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Abstract

SARS-CoV-2, the etiologic agent of the COVID-19 pandemic, has had an enduring impact

on global public health. However, SARS-CoV-2 is only one of multiple pathogenic human

coronaviruses (CoVs) to have emerged since the turn of the century. CoVs encode for sev-

eral nonstructural proteins (nsps) that are essential for viral replication and pathogenesis.

Among them is nsp15, a uridine-specific viral endonuclease that is important in evading the

host immune response and promoting viral replication. Despite the established endonucle-

ase function of nsp15, little is known about other determinants of its cleavage specificity. In

this study we investigate the role of RNA secondary structure in SARS-CoV-2 nsp15 endo-

nuclease activity. Using a series of in vitro endonuclease assays, we observed that thermo-

dynamically stable RNA structures were protected from nsp15 cleavage relative to RNAs

lacking stable structure. We leveraged the s2m RNA from the SARS-CoV-1 3’UTR as a

model for our structural studies as it adopts a well-defined structure with several uridines,

two of which are unpaired and thus highly probable targets for nsp15 cleavage. We found

that SARS-CoV-2 nsp15 specifically cleaves s2m at the unpaired uridine within the GNRNA

pentaloop of the RNA. Further investigation revealed that the position of uridine within the

pentaloop also impacted nsp15 cleavage efficiency suggesting that positioning within the

pentaloop is necessary for optimal presentation of the scissile uridine and alignment within

the nsp15 catalytic pocket. Our findings indicate that RNA secondary structure is an impor-

tant determinant of nsp15 cleavage and provides insight into the molecular mechanisms of

RNA recognition by nsp15.

Introduction

Coronaviruses (CoVs) are a diverse group of enveloped, positive sense single-stranded RNA

(+ssRNA) viruses within the Nidovirales order. CoVs infect a wide range of host species and

are associated with mild to severe disease in livestock and humans [1–3]. The Coronaviridae
family is composed of four genera: Alpha-, Beta-, Gamma-, and Deltacoronaviruses [4]. Since
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the turn of the century, several pathogenic CoVs have emerged in the human population

including SARS-CoV-1, MERS-CoV, and SARS-CoV-2 with the latter being the causative

agent of the COVID-19 pandemic [1, 2].

Replication of the large (~30kb) CoV genome is facilitated by multiple nonstructural pro-

teins (nsp1-16) which are produced from two open reading frames encoded by the first two

thirds of the viral genome. These proteins encode several key functions necessary for synthesis

and post-translational processing of the viral genome, including RNA-dependent RNA poly-

merase (nsp12), helicase (nsp13), RNA M7 and 2´-O-methyltransferase (nsp14, nsp16/nsp10),

protease (nsp3, nsp5), and exonuclease (nsp14) activities. Structural proteins which assemble

to form the virion, as well as accessory proteins, are encoded in a set of nested subgenomic

RNAs which are coterminal with the 3’ end of the genome.

The viral replication/transcription complex (RTC) is housed within membrane structures

derived from the host endoplasmic reticulum (ER) which are induced by expression of nsp3, 4,

and 6 [5–12]. Like other +ssRNA viruses, these double-membrane vesicles (DMVs) provide a

microenvironment that supports efficient viral replication and sequester double-stranded

RNA (dsRNA) replication intermediates from detection by host pathogen recognition recep-

tors (PRRs) [13, 14]. Previous studies have demonstrated a key role for the interferon (IFN)

response in restriction of CoVs. Accordingly, CoVs have evolved several mechanisms to evade

antiviral immunity (e.g., 2´-O-methylation) and encode several proteins which antagonize the

IFN response (nsp1, ORF6) [15–17]. Nsp15 is a uridine-specific endonuclease (endoU)

encoded by CoVs and other Nidoviruses which has been implicated in evasion of host-medi-

ated RNA sensing and IFN activation [18, 19]. While nsp15 has been shown to be non-essen-

tial for viral replication of several CoVs, absence of nsp15 endoU activity (Δnsp15) leads to

greater accumulation of dsRNA replication intermediates which trigger IFN activation in

immune competent cells such as macrophages [18–20]. During CoV infection, dsRNA sensing

occurs primarily via MDA-5, though other RNA sensors (PKR) have also been implicated [18,

21].

While originally described as a uridine-specific endonuclease, mouse hepatitis virus

(MHV) nsp15 has been shown to preferentially cleave pyrimidine-adenine dinucleotides (U#A

or C#A) [22]. More recently, viral targets of MHV nsp15 have been identified in both the

polyU tract of 5’ negative-sense RNA, as well as at several sites throughout the CoV genome

[19, 22]. Although multiple nsp15 cleavage sites have been mapped throughout the MHV

genome, no other sequence determinants have yet been identified. Despite the abundance of

pyrimidine-adenine dinucleotides across the MHV genome, only a fraction of these sites are

cleaved by nsp15 suggesting that other RNA determinants likely affect cleavage specificity of

viral RNA. Earlier in vitro studies have shown that SARS-CoV-1 nsp15 cleaves a single

unpaired uridine in the stem-loop II motif (s2m) RNA structural element found in the 3’-UTR

of the viral genome suggesting that the structural context in which the scissile uridine is pre-

sented may play a role in determining nsp15 cleavage specificity [23]. In this study, we use

SARS-CoV-1 s2m as a model RNA to explore the secondary structure requirements for

SARS-CoV-2 nsp15 cleavage. Our findings reveal that thermodynamically stable RNAs are

protected from SARS-CoV-2 nsp15 cleavage and cleaved less efficiently. We show for the first

time that the thermodynamic stability of RNA structure as well as positioning and sequence

context of the scissile uridine play a role in determining SARS-CoV-2 nsp15 cleavage specific-

ity. This is consistent with previous studies of SARS-CoV-1 nsp15, suggesting that SARS-CoV-

2, and CoVs more broadly, may use RNA structure to regulate nsp15 cleavage specificity.

These data shed further light on requirements for viral endoU target recognition and demon-

strate an underappreciated role for viral RNA structure in evasion of innate immunity.
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Materials and methods

Generation of SARS-CoV-2 RNA segments

100nt segments of SARS-CoV-2 genome were amplified using the primers listed in Table 1.

