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“There is nothing like looking, if you want to find something. You certainly usually find 

something, if you look, but it is not always quite the something you were after” 

J.R.R. Tolkien 
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Abstract: 

Coronaviruses (CoVs) are a subfamily of viruses with a propensity to cross over 

from animal reservoirs into humans, causing epidemics or pandemics. In recent history, 

there have been three such spillovers: SARS-CoV, MERS-CoV, and SARS-CoV-2, which 

is the causative agent of COVID-19. CoVs are RNA viruses with uniquely large, ~30 kb 

(+) single-stranded RNA genomes. Coronaviruses encode over a dozen proteins that are 

believed to interact and form a viral replication-transcription complex (RTC) that is 

responsible for the synthesis, capping, and proofreading of viral RNA during an infection. 

Since the onset of the COVID-19 pandemic, the SARS-CoV-2 RTC has been a focus for 

biochemical and structural biology studies. The RTC is also a main target for antiviral drug 

development, with two nucleoside analogue antivirals receiving emergency use 

authorization for the treatment of COVID-19. Understanding the enzymatic mechanisms 

by which CoVs replicate and modify their RNA is critical for our ability to develop more 

antivirals against CoVs to prepare us for future CoV spillovers and diseases. 

Most studies on CoV replication have focused on Betacoronaviruses, in particular 

SARS-CoV-2, leaving other genera drastically understudied. Here, we report the first 

three structures of non-Betacoronavirus RTCs, two from the Alphacoronavirus genera 

and one from the Gammacoronavirus genera. In solving these structures, we identified 

conserved RTC replication cofactor functions and requirements, while also demonstrating 

the potential for genera specific pathways of RTC assembly. This work demonstrates the 

importance of studying a broad range of CoVs.  

CoVs unique ability to proofread has been well documented but the mechanism by 

which it occurs remains unknown. Here I present the substrate requirements for the 
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interaction of the CoV RTC and proofreading complex. Further, I have narrowed down the 

potential interaction site of these two complexes. This work provides critical insight into 

the unique mechanism of CoV proofreading.  

To aid in the development of CoV antivirals we solved the structure of a SARS-

CoV-2 RTC that’s elongation is stalled by an arabinose nucleotide. In solving this 

structure, we identified that arabinose nucleotides are potent inhibitors of the CoV RTC. 

To our knowledge the use of arabinose nucleotides as CoV antivirals has not been 

previously tested. Our work demonstrates that these nucleoside analogues have the 

potential to be used as templates for antiviral drug development.  

The work presented here provides critical insight into the mechanisms of CoV 

replication and proofreading, aiding in our ability to design more potent and broadly acting 

CoV antivirals, helping treat current and future CoV induced diseases.  
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2 
Coronaviruses as human and animal pathogens 

 Coronaviruses (CoVs) are a subfamily of viruses in the viral family Coronaviridae 

within the order Nidovirales (Figure 1) (1). The CoV subfamily is composed of four distinct 

genera: Alpha-, Beta-, Gamma-, and Delta-CoVs (Figure 1) (2). In humans, CoVs infect 

the respiratory tract and can cause a wide range of disease severities (2). There are four 

common cold coronaviruses that are endemic human pathogens, two from the AlphaCoV 

genera (HCoV-229E and NL63) and two from the BetaCoV genera (OC43 and HKU1) 

(Figure 1) (2,3). Since the turn of the century three BetaCoVs have emerged and caused 

outbreaks of severe respiratory disease in humans. SARS-CoV emerged in 2002 and 

infection could lead to symptoms of severe respiratory disease and pneumonia (4,5). The 

SARS-CoV outbreak resulted in >8,000 cases and >800 deaths (4-6). MERS-CoV 

emerged in 2012 and still causes infections through sporadic outbreaks mostly confined 

to the Middle East (7-9). Infection with MERS-CoV is associated with acute respiratory 

distress, pneumonia, possible kidney failure, and high mortality rates averaging around 

35% (9,10). SARS-CoV-2 spilled over from animal reservoirs in 2019 and is the causative 

agent of the COVID-19 pandemic which has led to over 100 million cases and 1 million 

deaths in the U.S. alone (11,12). Symptoms associated with COVID-19 include atypical 

pneumonia, severe respiratory distress, and possible respiratory failure (13). The onset 

of the COVID-19 pandemic led to the rapid development and implementation of vaccines 

against SARS-CoV-2. While these new vaccines have proven effective at reducing SARS-

CoV-2 related hospitalizations and deaths, the continued evolution of viral variants is a 

growing concern for vaccine effectiveness (14,15). In addition to the vaccines, three 

antiviral drugs have been approved for the treatment of COVID-19: Remdesivir, 



 

3 
Molnupiravir and Paxlovid (16). These antivirals will be described in greater detail in the 

Coronavirus antivirals section of this chapter. Outside of the three emergent BetaCoVs 

described above, a feline-canine recombinant AlphaCoV, canine-CoV human-pneumonia 

2018 (CCoV-HuPn-2018), was isolated from human patients with pneumonia in the U.S. 

and Malaysia (17-19). More recently, the first reports of DeltaCoV infections in humans 

were reported as human adapted strains of porcine delta CoV (PDCoV) were isolated 

from children in Haiti (20). As CoVs from several genera continue to pose a threat to 

societal health we should continue to focus our research efforts into understanding CoV 

replication to aid in treating current and future CoV induced diseases (Figure 1).  

 In addition to being human pathogens, CoVs are important animal pathogens that 

can have detrimental impacts on the agricultural industry. The first CoV to be discovered 

was the GammaCoV infectious bronchitis virus (IBV) which is a prominent threat to 

chickens and consequently the chicken and egg production industries (Figure 1) (21,22). 

IBV primarily infects the respiratory tract, but some strains can spread to and infect the 

reproductive tract and kidneys (23). Infection of the kidneys can cause kidney lesions and 

nephritis (21,23,24). Infection of the female reproductive tract can lead to reduced egg 

quality which can be detrimental to the egg industry (21,23,24). Although vaccines have 

been developed for IBV, the broad genetic diversity of IBV strains and their rapid evolution 

have rendered vaccines ineffective at preventing IBV infection (25,26). Because of this 

IBV remains a persistent threat to the chicken and egg industries.   
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Figure 1, coronavirus taxonomy: Coronaviruses are a subfamily of viruses in the viral family 
Coronaviridae within the viral order Nidovirales. Two other families within Nidovirales have large 
genomes ≥20 kb (green) while one family, Arteriviridae (blue), have genomes <20 kb. Coronavirus 
species are split into four genera and infect numerous different hosts including humans (orange) 
and pigs (pink). 
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Beyond IBV there are several more CoVs that impact the agricultural industry, 

including several pathogenic pig CoVs (Figure 1). Currently there are six known pig 

CoVs, this includes four AlphaCoVs (porcine epidemic diarrhea virus (PEDV), 

transmissible gastroenteritis virus (TGEV), severe acute diarrhea syndrome CoV (SADS-

CoV), and porcine respiratory CoV (PRCV)), one BetaCoV (porcine hemagglutinating 

encephalomyelitis virus (PHEV)) and one DeltaCoV (porcine deltacoronavirus (PDCoV)) 

(Figure 1) (27,28). PEDV was first identified in Europe in the 1970s but later spread to 

Asia in 1983, and the U.S. in 2013 (29-34). Following its emergence in the U.S. in 2013 

a highly pathogenic strain of PEDV quickly became one of the most deadly and important 

global pig pathogens (28,35,36). PEDV is commonly spread by a fecal-oral route but can 

be transmitted from infected sows to piglets during suckling (37). PEDV infects the 

intestinal track and causes symptoms of vomiting, diarrhea, and dehydration (37). PEDV 

is highly contagious and outbreaks on a pig farm will result in almost all pigs being infected 

(37,38). While PEDV infection in adult pigs has low mortality rates, piglets’ mortality rates 

can be as high as 100%, which is a serious threat to the swine industry (37,38). Like IBV, 

PEDV rapidly evolves, making vaccine design difficult and often ineffective (39). Another 

difficulty in PEDV vaccine design is that piglets are most susceptible to PEDV before they 

are weaned. At this young age, piglets cannot be effectively vaccinated and acquire their 

antibodies during suckling, further complicating vaccine implementation (39). IBV and 

PEDV are just two examples of the detrimental impacts that CoVs can have on the 

agricultural industry and exemplify the need to better understand all CoVs, not just those 

that infect humans.  
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Coronavirus genome and replication 

 Coronaviruses have (+) single-stranded RNA (ssRNA) genomes with 5’ caps and 

3’ polyadenylated tails (2,40). In the realm of RNA virology, CoVs have uniquely large ~30 

kb genomes. Most RNA viruses with genomes of similar or larger size are related viruses 

in the Nidovirales order, including a planarian nidovirus with a genome >40 kb (Figure 1) 

(1,41). RNA virus genomes are considered small with the majority having genomes ≤20 

kb. RNA viruses’ are believed to limit their genome size because they exist near an error 

threshold, a theoretical limit to the number of mutations a virus population can withstand 

to successfully replicate (42-45). When a virus surpasses this threshold, they are at risk 

of error catastrophe, a state in which the virus is unable to maintain a population of 

functioning genomes, resulting in failed replication and the extinction of that virus 

population (42,46). RNA viruses exist at this threshold because of the inherent low fidelity 

of the RNA-dependent RNA polymerases (RdRPs) these viruses use to replicate their 

RNA genomes (45,47). The low fidelity of viral RdRPs is believed to be a tradeoff for fast 

nucleotide addition rates that allow RNA viruses to produce large quantities of genome 

copies during an infection (48). These large populations of closely related but genetically 

distinct virus genomes produced during an infection are referred to as a quasispecies 

(44,49,50). Existing as a quasispecies can be beneficial as it allows the virus to sample 

evolutionary space to promote viral replication while avoiding host immune responses 

(44). However, existing as a quasispecies near the edge of error catastrophe can be 

coopted to treat RNA virus infections with antivirals that increase mutation rates to lethality 

for the virus population (46,51). CoVs, and other nidoviruses, exist as anomalies by 

replicating their large ~30 kb RNA genomes with one of the fastest known RdRPs (1,52). 
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How CoVs were able to maintain their large RNA genomes while avoiding error 

catastrophe remained a mystery until it was discovered that CoVs have evolved unique 

mechanisms to evade error catastrophe, including using virally encoded proofreading 

machinery, the details of which will be described below (1). Interestingly, the recent 

discovery of flavi-like viruses with genomes >20 kb potentially disrupts the theory of the 

error-threshold (53,54). While a homologue to nsp14 has not been identified in these 

viruses, more work is needed to determine whether they encode their own error-

correction machinery.  
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Figure 2, the CoV core-RTC: A) Cartoon representations of the viral cofactors nsp7 (blue) and 
nsp8 (green) and the viral polymerase nsp12, which is colored corresponding to the “cupped right 
hand” fingers, palm, and thumb domains. Nsp12s’ active sites are denoted with black arrows, with 
the NiRAN in the N-terminal domain (NTD) and RdRP in the palm. B) The core-RTC is composed 
of one nsp12, one nsp8, and one nsp7+nsp8 heterodimer. C) The N-terminal helical extensions 
of each nsp8 bind dsRNA leaving nsp12’s active site. Figures were made using PDB: 7KRP. 
 

 

 

 

 

 

 



 

9 
The 5’ two-thirds of the CoV genome encodes two large open reading frames 

(ORFs), ORF1A and ORF1B, that encode two large polyproteins, pp1A and pp1AB (55). 

A -1 ribosomal frameshift at the end of ORF1A introduces the host ribosome into ORF1B 

allowing translation of the second and larger pp1AB (56,57). The two polyproteins are 

cleaved by two or three viral proteases into 11 or 15 viral non-structural proteins (nsps) 

(Table 1) (55). Once translated, the viral nsps are responsible for both modulating the 

host cell to support viral replication and producing viral RNA for translation and virion 

assembly (55,58). Three of the nsps remodel the host endoplasmic reticulum membrane 

to form double membrane vesicles (DMVs) which are the sites of virus replication (Table 

1) (59-62). The viral protein nsp3 has been shown to form a transmembrane pore that 

spans the membranes of DMVs (63). This pore is believed to allow the egress of viral 

messenger RNA (mRNA) and genomic RNA (gRNA) from DMVs (63). Within DMVs, 

several more nsps assemble into the viral replication-transcription complex (RTC) that is 

responsible for the production and modification of viral RNA products (62,64-66). During 

replication, CoVs use the unique mechanism of discontinuous strand synthesis (DSS) to 

synthesize sub-genomic RNAs (sgRNAs) that are used for the translation of viral 

accessory and structural proteins (67). DSS occurs during (-) RNA synthesis when the 

RTC template switches from transcriptional regulatory sequences (TRS) separating each 

of the structural and accessory genes to a matching TRS at the 5’ end of the (+) genome 

(67,68). This process creates a set of nested (-) sgRNAs that are used as templates for 

(+) sgRNA synthesis. Each (+) sgRNA has a unique 5’ terminal gene that allows for 

translation of that structural or accessory protein.  
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 The central component of the CoV RTC is the viral RdRP nsp12 (Figure 2A, Table 

1) (58,69). In addition to its RdRP activity, nsp12 has a second active site located within 

its N-terminal domain (NTD) termed the nidovirus RdRP-associated nucleotidyl 

transferase (NiRAN) (Figure 2A) (70). The NiRAN domain is a unique nucleotidyl 

transferase that is involved in viral mRNA capping and is conserved across the 

Nidovirales order (71,72). It was first shown for SARS-CoV that nsp12 requires two viral 

cofactors, nsp7 and nsp8, for optimal RNA synthesis activity in vitro (Table 1) (73). This 

result has been reproduced for SARS-CoV-2 and the Alphacoronavirus PEDV (74,75). 

The first structure of a CoV RTC was of SARS-CoV nsp12 with cofactors nsp7 and nsp8 

(76). This structure revealed a surprising complex stoichiometry of one nsp12 bound to 

one nsp8 protomer and one nsp7 + nsp8 heterodimer (Figure 2B) (76). To distinguish the 

nsp8s they are referred to as nsp8F (protomer) and nsp8T (nsp7 heterodimer) based off 

whether they bind the fingers (F) or thumb (T) domain of the polymerase. This complex 

of nsp12 with nsp7 and two nsp8s is considered the CoV core-RTC as it contains the 

minimum components needed to make a complex capable of processive RNA synthesis 

(Figure 2) (52,73). The CoV core-RTC is the fastest known RdRP with nucleotide addition 

rates up to ~170 nt/sec (52). This replication speed is interesting as RNA viruses are 

known to sacrifice replication fidelity for replication rates (48). Recent work on the SARS-

CoV-2 core-RTC demonstrated that CoVs can sustain such fast replication without greatly 

reducing fidelity due to two conserved mutations in the polymerase active site (74). 

 Since their initial discovery as replication cofactors, the dynamics and structures 

of nsp7 and nsp8 have been further elucidated both in vitro and in vivo. The cofactor nsp8 

has been shown to form homo-oligomers that can be de-oligomerized by nsp7 (77-80). 
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These nsp7+nsp8 complexes are then able to form higher order oligomers (77-80). The 

types of oligomers sampled by nsp8 and nsp7+nsp8 complexes vary depending on the 

CoV genera (81). Work that identified nsp7 and nsp8 as cofactors for nsp12 used a nsp7-

nsp8 fusion protein to maximize RdRP activity in vitro (73). This fusion protein was 

constructed with the C terminus of nsp7 fused to the N terminus of nsp8 by 6 histidine 

residues. The functionality of this construct validated prior reverse genetics experiments 

that demonstrated that a mutant BetaCoV with a protease resistant nsp7-nsp8 cleavage 

site could replicate in tissue culture (82). Mutational screens of nsp8 to test the ability of 

mutants to bind nps12 and promote RNA synthesis identified the interesting mutation of 

nsp8-K58A (73). This mutant nsp8 could bind nsp12 with similar affinity to wildtype but 

was incapable of promoting RNA synthesis (73). Later structures of the SARS-CoV-2 

core-RTC revealed that this nsp8 residue binds directly to dsRNA exiting the polymerase 

active site, promoting RTC assembly with RNA (Figure 2) (83,84). Further structures of 

the SARS-CoV and SARS-CoV-2 RTCs revealed that the C terminus of nsp7 was 

positioned far away from the N terminus of nsp8, making the functionality of the nsp7-

nsp8 fusion perplexing (Figure 2) (83,84). With this insight, a different fusion protein with 

a flipped sequence (nsp8-nsp7 instead of nsp7-nsp8) was developed. This new fusion 

protein allowed for a more realistic core-RTC to be assembled with the nsp8-nsp7 

heterodimer binding the thumb domain, and free nsp8 binding the fingers domain (74). 

This nsp8-nsp7 fusion protein was used to delineate the two nsp8s’ contributions to 

complex assembly, revealing that the binding of nsp8F to nsp12 is the rate limiting step in  

core-RTC formation (74). 
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Table 1, the CoV nsps: Listed are the 16 nsps and their roles in CoV replication. 

 

 

 

 

 

 

 

 

 

 

 

Protein Enzyme activity and/or protein function Reference(s) 
nsp1 Host translation inhibition (85,86) 
nsp2 Innate immune regulation (87-89) 
nsp3 ER remodeling, DMV formation, DMV pore, 

papain like protease 
(63,90,91) 

nsp4 ER remodeling, DMV formation (60,91) 
nsp5 Main protease, polyprotein cleavage (92,93) 
nsp6 ER remodeling, DMV formation (59,94) 
nsp7 Replication cofactor for nsp12 (73,75) 
nsp8 Replication cofactor for nsp12 (73,84) 
nsp9 RNA capping cofactor (71,95) 

nsp10 Cofactor for nsp14 and nsp16 (96) 
nsp11 Polyprotein cleavage byproduct (97) 
nsp12 RNA-dependent RNA Polymerase, NiRAN (69,73) 
nsp13 5’-3’ RNA helicase, RNA 5’ triphosphatase (98,99) 
nsp14 3’-5’ exoribonuclease, N7-

methyltransferase 
(100,101) 

nsp15 Endoribonuclease (uridine specific) (102) 
nsp16 2’O-methyltransferase (103) 
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As mentioned above CoVs encode over a dozen nsps that are involved in genome 

replication (Table 1). Among these, CoVs encode the enzymes necessary to assemble 5’ 

cap 0, 1 and 2 structures for efficient translation of viral mRNAs (Figure 3, Table 1). This 

includes nsp13, a 5’ triphosphatase that dephosphorylates the 5’ end of viral RNAs to 

prepare them for the addition of the inverted 5’-5’ linked GTP-cap via the NiRAN domain 

of nsp12 (Figure 3, Table 1) (58). The viral cofactor nsp9 is known to bind the NiRAN 

and is implicated in RNA capping (71). The RNA cap can then be methylated by the N7-

methyltransferase nsp14 to form a cap 0 structure, and the first two nucleotides of mRNA 

can be 2’OH methylated by nsp16 to form cap 1 and cap 2 structures (Figure 3, Table 1) 

(58). In addition to its role in capping, nsp13 is a 5’-3’ RNA helicase that has been shown 

to be critical for CoV replication (Table 1) (104,105). CoVs encode an endonuclease, 

nsp15, that cleaves dsRNA 3’ of uridines to limit innate immune stimulation (Table 1) 

(106,107). A second CoV ribonuclease is encoded in the bifunctional enzyme nsp14, that 

contains both a 3’-5’ exoribonuclease domain and the aforementioned N7-

methyltransferase (Table 1) (108). Through its exonuclease activity, nsp14 mediates CoV 

proofreading (109,110). CoVs are unique among RNA viruses in their ability to proofread, 

which also makes antiviral nucleoside analogues (NAs) such as Ribavirin and 5-

fluorouracil ineffective against CoVs (110,111). The cofactor nsp10 promotes the 

enzymatic activities of nsp14 and nsp16, and it has been shown that a complex of 

nsp10+nsp14+nsp16 could exist to mediate cap methylations (Table 1) (96,112). These 

viral nsps, and more, are believed to form large multimeric enzymatic RTCs within viral 

DMVs, but how they interact, and function together remains largely unknown.  

