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ABSTRACT

The stem-loop Il motif (s2m) is a RNA structural element that is found in the 3’ untranslated
region (UTR) of many RNA viruses including severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2). Though the motif was discovered over twenty-five years ago, its functional
significance is unknown. In order to understand the importance of s2m, we created viruses with
deletions or mutations of the s2m by reverse genetics and also evaluated a clinical isolate
harboring a unique s2m deletion. Deletion or mutation of the s2m had no effect on growth in
vitro, or growth and viral fitness in Syrian hamsters in vivo. We also compared the secondary
structure of the 3' UTR of wild type and s2m deletion viruses using SHAPE-MaP and DMS-
MaPseq. These experiments demonstrate that the s2m forms an independent structure and that
its deletion does not alter the overall remaining 3’UTR RNA structure. Together, these findings

suggest that s2m is dispensable for SARS-CoV-2.
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IMPORTANCE

RNA viruses, including severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
contain functional structures to support virus replication, translation and evasion of the host
antiviral immune response. The 3’ untranslated region of early isolates of SARS-CoV-2
contained a stem-loop Il motif (s2m), which is a RNA structural element that is found in many
RNA viruses. This motif was discovered over twenty-five years ago, but its functional
significance is unknown. We created SARS-CoV-2 with deletions or mutations of the s2m and
determined the effect of these changes on viral growth in tissue culture and in rodent models of
infection. Deletion or mutation of the s2m element had no effect on growth in vitro, or growth
and viral fitness in Syrian hamsters in vivo. We also observed no impact of the deletion on other
known RNA structures in the same region of the genome. These experiments demonstrate that

the s2m is dispensable for SARS-CoV-2.


https://doi.org/10.1101/2023.03.15.532878
http://creativecommons.org/licenses/by-nd/4.0/

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.15.532878; this version posted March 16, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-ND 4.0 International license.

BACKGROUND

The RNA genome of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is
approximately 30,000 nucleotides in length’. It consists of a 5 untranslated region (UTR),
coding sequences for structural and non-structural proteins, and a 3’ UTR. The 3’ UTR contains
highly structured RNA elements such as stem-loop sequence (SL1), bulged stem-loop (BSL),
pseudoknot (PK), and a hypervariable region (HVR) which have been suggested to function in
viral genome replication, transcription, and viral protein translation®®. SARS-CoV-2, SARS-CoV-
1, and other members of Sarbecovirus lineage in the Betacoronavirus genus, as well as some
members of the Gammacoronavirus and Deltacoronavirus genus encode a stem-loop Il motif
(s2m) within the terminal portion of HVR in the 3° UTR*® (Fig. 1A). In contrast, seasonal human
coronaviruses (HKU1, 229E, OC43, and NL63) and middle eastern respiratory syndrome
coronavirus (MERS-CoV) do not contain an s2m in their genomes®*. The s2m element has also
been detected in members of the Astroviridae, Caliciviridae, Coronaviridae, Picornaviridae, and
Reoviridae viral families, all with highly conserved nucleotide sequences of 39-43 nucleotides in
length*®®. Currently, the function of the s2m for the viral lifecycle is poorly understood.
Phylogenetic distribution suggests horizontal acquisition of the s2m at different timepoints, and
maintenance of the element suggests that it may confer a fitness advantage*®. The X-ray crystal
structure of the s2m element from SARS-CoV-1 demonstrates a stem-loop secondary structure
and a tertiary structure that includes a 90° kink in the helix axis resulting in additional tertiary
interactions’. The secondary structure determination by NMR and probing methods for the
SARS-CoV-2 s2m element revealed two stem structures separated by an internal asymmetric
loop'®"®. Antisense oligonucleotides targeting the s2m reduced viral replication for SARS-CoV-2
and classic human astrovirus 1 (HAstV1) replicons'™. The SARS-CoV-2 s2m was shown to
dimerize and interact with host cellular microRNA 1307-3p'’. These results suggest that the
secondary structure of the s2m is conserved and potentially important for viral replication or

other host-virus interactions.
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Interestingly, the SARS-CoV-2 genomes encode a uracil residue at position 32 in the s2m
(position 29,758 in the virus genome) that is distinct from all known s2m sequences in other
viruses and is predicted to perturb the secondary structure'®'"'82° Additional genetic variants
or deletions of the s2m have also been periodically detected in clinical isolates prior to the
emergence of the BA.2 Omicron lineage of SARS-CoV-2°%, However, SARS-CoV-2 variants
that emerged after December 2021 contain a 26-nucleotide deletion of the s2m element (Fig
S$1)*. Combined, these data suggests that the s2m element has minimal or no impact on the
lifecycle of SARS-CoV-2.

Here, we determined the functional significance of s2m in vitro and in vivo using
recombinant SARS-CoV-2 viruses or natural isolates with mutations or deletions in the s2m
element in the 3’ UTR of the genome. We also determined the 3° UTR RNA structure of SARS-
CoV-2 in the presence or absence of the s2m element. We show that deletion of s2m in SARS-

CoV-2 has no impact on the viral fitness or 3' UTR structure of SARS-CoV-2.
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91 RESULTS

92  Natural varation and deletion of s2m found in SARS-CoV-2 circulating strains

93 The original SARS-CoV-2 virus genome (reference genome: NC 045512) contains an s2m

94 element in the 3’ UTR region, which is similar to other Sarbecoviruses in the Betacoronavirus

95 genus, and some members of the Gammacoronavirus and Deltacoronavirus genus (Fig. 1A).

96 Interestingly, the SARS-CoV-2 s2m encodes a uracil at position 32 of the s2m (position 29758

97 in the reference genome) while essentially all other s2m sequences in coronaviruses known to

98 date contain guanine (Fig. 1A). In the s2m element of SARS-CoV-1, this position forms a G-C

99 base pair as determined by X-ray crystal structure’ and by RNAfold prediction. To further
100 examine the variation at this position, we analyzed 1,705,180 complete SARS-CoV-2 genomes
101  uploaded to the NCBI database from January 2020 to December 2022. Of those sequences that
102  contained a complete s2m element, only eight genomes contained guanine at this position. An
103  additional 18 had a cytosine residue and one genome contained an adenine at position 32. We
104  also noticed in the multiple sequence alignment that position 9 can be variable between viruses
105  within the coronavirus family (Fig. 1A). SARS-CoV-1 and SARS-CoV-2 encode an adenine
106  while avian infectious bronchitis virus encodes a guanine. This position is not predicted to form
107  any base pair, but has been identified to form potential long-distance tertiary interactions with
108  nucleotide 30 in the SARS-CoV-1 s2m crystal structure’.
109 Although the s2m element is relatively conserved in the genome of SARS-CoV-2 between
110  the start of the pandemic and early 2022, several genomes were found to have a partial or
111 complete deletion of the s2m element®. Our analysis of the 1,705,180 complete SARS-CoV-2
112 genomes also revealed the emergence of SARS-CoV-2 lineages with a 26-nucleotide deletion
113  (position 8 to 33) in the s2m element (Fig. 1B and S1A). The genomes that contain this deletion
114 mainly belong to BA.2 lineage (Pango Lineages) of SARS-CoV-2 which includes BA.2.75, BA.4,