Amplicons were purified using Mag-Bind Total Pure NGS beads (Omega Bio-Tek). 1.5x bead

volume relative to amplification reactions was used and purified as per manufacturer’s instruc-

tions. Purified amplicons were subcloned into a vector containing the HDV ribozyme [24].

These constructs were linearized and purified prior to transcription.

Approximately 5 pmol of purified DNA was used as a template for T7 transcription reac-

tions. RNAs were transcribed using the HiScribe T7 High Yield RNA Synthesis Kit (New

England Biolabs). Reactions were set up as per manufacturer’s instructions with the addition

of 4 units of Murine RNase Inhibitor (NEB) and 5% DMSO. Transcriptions were incubated at

42˚C overnight after which, the reactions were treated with DNaseI (NEB) as per manufactur-

er’s instructions. DNase-treated transcriptions were then purified using Mag-Bind Total Pure

NGS beads as described above.

Transcriptions were gel purified by running samples on urea gels. 15% TBE-Urea gels were

made using SequaGel UreaGel 29:1 Denaturing Gel System (National Diagnostics). Urea was

added to the samples to a final concentration of 4M before running on the gels at 200V for 90

minutes. Gels were briefly stained with 0.02% Methylene Blue in TBE until ladder was visible.

Gels were imaged on Gel Doc XR+ (Bio-Rad), and bands corresponding to 100nt fragments

were cut out and shredded by centrifugation. RNAs were eluted overnight on rotator in 3x vol-

ume of elution buffer (10mM Tris-HCl pH 7.5, 1mM EDTA, 300mM NaCl, 0.1% SDS) relative

to gel weight. Gel slurries were applied to cellulose acetate columns and frozen at -80˚C for 10

minutes. Samples were centrifuged at 10,000x g for 3 minutes. Eluate was adjusted up to 600μL

with nuclease-free water and purified by acid phenol-chloroform extraction.

All other RNAs (s2m and Δs2m and corresponding mutant RNAs) were synthesized by

Integrated DNA Technologies. RNA sequences can be found in S1 Table.

Expression and purification of recombinant nsp15

Recombinant nsp15 was expressed and purified as previously described [25]. Briefly, a pET28a

(+) construct consisting of a codon-optimized SARS-CoV-2 nsp15 gene sequence with a N-

terminal hexahistidine tag was expressed in Rosetta BL21(DE3) E. coli competent cells using

autoinduction methods. The K290A mutant was generated using a Q5 site-directed mutagene-

sis kit (NEB) and the forward and reverse primers: CGGCAGCAGCGCATGCGTGTGC and

GTCTGCGCATCGGTAATAAAATAG. Recombinant protein was purified using 5 mL HisTrap

FF immobilized metal ion affinity chromatography columns (GE Healthcare) and fractionated

using a Superdex 200 size-exclusion chromatography column and an NGC Chromatography

System (Bio-Rad). Fractions containing purified nsp15 were flash frozen in liquid nitrogen

and stored at -80˚C.

Table 1. Primers used for generation of SARS-CoV-2 RNA segments.

RNA Forward Primer Reverse primer

RNA

1

CATGAGCTTA AGTAATACGA CTCACTATAG
GCTACTAACA ATGCCAT

CATGAGGCTA GCAAGATTGT
GTCCGCTTAA AA

RNA

2

CATGAGCTTA AGTAATACGA CTCACTATAG
ACCTGAGCAT AGTCTTG

CATGAGGCTA GCGAGAACAC
ACAGCCTC

RNA

3

CATGAGCTTA AGTAATACGA CTCACTATAG
TGAAGTGCTG TCTGAC

CATGAGGCTA GCGTTACACG
ATAACCAGTA AAG

Primers used to amplify RNAs 1–3 prior to subcloning as described above.

https://doi.org/10.1371/journal.pone.0290675.t001

PLOS ONE RNA structure and nsp15

PLOS ONE | https://doi.org/10.1371/journal.pone.0290675 August 24, 2023 3 / 20

https://doi.org/10.1371/journal.pone.0290675.t001
https://doi.org/10.1371/journal.pone.0290675


Endonuclease assay

RNAs were diluted in folding buffer (50mM Tris-HCl pH 7.5, 50mM KCl, 5mM MgCl2, 5mM

DTT). RNAs were folded by incubating at 95˚C for 10 minutes then cooled to 25˚C at a rate of

0.1˚C/sec (S1 Fig). Purified nsp15 was diluted in assay buffer (50mM Tris-HCl pH 7.5, 50mM

KCl, 5mM MnCl2, 5mM MgCl2, 5mM DTT) to the appropriate concentration for indicated

nsp15 hexamer:RNA ratios. To denature nsp15, the protein was incubated at 95˚C for 5 min-

utes. Denatured wt protein showed no cleavage when compared to the nsp15 catalytic mutant

protein (S2 Fig). Folded RNA was aliquoted into individual tubes, and diluted nsp15 was

mixed in equal amounts to each RNA simultaneously. Reactions were sampled and arrested at

indicated timepoints with a final concentration of 20mM EDTA before flash freezing in liquid

nitrogen. Denatured nsp15 reactions were incubated for 240 minutes.

TBE-Urea gels were made using SequaGel UreaGel 29:1 Denaturing Gel System (National

Diagnostics). 15% or 22.5% gels were poured as indicated in each experiment. RNA samples

were thawed and mixed with an equal volume of 2x RNA Loading Dye (NEB) and incubated

at 70˚C for 10 minutes prior to loading onto the gels. Gels were run at 200V for 1 hour in 1x

TBE. Gels were stained with SYBR Green II (ThermoFisher) diluted 1:5000 in TBE for 30 min-

utes while shaking and imaged on Gel Doc XR+ (Bio-Rad). Full-length bands at each time

point were calculated by densitometry using Image Lab software (Bio-Rad). Density of bands

were normalized to denatured nsp15 control for each reaction.

Differential Radial Capillary Action of Ligand Assay (DRaCALA)

DRaCALAs were performed as described previously [26]. Briefly, RNAs were dephosphory-

lated and 5’ radiolabeled with 30μCi ATP. Radiolabeled RNAs were set up in reactions with

the following components: DRaCALA buffer (50mM HEPES pH 7.0, 100mM KCl), 5mM

MgCl2, 50ng/μL yeast tRNA, 1mM DTT, 5% glycerol. RNAs were heated to 95˚C for 2 minutes

and cooled at RT for 10 minutes. Serial dilutions of catalytic mutant nsp15 K290A were added

to the reactions which were incubated for 15 minutes at RT and spotted onto a 0.45μm nitro-

cellulose membrane. Blots were exposed to a phosphor screen overnight and imaged on Sap-

phire Molecular Imager (Azure Biosystems). Binding was measured by densitometry as

previously described [27] using Fiji.

