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SARS-CoV-2, the etiologic agent of the COVID-19 pandemic, has had a significant 

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 several 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 endonuclease function of nsp15, other determinants of its cleavage 

specificity have only recently begun to be investigated. In this study we investigate the 

role of RNA secondary structure in SARS-CoV-2 nsp15 endonuclease activity. 

 We identified regions of differing predicted RNA secondary structure across the 

SARS-CoV-2 genome. Using a series of in vitro endonuclease assays, we observed that 

thermodynamically 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 RNA structure for our 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 pentaloop of the RNA. Further investigation revealed that the position of this uridine 

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 important 

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

RNA recognition by nsp15. Understanding the broader implications of nsp15 activity will 

provide further insight not only into CoV biology but also into drug development against 

nsp15.
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Chapter I: Introduction 
Coronaviruses 
 Coronaviridae are a family of RNA viruses that infect a wide range of species 

including mice, cows, and humans1-20. The family Coronaviridae is within the order 

Nidovirales and can be further categorized into two subfamilies: Letovirinae and 

Orthocoronaviridae. Most of the viruses in the family Coronaviridae are found in the 

Orthocoronaviridae which is subdivided into four genera (Figure 1.1)21. The 

Alphacoronaviruses and Betacoronaviruses infect mammals while the 

Gammacoronaviruses and Deltacoronaviruses primarily infect birds. Among the 
Betacoroanviruses are the most well-known coronaviruses (CoVs) including the long-

studied model coronavirus, mouse hepatitis virus (MHV) and the highly pathogenic 

human coronaviruses, Severe acute respiratory syndrome coronavirus (SARS-CoV-1), 

Middle East respiratory syndrome-related coronavirus (MERS-CoV), and SARS-CoV-222. 

CoVs have been studied for many years with the prototypical virus in the family, MHV 

having first been isolated in 19492,3. Other coronaviruses of veterinary concern include 

infectious bronchitis virus (IBV) and Porcine Epidemic Diarrhea Virus (PEDV)5,10,19,20,23,24. 
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Figure 1.1 Phylogenetic tree depicting the evolutionary relationship of CoVs. This 

tree was generated based on the RNA-dependent-RNA-polymerase sequences of the 

queried viruses by Luk et al. Infection, Genetics and Evolution 2019. The four genera of 

orthocoronaviridae are depicted above with a focus on the alpha and 

betacoronaviruses. Notable pathogens in the betacoronaviruses include Severe acutre 

respiratory syndrome-CoV (SARS-CoV), Middle East respiratory syndrome-CoV 

(MERS-CoV), SARS-CoV-2. 
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Isolated in 19315,24,25, IBV was the first coronavirus to be discovered22,26. In the 

late 1920s and into the 1930s, reports of novel respiratory infections in baby chicks were 

noted. Soon after, IBV was found to be the causative agent of these. IBV impacted the 

poultry industry significantly as chicks would not feed very much leading to poor weight 

gain. Commercial broilers with IBV infections in their flocks would lose three to eight times 

as many chickens as uninfected flocks. Ultimately, broilers that contained IBV-infected 

chickens could lose 3% in income relative to broilers with healthy chickens23. 

Mortality of IBV in chickens varies with chicken breed and age27. The mortality rate 

of IBV in one week old pathogen-free chicks is 50% and drops further to 30% once the 

chicks reach two weeks old28. The mortality rate of chickens infected with IBV also 

increases with coinfections of E. coli27,29. To mitigate the impact of IBV on the poultry 

industry, both live and inactive virus vaccines have been developed. These vaccines have 

proven to be effective in preventing morbidity and mortality from IBV30,31. However, 

vaccines or antibodies from prior infections do not provide protection across strains of 

IBV8,10. As a result, the poultry industry is continuing to develop strategies to best combat 

IBV variants that are present in the local area. Although IBV does not infect humans, it 

was the first example of a CoV having a profound impact on human affairs and lifestyle.  

 MHV is a Betacoronavirus that has long been used as a model for human disease 

since it was first isolated from a paralyzed mouse in the 1940s2. This strain, termed JHM, 

not only caused paralysis, but also resulted in encephalitis and demyelination of the brain 

and spinal cord3. A second strain of MHV was isolated in 1961 and termed A59. In addition 

to encephalitis and demyelination, A59 caused hepatitis in mice1,9. However, A59 is 

generally considered to be a more attenuated strain of MHV than JHM as the latter is 

uniformly lethal in naïve mice whereas mortality in A59 infected mice is lower by 

comparison32. As a result, A59 has been the preferred virus to use as a model to study 

demyelination and multiple sclerosis in mice. As with IBV, immunocompromised animals 

infected with MHV developed more severe symptoms than healthy mice33-35. Additionally, 

the most severe lesions were found on 1-week old mice relative to their 3 and 12-week 

old counterparts indicating that age also factors into MHV pathogenesis35. Since the turn 

of the century, several groups have investigated the role of the immune response during 
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MHV infection. These studies have informed similar mechanisms of action in pathogenic 

human coronaviruses. 

The first human CoVs (huCoVs), B814 and 229E were isolated in 19666,7. 

Preliminary studies indicated that all demographics and ranges who were infected with 

these huCoVs presented with mild symptoms36,37 while only in rare cases did infections 

cause pneumonia38. However, several studies following the initial characterization of 

B814 and 229E found that coronaviruses disproportionately cause more severe 

symptoms and lower respiratory tract infections in elderly and immunocompromised 

individuals39-42. As with other respiratory viruses, patients with asthma in particular 

encountered exacerbations of their asthmatic symptoms when infected by 

coronaviruses43-45. Ultimately, B814 was excluded from the CoV taxonomy due to difficult 

in culturing the virus46. Prior to 2002, human coronaviruses were restricted to causing the 

common cold and often did not cause severe symptoms6,7. Since then, further human 

coronaviruses have been isolated, but none of these viruses caused severe disease in 

humans until the emergence of SARS-CoV in 2002, MERS-CoV in 2012, and SARS-CoV-

2 in 2019. To date, there are seven human CoVs including the three highly pathogenic 

CoVs mentioned above. 

 

Coronavirus replication 
 CoVs have a positive sense single-stranded RNA genome (+ssRNA) the first two 

thirds of which is composed of two open reading frames (ORFs) that encode for the 

nonstructural genes (Figure 1.2). Like many RNA viruses, coronaviruses have a 

cytoplasmic replication cycle. The general replication strategy for CoVs is outlined in brief 

here and discussed in further detail below. Initially, CoVs bind to cellular receptors to 

promote viral uptake into the cytoplasm in an endosome. Following acidification of the 

endosome, the incoming viral genomic RNA is released into the cytoplasm. The genome 

is then directly translated from the two ORFs 1a and 1ab into polyproteins (pp1a and 

pp1ab). Viral proteases then cleave these polyproteins into single proteins that form the 

replication-transcription-complex (RTC)47. Genome replication takes place at double-

membrane vesicles (DMVs) at the endoplasmic reticulum (ER)48-51. The viral genome is 

first replicated to negative sense, which is then used as a template for positive sense 
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genome synthesis. In addition to full-length negative sense RNA, the virus also generates 

subgenomic negative sense RNAs through transcription regulatory sequence (TRS) 

elements. These negative sense RNAs are used as templates to produce positive sense 

subgenomic RNAs which are translated into the structural and accessory genes. 

Following the production of the structural proteins, they are translocated to the 

endoplasmic reticulum and subsequently to the ER-to-Golgi intermediate compartment 

(ERGIC) through the secretory pathway. Here, the viral genomes are encapsidated and 

bud into the lumen of the ERGIC. Finally, the infectious virions are released from the cell 

through the secretory pathway and exocytosis. 

 

 

 

 
Figure 1.2 Organization of the coronavirus genome. Schematic of the coronavirus 

genome. The first two-thirds of the genome is composed of two open reading frames 

(ORF1a in light red, ORF1b in light blue) that encode the viral nsps. Identity of nsps are 

indicated above each gene. Cleavage sites of each viral protease are indicated below 

ORF1a and 1b. Structural genes (light green) are encoded in their own open reading 

frames at the 3’ end of the genome. Notable structural genes are labeled above (S: 

spike, E: envelope, M: membrane, N: nucleocapsid).  TRS-L site is labeled in dark 

green, and TRS-B sites are indicated in magenta. 
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To begin the infection process, the virus uses the spike (S) protein to bind to the 

cell surface receptors. SARS-CoV, and SARS-CoV-2 share a host cell receptor that 

permits infection in angiotensin-converting enzyme 2 (ACE2)52-55. As with SARS-CoV, the 

cell surface serine protease, TMPRSS2, was also identified as secondary surface protein 

that SARS-CoV-2 use for priming and entry55. Additionally, both SARS-CoVs can use the 

proteases cathepsin B and L (catB and catL, respectively) for priming55,56. Priming by 

these host proteins important for cleavage the viral S protein into a state that allows for 

fusion of the viral and cellular membranes55. 

