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ABSTRACT  26 

mRNA technology has widely incorporated modified nucleotides to temper innate 27 

immune activation by foreign RNA and achieve high levels of heterologous protein 28 

expression. However, the incorporation of modified nucleotides has had limited application to 29 

self-amplifying (sa) RNAs, as it impeded heterologous protein expression. Here, we used a 30 

reporter replicon of the attenuated TC-83 strain of Venezuelan equine encephalitis virus 31 

(VEEV) to investigate the impact of modified nucleotide incorporation on the replication 32 

capacity of the saRNA in transfected cells. ψ and m1ψ-modified molecules exhibited a 33 

profound defect in RNA synthesis compared to unmodified saRNA. Interestingly, the RNA 34 

synthesis levels of m5C-modified RNAs were similar to unmodified molecules, positioning 35 

m5C as a promising candidate for saRNA modification. Moreover, we found that saRNAs 36 

carrying mutations associated with resistance to nucleotide analog polymerase inhibitors 37 

partially overcame the negative impact of m1ψ-modified nucleotide incorporation on RNA 38 

synthesis. Overall, we uncovered a previously unappreciated link between polymerase 39 

fidelity and saRNA amplification. 40 

 41 

INTRODUCTION  42 

RNA technologies involve the in vitro transcription of synthetic RNA molecules that, 43 

upon delivery into a host cell, serve as messenger RNAs (mRNAs) to achieve native 44 

expression of a heterologous protein. The successful development of mRNA technologies 45 

has relied on different strategies aimed at increasing the yield of heterologous protein 46 

expression (1). First, capping with analogs that mimic endogenous mRNA molecules. 47 

Second, optimization of 5’ and 3’ untranslated regions (UTRs), and poly(A) tail to enhance 48 

translational efficiency. Third, incorporation of modified nucleotide analogs, including 5-49 

methylcytidine (m5C), N6-methyladenosine (m6A), 5-methyluridine (m5U), 2-thiouridine (s2U), 50 

N1-methylpseudouridine (m1ψ) or pseudouridine (ψ), to reduce immune activation in 51 

transfected cells (2) and increase the translational capacity of modified mRNAs (3). In turn, 52 
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self-amplifying RNAs (saRNAs) can replicate in the cell cytoplasm, generating multiple 53 

copies of translatable RNAs that assure high yields of heterologous proteins (4, 5). 54 

saRNAs are derived from the genomes of positive-strand RNA viruses. The most 55 

usual design follows the organization of alphavirus genomes, preserving viral 5’ and 3’UTRs 56 

(6). A first open reading frame (ORF) encodes the replicase complex, which consists of non-57 

structural proteins 1–4 (nsP1–4): nsP1 anchors the complex to the plasma membrane and is 58 

required for viral RNA capping, nsP2 functions as an RNA helicase and viral protease, nsP3 59 

serves as a scaffold for the recruitment of host factors, and nsP4 acts as the RNA-60 

dependent-RNA-polymerase (RdRp). A second ORF, under the control of a subgenomic 61 

promoter, encodes a heterologous protein in place of the original viral structural proteins. 62 

Upon delivery into the cell cytoplasm, saRNA molecules are first translated to produce the 63 

nsP1–4 proteins that assemble into the replicase complex. The complex uses the input RNA 64 

molecule as a template to synthesize a complementary RNA copy, which in turn serves as a 65 

template for the transcription of full-length and subgenomic RNAs. Therefore, the 66 

heterologous protein is translated only from the subgenomic RNA, once the input RNA has 67 

been transcribed and amplification has occurred within the first few hours through 68 

subsequent rounds of replication.  69 

 Innate immune activation is a major issue in saRNA technology. In addition to the 70 

high immunogenicity of the synthetic molecule, cells elicit a response against replication 71 

intermediates and viral antigens (7). Since antigen expression requires the initial translation 72 

of replicase components, the immune response mounted upon saRNA delivery into the host 73 

cell directly impacts on the yield of antigen expression. Noteworthy, unlike mRNA vaccines, 74 

saRNAs do not accept modified nucleotides as a strategy to reduce immunogenicity (8, 9). 75 