115  BA.5, and the recent BQ.1 and XBB.1 variants of SARS-CoV-2 (Fig. S1B).
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116 The s2m element is dispensable for SARS-CoV-2 in vitro. To determine the importance
117  of the s2m in SARS-CoV-2 virus lifecycle, we recombinantly generated in the reference
118  backbone, wild type (CoV-2-s2m-WT) and three mutant viruses with mutations or deletions in
119 the s2m region using the reverse genetic system described in Fig. S2. To remove the s2m
120 element in the 3’ UTR of SARS-CoV-2, we deleted nucleotides 2-42 in the s2m region (CoV-2-
121 s2m*** Fig. 1B). We also created a mutant that contained four consecutive nucleotide
122  substitutions in the stem region of the s2m (CoV-2-s2m?°®) that is predicted to disrupt the

25, 3942 that contained four

123  secondary structure as well as a revertant mutant (CoV-2-s2m
124  additional compensatory substitutions that restored the predicted stem region and the SARS-
125 CoV-2 s2m secondary structure (Fig. 1B). All mutant SARS-CoV-2 genomes yielded infectious
126  viral particles that could be propagated in Vero-hTMPRSS2 cells. We confirmed the presence of
127  the engineered mutations and the absence of spontaneous mutations in the SARS-CoV-2 s2m
128 by sequencing. We next tested whether there were any defects in the growth rate of the mutants
129 by conducting multi-step growth curves (Fig. 2A). There was no significant difference between
130 CoV-2-s2m-WT and mutant viruses at any timepoint in Vero-hTMPRSS2 (African green
131  monkey) cells (two-way ANOVA F[3,20] = 1.02, P = 0.4) or Calu-3 (human) cells (two-way
132  ANOVA F[3,20] = 0.48, P = 0.7), suggesting that the s2m element is not required for SARS-
133  CoV-2 lifecycle in vitro (Fig. 2B).

134 Growth of a clinical SARS-CoV-2 isolate with a deletion in the s2m. During genomic
135 surveillance for SARS-CoV-2 variants in the St. Louis area, USA, we identified one genome
136  (SARS-CoV-2/WUSTL_000226/2020) that contained a deletion of 27 nucleotides that removes
137  positions 22-43 of the s2m and additional nucleotides in the 3° UTR (Fig. 1B). This mutant
138  belongs to the B1.2 lineage (Pango Lineages)® which contains the D614G variant in the spike
139  protein, and has 99.8% nucleotide identity compared to the reference SARS-CoV-2 genome
140 (NC_045512.2). We were able to culture WUSTL_000226/2020 and verified that the recovered

141  virus maintained the deletion by sequencing. In a multi-step growth curve, we did not observe
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142  any significant difference in virus titer between WUSTL_000226/2020 and a recombinant WA1-
143  strain of SARS-CoV-2 engineered with D614G mutation at any timepoint (two-way ANOVA
144 F[1,10] = 2.3, P = 0.16; Fig. 2C).

145 The s2m element is dispensable for SARS-CoV-2 infection and replication in vivo. We
146  next determined if the SARS-CoV-2 s2m was important in vivo using the Syrian hamster model.
147  Hamsters were intranasally inoculated with 1,000 plaque forming units of the CoV-2-s2m-WT
148 and mutant viruses and weights were recorded daily for six days. Nasal washes and lungs were
149  collected 3 and 6 days post infection and infectious virus titer and viral RNA load was quantified
150 by plaque assay and RT-gPCR respectively. No difference in weight loss was observed
151  between the hamsters inoculated with the CoV-2-s2m-WT and deletion or mutant s2m-
152  containing viruses (mixed-effect model with Geisser-Greenhouse correction F[3,44] = 1.26, P =
153  0.30). (Fig. 3A). No significant differences in infectious virus (lung tissue Kruskal-Wallis H(3) =
154  0.62, P = 0.89), viral RNA (lung tissue Kruskal-Wallis H(3) = 2.0, P = 0.57; nasal wash Kruskal-
155  Wallis H(3) = 2.2, P = 0.54) were detected for CoV-2-s2m??*?, CoV-2-s2m?®°, and CoV-2-s2m*
156 53%%2 compared to CoV-2-s2m-WT (Fig. 3B-D). At six days post-inoculation, no difference in
157 infectious virus was detected in the lungs of the mutant SARS-CoV-2 infected hamsters
158 compared to CoV-2-s2m-WT (Kruskal-Wallis H(3) = 5.5, P = 0.14; Fig. 3E). The viral RNA load
159  with CoV-2-s2m*?**2, CoV-2-s2m?®°, and CoV-2-s2m**%%*? also showed no difference compared
160 to CoV-2-s2m-WT from the lungs (Kruskal-Wallis H(3) = 6.2, P = 0.10) and nasal washes
161  (Kruskal-Wallis H(3) = 2.8, P = 0.42; Fig. 3F-G). Combined, these data suggest that the original
162 SARS-CoV-2 virus does not require the s2m for growth in vitro or in vivo.

163 The s2m element is dispensable for SARS-CoV-2 viral fitness in vivo. To further
164  determine if the SARS-CoV-2 s2m element has any effect on viral fitness in vivo, we designed a

N2-42

165  viral competition assay using the CoV-2-s2m-WT and the CoV-2-s2m virus in Syrian

166  hamsters. CoV-2-s2m-WT and the CoV-2-s2m”?*? mutant virus were mixed at a 1:1 ratio and

N2-42

167  inoculated intranasally into Syrian hamsters. The ratio CoV-2-s2m-WT to CoV-2-s2m mutant
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168  virus in the inoculum was determined by RT-PCR on the 3’ UTR following RNA extraction of
169 RNase treated virus (Fig. 4A). Three days post infection (dpi), the lungs and nasal washes were

170  collected and the genome copy number of CoV-2-s2m-WT to CoV-2-s2m*?42

was measured by
171 RT-PCR on RNA extracted from these tissues and samples. The relative replicative fitness of
172  CoV-2-s2m“**? to CoV-2-s2m-WT was calculated for each sample. The mean relative
173  replicative fitness of CoV-2-s2m”?*? to CoV-2-s2m-WT was 1.21 and 1.10 in the lung and nasal
174  washes respectively (Fig. 4B). This ratio was similar to that of the input, indicating that the CoV-

175  2-s2m-WT virus has no fitness advantage over the CoV-2-s2m”"**2

mutant virus in vivo in Syrian
176  hamsters.