 Consequently, the expression and distribution of these surface proteins dictates 

tropism of these viruses. ACE2 is expressed in a wide variety of human tissues including 

the small intestine, testis, kidney, heart, thyroid, lung, and liver57,58. Interestingly, ACE2 

expression in the respiratory tract is lower than many of the other organs,57,58 and  studies 

have shown that these viruses can infect other organs apart from the lungs59,60. The 

clinical presentation of both SARS-CoV and SARS-CoV-2 support this idea as symptoms 

of some infections include headache, vomiting, nausea, and diarrhea apart from the most 

widely observed symptoms of coughing and pneumonia59,61. Interestingly, a recent 

investigation showed that individuals infected with SARS-CoV-2 express higher levels of 

ACE2 in their respiratory tract relative to a healthy cohort62. Altogether, these studies 

indicate a critical role for ACE2 during SARS-CoV and SARS-CoV-2 infection. Following 

receptor binding, the virus is taken up in an endosome and the viral envelope fuses with 

the endosomal membrane thereby depositing the RNA into the host cytoplasm63-65. 

 After entry, the viral genome can be directly translated due to its nature as a 

+ssRNA genome. The first two thirds of the genome is composed of two opening reading 

frames (ORFs): ORF1a and the full length ORF1a and ORF1b. The viral polyprotein is 

translated from these ORFs into polyprotein 1a and polyprotein 1ab. The production of 

the full-length polyprotein 1ab relies on a ribosomal frameshift at the end ORF of 1a which 

occurs at frequency of approximately 50%66. These two reading frames are translated 

into their respective polyproteins and make up the nonstructural proteins (nsps) encoded 

by the virus. The suboptimal efficiency of this frameshift generates a higher ratio of nsps 

found in ORF1a relative to those in ORF1b. The polyproteins are cleaved into individual 

nonstructural proteins by the two viral proteases, nsp3 and nsp567-70. Nsp3 is specifically 
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responsible for releasing the three N-terminal proteins nsp1, nsp2, and nsp3 from the C-

terminal end of polyprotein71. Nsp5 cleaves the polyprotein at 11 sites to produce the 

remaining mature viral proteins68,72-75. 

 Upon proteolytic cleavage, nsp1 is the first viral protein released76. Nsp1 is 

particularly important in suppressing the host IFN response and degrades cellular RNAs 

thereby inhibiting host protein synthesis77. Nsp3, nsp4, and nsp6 have been implicated in 

the formation of DMVs78-81. DMVs are the site at which CoV replication takes place48-51, 

however, the role of these organelles is not well understood beyond this. The formation 

of these replication organelles presumably benefits the virus by shielding the double 

stranded RNA (dsRNA) pathogen associated molecular patterns (PAMPs) from the host 

immune system82,83. Additionally, the presence of viral proteins and RNA to these sites 

may provide the requisite macromolecular concentration for viral RNA synthesis83. 

 Nsp7 and 8 are presumed to be cofactors for the CoV RNA-dependent RNA 

polymerase (RdRP). The RdRP is more processive in the presence of nsp7 and 884. 

These two proteins oligomerize to form a hexadecameric superstructure with an octamer 

of nsp8 held together by eight copies of nsp7. This complex forms an internal channel 

that is positively charged which suggests that it may play a role in nucleic acid binding85. 

While nsp12 is the primary RdRP used by CoVs for replication, nsp8 was found to encode 

a second RdRP. Though nsp8 does function as an RdRP, it can only generate short RNA 

products of fewer than 6 nucleotides similar to the function of primases86,87. Nsp12 

polymerase activity is known to be primer-dependent in vitro88. While the biochemical 

activity of nsp8 has been studied extensively85,89, its role during viral replication has not 

been established. One recent study attempted to investigate this by generating nsp8 

mutant viruses in 229E. However, the authors were not able to recover viable mutant 

viruses90. This suggests a critical role for nsp8 during replication though the exact function 

of nsp8 remains unclear. However, because of its function as a secondary RdRP and 

primase nsp8 appears to be an obvious candidate to operate in conjunction with nsp12 

during replication of the viral genome. 

The products encoded by ORF1b contain several proteins with known enzymatic 

functions the most prominent of which is the RdRP encoded by nsp12. Nsp12 is made up 

of two domains: the canonical RdRP domain that occupies the C terminal half of the 
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protein and an N-terminal nidovirus RdRP-associated nucleotidyltransferase (NiRAN) 

domain91. Previous work has identified that activity of the NiRAN domain is essential for 

replication of SARS-CoV91. However, beyond this, the role of the nucleotidyltransferase 

in CoVs is unknown. CoV genome replication is carried out by the RdRP domain of nsp12 
92,93. This domain contains canonical conserved sequence and structural subdomains of 

other viral RdRPs and reverse transcriptases and, expectedly, functions similarly94,95. 

Whether nsp12 can begin RNA synthesis de novo or requires a primer for initiation during 

infection is continues to be debated. As stated above, however, nsp12 requires a primer 

for initiation of RNA synthesis in vitro, and nsp8 remains the most likely candidate to 

generate primers for nsp12. Due to its critical role in the CoV replication cycle, nsp12 is 

a major target for antivirals and therapeutics including the well-described small molecules 

remdesivir and ribavirin96-98. 

Apart from using nsp7 and nsp8 as cofactors, nsp13 and nsp14 improve the 

functionality of nsp12 through their enzymatic activities. Nsp13 has both helicase and 5’-

triphosphatase activity99,100. The helicase maps to the C-terminal end of the protein while 

the N-terminal end encodes for a zinc binding domain (ZBD) that is a unique genetic 

marker of the Nidovirales101,102. Based on work done in arteriviruses, another family within 

the Nidovirales103, the ZBD of nsp13 in CoVs is believed to be necessary for helicase 

activity104. As with many other positive sense RNA viruses, the CoV helicase falls within 

the SF1 superfamily of helicases105,106. While several +RNA viruses encode helicases, 

the exact function of the enzyme during viral replication is not well understood. They are 

presumed to function in conjunction with the viral polymerase to improve processivity of 

the RdRP by unwinding double-stranded RNA replication intermediates and removing 

secondary structure downstream of the RTC107. As such, it is not unexpected that SARS-

CoV nsp13 has been shown to interact with nsp12108. An outstanding question regarding 

the function of nsp13 during infection is the polarity of the enzyme. Nsp13 unwinds in a 

5’-to-3’ direction while the RdRP moves in a 3’-to-5’ direction106. Consequently, it is 

unclear how these two proteins work concurrently. One hypothesis is that the helicase 

unwinds RNA behind the initial RTC but ahead of RTCs that may follow100,106,109,110. 

Additionally, the triphosphatase activity of nsp13 contributes to the capping of the viral 

genome100.  
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Viruses within the Nidovirales encode for an exonuclease. Notably, exonuclease 

activity is exclusive to the order111. While nsp14 is not required for replication, nsp14 

mutant viruses accumulate mutations at a higher rate than WT viruses112. Considering 

that CoVs have large genomes relative to other RNA viruses and the RdRPs are 

inherently error prone113, this supports the idea that the exonuclease activity of nsp14 is 

important for proofreading during viral genome replication. Nsp14 interacts with the 

cofactor nsp10 to carry out its exonuclease activity114,115. As with nsp13, nsp14 has a 

secondary function as a 7-methyltransferase that coordinates capping of the viral 

genome116,117. Interestingly, while nsp10 interaction is required for exonuclease activity, 

this interaction is dispensable for nsp14 methyltransferase activity114. CoVs also encode 

for a second ribonuclease, nsp15, discussed in more detail below. 

Nsp16, the final gene in ORF1b expresses a 2’-O-methyltransferase118 and carries 

out the final step in capping of the viral genome119. This activity is contingent upon 

activation of nsp16 by nsp10115. While nsp16-mediated capping is known to be important 

to produce infectious virions, the relevance of nsp10 as a regulator in this process is 

currently understood115. 

Together, these nonstructural proteins make up the replication-transcription 

complex (RTC). However, it is still unclear how these proteins come together structurally 

to form the RTC though the RTC is believed to be comprised primarily of nsps7-16 as 

they are most enzymatically relevant with respect to the viral genome. One recent study 

used a computational approach and the known structures of many of the proteins to 

generate a model of the RTC120. This model is centered around a hexamer of the viral 

endonuclease, nsp15, with the other nsps surrounding it. Despite this finding, it remains 

to be seen whether this complex is formed as described in infected cells.  

After initial translation of the non-structural proteins, the replication complex 

generates negative-sense RNAs which serve as templates for the positive-sense RNA 

genome. CoVs have evolved to transcribe a portion of the genome by discontinuous viral 

transcription121-123. During negative-sense RNA synthesis, the RTC is interrupted by TRS 

elements located in the 3’ third of the genome at which point the RTC re-initiates RNA 

synthesis at the leader sequence in the 5’ untranslated region (UTR) of the genome122. 

This results in a series of nested negative-sense sub-genomic RNAs (sgRNAs) that are 
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coterminal with the 3’ end of the positive sense genome and each have a leader sequence 

of approximately 70 nucleotides at the 3’ end of each negative sense subgenomic 

RNA124,125. The negative sense subgenomic RNAs are then used as templates for the 

production of positive-sense sgRNAs. The first ORF in each of these sgRNAs is translated 

into the structural proteins for the virus122. 