 



 

14 

 

Figure 3, CoV capping mechanism: CoVs encode all enzymes necessary to add cap 0, cap 1, 
and cap 2 structures on viral mRNAs. Starting from the top left and moving clockwise: nsp13 
contains a 5’ triphosphatase that can remove the gamma phosphate from 5’-triphosphorylated 
RNAs. The NiRAN domain can then mediate the addition of the 5’-5’ linked guanosine cap. This 
is believed to be catalyzed by nsp12’s NiRAN domain, using the cofactor nsp9, the full mechanism 
of this has yet to be fully elucidated. The 5’ guanosine N7 can be methylated by nsp14 to form a 
cap 0 structure. The first two mRNA nucleotide’s 2’OHs can be methylated by nsp16 to form cap 
1 (first nucleotide methylated) and cap 2 (first and second nucleotide methylated). Nsp10 is a 
cofactor for both nsp14 and nsp16. 
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Structural insights into coronavirus replication 

 Structures of the SARS-CoV(-2) core-RTC have revealed that nsp12 has the 

canonical (+) RNA virus RdRP shape that is best described as a cupped right hand 

(Figure 2A) (76,84,113,114). Following this metaphor, the polymerase is split into three 

domains: the fingers, palm, and thumb with the RdRP active site located within the palm 

(Figure 2A) (114). The three domains are composed of seven conserved motifs (A-G) 

(113). Akin to other (+) ssRNA virus RdRPs the “fingertips” of nsp12’s fingers domain 

reach across the polymerase “palm” to contact the “thumb” and enclose the RdRP active 

site (Figure 2) (115). This interaction creates two channels in the RdRP: one for RNA to 

bind and translocate through and a second for NTP entry (114,115). Within RdRP active 

sites the +1 templating RNA is base stacked with the template base directly upstream of 

it, positioning the template base for NTP binding within the polymerase active site 

(83,84,116). Positioning of the +1-templating base in the active site differs from other 

polymerases (such as DNA polymerases) that use a secondary NTP binding site (117). 

After NTP binding the RdRP active site closes, most notably by a shift in motif A (115,116). 

This closure orients active site residues and two Mg2+ cofactors to coordinate the 

nucleophilic attack of the NTP’s alpha-phosphate by the nascent RNA 3’OH (115,118). 

After NMP addition, motif A shifts back to open the active site and allow the release of the 

pyrophosphate product (118). RNA is then translocated through the polymerase via a 

Brownian ratchet mechanism, positioning the next downstream template base for NTP 

binding (118). In addition to detailing the mechanisms of NTP binding, structures of the 

SARS-CoV-2 core-RTC bound to RNA revealed that each of the RTCs’ nsp8s have long 

helical extensions that bind dsRNA exiting the polymerase active site (Figure 2) (83,84). 
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These RNA binding extensions were predicted to promote processive replication by the 

RTC (84). More recent work on SARS-CoV-2 and PEDV have demonstrated that only one 

nsp8 RNA binding domain is needed for RNA synthesis in vitro (74,75).   
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Figure 4, nsp13 mediated backtracking: A) Two viral helicases, nsp13 (coral), can associate 
with the core-RTC, with each being scaffolded to the complex by a different nsp8. The nsp13 
bound to nsp8T binds the 5’ end of downstream template RNA (purple) that would be entering the 
RdRP active to be copied during replication. B) The CoV RTC can bind a forked RNA substrate 
with mismatches at the 3’ end of primer. This results in the 3’ mismatches being backtracked 
through nsp12’s NTP channel. C) Zoomed in view of the 3’ end of nascent strand RNA being 
extruded out the NTP channel. The model used for figure making was PDB: 7KRO.  
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Structures of the SARS-CoV-2 RTC with additional nsps beyond those of the core-

RTC (nsp7, nsp8, and nsp12) have begun to shine a light on RTC dynamics and function. 

The cofactor nsp9 has been shown to bind the NiRAN domain of nsp12, with nsp9’s N 

terminus inserting into the NiRAN active site (71). Further biochemical and structural 

experiments have begun to elucidate a mechanism of CoV RNA capping that involves the 

NiRAN NMP- or RNA-ylating nsp9 as a capping intermediate (95). The addition of the 

viral helicase, nsp13, to structures of the SARS-CoV-2 RTC had a surprising complex 

stoichiometry of one RTC bound to two helicases (Figure 4A) (119,120). Each of the 

nsp13s was scaffolded to the RTC by one of the nsp8 protomers (Figure 4A) (119,120). 

The nsp13 scaffolded by nsp8T was bound to the 5’ end of template RNA that would be 

entering the RdRP active site during elongation (Figure 4A) (120). This structure 

produced a conundrum as the direction of nsp13, 5’-3’ on the template strand, opposes 

that of nsp12, 3’-5’ on the template. This observation led to the prediction that nsp13 could 

be a molecular motor for RTC backtracking. To test this hypothesis a structure of the 

SARS-CoV-2 RTC bound to an RNA primer-template pair with 5 mismatched base pairs 

at the primer 3’ was solved (Figure 4) (121). The 3’ primer mismatches were shown to be 

extruded out of nsp12’s NTP channel, homologous to mechanisms of backtracking by the 

eukaryotic RNA polymerase II (Figure 4B and C) (122). Although 5 consecutive 

mismatches are unlikely to form during replication, similar frayed RNA substrates are 

commonly used to isolate polymerases in backtracked states for structural 

characterization (123,124). Further biochemical testing confirmed that nsp13 could 

induce RTC backtracking, pushing the 3’ end of nascent RNA through the NTP channel 

(121). Currently, the purpose, signal, and regulation of backtracking remain unknown. It 
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has been proposed that backtracking could play an important role in CoV discontinuous 

strand synthesis or proofreading. Backtracking to an exonuclease active site (like that of 

nsp14) after mismatch introduction is a mechanism used by other eukaryotic and 

prokaryotic polymerases (122,125,126). In an attempt to elucidate the mechanism of CoV 

proofreading, a structure of a SARS-CoV-2 RTC with nsp13, nsp9, nsp10, and nsp14 

bound to the core-RTC was solved (127). Due to weak interactions between the RTC and 

nsp10+nsp14, a nsp9-nsp10 fusion protein was used to stably assemble the complex. 

This fusion resulted in the dimerization of these large RTCs (127). An important caveat to 

this structure is that the main interaction between the proofreading complex (nsp10+14) 

and the core-RTC is mediated by the nsp9-nsp10 fusion, indicating that complex 

assembly might be an artifact of the fusion protein. While interesting, further structural 

and biochemical characterization is needed to determine the validity of this model. Using 

the rapid increase of CoV RTC structural data, a molecular modeling and protein docking 

study proposed an RTC superstructure composed of an nsp15 (viral endonuclease) 

hexameric core that scaffolds two nsp10+nsp14+nsp16 trimers and six RTCs (nsp7, 

nsp8, nsp12…) (128). In the superstructure viral RNA is predicted to thread across this 

complex into different enzymatic active sites. While the validity of this model has not been 

tested, it highlights the potential complexity and scale of CoV RTCs that has yet to be 

fully explored and determined.  

 All the structures described above are of either SARS-CoV or SARS-CoV-2, two 

very closely related BetaCoVs. Further, in vitro characterization of non-betaCoV 

polymerases is very limited with few reports of robust polymerase activity outside of 
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BetaCoVs. By limiting our studies to two closely related BetaCoVs we are unintentionally 

limiting our ability to fully comprehend CoV replication.  

Coronavirus proofreading 

 As described in the Coronavirus genome and replication section CoVs have 

uncommonly large RNA genomes. The ability of CoVs to replicate these large genomes 

without entering error catastrophe puzzled virologists until a 3’-5’ exoribonuclease was 

identified in the CoV protein nsp14 (101). Nsp14 is classified as a DE(D/E)Dh 

exonuclease, which is the same superfamily of exonucleases as other proofreading 

enzymes such as the Klenow fragment of DNA Polymerase I (101,129). In vitro 

characterization of nsp14 has confirmed it’s 3’-5’ exoribonuclease activity, and that it 

requires the cofactor nsp10 for optimal activity (Table 1) (101,130,131) (111). A 

recombinant SARS-CoV nsp10+nsp14 complex was shown to degrade mismatched 3’ 

nucleotides from RNA, representative of a frayed RNA substrate after misincorporation 

(132). Nsp14 can interact with the core-RTC (nsp7+nsp8+nsp12) in in vitro pulldown 

assays, but these experiments excluded nsp10 from reactions limiting our ability to know 

nsp10’s role in RTC assembly (73). Several studies have knocked out nsp14’s 

exonuclease activity in different CoVs and produced varying results. Knockout of 

exonuclease activity in the BetaCoVs SARS-CoV-2 and MERS-CoV produced non-viable 

viruses (133). In the case of the AlphaCoV 229E, knockout resulted in greatly reduced 

RNA synthesis and no progeny virus production (101). In contrast, knockout of 

exonuclease activity in the BetaCoVs MHV and SARS-CoV produced viable viruses with 

increased mutation rates up to 15x that of wildtype virus (100,134). While these results 

vary between viruses, they demonstrate the importance of nsp14 and its role in 
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proofreading for CoV replication. Nsp14 proofreading also renders commonly used 

nucleoside analogues such as Ribavirin and 5-Fluorouracil ineffective at blocking CoV 

replication (110,111). Mutations that knockout nsp14’s exonuclease or block nsp10’s 

binding to nsp14, render CoVs sensitive to 5-fluorouracil treatment (110,135). While it is 

known that nsp14 is responsible for proofreading during replication, the mechanism by 

which proofreading occurs is unknown.  

 There are several theories on the mechanism of CoV proofreading. One theory 

predicts that after misincorporation the polymerase disassociates from the RNA, providing 

a frayed RNA substrate for nsp10+nsp14 association and excision (Figure 5). Another 

possible mechanism for CoV proofreading involves RTC backtracking mediated by nsp13 

(Figure 5). The structures of the backtracked SARS-CoV-2 RTC with nsp13, placed the 

3’ end of nascent RNA out the polymerase NTP channel (Figure 4 B and C) (121). In the 

case of a misincorporation, a newly incorporated mismatch could stimulate backtracking 

via nsp13, presenting the mismatch nucleotide out the NTP channel for excision by nsp14 

(Figure 5). This mechanism of proofreading would allow for the controlled degradation of 

the mismatch as the remaining portion of nascent RNA would remain bound to nsp12. 

Similar mechanisms of proofreading that involve the movement of the newly incorporated 

mismatch to a 3’-5’ exonuclease active site are used by other polymerases such as 

eukaryotic and prokaryotic DNA polymerases (125,126,136).  
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Figure 5, theoretical models of CoV proofreading: Illustrated are two hypotheses as to the 
mechanism(s) by which CoVs proofread. After a mismatch (red star) is introduced by nsp12 the 
RTC could either disassemble and/or disassociate from the RNA (top path) allowing nsp10+nsp14 
to associate and excise the mismatch. Another possible mechanism involves backtracking 
mediated by nsp13 after mismatch introduction (bottom path). After backtracking, the mismatch 
at the 3’ end of the nascent strand would be presented out of the NTP channel allowing 
nsp10+nsp14 to excise the mismatch. For simplicity, nsp13 and nsp10+nsp14 were not included 
on elongating RTCs as it is not known whether they associate with the RTC during elongation or 
just during backtracking or proofreading. 
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Coronavirus antivirals 

 The onset of the COVID-19 pandemic led to the rapid development of several 

highly effective SARS-CoV-2 vaccines. While these vaccines have played an important 

role in reducing the impact of the pandemic, antiviral drugs are still required to treat cases 

of COVID-19 to limit virus spread and reduce disease severity. Since its onset, three drugs 

have been approved for the treatment of COVID-19: Remdesivir, Molnupiravir, and 

Paxlovid (Figure 6). The first two of these, Remdesivir and Molnupiravir, target the viral 

polymerase, nsp12, while Paxlovid targets the viral main protease, nsp5 (Figure 6). Early 

in the pandemic, Remdesivir showed promise as a nucleoside analogue against SARS-

CoV-2 in tissue culture experiments (137). One such study reported IC50 values lower 

than 10 nM in primary human airway cells (137). The first clinical trial of Remdesivir in the 

treatment of COVID-19 presented a 33% decrease in recovery time from 15 to 10 days, 

and because of this, Remdesivir received emergency use authorization (138,139). 

Further studies revealed that Remdesivir did not significantly reduce mortality rates when 

compared to the standard of care and the WHO later recommended against its use (138). 

Molnupiravir, a hyper-mutagenic cytosine analogue, was shown to be a potent antiviral 

against several CoVs (including SARS-CoV-2) in tissue culture models (Figure 6) 

(140,141). In ferret transmission studies, Molnupiravir reduced SARS-CoV-2 replication 

and transmission between ferrets (142). A clinical trial of Molnupiravir intervention 

demonstrated a reduced risk of COVID-19 related hospitalizations by ~50% in 

unvaccinated adults. Molnupiravir received emergency use authorization in 2021 

(143,144). While Molnupiravir remains approved for the treatment of COVID-19, its 

efficacy is still debated because of its inability to reduce hospitalizations in vaccinated, 
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high-risk adults (145). The protease inhibitor Paxlovid is composed of two drugs: the first 

being the CoV main protease inhibitor Nirmatrelvir, and the second, Ritonavir, decreases 

the metabolic processing of Nirmatrelvir to improve its efficacy. Nirmatrelvir was first 

identified to be an effective SARS-CoV-2 antiviral in tissue culture and mouse model 

experiments (146). Clinical trials of Paxlovid in the treatment of COVID-19 have 

demonstrated reduced severe COVID-19 related hospitalizations or deaths by up to 

~90%, solidifying it as the most effective SARS-CoV-2 antiviral yet (147).  
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Figure 6, CoV antivirals: The structures and viral targets of the three antivirals to receive 
authorization for the treatment of COVID-19 since the onset of the pandemic are provided. The 
two targeting nsp12 (Remdesivir and Molnupiravir) are shown as their active tri-phosphorylated 
forms.  
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Structures of the SARS-CoV-2 core-RTC bound to nucleoside analogues have 

identified the drugs’ mechanisms of action in blocking virus replication. A series of 

structures of Remdesivir, an adenosine mimetic with a 1’ cyano substitution, documented 

that active site residue nsp12-Ser861 sterically clashes with the 1’ cyano, blocking 

Remdesivir translocation in the nascent strand from the +3 to +4 position during RNA 

elongation, stalling the RTC (148). The antiviral Molnupiravir was shown to base-pair with 

adenosine and guanosine in nsp12’s active site, providing structural insight into its 

mechanism of hyper-mutagenesis (149). 

Nucleoside analogue antivirals are commonly used and effective antiviral 

treatments against numerous types of viruses. For example, Acyclovir and Sofosbuvir are 

two highly effective NAs used to treat herpes simplex virus (DNA virus) or hepatitis C virus 

(RNA virus) infections, respectively. These are just two examples from a multitude of NAs 

that have been developed against DNA and RNA viruses over the years. CoVs are 

unusually difficult to design effective NAs against due to their proofreading capability. This 

is best demonstrated by the two antivirals that have been ineffective in the clinic, 

Remdesivir and Molnupiravir, which are nucleoside analogues. To be effective against 

CoVs a NA must both be efficiently incorporated by the polymerase nsp12 while 

avoiding/blocking proofreading by nsp14. While Paxlovid has proven effective in treating 

COVID-19, more effective antivirals, including nucleoside analogues, will be required for 

the treatment of CoV induced diseases.  

Concluding remarks 

  By encoding over a dozen enzymes and cofactors to replicate and modify their 

RNA genomes, coronaviruses are remarkably complicated and interesting RNA viruses. 
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Over the last couple of decades, substantial work has been done to identify and 

characterize these viral enzymes and the roles they play in replication. Increased interest 

spurred by the COVID-19 pandemic has resulted in an unprecedented burst of research 

into the field of corona-virology. While our understanding of CoV replication grows, we 

continue to realize how little we truly know about these viruses. Among the mechanisms 

that are not yet elucidated are proofreading and discontinuous strand synthesis, two 

processes unique to CoV replication. While the evidence of CoV backtracking provides a 

possible foundation for proofreading or DSS, the true role of RTC backtracking remains 

unknown. Beyond the RTC, our understanding of how all the nsps within an infected cell 

interact to mediate replication within the context of viral double membrane vesicles is 

almost completely unknown. In addition, most of the research on CoVs has focused on 

SARS-CoV, SARS-CoV-2, MHV, and MERS-CoV, all of which are BetaCoVs. Excluding 

viruses from the Alpha-, Gamma-, and Delta-CoV genera from our research efforts is 

detrimental to gaining a complete understanding of CoV replication. The more we know 

about CoV replication, the more opportunities we will have for the development of broadly 

acting and highly effective antivirals, better preparing us for current and future CoV 

induced diseases. 
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Abstract: 

 Coronaviruses are a diverse subfamily of viruses containing pathogens of humans 

and animals. This subfamily of viruses replicates their RNA genomes using a core 

polymerase complex composed of viral non-structural proteins: nsp7, nsp8 and nsp12. 