Here, we investigated the impact of incorporating modified nucleotides into a saRNA 76 

molecule derived from the TC-83 attenuated strain of VEEV. We observed that while 77 

modified saRNAs are efficiently translated, they exhibit impaired RNA synthesis in cell 78 

culture. Therefore, optimizing replicase components offers an attractive alternative to 79 

enhance payload expression from saRNA. To engineer a viral replicase capable of tolerating 80 
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modified nucleotides, we introduced substitutions in nsp4 that have been reported to alter 81 

fidelity (10, 11). Importantly, we found that replicons carrying mutations associated with a 82 

high-fidelity RdRp phenotype replicated m1ψ-modified saRNAs at higher levels and 83 

displayed higher infectivity than wild type replicons. Altogether, our findings establish a novel 84 

link between polymerase fidelity and its ability to utilize modified saRNAs as templates for 85 

RNA synthesis.  86 

 87 

RESULTS 88 

Assessment of translation and replication ability of VEEV-based saRNAs 89 

incorporating modified nucleotides 90 

We designed a reporter VEEV-based replicon carrying the Renilla luciferase gene 91 

inserted into the first ORF, and the firefly luciferase gene followed by the 2A autoprotease 92 

from foot and mouth disease virus (FMDV) and GFP genes in place of the viral structural 93 

proteins within the second ORF (Figure 1A). In this construct, Renilla luciferase is translated 94 

directly from the input saRNA upon transfection, serving as a readout of genomic translation. 95 

In turn, firefly luciferase is translated from the subgenomic RNA, which is produced by the 96 

viral replicase following an initial round of translation and RNA synthesis. In addition to the 97 

wild type (WT) replicon, we generated a mutant replicon (dnsp4), bearing a mutation in the 98 

nsp4 RdRp catalytic site that turns the polymerase inactive (12).  99 

Alphavirus-derived modified saRNAs reported to be non-functional in vivo, were 100 

enzymatically capped after in vitro transcription to create a cap 0 structure (m⁷GpppAU) (8). 101 

Since a cap 1 structure (m⁷GpppAmU) reduces immune detection compared to cap 0, we 102 

cotranscriptionally capped in vitro transcribed RNAs with the CleanCap AU that features a 103 

cap 1. First, WT and dnsp4 saRNAs were transfected into BHK-21 cells to characterize the 104 

expression kinetics of the luciferase reporter genes (Figure 1B). Renilla luciferase activity 105 

was detected as early as one hour after transfection, displaying similar levels for the WT and 106 

dnsp4 constructs. At later time points, Renilla activity increased for both WT and the dnsp4 107 

constructs, but as of four hours post-transfection, a significant difference was observed, 108 
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reflecting genomic RNA amplification by an active replicase complex (Figure 1B, top). In 109 

turn, firefly luciferase activity for the WT replicon was detectable at low levels above 110 

background at one hour and became readily detectable by two hours post-transfection 111 

(Figure 1B, bottom). Then, it increased exponentially reaching a maximum at eight hours. In 112 

contrast, firefly luciferase levels for the dnsp4 construct showed only a marginal increase 113 

throughout the time course and remained approximately 1,000-fold below WT levels, 114 

suggesting that the mutated nsP4 retains leaky RdRp activity (Figure 1B, bottom). Therefore, 115 

our reporter system allowed monitoring input saRNA translation by means of dnsp4 Renilla 116 

luciferase activity at early time points, and RNA synthesis through firefly luciferase activity of 117 

the WT construct.  118 

To investigate the impact of nucleotide analog incorporation on saRNA amplification, 119 

we synthetized unmodified or modified saRNAs for both WT and dnsp4 mutant replicons. 120 

Clinically approved mRNA vaccines use m1ψ. In turn, a m5C modified saRNA was shown to 121 

achieve higher expression levels than the unmodified RNA (13). Then, we performed in vitro 122 

transcriptions of the reporter saRNA using 100% ψ or 100% m1ψ in place of uridine, or 100% 123 

m5C in place of cytidine. These molecules were then transfected into BHK-21 cells, and 124 

Renilla luciferase activity was monitored at 2-, 8- and 24-hours post-transfection (Figure 1C, 125 

left). Both ψ- and m5C-modified saRNAs displayed overall 3-fold higher luciferase levels 126 

compared to the unmodified saRNA across the time course, while m1ψ-modified saRNA 127 

yielded similar luciferase levels to the unmodified saRNA.  128 

Using firefly luciferase levels to assess saRNA replication in the WT background, we 129 

observed that incorporation of ψ and m1ψ resulted in a 100-fold decrease in luciferase levels 130 

that was evident as early as 2 hours post-transfection (Figure 1C, right). Remarkably, m5C-131 

saRNA showed luciferase levels comparable to the unmodified saRNA (Figure 1C, right). 132 