Statistical analysis

For quantification of band density in endonuclease assays, the area under the curve (AUC)

was calculated for each replicate using GraphPad Prism software. Statistical analysis of the

AUC was performed using one-way ANOVA with multiple comparisons, whereby the mean

of each column was compared to the mean of all other columns. p<0.05 (*), p<0.01 (**),
p<0.001 (***), p<0.0001(****) For statistical analysis of DRaCALA, the dissociation constant

(KD) was calculated for each RNA and a one-way ANOVA with multiple comparisons was

used to calculate p-values for each comparison.

Results

RNA secondary structure modulates nsp15 cleavage efficiency

Nsp15 cleavage sites have previously been mapped in the MHV genome following viral infec-

tion [19, 22]. Despite the abundance of pyrimidine-adenine dinucleotides throughout the

genome, MHV nsp15 was found to cleave only a fraction of these sites suggesting that other

determinants play a role in CoV nsp15 cleavage specificity. Using the MEME-suite XSTREME

motif analysis and discovery tool [28] we analyzed 200 nt sequences corresponding to 100 nt
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upstream and downstream of the MHV nsp15 cleavage sites identified by Ancar et al. to iden-

tify shared motifs that might contribute to specific recognition or cleavage of these sequences

by nsp15. Although some motifs were found to be enriched in sequences surrounding the

MHV nsp15 cleavage sites, they were not uniformly conserved across all cleavage sites and

were also found at other sites not previously identified as nsp15 targets.

As RNA structure has previously been implicated in nsp15 cleavage specificity [23], we next

compared the underlying predicted secondary structure of the same 200 nt fragments using

LocRNA software [29, 30]. We did not identify any conserved structural elements at nsp15

cleavage sites in MHV nor did we identify conserved structural elements upstream or down-

stream of these sites. Despite the absence of any conserved sequence or structural motifs, we

hypothesized that the presence of thermodynamically stable RNA elements would prevent

cleavage of RNA by nsp15.

To test this hypothesis, we used RNAfold [31] to identify regions across the SARS-CoV-2

genome predicted to have varying degrees of thermodynamic stability (RNA 1, RNA 2, RNA

3; Fig 1A, Table 2) [32, 33]. We identified representative regions of high, moderate, and low

thermodynamic stability as indicated by their relative ΔG values (Fig 1B) with more stable pre-

dicted structures having lower ΔG values [34]. Additionally, we compared the predicted RNA

structures to previously published SHAPE-MaP data (S3 Fig) [35]. RNA 1, the most thermody-

namically stable RNA, shared significant similarity to these data. However, we observed less

correlation between the RNAfold predictions and SHAPE-MaP data for RNA 2 and particu-

larly RNA 3. These two RNAs were predicted to have higher ensemble diversities (Fig 1B) and,

as such, are predicted to be more structurally variable (adopt a larger number of conformers

than RNA 1). Therefore, it follows that less correlation was observed between predicted and

experimentally determined structures. 100 nt RNAs corresponding to these regions were syn-

thesized in vitro and cleavage efficiency of these RNAs was assessed using a SARS-CoV-2

nsp15 endonuclease assay [25] (Fig 1C and 1D). Folded RNAs were incubated with recombi-

nant SARS-CoV-2 nsp15 for various times (1, 15, 60, and 240 minutes) and cleavage products

were analyzed by denaturing polyacrylamide gel electrophoresis (Fig 1C). Cleavage of full-

length RNA was additionally quantified by densitometry by comparing the abundance of full-

length RNA at each time point to a denatured nsp15 control (no cleavage, (-) far-right lane)

(Fig 1D). As we hypothesized, we observed that RNAs with relatively moderate or low pre-

dicted thermodynamic stability were cleaved more rapidly than RNA 1 with relatively high

thermodynamically stability (Fig 1C, compare abundance of full-length transcript at 1, 15 and

60 min [red arrow]; Fig 1D compare percentage uncleaved RNA). Notably, RNA with rela-

tively low thermodynamic stability showed rapid cleavage as early as 1 min following the addi-

tion of nsp15. While each RNA yielded different cleavage products owing to the differences in

RNA sequence, we observed the appearance of distinct cleavage products that either decreased

(green arrows) or increased (blue arrows) in abundance over time (Fig 1C). These likely repre-

sent cleavage intermediates or end products respectively and suggest that other structural fea-

tures or specific sequences also likely contribute to the higher efficiency of nsp15 cleavage of

some RNA sequences over others. Collectively, these data suggest that RNA secondary struc-

ture impacts nsp15-dependent RNA cleavage.

SARS-CoV-2 nsp15 cleaves unpaired bases in structured RNAs

In vitro biochemical studies by Bhardwaj et al. previously showed that SARS-CoV-1 nsp15 spe-

cifically cleaves 3’ of unpaired uridines in s2m, a conserved structural element found in the

3’UTR of the SARS-CoV-1 genome and some other related CoVs [23, 37, 38]. In addition to

our results described above (Fig 1), this study suggests that the context in which the cleaved
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Fig 1. Secondary structure protects RNA from cleavage by SARS-CoV-2 nsp15. A. Predicted minimum free energy structures (RNAfold) of 100 nt

RNAs from the SARS-CoV-2 genome of varying thermodynamic stability (high, medium, and low). Unpaired uridines are highlighted in blue, and

paired uridines are outlined in blue. All RNA structures were predicted in RNAfold and designed in RNA2Drawer [34, 36]. B. The locations within the

SARS-CoV-2 genome are indicated for each structure, and thermodynamic stability is indicated as -ΔG. Frequency of MFE and ensemble diversity is

listed as predicted by RNAfold. C. Endonuclease assays of RNAs from (A) at a nsp15 hexamer:RNA ratio of 1:600. Full-length (uncut) RNAs are

indicated by the red arrows. Diminishing cleavage products (cleavage intermediates) are indicated by green arrows. Accumulating cleavage products