Most of our understanding of coronavirus molecular biology comes from 

betacoronaviruses like SARS-CoV and SARS-CoV-2, the latter of which is the causative 

agent of COVID-19. In contrast, members of the alphacoronavirus genus are relatively 

understudied despite their importance in human and animal health. Here we have used 

cryo-electron microscopy to determine structures of the alphacoronavirus porcine 

epidemic diarrhea virus (PEDV) core polymerase complex bound to RNA. One structure 

shows an unexpected nsp8 stoichiometry despite remaining bound to RNA. Biochemical 

analysis shows that the N-terminal extension of one nsp8 is not required for in vitro RNA 

synthesis for alpha and betacoronaviruses. Our work demonstrates the importance of 

studying diverse coronaviruses in revealing aspects of coronavirus replication and 

identifying areas of conservation to be targeted by antiviral drugs.   
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Introduction:  

 The coronavirus (CoV) subfamily is composed of four genera: the Alpha-, Beta-, 

Gamma-, and DeltaCoVs. Across all these genera there are diverse human and animal 

pathogens that cause a wide range of disease severities (1). Since 2002, three betaCoVs 

have emerged from animal reservoirs and caused human epidemics or pandemics: 

SARS-CoV, MERS-CoV, and SARS-CoV-2 (2-5). The most recent, SARS-CoV-2, 

emerged in 2019 and is the causative agent of the COVID-19 pandemic (5,6). There are 

four endemic common-cold causing human CoVs: of these there are two alphaCoVs, 

HuCoV-229E and HuCoV-NL63, and two betaCoVs, HuCoV-HKU1 and HuCoV-OC43 

(1). In 2021, a recombined feline/canine AlphaCoV, named CCoV-HuPn-2018, was 

identified in samples from human patients with pneumonia in Malaysia and the United 

States (7-9). CCoV-HuPn-2018 is the only recorded human emergent AlphaCoV in recent 

years and exemplifies the persistent threat of AlphaCoV spillover. In the AlphaCoV 

genera there are several porcine pathogens including transmissible gastroenteritis virus 

(TGEV), swine enteric alphacoronavirus (SeACoV), and porcine epidemic diarrhea virus 

(PEDV) (10,11).  Since 2010, PEDV has had detrimental impacts on the global swine 

industry, with outbreaks having 70-100% unweaned piglet fatality rates at swine farms 

despite vaccination efforts (12-14).  

 CoVs are positive-sense, single-stranded RNA viruses with large, ~30 kilobase 

genomes (1,15). To replicate their genomes CoVs encode an RNA-dependent RNA 

polymerase (RdRP), termed non-structural protein 12 (nsp12) (16-18). Nsp12 also 

contains the nidovirus RdRP-associated nucleotidyltransferase (NiRAN) domain at its N 

terminus, which has been shown to be involved in mRNA capping (19,20). In vitro studies 
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of betaCoVs have shown that viral replication factors nsp7 and nsp8 interact with nsp12 

to form an active and processive polymerase complex (21). The SARS-CoV-2 complex is 

the fastest known RdRP with nucleotide addition rates up to 170 nt/sec in vitro (22). The 

first structure of a CoV polymerase complex from the BetaCoV, SARS-CoV, revealed a 

subunit stoichiometry of one nsp12, two nsp8, and one nsp7 where nsp7 and one nsp8 

form a heterodimer (19). The nsp8 that directly interacts with nsp12 is denoted as nsp8F 

(fingers), and the nsp8 that interacts with nsp7 and nsp12 is denoted as nsp8T (thumb). 

In this paper we refer to this complex of nsp12, nsp7, and nsp8 as the CoV core 

polymerase complex.   

 Recent SARS-CoV-2 core polymerase structures have provided key insights into 

BetaCoV replication. Nearly all structures of SARS-CoV-2 complexes shown to be 

enzymatically active or bind RNA in vitro had the same 1:2:1 nsp7:nsp8:nsp12 

stoichiometry as SARS-CoV (23,24). An exception is a cryo-EM structure of the SARS-

CoV-2 polymerase complex stalled by Remdesivir that remained bound to RNA but 

lacked any density for nsp8T (25). Several SARS-CoV-2 polymerase structures 

determined with longer dsRNA substrates have shown each nsp8’s N-terminal extension 

bound to upstream dsRNA as it exits the polymerase active site, which has been 

hypothesized to promote processivity through a “sliding-pole” mechanism (23,24). 

Addition of the viral RNA helicase, nsp13, to core polymerase complexes showed that 

each nsp8 subunit independently scaffolds a nsp13 (two nsp13s bind a single core 

complex) (20,26,27). The nsp13 associated with nsp8T was shown to be capable of 

binding to the 5’ end of template RNA prior to the RNA entering the polymerase active 

site (27). Nsp13’s association with the template RNA produced a conundrum, where 
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nsp12 and nsp13 are oriented such that the polymerase and helicase translocate in 

opposite directions. Further biochemical and structural work demonstrated that this nsp13 

can stimulate template backtracking of the polymerase, during which the 3’ end of nascent 

RNA extrudes through the nsp12 NTP channel (28). While this nsp13 has been implicated 

in backtracking, the triggers and regulation of backtracking are unknown. 

To date, there is limited knowledge of CoV polymerase biochemistry and structural 

biology outside the Sarbecovirus subgenus (SARS-CoV and SARS-CoV-2). To our 

knowledge, in vitro demonstration of robust nsp12 polymerase activity has yet to be 

demonstrated for an Alpha-, Gamma-, or DeltaCoV. Similarly, outside of betaCoVs there 

is limited structural and biochemical information for nsp7 and nsp8. A crystal structure of 

the AlphaCoV feline coronavirus (FCoV) nsp7-nsp8 complex revealed that Alpha- and 

BetaCoV nsp7s and the nsp8 head domains have high structural homology (29). Previous 

native mass spectrometry experiments of alpha- and betaCoV nsp7-nsp8 complexes 

determined that each genera’s cofactors form homo- and hetero-oligomers, although the 

oligomers sampled by each genus varied in cofactor ratio and/or prevalence of particular 

oligomers (30). Across CoV genera there is sequence conservation (>40%) of the nsps 

involved in RNA synthesis (i.e., nsp7, nsp8, and nsp12) (31). Sequence and available 

structural homology suggest shared mechanisms among these viruses to replicate their 

RNA genomes. A recent publication showed that SARS-CoV-2 replication complexes 

assembled with either a truncated nsp8F or nsp8T, lacking their respective RNA binding 

domains, were capable of processive RNA synthesis similar to the wildtype complex (32). 

These results challenge the aforementioned “sliding-pole” hypothesis, further displaying 
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the need for more biochemical and structural characterization of CoV polymerases and 

their replication factors. 

 Though our knowledge of SARS-CoV and SARS-CoV-2 replication mechanics has 

improved over the last two decades, the narrow structural biology focus on two closely 

related betaCoVs limits our understanding of CoV replication across the virus subfamily. 

To address this gap, we studied the polymerase core complex of the AlphaCoV PEDV 

using biochemistry and structural biology. Our structure of the PEDV core polymerase 

complex bound to an RNA primer-template pair without nsp8T shows the lability of nsp8T 

to participate in this complex and additional mutagenesis and biochemistry demonstrate 

that the nsp8T N-terminal helical extension is not necessary for either Alpha- or BetaCoV 

RNA synthesis activity in vitro. The identification of conserved mechanisms and structural 

motifs between alpha- and betaCoVs will allow for the development of broadly acting CoV 

therapeutic strategies.  

Materials and Methods: 

Expression Construct Design 

DNA encoding PEDV and SARS-CoV-2 nsps were codon optimized and 

synthesized (Genscript). PEDV protein sequences correspond to GenBank AKJ21892.1. 

SARS-CoV-2 protein sequences correspond to GenBank UHD90671.1. PEDV nsp7 and 

nsp8 genes were cloned into pET46 and pET45b expression vectors, respectively. PEDV 

nsp7 was cloned with a C-terminal TEV protease site and hexahistidine tag. PEDV nsp8 

has an N-terminal hexahistidine tag and TEV protease site. SARS-CoV-2 nsp7 and nsp8 

were both cloned into pET46 with N-terminal hexahistidine tags, and enterokinase and 
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TEV protease sites. Both PEDV and SARS-CoV-2 nsp12 genes were cloned into 

pFastBac with C-terminal TEV protease sites and double Strep II tags.  

Expression plasmids for nsp12 point mutants were produced using mutagenesis 

on the pFastBac plasmids. The nsp8-nsp7 (nsp8L7) fusion constructs were produced by 

overlap PCR creating a GSGSGS peptide linker between nsp8 and nsp7 and inserted 

into pET46 expression vectors with N-terminal hexahistidine tags, and enterokinase and 

TEV protease sites. Truncation constructs were produced using Kinase-Ligase-DpnI 

(KLD) cloning. All open reading frames on the DNA plasmids were verified by Sanger 

sequencing. 

Recombinant Protein Expression 

Recombinant nsp7 and nsp8: Replication factor proteins were expressed in 

Rosetta 2pLysS E. coli cells (Novagen). Cultures were grown at 37˚C and induced at an 

OD600 of 0.6-0.8 with isopropyl b-D-1-thiogalactopyranoside (IPTG) at a final 

concentration of 500 µM. After growing for 16 hours at 16°C, cells were harvested by 

centrifugation and resuspended in replication factor wash buffer (10 mM Tris-Cl pH 8.0, 

300 mM sodium chloride, 30 mM imidazole, and 2 mM dithiothreitol (DTT)). Cells were 

lysed in a microfluidizer (Microfluidics) and lysates cleared via centrifugation. Replication 

factors were purified using Ni-NTA agarose beads (Qiagen), eluting with 300 mM 

imidazole. Eluted protein was digested with 1% (w/w) TEV protease overnight while 

dialyzing (10 mM Tris-Cl pH 8.0, 300 mM sodium chloride, and 2 mM DTT) at 4°C. 

Digested protein was flowed back over Ni-NTA agarose beads to removed undigested 

protein, and further purified using a Superdex 200 Increase 10/300 GL column (Cytiva) in 

25 mM Tris-Cl pH 8.0, 300 mM sodium chloride, and 2 mM DTT. Fractions containing the 
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protein of interest were concentrated using ultrafiltration. Concentrated protein was 

aliquoted, flash frozen in liquid nitrogen, and stored at -80°C.  Replication factor protein 

yields for 1 L of cells was 10-40 mg. 

Recombinant nsp12s: pFastBac plasmids carrying the nsp12 gene and DH10Bac 

E. coli (Life Technologies) were used to produce recombinant bacmids for each gene. 

Bacmids were transfected into Sf9 cells (Expression Systems) with Cellfectin II (Life 

Technologies) to produce recombinant baculoviruses, which were twice amplified using 

Sf9 cells. Amplified baculoviruses were used to infect Sf21 cells (Expression Systems) 

for protein expression. After two days of incubation at 27°C, cells were collected via 

centrifugation and pellets resuspended in wash buffer (25 mM HEPES pH 7.4, 300 mM 

sodium chloride, 1 mM magnesium chloride, and 5 mM DTT) with an added 143 µL of 

BioLock (IBA) per 1 L of culture. Cells were lysed using a microfluidizer (Microfluidics) 

and lysates cleared via centrifugation. Protein was affinity purified using Streptactin 

superflow agarose (IBA) and eluted with wash buffer that contained 2.5 mM desthiobiotin. 

Protein was further purified via size exclusion chromatography with a Superdex 200 

Increase 10/300 GL column (Cytiva) in 25 mM HEPES pH 7.4, 300 mM sodium chloride, 

100 µM magnesium chloride, and 2 mM tris(2-carboxyethyl)phosphine (TCEP). Fractions 

containing nsp12 were pooled and concentrated using ultrafiltration. Concentrated protein 

was aliquoted, flash frozen in liquid nitrogen and stored at -80°C. Average protein yield 

for 1 L of culture was 3-5 mg.  

Preparation of RNA Substrates 

RNA oligos were purchased from Integrated DNA Technologies. Primer RNAs 

were modified with a 5’ fluorescein to monitor the RNA by gel electrophoresis.  
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Pair 1: 

Primer RNA: CAUUCUCCUAAGAAGCUAUUAAAAUCACA 

Template RNA: AAAAAGGGUUGUGAUUUUAAUAGCUUCUUAGGAGAAUG. 

Pair 2: 

Primer RNA: CAUUCUCCUAAGAAGCUAUUAAAUCACAGAUU 

Template RNA: 

CAGUGUCAUGGAAAAACAGAAAAAUCUGUGAUUUUAAUAGCUUCUUAGGAGAAUG 

RNA template was always held in slight excess of primer (primer : template ratio 

of 1:1.2). RNA oligos were annealed in 2.5 mM HEPES pH 7.4, 2.5 mM potassium 

chloride, and 0.5 mM magnesium chloride and heated at 95°C for 5 minutes, then allowed 

to cool slowly back to 25°C for 75 minutes before either being used immediately or stored 

at -20°C.  

Native Mass Spectrometry 

  Component concentrations were, unless stated otherwise, 10.4 µM nsp12, 20.8 

µM nsp7, 31.2 µM nsp8 (or nsp8-nsp7 fusion), and 12.5 µM RNA duplex (Pair 1). Proteins 

were combined in native-MS buffer (10 mM Tris-Cl pH 8.0, 100 mM ammonium acetate, 

2 mM magnesium chloride, and 1 mM DTT) and incubated at 25°C for 15 minutes. RNA 

duplex was then added, and reactions were incubated at 25°C for an additional 15 

minutes. SARS-CoV-2 T853R and PEDV V848R complexes (homologous mutations) 

were prepared at half the normal protein and RNA concentrations due to low yields of the 

mutant nsp12 proteins.  
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All samples were buffer exchanged into 100 mM ammonium acetate (NH4OAc) 

with 2 mM MgCl2. First, 350 µL 100 mM NH4OAc with 2 mM MgCl2 was added to a 100 

kDa molecular weight cut-off Amicon Ultra-0.5 Centrifugal Filter Unit (Millipore Sigma), 

followed by 15 µL of ~10 µM polymerase sample. The samples were centrifuged at 

14,000 ´ g for 10 min to load the sample, followed by two rinses with 400 µL of the 

NH4OAc/MgCl2 solution, also centrifuged at 14,000 ´ g for 10 min. Finally, the filter was 

inverted into a new catch tube and centrifuged at 1,000 ´ g for 2 min to recover the filtered 

and concentrated sample. Samples were diluted using the same NH4OAc/MgCl2 solution 

to roughly 1–5 µM for introduction to the mass spectrometer via electrospray ionization. 

Standard wall borosilicate tubing (1.20 mm o.d., 0.69 mm i.d., Sutter Instrument) 

was pulled using a P-1000 Micropipette Puller (Sutter Instrument) to a tapered tip of ~3–

5 µm diameter. Each sample was loaded into a pulled glass capillary and 1.1–1.3 kV was 

applied to the sample using a platinum wire inserted into the back of the capillary. 

Charged droplets entered a Q Exactive UHMR Hybrid Quadrupole Orbitrap Mass 

Spectrometer (ThermoFisher Scientific) via a heated inlet capillary. The heated capillary 

was set to 200–250°C to minimize solvent adduction to analyte ions. Additional removal 

of adducts was accomplished using in-source trapping with a range of injection voltages 

typically between 150–300 V. The voltage was tuned for each sample to maximize adduct 

removal with minimal dissociation of the ionized complex. For these experiments the 

vacuum was set to a value of 10 resulting in a pressure readout of 2e-4 mbar and the S-

lens radiofrequency level was set to a value of 200. All reported spectra are an average 

of 50 scans collected with the Orbitrap mass analyzer at a resolution setting of 6,250. 

Charge states were assigned manually by minimizing the standard deviation of masses 
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calculated by peaks within a single charge state distribution. The average mass and 

standard deviation are reported for major distributions in each spectrum. 

In vitro Primer Extension Assay 

 Assay conditions were 10 mM Tris-Cl pH 8.0, 10 mM sodium chloride, 2 mM 

magnesium chloride, and 1 mM DTT with a typical reaction volume of 20 µL. Protein final 

concentrations were 500 nM nsp12, 1.5 µM nsp7, and 1.5 µM nsp8 (nsp8-nsp7 fusion 

and truncation proteins were also at 1.5 µM). Duplex RNA (Pair 1) final concentration was 

250 nM. Prior to use, proteins were diluted in assay buffer. Diluted proteins were then 

combined and incubated at 25°C for 15 minutes, duplex RNA was added and reactions 

incubated at 25°C for an additional 15 minutes. Reactions were initiated by the addition 

of NTPs to a final concentration of 40 µM and reactions ran for 1 minute (at 25°C for 

SARS-CoV-2 polymerases, or 30°C for PEDV polymerases) before being halted by 

addition of two volumes of sample loading buffer (95% (v/v) formamide, 2 mM 

ethylenediaminetetraacetic acid (EDTA), and 0.75 mM bromophenol blue). Samples were 

heated at 95°C then analyzed using denaturing urea-PAGE (8 M urea, 15% 

polyacrylamide) run in 1X TBE (89 mM Tris-Cl pH 8.3, 89 mM boric acid, 2 mM EDTA). 

Gels were imaged using a Typhoon FLA 9000 (GE Healthcare) to identify fluorescein 

signals. Extension was quantified using ImageJ (33).  

Sample Preparation and Grid Freezing for CryoEM 

For the complex lacking nsp8T:  

PEDV polymerase complexes were prepared at a total protein concentration of 1 

mg/mL with a ratio of 2 : 2 : 1 : 1.2 nsp7 : nsp8 : nsp12 : RNA duplex (Pair 1). The complex 
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was assembled in 25 mM HEPES pH 7.5, 50 mM sodium chloride, 2 mM magnesium 

chloride, and 2 mM DTT. Proteins were diluted in buffer then immediately combined and 

incubated at 25°C for 15 minutes before RNA was added and incubated at 25°C for 

another 15 minutes. Samples were stored on ice prior to grid freezing.  

Samples were prepared for structural analysis using UltraAuFoil R1.2/1.3 300 

mesh grids (Quantifoil) and a Vitrobot Mark IV (ThermoFisher Scientific). Grids were 

freshly glow discharged using a GloQube Plus (Quorom) for 20 seconds with a current of 

20 mA in an air atmosphere, creating a negative charge on the grid surface. Immediately 

before applying sample to grids, 0.5 µL n-dodecyl-b-D-maltoside (DDM) was added to 

samples at a final concentration of 60 µM. 3.5 µL of sample was spotted onto grids before 

double-sided blotting and plunge freezing in liquid ethane. Samples were blotted for 4 

seconds at a blot force of -15 with chamber conditions of 100% humidity and 4°C.  

For the complete complex with nsp8T:  

PEDV polymerase complex were prepared at a total protein concentration of 1 

mg/mL with a ratio of 2.2 : 2.2 : 1 : 1.2 nsp7 : nsp8 : nsp12 : RNA duplex (Pair 2). The 

complex was assembled using the same buffer and protocol as above.  

Samples were frozen on Quantifoil R1.2/1.3 200 mesh grids using a Vitrobot Mark 

IV (ThermoFisher Scientific). Grids were freshly glow discharged as described above. 

Right before blotting, 0.5 µL of 3-([3-Cholamidopropyl] dimethylammonio)-2-hydroxy-1-

propanesulfonate (CHAPSO) was added to samples at a final concentration of 6 mM. 3 

µL of sample was spotted onto grids before double-sided blotting for 8 seconds at a blot 

force of -6 with chamber conditions of 100% humidity and 4°C. Following blotting, 

samples were plunge frozen in liquid ethane. 



 

 

53 
Cryo-EM Data Collection, Processing, and Model Building  

For the complex lacking nsp8T:  

SerialEM was used for data collection on a Titan Krios 300 kV transmission 

electron microscope (ThermoFisher Scientific) (34). Movies were collected on a K3 direct 

electron detector (Gatan) in CDS mode with a GIF quantum energy filter slit width of 20 

eV and a stage tilt of 25˚. Data was collected at a magnification of 105,000x, a pixel size 

of 0.834 Å, and a defocus range of -0.75 to -1.75 µm at a step size of 0.5 µm. 