These results indicate that saRNAs transcribed with 100% ψ or with 100% m5C have an 133 

advantage on translation of the input RNA, while modification with ψ or with m1ψ analogs 134 

impairs replicase function. 135 
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It has been widely reported that the incorporation of nucleotide analogues diminishes 136 

immune sensing of foreign RNAs (3, 14). Since the initial characterization of our reporter 137 

constructs was conducted in BHK-21 cells that are deficient in interferon production (15), we 138 

hypothesized that modified saRNAs may have an advantage over unmodified saRNAs in 139 

cells possessing intact antiviral sensing and interferon signaling pathways. To explore this, 140 

we transfected modified or unmodified saRNAs into A549 (Figure 1D). Similar to BHK-21 141 

cells, Renilla luciferase levels in A549 cells indicated increased translation of modified 142 

saRNAs, including m1ψ transcripts, relative to unmodified saRNA (Figure 1D, left). In turn, 143 

firefly luciferase activity indicated that incorporation of ψ and m1ψ resulted in overall reduced 144 

replication levels, while m5C had no apparent effect on RNA replication (Figure 1D, right). 145 

Altogether, similar to mRNAs, the incorporation of modified nucleotides into the 146 

saRNA enhances translation of the input saRNA (3, 14). However, ψ- and m1ψ-modified 147 

saRNAs had reduced self-amplifying ability, whereas m5C-modified saRNA displayed levels 148 

of self-amplifying capacity comparable to unmodified saRNA. 149 

 150 

Modulation of VEEV RNA-dependent-RNA-polymerase activity 151 

Given that our results suggested that the incorporation of modified uridine analogs 152 

impaired saRNA replication, we aimed at optimizing replicase function by modulating the 153 

RdRp activity of nsp4. It has been previously reported that uridine analogs are incorporated 154 

with lower fidelity than unmodified uridine during in vitro transcription (16). In addition, 155 

synthetic nucleotide analogs used as antiviral agents have been shown to be mutagenic 156 

(17). Based on these observations, we speculated that the incorporation of modified analogs 157 

would increase the mutation rate due to their mutagenic effects during in vitro transcription of 158 

the input saRNA and the first round of RNA synthesis by the viral RdRp. Such hypermutated 159 

RNAs would push the viral replicon beyond the threshold of viability, explaining the negative 160 

impact of modified nucleotide incorporation on replicon RNA amplification. If that were the 161 

case, we reasoned that modulating the RdRp fidelity could diminish the error rate during 162 

RNA synthesis and mitigate the detrimental effects of nucleotide analog incorporation. For 163 
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various RNA viruses, growth in the presence of nucleotide analogs has led to the 164 

identification of residues in RdRp associated with polymerase fidelity (18, 19). In the case of 165 

the related alphavirus chikungunya virus (CHIKV), a mutation at position 483 (C483Y) 166 

conferred resistance to ribavirin and was related to a high-fidelity phenotype (10). In addition, 167 

CHIKV resistance to favipiravir arose from a substitution at position 291 (K291R) of nsP4 168 

(11). 169 

To address the impaired replication rate of modified saRNA through modulation of 170 

polymerase fidelity, we introduced the mutations associated with CHIKV resistance to 171 

ribavirin and favipiravir into the analogous VEEV nsp4 residues (C482Y and K290R, 172 

respectively) in the reporter WT saRNA. In addition, we engineered a replicon containing the 173 

C482G substitution, which is associated with a low-fidelity phenotype in CHIKV (20). 174 

saRNAs were in vitro transcribed with unmodified nucleotides or with m1ψ and transfected 175 

into BHK-21 cells (Figure 2A). Assessment of RNA replication through measurement of 176 

firefly luciferase activity at 24 hours post-transfection (Figures 2A) showed comparable 177 

luciferase levels for all the unmodified saRNAs (Figure 2A, right). In contrast, for m1ψ-RNAs, 178 

the C482Y and K290R mutants displayed a 2-fold increase in firefly luciferase levels, while 179 

the low-fidelity C482G mutant displayed similar luciferase levels compared to the WT saRNA 180 

