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Abstract 1 

Alphaviruses are positive-strand RNA viruses expressing their replicase as a polyprotein P1234, 2 

which is cleaved to four final products, nonstructural proteins nsP1-nsP4. The replicase proteins 3 

together with viral RNA and host factors form membrane invaginations termed spherules, which 4 

act as the replication complexes producing progeny RNAs. We have previously shown that the wild 5 

type alphavirus replicase requires a functional RNA template and active polymerase to generate 6 

spherule structures. However, we now find that specific partially processed forms of the replicase 7 

proteins alone can give rise to membrane invaginations, in the absence of RNA or replication. The 8 

minimal requirement for spherule formation was the expression of properly cleaved nsP4, 9 

together with either uncleaved P123, or with the combination of nsP1 and uncleaved P23. These 10 

inactive spherules were morphologically less regular compared to replication-induced spherules. 11 

In the presence of template, nsP1 + uncleaved P23 + nsP4 could efficiently assemble active 12 

replication spherules producing both negative-sense and positive-sense RNA strands. P23 alone 13 

did not have membrane affinity, but could be recruited to membranes sites in the presence of 14 

nsP1 and nsP4. These results define the set of viral components required for alphavirus replication 15 

complex assembly and suggest the possibility that it could be reconstituted from separately 16 

expressed nonstructural proteins.   17 

 18 

Importance 19 

All positive-strand RNA viruses extensively modify host cell membranes to serve as efficient 20 

platforms for viral RNA replication. Alphaviruses and several other groups induce protective 21 

membrane invaginations (spherules) as their genome factories. Most positive-strand viruses 22 
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produce their replicase as a polyprotein precursor, which is further processed through precise and 23 

regulated cleavages. We show here that specific cleavage intermediates of the alphavirus replicase 24 

can give rise to spherule structures in the absence of viral RNA. In the presence of template RNA, 25 

the same intermediates yield active replication complexes. Thus, partially cleaved replicase 26 

proteins play key roles that connect replication complex assembly, membrane deformation and 27 

the different stages of RNA synthesis. 28 

 29 

 30 

Introduction 31 

Alphaviruses are positive-strand RNA viruses belonging to the family Togaviridae together with 32 

rubella virus, the only member of genus Rubivirus. Some New World alphaviruses (e.g. Venezuelan 33 

equine encephalitis virus) can cause serious nervous system infections, whereas several Old World 34 

alphaviruses are associated with fever, rash and arthritis (1). The latter include chikungunya virus, 35 

now found throughout the world in tropical and sub-tropical regions, as well as Sindbis virus (SINV) 36 

and Ross River virus.   37 

After entering the cell, alphaviruses induce numerous bulb-shaped membrane 38 

invagination or spherules, which are the viral replication complexes (2, 3). It is thought that 39 

progeny RNAs are released through the constricted ‘neck’ of the spherule, which provides a 40 

connection between the spherule interior and the cytoplasm. The alphavirus spherules are located 41 

at the plasma membrane or at endo- and lysosomal membranes (4). Flaviviruses and nodaviruses 42 

also generate replication spherules located at different membrane sites, as do many plant viruses, 43 

among which the spherule formation of bromo- and tombusviruses has been especially well 44 

characterized. Other positive-strand RNA viruses (picornaviruses, coronaviruses and hepatitis C 45 
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virus) induce more complex membrane alterations, including double-membrane vesicles and 46 

membranous webs (5). Remarkably, membrane-associated replication is common to all positive-47 

strand RNA viruses of eukaryotes; host cell membranes are used both to provide efficient 48 

platforms for RNA synthesis as well as to protect viral RNAs from cellular antiviral surveillance (6, 49 

7). While the morphologies of the replication membranes have been described in detail for several 50 

viruses (8, 9), the mechanisms of membrane modification and the necessary viral and cellular 51 

components are still poorly understood.  52 

The alphavirus genome is translated to yield polyprotein P1234, which is the 53 

precursor of viral nonstructural proteins nsP1-nsP4. All four nsPs are required for RNA synthesis 54 

(10-12), and they all are found at replication spherules (2, 3). The processing of P1234 takes place 55 

in a defined sequence of steps, and it has been firmly established that the different processing 56 

intermediates play a critical role in the strand-specificity of the replication complex. When nsP1, 2 57 

and 3 are still unprocessed as P123 polyprotein, but the core polymerase subunit nsP4 is cleaved, 58 

the replication complex is mainly dedicated to negative strand synthesis (12, 13). The following 59 

cleavage separates nsP1 from P23, leading to the switch to predominantly positive-strand 60 

synthesis in an irreversible manner. The final cleavage between nsP2 and nsP3 further enhances 61 

subgenomic RNA synthesis (12). 62 

We have analyzed the formation of Semliki Forest virus (SFV) spherules by using an 63 

efficient trans-replication system, in which the replication proteins and a template RNA are 64 

expressed starting from separate DNA plasmids, facilitating the dissection of molecular functions 65 