177 Structural analysis of the 3’ UTR of SARS-CoV-2. In order to determine the RNA
178  secondary structure of the 3° UTR in the SARS-CoV-2 genome and the impact of the s2m
179  deletion on the secondary structure, we performed SHAPE-MaP and DMS-MaPseq RNA

N2-42

180  structure probing studies on purified CoV-2-s2m-WT and CoV-2-s2m virus using NAI and
181  DMS respectively.

182 RNA structure predictions, using the SHAPE-MaP reactivity data as constraints, identified
183  the bulged-stem loop (BSL), stem loop 1 (SL1), pseudoknot, and a bulge stem that includes the
184  hypervariable region (HVR), the s2m element, and the octanucleotide motif (ONM) in the 3' UTR
185  of CoV-2-s2m-WT (Fig. 5A). Interestingly, DMS-MaPseq predicted a similar secondary structure
186  with the BSL, SL1, HVR, s2m element, and the ONM motif (Fig. 5B). Overall, the SHAPE-MaP
187 and DMS-MaPseq reactvities were in good agreement with the predicted structure (Fig. S3) and
188  with previous findings''""® Structure prediction using our SHAPE-MaP data also predicted the
189  formation of a pseudoknot between the base of the BSL and the loop of SL1 (Fig. 5A). This
190 pseudoknot was not predicted using DMS-MaPseq reactivity data (Fig. 5B). Using Superfold,

191  we found that the 3 UTR is highly structured and all the known structured elements have high

192  base-pairing probablities shown by green color (Fig. $3).
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193 SHAPE-MaP on the 3 UTR of CoV-2-s2m”?*? revealed a very similar reactivity profile and
194  the predicted structure contained the BSL, SL1, HVR, and ONM region. Comparison between
195 the CoV-2-s2m-WT and CoV-2-s2m”**? reactivities showed a high correlation (R?> = 0.88).
196  Similar to CoV-2-s2m-WT, the SL1 region of CoV-2-s2m”**? was also predicted to form a
197  pseudoknot with the base of the BSL region. Analogous to the SHAPE-MaP data, the DMS-

A242 showed

198 MaPseq reactivity and predicted structure between CoV-2-s2m-WT and CoV-2-s2m
199  a high correlation (R? = 0.92). The only difference in reactivity and structure was observed near
200  the s2m region that was deleted in the CoV-2-s2m”%*2 virus. These data suggest that 3’ UTR of
201  SARS-CoV-2 is a rigid structure and that deletion of the s2m region did not change the overall 3’

202 UTR structure.
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203 DISCUSSION

204 Although the crystal structure of the conserved s2m RNA element was solved for SARS-
205 CoV-1 in 2005” and many recent studies suggested an important role of the s2m structure for
206 SARS-CoV-2, no functional genetic studies on the s2m element in the coronavirus lifecycle
207 have been performed*®®?®. Here, we demonstrated that the deletion or mutation of the s2m
208 element in the original strain of SARS-CoV-2 did not impact growth in vitro or viral fitness in
209 vivo, and had minimal effect on the predicted RNA secondary structure of the 3’ UTR of SARS-
210  CoV-2. These results suggest that the s2m structure is not essential for SARS-CoV-2.

211 Based on the presence and conservation of the s2m element in different viral families, it has
212  been hypothesized to be beneficial for the virus. However, our results suggest that the function
213  of the s2m element is dispensable in the SARS-CoV-2 genome, perhaps due to redundancy
214  with another uncharacterized virus-derived element, whether a viral protein or RNA motif.
215  Investigating the signifance of the s2m element in related Sarbecoviruses, including SARS-CoV-
216 1, RaTG13 and pangolin coronaviruses, is needed to better understand its role in coronavirus
217  Dbiology. Given the genetic diversity within the coronavirus family, it is unclear if the s2m is
218 important or redundant in other coronaviruses. SARS-CoV-2 is the only coronavirus that
219  contains a uracil at position 32, while all others have a guanine at this site (Fig. 1A)*’. The
220 presence of this uracil may represent a unique and recent evolutionary event for the s2m that is
221  specific to SARS-CoV-2 lineage, and therefore the biology of the SARS-CoV-2 s2m may not
222  apply to other coronaviruses. Complete genome analysis of natural isolates of SARS-CoV-2
223  also found that a small subset contained mutations or deletions in the s2m region®?®. One of
224  these isolates was found by our group and we showed no difference in growth potential in two
225  different cell lines compared to a related SARS-CoV-2 with the s2m element intact. While it is
226  possible that these rare deletions were detected because of the unprecedented amount of
227 genome sequencing that was done during the pandemic, it is also possible that this was an

228 early indication that this region was under neutral or negative selective pressure facilitating the
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229 emergence of the Omicron lineage with a 26-nucleotide deletion in early 2022 (Fig S1A-B).
230  Analogous to SARS-CoV-2, the genomes of several seasonal coronaviruses and MERS also do
231 not contain a s2m element*. Whether this is an adaptation of coronaviruses to the human host
232  remains to be investigated.

233 Our RNA structure modeling of the 3° UTR present in virions indicated the presence of
234 several conserved structural elements including the BSL, SL1, and a bulge stem that includes
235 the HVR, the s2m element, and the ONM. Overall, our model is similar to those identified by
236  others' . The BSL, SL1, and s2m form a stem loop structure. The bulge in the BSL motif was
237 found to have low SHAPE-MaP reactivity which can be explained by the binding of a viral or
238  host protein as suggested previously''. The predicted structure of the HVR was different
239  between the two probing methods and between different studies. It is mostly a single stranded
240 region with high reactivity bases between two structured regions, which may explain why it
241  tolerates the presence of multiple mutations and is not essential for viral RNA synthesis®"%.
242 ONM (5-GGAAGAGC-3') is known to be a single-stranded region with a critical biological
243  function®. In our model, the first two nucleotides (GG) of the ONM form the base of a small
244  hairpin. Currently, it is not known if this hairpin is an artifact of the RNA folding software or
245  whether it is present in the 3 UTR of SARS-CoV-2. Interestingly, the reactivity of the ONM
246  region was overall lower in SHAPE-MaP compared to DMS-MaPseq, which can be explained by
247  the binding of a viral or host protein to the ONM. The predicted structure of the s2m element
248  was similar between SHAPE-MaP and DMS-MaPseq. Compared to a previously determined
249  crystal structure of s2m in SARS-CoV-1, the main differences are found near the top of the s2m
250 element, with a predicted extended loop in the s2m of SARS-CoV-2. This is potentially caused
251 by the uracil at position 32 resulting in different base pairings. This uracil was found to be
252 moderately reactive by SHAPE-MaP and therefore predicted to interact weakly with the

253 adenosine at position 14 of the s2m element. The weak interaction is supported by DMS-
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254  MaPseq which showed a moderate reactivity of adenosine at position 14 (DMS does not modify
255  uracil residues).