Among these structural proteins are spike (S), envelope (E), membrane (M), and 

nucleocapsid (N)126. N binds to viral RNA at the TRS elements and folds the viral genome 

into a helical structure127,128. Following translation, the structural proteins first translocate 

to the ER and subsequently to the membrane of the ER-to-Golgi intermediate 

compartment (ERGIC)129,130. Viral genomes are encapsidated by N-protein and bud into 

the ERGIC membrane at sites where these S, E, and M proteins are present thereby 

forming the envelope of the virion130. After assembly of the mature virion, viral particles 

exit the Golgi body and the cell by exocytosis. Recently, a secondary method of 

coronaviruses egress has been identified. Ghosh et al. found that MHV and SARS-CoV-

2 can exit the cell through the lysosomal trafficking pathway. During this non-lytic egress 

process, the viruses translocate through lysosomes that are then deacidified and in which 

lysosomal proteases are inactive131. It is yet to be established how virions are transported 

to lysosomes and whether this is a mechanism that is conserved across all CoVs or 

limited to the two betacoronaviruses tested in this study. Following egress, the virus can 

go onto infect neighboring cells. 

 

 Coronaviruses as Etiologic Agents of Pandemics 
 In the past two decades, we have seen the emergence of three pandemics caused 

by CoVs. The first SARS outbreak began with a patient who was traveling from the 

Guangdong province of China to Hong Kong in February of 200312,132. The index patient 

was staying the Metropole Hotel in Hong Kong before he was admitted to a hospital on 

February 22nd. The patient died the following day marking the first death from SARS-CoV 

infection. From this initial case, four healthcare workers at the hospital and two of the 

patient’s family members became ill as well as twelve other individuals associated with 

the Metropole Hotel12. As hotel guests traveled home or to their next destinations, SARS-
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CoV continue to spread with them. The disease eventually spread to 30 countries which 

would ultimately lead to more than 8000 cases and 900 deaths132. 

Patients infected with SARS-CoV generally presented with a persistent fever, dry 

cough, and myalgia133. In roughly 15% of these cases, patients progressed to acute 

respiratory distress syndrome (ARDS). ARDS is results in rapid respiratory failure and 

persistent hypoxemia which necessitates the support of a ventilator to supply 

oxygen61,134. Notably, this marked the first pandemic caused by a huCoV. The rapid 

spread of the virus from the inciting event as well as the severity of ARDS led to increased 

worldwide focus on CoV research. 

 SARS-CoV was initially believed to have transmitted to humans from palm civets 

due to 99.8% sequence identity between viruses isolated from humans and palm civets 

found in Chinese wet markets11,135. However, further surveillance did not detect the virus 

in wild and farmed palm civets136. Furthermore, infections of healthy civets with SARS-

CoV resulted in overt symptoms in the animals further suggesting that they are unlikely 

to be the natural reservoir hosts137. Investigations turned to bats as a potential host 

reservoir as several viruses from different families have been isolated from bats138. One 

study showed that the genetic diversity of SARS-related coronaviruses (SARSr-CoVs) 

was far greater in bats than in palm civets indicating that SARS-CoV was likely circulating 

in bats prior to jumping to animals139. Interestingly, a surveillance study of a single cave 

in the Yunnan province of China sampled SARSr-CoVs from bats from 2011 to 2015. The 

viruses isolated from this investigation shared 93-96% sequence similarity to the civet 

and human isolates of SARS-CoV whereas to SARSr-CoVs in bats found in other regions 

of China only share 88-93% identity to SARS-CoV providing a potential location of origin 

of the virus140. Because these SARSr-CoVs were co-circulating in a single cave in the 

Yunnan province of China, there would be a higher likelihood of recombination occurring 

between them. Further recombination analysis showed that the closest progenitor to 

SARS-CoV was likely a recombinant strain from three SARSr-CoVs isolated during this 

study140. Presumably, this progenitor virus was first transmitted to palm civets before 

ultimately infecting humans. 

Approximately 10 years following the SARS-CoV outbreak, the first cases of 

Middle Eastern respiratory syndrome (MERS) were found to be caused by the Middle 
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Eastern respiratory syndrome coronavirus (MERS-CoV)13,141. By 2015, MERS-CoV had 

infected 1100 people and resulted in over 400 deaths142. While there were far fewer cases 

of MERS than SARS, the 2012 spread of MERS-CoV in the Middle East represented the 

first coronavirus outbreak since the SARS-CoV pandemic in 2002. One reason as to why 

there were fewer cases of MERS relative to SARS is likely due to the inability of MERS-

CoV to spread as well as SARS-CoV. One way in which virus transmissibility is measured 

is through its basic reproduction number or R0 (R-naught) value. Three parameters 

determine the R0 of an infectious agent: the duration of infectivity in a patient, the 

likelihood of transmission upon contact with another individual, and the contact rate 

between individuals143,144. As the R0 of a pathogen increases, so too does the severity 

and length of the potential epidemic. MERS-CoV was estimated to have an R0 value of 

0.69 whereas SARS-CoV-1 had an R0 of 0.80 indicating that the latter can spread more 

easily throughout the population145. This points to one possible explanation as to why 

there were a greater number of SARS cases. 

As with SARS-CoV, bats are the suspected reservoir for MERS-CoV. Four species 

of bats found in the Middle East, Taphozous perforates, Eidolon helvum, Rhinopoma 

hardwickii, and Pipistrellus kuhlii, all contained closely related CoVs to MERS-CoV. One 

CoV found in T. perforates shared 100% sequence identity with the RNA-dependent RNA 

polymerase (RdRp) found in MERS-CoV. While the RdRp is a conserved gene in CoVs, 

this level of sequence identity between CoVs found in different species was 

unprecedented146,147. Further environmental sampling showed that Nycteris gambiensis 

bats in Ghana and Nyctinomops laticaudatus bats in Mexico too carried CoVs that were 

phylogenetically related to MERS-CoV; the latter shared 96.5% sequence identity at the 

amino acid level with MERS-CoV147,148. The existence of closely related CoVs to MERS-

CoV in the Middle East strongly indicate that MERS-CoV arose from a progenitor virus in 

bats. Moreover, the presence of CoVs outside the region suggests that there may viruses 

with pandemic potential elsewhere in the world. 

 Though bats are likely the reservoir for MERS-CoV, lack of human to bat contact 

would suggest that there is an intermediate host for the virus. Several studies showed 

that antibodies against MERS-CoV were circulating in dromedary camels in several 

Middle Eastern and African countries including Saudi Arabia, Qatar, and Egypt146,149-157. 
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Interestingly, these antibodies were found in serum samples from camels in this region 

dating back to the early 21st century suggesting that MERS-CoV jumped from bats to 

camels far earlier than the 2014 outbreak in humans150,152,154,158. Based on these serology 

studies, dromedary camels were determined to be the intermediate hosts of MERS-CoV. 

While the method of transmission of MERS-CoV from camels to humans remains to be 

determined, the first case of MERS in Yemen was identified in a man who had consumed 

raw camel milk. Despite this isolated instance, the most likely route of transmission is still 

considered to be respiratory149. 

 

COVID-19 Pandemic 
 Following the MERS-CoV outbreak in the Middle East, SARS-CoV-2 was identified 

in 2019. This novel CoV resulted in a devastating global pandemic in the years that 

followed.  In late 2019, several cases of pneumonia were identified in Wuhan, China52,59. 

The disease outbreak is presumed to have started from the Huanan seafood market as 

many of the patients were associated the market159-161. Shortly afterwards, evidence for 

human-human transmission was found in Shenzhen, China. Six family members were 

admitted to the hospital after experiencing fever and symptoms of respiratory infection. 

Of these six patients, five had travelled to Wuhan. However, the sixth patient had not 

travelled and only became infected several days after contact with the other family 

members16. With the novel CoV able to spread by human-human transmission, the 

outbreak rapidly grew to infect over 2500 people in China along with 33 other individuals 

in 10 countries by the end of January 202052. Along with pneumonia, these patients were 

presenting symptoms that included fever, dry cough, difficulty breathing and in serious 

cases, respiratory failure from alveolar damage162,163. Seven patients with severe 

pneumonia were connected to the seafood market where the outbreak began52. Samples 

from these individuals were analyzed, and it was found that one of these samples 

contained a virus that shared 79.6% sequence identity with SARS-CoV52. At the time, the 

World Health Organization (WHO) termed this the novel coronavirus 2019 (2019-nCoV). 

Virus from further patient samples were sequenced and showed a 99.9% identity 

to 2019-nCoV at the nucleotide level. Though these viruses only shared approximately 

80% identity with SARS-CoV, 2019-nCoV appeared to have several conserved replicase 
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domains that suggest that it is a SARSr-CoV52. Additional sequence analysis showed that 

2019-nCoV shared 96.2% sequence identity with the bat CoV, RaTG13. Additionally, the 

nonstructural proteins in RaTG13 have 98.5% identity with those from the novel CoV164. 

Furthermore, the spike (S) protein from 2019-nCoV was highly divergent from other CoVs 

with the exception of RaTG13 to which it shared 93.1% sequence identity due to three 

short insertions in the S gene found only in these two CoVs52. Based on these data, 

RaTG13 is considered to be the closest known relative to the novel coronavirus once 

again suggesting that a pandemic causing CoV likely arose from bats52. 

 Since then, the WHO has termed the novel coronavirus, SARS-CoV-2. By the end 

of 2022, over 650 million cases of SARS-CoV-2 had been reported, and the virus had 

claimed the lives of over 6 million people165. 

 

Viral Endonucleases 
 Many viruses have evolved to encode for viral endonucleases to aid in various 

processes during their replication cycle. These enzymes can be found in distantly related 

virus families including the Herpesviridae, Orthomyxoviridae, and Coronaviridae.  