(14). We have previously observed spherules only when active RNA replication is ongoing, in the 66 

presence of both a functional RNA template and an enzymatically active polymerase complex (14-67 

16). However, we now find that when specific cleavage sites of the replicase are blocked, partially 68 
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processed replicase alone can generate spherule structures. By expressing protein combinations, 69 

we define the set of viral proteins required for replication complex assembly.  70 

 71 

Results 72 

Expression and activity of partially cleaved SFV replicases. We have previously shown that wild 73 

type SFV replicase can only form spherule structures in the presence of a replication-competent 74 

RNA template and active polymerase, and therefore we proposed that alphavirus RNA synthesis 75 

and spherule formation take place concomitantly (14-16). A mutant replicase, in which the 76 

cleavages between nsP1 and nsP2, as well as between nsP2 and nsP3 were prevented, termed 77 

P1^2^34, was capable of efficient minus strand synthesis and spherule formation (16). 78 

Subsequently, as a further control, we mutated the polymerase active site motif Gly-Asp-Asp 79 

(GDD) to Gly-Ala-Ala or GAA (the mutant is denoted nsP4GAA) in the context of the latter replicase. 80 

To our surprise, we reproducibly found that the replication-incompetent polyprotein P1^2^34GAA 81 

was capable of spherule formation both in the absence and presence of a template (see below for 82 

illustrations). To investigate this issue and clarify the requirements for spherule formation, we 83 

generated a larger set of partially cleavage-defective replicase constructs, in which the cleavage 84 

sites have been destroyed (denoted by ^ at the destroyed site), or the nsP2 protease has been 85 

inactivated by mutating the active site cysteine to alanine (denoted 2CA) (Fig. 1A). In some of the 86 

set-ups, the replicase is provided as multiple fragments from separate plasmids. Others and we 87 

have previously shown that nsP4 can be efficiently provided in trans with respect to P123, when 88 

the correct N-terminus of nsP4 is ensured by using a ubiquitin-nsP4 (ubi4) fusion (12, 14). In the 89 

current experiments we also provided polyproteins starting with nsP2 as ubiquitin fusions, since 90 

the correct N-terminus of nsP2 is important for at least some of its protease activities (17). In the 91 
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replicase, we included enhanced green fluorescent protein (eGFP; denoted as G in polyproteins) 92 

fused to nsP3 for detection of transfected cells in correlative light and electron microscopy (CLEM) 93 

experiments (18). Marker gene fusions to nsP3 have been extensively used and there is no 94 

evidence that they would grossly alter replicase behavior (4, 19).  95 

 Upon transfection, the replicases were detected by Western blotting, and their 96 

activity was assessed by Renilla luciferase read-out (luciferase is expressed from the template 97 

construct; Fig. 1A), as well as Northern blotting (Fig. 1, B-D). P123G4 and P123G+4 (ubi4 produced 98 

from a separate plasmid) acted as positive controls, with efficient replicase processing, as well as 99 

high luciferase activity and RNA replication (Fig. 1, B-D, lanes 3 and 4). P12CA3G4, a totally 100 

uncleaved polyprotein, could not be detected in Western blotting, probably due to its high 101 

molecular mass (calculated at 297 kDa), but the protein was expressed as evidence by 102 

immunofluorescence staining with antibodies against the nsPs and by eGFP autofluorescence 103 

utilized in CLEM experiments (see below). There was no evidence for luciferase activity or 104 

replication, in accordance with a large body of previous work showing that the cleavage of nsP4 is 105 

essential for RNA synthesis and virus replication (10, 13). P1^2^3G4 and P12CA3G+4 should be 106 

equivalent, and indeed both gave rise to uncleaved P123G, as well as efficient minus strand 107 

synthesis (Fig. 1, B-D, lanes 6 and 7). Since plus strand synthesis was relatively weak (small 108 

increase compared to template only control), the luciferase levels were intermediate between 109 

wild type replicase and negative controls.  110 

  Interestingly, P12^3G4, which gave rise to P23G in Western blotting (Fig. 1, B-D, lane 111 

8), yielded luciferase levels and RNA replication that was close to the wild type replicase. 112 

Remarkably, a three-construct combination 1+2CA3G+4 mimicked this behavior (lane 9). However, 113 

when 2/3 cleavage was allowed in the three-construct combination by transfecting 1+23G+4, 114 
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there was no evidence for RNA replication through luciferase activity or Northern blotting (lane 115 

10). The implications of these results for replicase assembly are further examined and discussed 116 

below.  117 

Formation of spherule structures in the absence of RNA template and replication. The wild type 118 

replicase can only form spherules in the presence of an RNA template but not in its absence. These 119 

images are shown for comparison in Fig. 2 A and B. In the current work, we initially observed that 120 