 Data processing was performed using cryoSPARC v3.3.1 (35). After patch motion 

correction and patch CTF estimation, particle picking was performed using blob picker 

with a diameter of 125-175 Å and a minimum separation between particles of 12.5 Å. 

Particles were extracted with a box size of 256 pixels and subjected to 2D classification 

with a window radius of 0.33 – 0.66 for 100 classes with 40 online-EM iterations and a 

batch size of 1000. Force max over poses/shifts was turned off to improve visualization 

of the complex during 2D classification. Three initial models were created ab-initio and 

further used for heterogenous refinement. Particles from two maps that looked like 

polymerase complexes were pooled and used for non-uniform refinement under default 

parameters. The 3D reconstruction was used for 3D variability analysis (36) and further 

3D classification before a final non-uniform refinement and 3D reconstruction (Table S1, 

Fig. S1 and S2). Any 3D jobs run in cryoSPARC were done under default parameters 

unless noted otherwise.  

 To build the PEDV polymerase complex coordinate model, a SARS-CoV-2 

polymerase complex structure (PDB ID: 7CYQ) was docked into the cryo-EM map in Coot 

and regions of the protein (including whole chains of nsp8, nsp9, and nsp13) and RNA 
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that lacked map density were removed (20,37). Mutation of protein chains to PEDV 

sequences, further model building, and validation was performed in Coot. The PEDV 

model was refined using real space refinement in Phenix (38). Refinement in Phenix and 

model building/validation in Coot was an iterative process to produce a coordinate model. 

Final model adjustments were made with ISOLDE (39). 

For the complete complex with nsp8T: 

 EPU was used for data collection on a Talos Arctica 200 keV transmission electron 

microscope (ThermoFisher Scientific). Movies were collected on a K3 direct electron 

detector (Gatan) in CDS mode with a GIF quantum energy filter slit width of 20 eV and no 

stage tilt. Data was collected at a magnification of 79,000x, a pixel size of 1.064 Å, and a 

defocus range -0.5 to -2.0µm at a step size of 0.5 µm (Table S1). 

 Data was processed using cryoSPARC v4.1.0 (35). Motion correction, CTF 

estimation, particle picking, particles extraction, 2D classification, ab-initio model 

generation, 3D classification, and non-uniform refinement were done using matching 

parameters as above to produce the final 3D reconstruction (Table S1, Fig. S1 and S2). 

No 3D variability analysis was used in producing this 3D reconstruction.  

 To build the coordinate model, our initial PEDV model was docked into the cryo-

EM map in ChimeraX, then we superimposed a SARS-CoV-2 polymerase complex 

structure (7KRP) with our PEDV model using the Matchmaker function in ChimeraX 

(28,40). Regions except for nsp8T and the nsp8F N-terminal extension were deleted from 

the SARS-CoV-2 model. The reduced model was saved in relation to our PEDV model in 

space. In Coot our PEDV model and the SARS-CoV-2 nsp8 coordinates were merged, 

nsp8 protein chains were mutated to PEDV sequences, and initial refinement was 
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performed (37). Refinement in Phenix and model building/validation in Coot was an 

iterative process to produce a coordinate model, the final adjustments for which were 

made with ISOLDE (38,39). 

Figure Making 

 Images of protein models and maps used for figures were made in ChimeraX (40). 

Bar graphs were produced in Microsoft Excel. Figures were assembled in Adobe 

Illustrator.  

Results: 

Assembly of an active PEDV polymerase complex 

 To study the PEDV polymerase complex we recombinantly expressed and purified 

nsp7, nsp8, and nsp12 (Fig. S3). Assembly of these proteins with a short RNA duplex 

revealed a complex weight of 185,120 Da (+/- 70 Da) by native mass spectrometry (Table 

1, Fig. S4). This mass is equivalent to one nsp12, one nsp7, two nsp8s, and one RNA 

duplex. Using an in vitro primer extension assay we saw polymerase activity in the 

presence of all three nsps (Fig. 1A and Fig. S5). The necessity of nsp7, nsp8 and nsp12 

for robust primer extension, and the observed nsp binding stoichiometry are shared 

between PEDV, SARS-CoV and SARS-CoV-2 (17,19,21,23).  
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Sample 

(Expected Mass in 
Da) 

Major 
Peak(s) (Da) 

Major 
Complex(es): 

Minor 
Peak(s) (Da) 

Minor 
Complex(es): 

PEDV nsp12 
+8+7+RNA 
(184,293) 

185,120 ± 70 
Intact 

polymerase 
complex 

109,450 ± 40 Free nsp12 

PEDV nsp12 
+8+RNA 
(152,529) 

109,600 ± 30 Free nsp12 None None 

PEDV nsp12-A382R 
+8+7+RNA 
(184,293) 

109,533 ± 60 
185,120 ± 30 

Free nsp12, 
Intact 

polymerase 
complex 

218,880 ± 50 Dimeric nsp12 

PEDV nsp12-V848R 
+8+7+RNA 
(184,293) 

185,200 ± 
200 

Intact 
polymerase 

complex 

370,700 ± 
600 

109,630 ± 
200 

Dimeric 
polymerase 

complex,  
free nsp12 

PEDV nsp12 
+8+8L7+RNA 

(183,913) 
184, 670 ± 

60 

Intact 
polymerase 

complex 
109,420 ± 30 Free nsp12 

SARS-CoV-2 nsp12 
+8+7+RNA 
(185,245) 

186,240 ± 70 
Intact 

polymerase 
complex 

110,680 ± 20 Free nsp12 

SARS-CoV-2 nsp12 
+8+RNA 
(154,011) 

110,870 ± 90 Free nsp12 221,320 ± 40 Dimeric nsp12 

SARS-CoV-2 nsp12-
L387R +8+7+RNA 

(185,245) 
186,400 ± 

100 

Intact 
polymerase 

complex 

110,900 ± 100 
22,400 ± 100 

Free nsp12, 
excess nsp8 
and/or RNA 

SARS-CoV-2 nsp12-
T853R +8+7+RNA 

(185,245) 
186,190 ± 50 

Intact 
polymerase 

complex 
22,300 ± 50 Excess nsp8 

and/or RNA 

SARS-CoV-2 nsp12 
+8+8L7+RNA 

(185,603) 
186,270 ± 40 

Intact 
polymerase 

complex 
110,600 ± 40 Free nsp12 

Table 1: Native mass spectrometry of coronavirus polymerase complexes. Major and minor 
species from native mass spectrometry experiments are listed for each complex tested with their 
respective (±) standard deviations. The complexes best explained by the determined masses are 
listed next to each mass. Intact polymerase complexes are composed of one nsp7, two nsp8s, 
one nsp12, and one RNA duplex. Individual protein or RNA molecular weight are as follows for 
PEDV: 21,962 Da – RNA, 10,076 Da – nsp7, 21,688 Da – nsp8, 108,879 Da – nsp12, 31,384 Da 
– nsp8L7. Molecular weights for SARS-CoV-2 are as follows: 21,962 Da – RNA, 9,296 Da – nsp7, 
21,938 Da – nsp8, 110,111 Da – nsp12, 31,592 Da – nsp8L7. (See also Table S2 and Figure 
S4). The average and standard deviation for each complex were calculated from assigned 
spectral peaks in observed charge state distributions, where each spectrum is an average of 50 
individual spectra. 
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Figure 1: Assembly of an active PEDV polymerase complex. A 29 nt RNA primer with a 5’ 
fluorophore is annealed to a 38 nt template and extended in the presence of CoV polymerase 
complexes. Combinations of nsp7, nsp8, and nsp12 were tested for PEDV (A) and SARS-CoV-2 
(B). C,E) 3.3 and 3.4 Å cryo-EM reconstruction of the PEDV core polymerase complex with (E) 
and without (C) nsp8T, respectively. D,F) Coordinate models of the PEDV core polymerase 
complexes docked into their corresponding electron density maps colored by chain.  



 

 

58 
 
Structure of PEDV core polymerase complex 

 Our initial attempts at cryo-EM structure determination using a short RNA duplex 

and DDM yielded a model of the PEDV core polymerase complex (nsp7, nsp8, nsp12) 

bound to a short RNA primer-template pair in a post-translocated state (Fig. 1C and D). 

Our final map has a resolution of 3.3 Å (Table S1, Fig S1). This cryo-EM map contains 

density for most of nsp12, including the NiRAN and polymerase domains. We resolved 

most of nsp7 (residues 2-62), the C-terminal portion of nsp8F (residues 79-192), and a 

full turn of dsRNA exiting the polymerase active site. We lack well-resolved density for 

the nsp8F N-terminal helical extension. 3D variability analysis showed that the dsRNA 

leaving the active site has flexibility, likely leading to the lack of density in the final 

reconstruction (Video S1) (36). Unexpectedly, this reconstruction lacked any density for 

nsp8T, differing with most RNA-bound CoV polymerase structures as well as the PEDV 

polymerase native mass spectrometry data described above. To obtain the structure of 

the intact complex observed by native mass spectrometry we screened different 

detergents and grid preparation strategies. We found that the combined addition of the 

detergent CHAPSO and a longer RNA substrate promoted complex stability and allowed 

the determination of the complete PEDV core polymerase complex structure. Our more 

complete map has a resolution of 3.4 Å and lacks orientation bias. Importantly, in addition 

to previously resolved protein and RNA regions, the improved map has density for the N-

terminal extension of nsp8F and most of nsp8T which was previously absent entirely.  

Comparison of PEDV and SARS-CoV-2 polymerase core complex models 

 PEDV and SARS-CoV-2 nsp7, nsp8, and nsp12 protein sequences have 

significant sequence identity (nsp12 58.6%, nsp8 43.1%, and nsp7 41.8%) (Fig. S6). The 
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overall architecture of the PEDV polymerase core complex is very similar to published 

SARS-CoV-2 models with a nsp12 RMSD value of 0.964 Å (Fig. 2A, S7) (28). 

Comparison of our PEDV models’ RdRP and NiRAN active sites with SARS-CoV-2 

structures revealed highly conserved active site structures (Fig. S7). This structural 

conservation suggests that antivirals targeting SARS-CoV-2, such as Remdesivir or the 

recently studied dual-purpose AT-527, could be effective against PEDV and other 

alphaCoVs (41-43). 

 A major difference in the PEDV polymerase models is an altered loop conformation 

(PEDV nsp12 residues 249-268) that binds the nsp8F head domain in PEDV but not in 

SARS-CoV-2 complexes (Fig. 2B). This conformational difference increases nsp8F’s 

buried surface area by 115 Å2 in the PEDV polymerase core complex. This PEDV nsp12 

loop sequence is well conserved within AlphaCoV but not across CoV genera (Fig. S6). 

Based on this conservation, we predict that the observed PEDV nsp12 loop conformation 

to interact with nsp8F is shared among and specific to alphaCoVs.  

 

 

 

 

 



 

 

60 

 
Figure 2: Structural differences between PEDV and SARS-CoV-2 nsp12s. A) Overlap of 
SARS-CoV-2 (PDB: 7KRP) and PEDV (8URB) nsp12. The black box highlights the loop region 
depicted in (B). B) PEDV nsp12 loop (residues 249-268) buries extra surface area on nsp8F 
compared to SARS-CoV-2 (PDB: 7KRP). C) PEDV nsp12 841-849 lacks helical definition in the 
absence of nsp8T, while it has a short helix when the nsp8T N-terminal extension is present. For 
each panel except (C) PEDV and SARS-CoV-2 models are superimposed with PEDV being 
colored in darker shades. In (C) nsp12 from our complex without nsp8T is colored in grey. 
Superimposition of models was achieved using the Matchmaker function in ChimeraX (40). 
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A small difference between the two PEDV models is that in the model without 

nsp8T the PEDV nsp12 residues 841-849 lack helical definition that is present in the 

complete core complex reconstruction (Fig. 2C). Helical definition in this region is also 

observed in SARS-CoV-2 models with resolved nsp8T N-terminal helical extensions (PDB 

IDs: 6YYT, 7KRN, 7KRO, 6XEZ), but not in SARS-CoV (PDB ID: 6NUR) and SARS-CoV-

2 nsp12 structures (PDB IDs: 7CYQ, 7CXM) without well resolved nsp8T extensions 

region suggesting that association of the nsp8T N-terminal helical region promotes helical 

secondary structure in this nsp12 region. 

A PEDV nsp12 structure model bound to RNA without nsp8T  

 Missing nsp8T density in our initial reconstructed map was unexpected. As 

previously mentioned, there is a cryoEM structure of a betaCoV polymerase complex 

without nsp8T that could bind RNA, so while our missing nsp8T was surprising, it is not 

unprecedented (25). Prior structural work for betaCoV polymerases has proposed that 

both nps8T and nsp8F participate in CoV RNA synthesis, acting as “sliding-poles” that 

guide dsRNA out of the polymerase active site (23). Our native mass spectrometry results 

also contrast this PEDV polymerase structural model’s stoichiometry (Table 1). These 

observations led us to hypothesize that nsp8T’s interactions with the polymerase complex 

are weaker than other replication factors (nsp8F and nsp7), and perhaps the vitrification 

process during grid preparation caused nsp8T disassociation. Despite the lability of nsp8T 

during grid freezing, the PEDV nsp12 polymerase remained bound to nsp7, nsp8F, and 

primer/template RNA in contravention to proposed models for polymerase complex 

assembly and activity (23). We therefore hypothesized that nsp8T may not be required for 

CoV polymerase RNA binding and/or RNA synthesis.  
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Figure 3: Effects of replication factor disrupting nsp12 mutations on polymerase activity. 
Sites of nsp12 mutations designed to disrupt replication factor interactions for (A) PEDV and (B) 
SARS-CoV-2 are shown as orange spheres. The effects of PEDV (C) and SARS-CoV-2 (D) nsp12 
mutations were evaluated using in vitro RNA primer extension assays. Technical triplicates of 
reactions were run and percent activity of wildtype nsp12 is presented. Error bars indicate 
standard deviation of the triplicates. All reactions, except PEDV nsp12-V842R, were significantly 
(P<0.05) different compared to the wildtype control. Significance was determined using an 
unpaired t-test for each mutant complex. 
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Prior studies have shown that MERS-CoV and SARS-CoV-2 nsp12 and nsp8 

complexes can extend RNA in vitro (44,45). As the association of nsp8T with the core 

complex is largely through binding to nsp7, even modest polymerase activity in the 

absence of nsp7 suggests a strong role for nsp8F in stimulating polymerase activity, and 

the dispensability of nsp8T for in vitro RNA synthesis. Under our reaction conditions, 

PEDV and SARS-CoV-2 polymerases require all three proteins (nsp12, nsp7, nsp8) for 

in vitro polymerase activity (Fig. 1A and B). To further dissect nsp8F and nsp8T’s 

contributions to promoting polymerase activity, we designed homologous PEDV and 

SARS-CoV-2 nsp12 single amino acid mutations at each nsp8’s protein-protein 

interfaces. These mutations were designed to be highly disruptive to hydrophobic protein-

protein interfaces through the substitution of nsp12 surface residues with arginine to block 

interactions with regions of the nsp8s (PEDV nsp12 A382R, V384R, V842R, V848R and 

V894R and SARS-CoV-2 nsp12 A375R, L387R, L389R, I847T and T853R) (Fig. 3A, B, 

and Fig S8).  

 Native mass spectrometry (Table 1, Fig. S4) of select mutant complexes showed 

full complex stoichiometry, 1:2:1:1 nsp7:nsp8:nsp12:RNA (~186 kDa mass), for all 

mutants tested. The only exception being PEDV A382R where there were two major 

species: nsp12 alone and intact core polymerase complexes, indicating that nsp12 was 

either completely free or completely bound by nsp7 and nsp8 replication factors.  These 

data suggest that the disruptive mutations are only effective in blocking the nsp12-nsp8 

subdomain interactions and are not sufficient to fully prevent nsp8 subunit association 

with nsp12. This is congruent with the extended nature of nsp8 and the presence of both 

an N-terminal helical extension and a C-terminal head domain that bind distinct sites in 
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coronavirus core polymerase complexes for both nsp8F and nsp8T. Hence nsp12 

mutations disrupting the binding of one region of nsp8 may not preclude association of 

that nsp8 with the core complex. The effects of these mutations on polymerase activity 

were examined using an in vitro primer extension assay (Fig. 3C, D and Fig. S9). 

Nsp12 mutants designed to disrupt the association of PEDV nsp8F N-terminal 

helical extension, (nsp12 C370R) or nsp8F C-terminal head domain (nsp12 A382R or 

V384R) both resulted in complexes that either completely or mostly lost RNA extension 

activity (Fig. 3C and Fig. S9). In contrast, mutant complexes designed to disrupt 

association of nsp8T N-terminal helical extension (nsp12 V842R, V848R, or V849R) 

retained RNA synthesis activity (Fig. 3C). These results indicate the importance of nsp8F 

for PEDV RNA synthesis and demonstrate that association of the nsp8T N-terminal helical 

extension with nsp12 is not required for stimulation of RNA synthesis in vitro.  

 To determine if these findings are specific to the PEDV polymerase core complex 

or a shared feature among CoVs, we tested homologous mutations for SARS-CoV-2 

nsp12.  Like PEDV, SARS-CoV-2 nsp12 mutants designed to disrupt association of the 

nsp8F N-terminal extension (nsp12 A375R) or nsp8F C-terminal head domain (nsp12 

L387R or L389R) resulted in inactive polymerase complexes (Fig. 3D and Fig. S9). 

However, nsp12 mutations designed to disrupt association of the nsp8T N-terminal 

extension (I847R or T853R) produced polymerase complexes with activity resembling 

that of the wild-type protein (Fig. 3D). Similar results for mutagenesis across both PEDV 

and SARS-CoV-2 core polymerase complexes suggest shared roles for nsp8s across the 

coronavirus subfamily. These data suggest that both the nsp8F N-terminal extension and 

the C-terminal head domain play essential roles in stimulating polymerase activity beyond 
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simply facilitating protein-protein interactions while the nsp12 interaction with nsp8T N-

terminal extension appears non-essential for stimulating RNA synthesis. 

Nsp8T N-terminal RNA binding domain is not required to stimulate RNA synthesis activity 

 Recent work showed that a nsp8-nsp7 fusion protein (nsp8L7) can efficiently 

function as a nsp12 replication factor and allows the contributions of each nsp8 of a core 

complex’s polymerase activity to be delineated (32). We produced SARS-CoV-2 and 

PEDV nsp8L7 fusion proteins with six-residue linker regions (Fig. 4A, Fig. S3). Both 

SARS-CoV-2 and PEDV nsp8L7 fusion proteins could stimulate their respective 

polymerase core complex activities in the presence of free nsp8 (Fig. 4B, C and Fig. S5). 

While SARS-CoV-2 nsp8L7 stimulated polymerase activity similar to wildtype nsp7 and 

nsp8, PEDV nsp8L7 only resulted in 20% stimulation compared to wildtype subunits. 