Herpes simplex virus-1 (HSV-1) uses the riboendonuclease, vhs, to degrade host 

and cellular mRNAs166-169. In conjunction with other viral proteins, the activity of vhs 

transitions the infected cell from host gene expression to viral gene expression168. HSV-

1 lacking vhs are more sensitive to IFN-α and IFN-ß suggesting the endonuclease is 

important for immune evasion during infection170. In vivo studies have demonstrated that 

vhs is important for replication in a STAT1-dependent manner171. This provides further 

evidence that vhs is an important factor in antagonizing the immune response during 

infection. 

KSHV encodes the viral protein SOX; in combination with the host exonuclease 

XrnI, SOX induces host translation shutoff172-174. Interestingly, SOX has two known 

functions, the first being an exonuclease that acts on viral DNA175,176. This DNase activity 

is important for infectious virion production and occurs specifically in the nucleus174-176. 

SOX also functions as a host translational shutoff factor. This activity is carried out by 

endonuclease activity that cleaves mRNA internally thereby allowing the cellular 

exonuclease XrnI to cleave these substrates from the accessible 5’ end of the mRNA. 
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SOX appears to preferentially cleave mRNAs generated by polymerase-II over other 

RNAs. Ultimately, SOX endonuclease activity leads to cellular translational shutoff and 

transitions the cell to translation of viral proteins during infection172. 

 

Nsp15 
 CoVs and other Nidoviruses encode for a uridine-specific endonuclease (nsp15 in 

CoVs) that is required for efficient viral replication and evasion of the host immune 

response177,178. Nsp15 was first described as a viral protein in SARS-CoV-1 and was 

shown to be conserved across other CoVs including MHV, 229E, and IBV111. The 

endonuclease is unique to the Nidovirales and is considered to be a marker for viruses in 

this order (nsp11 in arteriviruses)179,180. 

Nsp15 is unique in its catalytic function as a viral endonuclease because it is a 

uridine-specific endonuclease that is dependent on Mn2+ ions to cleave RNA181,182. Early 

studies of nsp15 catalytic activity in 229E and SARS-CoV-1 indicated not only that Mn2+ 

is required for optimal nsp15 activity, but also that another divalent cation cannot be 

substituted for Mn2+ 179,182. Increasing concentrations of Mn2+ change the conformation of 

nsp15 suggesting that Mn2+ might be required to induce this conformational change in 

order to mediate cleavage182. However, a recent report indicated that SARS-CoV-2 nsp15 

does not undergo a conformational change when exposed to Mn2+183. Furthermore, Mn2+ 

has not yet been resolved in crystal structures of nsp15. While it is possible that Mn2+ 

impacts various species of nsp15 differently, ultimately, more work needs to be done to 

assess the role of Mn2+ in nsp15 cleavage. 

Nsp15 oligomerizes as a hexamer and is catalytically most active in this state. A 

mutation at a glutamate residue at the N-terminal end of the protein prevents hexamer 

formation, and this mutant is impaired for cleavage activity relative to WT nsp15184,185. 

One exception to this is that porcine Deltacoronavirus (PDCov) nsp15 can only form 

dimers in vitro. As with other nsp15 homologs, this oligomerization appears to be driven 

by the N-terminal end of the protein, and PDCoV dimerization is also important for optimal 

cleavage activity186. While nsp15 requires Mn2+ for its catalytic activity, Mn2+ is not 

required for nsp15 oligomerization184. 
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Initial characterization of nsp15 catalytic activity showed that it cleaves specifically 

after uridines. Snijder et al. found that SARS-CoV-1 nsp15 was homologous to an 

endonuclease (XendoU) from Xenopus laevis111 which has been shown to cleave RNA 

substrates at poly uridine (polyU) sequences though no further similarities between the 

enzymes have been characterized181. This was the first indication that the viral 

endonuclease also had cleavage specificity. Since then, several studies have shown that 

nsp15 does indeed cleave specifically 3’ of uridines179,182,184,187,188. Unlike XendoU, nsp15 

does not require a polyU stretch for cleavage and can cleave after single uridine 

residues179. However, while previous studies canonically described nsp15 to cleave 

following uridines, recent investigations have shown that nsp15 has suboptimal cleavage 

efficiency following cytosines as well188,189. The difference in cleavability of the two 

ribonucleotides is presumed to be due to the inability of cytosines to seat as well in the 

catalytic pocket of nsp15 due to their larger amino group relative to the oxygen atom in 

the same location for uridines189. In addition to being able to cleave both uridines and 

cytosines, recent studies have shown that MHV nsp15 cleaves these ribonucleotides 

within certain dinucleotide contexts188. RNA sequencing analysis identified multiple 

cleavage sites at UA and CA sites throughout the MHV genome though the functional 

relevance of this activity has not yet been determined188. 

The specificity of uridine cleavage is driven by residues S294 and N278 in SARS-

CoV-2 nsp15190. As modeled by cryo-electron microscopy (cryo-EM), both S294 and 

N278 are within hydrogen bonding distance of the scissile uracil base190. Previous work 

with SARS-CoV-1 nsp15 showed that mutating S294 to an alanine disrupts uridine 

cleavage specificity to the point where both uridines and cytidines are cleaved with similar 

efficiency189. 

A structural study of nsp15 identified a structure by cryo-EM of a dsRNA molecule 

interacting with the nsp15 hexamer191. The authors observed that a single uridine from 

the dsRNA substrate is positioned in the active site of one of the nsp15 monomers. The 

uridine is oriented away from the rest of the RNA in a “flipped” position relative to the 

substrate. This marked the first example of SARS-CoV-2 nsp15 cleaving a dsRNA 

substrate191. However, nsp15 cannot cleave dsRNAs as rapidly as ssRNAs191. The 

proposed base-flipping mechanism in this study is described in the context of paired 
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uridines where the W333 residue is important in mediating cleavage of dsRNA and likely 

the flipping of the uridine into the active site of the endonuclease. It remains to be seen 

whether this mechanism is specific to paired uridines or if nucleotides constrained by RNA 

secondary structure are also susceptible to base-flipping. 

Additionally, Frazier et al. showed that, in the context of trinucleotide substrates, 

SARS-CoV-2 nsp15 cleaves substrates with uridines followed by a purine more 

proficiently than those within uridines followed by a pyrimidine187. Together, these studies 

indicate that while it has a strong preference for cleaving substrates 3’ of uridines, nsp15 

can be more promiscuous in the RNAs that it cleaves. To date, RNA sequencing analysis 

has not yet revealed an extended motif for nsp15 cleavage or binding187,188. 

One study of note looked at SARS-CoV-1 nsp15 cleavage activity using the stem-

loop II motif (s2m) as a substrate192. The s2m motif is an RNA structural element found in 

the 3’ UTR of SARS-CoV-1 and other RNA viruses including astroviruses, caliciviruses, 

and reoviruses193. The structure of s2m in SARS-CoV-1 has been resolved by x-ray 

crystallography, and though there are many uridines in s2m, only two are unpaired194. 

Bharadwaj et al. found that SARS-CoV-1 nsp15 specifically cleaves only one of these 

unpaired uridines indicating that the endonuclease does not ubiquitously cleave 3’ of all 

accessible uridines. Rather, there are likely other factors that determine nsp15 cleavage 

specificity. 

Whether this cleavage specificity has functional relevance during infection has yet 

to be determined. Recent work showed that in the astrovirus VA1, s2m is required to 

produce infectious virus195. Beyond this, however, though it is present in several different 

virus families, the role of s2m is largely unknown. Notably, newer variants of SARS-CoV-

2 have partial or complete deletions of s2m suggesting that the virus can replicate in the 

absence of s2m196. Indeed, recent studies show that SARS-CoV-2 s2m is dispensable for 

replication in vivo and in vitro197. Interestingly, SARS-CoV-2 s2m contains two mutations 

relative to SARS-CoV-1 s2m resulting in a change in the secondary structure of the RNA. 

Despite the conservation of the s2m element across virus families, further studies are 

necessary to clarify its function as well as whether mutations between different s2m 

elements are relevant to viral fitness. 
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Nsp15 is an important factor during CoV replication. MHV lacking nsp15 catalytic 

activity is unable to replicate as efficiently as WT MHV specifically in the context of IFN 

signaling178. This and other previous studies strongly suggest that nsp15 antagonizes the 

host immune response. In vitro work has shown that nsp15 diminishes mitochondrial 

antiviral-signaling protein (MAVS)-mediated IFN signaling and prevents translocation of 

IRF3 to the nucleus198,199. Additionally, various substrates of nsp15 have been identified 

in vitro and in vivo. Nsp15 encoded by porcine epidemic diarrhea virus (PEDV) has been 

shown to cleave IRF3 and TBK1 in vitro200. In an infection setting, nsp15 encoded by 

MHV cleaves negative-sense viral RNA. Nsp15 targets polyU RNA at the 5’ end of the 

negative-sense viral genome thereby preventing the formation of dsRNA and subsequent 

MDA5-mediated immune activation177. Other targets of nsp15 cleavage during infection 

have not yet been identified. Comar et al. showed in a recent study that while MERS-CoV 

nsp15 is not required for replication on its own, knocking out the endonuclease along with 

the NS4a and NS4b accessory proteins resulted in approximately a two-log decrease in 

viral replication201. NS4a and NS4b encode for a dsRNA binding protein and a 

phosphodiesterase respectively. Notably, SARS-CoV-2 lacks an NS4a homolog, and the 

NS4b homolog is expressed exclusively in the cytoplasm. In contrast MERS-CoV NS4b 

is expressed in both the cytoplasm and the nucleus as well in MERS-CoV201. 