P1^2^3G4GAA, which is replication-incompetent due to polymerase mutation (Fig. 1D, lane 11), was 121 

capable of forming spherule structures both in the presence and in the absence of RNA template 122 

with a seemingly equal efficiency (Fig. 2C and D). However, the appearance of these spherules was 123 

distinct from those seen under replicating conditions. The novel structures were more 124 

heterogeneous in size, and more irregularly shaped.  We cannot exclude that cellular or plasmid-125 

derived RNAs could be unspecifically recruited to the invaginations in the absence of the viral 126 

template. These novel membrane invaginations are clearly distinct from anything observed in non-127 

transfected cells, and for simplicity, we propose to call them inactive spherules, although the term 128 

spherule-like structure could also be applied. Therefore, some alphavirus replicase protein 129 

combinations can give rise to spherules in the absence of RNA, although under replicative 130 

conditions the RNA contributes to the size and appearance of the spherules (20).    131 

 We next wanted to define the polyprotein requirements for spherule formation in 132 

the absence of RNA. Not surprisingly, the inactivating polymerase mutation used in the first 133 

experiment (Fig. 2C and D) did not influence spherule generation, and P1^2^3G4 containing an 134 

active polymerase also yielded spherules (Fig. 2E). Totally cleavage-defective P12CA3G4 did not 135 

yield spherules in extensive searches made with this construct expressed at low levels (Fig. 2F), 136 

and thus the cleavage of nsP4 was required. Secondly, uncleaved P123 (P12CA3G) without the core 137 
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polymerase subunit nsP4 was not sufficient for spherule formation even if provided with a 138 

template (Fig. 2G), but P12CA3G+4 readily gave rise to spherules in the absence of template (Fig. 139 

2H). Therefore we concluded that the presence of individual nsP4 was required for spherule 140 

formation. P12^3G4 yielded spherules (Fig. 2I), indicating that the blocking of 2/3 cleavage was 141 

sufficient for spherule formation, compared to the wild type cleavable replicase that did not 142 

generate spherules in the absence of RNA template (Fig. 2B) or replication (14). Finally, the 143 

combination 1+2CA3G+4 yielded spherule structures (Fig. 2J), although in this case they were 144 

rather few and difficult to find. The results with 1+23G+4 were somewhat ambiguous as individual 145 

structures resembling spherules were occasionally observed (Fig. 2K), while other samples were 146 

devoid of spherules. In conclusion, all the nsPs need to be present to generate spherules, and nsP4 147 

needs to be cleaved off the remainder of the polyprotein, which can be provided as uncleaved 148 

P123, or as the combination of nsP1+uncleaved P23, with the former leading to more efficient 149 

spherule formation. 150 

 We note that it is not possible to provide numerical estimates of spherule 151 

frequencies, and so the previous observations report qualitative findings after thorough 152 

examination of several samples for each transfection. The reason for this inability is the extremely 153 

patchy distribution of spherules on cell surfaces, which can be seen in correlative fluorescence 154 

scanning electron microscopy (Fig. 3). Because large areas of the plasma membrane are devoid of 155 

spherules even in replication-positive or transfection-positive cells, in thin sections, such as shown 156 

in Fig. 2, it is necessary to screen multiple sections and large areas. Nevertheless, we are confident 157 

of the above findings, since e.g. P12CA3G+4 in the absence of template consistently gives rather 158 

frequent clusters of spherules, and on the other hand, extensive efforts have been made to 159 

examine samples reported as spherule-negative.     160 
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nsP1+P23+nsP4 combination efficiently forms active replication complexes. The three-construct 161 

combination 1+2CA3G+4, when provided with a template, gave luciferase activity and RNA 162 

replication at levels close to wild type replicase (Fig. 1C and D, lane 9). This combination with the 163 

template also yielded wild type spherules with a regular appearance and dot-like RNA staining (Fig. 164 

4F). In contrast, the combination 1+23G+4 did not replicate to any extent (Fig. 1 C and D, lane 10). 165 

Altogether, this indicates that the three replication proteins nsP1, P23, and nsP4 constitute the 166 

minimal viral requirements for efficient assembly of replication complexes, and that the cleavage 167 

products of P23, that is nsP2 and nsP3, are no longer suitable for assembly. 168 

 We next assessed the localization of the key components required for replicase 169 

assembly. Uncleaved P23 (P2CA3G) localized to cytoplasmic granular structures, with some general 170 

cytoplasmic background given by the nsP2 antibody (Fig. 4A). With a cleavable P23G construct, 171 

nsP3 localized in granules, whereas nsP2 was found diffusely either in the nucleus or in the 172 

cytoplasm (Fig. 4B). These localizations are typical of the proteins expressed separately, since SFV 173 

nsP2 has a nuclear localization signal, but remains cytoplasmic in a fraction of the cells, whereas 174 

nsP3 localizes to aggregations co-opting some of the components of cellular stress granules (21, 175 