(cleavage end products) indicated by blue arrows. RNAs were run on a 15% TBE-Urea Gel. Representative images from one of three total experiments

are shown. D. Quantitation of data from (C). The percentage of full-length RNA remaining was measured by densitometry. Most thermodynamically

stable RNA (RNA 1) was cleaved least rapidly relative to other RNAs. Percentage of uncut RNA was calculated by normalizing to a denatured nsp15

control (indicated by (-) in the far-right lane). Area under the curve (AUC) was calculated for each RNA, and one-way ANOVA with multiple

comparisons was performed on the AUC. Data represents three independent experiments.

https://doi.org/10.1371/journal.pone.0290675.g001
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uridine is presented may be important for determining the cleavage specificity of nsp15. In the

case of s2m, the two unpaired uridines (U25 and U30) are located in two unstructured loops

(Fig 2A, highlighted in blue). Structural resolution of s2m has shown that U25, which is located

within the GNRNA sequence of the pentaloop of s2m, is highly disordered relative to other

nucleotides, and that U30 is also moderately disordered [37]. Interestingly, while there is sig-

nificant homology between s2m from SARS-CoV-1 and SARS-CoV-2, SARS-CoV-2 s2m has

two single nucleotide polymorphisms (SNPs) that change the structure of the RNA (S4 Fig).

Based on previous findings and the availability of structural information, we posited that

SARS-CoV-1 s2m would be a tractable model RNA for studying the determinants of cleavage

specificity of SARS-CoV-2 nsp15.

We first sought to determine whether SARS-CoV-2 nsp15 exhibits cleavage specificity for

unpaired uridines in s2m similar to what was previously observed for SARS-CoV-1 nsp15

[23]. To identify whether nsp15 preferentially cleaves at U25, U30, or both, we designed the

wild type (wt) SARS-CoV-1 s2m RNA, as well as single and double s2m mutants containing

U-to-A substitutions at U25 and U30 (Fig 2A) and compared cleavage efficiency of these

RNAs via endonuclease assay (Fig 2A and 2B). In contrast to wt s2m, cleavage of the double

mutant (s2mmut3) was noticeably impaired consistent with previous studies showing nsp15

cleavage preference for unpaired uridines. However, in contrast to previous findings with

SARS-CoV-1 nsp15, we observed that mutation of U30 (U30A; s2mmut2) did not impact RNA

cleavage, whereas mutation of U25 (U25A; s2mmut1) did. Although quantitative differences in

full-length RNA cleavage were not found to be statistically significant (Fig 2B), accumulation

of cleavage products in the U25A (s2mmut1) and double mutant (s2mmut3) was clearly impaired

relative to wt and U30A (s2mmut2) RNAs.

While we would expect to see the accumulation of cleavage products over time, interest-

ingly, we also observe that certain cleavage products diminish throughout the time course (Fig

2A). These diminishing products may indicate that step wise cleavage of RNA and RNA inter-

mediates is altered in the absence of the scissile U25. However, while mutation of U25 was not

predicted to impact the structure of s2m using RNAfold analysis (Fig 2C), we cannot rule out

the possibility that mutation of U25 leads to changes in s2m RNA structure which impact

nsp15-mediated cleavage.

Due to the presence of multiple uridines in s2m, accurate identification of cleavage prod-

ucts and intermediates was challenging. In order to eliminate extraneous cleavage products to

clarify interpretation of endonuclease data and further dissect RNA structural determinants of

cleavage efficiency, we designed truncated s2m RNAs (Δs2m) which lack the base of the stem

and all uridines except U25 and U30 (Fig 2D). Similar to the experiments described above, we

also engineered Δs2m mutants with U-to-A substitutions at U13 (Δs2mmut1) and U18

(Δs2mmut2) (equivalent to U25 and U30 in wt s2m), or both U13 and U18 (Δs2mmut3). As with

the full-length s2m RNAs, the free energies and ensemble diversities of the Δs2m mutant

RNAs were similar to each other (Fig 2C). We analyzed cleavage of wt and mutant Δs2m

RNAs over time by endonuclease assay as described above (Fig 2D and 2E). In keeping with

Table 2. Sequences of RNAs 1–3 from SARS-CoV-2.

RNA Sequence

RNA 1 (3496–

3595)

GGCUACUAAC AAUGCCAUGC AAGUUGAAUC UGAUGAUUAC AUAGCUACUA
AUGGACCACU UAAAGUGGGU GGUAGUUGUG UUUUAAGCGG ACACAAUCUU

RNA 2 (1401–

1500)

GACCUGAGCA UAGUCUUGCC GAAUACCAUA AUGAAUCUGG CUUGAAAACC
AUUCUUCGUA AGGGUGGUCG CACUAUUGCC UUUGGAGGCU GUGUGUUCUC

RNA 3 (16700–

16799)

GUGAAGUGCU GUCUGACAGA GAAUUACAUC UUUCAUGGGA AGUUGGUAAA
CCUAGACCAC CACUUAACCG AAAUUAUGUC UUUACUGGUU AUCGUGUAAC

https://doi.org/10.1371/journal.pone.0290675.t002
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Fig 2. SARS-CoV-2 nsp15 cleaves structured RNAs at specific sites. A. Endonuclease assays of full-length s2m mutant RNAs at a

nsp15 hexamer:RNA ratio of 1:30. RNAs were run on a 15% TBE-Urea Gel. Full-length bands indicated at the top of the gel with

cleavage products below. Representative images from one experiment. B. Percent of full-length RNA remaining as measured by

densitometry. Percentage of uncut RNA was calculated by normalizing to a denatured nsp15 control (-). RNAs with uridines present in

the pentaloop (s2m and s2mmut2) cleaved more efficiently than s2mmut1 and s2mmut3. AUC was calculated for each RNA, and one-way

ANOVA with multiple comparisons was performed on the AUC. AUC of s2m mutant RNAs are compared to wt s2m. Data represents

three independent experiments. C. Thermodynamic stability, frequency of MFE, and ensemble diversity of s2m and mutant RNAs
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experiments with full-length s2m RNA, we observed rapid accumulation of cleavage products

in wt Δs2m and Δs2mmut2 RNAs. In contrast, mutation of both U13 and U18 (U25 and U30

equivalent), or U13 (U25 equivalent) alone, resulted in delayed and reduced nsp15 cleavage of

RNA. Interestingly, we still observed some modest cleavage of Δs2mmut1 suggesting that while

U13 is the predominant cleavage site in the Δs2m RNA, nsp15 is also able to recognize and

cleave at other sites. While mutation of both U13 and U18 led to a further reduction in

nsp15-mediated cleavage, some cleavage products were still detected in the double mutant

lending further support to the hypothesis that nsp15 can also cleave non-uridine bases, albeit

at lower efficiency. Indeed, while nsp15 displays a strong preference of cleavage 3’ of uridines,

previous work has shown that cleavage at other bases (especially cytosine) also occurs [39].