(Figure 2A, right).  181 

To evaluate the ability of saRNAs to initiate a replication cycle in a transfected cell, 182 

we engineered the K290R mutation into a new reporter VEEV replicon, consisting of a first 183 

ORF coding for an uninterrupted sequence of replicase proteins and a second ORF coding 184 

for GFP as a payload (Figure 2B). We synthesized the unmodified and modified saRNAs, 185 

transfected them into BHK-21 cells and counted the number GFP-expressing foci (Figure 186 

2C). Pairwise comparisons between WT and C482Y backgrounds showed similar foci counts 187 

for both unmodified saRNAs and m¹ψ-modified saRNAs. In turn, the unmodified K290R 188 

mutant saRNA showed an enhanced ability to initiate a replicative cycle, yielding 0.5-fold 189 

increase in foci counts compared to the unmodified WT saRNA. Noteworthy, for the m1ψ-190 

saRNAs, the increase was 2.5-fold. This suggests that the positive effect of the K290R 191 
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mutation was more pronounced for modified than for unmodified RNAs, implying that tuning 192 

the polymerase function could serve as a strategy to overcome the impaired function of 193 

nucleotide-modified saRNAs.  194 

To further characterize the phenotype of the K290R mutant, we transfected 195 

increasing amounts of saRNA into BHK-21 cells (Figure 2D). After 24 hours, we counted the 196 

number of foci to estimate the 50% effective dose (ED50), defined as the amount of 197 

transfected saRNA necessary to reach 50% of the maximum foci number. For the 198 

unmodified WT saRNA, the ED50 was 2.5 ng, and the incorporation of m1ψ increased the 199 

ED50 about 25-fold (Figure 2D), confirming that m1ψ diminishes the number of GFP-200 

expressing cells. The unmodified K290R mutant showed a 2-fold lower ED50 than the WT 201 

counterpart, indicating that the mutation itself confers an advantage for heterologous protein 202 

expression. While the incorporation of m1ψ into the K290R saRNA impaired GFP 203 

expression, it was remarkable that the ED50 increased by 10-fold that, compared to the 25-204 

fold increase observed for the WT saRNA, suggesting that the K290R mutation partially 205 

counteracted the negative effect of the nucleotide analogue on protein expression. 206 

Noteworthy, the K290R mutant m1ψ-saRNA reached maximum foci counts at a plateau 207 

similar to the unmodified saRNA, although at higher doses. Thus, we were able to fully 208 

overcome the negative effect of nucleotide analogs by combining the K290R mutation with 209 

higher doses of saRNA. Altogether, the mutation K290R in nsp4 alleviated the detrimental 210 

effect of m1ψ-incorporation, suggesting that modulation of RdRp activity could provide a 211 

strategy to extend the use of modified nucleotides to saRNA-based therapeutics. 212 

 213 

DISCUSSION 214 

In this study, we investigated the effect of nucleotide analogs on saRNA payload 215 

expression. We found that m1ψ, ψ and m5C incorporation moderately increased RNA 216 

translation. While m1ψ- and ψ-modified saRNAs negatively affected RNA replication, 217 

saRNAs incorporating m5C showed replication levels similar to unmodified saRNAs. 218 

Importantly, the negative impact of m1ψ-modified saRNAs on replication was partially 219 
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alleviated by point mutations associated with increased viral polymerase fidelity. The 220 

incorporation of modified nucleotides is extensively used to improve translation efficiency, 221 

enhance stability, and reduce innate immune responses triggered by the delivery of 222 

heterologous mRNA (3, 14). However, in the context of saRNA, modified nucleotides 223 

appeared to be deleterious to payload expression in animal models. For instance, 224 

expression of a human monoclonal antibody against zika virus, driven from a TC-83 derived 225 

replicon, was undetectable in mice inoculated with the ψ-modified saRNA formulated in lipid 226 

nanoparticles (8). Similarly, the induction of an immune response against SARS-CoV-2 was 227 

completely abrogated by the incorporation of m1ψ into an saRNA expressing the virus spike 228 

protein (9). Our findings provide insight into the molecular mechanisms behind the failure of 229 

modified saRNAs to express the payload in vivo. We identified that the incorporation of 230 

modified nucleotides affects the function of the replication complex (Figures 1C and D). 231 