22). Thus, in uncleaved P23, the localization signals of nsP3 dominate those of nsP2. When nsP1 176 

was co-expressed with P2CA3G, the localization of the nsP3 signal started to change (Fig. 4C). This 177 

effect became more pronounced with the combination of 1+2CA3G+4 (Fig. 4D), as P23G then in 178 

some regions displayed plasma membrane localization typical for nsP1 alone, and for the early 179 

replication complexes (Fig. 4D, inset). 180 

 To verify these results, P2CA3G alone, and the combinations of 1+2CA3G and 181 

1+2CA3G+4 were subjected to simple cell fractionation separating cytoplasmic fraction from 182 

membranes pelleting at 15,000 x g.  nsP1 was always present almost exclusively in the membrane 183 
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fraction, as expected (23). P23G was soluble when expressed alone, but gained some membrane 184 

association in the presence of nsP1, which was further enhanced by the addition of nsP4 (Fig. 4E, 185 

upper panel). This experiment was extended by examining the nsP4-containing combinations 186 

2CA3G+4 and 1+ 2CA3G+4 (Fig. 4E, lower panel). nsP4 had only a minor effect on the fractionation 187 

of P23G. Notably, in the three-plasmid combination nsP4 became stabilized and was more 188 

prominently present in the membrane fraction. In conclusion, P23 was recruited to membranes in 189 

the presence of nsP1 and nsP4, likely due to assembly of entire replication complexes and some 190 

spherule structures (see discussion).   191 

Partially uncleaved Sindbis virus nonstructural proteins generate spherules. To analyze if these 192 

phenomena would be applicable to other alphaviruses, a selected set of constructs were built for 193 

SINV. These included P123 with protease-inactivating CA-substitution in nsP2 and eGFP fused to 194 

nsP3, as well as the wild type, cleavable version of this polyprotein. nsP4 was usually produced as 195 

a separate protein utilizing ubiquitin fusion (Fig. 5A). The proteins were first analyzed by Western 196 

blotting, in which uncleaved P123 gave rise to the expected large-molecular mass band (Fig. 5B). In 197 

luciferase assay, all polyprotein constructs were active, when all four proteins were expressed 198 

together with a template. Somewhat surprisingly, the CA-substitution in nsP2 did not reduce 199 

luciferase expression, and the counts were generally two orders of magnitude above the 200 

background of template only control (Fig. 5C). The polyprotein plasmid-transfected cells were then 201 

studied in EM, both with and without template expression. Similarly to SFV, the SINV P12CA3+4 202 

combination producing uncleaved P123 was able to form plentiful spherule structures even in the 203 

absence of template (Fig. 5Di), but spherules were very rare when P123 was cleavable (Fig. 5Dii). 204 

As a comparison, a sample with template was included, verifying the efficient active spherule 205 

formation with the uncleaved P123 together with nsP4 (Fig. 5Diii). The analysis of proteins 206 

localizations showed similar behavior as with SFV, i.e. nsP2 and nsP3 were detected diffusely, and 207 
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were to some extent seen on the plasma membrane, when nsP1-3 were expressed as an 208 

uncleavable polyprotein P12CA3G (Fig. 5E, upper row). When the polyprotein was cleavable, nsP2 209 

distributed throughout the cytoplasm and nsP3 was found exclusively in granules (Fig. 5E, lower 210 

row), in spite of the possible presence of multiple forms of nsP3 (Fig. 5B). We note that in a 211 

previous study it was reported that the SINV combination of uncleaved P123+4 in the absence of 212 

template did not yield spherules (24). We attribute our current clearly positive result to the use of 213 

CLEM technique, with which we can exclusively focus on those cells that express the polyprotein, 214 

as detected by fluorescence.    215 

 216 

Discussion 217 

We showed here that membrane invaginations can be generated by the alphavirus replicase in the 218 

absence of RNA replication or RNA template. All four nsPs are necessary, such that nsP4 has to be 219 

cleaved from the other proteins (or be produced separately), but P123 or at least P23 needs to 220 

remain uncleaved. These requirements for replication spherule formation can be compared with 221 

brome mosaic virus (BMV), which is a member of the alphavirus-like superfamily and thus its 222 

replication proteins are distantly related to their alphavirus counterparts (25). The two replication 223 

proteins of BMV are produced from separate RNAs and there is no proteolytic cleavage. 224 

Interestingly, BMV 1a protein alone can form spherules very efficiently on its own in the absence 225 

of the core polymerase subunit 2a (26).  1a contains RNA capping enzyme and RNA helicase 226 

domains corresponding to alphavirus nsP1 and the N-terminal domain of nsP2. No gross 227 

morphological differences of BMV spherules in the presence and absence of RNA template have 228 

been reported, but specific mutations in 1a can alter the size and abundance of the spherules (27, 229 