Nevertheless, because it is conserved across CoVs, nsp15 represents an attractive target 

for pan-CoV antiviral therapeutics. 

 The structure of nsp15 has been solved by X-ray crystallography and cryo-electron 

microscopy for various CoVs185,190,191,202,203. As stated above, nsp15 is enzymatically 

functional as a hexamer, which is formed by the assembly of two back-to-back 

trimers202,203. Recent work has also identified a structure in which nsp15 is interacting with 

a dsRNA substrate. This structure indicates that the RNA spans across the two nsp15 

trimers but is only cleaved in the active site in one trimer191. Because the nsp15 hexamer 

forms a structure with three-fold symmetry along the vertical axis (Figure 1.3), it has been 

proposed that multiple RNAs can bind to and be cleaved by nsp15 in isolation. However, 

this has not yet been shown structurally, and further work needs to be done to determine 

whether multiple RNAs can interface with the nsp15 hexamer. 
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Figure 1.3 Nsp15 oligomerizes as a hexamer in its functional state. Nsp15 forms a 

hexamer of back-to-back trimers. Each nsp15 monomer is colored separately with the 

two trimers shown on the left (blue, pink, purple monomers) and right (gold, green, pink 

monomers). Two of the catalytic residues H250 and K290 are labeled for each 

monomer. RNA substrates interface with Nsp15 across the two trimers. While the 

hexamer has three-fold symmetry, nsp15 has not yet been shown to interact with 

multiple RNAs simultaneously. 
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Thesis work 
Though the enzymatic function and structure of nsp15 has been established, the 

structural characteristics of nsp15 substrates beyond double-strandedness are yet to be 

determined.  In my thesis, I sought to examine the specificity of nsp15 cleavage in RNA 

beyond uridine specificity in order to test the hypothesis that RNA secondary structure 

plays a central role in SARS-CoV-2 nsp15 cleavage activity. Through these studies, I 

found that RNAs with higher thermodynamic stability were protected from nsp15 cleavage 

and positioning of the scissile uridine within loop structures significantly impacts 

endonuclease activity in vitro. Further characterization of the s2m RNA from the 3’ UTR 

of SARS-CoV (described in further detail below) revealed that uracil position within the 

pentaloop greatly impacts nsp15 cleavage efficiency. Understanding the replication 

process of CoVs, including the enzymatic function of nsp15, will provide valuable insight 

for the development of drug targets and a deeper understanding of CoV pathogenesis. 
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Chapter II: Regulation of coronavirus nsp15 cleavage 
specificity by RNA structure 

Adapted from accepted manuscript Salukhe, I., et al. (2023). "Regulation of coronavirus nsp15 

cleavage specificity by RNA structure." PLoS One 18(8): e0290675. 

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 

humans22,52,204. The Coronaviridae family is composed of four genera: Alpha-, Beta-, 

Gamma-, and Deltacoronaviruses21. Since 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 pandemic22,52. 

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

proteins (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 polymerase (nsp12), helicase (nsp13), RNA M7 and 2ʹ-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 648-51,78-81. 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 receptors (PRRs)82,83. 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., 

2ʹ-O-methylation) and encode several proteins which antagonize the IFN response (nsp1, 
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ORF6)77,205,206. Nsp15 is a uridine-specific endonuclease (endoU) encoded by CoVs and 

other nidoviruses which has been implicated in evasion of host-mediated RNA sensing 

and IFN activation177,178. While nsp15 has been shown to be non-essential 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 macrophages177,178,207. During CoV infection, dsRNA sensing 

occurs primarily via MDA-5, though other RNA sensors [e.g., protein kinase R (PKR)] 

have also been implicated178,208.  

While originally described as a uridine-specific endonuclease, MHV nsp15 has 

been shown to preferentially cleave pyrimidine-adenine dinucleotides (U↓A or C↓A)188. 

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 genome177,188. 

Although multiple nsp15 cleavage sites have been mapped throughout the MHV genome, 

no other sequence determinants have yet been identified, and despite the abundance of 

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

is cleaved by nsp15. This indicates 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 despite the presence of other uridines, paired 

and unpaired. This would suggest that the structural context in which the scissile uridine 

is presented may play a role in determining nsp15 cleavage specificity192. As the 

comparable s2m sequence in SARS-CoV-2 changes the secondary structure of the RNA, 

we chose to 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 specificity. This is consistent with the results 

of previous studies of SARS-CoV-1 nsp15192, suggesting that SARS-CoV-2, and CoVs 

more broadly, may use RNA structure to regulate nsp15 cleavage specificity. These data 



 33 

shed further light on requirements for viral endoU target recognition and demonstrate an 

underappreciated role for viral RNA structure in evasion of innate immunity. 

 

Results 

RNA secondary structure modulates nsp15 cleavage efficiency 
 Nsp15 cleavage sites have previously been mapped in the MHV genome following 

viral infection177,188. 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 tool209 we analyzed 200 nt 

sequences corresponding to 100 nt upstream and downstream of the MHV nsp15 

cleavage sites identified by Ancar et al. to identify 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. However, other motifs and RNA structures that are 

not identified by XSTREME may be present, and further investigation at these sites is 

needed to determine a link between nsp15 motifs and cleavage. 

As RNA structure has previously been implicated in nsp15 cleavage specificity192, 

we next compared the underlying predicted secondary structure of the same 200 nt 

fragments using LocRNA software210,211. We did not identify any conserved structural 

elements at nsp15 cleavage sites in MHV nor did we identify conserved structural 

elements upstream or downstream 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 RNAfold212 to identify regions across the SARS-

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

RNA 2, RNA 3; Fig 2.1, Table 2.1)213,214. We identified representative regions of high, 

moderate, and low thermodynamic stability as indicated by their relative ΔG values of the 

minimum free energy (MFE) (Fig 2.1). RNAs with higher ΔG values have more stable 

predicted structures than those with lower ΔG values215. 
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Figure 2.1 The SARS-CoV-2 genome contains regions of varying RNA structure. 
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.  B. The locations 

within the SARS-CoV-2 genome are indicated for each structure, and thermodynamic 

stability is indicated as -ΔG. Ensemble diversity is listed as predicted by RNAfold. 
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Table 2.1 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 

 

Additionally, we compared the predicted RNA structures to previously published 

SHAPE-MaP data (Fig 2.2)216. RNA 1, the most thermodynamically 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 particularly RNA 3. This is to 

be expected for these two RNAs, as they have higher ensemble diversities (Fig 2.1) and, 

as such, are predicted to adopt a larger number of conformers than RNA 1. Therefore, it 

follows that the predicted and empirical structures are not strongly correlated. 
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Figure 2.2 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. 
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100 nt RNAs corresponding to these regions were synthesized in vitro and 

cleavage efficiency of these RNAs was assessed using a SARS-CoV-2 nsp15 

endonuclease assay217 (Fig 2.3). Folded RNAs were incubated with recombinant SARS-

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

analyzed by polyacrylamide gel electrophoresis (Fig 2.3). Cleavage was quantified by 

densitometry by comparing the abundance of full-length RNA at each time point to a 

denatured nsp15 control in which the RNA was incubated with non-functional, denatured 

nsp15 (no cleavage, (-) far-right lane) (Fig 2.3). As we hypothesized, we observed that 

RNAs with relatively moderate or low predicted thermodynamic stability were cleaved 

more rapidly than RNA 1 with relatively high thermodynamically stability (Fig 2.3, compare 

abundance of full-length transcript at 1, 15 and 60 min [red arrow]; Fig 2.3 compare 

percentage uncleaved RNA). Notably, RNA with relatively low thermodynamic stability 

showed rapid cleavage as early as 1 min following the addition 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 2.3). These likely 

represent cleavage intermediates or end products respectively and suggest that other 

structural features 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 structure impacts nsp15-dependent RNA cleavage. 
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Figure 2.3 Secondary structure protects RNA from cleavage by SARS-CoV-2 
nsp15. A. Endonuclease assays of RNAs from (A). 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. Representative images from one of three total 

experiments are shown. B. Quantitation of data from (A). 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. 
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SARS-CoV-2 nsp15 cleaves unpaired bases in a structured RNA 
In vitro biochemical studies by Bhardwaj et al. previously showed that SARS-CoV-

1 nsp15 specifically 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 CoVs192,194,218. 

In addition to our results described above (Fig 2.3), this study suggests that the context 

in which the cleaved 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 2.4, highlighted in blue). Structural resolution of 

s2m has shown that U25, which is located within the pentaloop of s2m, is highly 

disordered relative to other nucleotides, and that U30 is also moderately disordered194. 