We hypothesized that RNA secondary structure contributes to nsp15 cleavage specificity by

presenting the scissile uridine in a structural context favorable for nsp15 cleavage. However,

an alternative explanation could be that RNA structure serves to sterically hinder or promote

nsp15-RNA binding. To address whether the differences we observed in cleavage of wt and

mutant Δs2m RNAs was due to differences in protein-RNA binding alone, we compared

nsp15-RNA binding affinities using differential radial capillary action of ligand assay (DRa-

CALA) [26, 27]. Here, 5’-end radiolabeled Δs2m RNAs were incubated with increasing con-

centrations of recombinant mutant nsp15 (nsp15 (K290A)), complexes applied to

nitrocellulose membrane, and the fraction of bound vs unbound RNA quantified (Fig 2F).

Nsp15 (K290A) was used to eliminate endonuclease activity and contains a mutation of one of

the conserved catalytic residues necessary for endoU activity [23, 40–42]. We compared bind-

ing of wt and mutant Δs2m RNA, in addition to full-length wt s2m. The latter was chosen as a

control, as it is presently unknown what the minimum length requirement is for RNA recogni-

tion and binding by nsp15. We observed binding of nsp15 (K290A) to wt Δs2m (KD = 1.5μM).

When we compared binding of K290A to each mutant Δs2m RNA, we observed only slight

decreases in binding affinity (approximately 1.3-fold; Δs2mmut1 KD = 2.0μM, Δs2mmut2 KD =

1.9μM, Δs2mmut3 KD = 8.5μM), which were not found to be statistically significant. Notably,

we observed a modest increase in binding affinity of K290A for the full-length s2m RNA

(approximately 4-fold; s2m KD = 0.3μM) suggesting that other RNA-protein contacts in longer

RNAs may modestly contribute to binding affinity. As nsp15 exhibited similar binding affini-

ties for all Δs2m RNAs we concluded that differences in cleavage efficiency of Δs2m RNAs is

not due to differences in protein-RNA binding but likely driven by positioning of the scissile

uridine in these differently structured RNAs.

Flexible uridine nucleotides in structured pentaloops are susceptible to

SARS-CoV-2 nsp15 cleavage

Recent structural studies have suggested that SARS-CoV-2 nsp15 uses a base flipping mecha-

nism to position the scissile uridine in the catalytic pocket, thus enabling cleavage of dsRNA

[43]. The crystal structure of s2m shows that U25 in the GNRNA pentaloop adopts a similar

indicated as predicted by RNAfold. D. Endonuclease assays of modified s2m RNAs at a nsp15 hexamer:RNA ratio of 1:6. RNAs were run

on a 22.5% TBE-Urea Gel. Full-length bands indicated at the top of the gel with cleavage products below. Representative images from

one experiment. E. Percent of full-length RNA remaining as measured by densitometry. Percentage of uncut RNA was calculated by

normalizing to a denatured nsp15 control (-). RNAs with uridines present in the pentaloop (Δs2m and Δs2mmut2) were cleaved more

efficiently than Δs2mmut1 and Δs2mmut3. AUC was calculated for each RNA, and one-way ANOVA with multiple comparisons was

performed on the AUC. AUC of Δs2m mutant RNAs are compared to wt Δs2m. Data represents three independent experiments. F.

Nsp15 binding curves of Δs2m RNAs as compared to wt s2m. Δs2m RNA binding curves overlap with each other while wt s2m curve is

shifted left indicating improved binding with nsp15. Dissociation constant (KD) was calculated for each RNA, and one-way ANOVA

with multiple comparisons was performed on the KD. AUC of wt full-length s2m and Δs2m mutant RNAs are compared to wt Δs2m.

Data represents three independent experiments.

https://doi.org/10.1371/journal.pone.0290675.g002
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flipped out orientation [37] suggesting that this mechanism could also account for the specific-

ity of nsp15 cleavage for U25 in s2m. RNA pentaloops adopt a characteristic structure which

consists of a sheared G-A base pair that closes the pentaloop and induces base stacking of first

N, R, and A nucleotides. Notably, this conformation induces extrusion (or ‘flipping’) of the

second N (GNRNA) in the pentaloop [44, 45]. Thus, we postulated that the position of the scis-

sile uridine in the pentaloop (GAGUA) might be necessary to confer the correct orientation

required for nsp15 cleavage. To test whether the relative position of U25 is necessary for cleav-

age specificity, we constructed two additional Δs2m mutants in which the position of the scis-

sile uridine has been altered (Fig 3A, top), and compared cleavage efficiency in the endoU

assay (Fig 3A, bottom). In Δs2mmut4 the adjacent guanidine and uridine in the pentaloop were

swapped (GAUGA), such that the scissile uridine now sits at the apex of the pentaloop. In

Δs2mmut5 the scissile uridine was positioned downstream at the 3’ end of the pentaloop and

adjacent to the closing GC base pair of the helix (GAGAU). The second uridine in the bulge of

Δs2m (U18) was also mutated in both RNAs to assess the impact of U13 (U25 equivalent in

full-length s2m) cleavage only. We predicted that in Δs2mmut4 positioning of the scissile uri-

dine at the apex would have minimal effect on cleavage but that placement of uridine adjacent

to the helix would place structural constraints on this base such that it would be unable to

adopt the necessary conformation (flipped out) required for positioning within the catalytic

pocket of nsp15. When we compared cleavage of each mutant, we observed that Δs2mmut4

(GAUGA) was cleaved to completion earlier than both Δs2mmut2 (control) and Δs2mmut5

(GAGAU) (Fig 3B). We also designed Δs2mmut6 and Δs2mmut7 with a uridine in the second

position to assess cleavage of these RNAs by nsp15 (S6A Fig). We observed a slight, but consis-

tent increase in nsp15 cleavage activity in Δs2mmut6 and Δs2mmut7 relative to Δs2mmut2. In

contrast, we observed almost no cleavage of Δs2mmut5 supporting the hypothesis that the scis-

sile uridine might be more structurally constrained at this position and unable to engage with

the catalytic pocket of nsp15. From these data, we concluded that uridine position within the

pentaloop influences nsp15 cleavage activity, likely through structural constraints.