256 In contrast to DMS-MaPseq, SHAPE-MaP predicted the formation of a tertiary pseudoknot
257  structure between the base of the BSL and the loop of SL1. The confidence of this tertiary
258  structure prediction is relatively low since many of the involved nucleotides are highly reactive
259 by SHAPE-MaP or DMS-MaPseq. As such, it is possible that no pseudoknot is formed as
260 suggested by others''. Alternatively, this region of the 3’ UTR switches between a tertiary
261  structure (pseudoknot) and a free SL1 structure in SARS-CoV-2. This model is supported by
262 recent studies on Murine Hepatitis virus that suggests that both structures contribute to viral
263  replication and may function as molecular switches in different steps of RNA synthesis?.

264 The comparison between the predicted RNA structures of the CoV-2-s2m-WT and CoV-2-
265 s2m*?**? 3 UTR demonstrated nearly identical structures. Only the region containing the s2m
266 element was significantly different between the two viruses. These data suggests that the s2m
267  hairpin structure does not interact with any other elements in the 3'UTR region of SARS-CoV-2
268 as predicted previously by computational analysis®. Taken together, our RNA structural
269 analysis suggests that there is no impact on the overall 3’ UTR RNA structure upon deletion of
270 the s2m element, as found in the majority of the SARS-CoV-2 virus isolated since March 2022.
271 However, the lack of interactions between s2m and the rest of the 3 UTR we observed in
272 SARS-COV-2 by SHAPE-MaP and DMS-MaPseq may differ considerably between different
273  viruses and virus families. The presence and conservation of s2m in different viral families
274  suggest that it may still habor important functions for virus lifecycle in viruses other than SARS-
275  CoV-2 and warrants further investigation.

276 Limitations of the study. We note several limitations of our study. (a) The RNA structure
277  analyses were done on purified virus and not on viral genomes inside immunocompetent cells.
278  While our structure predictions of the 3' UTR are similar to those obtained from infected cells, it

279 is possible that the SHAPE-MaP and DMS-MaPseq reactivity is different in primary human
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280 nasal or bronchial epithelial cells. (b) SHAPE-MaP and DMS-MaPseq are low resolution probing
281 methods that average out the reactivity of particular nucleotides, potentially obscuring
282  alternative or higher order structures. (c) The transmission potential of CoV-2-s2m-WT and s2m
283 mutant viruses was not assessed. Airborne transmission of the CoV-2-s2m-WT viruses is
284  inefficient and while we did detect airborne transmission of both CoV-2-s2m-WT and mutant
285  virus, the results were inconclusive and therefore not included here. (d) It is possible that the
286  significance of the s2m element is cell-line or host dependent. While we did not test primary
287  differentiated airways epithelial cell cultures or additional animal models (mouse or non-human
288 primates), the emergence and dominance of SARS-CoV-2 viruses lacking the s2m element
289  supports our conclusion that s2m is dispensible for the SARS-CoV-2 life cycle. (e) The impact of
290 the s2m deletion and mutations on lung pathology was not fully assessed. We opted to
291  inoculate the animals with a relatively low dose to allow the detection of replication differences.
292  However, these lower doses do not induce large amounts of weight loss or lung pathology.
293  Future studies could detect transcriptional differences in the lungs of hamsters infected with
294  CoV-2-s2m-WT or s2m deletion viruses in order to identify a role of s2m in modulating host
295 responses.

296 Overall, we have found that the s2m element is not critical for SARS-CoV-2 virus lifecycle in
297  vitro or viral fitness in vivo. Further studies are needed to define the mechanistic basis as to why
298 a highly conserved RNA element has no critical functional roles in the viral lifecycle.

299
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300 MATERIALS AND METHODS

301 Cell culture conditions. BHK-21cells were maintained in Dulbecco's Modified Eagle
302 Medium (DMEM) with L-glutamine (Gibco) supplemented with 10% fetal bovine serum (FBS)
303 and 100 units/mL penicillin/streptomycin and incubated at 37°C and 5% CO,. Vero cells
304 expressing human TMPRSS2 (Vero-hTMPRSS2)* or human ACE2 and human TMPRSS2
305 (Vero-hACE2-hTMPRSS2, gift from Drs. Graham and Creanga at NIH) and BSR cells (a clone
306 of BHK-21) were cultured and maintained in DMEM supplemented with 5% FBS and 100
307  units/mL of penicillin and streptomycin. Vero-hTMPRSS2 and Vero-hACE2-hTMPRSS2 cells
308 were maintained by selection with 5 ug/mL Blasticidin or 10 ug/mL puromycin respectively.

309 SARS-CoV-2 reverse genetics system. All work with potentially infectious SARS-CoV-2
310 particles was conducted under enhanced biosafety level 3 (BSL-3) conditions and approved by
311 the institutional biosafety committee of Washington University in St. Louis. The prototypic
312  SARS-CoV-2 genome (reference genome NC_045512.2) was split into 7 fragments (Fig S1),
313 named A to G, and each DNA fragment was commercially synthesized (GenScript). A T7
314  promoter sequence was introduced at the 5 end of fragment A, and a poly-A sequence of 22
315 adenosines was introduced at the 3’ end of fragment G. In addition, Notl and Spel sites were
316  introduced at the 5" end of fragment A before the T7 promoter and the 3’ end of fragment G after
317  the poly-A sequence, respectively. To ensure seamless assembly of the full virus DNA genome,
318 the 3’ end of fragment A, both ends of fragments B-F and the 5 end of fragment G were
319  appended by class Il restriction enzyme recognition sites (BsmBI and Bsal) (Fig S1). Fragments
320 A and C-G were cloned into plasmid pUC57 vector and amplified in E. Coli DH5a strain. The
321 bacteria toxic fragment B was cloned into low copy inducible BAC vector pCCl and amplified
322  through plasmid induction in EPI300. Low copy plasmids were extracted by NucleoBond Xtra
323 Midi kit (MACHEREY-NAGEL) with the other plasmids were extracted by plasmids midi kit
324  (QIAGEN) according to the manufacturers’ protocols. To generate mutant s2m sequences, the

