4 h post infection (p.i.), and 

equivalent amounts of PNS, P15, and S15 were analysed from mock- and SFV-infected cells. Data are 
a representative example of two independent experiments; (D) Distribution of SFV minus- and 

plus-strand RNA determined by in-g el hybridization with a probe specific to minus- or plus-strand 

RNA. The probe against plus-strand RNA detects both genomic and subgenomic RNA. As a control, 
a probe against ribosomal 18S RNA was used; (E) RNA synthesizing activity  of various subcellular 

fractions analysed in vitro by  determining incorporation of 32P-CTP into RNA. After an in vitro 

replication assay (IVRA), RNA was analysed in a denaturing agarose gel. P+S indicates a mixture of 

equal volumes of P15 and S15 from SFV-infected cells. 18S rRNA was detected by in-gel 
hybridization of the same gel. Representative experiments are shown in (D) and (E). 

Similar to the PNS from SFV-infected cells, PNS samples prepared from transfected cells gave a 
total protein concentration of approximately 3 mg /mL and all four nsPs were detected (Figure 2). 
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The results of the fractionation of transfected-cell PNS into S15 and P15 were also comparable to 
those obtained with virus-infected cells, as �†-actin and 18S rRNA were mostly found in the S15 
fractions (Figures 2 and 3). nsP4 was enriched in P15 (~50–70%), except in P1234GAA , where the 
majority of nsP4 was found in S15 (~80%). The P15 fraction of the cleavable constructs, P1234 and 
P1234GAA , contained the majority of nsP1 (~90 and 80%, respectively). Approximately 30% and 20% 
of nsP2 and ~50 and 40% of nsP3 were found in P15 of P1234 and P1234GAA , respectively. The 
polyprotein P123 was detected when cells were transfected with the uncleavable constructs, P1^2^34 
or P12CA3, and the majority was distributed in P15 (~80 and 90%, respectively). Besides the 
polyprotein P123, bands recognized by anti-nsP1 and anti-nsP2 antibodies were detected in these 
samples. Their size was slightly smaller compared to nsP1 and nsP2 in the cleavable constructs, and 
thus they most likely represent unspecific cl eavage products. Approxim ately 90% of the band 
detected by the anti-nsP1 antibody was found in P15. However, the unspecific cleavage product of 
nsP2 was also mainly found in the membrane fraction (~80%) in contrast to nsP2 in cells infected 
with SFV or transfected with the wild-type replicase,  in which the majority of nsP2 was recovered in 
the cytosolic fraction (Figures 1 and 2). No processed nsP3 was observed in cells transfected with the 
uncleavable constructs, which may be due to its instability and rapid turn-over. The only major 
difference observed between cells transfected with the two uncleavable constructs was that the 
P12CA3 + nsP4-transfected cells contained more nsP4, most likely due to its expression from a 
separate plasmid. 

 

Figure 2. Distribution of nsPs expressed in transfected cells. BSR cells were transfected with the 

replicase plasmid(s) indicated at the top and Tmed template plasmid. At 16 h post transfection, PNS 
was prepared and fractionated into P15 and S15, and nsPs were detected by Western blotting with 

specific antibodies. The polyprotein P123 was recognized using anti-nsP3 antibody. �†-actin was used 

as a cytosolic marker. Equivalent amounts of PNS, P15, and S15 were loaded. Two independent 
experiments were performed and one representative result is shown here. 

We next assessed the presence and distribution of endogenous RNA in the transfected samples. 
No signal was detected when RNA from mock-transfected or P1234GAA  + Tmed-transfected cells was 
analysed by in-gel hybridizations with probes specific for the template RNA (Figure 3A). Both 
minus- and plus-strand RNA were detected in PN S when the wild-type replicase and uncleavable 
constructs together with the template were expressed (Figure 3A). Cells expressing the uncleavable 
construct P1^2^34 + Tmed contained a considerably higher amount of the minus-strand RNA 
compared to those expressing the wild-type construct P1234 + Tmed. Cells transfected with the 
wild-type replicase and Tmed co ntained significantly higher amounts of the genomic and 
subgenomic plus strands when compared to the uncleavable replicase (Figure 3A). In both cases, the 
S15 fraction contained more plus-strand RNA, while the minus-strand RNA was distributed more 
evenly. Thus, it was studied if the minus-strand RN A is in a nuclease-protected form in both the 
membrane and cytosolic fractions. PNS, P15, and S15 fractions from P1^2^34 + Tmed were treated 
with RNase A/T1 under low salt conditions to digest both single- and double-stranded RNA. The 
digestion of 18S rRNA was observed in all treated samples, confirming that the RNase treatment 
was effective (Figure 3B). More minus-strand RNA was digested in PNS and S15 than in P15, but all 
fractions contained at least 80% of the minus-strand RNA present in their corresponding untreated 
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sample (Figure 3B). This indicates that the minus-strand RNA was mostly protected from the 
nucleases and not in a freely accessible form. Furthermore, most of the plus-strand RNA present in 
the PNS and S15 was digested, while in P15 the plus-strand RNA was protected. This confirms the 
idea that the plus-strands in replicative intermedi ates within the RC are membrane-protected, while 
they are released from the RCs into the cytosol in a more nuclease-sensitive form (Figure 3B). 