Strikingly, ψ- and m1ψ-modified saRNAs showed over 100-fold reduction in replication 232 

efficiency compared to the unmodified saRNA, a phenomenon also noted with a Semliki 233 

Forest virus replicon (21). In contrast, m5C did not appear to affect RNA replication. On the 234 

other hand, and consistent with previous reports (3), incorporation of ψ, m1ψ, or m5C 235 

resulted in a moderate increase in translation levels of saRNAs (Figures 1C and D). 236 

Remarkably, this effect was observed primarily in saRNAs with impaired RdRp activity. As 237 

we were able to detect saRNA replication as early as 2 hours after transfection, we 238 

interpreted that the negative impact of nucleotide incorporation at the stage of RNA 239 

synthesis masked the stimulatory effect on translation. 240 

Previous research has explored m5C as an alternative modification to m1ψ. m5C 241 

modification has been found to enhance RNA translation efficiency (3) and reduce innate 242 

immune responses (2, 14). Immunogenicity studies have demonstrated that m5C-modified 243 

saRNAs induce decreased activation of human dendritic cells and cells stably expressing 244 

TLR3, TLR7, or TLR8 (2). In addition, a recent study reported that the complete substitution 245 

of a VEEV replicon with m5C is a viable strategy for vaccine development (22). Our data 246 

demonstrate that, unlike uridine analogs, m5C did not impact the self-amplifying ability of a 247 
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replicon saRNA (Figure 1C and D). Together with previous studies, these findings 248 

underscore the potential of m5C-modified saRNA for therapeutic purposes. 249 

Modified nucleotides have mutagenic potential due to altered base-pairing patterns 250 

and interactions between modified nucleotides and RNA polymerases during transcription 251 

(16, 23). For instance, increased error rates have been reported in the in vitro synthesis of 252 

RNAs incorporating ψ by T7 RNA polymerase, and to a lesser extent, in RNAs incorporating 253 

m1ψ. A similar increase in error rates was observed for reverse transcriptases using 254 

modified RNAs as templates (16). The saRNA vaccine technology relies on the in vitro 255 

transcription of an RNA molecule, which then serves as the template for RNA synthesis by 256 

the virus replicase upon delivery into target cells. Therefore, the cumulative effect of errors 257 

from both in vitro transcription and viral RNA synthesis may impair the self-amplifying ability 258 

of modified saRNAs, potentially leading to error catastrophe. Our data shows that mutations 259 

in the nsp4 RdRp of VEEV TC-83, which were originally selected by passaging the closely 260 

related CHIKV in the presence of nucleotide analogs, and are associated with a high-fidelity 261 

phenotype, can partially mitigate the impact of uridine analog incorporation on RNA 262 

replication (Figure 2). Whether nucleotide-modified saRNA templates increase the error rate 263 

of the viral replicase warrants experimental demonstration, as well as the assessment of 264 

nucleotide misincorporation by nsp4 fidelity variants during minus strand RNA synthesis. Lys 265 

residue at position 290 maps to RdRp motif F and is conserved across polymerases of 266 

diverse viruses. This motif interacts with the incoming nucleotide through positively charged 267 

residues and has been implicated in fidelity (24, 25). We speculate that the K290R mutation 268 

would impact the accurate incorporation of modified bases.  269 

In conclusion, our findings, combined with previous studies, support the incorporation 270 

of m5C into saRNAs, as it strikes an appropriate balance between eliciting immune 271 

responses and having minimal impact on the self-amplifying ability of viral replicons. 272 

Furthermore, we uncovered an important link between polymerase fidelity and the replication 273 

of m1ψ-modified self-amplifying RNA molecules. Therefore, engineering the replicase 274 
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function may serve as a strategy to improve the potency of saRNA platforms and enhance 275 

their efficacy in future clinical studies. 276 

 277 

EXPERIMENTAL PROCEDURES 278 

Cells  279 

Cell lines were grown at 37°C in a 5% CO2 atmosphere. BHK-21 cells (ATCC, CCL-280 

10) were grown in alpha-modified Eagle's minimum essential medium (α-MEM) 281 

supplemented with 10% fetal bovine serum (FBS) and penicillin−streptomycin antibiotics. 282 

Human lung cell line A549 (ATCC CL-185) was cultured with DMEM supplemented with 10% 283 