325 SARS-CoV-2 s2m sequence in the G fragment was mutated by site-directed mutagenesis (Fig.
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326 1B). Mutations and deletions in the s2m element were confirmed by Sanger sequencing. To
327 assemble the full-length SARS-CoV-2 genome, each DNA fragment in plasmid was digested by
328 corresponding restriction enzymes, DNA fragments were recovered by gel purification columns
329 (New England Biolabs), and the seven fragments were ligated at equal molar ratios with 10,000
330 units of T4 ligase (New England Biolabs) in 100 uL at 16°C overnight. The final ligation product
331 was incubated with proteinase K in the presence of 10% SDS for 30 minutes, extracted twice
332  with equal volume of phenol:chloroform:isoamyl alcohol (25:24:1; ThermoFisher), isopropanol
333  precipitated, air dried and resuspended in RNase/DNase free water. The DNA was analyzed on
334 a 0.6% agarose gel. Full length genomic SARS-CoV-2 RNA was in vitro transcribed using
335 mMMESSAGE mMACHINE T7 Ultra Transcription kit (Invitrogen) following the manufacturer’s
336  protocol. Four ug of DNA template was added to the reaction mixture, supplemented with GTP
337 (7.5 pL per 50 pL reaction). In vitro transcription was done overnight at 32°C. Afterwards, the
338 template DNA was removed by digestion with Turbo DNase for 30 minutes at 37°C. The in vitro
339 transcript (IVT RNA) mixture was used directly for electroporation. To further enhance rescue of
340  recombinant virus, we also generated SARS-CoV-2 nucleocapsid (N) gene RNA. The SARS-
341  CoV-2 N gene was PCR amplified from plasmids pUC57-SARS-CoV-2-N (GenScript) using
342  forward primers with T7 promoter and reverse primers with poly(T)34 sequences. The N gene
343 PCR product was gel purified and used as the template for in vitro transcription using the same
344 mMESSAGE mMACHINE T7 Transcription Kit with 1 ug of DNA template, 1 pyL of supplemental
345 GTP in a 20 uL reaction volume. For SARS-CoV-2 IVT RNA electroporation, low passage BHK-
346 21 cells were trypsinized and resuspended in cold PBS as 0.5x10” cells/mL. A total of 20 ug of
347  SARS-CoV-2 IVT RNA and 20 ug of N gene in vitro transcript were added to resuspended BHK-
348 21 cells in a 2 mm gap cuvettes and electroporated with setting at 850 V, 25 uF, and infinite
349 resistance for three times with about 5 seconds interval in between pulses. The electroporated

350 cells were allowed to rest for 10 minutes at room temperature and were then co-cultured with
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351  Vero-hACE2-hTMPRSS2 cell at a 1:1 ratio in a T75 culture flask. Cell culture medium was
352 changed to DMEM with 2% FBS the next day. Cytopathic effect (CPE) was monitored for five
353  days, and cell culture supernatant were harvested for virus titration.

354 Propagation of a clinical isolate of SARS-CoV-2 containing a deletion of the s2m. As
355  part of ongoing SARS-CoV-2 variant surveillance, a random set of RT-PCR positive respiratory
356  secretions from the Barnes Jewish Hospital Clinical microbiology laboratory were subjected to
357 whole genome sequencing using the ARTIC primer amplicon strategy >'. This study was
358  approved by the Washington University Human Research Protection Office (#202004259). From
359 the sequences generated, one genome (2019-nCoV/WUSTL_000226/2020; Genbank #
360 OMB831956) had a 27-nucleotide deletion that removed 22 nucleotides from the 3’ end of the
361 s2m element (Fig S4). The spike protein of this virus harbored L18F, D614G, and E780Q
362  mutations, demonstrating that this virus belonged the original B.1 lineage of SARS-CoV-2. This
363  virus was expanded twice on Vero-hACE2-hTMPRSS2 cells and the virus titer was determined
364 by plaque assay. The P2 of 2019-nCoV/WUSTL_000226/2020 was sequenced by NGS to
365  confirm the presence of the s2m deletion and rule out any tissue culture adaptations in the rest
366  of the genome.

367 SARS-CoV-2 growth curve and titration assays. Vero-hTMPRSS2 cells were grown to
368 confluency. Cells were inoculated with a multiplicity of infection (MOI) of 0.001 of recombinant
369 CoV-2-s2m-WT or mutant SARS-CoV-2 and culture supernatant was collected at 1, 24, 48, and
370 72 hpi and saved for viral quantification by plague assay on Vero-hACE2-hTMPRSS2 cells in
371  24-well plates as described *2.

372 SARS-CoV-2 Syrian hamster infection model. Animal studies were carried out in
373  accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals
374  of the National Institutes of Health. The protocols were approved by the Institutional Animal
375 Care and Use Committee at the Washington University School of Medicine (assurance number

376  A3381-01). Five to six-week-old male hamsters were obtained from Charles River Laboratories
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377 and housed at Washington University. Next, the animals were challenged via intranasal route
378  with 1,000 PFU of the recombinant CoV-2-s2m-WT or s2m mutant SARS-CoV-2 viruses under
379  enhanced BSL-3 conditions®®. Animal weights were measured daily for the duration of the
380 experiment. Three and six days after the inoculation, the animals were sacrificed, and lung
381  tissues and nasal washes were collected. The nasal wash was performed with 1.0 mL of PBS
382  containing 1% BSA, clarified by centrifugation for 10 minutes at 2,000 x g and stored at -80°C.
383  The left lung lobe was homogenized in 1.0 mL DMEM, clarified by centrifugation (1,000 x g for 5
384  minutes) and used for viral titer analysis by plaque assay and RT-qPCR using primers and
385 probes targeting the N gene. For viral RNA quantification, RNA was extracted using RNA
386 isolation kit (Omega Bio-tek). SARS-CoV-2 RNA levels were measured by one-step quantitative
387  reverse transcriptase PCR (RT-gPCR) TagMan assay as described previously using a SARS-
388 CoV-2 nucleocapsid (N) specific primers/probe set from the Centers for Disease Control and
389  Prevention (F primer: GACCCCAAAATCAGCGAAAT; R primer:
390 TCTGGTTACTGCCAGTTGAATCTG,; probe: 5-FAM/ ACCCCGCATTACGTTTGGTGGACC/3-
391  ZEN/IBFQ)*. Viral RNA was expressed as (N) gene copy numbers per mg for lung tissue
392 homogenates or mL for nasal swabs, based on a standard included in the assay, which was
393  created via in vitro transcription of a synthetic DNA molecule containing the target region of the
394 N gene.