Since PEDV nsp12+nsp8 reactions have no RNA extension (figure Fig. 4B and Fig. S5) 

these data show that the PEDV nsp8L7 fusion protein can function as a cofactor, albeit 

with limited activity compared to wildtype proteins. We predict that the PEDV nsp8L7 

reduction in polymerase stimulation is due to a reduced dissociation of the nsp8L7 fusion 

protein from oligomeric states into forms available for binding nsp12 leading to defects in 

polymerase assembly (32). Therefore, only a fraction of the available nsp12 may form full 

complexes as compared to SARS-CoV-2 nsp8L7 complexes leading to the reduced 

overall observed activity. Differences in the oligomeric states of Alpha- and BetaCoV 

nsp7-nsp8 cofactor complexes have been previously identified, supporting our prediction 

that PEDV nsp8L7 behaves differently than SAR-CoV-2 nsp8L7 (30). The prediction of 

incomplete PEDV core complex formation with nsp8L7 is supported by native mass 

spectrometry where a significant amount of PEDV nsp12 alone is observed (Table 1, Fig 
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S4). In support of nsp8F being required for RNA synthesis in vitro and in validation of the 

fusion protein strategy to delineate nsp8 contributions, PEDV and SARS-CoV-2 nsp8L7 

fusion proteins are not sufficient to stimulate CoV RNA synthesis in the absence of 

isolated nsp8 (Fig 4B and C). 
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Figure 4: nsp8T’s N-terminal domain is not required for RNA synthesis. A) Model of 
nsp7 (blue) and nsp8T (red) heterodimer (PDB ID: 7KRP). The black dots and squiggly line depict 
the nsp8 and nsp7 termini that are fused in nsp8L7. The dashed black line is the site of truncation 
of nsp8DL7, removing the nsp8T N-terminal 79 amino acid RNA binding domain. B) PEDV and C) 
SARS-CoV-2 polymerase complex activity using the nsp8L7 and nsp8DL7 replication factors. 
Reactions were run in triplicate and percent activity was compared to a wildtype 
nsp7+nsp8+nsp12 complex. Error bars indicate standard deviation of the triplicates. Each 
reaction was determined to be significantly different than all other complexes tested (p<0.05) 
using an unpaired t-test.  
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Using the PEDV and SARS-CoV-2 nsp8L7 fusion constructs, we produced 79 

residue N-terminal truncations of nsp8T (nsp8DL7) which lack the previously described 

RNA binding region of the protein (Fig. 4A, Fig. S3) (23). Both PEDV and SARS-CoV-2 

nsp8DL7 stimulated polymerase primer extension activity in vitro (Fig. 4 and Fig. S5). 

Compared to polymerase stimulation using the nsp8L7 fusion constructs, PEDV and 

SARS-CoV-2 nsp8DL7 each had an approximately 50% decrease in activity from their 

respective nsp8L7 reactions. These results indicate that the nsp8T N-terminal region is 

not required for stimulation of RNA synthesis in vitro. Our results confirm similar prior 

results for SARS-CoV-2, while expanding the conclusions to PEDV (32). The differences 

in PEDV and SARS-CoV-2 polymerase activities could be attributed to the replication 

factor proteins’ unique interactions across the CoV genera (30). While the magnitude of 

the ability of PEDV and SARS-CoV-2 nsp8DL7 truncations to stimulate polymerase 

activity vary, that both truncation proteins can stimulate some polymerase activity while 

reactions lacking nsp7 do not, indicates that nsp8DL7 is a functional replication factor and 

that the N-terminal extension of nsp8T is not required for stimulation of Alpha- or BetaCoV 

RNA synthesis in vitro. 

Discussion: 

 We have established that the PEDV core polymerase complex assembles into an 

active polymerase complex using a similar replication factor stoichiometry as was 

previously seen in betaCoVs. The structure of the PEDV core polymerase complex 

reveals an overall similar architecture to betaCoV complexes with one large 

conformational difference in PEDV nsp12 residues 249-269 to interact with nsp8F that we 

predict to be conserved among alphaCoVs. Additionally, we used biochemistry and 
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mutagenesis to show that for both PEDV and SARS-CoV-2, nsp8F is required for in vitro 

RNA synthesis while the N-terminal extension of nsp8T is not.  

Since the observed structural differences in the PEDV and SARS-CoV-2 core 

polymerase complexes lie outside of the common antiviral drug design targets (the 

polymerase and NiRAN active sites), we predict that antivirals targeting these shared 

sites would be effective against both Alpha- and BetaCoV. For example, structures have 

shown that SARS-CoV-2 nsp12 residue S861 is likely important for the effectiveness of 

the nucleotide analogue Remdesivir (46). The proposed mechanism is that S861 

sterically classes with the 1’-cyano group of the antiviral, impairing RNA elongation. For 

PEDV, residue S856 is conserved in both sequence and space to S861 of SARS-CoV-2 

(Fig. S7), indicating that Remdesivir could be used to treat AlphaCoV infections (47).  

 After the initial observation of a labile nsp8T interaction within the RNA-bound 

PEDV polymerase complex, we sought to explore the contribution of the nsp8 N-terminal 

extensions in simulating RNA synthesis activity. In vitro analyses with mutant PEDV and 

SARS-CoV-2 nsp12s and truncated nsp8T (nsp8DL7) established that nsp8T’s N-terminal 

extension is not required to stimulate in vitro RNA synthesis. Similar in vitro work with 

truncated nsp8s has already established that the RNA binding domains of each nsp8 are 

not required for processive RNA synthesis for SARS-CoV-2, but rather play important 

roles in complex assembly and RNA binding (32). In some published studies, SARS-CoV-

2 and MERS-CoV complexes of just nsp12 and nsp8 are sufficient to produce some 

polymerase activity in vitro (44,45). The absence of nsp7 from these reactions indicates 

that nsp8T is not absolutely required for in vitro RNA synthesis, further supporting our 

conclusions. Recent structural work has proposed that the N-terminal extensions of nsp8F 
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and nsp8T act as sliding poles to promote RNA synthesis and processivity (23). The 

sliding pole hypothesis provided a mechanistic explanation for prior observations that the 

mutation of a positively charged residue (K58A) in SARS-CoV nsp8’s N-terminal 

extension was lethal to virus replication in vivo and reduced RNA synthesis in vitro (21). 

Our work was able to build upon these observations, by delineating the contributions of 

the two nsp8s and further confirm nsp8F’s importance in RNA synthesis. We propose a 

revision to this model where the nsp8T N-terminal extension is not essential to stimulate 

RNA synthesis but may instead have other important roles in RNA synthesis.  

We hypothesize that nsp8T may act as a scaffolding protein to regulate the 

engagement of other viral factors like the nsp13 RNA helicase to promote RNA 

backtracking (Fig. 5). Previous work has shown that the viral helicase, nsp13, binds 

template RNA entering the active site and can cause polymerase backtracking on primer-

template RNA (27,28). In a backtracked polymerase state, the 3’ end of the nascent RNA 

extrudes out of the polymerase NTP entry channel. While a function for backtracking 

within viral replication remains unclear, one hypothesis is that it mediates proofreading of 

mis-incorporated 3’ nucleotides during CoV RNA synthesis. The nsp13 responsible for 

backtracking RNA binds the polymerase core complex via the nsp8T N-terminal 

extension. As a potential model for viral RNA proofreading, we propose that aberrant 

nucleotide incorporation stalls elongation, allows engagement of the nsp8T N-terminal 

extension with nsp12 and the RNA allowing the backtracking nsp13 RNA helicase to bind 

template RNA and induce a backtracked state. 3’ nucleotides of the backtracked RNA 

could then be excised by the viral nsp14 exonuclease removing the mis-incorporated 

nucleotides.  
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Figure 5: Model for coronavirus backtracking and proofreading. Stalling of polymerase 
complexes by misincorporation is hypothesized to promote the engagement of nsp8T’s N-terminal 
helical extension with RNA allowing the recruitment of additional viral factors for backtracking or 
proofreading. Whether or not nsp8T is always associated with the complex is unknown.  
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Our current work is focused on the multiple roles of nsp8 in Alpha- and BetaCoV 

RNA synthesis. To date, there are no reports of active Gamma- or DeltaCoV polymerase 

complexes in vitro, or published structures of polymerases from these two genera. 

Sequence conservation of the nsps involved in genome replication (i.e. nsp7, nsp8, and 

nsp12) across all CoV genera indicates that these proteins have conserved roles in 

replication (48). To our knowledge nsp7 does not directly interact with RNA during 

replication, but it serves multiple important roles to support CoV RNA synthesis. Beyond 

nsp7’s role as a replication factor for nsp12 and scaffolding protein for nsp8T, nsp7 also 

de-oligomerizes nsp8 allowing monomeric nsp8 to interact with nsp12 as nsp8F 

(21,30,49). Furthermore, the interactions between nsp7 and nsp8 oligomers are known 

to vary across the CoV species (30). These differences are possible explanations for the 

different activities of nsp8L7 and nsp8DL7 containing complexes seen in our work.  

This work expands the diversity of CoV polymerase structural biology to the 

alphaCoVs. Our work shows a high level of structural conservation among CoV replication 

machinery and has allowed for the generation of hypotheses for CoV RNA synthesis that 

span more than a single virus genus. Such work is essential not only for a greater 

understanding of CoV biology but also in preparing for the threat of emerging CoV.  

Data Availability: 

 The PEDV core polymerase complex electron density maps have been deposited 

in the Electron Microscopy Data Bank for the complex lacking nsp8T (EMDB: 29779) and 

the complete complex (EMDB: 42488). Coordinate models have been deposited in the 

Protein Data Bank for the complex lacking nsp8T (PDB: 8G6R) and the complete complex 

(PDB: 8URB).  
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Limitations of Study: 

 We acknowledge that our study uses short RNA substrates, short extension 

reactions, and has been done exclusively in vitro and so does not model processive CoV 

RNA synthesis. This limits our ability to make conclusions on nsp8T’s importance for 

processive RNA synthesis, and replication in vivo. We believe studies using longer RNA 

substrates, and in vivo reverse genetics will allow our hypotheses and conclusions 

developed here to be evaluated in the context of processive replication and virus 

replication in vivo but are beyond the scope of the current work.   

Our work only studies the core polymerase complex (nsp7, nsp8, and nsp12) but 

our conclusions include hypotheses about interactions with other viral proteins (i.e., nsp13 

and nsp14). While our current work is unable to directly assess these hypotheses, this 

work provides a foundation for further study.  
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Supplemental Figures and Data:  

 
Table S1: Cryo-EM data collection and refinement. Information provided is for the 
cryo-EM data collection, and processing that produced the electron density map of the 
PEDV polymerase complexes. Additionally, validation statistics for the polymerase 
complex coordinate models built into the reconstructions are provided. 
 
 
 
 
 
 

EMDB 29779 42488 
PDB 8G6R 8URB 
Microscope Titan Krios Talos Arctica 
Voltage (kV) 300 200 
Detector K3 direct electron detector 

(Gatan) 
K3 direct electron 
detector (Gatan) 

Dose Rate (e-/pixel/sec) 12 14.1 
Exposure Time (sec) 3.5 4.8 
Electron Exposure (e-/Å2) 60 60 
Frames (no.) 60 60 
Defocus Values -0.7 to -2.5 -0.5 to -2.0 
Sample Tilt (°) 25 0 
Data Collection Mode EFTEM, Counting, CDS EFTEM, Counting, CDS 
Nominal Magnification 105,000x 79,000x 
Pixel Size (Å) 0.834 1.064 
Symmetry Imposed C1 C1 
Movies Collected (no.) 1,261 5,806 
Initial Particle Images (no.) 895,007 2,814,477 
Final Particle Images (no.) 74,367 103,940 
Map Resolution (Å) – GSFSC 3.3 3.4 
Initial Models Used (PDB ID) 7CYQ 8G6R, 7KRP 
Non-hydrogen Atoms 9,406 11,657 

Protein Residues 1,075 1,359 
Nucleic Acid Residues 40 41 
Other Atoms 2 (Zn2+) 2 (Zn2+) 

R.M.S. Deviations   
Bond Lengths (Å) 0.004 0.003 
Bond angles (°) 0.556 0.887 

MolProbity Score 1.64 1.13 
Clashscore 7.19 2.86 
Ramachandran Plot   

Favored (%) 96.34 97.78 
Allowed (%) 3.66 2.22 
Disallowed (%) 0 0 
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Table S2, Native mass spectrometry desolvation parameters: Parameters listed 
were optimized for each sample to remove as many adducts as possible without 
disrupting the complex(es) of interest.  
 
 
 
Supplemental video 1, 3D variability analysis of PEDV core complex lacking nsp8T: 
The movie displays a series of 3D volumes (in gray) determined by 3D variability analysis 
(cryoSPARC v3.3.1). The movie begins by oscillating between the extremes of variability 
within the volume series. Docking our PEDV complex lacking nsp8T model (nsp12 – light 
purple, nsp7 – green, nsp8 – red, primer – neon green, template – dark purple) into the 
densities reveals the flexibility of dsRNA leaving the active site. We predict that this 
movement results in the lack of complete reconstruction of our dsRNA and nsp8F N-
terminal extension in our final map and model of the PEDV complex lacking nsp8T. 
(https://doi.org/10.1093/nar/gkae153) 
 
 
 
  

 Desolvation Parameters 

Sample Capillary Temperature 
(°C) In-source Trapping (V) 

PEDV nsp12+8+7 250 -150 
PEDV nsp12+8 250 -300 

PEDV A382R-nsp12+8+7 200 -300 
PEDV V848R-nsp12+8+7 200 -200 

PEDV nsp12+8+8L7 250 -300 
SARS-CoV-2 nsp12+8+7 200 -150 

SARS-CoV-2 nsp12+8 200 -300 
SARS-CoV-2 L387R-

nsp12+8+7 200 -150 

SARS-CoV-2 T853R-
nsp12+8+7 200 -160 

SARS-CoV-2 
nsp12+8+8L7 250 -150 

https://doi.org/10.1093/nar/gkae153
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Figure S1, Cryo-EM validation: Data for the reconstruction missing nsp8T (EMDB 
29779) is on the left, and data for the complete complex reconstruction (EMDB 42488) is 
on the right. A) Cryo-EM reconstruction colored by local resolution according to the color 
key. B) Gold-standard Fourier shell correlation (FSC) plot determined in cryoSPARC. The 
solid blue line marks the 0.143 cutoff. C) Particle orientation distribution plot for the final 
reconstruction. “# of images” indicates number of projections at a particular orientation 
(Elevation x Azimuth). D) 3D FSC histogram plot for the final reconstruction. For 29779 

180° 180° 
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the calculated sphericity was 0.818, with a global resolution 3.81 Å (unmasked). For 
42488 the calculated sphericity was 0.864, with a global resolution of 4.01 Å (unmasked). 
The red line is the global FSC, the green lines are ± 1 SD from the mean of the directional 
FSC, and the blue histogram is the directional FSC. 3D FSC was calculated as described 
(1).   
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B) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S2, Cryo-EM processing pipeline: Workflows for the processing of cryo-EM data 
of A) 29779 (lacking nsp8T) and B) 42488 (full model). All data processing was performed 
in cryoSPARC (2). Poor particles were removed through multiple rounds of 2D 
classification, then a subset of polymerase classes was used to generate initial models 
for subsequent heterogenous refinement with all remaining particles. Particles from 
classes resembling polymerases were merged for further 3D refinement and a final round 
of heterogenous refinement into polymerase complex maps. The complex maps were 
further refined to our final 3.3 or 3.4 Å reconstructions for complexes without or with nsp8T 
respectively.  
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Figure S3, SDS-PAGE of viral proteins: Samples of purified proteins used for in vitro 
studies were run on pre-cast, stain-free, 4-20% SDS-PAGE gels (BioRad) and imaged 
using UV fluorescence. Expected molecular weights for different proteins are nsp7 – 9 
kDa, nsp8 – 22 kDa, nsp12 – 110 kDa, nsp8L7 – 31 kDa, and nsp8DL7 – 25 kDa. The 
far-left lane of each gel is a protein ladder protein MWs labeled. 
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Figure S4, Native mass spectrometry of coronavirus polymerase complexes. Native 
mass spectra for all coronavirus polymerase complexes tested with major mass 
populations labelled for each. Single and double red dots are monomeric and dimeric full 
intact complexes, respectively. Single and double blue dots are monomeric and dimeric 
solo nsp12, respectively. Green dots are free nsp8. A) SARS-CoV-2 complexes, top to 
bottom: wildtype, nsp12+8, L387R, T853R, nsp8L7. B) PEDV complexes, top to bottom: 
wildtype, nsp12+8, A382R, V848R, nsp8L7. The most intense peak for each group has 
its charge state labelled above the peak. The average and standard deviation for each 
complex were calculated from 50 individual spectra. 
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Figure S5, Full gel images for piecewise and fusion protein primer extensions: 
Primer extensions assess the activity of nsp12 by its ability to extend an RNA primer (29 
nucleotides or nt) to the length of its RNA template (38 nt) pair. A) PEDV piecewise primer 
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extension with nsp12 and its replication factors nsp7 and nsp8. B) SARS-CoV-2 
piecewise primer extension. Primer extension testing the nsp8L7 fusion protein’s ability 
to stimulate nsp12 activity for PEDV (C) and SARS-CoV-2 (D). Primer extension with the 
nps8L7 and nsp8DL7 fusion proteins and free nsp8 testing these replication factor’s ability 
to stimulate nsp12 activity for PEDV (E) and SARS-CoV-2 (F).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

90 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

91 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  



 

92 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  



 

93 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

94 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  



 

95 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S6, Multiple sequence alignment of coronavirus nsp12s. Alignment of nsp12 
from the alpha- (FCoV-65F, HCoV-229E, HCoV-NL63, HKU8, PEDV), beta- (HCoV-
OC43, HKU1, MHV MERS, HKU4, HKU5, HKU9, SARS-CoV, SARS-CoV-2), gamma 
(HKU22, IBV), and delta- (HKU19, HKU11, PDCV) coronavirus genera. Global alignment 
was done using Clustal Omega (3). Residues marked with “*” are conserved, “:” are very 
similar, and “.” are moderately similar residues.  
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Figure S7: Possible cross-effectiveness of CoV antivirals. In each figure PEDV is 
shown in darker shades, superimposed are SARS-CoV-2 models in lighter, matching 
colors. A) Superimposition of complete PEDV and SARS-CoV-2 models. B) The antiviral 
Remdesivir’s 1’-cyano group (black arrow) is believed to clash with SARS-CoV-2 nsp12 
S861 in the +4 extension position. Remdesivir incorporated into a nascent primer at +3 is 
shown (PDB ID: 7B3C). C) The dual action antiviral AT-527 was shown to bind and inhibit 
the NiRAN domain of SARS-CoV-2 nsp12 (PDB ID: 7ED5). Several residues important 
for drug binding are conserved in PEDV nsp12, shown are K48, K67, R110, N203, and 
D212. Superimposition of models was achieved using the Matchmaker function in 
ChimeraX (4). 
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Figure S8, Model and density for mutated protein interfaces: Shown are the protein 
interfaces targeted for site-directed mutagenesis experiments. Interfaces tested include 
the nsp12 : nsp8F  N-terminal domain (A), nsp12 : nsp8F head domain (B), and nsp12 : 
nsp8T tail domain (C). In each image nsp12 is shown in gold, nsp8F in blue, and nsp8T 
in coral red. The map and corresponding coordinates of the complex containing nsp8T 
(PDB ID: 8URB, EMDB ID: 42488) were used for this figure.   
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Figure S9, Full gel images for mutant nsp12 primer-extension assays:  Primer 
extension results for complexes with mutant nsp12s for PEDV and SARS-CoV-2. For 
each experiment wildtype (wt) and mutant polymerase reactions were done in triplicate. 
Viral replication factors, nsp7 and nsp8, were always provided in excess to nsp12 (wt or 
mutant). Each experiment included one negative control reaction lacking nsp12.  
 