FBS and antibiotics.  284 

Constructs 285 

The VEEV-GFP replicon was derived from a plasmid encoding the VEEV TC-83 286 

sequence (GenBank accession number L01443.1) under the control of a T7 promoter by 287 

inserting the GFP coding sequence downstream of the subgenomic promoter and upstream 288 

of the 3’UTR. The VEEV replicon with the luciferase reporters was constructed by restriction-289 

free cloning of Renilla luciferase coding gene in the hypervariable region of nsp3 (after 290 

codon 374), and firefly luciferase coding gene downstream of the subgenomic promoter and 291 

upstream of GFP coding gene in VEEV-GFP. nsp4 mutants were generated using a 292 

restriction-free approach (26) involving: (i) a first PCR to amplify the insert sequence with 293 

designed mutations (Supplementary Table 1); (ii) a second PCR using the insert sequence 294 

as a mega-primer and VEEV replicon plasmid as a template, and (iii) DpnI digestion and 295 

transformation of the second PCR product.  296 

 297 

In vitro transcription and purification of saRNAs 298 
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The VEEV replicon reporter was linearized by restriction digestion with BspQI at the 299 

precise 3’ end of the plasmid sequence and purified by a EasyPure PCR Purification Kit 300 

(TransGen Biotech). Linearized DNAs were used as templates for in vitro transcription of 301 

capped RNAs with HiScribe T7 High Yield RNA Synthesis Kit (New England Biolabs) in the 302 

presence of CleanCap Reagent AU (TriLink Biotechnologies). For modified saRNAs, UTP 303 

was fully substituted with either pseudouridine-5’-triphosphate or N1-Methylpseudouridine-5’-304 

Triphosphate, or CTP was fully substituted with 5-methylcytidine-5’-triphosphate (TriLink 305 

Biotechnologies) in the in vitro transcription reactions. The reaction mixes were incubated at 306 

37ºC for 2 hours. Then, DNA templates were digested with DNase (Invitrogen) at 37ºC for 30 307 

minutes and the saRNA transcripts were precipitated with lithium chloride overnight at -70ºC. 308 

Next, saRNAs were recovered by centrifugation at 12000 xg for one hour at 4ºC, washed 309 

with 70% ethanol and centrifugation at 12000 g for 5 minutes at 4ºC, and resuspended in 310 

nuclease-free water. The quality of the saRNA samples was analyzed by 1% agarose gel 311 

electrophoresis. The concentration of saRNA was determined in a Nanodrop 312 

spectrophotometer (Thermo Fisher Scientific).  313 

 314 

RNA transfection, measurements of firefly and Renilla Luciferase activities, and 315 

counting of GFP-expressing foci. 316 

BHK-21 or A549 cells were seeded into 96-well plates at 3.5 × 104 cells per well. 317 

After 24 hours, in vitro transcribed saRNAs were transfected into cultured cells using 0.2 μl 318 

of Lipofectamine-2000 (Invitrogen) according to the manufacturer's instructions. The precise 319 

amounts of RNA used in each experiment are indicated in the corresponding figure legend. 320 

Firefly and Renilla Luciferase activities were sequentially measured in a GloMax 321 

luminometer (Promega) using the Dual-Luciferase Reporter Assay System (Promega).  322 

To count GFP-expressing foci, BHK-21 and A549 cells were transfected and at 24 323 

hours, the culture media was removed and 30 µL of 1X PBS was added to the wells. The 324 

fluorescent spots were quantified using an ImmunoSpot Analyzer (Cellular Technology).  325 

 326 
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Data Analysis 327 

Statistical analysis was performed using GraphPad Prism software (version 9.2).  328 

 329 

DATA AVAILABILITY 330 

All data are contained within the manuscript. 331 
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FIGURE LEGENDS 432 

Figure 1. Uridine analogs impair the self-amplifying ability of a VEEV-based replicon 433 

RNA. (A) Schematic representation of a VEEV TC-83 -based reporter replicon. Renilla 434 

luciferase sequence (RLuc) was inserted in the hypervariable region of nsp3. Firefly 435 

luciferase (FLuc) and GFP sequences separated by FMDV 2A autoprotease cleavage 436 

sequence were inserted under the control of the subgenomic promoter within the second 437 