395 SARS-CoV-2 competetion assays in Syrian hamster. Ten golden Syrian hamsters were
396 inoculated intranasally with a total of 1,000 PFU of a 1:1 mixture of CoV-2-s2m-WT and CoV-2-
397  s2m”?*in 100 pL volume . Three days after inoculation, the hamsters were sacrificed, and the
398 nasal washes, left lobes and lungs were harvested and homogenized. One hundred uL of the
399 nasal wash or lung homogenates were added in 300 uL of TRK lysis buffer from E.Z.N.A Total
400 RNA Kit (Omega Bio-tek) for RNA isolation. For quantitation of the virion-associated RNA levels
401 in the inocula, we prepared five inocula separately and treated with RNase A (Thermo

402  Scientific) to remove free viral genomic RNAs and subgenomic RNAs. These five RNase-
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403 treated inocula were added to TRK lysis buffer for RNA isolation and quantification as below to
404  get the initial mutant to CoV-2-s2m-WT ratio. cDNA was synthesized from the extracted RNA
405  with random hexamers using SuperScript IV First-Strand Synthesis Kit (Invitrogen) following the
406  manufacturer’s protocol. PCR covering the virus S2M region was performed on cDNA samples
407  for 40 cycles with primers HJ551-S2UTRF: 5'-CTCCAAACAATTGCAACAATC-3' and HJ552-
408 S2UTRR: 5-GTCATTCTCCTAAGAAGCTATTAAAATC-3' using the High Fidelity AccuPrime
409 Taq DNA Polymerase (Invitrogen) following the manufacturer’s protocol. The presence of two
410  different-size amplicons (389 bp for CoV-2-s2m-WT virus, 348 bp for CoV-2-s2m”%*? virus) was
411  verified by gel electrophoresis, and then PCR products were purified with QIAquick PCR
412  Purification Kit (QIAGEN) and quantified with Qubit 4 Fluorometer (Invitrogen). Clean PCR
413  products were diluted and subjected to 2100 Bioanalyzer (Agilent) analysis following the
414  manufacturer’s protocol to get the molar quantities of the two different-size amplicons. Mutant to
415 CoV-2-s2m-WT ratios were calculated based on quantitation readout, and the relative
416 replicative fitness is defined and calculated by dividing the final mutant to CoV-2-s2m-WT ratio
417  in hamster samples by the initial mutant to CoV-2-s2m-WT ratio in the inocula.

418 Structural analysis. Vero-hTMPRSS2 cells were grown to confluency and the cells were
419  inoculated with a MOI of 0.01 of recombinant CoV-2-s2m-WT or mutant CoV-2-s2m“?*? virus.
420  Supernatant was collected 24 hpi and the virus was purified from the supernatant using PEG
421  preciptation method®. The purified virus pellet was resuspended in a buffer (0.05 M HEPES, pH
422  8,0.1 M NaCl, 0.0001 M EDTA for SHAPE-MaP and 0.3 M HEPES , pH 8, 0.1 M NaCl for DMS-
423  MaPseq).

424 SHAPE-MaP. For selective 2’-hydroxyl acylation analyzed by primer extension and
425 mutational profiling (SHAPE-MaP), the resuspended viruses were divided into 3 reactions
426  (modified sample, control sample, and denatured sample). For modified sample, 2-
427  methylnicotinic acid imidazolide (NAI) from 1M stock (in DMSO) was added at a final

428 concentration of 100 mM. For the control sample, the corresponding amount of DMSO was
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429  added. Samples were then incubated at 37° C for 15 min, followed by quenching of NAI through
430 the addition of DTT at a final concentration of 0.5 M. For denaturing control, resuspended
431  viruses were set aside without any treatment. TRK lysis buffer was added to above reactions to
432 lyse the virus. Total RNA was extracted using Zymo RNA Clean and Concentrator-5 Kit (Zymo
433 Research). The denatured control RNA sample was incubated at 95°C for 1 minutes and then
434  treated with 100 mM NAI for 1 minutes at 95°C and the reaction was quenched with DTT as
435  described previously. For denatured sample, RNA was again purified using Zymo RNA Clean
436 and Concentrator-5 Kit (Zymo Research). Sequencing library preparation was performed
437  according to the amplicon workflow as described previously®. The primers were designed tiling
438 3 UTR across SARS-CoV-2 genome: 5-GCAGACCACACAAGGC-3’ (forward) and 5’-
439 CGTCATTCTCCTAAGAAGCTA-3 (reverse). The RNA was reverse-transcribed using the
440  specific primer with SuperScript Il (Invitrogen) in MaP buffer (50 mM Tris-HCI (pH 8.0), 75 mM
441  KCI, 6 mM MnCl,, 10 mM DTT and 0.5 mM deoxynucleoside triphosphate). Amplicons tiling the
442 3 UTR SARS-CoV-2 genome were generated using Q5 hot start high-fidelity DNA polymerase
443  (Cat. No. M0492S), 3 UTR-specific forward and reverse PCR primers, and 8 uL of purified
444  cDNA. The Nextera XT DNA Library Preparation Kit (lllumina) was used to prepare the
445  sequencing libraries. Final PCR amplification products were size-selected using Agencourt
446  AMPure XP Beads (Beckman Coulter). Libraries were quantified using a Qubit dsDNA HS
447  Assay Kit (ThermoFisher, Cat. No. Q32851) to determine the concentration and quality was
448  assessed with the Agilent High Sensitivity DNA kit (Agilent Technologies) on a Bioanalyzer 2100
449  System (Agilent Technologies) to determine average library member size and accurate
450 concentration. The libraries were sequenced (2 x 150 base pairs (bp)) on a MiniSeq System
451  (lllumina). Sequencing reads were aligned with the reference sequences and SHAPE-MaP
452  reactivity profiles for each position was calculated using ‘Shapemapper-2.15" with default
453  parameter. All SHAPE-MaP reactivities were normalized to an approximate 0-2 scale by

454  dividing the SHAPE-MaP reactivity values by the mean reactivity of the 10% most highly
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455 reactive nucleotides after excluding outliers (defined as nucleotides with reactivity values that
456  are >1.5 the interquartile range). High SHAPE-MaP reactivities above 0.7 indicate more flexible
457  (that is, single-stranded) regions of RNA and low SHAPE-MaP reactivities below 0.3 indicate
458  more structurally constrained (that is, base-paired) regions of RNA.

459 DMS-MaPseq. For dimethyl sulfate mutational profiling and sequencing (DMS-MaPseq), the
460 resuspended viruses were divided into 2 reactions (modified and control sample). For modified
461 sample, 2% v/iv DMS was added, mixed thoroughly and incubated immediately at 37° C for 5
462 min before quenching with 100 pL 30% [B-mercaptoethanol in PBS. The control sample was
463  prepared similarly only without addition of DMS. TRK lysis buffer was added to above reactions
464  to lyse the virus. Total RNA were extracted using Zymo RNA Clean and Concentrator-5 Kit
465 (Zymo Research). For reverse transcription, the 11.5 yL RNA were supplemented with 4 pyL 5x
466 first strand buffer (ThermoFisher Scientific), 1 yL 10 yM reverse primer, 1 yL dNTP, 1 yL 0.1 M
467 DTT, 1 pL RNaseOUT and 0.5 pyL MarathonRT. The reverse-transcription reaction were
468 incubated at 42° C for 3 hours. 1 yL RNase H was added to each reaction and incubated at
469 37°C for 20 min to degrade the RNA. cDNA was purified using QIAquick PCR Purification Kit

470 (Cat. No. 28104). dsDNA were prepared as described above but with cocktail of 2 forward

471  primers: 5-GCAGACCACACAAGGC-3’ and 5-ACGTTTTCGCTTTTCCG-3'. NEBNext® Ultra™
472 |l DNALibrary Prep Kit for lllumina® (New England Biolabs, cat. E7645S) was used to prepare
473 the sequencing libraries as per manufacturer instructions. The cleanup, quantification and
474  sequencing of libraries was performed as described above. DMS-MaPseq reactivity profiles are
475 calculated by aligning the sequencing reads to reference sequences using DREEM
476  Webserver®®. FastQC to assess the quality of fastq files, Trim Galore to remove adapter
477  sequence and Bowtie2 to align the reads to sequnece are integrated into the DREEM. The
478 DREEM map the reads and converts them into bitvectors based on the mutation rate (if

479  mutation rate > 0.5%, converts to 1; otherwise, matches convert to 0). The bitvector files are
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480 then used to count mutations and normalized by sequencing depthin order to provide
481  normalized DMS reactivity.