 
 
 

A) B) 
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Abstract: 

Coronavirus relevancy has surged over the past 20 years as they have a 

propensity for spillover into humans from animal reservoirs resulting in pandemics such 

as COVID-19. The diversity within the Coronavirinae subfamily and high infection 

frequency in animal species worldwide creates a looming threat that calls for research 

focused across all genera within Coronavirinae.  We sought to contribute to the limited 

structural knowledge within the Gammacoronavirus genera and determined the structure 

of the viral core replication-transcription complex (RTC) from Infectious Bronchitis Virus 

(IBV) using single-particle cryo-EM.  Comparison between our solved IBV structure with 

published RTC structures from other Coronavirinae genera revealed structural 

differences across genera. Using in vitro biochemical assays, we characterized these 

differences and revealed their differing involvement in core RTC formation across different 

genera. Our findings stress the value of cross-genera Coronavirinae studies, as they 

elucidate genera specific deviations in coronavirus genome replication. A broader 

knowledge of coronavirus replication will better prepare us for future coronavirus 

spillovers. 
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Introduction: 

 Coronaviruses belong to the Nidovirales order of positive-sense RNA viruses. 

Within Nidovirales, this diverse subfamily of viruses is divided into four genera: the Alpha-

, Beta-, Gamma- and Deltacoronaviruses (1). In 1931 the Gammacoronavirus infectious 

bronchitis virus (IBV) was the first coronavirus to ever be discovered (2). Subsequently, 

several additional members of the subfamily have been characterized including the 

human seasonal Betacoronaviruses HKU1 and OC43 and Alphacoronaviruses NL63 and 

229E (1). Since 2002, three animal Betacoronaviruses have crossed into humans and 

caused disease outbreaks: SARS-CoV in 2002, MERS-CoV in 2012 and SARS-CoV-2 in 

2019 (3-5). The emergence of SARS-CoV-2, the causative agent of COVID-19, led to a 

global pandemic that has resulted in large losses of life and significant burdens on both 

healthcare and the economy. In 2018, a recombinant canine-feline Alphacoronavirus, 

CCoV-HuPn-2018, was isolated from human patients hospitalized with pneumonia (6). 

Although CCoV-HuPn-2018 is currently incapable of efficiently infecting humans, it is 

poised as a preemergent human pathogen (7,8). The Gamma- and Deltacoronavirus 

genera contain numerous avian coronaviruses, and while no avian-to-human spillovers 

from these genera have been reported they, like other avian viruses, pose a consistent 

threat to humans due to the close contact of human and avian populations. This threat 

highlights the need for better characterization and monitoring of these animal 

coronaviruses.  

 The Gammacoronavirus genus is subdivided into three subgenera: Igacovirus, 

Brangacovirus and Cegacovirus (9). Igacoviruses are currently recognized to have three 

species including avian coronavirus, avian coronavirus 9203 and duck coronavirus 2714 
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(9). Isolates of IBV fall into both avian coronavirus and avian coronavirus 9203 species 

while duck coronaviruses are typically found in wild birds (10). Infection of chickens with 

IBV typically initiates in the respiratory tract and some strains can additionally infect the 

reproductive tract and kidneys. Infection of the reproductive tract can lead to a decrease 

in egg quality while infection of the kidneys may lead to nephritis and death (11,12). 

Respiratory tract infection may weaken the immune system permitting secondary 

bacterial pneumonia (13). Having a high prevalence in most parts of the world, IBV has 

been an immense economic burden on the poultry industry. Despite extensive vaccination 

campaigns against IBV, the large genetic diversity of the virus arising from mutation and 

recombination creates difficulties in providing broad protection from IBV infection (14). 

 Coronavirus genomes encode numerous structural and non-structural proteins 

used to replicate viral genomes, assemble new virions, and interact with the infected host 

cell (15). The 5’ two-thirds of the viral genome encodes the viral non-structural proteins 

(nsps) responsible for viral RNA replication and transcription. These nsps are the products 

of polyprotein cleavage and are encoded within two open reading frames: ORF1a and 

ORF1b, with ORF1b accessed by -1 programmed ribosomal frameshifting at the end of 

ORF1a to produce either the pp1a or pp1ab polyproteins (16). Across coronavirus genera, 

ORF1a/b have similar organizations and cleavage products to assemble the necessary 

machinery for viral RNA synthesis. Within the functionally conserved suite of nsps, nsp12 

encodes the RNA-dependent RNA polymerase as well as a second active site for a 

nucleotidyltransferase (17,18). For viruses of Alpha- and Betacoronavirus, nsp12 requires 

the replication factors nsp7 and nsp8 for robust RNA synthesis activity (19,20). These 

three nsps form the core polymerase complex that can perform processive RNA synthesis 
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in vitro (1). Much of the work to characterize coronavirus polymerases has focused on 

betacoronaviruses leaving members of other genera relatively understudied (21). One 

study of IBV polymerase has indicated an interaction of nsp12 with nsp8 though without 

a demonstration of polymerase activity or molecular descriptors (22).  

Structural studies of coronavirus polymerase complexes have largely focused on 

complexes from SARS-CoV-2 with limited polymerase structures from SARS-CoV and the 

Alphacoronavirus porcine epidemic diarrhea virus (PEDV) (20,21,23). These structures 

have revealed similar nsp12 active site architectures and requirements for nsp7 and nsp8 

replication factors. Expanding beyond this dataset dominated by structures of 

Betacoronavirus polymerases affords the opportunity to examine unique features of 

coronavirus polymerases across the subfamily while also identifying conserved 

mechanisms between these divergent viruses. Here, we use cryo-electron microscopy to 

solve the structure of the IBV polymerase complex, the first such structure from the 

Gammacoronavirus genus. We identified a genus-specific nsp12 loop that in PEDV and 

IBV contacts a subunit of nsp8. Subsequent biochemical analyses demonstrate the 

importance of this interaction and point to the potential of genus-specific polymerase 

complex assembly pathways. Continued investigation of coronavirus polymerases across 

this diverse group of viruses will aid in the development of broad-spectrum antiviral 

therapeutics and inform conserved pathways for viral polymerase function. 

Materials and Methods: 

DNA Constructs 

 All IBV, PEDV, and SARS-CoV-2 nsp gene sequences were codon optimized 

(Genscript). Sequences for IBV proteins originate from GenBank sequence 
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QWC71293.1. SARS-CoV-2 protein sequences originate from GenBank sequence 

UHD90671.1. PEDV protein sequences originate from GenBank sequence AKJ21892.1. 

IBV nsp7 and PEDV nsp7 were cloned into the pET46 vector with C-terminal TEV 

protease cleavage site and hexahistidine tag. IBV nsp8 was cloned into pET45 vector 

with an N-terminal hexahistidine tag and TEV protease cleavage site. IBV nsp12, PEDV 

nsp8 and SARS-CoV-2 nsp7 and nsp8 were cloned into pET46 vectors with N-terminal 

hexahistidine tags and TEV protease cleavage sites. SARS-CoV-2 and PEDV nsp12 were 

cloned into pFastBac vectors with C-terminal TEV cleavage site and Strep II tags. Mutant 

nsp12 vectors were made by performing site-directed mutagenesis on the wildtype nsp12 

vectors. The sequences of all open reading frames in plasmids were confirmed using 

Sanger sequencing.  

Protein Expression 

 Nsp7 and nsp8 were expressed in Rosetta 2pLysS Escherichia coli (E. coli) cells 

(Novagen). Cultures were grown at 37˚C until they reached an OD600 of 0.6-0.8 where 

they were induced with IPTG (isopropyl  b-D-1-thiogalactopyranoside) at a final 

concentration of 500 µM and incubated overnight at 16˚C. Bacterial cells were pelleted 

and resuspended in wash buffer (10 mM Tris-Cl, 300 mM sodium chloride, 30 mM 

imidazole, 2 mM dithiothreitol (DTT), pH 8). Cells were then lysed using a microfluidizer 

(Microfluidics) and lysate was cleared using centrifugation and filtration. Lysate 

supernatant was used to batch bind to Ni-NTA beads (Qiagen) for 30 minutes before 

loading onto a gravity column. Beads were washed with wash buffer, then protein was 

eluted from beads using elution buffer (10 mM Tris-Cl, 300 mM sodium chloride, 300 mM 

imidazole, 2 mM DTT, pH 8). Eluted proteins were buffer exchanged by dialysis (10 mM 
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Tris-Cl, 300 mM sodium chloride, 2 mM DTT, pH 8) while cleaving off the tag with Tobacco 

Etch viral (TEV) protease (1% w/w) at 4˚C overnight. Proteins were passed back over a 

Ni-NTA column, collecting the flowthrough containing the cleaved protein sample. Protein 

was concentrated, then loaded onto Superdex 200 10/300 Increase GL (Cytiva) for size 

exclusion (25 mM Tris-Cl, 300 mM sodium chloride, 2 mM DTT, pH 8). Protein peak 

fractions were pooled and concentrated, then aliquoted and flash-frozen with liquid 

nitrogen. Proteins were stored at -80˚C until use. See also Fig. S1. 

 IBV nsp12 was expressed and purified using the same protocol as above but with 

alternate buffers. Ni-NTA wash buffer contained 25 mM sodium-HEPES, 300 mM sodium 

chloride, 30 mM imidazole, 1 mM magnesium chloride, 2 mM DTT, pH 7.5. Ni-NTA elution 

buffer contained 10 mM sodium-HEPES, 300 mM sodium chloride, 300 mM imidazole, 1 

mM magnesium chloride, 2 mM DTT, pH 7.5. Dialysis buffer contained 10 mM sodium-

HEPES, 300 mM sodium chloride, 1 mM magnesium chloride, 2 mM DTT, pH 7.5. Size 

exclusion buffer contained 25 mM sodium-HEPES, 300 mM sodium chloride, 100 µM 

magnesium chloride, 2 mM tris(2-carboxyethyl)phosphine (TCEP), pH 7.5. See also Fig. 

S1. 

 PEDV and SARS-CoV-2 nsp12 pFastBac vectors were transformed into DH10Bac 

E. coli to generate recombinant Bacmid plasmids. Bacmid plasmids were transfected into 

Sf9 cells to produce baculovirus stocks that were then amplified twice before being used 

to infect Sf21 cells. After two days of incubation at 27˚C, infected Sf21 cells were pelleted, 

resuspended in wash buffer (25 mM sodium-HEPES, 300 mM sodium chloride, 1 mM 

magnesium chloride, 2 mM DTT, pH 7.4) with an added 143 uL of biolock and lysed with 

a microfluidizer. Lysed cells were cleared via centrifugation and filtration. Lysates were 



 

107 
bound to streptactin beads (IBA) in batch for 30 minutes then loaded onto a gravity 

column. Beads were washed with wash buffer and proteins eluted with elution buffer 

(strep wash buffer with additional 2.5 mM desthiobiotin). Proteins were then concentrated, 

and further purified via SEC on a Superdex 200 10/300 Increase GL column with SEC 

buffer (25 mM sodium-HEPES, 300 mM sodium chloride, 100 µM magnesium chloride, 2 

mM TCEP, pH 7.4). Protein peak fractions were pooled, concentrated, aliquoted and then 

flash-frozen with liquid nitrogen. Aliquoted samples were stored at -80˚C until use. See 

also Fig. S1. 

RNA Substrate Preparation 

 RNA primers with 5’ fluorescein tags (6-FAM) were annealed to longer template 

RNA substrates. Formation of duplex RNAs was carried out in RNA annealing buffer (2.5 

mM potassium chloride, 2.5 mM HEPES, 0.5 mM magnesium chloride, pH 7.4), with a 

primer:template ratio of 1:1.2. After mixing, samples were heated at 95˚C for 5 minutes, 

then slowly cooled until reaching room temperature. Annealed substrates could be used 

immediately or stored at -20˚C.  

RNA Primer for in vitro assays:  

5’ – CAUUCUCCUAAGAAGCUAUUAAAAUCACA– 3’ 

RNA Template for in vitro assays:  

5’ – AAAAAGGGUUGUGAUUUUAAUAGCUUCUUAGGAGAAUG– 3’ 

RNA Primer for structure determination:  

5’ – CAUUCUCCUAAGAAGCUAUUAAAAUCACAGAUU– 3’ 

RNA Template for structure determination: 

5’ – CAGUGUCAUGGAAAAACAGAAAAAUCUGUGAUUUUAAUAGCUUCUUAGGAGAAUG– 3’ 
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Primer Extension  

  Primer extension assays were carried out in 20 µL volumes with final buffer 

concentrations of 10 mM Tris-Cl pH 8, 2 mM magnesium chloride, 1 mM DTT and either 

10 mM sodium chloride (PEDV and SARS-CoV-2) or 100 mM K-Glu (IBV). Nsp7 and 

nsp8, and nsp12 were combined at final concentrations of 1.5 µM and 500 nM 

respectively. After combining, proteins were incubated together at 25 ˚C for 15 minutes 

followed by the addition of duplex RNA substrate (250 nM). After another 15-minute 

incubation at 25˚C, 500 µM of each ribonucleotide was added and varying reaction 

conditions were allotted for extension of primer (1 min at 25˚C for SARS-CoV-2, 1 min at 

30˚C for PEDV, 30 min at 30˚C for IBV). Reactions were then quenched by adding 2X 

reaction volume of denaturing RNA gel loading buffer (95% formamide (v/v), 2 mM EDTA, 

and 0.75 mM bromophenol blue). Quenched reactions were heated at 95˚C for 15 

minutes, then loaded on a denaturing urea-PAGE gel (8 M urea, 15% polyacrylamide) 

and run in TBE running buffer (89 mM Tris-Cl, 89 mM boric acid, 2 mM EDTA, pH 8.3). 

Gels were imaged using a GE Typhoon FLA 9200 scanner, using FAM tag excitation at 

470 nm and measuring emission at 530 nm. The bands were analyzed using ImageJ (24). 

Electrophoretic mobility shift assay 

 Electrophoretic mobility shift assays (EMSA) were carried out in 20 µL reaction 

volumes in buffer conditions of 10 mM Tris-Cl pH 7.4, 2 mM magnesium chloride, 1 mM 

DTT and either 10 mM sodium chloride (PEDV and SARS-CoV-2) or 10 mM potassium 

glutamate (IBV). Proteins were combined at final concentrations of nsp7 (3 µM), nsp8 (3 

µM), and nsp12 (1 µM). Proteins were mixed and allowed to incubate at 25˚C for 15 

minutes. RNA substrate was added (250 nM) and the reaction incubated for an additional 
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15 minutes at 25˚C. 10X non-denaturing gel loading buffer (10 mM Tris-Cl, 1 mM EDTA, 

50% (v/v) glycerol, 0.75 mM bromophenol blue) was added to the reactions and samples 

were run on a 4.5% non-denaturing PAGE gel in TBE running buffer (89 mM Tris-Cl, 89 

mM boric acid, 2 mM EDTA, pH 8.3). Gels were scanned using a Typhoon imager 

scanning for FAM fluorescence. Bands were quantitated using ImageJ (24). 

Specimen Preparation for cryoEM 

IBV complexes were initially assembled at a total protein concentration of 2 mg/mL 

in cryoEM freezing buffer (10 mM Tris-Cl pH 8, 100 mM K-Glutamate, 2 mM MgCl2, and 

1 mM DTT). Proteins and RNA were mixed at a ratio of 2:3:1:1.2 nsp7:nsp8:nsp12:RNA. 

To assemble the complexes, proteins were diluted in freezing buffer then combined and 

incubated at 25˚C for 15 minutes before RNA was added and incubated for another 15 

minutes at 25˚C. After assembly, complexes were concentrated to 4 mg/mL total protein 

using ultrafiltration with a 100 kDa molecular weight cutoff. Samples were stored on ice 

prior to grid freezing.  

Samples were frozen on UltraAuFoil R1.2/1.3 300 mesh grids (Quantifoil) using a 

Vitrobot Mark IV (ThermoFisher Scientific). Grids were freshly glow discharged using a 

GloQube Plus (Quorom) for 20 seconds with a current of 20 mA in an air atmosphere, 

creating a negative surface charge. Immediately prior to blotting, 0.5 µL of 3-([3-

cholamidopropyl] dimethylammonio)-2-hydroxy-1-propanesulfonate (CHAPSO) was 

added to 3 µL of sample (6 mM final [CHAPSO]). 3 µL of sample+CHAPSO was spotted 

onto grids before double-sided blotting and vitrification in liquid ethane. Vitrobot chamber 

conditions were set to 100% humidity and 4˚C. 

CryoEM Data Collection, Processing, and Model Building 
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 EPU (ThermoFisher Scientific) was used for data collection on a Talos Arctica 200 

keV transmission electron microscope (ThemoFisher Scientific). Movies were collected 

using a K3 direct electron detector (Gatan) in CDS mode. A GIF quantum energy filter 

was used with a slit width of 20 eV. Data was collected with no stage tilt at a magnification 

of 79,000x with a pixel size of 1.064 Å, and a defocus range of -0.5 to -2.0 µm with a step 

size of 0.5 µm. Total dose per a movie was 60 e-/Å2. 

 Data was processed using cryoSPARC v4.3.0 (25). After patch motion correction 

and CTF estimation 2,633,255 particles were picked using blob picker and extracted at a 

box size of 256 pixels. Particles were subjected to multiple rounds of 2D classification 

before three ab initio models were generated. Particles were classified by heterogeneous 

refinement using the three ab initio models as initial models. Output maps and classified 

particle stacks from heterogenous classification were used as inputs for non-uniform 

refinement. Particles from the class that resembled a polymerase complex were further 

classified by producing two ab initio models with them that were then used for 

heterogeneous refinement. The final reconstruction was produced using non-uniform 

refinement with 179,183 particles (Fig S2, S3, Table S1).  