ORF. (B) Bar graph showing Renilla (top) and firefly (bottom) luciferase activity as a function 438 

of time after transfection of BHK-21 cells with 80 ng RNA of VEEV replicon (WT, red bars) or 439 

catalytically inactive nsP4 mutant (dnsp4, blue bars). Statistical analysis was performed 440 

using two-way ANOVA, followed by Sidak’s test to compare means at each time point. (C) 441 

and (D) Bar graph displaying Renilla luciferase activity of dnsp4 construct (C and D, left) and 442 

firefly luciferase activity of WT (C and D, right) at 2, 8 and 24 hours post-transfection into 443 

BHK-21 (C) or A549 (D) cells of VEEV replicon saRNA transcribed in vitro with unmodified 444 

nucleotides or with ψ, m1ψ or m5C. Statistical analysis of Renilla luciferase levels compared 445 

the geometric means of the ratios between unmodified and modified RNAs and was 446 

performed using repeated measures one-way ANOVA of log-transformed values followed by 447 

Dunnett’s multiple comparison test. For firefly luciferase levels, the main effect of modified 448 

nucleotides vs. unmodified was compared using  two-way ANOVA followed by Dunnett’s 449 

test. ns p> 0.05; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001. Error bars indicate the 450 

standard deviation. Two independent experiments with two replicates per condition were 451 

performed. 452 

 453 

Figure 2. Mutations associated with increased RdRp fidelity partially rescue the 454 

impact of m1ψ modification on the self-amplifying ability and transfection efficiency 455 

of VEEV replicon. (A) Bar graph showing firefly luciferase activity at 24 h post-transfection 456 

of BHK-21 cells with 80 ng of unmodified RNA or m1ψ-modified RNAs of the WT or the nsp4 457 

mutants C482G (associated with a low fidelity phenotype), and C482Y and K290R 458 

(associated with high fidelity phenotypes). (B) Schematic representation of a reporter VEEV 459 

TC-83 replicon expressing GFP under the control of the subgenomic promoter in the second 460 

ORF. (C) Bar graph showing foci counts in BHK-21 cells transfected with 1 ng of unmodified 461 

or m1ψ modified saRNA of the WT and the nsp4 C482Y and K290R mutants. GFP-positive 462 

foci were numbered 24 h post-transfection in an ImmunoSpot Analyzer and quantification 463 

was used as a measure of RNA transfection efficiency. Statistical analysis was performed 464 

using multiple t-tests, followed by Holm-Sidak method to correct for multiple comparisons. ns 465 

p> 0.05; **p < 0.01; ****p ≤ 0.001. Data represent the mean of two independent experiments. 466 

Error bars indicate the standard deviation. (D) Dose-response curves of infectivity in BHK-21 467 

cells transfected with increasing amounts of unmodified or m1ψ modified RNAs of the WT or 468 

nsp4 K290R mutant. One representative experiment out of three is shown. 469 

Jo
urn

al 
Pre-

pro
of



Jo
urn

al 
Pre-

pro
of



Jo
urn

al 
Pre-

pro
of



AUTHOR CONTRIBUTIONS 

Veronica Quintana: Investigation, Writing-Review & Editing. Josefina Caillava: Investigation, 

Writing-Review & Editing. Laura A. Byk: Conceptualization, Methodology, Resources, 

Supervision, Writing-Review & Editing. Juan A. Mondotte: Conceptualization, Data Curation, 

Formal Analysis, Project administration, Validation, Writing-Review & Editing. Leandro 

Battini: Methodology, Investigation, Writing-Review & Editing. Prutha Tarte: Investigation. 

Marcelo M. Samsa: Conceptualization, Funding Acquisition, Methodology, Resources, 

Supervision, Writing-Review & Editing. Claudia V. Filomatori: Conceptualization, Formal 

Analysis, Investigation, Methodology, Visualization, Supervision, Writing-Original Draft. 

Diego E. Alvarez: Conceptualization, Methodology, Formal Analysis, Resources, Validation, 

Visualization, Supervision, Writing-Original Draft. 

 

Jo
urn

al 
Pre-

pro
of



CONFLICT OF INTEREST 

Aspects of the molecules described herein are the subject of pending patent applications of 

GreenLight Biosciences. Laura A. Byk and Marcelo M. Samsa were employed by GreenLight 

Biosciences, Inc. 

 

Jo
urn

al 
Pre-

pro
of