The s2m pentaloop adopts the GNRNA sequence, and these loops have been shown to 

promote nucleotide extrusion or base-flipping219,220. of Interestingly, while there is 

significant 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 (Fig 2.5). 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. 
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Figure 2.4 Thermodynamic stability of wt and mutant s2m RNAs. A. Wt and mutant 

s2m RNAs with unpaired uridines are highlighted in blue, and paired uridines are 

outlined in blue. All RNA structures were predicted in RNAfold and designed in 

RNA2Drawer. B. Thermodynamic stability and ensemble diversity of s2m and mutant 

RNAs indicated as predicted by RNAfold. 
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Figure 2.5 Alignment of SARS-CoV1 and SARS-CoV-2 s2m. A. Minimum free energy 

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

nucleotides 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 ∆G 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. 
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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 nsp15192. 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 2.4) and compared cleavage 

efficiency of these RNAs via endonuclease assay (Fig 2.6). In contrast to wt s2m, 

cleavage of the double mutant (s2mmut3) was noticeably impaired consistent with previous 

studies showing nsp15 cleavage preference for unpaired uridines187,192. 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) 

did192. Although quantitative differences in full-length RNA cleavage were not found to be 

statistically significant (Fig 2.6), accumulation of cleavage products in the U25A (s2mmut1) 

and double mutant (s2mmut3) trended towards relative to wt and U30A (s2mmut2) RNAs. 
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Figure 2.6 SARS-CoV-2 nsp15 cleaves structured RNAs at specific sites. A. 
Endonuclease assays of full-length s2m mutant RNAs. 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 

(indicated by (-) in the far-right lane). 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. 
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We analyzed the dominant cleavage products from these assays by measuring 

these bands by densitometry (Fig 2.7, indicated by numbered arrows). Each product was 

normalized to its corresponding band at the one minute timepoint of the reaction. We 

found that the cleavage products from the s2m and s2mmut2 RNAs not only shared a 

similar banding pattern, but the cleavage products were also visible at comparable times 

in the reaction (Fig 2.7).  Interestingly, we also observed accumulation of distinct cleavage 

products in s2mmut1 and s2mmut3. Cleavage of these RNAs also result in a similar output 

when measuring the products by densitometry (Fig 2.7) further corroborating that 

differential cleavage of s2m is driven by U25 in the pentaloop. This may indicate that step 

wise cleavage of RNA and RNA intermediates 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 2.4), we cannot rule out the possibility that mutation of U25 

leads to changes in s2m RNA structure which impact nsp15-mediated cleavage. 
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Figure 2.7 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 experiments. 
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Due to the presence of multiple uridines in s2m, accurate identification of cleavage 

products 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 2.8). While there are 

nucleotide changes in the stem of truncated RNAs, these mutations help to maintain the 

pentaloop and bulge structure found in s2m. 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 ∆s2m 

mutant RNAs were similar to each other (Fig 2.8). 
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We analyzed cleavage of wt and mutant Δs2m RNAs over time by endonuclease 

assay as described above (Fig 2.9). In keeping with 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-

 
Figure 2.8 Thermodynamic stability of ∆s2m RNAs. A. Wt and mutant ∆s2m RNAs 

with unpaired uridines are highlighted in blue. All RNA structures were predicted in 

RNAfold and designed in RNA2Drawer. B. Thermodynamic stability and ensemble 

diversity of ∆s2m and mutant RNAs indicated as predicted by RNAfold. 
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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 occurs187. 
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Figure 2.9 SARS-CoV-2 nsp15 cleaves structured RNAs at specific sites. A. 
Endonuclease assays of modified s2m RNAs. 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 (indicated by (-) in the 

far-right lane). 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. 
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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 (DRaCALA)221,222.  Here, 5’-end radiolabeled Δs2m RNAs 

were incubated with increasing concentrations of recombinant mutant nsp15 (nsp15 

(K290A)), complexes applied to nitrocellulose membrane, and the fraction of bound vs 

unbound RNA quantified (Fig 2.10). Nsp15 (K290A) contains a mutation of one of the 

conserved catalytic residues necessary for endoU activity and was used to eliminate 

endonuclease activity and contains a mutation of one of the conserved catalytic residues 

necessary for endoU activity185,192,223,224. We compared binding 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 recognition 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 affinities 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. 
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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 mechanism to position the scissile uridine in the catalytic pocket, thus enabling 

cleavage of dsRNA191. The crystal structure of s2m shows that U25 in the GNRNA 

pentaloop adopts a similar flipped out orientation194 suggesting that this mechanism could 

also account for the specificity of nsp15 cleavage for U25 in s2m. RNA pentaloops adopt 

 
Figure 2.10 SARS-CoV-2 nsp15 binds to ∆s2m RNAs with similar affinity. Nsp15 

binding curves of Δs2m RNAs as compared to wt s2m. ∆s2m 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 ∆s2m mutant RNAs are compared to wt ∆s2m. Data represents three independent 

experiments. 
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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 

pentaloop219,220. Thus, we postulated that the position of the scissile 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 cleavage 

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

scissile uridine has been altered (Fig 2.11) and compared cleavage efficiency in the 

endoU assay (Fig 2.12). 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. 
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We predicted that in Δs2mmut4 positioning of the scissile uridine 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 2.12). 

 
Figure 2.11 Thermodynamic stability of ∆s2m uridine position mutant RNAs. A. 
∆s2m mutant RNAs with unpaired uridines are highlighted in blue. All RNA structures 

were predicted in RNAfold and designed in RNA2Drawer. B. Thermodynamic stability 

and ensemble diversity of ∆s2m mutant RNAs indicated as predicted by RNAfold. 
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Figure 2.12 Uracil position in loop structures impacts SARS-CoV-2 nsp15 
cleavage efficiency. A. Endonuclease assays of ∆s2m pentaloop mutant RNAs. 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 (indicated by (-) in the far-right lane). RNAs with uridines 

positioned closer to the apex of the pentaloop cleaved more rapidly than ∆s2mmut5 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. 
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We also designed ∆s2mmut6 and ∆s2mmut7 with a uridine in the second position to 

assess cleavage of these RNAs by nsp15 (Fig 2.13). We observed a slight, but consistent 

increase in nsp15 cleavage activity in ∆s2mmut6 and ∆s2mmut7 relative to ∆s2mmut2 (Fig 

2.14). In contrast, we observed almost no cleavage of Δs2mmut5 supporting the hypothesis 

that the scissile 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. 
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Figure 2.13 Thermodynamic stability of further ∆s2m uridine position mutant 
RNAs. A. ∆s2m mutant RNAs with unpaired uridines are highlighted in blue. All RNA 

structures were predicted in RNAfold and designed in RNA2Drawer. B. Thermodynamic 

stability and ensemble diversity of ∆s2m mutant RNAs indicated as predicted by 

RNAfold. 
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Figure 2.14 Uridine positioning in the s2m pentaloop impacts nsp15 cleavage.   A. 
Endonuclease assays of additional ∆s2m 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 ∆s2m 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 (∆s2mmut6/7) were consistently cleaved more rapidly 

than ∆s2mmut2 in which the uridine is in the fourth position. P-values were calculated 

using one-way ANOVA with multiple comparisons analysis of the AUC. Data represents 

three independent experiments. 
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Discussion 
 Nsp15 is a viral endonuclease conserved across the Nidovirales and plays a 

crucial role in CoV evasion of host innate immunity. The crystal structures of several CoV 

nsp15 proteins have been solved to date, including that of SARS-CoV-

2185,186,190,202,203,223,225. Structural and biochemical analyses have revealed key aspects of 

nsp15 function, including the requirement of Mn2+ for endonuclease activity at neutral pH 

as well as formation of higher order oligomers (hexamers) which is also necessary for 

endoU function184,190,192,223-225. 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 cell177,178,188,207,208,226-229. Some studies also 

suggest that CoV nsp15 may play a role in viral transcriptional regulation during viral 

replication188 and that endoU-independent activities additionally contribute to modulation 

of host responses200,228,230-232. 

 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-comparison 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, to date no specific nsp15 recognition motifs have been 

described. Indeed, our analysis of previously identified MHV nsp15 cleavage sites188 

failed to identify novel sequence motifs in and around the cleavage site. 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. To this end, recent work has shown 

that SARS-CoV-2 nsp15 manipulates the scissile uridine for cleavage of dsRNA191. 

However, the extent to which RNA secondary structure is involved in modulating SARS-

CoV-2 nsp15 cleavage activity remains to be determined. Thus, in this study 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 2.3). Notably, these experiments were done 

with three RNAs representative of high, moderate, and low RNA secondary structure. 
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However, examining nsp15 cleavage of other structured RNAs would corroborate these 

results. Based on our preliminary results, we postulated that stable secondary structure 

may contribute to nsp15 cleavage by two modes that are not necessarily mutually 

exclusive: 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 

specificity for cleavage of the uridine nucleotide located in the GNRNA pentaloop of s2m 

(Fig 2.6). 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 

pentaloop192. 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 began these studies with SARS-CoV-2 nsp15 as 

we had it on hand, but our aim in the future is to run these endonuclease assays with 

SARS-CoV-1 nsp15. 

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

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

(Fig 2.15). 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. Furthermore, the control RNA contains a tetraloop as opposed to pentaloop or 

heptaloop. 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. 
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Figure 2.15 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 endonuclease 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. Thermodynamic stability and ensemble diversity of s2m-like 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). AUC was calculated for each RNA, 

and one-way ANOVA with multiple comparisons was performed on the AUC. Data 

represents three independent experiments. 