To study replication activity, IVRAs were pe rformed with the samples prepared from the 
transfected cells. PNS from both mock-transfected cells and those transfected with the inactive 
polymerase mutant (P1234GAA  + Tmed) gave some background, most likely from the T7 polymerase 
that is expressed in BSR cells (Figure 4). However, the wild-type replicase with the template was 
highly active in synthesizing both genomic and subgenomic RNA. RNA II was not observed, which 
may be due to its short half-life in combination with a lower activity of the RCs from transfected cells 
compared to those from infected cells. The P15 and S15 fractions prepared from cells transfected 
with P1234 + Tmed contained 38% and 15% of the replication activity present in the PNS, 
respectively (Figure 4). A combination of P15 and S15 gave a yield of 53%. In contrast to the 
wild-type replicase, the uncleavable constructs P1^2^34 and P12CA3 + nsP4 replicated the 
endogenous template poorly, although they pr oduced RNA species with sizes corresponding to 
both genomic and subgenomic Tmed. However, the smaller RNA species was detected in the 
polymerase mutant as well and thus might be th e result of another (background) activity. In 
addition, an unspecific product was observed in all constructs with a size below that of the 
subgenomic RNA. The higher expression levels of nsP4 most likely explain why P12CA3 + nsP4 
produced more labeled RNA than P1^2^34 (Figures 2 and 4). 

 

Figure 3. Distribution and stability of endogenous minus- and plus-strand RNA in P15 and S15 

fractions prepared from transfected BSR cells. (A) PNS was prepared at 16 h post transfection, and 

total RNA was isolated from equivalent amount s of PNS, P15, and S15 followed by in-gel 

hybridization with probes that detect either minu s- or plus-strand RNA. Subgenomic (SG) RNA is 

indicated by Tmed SG. Numbers below the lanes indicate the percentage of 32P-label detected in the 
genomic RNA compared to PNS. For the plus-strand RNA, the genomic Tmed was quantified. As a 
control, a probe against ribosomal 18S RNA was used; (B) PNS, P15, and S15 from cells 

co-transfected with the P1^2^34 and Tmed constructs were treated with RNase A/T1 under low salt 
conditions, and RNA was detected as in A. Numb ers below the lanes indicate the percentage of 
32P-signal in genomic RNA compared to the untr eated sample. Representative experiments are 

shown. 
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batches of PNS, P15, and S15 from infected and transfected cells produced very similar results 
(activities), showing the robustness of the system. 

Highly active RNA synthesis was observed in vitro only when RCs were isolated from cells 
containing the fully processed SFV replicase, either resulting from virus infection or transfection 
with the wild-type replicase and template plasmi ds (Figures 1 and 4). Highly diluted PNS from 
infected cells was routinely used in the IVRA, demonstrating the robustness of the in vitro 
RNA-synthesizing activity of SFV.  Albeit less active, the RCs isolated from transfected cells were 
also functional in making both genomic and subg enomic RNA (Figure 4). A combination of the in 
vitro RNA synthesis assay and trans-replication system can also be applied to study the replication 
of CHIKV, as a trans-replication system is available for this highly pathogenic alphavirus as well 
[28]. 

 

Figure 8. Schematic representation of the possible activities of various RCs that can be produced with 

the trans-replication system. (A,B) When cells are transfected with the partially uncleavable replicase 

and template constructs, PNS shows very little activity in vitro indicated by the white arrows. A 

minor amount of plus-strand RNA is made, and it is also possible that RCs finish initiated minus 
strands. These complexes represent early RCs; (C) when cells are infected or transfected with the 

wild-type replicase and template constructs, the prepared PNS is highly active in vitro and 

synthesizes RNA of positive polarity, both genomic and subgenomic, indicated by the orange 

arrows. These complexes are late RCs. 

Infection and the trans-replication system only yielded isolated RCs that synthesized 
exclusively plus-strand RNA (Figure 5). These complexes thus represent late-stage RCs formed by 
nsP1 to nsP4 and are dedicated to the synthesis of plus strands [8,21]. Here, the optimal time point to 
isolate active RCs from SFV-infected cells was around 4 h.p.i. (Figure 1), and thus the observed 
plus-strand synthesis is consistent with SFV minus-strand synthesis ceasing between 3 and 4 h.p.i. in 
mammalian cells [43]. Furthermore, our and previous metabolic labeling studies of SFV-infected 
cells also indicate that viral replication is maximal at this time [32]. Endogenous minus strands and 
replication activity were mainly found in the membrane fraction prepared from SFV-infected cells, 
while endogenous plus strands were more abundant in the cytosolic fraction (Figure 1). The same 
has been observed with CHIKV-infected cells [25], and confirms the idea that the membranous 
spherules accommodate the minus-strand RNA as well as the active replication complex [23–25]. 
Interestingly, the cytosolic fractions from the tran s-replication system contained more minus-strand 
RNA than those from infected cells. However, the minus-strand RNA in the cytosolic fraction from 
transfected cells was insensitive to RNases (Figure 3), suggesting it is in spherules or other protective 
structures. This is also supported by the observation that the ratio of the activity between the S15 and 
P15 fractions was higher in the samples prepared from the transfected cells than in those obtained 
from infected cells (Figures 1 and 4). These differences in spherule distribution might be explained 
by their subcellular location. With the infection conditions described here, SFV spherules are mainly 
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located in small endocytic vesicles and perinuclear cytopathic vacuoles [18]. In the trans-replication 
system, spherules mainly stay at the plasma membrane [29]. 