482 Experimentally-informed secondary structure modeling. To computationally predict the RNA
483  secondary structure of the 3° UTR, we have removed the primer-binding sequences from our
484  analysis. The SHAPE-MaP and DMS-MaPseq reactivity profiles obtained through Shapemapper
485 and the DREEM Webserver respectively, were used as constraints to predict the secondary
486  structure using ShapeKnots®® with default settings. In order to calculate the correlation between
487 the WT and mutant, the pearson correlation coefficient was calculated by comparing their
488 nucleotide reactivity. SuperFold*® with experimental data restraints was used to predict
489 consensus secondary structure prediction with base-pairing probabilities and Shannon entropy.
490 The FASTA files for SHAPE-MaP and DMS-MaPseq can be found here: PRINA936272

491 Sequencing of reverse genetics rescued SARS-CoV-2 virus. For SARS-CoV-2 genome
492  sequencing, 200 yL of supernatant containing virus was collected and added to 600 yL TRK
493 lysis buffer plus beta-mecaptoethanol (BME) according to the E.Z.N.A. Total RNA Kit | (Omega
494  Bio-tek). Total RNA was extracted according to the manufacturer's protocol and eluted into
495 RNase/DNase free H,O and used for library construction. Ribosomal RNA was removed from
496  total RNA by Ribo-Zero depletion (lllumina). Indexed sequencing libraries were prepared using
497  TruSeq RNA library preparation kit (lllumina), pooled and then sequenced using lllumina
498 NextSeq system. The raw sequence data were analyzed using the LoFreq pipeline to call the
499  mutations in the entire virus genome *'. In brief, lllumina sequencing fastq data was aligned by
500 BWA with the SARS-CoV-2 reference genome sequence (NC _045512.2) after indexing to
501  generate the aligned sam and bam files. Read group was added by Picard after the aligned bam
502 file sorting and indexing with SAMtools, and then duplicates were removed by Picard
503 MarkDuplicates. Local realignment was achieved by gatk3 and then variant was called by

504 LoFreq to generate the mutant report file.
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505 Multiple sequence alignment and phylogenetic tree construction. Representative s2m
506 sequences were aligned in MegaX using Muscle 2. Sequences were visualized using Jalview 2
507 “**. Representative sequences included: SARS-CoV-1 Urbani (AY278741.1), SARS-CoV-2
508 (NC _045512.2), Bat coronavirus RaTG13 (MN996532.2), Bat coronavirus BANAL-52
509 (MZ937000.1), Bat SARS coronavirus Rp3 (DQ071615.1), Bat SARS-like coronavirus YNLF-
510 34C (KP886809.1), SARS coronavirus Civet PC4-136 (AY613949.1), Pangolin coronavirus
511  PCoV GX-P3B (MT072865.1), Avian infectious bronchitis virus (NC_001451.1), Thrush
512  coronavirus HKU12-600 (NC_011549.1). Representative SARS-CoV-2 complete genome
513 sequences for each pango lineage were downloaded from NCBI. Sequence alignment was
514  done by MAFFT and the phylogenetic tree was constructed with FastTree tool.

515 Analysis of SARS-CoV-2 s2m sequences using the NCBI database. SARS-CoV-2
516  complete genome sequences deposited between January 2020 and December 2022 were
517 downloaded from NCBI as a single FASTA file. The FASTA dataset was processed with a
518  published SARS-CoV-2-freebayes pipeline to call all the variants along the genome *. In brief,
519 the single SARS-CoV-2 complete genome FASTA file was decomposed into individual FASTA
520 genome sequences. Then, each FASTA genome was aligned individually against the SARS-
521  CoV-2 reference sequence (NC_045512.2) using Minimap2 *°. Variant calling was performed on
522 each BAM file using Freebayes variant caller to produce the VCF files. Variants in the s2m
523  position 32 and deletion of the s2m A8-33 for all the VCF files were extracted and reported.

524 Statistical analysis. Data was graphed using Prism 9.3.1 (GraphPad). Parametric and non-
525 parametric comparisons were made where appropriate. Post hoc testing of Kruskal Wallis
526  comparisons was completed with correction of multiple comparisons by Dunn’s multiple test
527  correction. For multi-step growth curves, mutants were compared to CoV-2-s2m-WT by
528 logarithmically transforming the data and comparing using a two-way ANOVA in Prism after
529 excluding the one hour timepoint. Hamster weight data analyzed by mixed-effect model with

530 Geisser-Greenhouse correction in Prism. Adjusted P values < 0.05 were considered significant.
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688 Figures

689 Figure 1: s2m nucleotide sequence alignment (A) Multiple sequence alignment of
690 representative  Coronaviruses in the Betacoronavirus, @ Gammacoronavirus, and
691 Deltacoronavirus genus that encode an s2m. (B) Sequence alignment of the s2m element found
692 in SARS-CoV-2 isolates. SARS-CoV-2-WT is the original SARS-CoV-2 isolate (NC_045512.2),
693 SARS-CoV-2-WUSTL is the virus isolated from the patient in the St Louis Area (2019-
694 nCoV/WUSTL_000226/2020), SARS-CoV-2-s2m”*®*® is the circulating s2m deletion mutant,
695 SARS-CoV-2-s2m?°is the engineered s2m stem structure mutant, SARS-CoV-2-s2m?°3%42 s
696 the engineered s2m stem structure mutation revertant, and SARS-CoV-2-s2m®?*? is the