28). In contrast, the size of alphavirus spherules is determined by the length of the RNA template 230 
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(20), for which no effect has been reported in the case of BMV spherules. The order of events 231 

during spherule formation has not been established, but for BMV it has been speculated that RNA 232 

could be transported to the spherules after they have been formed (29). We think that such a 233 

scenario is unlikely in alphaviruses, and have proposed that in wild type virus RNA synthesis and 234 

spherule formation would be linked (20). A third example of spherule formation is provided by the 235 

unrelated tombusviruses, in which RNA also determines spherule size (30). 236 

 The function of alphavirus replication complexes requires all the four nsPs. This work 237 

shows that the assembly of spherules structures even in the absence of template RNA also 238 

requires all of these proteins. In particular, nsP4 needs to be cleaved, whereas efficient spherule 239 

formation was achieved only when P123 remained uncleaved. This configuration corresponds 240 

exactly to the early alphavirus polymerase synthesizing predominantly negative-strand RNA (12). It 241 

is thought that both in BMV and in alphavirus replication complexes the core polymerase 242 

component is present in smaller quantities compared to the other viral protein(s) (26, 31). It is 243 

therefore somewhat surprising that alphavirus nsP4 is absolutely required for spherule formation, 244 

whereas BMV 2a is not. nsP4 may for instance facilitate the proper interactions of the other 245 

domains within the alphavirus replicase that are not found in BMV proteins. This possibility could 246 

be supported by the result that nsP4 seemed to increase the membrane recruitment of P23 in the 247 

presence of the membrane anchoring component nsP1. Alternatively, nsP4 could be necessary for 248 

the recruitment of host factors that promote spherule formation.   249 

In the absence of RNA, uncleaved P123+nsP4 generated spherules more efficiently 250 

than nsP1+uncleaved P23+nsP4. In presence of RNA the latter combination still efficiently 251 

assembled replication complexes, but cleavable P23 did not. Earlier results also support an 252 

essential role for the precursor P23, since mutations in nsP1 and nsP4 can complement those in 253 

nsP2 or nsP3, but genetically nsP2 and nsP3 form a single cistron (32). Secondly, in prior 254 
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experiments the attempt to express cleavable SINV P23 together with the other replicase 255 

components also failed to yield RNA replication (11). On the other hand, uncleaved P23 can 256 

function quite well for replication, as shown here and earlier (13). The fact that alphavirus 257 

replicase can be assembled from three virus-specific components suggests that these proteins 258 

might be separately purified for assembly experiments. While they are prone to aggregation in 259 

expression systems, progress has been reported with all: the capping enzyme nsP1, the 260 

polymerase nsP4 and large portions of the P23 precursor (33-35).    261 

With the expression of replication proteins alone, spherule-like membrane 262 

invaginations could be detected but their sizes were variable and often small in the cases where 263 

no template was included. This is in agreement with our previous data, where we measured 264 

spherule sizes and showed that the size is dependent on the template length (20). Thus, it seems 265 

that the proteins themselves are enough for the induction of membranous structures in various 266 

sizes, but only if they are not completely cleaved and have enough time to interact and form a 267 

complex. It is also possible that only in correct conformation the replicase proteins are able to 268 

interact with cellular factors that are present at the replication complexes (36-38). Although these 269 

host proteins promote virus replication and interact with nsP3, their specific actions are not 270 

understood. The current results provide the means to specifically assay spherule formation 271 

independently of RNA replication. Thus, experiments can now be made to clarify whether the host 272 

factors contribute to membrane deformation, as proposed for the membrane-curving protein 273 

amphiphysin (37), or to other aspects of replicase assembly or function.    274 

 275 

Materials and methods  276 
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Cells and cell fractionation. BSR T7/5 cells, a derivative of BHK cells stably expressing T7 RNA 277 

polymerase (39), were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented 278 

with 10% foetal bovine serum, 2 mM L-glutamine, 100 U/ml penicillin and 100 µg/ml streptomycin 279 

further supplemented with 2% bacto tryptose phosphate broth, non-essential amino acids, and 1 280 

mg/ml G418 for selection of T7 polymerase expression. For fractionation, cells were transfected 281 

with the indicated protein combinations on 10 cm dishes using Lipofectamine™ LTX (Invitrogen). 282 

At 16 hours post transfection, cells were harvested, washed with phosphate-buffered saline and 283 

swollen in 10 mM Tris/HCl (pH 8.0) and 10 mM NaCl, supplemented with PierceTM Protease 284 

Inhibitors (Thermo Fisher Scientific). Cells were disrupted in a Dounce homogenizer with 30 285 

strokes. Post-nuclear supernatant was prepared by removing the nuclei and intact cells by 286 

centrifugation at 500 x g for 10 min. The post-nuclear supernatant was further centrifuged at 287 

15,000 x g for 20 min to obtain membrane (P15) and supernatant (S15) fractions. 288 