We also tested further RNAs from the SARS-CoV-2 genome that adopt a similar structure

to s2m RNAs. These s2m-like RNAs shared features with s2m including comparable length, a

loop size of 5–7 nucleotides, a similar loop sequence to the GNRUA pentaloop of s2m, and

internal bulges (S7A Fig). Additionally, only RNAs which fulfilled the above criteria and had

high confidence SHAPE-MaP structures were chosen [35]. We also chose a control RNA

based on the SHAPE-MaP that lacks the s2m pentaloop as well as the dinucleotide context that

has been shown to be important for nsp15 cleavage. We found that both s2m-like RNAs in the

SARS-CoV-2 genome were cleaved while the control RNA was not (S7C Fig). These results

provide further evidence of structural determinants of RNA substrates playing a role in nsp15

cleavage activity.

Discussion

Nsp15 is a viral endonuclease conserved across the Nidovirales and plays a crucial role in CoV

evasion of host innate immunity. The crystal structure of several CoV nsp15 proteins has been

solved to date, including SARS-CoV-2 [40, 42, 46–50]. Structural and biochemical analyses

have revealed key aspects of nsp15 function, including the requirement of Mn2+ for endonu-

clease activity at neutral pH as well as formation of higher order oligomers (hexamers) which

is also necessary for endoU function [23, 40, 41, 46, 50, 51]. Nsp15 primarily functions to

evade innate immune responses by cleaving dsRNA replicative intermediates and preventing

activation of MDA-5 and possibly other RNA sensors in the host cell [18–22, 52–55]. Some

studies also suggest that CoV nsp15 may play a role in viral transcriptional regulation during
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viral replication [22] and that endoU-independent activities additionally contribute to modu-

lation of host responses [54, 56–59].

At present, the RNA targets of nsp15 endoU from across the Coronaviridae are poorly

defined. This can be attributed in part to the fact that in vitro studies have used different RNA

species (dsRNA vs ssRNA) and different RNA sequences and lengths, making cross-compari-

son of these data challenging. Nsp15 has been shown to cleave 3’ of pyrimidines, in particular

uridine, and exhibit a preference for weak bases (A or U) 3’ of the scissile nucleotide. However,

Fig 3. Uracil position in loop structures impacts SARS-CoV-2 nsp15 cleavage efficiency. A. Endonuclease assays of s2m pentaloop mutant RNAs.

Reactions were run at a nsp15 hexamer:RNA ratio of 1:6 run on a 22.5% TBE-Urea Gel. Full-length bands indicated at the top of the gel with cleavage

products below. Representative images from one experiment. Cleavage products that accumulate over time are indicated by arrows. B. Thermodynamic

stability, frequency of MFE, and ensemble diversity of Δs2m mutant RNAs indicated as predicted by RNAfold. C. Percent of full-length RNA remaining

as measured by densitometry. Percentage of uncut RNA was calculated by normalizing to a denatured nsp15 control (indicated by (-) in the far-right

lane). RNAs with uridines positioned closer to the apex of the pentaloop cleaved more rapidly than Δs2mmut5 in which the uridine is at the end of the

pentaloop. AUC was calculated for each RNA, and one-way ANOVA with multiple comparisons was performed on the AUC. Data represents three

independent experiments.

https://doi.org/10.1371/journal.pone.0290675.g003
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to date no specific nsp15 recognition motifs have been described. In the absence of a sequence

motif, we postulate that RNA secondary structure may function to regulate both RNA binding

and cleavage efficiency of nsp15. Thus, we sought to determine the role of RNA structure in

the regulation of SARS-CoV-2 nsp15-mediated cleavage and define specific structural features

of RNAs that contribute to this. We demonstrated that increased thermodynamic stability of

RNA is associated with decreased nsp15 cleavage efficiency (Fig 1) and postulated that stable

secondary structure may contribute to nsp15 cleavage by two modes: 1) steric hinderance and

2) inducing optimal positioning of the scissile uridine in the nsp15-RNA complex. To test this

second hypothesis, we used s2m as a model RNA to explore the structural determinants of

nsp15 cleavage specificity.

Using an in vitro biochemical approach, we first demonstrated that nsp15 exhibits specific-

ity for cleavage of the uridine nucleotide located in the GNRNA pentaloop of s2m (Fig 2). This

contrasts with previous data from Bhardwaj et al., in which the authors observed preferential

cleavage of U30 located in the bulge sequence downstream of the pentaloop [23]. It should be

noted that these previous studies were performed with SARS-CoV-1 nsp15, which shares 88%

identity with SARS-CoV-2 nsp15. One explanation for the discrepancy in our data could be

structural differences between these proteins which lead to altered cleavage specificity.

We also tested s2m-like RNAs that shared a similar loop size and sequence to wt s2m (S6A

Fig) and found that the s2m-like RNAs were cleaved far more rapidly that a control RNA (S6C

Fig). However, we cannot rule out that other variables may be playing a role in this difference

including the positioning and the number of uridines within the loops of these RNAs. Further-

more, the control RNA contains a tetraloop as opposed to pentaloop or heptaloop (S6A Fig).

As we have not thoroughly tested the influence of loop size on nsp15 cleavage, it is possible

that nsp15 cleaves tetraloops with a lower efficiency than pentaloops.

Notably, the specificity for cleavage of the pentaloop uridine (GAGUA) was not due to dif-

ferences in nsp15-RNA binding (Fig 2F), thus we postulated that the sequence context of the

scissile uridine might be important for this specificity. The characteristic structure adopted by

GNRNA pentaloops induces extrusion, or base flipping, of the scissile uridine away from the

body of the RNA [44, 45], and this base flipping mechanism has been suggested to be impor-

tant for correct positioning of uridine in the catalytic pocket of nsp15 [43]. Pentaloop motifs

have also been implicated in base editing mediated by Adenosine Deaminases that Act on

RNA 2 (ADAR2) [60], though in this instance the GCUMA pentaloop is located downstream

of the edited A and is implicated in recruitment of ADAR2 via interactions between the

dsRNA binding motif of ADAR2 and the target RNA. We speculated that if structural confor-

mation of the scissile uridine was important for base recognition and cleavage that altering the

position (and conformation) of the uridine base would lead to altered cleavage efficiency.