 To build a starting coordinate model, we used AlphaFold to create the IBV nsp12 

RdRP and docked nsp7, nsp8, and duplex RNA from model 6YYT into our cryoEM 

reconstruction using ChimeraX (26-28). Model building and sequence changes were 

performed in Coot (29). Iterative real-space refinement in Phenix and model building and 

adjustments using both ISOLDE and Coot was done to generate the final coordinate 

model (29-31).  
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Results: 

IBV shares replication factor requirements for RNA binding and synthesis with 

Alpha- and Betacoronaviruses 

 Recombinantly expressed and purified IBV nsp7, nsp8 and nsp12 combined with 

a fluorescently labeled RNA primer/template pair altered the mobility of the RNA on 

native-PAGE in a manner demonstrating that both nsp7 and nsp8 are required for RNA 

binding to nsp12 (Fig. S4). Adding nucleotides to this complex similarly demonstrated the 

IBV nsp12 requirement for both nsp7 and nsp8 for promoting robust RNA synthesis 

activity by primer extension (Fig. 1A and S5). The results of these assays indicate similar 

requirements for nsp7 and nsp8 for RNA binding and polymerase activity across the 

coronavirus subfamily (19,20,27). 

Structure of the IBV polymerase complex 

 Single-particle cryo-electron microscopy was used to solve the structure of the IBV 

nsp7-nsp8-nsp12-RNA complex. Our cryo-EM reconstruction had a resolution of 3.5 Å 

(Fig. 1B and C, S2, S3, Table S1). Clearly visible in the map are densities for all 

components including nsp12, nsp7, two copies of nsp8, and the RNA substrate with a 

complex stoichiometry of 1:2:1 for nsp7:nsp8:nsp12 which is consistent with other 

published coronavirus polymerase structures (20,23,32) (Fig. 1D). Similar to Alpha- and 

Betacoronavirus polymerases one protomer of nsp8 binds the nsp12 fingers domain 

(nsp8F) while a second protomer binds to nsp12 as a nsp7-nsp8 heterodimer adjacent to 

the nsp12 thumb domain (nsp8T). The identification of nsp8F is congruent with a previous 

biochemical study of IBV nsp12 demonstrating an interaction of nsp8 with nsp12 residues 

1-400 which encompasses nearly the entirety of our observed nsp8F binding site on nsp12 
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(22). As previously observed in coronavirus polymerase structures bound to duplex 

RNAs, the N-terminal extensions of each nsp8 form long helices to contact upstream 

double-stranded RNA extending from the polymerase active site (23,27). The IBV 

polymerase and nucleotidyltransferase active sites are well resolved and well conserved 

both in sequence and structure among SARS-CoV, SARS-CoV-2 and PEDV polymerases 

(SARS-CoV: 6NUR, SARS-CoV-2: 7KRP, PEDV: 8URB) suggesting the broad 

applicability of antiviral drugs targeting these sites (33,34).  
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Figure 1, Structure of an active IBV polymerase complex: A) Extension of a short (29 nt) RNA 
primer to the length of the template RNA (38 nt) in the presence of the IBV polymerase complex. 
B and C) Cryo-EM reconstruction of the IBV polymerase complex colored by local resolution (B) 
or chain (C). D) Atomic model of the IBV polymerase complex built using the cryo-EM 
reconstruction. 
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Structurally observed insertions and deletions in the Gammacoronavirus 

polymerase complex 

 Despite the high sequence and structural homology of coronavirus polymerases, 

we identified large insertions and deletions in nsp8 and nsp12 that result in unique 

conformations within the IBV polymerase complex structure. Many of these regions are 

distal to known active sites and protein-protein interfaces and their influence on the viral 

polymerase remains unclear. 

 IBV nsp8 loop 173-181 contains an insertion not observed in other genera of 

coronaviruses (Fig. S6). This loop sequence is well conserved among Igacovirus nsp8s 

while Brangocovirus nsp8s contain an additional three amino acid insertion and the 

Cegacovirus nsp8s have a nine amino acid deletion. Betacoronavirus nsp8s possess 

shorter loops in this nsp8 region with Embecovirus members, such as Murine Hepatitis 

Virus, having nsp8 loops nine amino acids shorter than IBV. Similarly, Alpha- and 

Deltacoronavirus nsp8s have loops five and 13 amino acids shorter than IBV, respectively. 

This IBV nsp8 region lacks secondary structure and forms an extended loop from the 

nsp8 C-terminal head domains, while in SARS-CoV, SARS-CoV-2 and PEDV this loop 

forms a pair of short helices (Fig. S7). This loop is clearly visible in the IBV reconstructed 

density in both nsp8F and nsp8T though the density is weaker at the distal end of the loop 

particularly for nsp8T. Additional examination of IBV nsp8T reveals an 18˚ rotation in the 

conformation of the nsp8 head domain relative to nsp7 when compared to corresponding 

domains from SARS-CoV-2 (35). This rotated nsp8T head domain is similar to the 

orientation of nsp8T for PEDV (23). IBV and PEDV nsp8T regions 122-129 (IBV) also 
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appear to make more extensive contacts to nsp7 a2 while in SARS-CoV and SARS-CoV-

2 equivalent nsp8T regions appear more restricted to nsp7 a3 (Fig S6, S8) (20,23,27). 

 In addition to nsp8, there are several insertions and deletions in IBV nsp12 

particularly in the N-terminal nucleotidyltransferase domain (18). There is a large insertion 

in IBV nsp12 loop 67-72 when compared to Alpha- and Betacoronavirus nsp12s (Fig. 

S9). This loop sequence is well conserved in avian coronaviruses and avian coronavirus 

9203 with some length polymorphisms in other Gammacoronavirus nsp12s. In Alpha- and 

Betacoronavirus nsp12, this loop is four and eight amino acids shorter, respectively, and 

one to two amino acids longer in Deltacoronavirus. This loop is positioned on the opposite 

side of the nucleotidyltransferase domain from the enzyme active site and is distal to 

known protein-binding sites for nsp7, nsp8, nsp9, and nsp13 (Fig. S10) (23,35,36).  

There is a shortened loop in IBV nsp12 113-115 that is conserved in all 

Gammacoronavirus nsp12s except for Cegacovirus nsp12s which are one amino acid 

shorter, similar to Deltacoronavirus nsp12s. In contrast, Alpha- and Betacoronavirus 

nsp12s are four amino acids longer in this region (Fig. S9). This nsp12 loop lies within 

the nucleotidyltransferase domain but again is distant from the enzyme active site and 

known protein-binding sites (Fig. S11). 

IBV nsp12 contains a four amino acid insertion in loop 156-169 compared to Alpha-

, Beta- and Deltacoronavirus nsp12s (Fig. S9). In Gammacoronavirus, the nsp12 loop 

156-169 (IBV) is conserved across avian coronavirus species while duck coronaviruses 

and Brangacovirus contain an additional 10 amino acid insertion with more divergent 

sequences. Cegacovirus nsp12s have shorter loops of similar length to the other 

coronavirus genera. Structurally, this region of nsp12 appears to be conserved in both 
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Alpha- and Betacoronavirus nsp12s which is unsurprising given nsp12s’ moderate 

sequence conservation between these two genera. The insertion in IBV nsp12 loop 156-

169 results in a shortened helical region and more extended loop region that extends 

outwards from the polymerase (Fig. S12). While loop sequence insertions at this position 

have so far only been noted for coronaviruses infecting avian species, the lack of 

insertions here in avian Deltacoronavirus and the poor representation of Cegacovirus 

sequences that infect mammals in databases warns against identifying this loop as a 

potential host species determinant. 

Sequence and structural comparison of the IBV nsp12 loop 264-278 

 In the IBV nsp12 interface domain, amino acids 264-278 form a large loop that is 

in a dramatically different conformation when compared to the homologous region in both 

Alpha- and Betacoronavirus (Fig. 2B) (20,32). This loop extends from the interface 

domain to contact the head domain of nsp8F. We define this loop as being flanked by well 

conserved residues L279 and L280 that form the hydrophobic pocket for nsp8F region 

103-129 and E263 that forms a well conserved salt bridge with K294 (IBV nsp12 

numbering). The corresponding region in PEDV nsp12 (249-264) also extends to contact 

the nsp8F head domain but adopts a different conformation to use distinct regions on both 

nsp12 and nsp8F to form the protein-protein interaction (20). In contrast, the loop in 

Betacoronavirus SARS-CoV and SARS-CoV-2 nsp12s extends away from the core 

complex not forming any interactions with known replication factors (23,32). 
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Figure 2, Altered sequence and structure of nsp12-nsp8F interactions: A) Multiple sequence 
alignment of nsp12 residues 260-282 (IBV) across the coronavirus subfamily. The loop region of 
interest is highlighted in purple, and residues that were mutated in this study are listed to the right 
and have gray boxes around them. B) Superimposition of IBV, PEDV (8URB), and SARS-CoV-2 
(7KRP) highlighting the altered conformations of the nsp12 loop (IBV residues 264-278). C) 
Individual snapshots of the nsp12 loop (IBV residues 264-278) from IBV (left), PEDV (center), 
and SARS-CoV-2 (right).  
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Examining sequence alignments for this region of nsp12, the Betacoronavirus 

subgenera Nobecovirus, Sarbecovirus and Merbecovirus have loop lengths similar to 

Gammacoronavirus nsp12 while Embecovirus nsp12s have loops that are four amino 

acids shorter (Fig. 2A). While there is no structural data to provide insight into this nsp12 

region for Deltacoronavirus polymerases, sequence alignment indicates a shortening of 

this loop by three amino acids relative to IBV. Hence, we hypothesize that the nsp12 loop 

does not contact nsp8F in Deltacoronavirus nsp12s. In contrast Alphacoronavirus nsp12s 

have a one amino insertion, adding a Phe at position 256 (PEDV numbering). PEDV 

nsp12 F256 lies at the apex of the nsp12 loop and packs into the hydrophobic surface 

between nsp12 and nsp8F. To test the role of F256 in PEDV complex assembly we 

produced a recombinant PEDV nsp12 with F256 deleted (PEDV nsp12 DF256) which 

resulted in nearly a complete loss of polymerase activity using our aforementioned in vitro 

RNA primer extension assay (Fig. 3). Complementary to this PEDV nsp12 deletion, we 

inserted a Phe into the corresponding nsp12 positions of IBV (270F271) and SARS-CoV-

2 (261F262). Neither of these insertions diminished the ability of the mutant polymerases 

to bind RNA or extend primers (Fig. 3 and S13, S14). In IBV nsp12, while this loop 

contacts nsp8F, the 270F271 insertion would be expected to be surface exposed owing 

to different utilization of this nsp12 region to contact the nsp8F head domain. 

 Examining the conformation of the IBV nsp12 264-278 loop, Tyr residues at 268, 

274 and 277 undergo aromatic stacking and likely stabilize this unique loop conformation. 

To test the importance of the tyrosine stacking in maintaining the IBV nsp12 264-278 loop 

conformation, we created an IBV nsp12 with a Y268S mutation. IBV nsp12 Y268S 

showed a more than 50% reduction in polymerase activity as well as a strong defect in 
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RNA binding (Fig. 3 and S13,14). These defects in polymerase activities likely are caused 

by a failure to properly assemble IBV nsp8F on nsp12 Y268S and point to the importance 

of this IBV nsp12 loop region for polymerase complex binding to RNA. Complementary 

mutations in PEDV nsp12 (S253Y) or SARS-CoV-2 nsp12 (T259Y) did not have major 

effects on viral polymerase activities supporting the distinct conformations and 

interactions of these nsp12 loop regions observed in the structural data (Fig. 3 and Fig 

S13,14). The presence of an aromatic residue at nsp12 277 (IBV numbering, SARS-CoV-

2 W268, PEDV Y263) is well conserved across the coronavirus subfamily, however, these 

aromatic residues are placed in very different contexts within this loop region. In PEDV, 

nsp12-Y263 is surface exposed while in IBV nsp12-Y277 participates in the tyrosine 

stacking interaction that stabilizes this unique loop conformation. In contrast, SARS-CoV 

and SARS-CoV-2 nsp12-W268 is oriented into a hydrophobic pocket on nsp12 which may 

drive the diversion of this loop into the observed outwards directed conformation. 

Structural comparison of the SARS-CoV-2 nsp12-W268 hydrophobic pocket shows that 

the homologous pocket is occupied by IBV nsp12-Y265 or PEDV-F250. The functional 

constraint of needing to insert an aromatic residue into this hydrophobic pocket may be 

driving loop conformational differences and presentation of this nsp12 loop to nsp8F in 

IBV and PEDV polymerase complexes.  

 To further examine specific interactions at the IBV nsp12 264-278 and PEDV 

nsp12 249-264 loop apexes with their respective nsp8F head domains, we generated 

nsp12 mutants for key residues in the protein interfaces and complementary mutations in 

other coronavirus polymerases (Fig. 3 and S13,14). In addition to PEDV nsp12 F256, 

I255 contributes to the buried hydrophobic surface between nsp12 and the nsp8F head 
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domain. A PEDV nsp12-I255R mutation reduced primer extension activity by 50% and 

prevented strong RNA binding to the PEDV polymerase complex. Homologous mutations 

to IBV nsp12 (V271R) and SARS-CoV-2 nsp12 (L261R) did not have large effects on 

either polymerase complex. For IBV nsp12, H271 resides at the apex of the 264-278 loop 

to contact the nsp8F head domain. IBV nsp12-H271R had a 50% reduction in polymerase 

activity and a significant loss in RNA binding activity. Mutations to homologous positions 

in PEDV nsp12 (G257R) or SARS-CoV-2 nsp12 (T262L) had no effect on either 

polymerase primer extension or RNA binding activity. These targeted mutations highlight 

the distinct interactions of each genus’s nsp12 loop with nsp8F and that disrupting these 

interactions has genus-specific negative impacts on polymerase activity. 
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Figure 3, Mutant nsp12 primer extensions: Point mutations, insertions, and deletions of nsp12 
from SARS-CoV-2 (left), IBV (center), and PEDV (right) were tested for their ability to form the 
core-RTC and extend RNA in vitro. For each coronavirus results are presented as % activity of 
the polymerase complex with wildtype nsp12.  
 
Discussion: 

 Here we have presented the first structure of a Gammacoronavirus polymerase 

complex showing the IBV RNA polymerase bound to its essential replication factors and 

RNA. Structural comparisons highlight a loop in IBV nsp12 (residues 264-278) that is in 

an alternate conformation than previous polymerase complex structures from PEDV and 

SARS-CoV-2. Mutagenesis of key residues in this protein region among these three 

polymerase complexes were a detriment to IBV and PEDV polymerase RNA-binding and 

primer extension activities. The inability of these polymerases to bind RNA is likely a result 

of defects in the nsp12s’ ability to assemble properly with replication factor nsp8F. It has 

been previously shown that replication factors nsp7 and nsp8 are essential for nsp12 RNA 

binding and that disruptions to the nsp8F head domain - nsp12 interaction resulted in 

polymerases incapable of extending primers or binding RNA despite not fully blocking 

nsp8F subunit binding to the complex (19,23). We identify this nsp12 loop as a genus-

specific structural feature that is functionally important for the proper assembly of Alpha- 
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and Gammacoronavirus polymerases. Work on SARS-CoV-2 polymerase complexes 

have identified the binding of nsp8F as a rate limiting step in polymerase assembly (37). 

The observed altered interactions of IBV and PEDV nsp12 with nsp8F may indicate the 

existence of alternate polymerase assembly pathways across diverse viruses. Our 

observed structural differences among viral nsps with functional consequences for 

polymerase activity highlight the need to consider alternate assembly and functional 

pathways across diverse coronavirus genera more broadly. In determined structures, the 

IBV nsp12 264-278 and PEDV nsp12 249-264 loops neighbor SARS-CoV-2 nsp12 P323. 

During the early months of the COVID-19 pandemic variant strains carrying a P323L 

mutation along with a D614G mutation in the viral spike rapidly rose to prominence (38). 

The impacts of the SARS-CoV-2 nsp12 P323L mutation on polymerase activity remain 

unclear but the spatial proximity of this mutation to the observed altered loop 

conformations in IBV and PEDV polymerases creates the possibility that this region of the 

nsp12 polymerase has a role in modulating the activity and assembly of the coronavirus 

polymerase complex across viral evolution.  
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Supplemental Figures:  
 

EMDB TBD 
PDB TBD 
Microscope Talos Arctica 
Voltage (kV) 200 
Detector K3 direct electron detector 

(Gatan) 
Dose Rate (e-/pixel/sec) 14.2 
Exposure Time (sec) 4.78 
Electron Exposure (e-/Å2) 60 
Frames (no.) 60 
Defocus Values -0.5, -1.0, -1.5, -2.0 
Data Collection Mode EFTEM, Counting, CDS 
Nominal Magnification 79,000 
Pixel Size (Å) 1.064 
Symmetry Imposed C1 
Movies Collected (no.) 5,777 
Initial Particle Images (no.) 2,633,225 
Final Particle Images (no.) 179,183 
Map Resolution (Å) – GSFSC 3.5 
Initial Models Used (PDB ID) 6YYT 
Non-hydrogen Atoms 12,465 

Protein Residues 1,455 
Nucleic Acid Residues 63 
Other Atoms 2 Zn2+ 

R.M.S. Deviations  
Bond Lengths (Å) 0.003 
Bond angles (°) 0.463 

MolProbity Score 1.60 
Clashscore 6.61 
Ramachandran Plot  

Favored (%) 96 
Allowed (%) 4 
Disallowed (%) 0 

 
Table S1, Cryo-EM data collection and refinement: Information provided is for the 
cryoEM data collection, and processing that produced the electron density map for the 
IBV polymerase complex. PDB and EMDB codes are not provided as final model 
adjustments for PDB submission are still being done, in addition, because of this model 
validation statistics may be slightly altered compared after publication.    
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Figure S1 SDS-PAGE analysis of viral RTC proteins: Purified recombinant viral 
proteins used for activity assays and structure determination analyzed via SDS-PAGE 
and visualized using UV fluorescence. Each gel ran with ladder on far-left lane with 
molecular weights labeled. Expected MW of each protein is as follows: nsp7 – ~9 kDa, 
nsp8 – ~22 kDa, nsp12- ~108 kDa. 

PEDV 

Thomas Anderson
Underline
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Figure S2 Cryo-EM data processing pipeline: Workflow for EM data processing using 
Cryo-Sparc. 5,777 movies were processed to micrographs and subsequently to individual 
particles which were filtered through two rounds of 2D classification. Ab initio 
reconstruction followed by heterogenous refinement was done twice to finalize on data 
set with 179,183 particles. Two rounds of non-uniform refinement were performed to give 
final refined 3.5 angstrom map.   
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Figure S3 Cryo-EM data validation: A) Particle orientation distribution of for the final 
reconstructed EM map. B) Gold standard Fourier shell correlation plot from cryo-EM data. 
Blue line represents 0.143 cutoff. C) 3D Fourier shell correlation for the final refinement. 
Sphericity is 0.983 out of 1 and the unmasked global resolution is 3.95 angstrom.   
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Figure S4 Native-PAGE IBV RTC RNA substrate affinity: Native PAGE gel analyzing 
IBV RTC binding to FAM tagged RNA duplex. Piecewise controls used to differentiate 
individual nsp vs whole complex interaction with RNA. 