 289 

Plasmid constructs for SFV. Plasmids encoding the wild-type replicase polyprotein P123Z4 (Z 290 

indicates fluorescent protein ZsGreen), the polyprotein with inactivated polymerase P123Z4GAA 291 

and the polyprotein with mutated processing sites P1^2^3Z4 as well as ubi-nsP4, have been 292 

described previously (14). To obtain processing deficient replicase polyprotein with inactive RNA 293 

polymerase (P1^2^3Z4GAA), the mutated fragment of nsP4 was transferred from plasmid 294 

P123Z4GAA by using Bsu36I and BamHI restriction sites. To obtain completely processing-deficient 295 

replicase polyprotein (P12CA3Z4), nsP4 was inserted into P12CA3Z construct (16) by using the same 296 

restriction sites. In order to replace ZsGreen with eGFP, the eGFP was first PCR-amplified and 297 

cloned into the naturally occurring XhoI-site in SFV replicon plasmid pSFV1 (40). The eGFP 298 

containing fragment was then transferred to P123Z4 and P123Z4GAA by using the restriction sites 299 

Bsu36I with BamHI or NotI, respectively. Similarly, eGFP was cloned into P12CA3Z4, P1^2^3Z4 and 300 
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P1^2^3Z4GAA with Bsu36I and NotI. The construct P12^3G4 was created by transferring the SacI – 301 

Bsu36I fragment, including the cleavage-defective site between nsP2 and nsP3, from P1^2^3Z4 to 302 

P123G4. In order to replace ZsGreen with eGFP in P12Z3 and P1^2^3Z (14), the Bsu36I and AgeI 303 

digested fragment of nsP3-eGFP was transferred from P123G4 to P12Z3 and P1^2^3Z. The nsP1-304 

expressing construct was created using PCR amplification. A forward primer (5´-305 

AACACAGCGAAACACTAACACGA-3´) and a reverse primer (5´-306 

TAGGTTAATTAATTATGCACCTGCGTGATACTCT-3´) were used, the latter designed to carry a stop 307 

codon (in bold) followed by PacI restriction site (underlined). The fragment was used to replace 308 

the MscI - PacI region of P123Z4, thus deleting nsP2-4 coding regions. ubi-nsP23G and ubi-309 

nsP2CA3G were constructed by cloning a fragment of ubi-nsP2, containing a similar ubiquitin fusion 310 

as nsP4 (14), with NcoI and SacI into P123G and P12CA3G, thus removing nsP1 from both. 311 

Previously described template constructs Tshort (14) and Tmed_Vis (16) were used. 312 

Plasmid constructs for SINV. All constructs were based on the TOTO1101 isolate of SINV; the 313 

corresponding infectious clone plasmid (41) was used as the source of fragments for subcloning 314 

procedures. A plasmid expressing wild type P1234 under the control of bacteriophage T7 RNA 315 

polymerase promoter was constructed as described for the equivalent chikungunya virus 316 

construct (42), except that the sequence was not codon-optimized and that sequences from 317 

human beta actin, hepatitis delta virus ribozyme or T7 terminator were not included. The obtained 318 

expression plasmid was designated P1234-SINV. In plasmid P123G, lacking nsP4 region, eGFP 319 

(flanked with Gly-Gly dipeptide linkers) insertion after codon 1734 of P123 was achieved by 320 

replacement of the SfiI-PacI fragment of P1234-SINV with a synthetic DNA fragment (Genscript). In 321 

order to obtain a plasmid for expression of SINV P123 without eGFP insertion, the corresponding 322 

sequence was removed by SpeI digestion. Constructs P12CA3-EGFP-SINV and P12CA3-SINV, 323 

harboring a mutation substituting Cys 1021 residue (the catalytic residue of nsP2 protease) by Ala 324 



16 
 

residue, were obtained using PCR-based mutagenesis and subcloning procedures. The construct 325 

designated as ubi-nsP4-SINV was obtained by replacement of PflMI-EcoRI restriction fragment of 326 

P1234-SINV with a synthetic fragment (Genscript) consisting of the downstream part of 327 

encephalomyocarditis virus internal ribosome entry site followed by ubiquitin and sequence 328 

encoding the SINV nsP4 N-terminal region.   329 

The plasmid encoding a truncated RNA template for SINV replicase was constructed 330 

as follows. The basic expression cassette was obtained as synthetic DNA (Genscript) and consisted 331 

of the following parts: i) promoter for bacteriophage T7 RNA polymerase followed by 257 5’ 332 

residues of SINV genome, ii) fragment corresponding to SINV subgenomic RNA promoter (residues 333 