 



 61 

 

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

to differences in nsp15-RNA binding (Fig 2.10), 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 RNA219,220, and this base flipping mechanism 

has been suggested to be important for correct positioning of uridine in the catalytic 

pocket of nsp15191. Pentaloop motifs have also been implicated in base editing mediated 

by Adenosine Deaminases that Act on RNA 2 (ADAR2)233, 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 conformation of the scissile uridine was important 

for base recognition and cleavage, then 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 2.12). Interestingly, based on the anticipated cleavage sites 

of ∆s2mmut2 and ∆s2mmut4, 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 (Fig 2.16). This may represent more significant differences in cleavage 

between the RNAs potentially at noncanonical sites. Further studies are needed to 

confirm the site of cleavage in ∆s2mmut4. 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 predictions 

indicate that there is potential wobble base pairing between the G-U nucleotides in the 

pentaloop of ∆s2mmut5. As a result, it is possible that occlusion of the scissile uridine may 

be contributing to the lack of cleavage of ∆s2mmut5 (Fig 2.12). 
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To further address the importance of uridine position within the s2m pentaloop, we 

designed ∆s2mmut6 and ∆s2mmut7 RNAs which contained the uridine in the second position 

of the pentaloop. These RNAs were cleaved slightly but consistently more rapidly than 

∆s2mmut2 (Fig 2.14). This provides further credence to the hypothesis that uridine position 

within pentaloops impacts the ability of nsp15 to cleave RNA though further mutants can 

be tested to corroborate these results. Previous work has shown that trinucleotide 

sequence context is important for nsp15 activity and that G-U↓A trinucleotides were 

cleaved most efficiently187. ∆s2mmut6 (G-U↓G) and ∆s2mmut7 (G-U↓A) were cleaved at 

similar rates (Fig 2.14) whereas ∆s2mmut7 and ∆s2mmut2 both share the same sequence 

context (G-U↓A) but were cleaved at slightly different rates. This may point to a role not 

only for trinucleotide sequence in nsp15 cleavage, but specifically trinucleotide 

 
Figure 2.16 ∆s2mmut2 and ∆s2mmut4 show distinct cleavage patterns despite having 
near identical secondary structure.  Timecourse of ∆s2mmut2, ∆s2mmut4, ∆s2mmut5, 

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 indicating potential alternative 

cleavage sites. 
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sequences in the context of RNA structure leading to differential enzymatic activity. Future 

combinatorial studies looking at both sequence and structural context will further elucidate 

the substrate specificity of nsp15. 

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. 

We have listed the MFE of all the RNAs used in our study. While the MFE is the 

most stable conformation of the RNA, notably, RNAs do not always adopt the MFE 

structure. Regardless of whether a particular RNA forms the MFE as its true structure, 

RNAs are dynamic molecules that shift between multiple conformations. To ameliorate 

this issue, we compared the 100 nt RNAs from SARS-CoV-2 to established SHAPE-MaP 

data and found that the most thermodynamically stable RNA highly correlated with 

published structural data (Fig 2.2)216. For the same reason, we chose to use s2m as a 

model RNA for our studies because it has an established crystal structure194. 

Nonetheless, 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 cleavage of RNAs that have even single nucleotide changes (Fig 2.6 

and 2.9) thus indicating that nsp15 preferentially acts on certain substrates. 

Furthermore, in our endonuclease assays, we used several 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 other234. While RNA prediction software such as RNAfold cannot 

model these tertiary structures, prediction software is accurate when a large percentage 

of the queried RNA contain traditional Watson-Crick base pairing234. Because the 

structure of s2m has been verified by x-ray crystallography194, and ∆s2m 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 structure of these RNAs. 
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 Collectively, our data suggests that RNA secondary structure plays two distinct 

roles in determining nsp15 cleavage specificity. First, thermodynamically stable structures 

likely sterically 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, these two mechanisms are not necessarily mutually exclusive. In fact, it is likely 

that there are multiple factors that play into nsp15 cleavage specificity. However, several 

questions remain unanswered, most notably, what are the biologically relevant targets 

(host and viral) of nsp15 cleavage during CoV infection and are viral targets conserved 

across different CoVs? Two studies to date have identified cleavage sites within the 

positive-sense genomic RNA and 3’ polyU tails of the negative-sense RNA of MHV177,188. 

Despite this, no recognition motif or other regulatory element associated with nsp15 

cleavage has been identified. While the in vitro assays performed here and in other 

studies provide a tractable system for dissecting the molecular mechanism 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 interactions 

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 RTC120. 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 environment235. 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.  
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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 replication 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 during infection (e.g., viral transcriptional/translational regulation, host 

translation). Furthermore, defining key structural features of RNAs which are resistant or 

susceptible to nsp15 cleavage may provide avenues for development of antiviral 

therapeutics. 
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Chapter III: Future Directions and Outstanding Questions 
Summary of work 
 Our work described in this thesis shows that RNA secondary structure impacts 

nsp15 activity. We first generated multiple RNA segments from the SARS-CoV-2 genome 

with varying thermodynamic stability and found that the RNA with the highest 

thermodynamic stability (RNA 1) was cleaved slower than two RNAs with lower 

thermodynamic stability (RNA 2 and 3). This is presumably due to an increased 

availability of unpaired uridines in RNAs 2 and 3 as they have a greater number of 

predicted structures that they can adopt relative to RNA 1. Consequently, they likely 

transition between these predicted structures during which previously base-paired 

uridines become unpaired thereby presenting accessible uridines to nsp15 for cleavage. 

Conversely, RNA 1 has low structural diversity and is not as dynamic in changing 

structures. As a result, the already paired uridines are obscured from nsp15. These 

results suggest that RNAs with higher thermodynamic stability are protected from nsp15 

cleavage relative to RNAs with lower order structure. 

 We then turned to a previously identified RNA structure from SARS-CoV termed 

s2m. The s2m RNA is found in the 3’UTR of SARS-CoV genome and has been confirmed 

to be a stem loop structure by x-ray crystallography194. S2m has two unpaired uridines: 

one in the pentaloop of the RNA and one in a bulge below the pentaloop. Because of its 

established secondary structure, we chose to use this RNA as a model for our structural 

studies. Previous work with SARS-CoV nsp15 indicated that the enzyme cleaved s2m at 

the unpaired uridine in the bulge of the RNA. To validate these data with SARS-CoV-2 

nsp15, we designed s2m mutant RNAs in which the unpaired uridines were mutated to 

adenosines that would not be able to be cleaved by nsp15. Our research revealed that 

SARS-CoV-2 nsp15 exhibits a distinct preference for cleaving s2m within the pentaloop 

of the RNA contrary to earlier findings with SARS-CoV nsp15. We further investigated 

these results using modified s2m RNAs that maintained the pentaloop and the bulge while 

eliminating the other uridines within the stem of WT s2m. Using the same set of mutants 

in the truncated s2m RNAs, we corroborated that SARS-CoV-2 nsp15 preferentially 

cleaves the unpaired uridine in the pentaloop of the RNA over the uridine in the bulge. 
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 Finally, we sought to determine whether uridine positioning in the s2m pentaloop 

impacted nsp15 cleavage efficiency. Using the ∆s2m mut2 mutants as a baseline since it 

contains uridine in the fourth and wild-type position, we designed further ∆s2m mutants 

with the uridine placed in the third and fifth positions while maintaining the stem loop 

feature. We found that uridine in the third and fourth positions of the pentaloop were 

cleaved far more rapidly than when uridine was in the fifth position of the s2m pentaloop. 

From these data, we conclude that positioning of the scissile uridine impacts cleavage, 

likely due to structural constraints. 

 

Outstanding Questions 

What is the role of Mn2+ in nsp15 catalysis? 
Nsp15 has been shown to have optimal cleavage activity in the presence of 

Mn2+182. However, the exact role that nsp15 plays during nsp15 catalysis has not yet been 

characterized. Notably, none of the resolved nsp15 structures have identified the position 

of Mn2+ ions. One hypothesis is that Mn2+ stabilizes the nsp15 hexamer in an orientation 

that facilitates RNA cleavage236. Critically, the existing studies investigating the 

dependence of nsp15 on Mn2+ has been carried out in vitro, employing concentrations of 

Mn2+ that exceed physiological levels by 50-500 fold183. As such, further investigations 

are necessary to determine the role of Mn2+ during catalysis, particularly during infection. 

 

Does nsp15 play different roles at acidic and neutral pH? 
The experiments performed in this thesis were carried out at a neutral pH of 7.5. 

However, a recent study showed that nsp15 adopts different conformations at pH 6.0 and 

pH 7.5237. At pH 6.0, nsp15 is in a more open state relative to nsp15 at pH 7.5. Specifically, 

the internal barrel of the nsp15 hexamer is contracted at neutral pH relative to acidic 

pH237. This suggests that nsp15 may play a different role during infection at the two pH 

conditions potentially present in different areas across the cell. 

 The pH of the DMVs in which CoVs replicate has not yet been studied. We 

hypothesize that these replication compartments are acidic and that nsp15 adopts its 

open conformation in DMVs. A computational model has shown that the SARS-CoV-2 

RTC is centered around the nsp15 hexamer120. While this model has not yet been 
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experimentally validated, this scaffolding function represents a possible role of nsp15 

outside of its endonuclease activity. Conversely, the pH of the cytoplasm is known to be 

more neutral at 7.5. In this state, we propose that nsp15 functions as a host immune 

antagonist through its endonuclease activity. 