Indeed, repositioning of the scissile uridine to the apex of the pentaloop (Δs2mmut4) slightly

enhanced cleavage efficiency, whereas repositioning adjacent to the closing G-C base pair

(Δs2mmut5) significantly reduced RNA cleavage (Fig 3). We postulate that the marked decrease

in Δs2mmut5 cleavage is likely due to altered positioning of the scissile uridine which we predict

is no longer extruded from the pentaloop, as well as decreased flexibility of this base which is

now structurally constrained by the neighboring G-C base pair. However, RNAfold predic-

tions indicate a potential wobble base pairing between the G-U nucleotides in the pentaloop of

Δs2mmut5. Thus, it is also possible that occlusion of the scissile uridine may be contributing to

the lack of cleavage of Δs2mmut5 (Fig 3). Interestingly, based on the anticipated cleavage sites

of Δs2mmut2 and Δs2mmut4, we expected to see a single nucleotide difference in the bands

between these RNAs, However, there appears to be a larger size discrepancy between these

products (S7 Fig). These may represent distinct cleavage products produced from each RNA,

suggesting that additional cleavage at noncanonical sites may occur. Further studies are
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needed to confirm the identity of these cleavage products and the specific cleavage sites in

Δs2mmut2 and Δs2mmut4 RNAs.

Another possibility is that cleavage efficiency is impacted by altering the sequence context

of the scissile uridine. Nsp15 has been shown to preferentially cleave uridines flanked by a

weak base (A/U) which is found in wt Δs2m and Δs2mmut2 (U#A) but is changed to a strong

base in Δs2mmut5 (U#C). However, we observed a modest increase in cleavage efficiency of

Δs2mmut4 which also has a strong base at the 3’ position (U#G) and lends support to the

hypothesis that the structural context of the scissile uridine, not sequence context, may be

more relevant in dictating cleavage specificity and efficiency. To further address the impor-

tance of uridine position within the s2m pentaloop, we designed Δs2mmut6 and Δs2mmut7

RNAs which contained the uridine in the second position of the pentaloop. These RNAs were

cleaved slightly but consistently more rapidly than Δs2mmut2 (S5C Fig). Previous work has

shown that trinucleotide sequence context is also important for nsp15 activity and that G-U#A

trinucleotides were cleaved most efficiently [39]. Interestingly, Δs2mmut6 (G-U#G) and

Δs2mmut7 (G-U#A) were cleaved at similar rates (S5C Fig) whereas Δs2mmut7 and Δs2mmut2

both share the same sequence context (G-U#A) but were cleaved at slightly different rates. This

lends further support to the hypothesis that both sequence (trinucleotide) context as well as

RNA structure are necessary for optimal cleavage of target RNAs. Future combinatorial studies

which examine the impact of both sequence and structural context will help to further eluci-

date determinants of nsp15 substrate specificity.

The studies described herein were based largely on RNA structure prediction. While RNA

structure prediction favors the formation of the most thermodynamically stable conformer

(MFE), the MFE structure is not necessarily the predominant, or most biologically relevant,

conformer. Furthermore, RNAs are dynamic molecules that can adopt and transition between

multiple conformations, thus interpretation of data using structurally diverse RNAs can be

challenging. To ameliorate this issue, we compared the 100nt RNAs from SARS-CoV-2 to

established SHAPE-MaP data and found that the most thermodynamically stable RNA highly

correlated with published structural data (S3 Fig) [35]. For the same reason, we chose to use

s2m as a model RNA for our studies because it has an established crystal structure [37]. None-

theless, it is important to note that these substrates are likely undergoing conformational

changes throughout the course of the reaction. Despite this, we show large differences in cleav-

age of RNAs that have even single nucleotide changes (Figs 2 and 3) thus indicating that nsp15

preferentially acts on certain substrates. Furthermore, in our endonuclease assays, we used sev-

eral RNAs with loop structures. While loops are commonly thought to be regions lacking

structure, unpaired nucleotides in loops can form tertiary structures through non-Watson-

Crick base pairing interactions with each other [61]. While prediction of tertiary structures

can be challenging, prediction software is accurate when a large percentage of the queried

RNA contain traditional Watson-Crick base pairing [61]. Because the structure of s2m has

been verified by x-ray crystallography [37], and Δs2m RNAs are based off the full-length s2m

and have a high percentage of base pairing in the stem, we are confident in the predicted struc-

ture of these RNAs.

Collectively, our data suggests that RNA secondary structure plays two distinct roles in

determining nsp15 cleavage specificity. First, thermodynamically stable structures likely steri-

cally hinder nsp15-RNA interactions, thus preventing engagement and cleavage of some RNA

sequences. Second, susceptible bases are presented in a structural context which facilitates

optimal positioning of the scissile nucleotide in the catalytic pocket of nsp15 (e.g., extrusion of

the scissile U25 in the GNRNA pentaloop). However, several questions remain unanswered,

most notably, what are the biologically relevant targets (host and viral) of nsp15 cleavage dur-

ing CoV infection and are viral targets conserved across different CoVs? Two studies to date
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have identified cleavage sites within the positive-sense genomic RNA and 3’ polyU tails of the

negative-sense RNA of MHV [19, 22]. Despite this, no recognition motif or other regulatory

element associated with nsp15 cleavage has been identified. While the in vitro assays per-

formed here and in other studies provide a tractable system for dissecting the molecular mech-

anism of nsp15-RNA interactions and cleavage determinants, a recent computational model

suggests that nsp15 is part of a larger replication-transcription complex (RTC) which contains

other viral proteins and host factors. How nsp15 protein-protein interactions and RNA inter-

actions with other replicase proteins (e.g., nsp12, nsp14, nsp16) impacts nsp15 cleavage of

RNA remains unsolved. Indeed, recent models of the RTC suggest the hexameric structure of

nsp15 provides the central structure and arrangement of a hexameric RTC [62]. In this model

where nsp15 forms part of a multimeric RTC, it is possible there may be differences in its

cleavage of viral RNAs due to its 3-D interaction with the nascent RNA as opposed to when

nsp15 is free from the RTC as was the case in this study. The importance of examining

nsp15-RNA interactions in their relevant biological context is further highlighted by recent

studies showing that the requirement for Mn2+ and the structural conformation of nsp15 is

highly dependent on the pH of the environment [63]. Given that the redox state of the viral

RTC of +ssRNA viruses is altered during replication, the conditions under which nsp15

endoU activity is examined is highly relevant. To address this our future studies will explore

the impact of pH and redox state on nsp15 structure and function in vitro.