The partially uncleaved replicase protein produced considerably higher amounts of the 
minus-strand RNA and considerably smaller amounts of the plus-strand RNA in cells, compared to 
the wild-type replicase (Figure 4). It has been observed that the early RCs consisting of P123 and 
nsP4, although primarily synthesizi ng minus strands, are also able to make plus strands [6,8,21,24], 
albeit inefficiently compared to late-stage RCs. However, it is intriguing how dramatic the difference 
in the minus-strand RNA synthesis was. If we assume that minus strands represent RCs, our results 
imply that the partially uncleaved replicase is able to make significantly higher numbers of RCs 
compared to the wild-type replicase. This suggestion is in line with the requirement of partially 
uncleaved replicase to form spherules without th e template [29]. Furthermore, Western blotting 
showed that in all replicase constructs the polymerase nsP4 was enriched in the membrane fraction, 
with the exception that in P1234GAA  it did not become membrane-associated but mainly remained 
free in the cytosol (Figure 2). Because the spherule assembly without active viral replication is 
achieved only if P23 remains uncleaved [29], RCs are not formed using a fully cleaved construct 
P1234GAA , and consequently nsP4 stays cytosolic, explaining our results. Thus, the recruitment of 
nsP4 to the RC requires its catalytic activity and the presence of a template RNA. 

Besides replication, active translation was observed in the SFV in vitro system (Figure 6), 
similar to PNS prepared from SA RS-coronavirus-infected cells, for which ongoing protein synthesis 
was not required for in vitro replication activity [ 42]. Likewise, the activity of isolated SFV RCs did 
not require ongoing translation in the in vitro as say (Figure 6), suggesting that (the bulk of) the 
activity that is measured in our assay can be attributed to the existing isolated RCs and that new RCs 
that might be formed (if at all) de novo during  the reaction do not contribute significantly. 
Translation inhibitors did not boost replication either, indicating that ribosomes caused no 
significant stall of the polymerase complex. In SFV-infected cells, which synthesize both minus and 
plus strands, translation inhibitors cause selective shut off of the minus-strand RNA synthesis [43]. 
However, overproduction of the nonstructural protei ns does not lead to increased RNA synthesis in 
SFV-infected cells [44]. 

The in vitro replication and capture probe expe riments showed that the partially uncleaved 
replicases had a very poor in vitro replication activity on an endogenous template (Figures 4 and 5). 
The amount of radiolabeled RNA that was produced in vitro by P1^2^34 was only slightly above the 
background levels that were observed when the inactive polymerase mutant was used, although 
P1^2^34 produced high levels of the minus-strand RNA in cells (Figures 3–5). This indicates that 
after P123 and nsP4 have formed early RCs and synthesized the minus-strand in cells, they do not 
continue to make additional minus strands (in vitro). This is supported by the observation that a 
translation inhibitor blocks continuous minus-st rand synthesis in SFV- and SINV-infected cells 
[43,45]. Furthermore, membranes containing the polyprotein P123 and polymerase nsP4 were 
unable to initiate RNA synthesis in vitro using an exogenous template (Figure 7). As it has been 
shown that the partially uncleaved replicase forms spherules without the template [29], we speculate 
that the proteins were sequestered in spherules and did not have access to and so could not recruit 
the cytosolic template. 

Introduction of the HA-affinity tag in the nonstructural protein 4B (NS4B) has been used to 
purify hepatitis C virus (HCV) RCs [38]. NS4B is a membrane protein, and the scaffolding protein 
HCV RCs and affinity capture resulted in an enrich ment of DMVs capable of the de novo synthesis 
of HCV RNA. Thus, we also probed a similar approach to isolate SFV replicase proteins by tagging 
nsP3, which is known to tolerate insertions [18]. However, HA-affinity capture could not be used to 
purify complexes of P123 and nsP4 or complexes of nsP3 and nsP4; only nsP3 bound to the capture 
beads (Figure 7) and most likely represented cytoplasmic aggregates of nsP3 [46,47], supporting our 
hypothesis that nsPs engaged in replication are sequestered in spherules. Consequently, the results 
indicate that the minus-strand sy nthesis requires that RCs or spherules are assembled at the same 
time as the minus-strand synthesis is initiated, and this was not achieved in vitro because the 
replicase proteins had already formed spherules. The recent cryo-electron tomographic 
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