 

What are the viral RNA targets of nsp15 during infection? 
The work in this thesis sheds light on the structural characteristics of RNAs that 

nsp15 cleaves. However, very little work has been done to identify the RNAs that nsp15 

cleaves in vivo, particularly in the context of highly pathogenic human CoVs. Two recent 

studies have shown that MHV nsp15 cleaves viral RNA177,188. Hackbart et al. showed that 

nsp15 primarily cleaves polyU RNA at the 5’ end of the negative-sense RNA genome, 

whereas Ancar et al. found that nsp15 cleaves viral RNA at various locations across the 

MHV genome177,188. As these studies were performed with MHV, it remains to be seen 

whether nsp15 cleaves similar sites in the SARS-CoV-2 genome or if nsp15 targets a 

different set of loci in highly pathogenic human CoVs. 

Furthermore, cellular targets of nsp15 during infection have not yet been 

explored. Gaglia et al. developed a method to map cellular mRNAs that were cleaved by 

the KSHV ribonuclease, SOX238. This protocol can be adapted to identify cleavage sites 

of nsp15 in cellular RNAs. Briefly, total RNA would be harvested from cells infected with 

SARS-CoV-2 and the polyA RNAs would be enriched. These RNAs are then ligated to a 

5’ adapter that contains an MmeI restriction site. Following this, cDNA is generated from 

these RNAs and the RNAs are digested with MmeI. The digested RNAs are ligated to a 

3’ RNA adapter, and the samples are prepared for high-throughput sequencing. These 

data will provide further insight into the role of nsp15 as an innate immune antagonist. 

Two recent studies have analyzed the targets of MHV nsp15 during infection177,188. 

Hackbart et al. show that MHV nsp15 cleave polyU RNA found at the 5’ end of the 

negative sense RNA genome. The authors did this by immunoprecipitating double 

stranded RNA (dsRNA), sequencing the samples by RNA-seq and mapping the reads to 

the MHV genome. When comparing the nsp15 catalytic mutant to WT MHV, the mutant 

samples were enriched for dsRNA. Further PCR analysis indicated that nsp15 cleaves 

polyU RNA that accumulates at the 5’ end of the RNA genome. A caveat with this study 
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is that despite dsRNA accumulating across the viral genome in the nsp15 mutant, the 

authors did not investigate other RNAs that nsp15 might be cleaving. 

In a second study from 2020 looking at targets of MHV nsp15, Ancar et al. found 

specific sites of cleavage in the across the positive sense viral genome. In addition to 

canonical cleavage sites after uridines, the authors found that nsp15 cleaves following 

cytosines as well. This finding was corroborated by Frazier et al. in 2021187. Further 

analysis of these cleavage sites showed that nsp15 cleaved between the specific 

dinucleotides UA, CA, CC, and AC. Interestingly, this study did not identify nsp15 

cleavage sites in the negative sense viral RNA. It is unclear why these two studies found 

different targets of nsp15 cleavage in MHV. It’s possible that the differences in these 

results may be due to the separate sequencing techniques used to identify cleavage sites. 

Further studies of nsp15 cleavage sites in other CoVs may provide insight into which of 

these sites are important for viral replication as well as if there are differences in nsp15 

cleavage across CoVs. 

 

Does nsp15 interact with other viral proteins in the replication-transcription 
complex? 

A report from 2017 showed that nsp15 associates with the RTC proteins nsp8 

and nsp12 in an RNA-independent manner239. However, no structures of the RTC have 

been identified with nsp15 suggesting that the interaction between nsp15 and the RTC 

may only be transient. However, as previously stated, a recent study generated a 

computational model which centers the RTC around the nsp15 hexamer120. While these 

results need to be corroborated experimentally, this represents a potential scaffolding 

function for nsp15 during infection. Furthermore, nsp15 interactions with other viral 

proteins may also contribute to regulating nps15 cleavage during infection. 

 

Can small molecule inhibitors of nsp15 be used as therapeutics against CoV 
infection? 

As pathogenic CoVs have emerged over the past twenty years and with SARS-

CoV-2 becoming endemic in the population, therapeutics are needed to combat current 

infections and control potential future outbreaks. To date, therapeutics against CoVs have 
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focused on inhibiting some of the essential viral proteins including the viral RdRp and 

proteases97,98,240; however, other viral proteins have been overlooked. Because it is 

conserved across CoVs, nsp15 represents an attractive target for therapeutic 

intervention. Our previous work has identified Exebryl-1 as an inhibitor against nsp15217. 

Unfortunately, Exebryl-1 was only able to inhibit nsp15 at 1-10µM in vitro and at 65.6µM 

during SARS-CoV-2 infection217. As such, there is still a need to find nsp15 inhibitors that 

are functional at low micromolar or nanomolar concentrations. This work is currently 

ongoing and will be published in a subsequent manuscript. 

 

Concluding remarks 
 CoVs have long circulated among the population; however, the advent of highly 

pathogenic CoVs beginning with SARS-CoV in 2002 has spotlighted CoVs in the public 

eye and accelerated research in the field. As a family of viruses within the Nidovirales, 

CoVs have among the largest genomes of RNA viruses. Many of the nsps encoded by 

CoVs are well studied with established enzymatic activities. One protein that has been 

overlooked is nsp15. Though the enzymatic activity of nsp15 as a uridine-specific 

endonuclease has been characterized, the substrate specificity of nsp15 remains 

understudied. The work in this thesis shows that RNA secondary structure plays a role in 

protecting substrates from nsp15 cleavage. Specifically, RNAs with high thermodynamic 

stability are not cleaved by nsp15 as rapidly as RNAs lacking stability. Additionally, nsp15 

cleaves uridines at specific sites within pentaloops. This represents a step toward 

determining the species of RNA that nsp15 catalyzes during viral infection. 
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Chapter IV: 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 4.1. 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 instructions. Purified amplicons were subcloned into a vector containing 

the HDV ribozyme241. These constructs were linearized and purified prior to transcription. 

 

Table 4.1 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 

 

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

reactions. 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 42oC overnight after which, the reactions were treated with DNaseI 

(NEB) as per manufacturer’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 volume of elution buffer (10mM Tris-HCl pH 7.5, 



 72 

1mM EDTA, 300mM NaCl, 0.1% SDS) relative to gel weight. Gel slurries were applied to 

cellulose acetate columns and frozen at -80oC 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 ∆s2m and corresponding mutant RNAs) were 

synthesized by Integrated DNA Technologies. RNA sequences can be found in Table 4.2. 

 

Table 4.2 RNAs generated by Integrated DNA Technologies 
 

RNA RNA sequence 

s2m-like RNA 1 GGUUACAAGAGUGUGAAUAUCACUUUUGAACUUG 

s2m-like RNA 2 UUGCAUAAUGUCUGAUAGAGACCUUUAUGACAAGU 

control RNA GGUGAAUACAGUCAUGUAGUUGCC 

s2m GAGGUUCAUCGAGGCCACGCGGAGUACGAUCGAGGGUACAGUGAAUUU 

s2mmut 1 GAGGUUCAUCGAGGCCACGCGGAGAACGAUCGAGGGUACAGUGAAUUU 

s2mmut 2 GAGGUUCAUCGAGGCCACGCGGAGUACGAACGAGGGUACAGUGAAUUU 

s2mmut 3 GAGGUUCAUCGAGGCCACGCGGAGAACGAACGAGGGUACAGUGAAUUU 

∆s2m GCCCACGCGGAGUACGAUCGAGGGC 

∆s2mmut 1 GCCCACGCGGAGAACGAUCGAGGGC 

∆s2mmut 2 GCCCACGCGGAGUACGAACGAGGGC 

∆s2mmut 3 GCCCACGCGGAGAACGAACGAGGGC 

∆s2mmut 4 GCCCACGCGGAUGACGAACGAGGGC 

∆s2mmut 5 GCCCACGCGGAGAUCGAACGAGGGC 

∆s2mmut 6 GCCCACGCGGUGAACGAACGAGGGC 

∆s2mmut 7 GCCCACGCGGUAGACGAACGAGGGC 

∆s2mmut 8 GCCCACGCGCAGAACGAACGAGGGC 

 

Expression of recombinant nsp15 
Recombinant nsp15 was expressed and purified as previously described217. 

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. 
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coli competent cells using autoinduction methods. The K290A mutant was generated 

using a Q5 site-directed mutagenesis 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. 

 

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 95oC for 10 minutes then cooled 

to 25oC at a rate of 0.1oC/sec (Fig 4.1). 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 95oC for 5 minutes. Denatured wt protein showed no cleavage when 

compared to the nsp15 catalytic mutant protein (Fig 4.2). 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. 
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Fig. 4.1 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 electrophoresed on a native gel. Denatured RNA was heated in 2x RNA 

Loading Dye (NEB) at 70oC for 10 minutes. Folded RNAs show the presence of 

conformers as indicated by arrows. 
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 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 

 
Fig. 4.2 Denatured nsp15 does not cleave RNA substrates. ∆s2mmut7 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 95oC prior to the addition of folded RNA. Endonuclease reactions were 

incubated for 15 minutes then terminated with the addition of EDTA to a final 

concentration of 20mM and flash frozen. 
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(NEB) and incubated at 70oC 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 minutes 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 previously221. Briefly, RNAs were 

dephosphorylated 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 95oC 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 nitrocellulose membrane. Blots were exposed to a 

phosphor screen overnight and imaged on Sapphire Molecular Imager (Azure 

Biosystems). Binding was measured by densitometry as previously described222 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. 
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