Overall, our findings suggest a role for RNA secondary structure in regulation of nsp15

cleavage. Identification of bona fide nsp15 cleavage sites in SARS-CoV-2 RNA during replica-

tion and examination of how perturbation of these sites impacts the outcome of replication

and pathogenesis will provide key insights into the broader roles for nsp15 endoU activity dur-

ing infection (e.g., viral transcriptional/translational regulation, host translation). Further-

more, defining key structural features of RNAs which are resistant or susceptible to nsp15

cleavage may provide avenues for development of antiviral therapeutics.

Supporting information

S1 Fig. TBE-urea PAGE analysis of folded vs unfolded RNAs. Δs2mmut4 and Δs2mmut7

RNAs were denatured and folded as outlined in the materials and methods prior to being elec-

trophoresed on a native gel. Denatured RNA was heated in 2x RNA Loading Dye (NEB) at

70˚C for 10 minutes. Folded RNAs show the presence of conformers as indicated by arrows.

(TIF)

S2 Fig. Denatured nsp15 does not cleave RNA substrates. Δs2mmut7 RNA was incubated

with wt nsp15, catalytically inactive nsp15 (K290A), or denatured wt or K290A nsp15. For

denatured samples, nsp15 was denatured by heating recombinant protein for 5 minutes at

95˚C prior to the addition of folded RNA. Endonuclease reactions were incubated for 15 min-

utes then terminated with the addition of EDTA to a final concentration of 20mM and flash

frozen (see Materials and Methods).

(TIF)

S3 Fig. Correlation between RNAfold predictions and SHAPE-MaP data. A. Minimum free

energy structures of RNAs 1, 2, and 3 as predicted by RNAfold. B. Published structures of

RNA 1, 2, and 3 as resolved by SHAPE-MaP (Huston et al. Molecular Cell 2021). Nucleotides

highlighted in blue match with SHAPE data while bases highlighted in purple and red do not.

Purple nucleotides are paired with a different nucleotide whereas red nucleotides are unpaired

in SHAPE structures.

(TIF)
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S4 Fig. Alignment of SARS-CoV1 and SARS-CoV-2 s2m. A. Minimum free energy struc-

tures of SARS-CoV-1 and SARS-CoV-2 s2m. The U25 (pentaloop) and U30 (bulge) nucleo-

tides are highlighted in blue. Two nucleotide changes between the RNAs in the stem

(highlighted in red) change the MFE structure. B. Thermodynamic stability, frequency of

MFE, and ensemble diversity of s2m from each virus. Increased ΔG and ensemble diversity

in SARS-CoV-2 s2m indicate that it does not maintain the highly conserved structure of

SARS-CoV-1 s2m. C. Alignment of s2m from both viruses with relevant polymorphisms in

SARS-CoV-2 s2m indicated by red arrows.

(TIF)

S5 Fig. Cleavage products of s2m RNAs differ based on mutations in the pentaloop and

bulge. Endonuclease assays of full-length s2m mutant RNAs as shown in Fig 2. Full-length

bands indicated at the top of the gel with cleavage products below. Selected cleavage products

are numbered and indicated by arrows. Representative images from one experiment. B. Fold

change in each cleavage product relative to the amount present at the one-minute time point.

Cleavage products above the dashed lines indicate accumulating products while those below

are diminishing over the course of the reaction. Data represents three independent experi-

ments.

(TIF)

S6 Fig. Uridine positioning in the s2m pentaloop impacts nsp15 cleavage. A. Endonuclease

assays of additional Δs2m mutant RNAs. Reactions were carried out at a nsp15 hexamer:RNA

ratio of 1:6. RNAs were run on a 22.5% TBE-Urea Gel. B. Thermodynamic stability, frequency

of MFE, and ensemble diversity of Δs2m mutant RNAs indicated as predicted by RNAfold. C.

Percent of full-length RNA remaining as measured by densitometry. Percentage of uncut RNA

was calculated by normalizing to a denatured nsp15 control (indicated by (-) in the far-right

lane). RNAs with uridines in the second position of the pentaloop (Δs2mmut6/7) were consis-

tently cleaved more rapidly than Δs2mmut2 in which the uridine is in the fourth position. P-val-

ues were calculated using one-way ANOVA with multiple comparisons analysis of the AUC.

Data represents three independent experiments.

(TIF)

S7 Fig. RNAs with similar characteristics to s2m are rapidly cleaved by nsp15. A. Minimum

free energy structures of s2m-like and control RNAs. Representative images from endonucle-

ase assays are indicated below each RNA. Reactions were carried out at a nsp15 hexamer:RNA

ratio of 1:120. RNAs were run on a 22.5% TBE-Urea Gel. B. Percent of full-length RNA

remaining as measured by densitometry. Percentage of uncut RNA was calculated by normal-

izing to a denatured nsp15 control (indicated by (-) in the far-right lane). AUC was calculated

for each RNA, and one-way ANOVA with multiple comparisons was performed on the AUC.

Data represents three independent experiments.

(TIF)

S8 Fig. Δs2mmut2 and Δs2mmut4 show distinct cleavage patterns despite having near identi-

cal secondary structure. Time course of Δs2mmut2, Δs2mmut4, Δs2mmut5, RNAs (from Fig 3)

run on a single gel. Reactions were carried out at a nsp15 hexamer:RNA ratio of 1:6. RNAs

were run on a 22.5% TBE-Urea Gel. Cleavage products run side by side show distinct banding

patterns despite the presumed cleavage sites in each RNA being only one nucleotide apart indi-

cating potential alternative cleavage sites.

(TIF)
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S1 Table. Sequences of RNAs ordered from IDT.

(XLSX)

S1 Raw images.

(PDF)
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