-76 to 63, with respect to the beginning of subgenomic RNA), iii) 3’ UTR of SINV (322 residues from 334 

the 3’ end of SINV genome) followed by a poly(A) sequence of 30 residues, the negative strand 335 

ribozyme of hepatitis delta virus and T7 terminator. Elements I and II, as well as elements II and III 336 

were separated by short polylinkers containing unique restriction sites. Sequence encoding Renilla 337 

luciferase reporter was PCR amplified and cloned into the polylinker between elements I and II, 338 

such that the coding sequence for an N-terminal fragment of SINV nsP1 was in frame with Renilla 339 

luciferase. Sequence encoding for Tomato marker protein was PCR amplified and cloned into the 340 

polylinker between elements II and III, and the obtained plasmid was designated SINV-Rluc-Tom. 341 

The sequences of all constructs were verified by Sanger sequencing and are available from the 342 

authors upon request.    343 

Western blotting. Cells were transfected with plasmids by using Lipofectamine™ LTX reagent 344 

(Invitrogen) according to manufacturer’s instructions and incubated for 16 h. Total cell lysates 345 

were fractionated on 10% SDS-polyacrylamide gels followed by transfer to Hybond-ECL 346 

(Amersham Biosciences). Filters were blocked against nonspecific binding using 5% non-fat dry 347 
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milk powder, and probed with antibodies specific for individual SFV or SINV nsPs. Equal loading 348 

was confirmed by probing the same filter with an antibody for β-actin (Sigma-Aldrich). Signals 349 

were obtained by incubating the filters with secondary antibodies IRDye®800CW donkey anti-350 

rabbit IgG (Li-cor Biosciences) and Alexa Fluor 680 anti-mouse IgG (Invitrogen) and scanning the 351 

filters with Odyssey system (Li-cor). 352 

Luciferase assay. Transfections for luciferase assay were done on 96-well plates for 16 hours and 353 

measured as previously described (14) by using Promega’s luciferase assay system according to 354 

the manufacturer’s instructions. 355 

Confocal microscopy. BSR cells were grown on coverslips and transfected with different construct 356 

combinations by using Lipofectamine™ LTX according to manufacturer’s instructions. Cells were 357 

fixed after 16 h with 4% paraformaldehyde for 20 minutes, washed three times with PBS and 358 

quenched with 50 mM NH4Cl. After permeabilization with 0.1% Triton X-100, samples were 359 

incubated with primary antibodies for 1h, washed three times with PBS and incubated with 360 

appropriate secondary antibodies for 1 h. After careful washes, samples were mounted with 361 

ProLong® Gold containing 4’, 6-diamidino-2-phenylindole (DAPI) (Molecular Probes). Cells were 362 

analyzed with Leica TCS SP5II HCS A confocal microscope using HCX PL APO 63x/1.2W Corr/0.17 CS 363 

(water) objective. Confocal images were analyzed by using either BioImageXD (43) or ImageJ 364 

(National Institutes of Health, MD) software.  365 

CLEM. BSR cells were grown either on MatTek or ibidi dishes with glass bottom and grid, and 366 

transfected with indicated combinations of SFV or SINV constructs by using Lipofectamine™ LTX. 367 

All CLEM samples were fixed with 2% glutaraldehyde in 0.1 M sodium-cacodylate buffer for 30 min 368 

at room temperature and washed with the buffer three times. Cells were immediately imaged 369 

with Leica TCS SP5II HCS A confocal microscope using HC PL APO 20x/0,7 CS (air) objective. 370 
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Fluorescence mode was used to obtain images from transfection-positive cells and differential 371 

interference contrast (DIC) mode to image the grid of the dish. Samples were then prepared for 372 

transmission electron microscopy. Briefly, samples were stained with reduced buffered osmium 373 

tetroxide and uranyl acetate and processed for flat embedding and ultrathin sectioning as 374 

previously described (18). Positive cells were relocated in electron microscopy based on previously 375 

taken fluorescence and DIC images and imaged with Jeol JEM-1400 and (80 kV) and bottom-376 

mounted camera Gatan Orius SC 1000B.  377 

For scanning electron microscopy, cells were grown and transfected on ibidi dishes 378 

and processed as above until ethanol dehydration. After that, cells were covered with 379 

hexamethyldisilazane (Fluka) and were left to dry o/n in a fume hood. Samples were mounted on 380 

aluminum specimen tubs, coated with platinum sputter and imaged with FEI Quanta 250 Field 381 

Emission Gun scanning electron microscope (10 kV). 382 

RNA isolation and Northern blotting. RNA isolation and Northern blotting were performed as 383 

previously described (20). Briefly, 16 h post transfection, BSR cells were lysed and collected with 384 