697  engineered s2m deletion mutant.
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700 Figure 2: The s2m is dispensable for SARS-CoV-2 in vitro. (A-B) Multi-step growth curve of
701 CoV-2-s2m-WT and mutants in (A) Vero-hTMPRSS2 and (B) Calu-3 cells. Mutant strains
702  include CoV-2-s2m”**? which contains a deletion of the s2m element, CoV-2-s2m?® which
703  contains four consecutive substitutions of the stem of the s2m, and CoV-2-s2m?°3%42 which
704  contains complementary substitutions predicted to restore the secondary structure of the s2m.
705 Infectious virus titer measured in plaque forming units per mL (PFU/mL) at 0, 24, 48, and 72
706  hours post-inoculation. No difference in the viral titer was detected by a two-way ANOVA with
707  post-hoc testing by Dunnett’s multiple comparison test between CoV-2-s2m-WT and all mutants
708  for Vero-hTMPRSS2 F(3,20)= 1.02, P= 0.40, and for Calu-3 cells F(3,20)= 0.48, P= 0.7). (C)
709  Multi-step growth curve of the infectious viral titer using a clinical isolate of SARS-CoV-2
710  containing a partial deletion of the s2m element (WUSTL_000226/2020), compared to a WA1-
711 strain of SARS-CoV-2 with a D614G mutation. Viral titers were measured at 0, 24, 48, and 72
712 hours post-inoculation and no difference in titers was detected by a two-way ANOVA with post-
713  hoc testing by Sidak’s multiple comparison test (F(1,20)= 2.34, P= 0.16). For all graphs,
714  geometric means + geometric standard deviations are depicted. Dotted line is the limit of

715  detection of the assay.
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719  Figure 3: The s2m is dispensable for SARS-CoV-2 in vivo. Intranasal inoculation of
720  hamsters with CoV-2-s2m-WT and mutants including CoV-2-s2m“%*? which contains a deletion
721  of the s2m, CoV-2-s2m?*® that contains four mutations of the stem of the s2m, and CoV-2-s2m*
722 °3%*2that contains complementary mutations predicted to restore the secondary structure of the
723  s2m. Hamsters were sacrificed at days 3 and 6. (A) Mean hamster weight as percent of starting
724  weight is graphed with error bars representing standard deviations. The weight of the hamsters
725 infected with CoV-2-s2m-WT and mutant SARS-CoV-2 viruses were compared and no
726  difference was detected using a mixed effect model with Geisser-Greenhouse correction
727  (F[3,44] =1.26, P= 0.30). There was no difference in (B) Lung infectious viral titer (Kruskal-
728  Wallis H(3)= 0.62 P= 0.89), (C) lung viral RNA (Kruskal-Wallis H(3)= 2.0 P= 0.57), and (D) nasal
729  wash viral RNA (Kruskal-Wallis H(3)= 2.2 P= 0.54) from day 3 were identified comparing CoV-2-
730  s2m-WT and s2m mutant viruses. At 6 days post inoculation, there was also no differences in
731 (E) lung infectious viral titer (Kruskal-Wallis H(3)= 5.5 P= 0.14), (F) lung viral RNA (Kruskal-
732  Wallis H(3)= 6.2 P= 0.10), and (G) nasal wash viral RNA (Kruskal-Wallis H(3)= 2.8 P= 0.42)
733  comparing CoV-2-s2m-WT to mutant s2m viruses. For all graphs B-G, each dot is one animal.

734  Dotted line represents the limit of detection of the respective assay.
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737  Figure 4: The s2m is dispensable for SARS-CoV-2 viral fitness in Syrian hamster. The
738 fitness of the CoV-2-s2m”**? virus was assessed in vivo in Syrian hamsters. Hamsters were

4242 virus and lungs

739 inoculation intranasally with 1:1 mixture of CoV-2-s2m-WT and CoV-2-s2m
740 and nasal washes were collected 3 days post infection. The genome copy of CoV-2-s2m-WT
741  and CoV-2-s2m”*?*? in the inoculum and infected tissues were measured by RT-PCR. The ratio
742  of CoV-2-s2m-WT to CoV-2-s2m”?*? in the inoculum was calculated (A) and the replicative

743  fitness of the CoV-2-s2m*?**? to CoV-2-s2m-WT virus in lungs and nasal washes were

744  calculated (B). Individual values were shown as dots and mean values were plotted by box.

745
(A) (B)
Input Lung Nasal wash
10- @ 10 @ 10-
o) o)
o S S .
= 2 ) g °
= ° © o0 ©
'g 14 Y ) L2 1+ Q 1 O‘
E o o
= o % o °
= g ° g o
© ©
746 0.1 0.1 0.1 e


https://doi.org/10.1101/2023.03.15.532878
http://creativecommons.org/licenses/by-nd/4.0/

747

748

749

750

751

752

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.15.532878; this version posted March 16, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

Figure 5: Structure prediction for 3’'UTR suggests a presence of conserved structural
elements. Predicted RNA secondary structure for CoV-2-s2m-WT using SHAPE-MaP (A) and
DMS-MaPseq (B) reactivity profiles. Predicted RNA secondary structure for CoV-2-s2m”%*2
using SHAPE-MaP (C) and DMS-MaPseq (D) reactivity profiles. Each nucleotide is colored by

their normalized reactivity. BSL, bulged-stem loop; SL1, stem loop 1; HVR, hypervariable

region; ONM, the octanucleotide motif. Blue lines indicate the pseudoknot region.
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754  SUPPLEMENTARY INFORMATION

755  Supplemental Figure 1: Identification of SARS-CoV-2 s2m deletions. (A) SARS-CoV-2 s2m
756  deletion containing sequences found by release date. (B) A phylogenetic tree of SARS-CoV-2
757 by all Pango Lineages, SARS-CoV-2-s2m %33 deletion containing lineages were marked as red.

758  All other deletions in the s2m region are marked by blue.
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760  Supplemental Figure 2: Schematic of the SARS-CoV-2 reverse genetics system used in
761  this study. Schematic of the SARS-CoV-2 genome and fragment construction for the cDNA
762  genome assembly. T7 promoter, polyA sequence, SARS-CoV-2 encoded ORFs were indicated
763  on the genome map in purple. Restriction sites were shown in its position along the genome on
764  each fragment.
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Supplemental Figure 3: SHAPE-MaP and DMS-MaPseq reactivity profile and Superfold
analysis of the 3’ UTR of wild type SARS-CoV-2. Following the probing of viral genome in
purified SARS-CoV-2 virions, the SHAPE-MaP (A) and DMS-MaPseq (C) reactivity profiles were
determined as described in the Materials and Methods section. SuperFold was used to predict
consensus secondary structure prediction with base-pairing probabilities using the SHAPE-MaP

(B) and DMS-MaPseq (D) reactivity profiles.
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775 Supplemental Figure 4: SHAPE-MaP and DMS-MaPseq reactivity profile and Superfold
776  analysis of the 3’ UTR of SARS-CoV-2-s2m”*?**% Following the probing of viral genome in
777  purified SARS-CoV-2 virions, the SHAPE-MaP (A) and DMS-MaPseq (C) reactivity profiles were
778 determined as described in the Materials and Methods section. SuperFold was used to predict
779  consensus secondary structure prediction with base-pairing probabilities using the SHAPE-MaP
780 (B) and DMS-MaPseq (D) reactivity profiles. Nucleotides 29729 to 29768 were deleted from the

781  CoV-2- s2m*?**? genome.
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