TRIsure reagent (Bioline) followed by RNA isolation according to manufacturer’s instructions 385 

except that an additional phenol (pH 5.0)/ chloroform extraction was performed prior to 386 

precipitation. 2 micrograms of total RNA was fractionated on a denaturating 1% agarose gel, and 387 

transferred to positively charged Amersham Hybond-N+ nylon filter (GE Healthcare) by capillary 388 

blotting overnight. RNA was cross-linked to the membrane with Stratalinker (Stratagene). [32P]-389 

labeled antisense probes for (+)strand and (-)strand RNA detection recognized the Renilla 390 

luciferase gene present in template constructs. Prehybridization and hybridization were 391 

performed as described (20). 392 

 393 
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 397 

Figure legends 398 

Fig. 1. Ability of partially cleaved SFV replicases to synthesize RNA. A) Schematic of the SFV 399 

replicase and template expressing constructs used for analysis. The replicase is shown as a single 400 

construct under T7 promoter, but note that in some experiments it is divided to 2 or 3 fragments, 401 

each expressed from a separate plasmid. The sites of mutations inactivating the nsP2 protease, 402 

nsP4 polymerase or destroying the cleavage sites (present in different constructs) are shown. The 403 

insertion of eGFP (denoted G in polyprotein constructs) to nsP3 is indicated. The template Tshort 404 

(14) contains the regions of viral RNA necessary for replication and expresses the Renilla luciferase 405 

enzyme. IRES, internal ribosome entry site; SGP, subgenomic promoter; Rz, ribozyme. B) 406 

Expression of the nonstructural proteins from the obtained constructs (indicated at the top) after 407 

transfection, as analyzed by Western blotting with antibody against nsP3. As a loading control, β-408 

actin elevel in the samples is shown at the bottom. The bands of nsP3-containing polypeptides are 409 

marked. C) Luciferase activity in cell extracts 16 h after transfection of the polyprotein constructs 410 

together with template Tshort. Transfections were carried out in quadruplicate wells; the values 411 

represent average ± standard deviation. D) Negative- (upper panel) and positive-strand (lower 412 

panel) RNA detected by Northern blotting. The arrows indicate the size of the template Tshort. 413 

Incomplete termination of T7 transcription yields larger bands, some of which appear to be 414 

replicating, but the nature of these RNAs remain uncharacterized (20). In panels B-D, a 415 
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representative experiment is shown, and the constructs are shown in the same order in the three 416 

panels.    417 

 418 

Fig. 2. Visualization of spherule structures. Representative images of thin sections from cells 419 

transfected with the indicated constructs are shown. All the images are from transfection-positive 420 

cells based on eGFP fluorescence. The scale bar is 200 nm. In panel A, a few representative 421 

spherule structures have been pointed out with arrowheads.   422 

 423 

Fig. 3. Spherules on the cell surface visualized from the outside. Cells transfected with the 424 

indicated constructs were processed for scanning electron microscopy, and fluorescence-positive 425 

cells were visualized at the EM level. Spherules are seen as small white dots. The scale bars are 3 426 

µm in the left panels, and 500 nm in the enlarged right panels.       427 

 428 

Fig. 4. Experiments with P23. A-D) Localization of replicase proteins. Cells were transfected with 429 

the constructs indicated on the left and protein localization was detected at 16 h post transfection 430 

by using antibodies against nsP1 or nsP2, or by using the autofluorescence of nsP3-eGFP fusion 431 

protein, as indicated in the individual panels. Scale bars 10 µm. In the insets, a merged color image 432 

of the indicated region is shown to visualize co-localization. E) Fractionation of cells expressing the 433 

protein combinations indicated at the top. The post-nuclear supernatant fraction (PNS) was 434 

fractionated to membranes pelleting at 15,000 x g (P15) and the remaining supernatant (S15). The 435 

fractions were analyzed by Western blotting with antibodies against nsPs, as indicated on the 436 
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right. β-actin was used as a loading control. F) Visualization of spherules in a cell expressing the 437 

three-protein combination 1+2CA3G+4 together with template. Scale bar 200 nm.  438 

 439 

Fig. 5. Characterization of partially uncleaved SINV replicases. A) Schematic of the SINV replicase 440 

illustrating the expression of P123 and nsP4 from separate constructs. The template used contains 441 

both Renilla luciferase and the Tomato fluorescent protein genes. IRES, internal ribosome entry 442 

site; SGP, subgenomic promoter; Rz, ribozyme. B) Expression of SINV proteins from the constructs 443 

(indicated at the top) after transfection, as analyzed by Western blotting with antibody against 444 

SINV nsP3. As a loading control, β-actin expression in the samples is shown at the bottom. The 445 

expected sizes of nsP3-containing bands are marked on the right. In cleavable constructs, several 446 

bands are actually detected, and there is a prominent unspecific band present in all samples 447 

(marked with an asterisk). C) Luciferase activity in cell extracts 16 h after transfection of the 448 

polyprotein constructs together with the template. Transfections were carried out in 449 

quadruplicate wells; the values represent average ± standard deviation. D) Representative EM 450 

images of thin sections from cells transfected with the indicated constructs are shown. Scale bars 451 

200 nm. E) Localization of nsP2 and nsP3-containing proteins in cells transfected with the 452 

indicated construct combinations. The detection of nsP2 (in red) was performed with a polyclonal 453 

antibody and nsP3 (in green) utilizing eGFP-fusion. Scale bars 10 µm. 454 
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