 
 

 
Figure S5 IBV RTC Activity Assay: Primer extension assay designed to assess activity 
of RTC based on ability to extend FAM tagged 29 nt RNA primer to the length of the 38 
nt template. Triplicates ran with various combination of nsp7,8, and 12 mixed with RNA 
substrate. RNA analyzed on urea-PAGE gel. 
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Figure S6 Coronavirinae nsp8 sequence alignment: Clustal omega alignment of 
coronavirus nsp8 proteins from alpha, beta, gamma, and delta genera. “*” notation means 
residue is fully conserved, “:” means residue is strongly conserved, and “.” Denotes a 
weakly conserved residue.  
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Figure S7 Structural view of IBV specific nsp8 173-181 insert: Cartoon model of the 
IBV complex (left) with zoomed in views of superimposed models of IBV, PEDV (8URB) 
and SARS-CoV-2 (6XEZ). Focused view highlights IBV nsp8 insert in both protomers 
found on RTC model with supporting electron density.  

Figure S8 Structural view of nsp8T 122-129 variable region: Cartoon model of the IBV 
complex (left) with zoomed in views of superimposed models of IBV, PEDV (8URB) and 
SARS-CoV-2 (6XEZ).  Focused view highlights IBV nsp8T 122-129 that has observed 
variability across genera. IBV model electron density shown to support conformation.  
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Figure S9 Coronavirinae nsp12 sequence alignment: Clustal omega alignment of 
coronavirus nsp12 proteins from alpha, beta, gamma, and delta genera. “*” notation 
means residue is fully conserved, “:” means residue is strongly conserved, and “.” 
Denotes a weakly conserved residue.   
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Figure S10 Structural view of IBV nsp12 67-72 insertion: Cartoon model of the IBV 
complex (right) with zoomed in view of superimposed models of IBV, PEDV (8URB) and 
SARS-CoV-2 (6XEZ). Focused view on IBV nsp12 67-72 insertion with electron density 
to support inserted region conformation.  

 

Figure S11 Structural view of IBV nsp12 113-115 shortened loop: Cartoon model of 
the IBV complex (right) with zoomed in view of superimposed models of IBV, PEDV 
(8URB) and SARS-CoV-2 (6XEZ). Focused view on IBV nsp12 shortened loop with 
electron density to support loop conformation.  
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Figure S12 Structural view of IBV nsp12 156-169 insertion: Cartoon model of the IBV 
complex (right) with zoomed in view of superimposed models of IBV, PEDV (8URB) and 
SARS-CoV-2 (6XEZ). Focused view on IBV nsp12 156-169 which has a 4 amino acid 
insertion. IBV model electron density shown to support altered loop conformation.  

Figure S13 Mutant nsp12 RTC RNA substrate affinity: Native PAGE gel analyzing RTC 
binding to FAM tagged RNA duplex. Separate gels ran comparing wild type to mutant for 
each SARS-CoV-2, and IBV.  

PEDV 
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Figure S14 Mutant nsp12 primer extension assays: Primer extension assay assessing 
RTC activity with different mutant nsp12s for SARS-CoV-2, IBV and PEDV. Each gel 
contains the same controls of nsp7+8, nsp7+12 and wild type nsp7+8+12 performed in 
triplicate.  
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Abstract: 

 Coronaviruses (CoVs) are a subfamily of (+) single-stranded RNA (ssRNA) viruses 

that infect humans and animals causing a wide range of disease severities. In 2019, 

SARS-CoV-2 emerged from animal reservoirs and is the causative agent of the COVID-

19 pandemic. At approximately 30 kb, CoV genomes are substantially larger than most 

other RNA viruses. CoVs maintain their large RNA genomes using the virally encoded 

exonuclease, nsp14. Coronaviruses, and other closely related viruses, are the only known 

RNA viruses to proofread during viral RNA replication. While nsp14 is known to mediate 

proofreading, how it does so has remained elusive. Among the possible mechanisms of 

CoV proofreading are nsp14’s association with the viral polymerase complex or its action 

on RNA independently. In our present work, we determine the requirements for the 

binding of nsp14 to the polymerase complex and narrow down the possible interaction 

sites. Our work provides critical insight into the unique mechanism of substrate 

engagement by the CoV RNA proofreading complex.  
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Introduction: 

 Coronaviruses (CoVs) are a subfamily of viruses within the order Nidovirales that 

have a propensity to crossover from animal reservoirs into humans causing epidemics or 

pandemics (1,2). SARS-CoV emerged in 2002 causing >8,000 cases and >800 deaths 

(3,4). Since 2012, MERS-CoV has continued to crossover from animal reservoirs and 

cause sporadic outbreaks with mortality rates as high as 35% (5-7). In 2019, SARS-CoV-

2 emerged and is the causative agent of the ongoing COVID-19 pandemic which has 

caused over 7 million deaths globally (8,9). In addition, there are recent reports of other 

zoonotic CoVs infecting humans that have yet to cause large outbreaks, including the 

DeltaCoV porcine delta CoV and the AlphaCoV CCoV-HuPn-2018 (10-13). 

 CoVs have (+) single-stranded RNA (ssRNA) genomes that average in size around 

30 kb (14,15). CoV genomes have 5’ caps and 3’ poly-adenosine tails (14,15). The 5’ two-

thirds of the genome contains two large open reading frames (ORFs) that encode for 16 

non-structural proteins (nsps) (16-18). The majority of the nsps are believed to assemble 

into the viral replication-transcription complex (RTC) that synthesizes and modifies viral 

RNA products (19,20). The central nsp of the RTC is the viral RNA-dependent RNA 

polymerase (RdRP) nsp12 (21,22). Two protein replication factors, nsp7 and nsp8, bind 

nsp12 to form the viral core-RTC, a highly processive RNA polymerase complex with 

nucleotide addition rates as high as 170 nt/second (21-23).  

 Structures of the CoV core-RTC revealed that each complex binds two nsp8s; 

these are delineated by whether they bind the fingers (nsp8F) or thumb (nsp8T) domain 

of nsp12 (24-26). Nsp7 and nsp8T form a heterodimer on the core-RTC (24). Each nsp8 

has a long helical N-terminal extension that binds dsRNA exiting the RdRP active site 
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(25). These interactions have been predicted to be critical for processive RNA elongation. 

In support of this, it has been previously shown that mutating positively charged residues 

in these extensions’ blocks replication (21,25). More recent work on SARS-CoV-2 and 

the AlphaCoV PEDV RTCs has demonstrated that both helical extensions are not 

required for RNA synthesis in vitro, indicating that they may have other roles in replication 

(22,27).  Structures of the SARS-CoV-2 RTC bound to the viral helicase, nsp13, revealed 

that two helicase protomers bind one RTC (Fig 1) (28,29). Each nsp13 is scaffolded to 

the RTC by one of the nsp8s (28,29). The nsp13 scaffolded by nsp8T binds the 5’ end of 

template RNA (Fig 1) (28,29). This observation led to the prediction that this nsp13 could 

drive RTC backtracking, as the direction of the helicase (5’-3’) counters that of the 

polymerase on the template RNA (3’-5’) (Fig 1) (28). Further work demonstrated that the 

SARS-CoV-2 RTC can bind a frayed RNA duplex with five nucleotide mismatches of 

ssRNA at the primer 3’ end (30). Assembly with this RNA duplex formed a backtracked 

RTC, with the 3’ mismatches backtracked through nsp12’s NTP channel (Fig 1) (30). 

Although unlikely to occur naturally, multiple consecutive mismatches are used to model 

a polymerase in a backtracked state. Similar designs have been used in structural studies 

of other polymerases (31,32). Additional biochemical experiments validated nsp13’s 

ability to drive RTC backtracking (30). Currently, the signal, purpose, and regulation of 

backtracking are unknown. One hypothesis is that backtracking occurs after nucleotide 

mismatch introduction; mismatches are known to produce frayed duplexes that promote 

backtracking in DNA and RNA polymerases (30,32,33).  
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Figure 1, RTC backtracking: Structure of the SARS-CoV-2 RTC (PDB: 7KRO) bound to the viral 
helicase, nsp13, in a backtracked state. A and B) The nsp13 protomer bound to nsp8T binds the 
5’ end of template RNA. Red arrows indicate the direction of RNA during elongation or 
backtracking. C) The 3’ end of nascent RNA extrudes out of nsp12’s NTP channel during 
backtracking. In B and C, proteins are shown as transparent surfaces and RNA as a ribbon model 
to emphasize the location of the RNA.  
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RNA viruses typically have much smaller genomes (often <20 kb) when compared 

to the large range of genome sizes across DNA viruses (up to 2 Mbp) (34). RNA genomes 

are believed to be restricted in size due to the low fidelity of virally encoded RdRPs 

(35,36). The low fidelity of RdRPs is a tradeoff for fast replication rates that allow RNA 

viruses to produce many genome copies during an infection (37). The population of 

similar but genetically distinct genomes made during an infection is referred to as a 

quasispecies (36,38). The mutagenic rates that produce quasispecies cause RNA viruses 

to exist near an error threshold, a theoretical limit to the number of mutations a virus 

population can sustain (39,40). Surpassing this threshold results in unproductive 

replication and virus population extinction, an event termed error catastrophe (39-41). 

Existing near this error threshold has been coopted in the design of antiviral drugs that 

increase mutagenic rates to induce error catastrophe (41,42).   

 The (+) ssRNA virus order Nidovirales contains several viral families with genomes 

>20 kb: Roniviridae, Mesoniviridae, and Coronaviridae (1,43). The largest known RNA 

virus is a nidovirus that has a genome >40 kb (44). Having such large genomes presents 

a challenge for RNA viruses, as larger genomes increase the chance for mutations, and 

further, error catastrophe to occur. Of the Nidoviruses, the CoV subfamily (within 

Coronaviridae) is the most characterized. How CoVs replicate their large RNA genomes 

without error catastrophe was puzzling until a 3’-5’ exoribonuclease was identified in the 

CoV nsp14 during a genome bioinformatics analysis (4,45,46). Nsp14 belongs to the 

DE(E/D)D superfamily of exonucleases, defined by active site residues involved in 

catalysis (4,45). This superfamily includes exonucleases involved in DNA proofreading in 

prokaryotes and eukaryotes, such as the Klenow fragment (47,48). Identification of nsp14 
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as an exonuclease provided the first suggestion that CoVs may proofread during 

replication, potentially providing a mechanism to avoid error catastrophe (46). In support 

of this, other families in Nidovirales with genomes <20 kb, such as Arteriviridae, share 

many homologous proteins with CoVs, but lack a homologue for nsp14 (1). 

 Nsp14’s 3’-5’ exoribonuclease activity has been validated in vitro and it has been 

shown that the cofactor nsp10 is required for optimal activity (45,49). Reports on the 

exonuclease complexes’ (nsp10+nsp14) substrate preference for ssRNA or dsRNA have 

varied, indicating that the activity differs depending on recombinant purification protocols 

and assays used to test activity (45,50,51). Nsp14s’ role as the proofreading enzyme has 

been validated using reverse genetics experiments. Exonuclease knockout of BetaCoV 

MERS-CoV, and SARS-CoV-2 fails to produce progeny virus (52). Knockout of activity in 

the AlphaCoV 229E resulted in decreased viral RNA synthesis and no progeny virus 

production (45). However, knockout of exonuclease activity in the BetaCoV SARS-CoV 

and MHV produces viable viruses with mutation rates 15-20 times that of wildtype viruses 

(53,54). CoVs’ ability to proofread makes them naturally resistant to commonly used 

nucleoside analogue antiviral drugs such as ribavirin and 5-fluorouracil (55,56). Mutations 

to either knockout the exonuclease activity or nsp14’s interaction with nsp10 can render 

CoVs (SARS-CoV and MHV) susceptible to these drugs (56,57). 

There are multiple ways nsp14 could mediate proofreading, including mechanisms 

that involve nsp14 associating with the RTC or binding mismatched RNA directly without 

the RTC present (46,50). In support of the former, nsp14 has been shown to bind nsp8 

and the RTC (21,58,59). The initial work that identified nsp14’s interaction with the RTC 

excluded nsp10 from complex assembly assays, so the role of nsp10 in polymerase and 
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nsp14 interactions is currently unknown (21). A structure of the SARS-CoV-2 RTC with 

nsp10+nsp14 bound has been solved, but to stably assemble the complex an nsp9-nsp10 

fusion protein was used (60). While interesting, the validity of this fusion complex structure 

has not been examined further.  

 At present, the data in the field of CoV replication yields contradictory results and 

theories as to the mechanism of CoV proofreading. While it is known that nsp14 is the 

proofreading enzyme, its interactions, or lack thereof, with the RTC remain disputed. To 

address this gap, we sought to determine if the SARS-CoV-2 exonuclease complex 

(nsp10+nsp14) interacts with the core-RTC (nsp7+nsp8+nsp12). Using different RNA 

substrates and biochemical assays, we have identified an RNA substrate requirement for 

complex protein interactions and narrowed down the potential site of exonuclease-RTC 

interaction. Better understanding the mechanisms by which CoVs replicate and proofread 

RNA will allow for the development of more effective antivirals that avoid or block 

proofreading.  

Methods: 

Expression Constructs: 

SARS-CoV-2 nsp genes were codon optimized and synthesized from protein 

sequences associated with GenBank UHD90671.1 (Genscript). Nsp7, nsp8, nsp10, and 

nsp14 were cloned into pET46 expression vectors with N-terminal hexa-histidine tags, 

and enterokinase and TEV protease cleavage sites. Nsp12 was cloned into a pFastBac 

vector with C-terminal TEV protease site and double Strep-II tags. Mutant nsp12 and 

nsp14 expression plasmids were produced using lightning site-directed mutagenesis. The 
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sequences of all open reading frames within plasmids were confirmed using Sanger 

sequencing.  

Recombinant Protein Expression: 

SARS-CoV-2 nsp7, nsp8, and nsp10 were expressed in Rosetta 2pLysS 

Escherichia coli (E. coli) cells (Novagen). Cultures were grown at 37°C until they reached 

an OD600 of 0.6-0.8 at which point they were induced by addition of isopropyl β-D-1-

thiogalactopyranoside (IPTG) at a final concentration of 500 μM. After shaking for 16 

hours at 16°C cells were harvested by centrifugation and resuspended in Ni-Wash Buffer 

(10 mM Tris-Cl, pH 8, 300 mM NaCl, 30 mM imidazole, and 2 mM dithiothreitol (DTT)). 

Resuspended cells were lysed via microfluidization (Microfluidics), and lysates cleared by 

centrifugation followed by 0.45 μm filtration. Proteins were purified using Ni-NTA agarose 

beads (Qiagen), eluting with wash buffer containing 300 mM imidazole. Eluted protein 

was dialyzed and digested overnight with 1% TEV protease (w/w) at 4°C in dialysis buffer 

(10 mM Tris-Cl pH 8, 300 mM NaCl, 2 mM DTT). Undigested protein was removed by 

flowing samples over Ni-NTA agarose beads (Qiagen) and digested protein was further 

purified using a Superdex 200 Increase 10/300 GL column (Cytiva) with SEC buffer (25 

mM Tris-Cl, pH 8, 300 mM NaCl, 2 mM DTT). Fractions containing the protein of interest 

were pooled and concentrated using ultrafiltration. After concentration, proteins were 

aliquoted, flash frozen in liquid nitrogen, and stored at -80°C. Replication factor proteins 

(nsp7, nsp8, and nsp10) were prepared in either 10 mM Tris-pH 8 or 25 mM HEPES-pH 

7.5 buffers with all other salts and additives the same. The yield, purity and activity of 

proteins did not change whether they were prepared in Tris or HEPES buffers. Typical 

protein yields for a 1 L prep ranged from 10 – 40 mg.  
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SARS-CoV-2 nsp14 (wildtype or mutant) expression and purification followed an 

identical protocol to that of the replication factor proteins except for the following details. 

Nsp14 was expressed in C41 (DE3) E. coli cells (BioSearch Technologies, Lucigen). E. 

coli cell pellets were resuspended in nsp14 wash buffer (25 mM HEPES, pH 7.5, 300 mM 

NaCl, 30 mM imidazole, 2 mM MgCl2, and 2 mM DTT). Protein was treated with 1% TEV 

protease (w/w) overnight at 4°C in dialysis buffer (25 mM HEPES, pH 7.5, 300 mM NaCl, 

2 mM DTT). Typical yield for a 1 L prep was 1 mg of protein.  

The pFastBac plasmid containing the SARS-CoV-2 nsp12 gene (wildtype or 

mutant) was used to transform DH10Bac E. coli cells (ThermoFisher Scientific) and 

prepare recombinant bacmids containing the nsp12 gene. Bacmids were transfected into 

Sf9 cells (Expression Systems) with CellFectin II (Life Technologies) to produce 

recombinant baculoviruses which were then amplified two times in Sf9 cells. The 

amplified baculovirus stock was used to infect 1 L of Sf21 insect cells (Expression 

Systems). After two days of shaking at 27°C, cell pellets were harvested by centrifugation 

and resuspended in nsp12 wash buffer (25 mM HEPES, pH 7.4, 300 mM NaCl, 1 mM 

MgCl2, and 2 mM DTT) with an added 143 μL of BioLock (per 1 L of culture). Cells were 

lysed by microfluidization (Microfluidics), and lysates were cleared by centrifugation 

followed by 0.45 μm filtration. Nsp12 was then purified using Streptactin superflow 

agarose (IBA) beads and eluted with nsp12 wash buffer supplemented with 2.5 mM 

desthiobiotin. Nsp12 was further purified via SEC using a Superdex 200 Increase 10/300 

GL column (Cytiva) in nsp12 SEC buffer (25 mM HEPES pH 7.4, 300 mM NaCl, 100 μM 

MgCl2, and 2 mM tris(2-carboxyethyl)phosphine (TCEP)). Fractions with nsp12 were 

pooled and concentrated using ultrafiltration. After concentration, proteins were aliquoted, 



 

 

151 
flash frozen in liquid nitrogen and stored at -80°C. Typical yield for a 1 L culture was 1-5 

mg of protein.  

Sequence and Annealing of RNA Substrates:  

RNA oligos were purchased from Integrated DNA Technologies (IDT). Primer 

RNAs were purchased with 5’ fluorescein (6-FAM) tags to monitor the RNA by gel 

electrophoresis. Some primer RNAs (P RNA) contain a “*” which denotes a thiophosphate 

that was initially used to reduce potential RNA degradation though the use of nsp14 

exonuclease knockouts made this addition unnecessary. To anneal dsRNA, template 

RNA (T RNA) was held at 20% excess to primer RNA. RNA was annealed in annealing 

buffer (2.5 mM HEPES, pH 7.4, 2.5 mM KCl, and 0.5 mM MgCl2). After mixing, samples 

were heated at 95°C for 5 minutes, then allowed to slowly cool for 1.25 hours back down 

to 25°C. Once annealed, samples were stored at -20°C. 
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RNA: Sequence: 

P0 5’-CAUUCUCCUAAGAAGCUAUUAAAAUCACAGAUU-3’ 

P4 5’-CAUUCUCCUAAGAAGCUAUUAAAAUCACAGAUUCCGA-3’ 

P7 5’-CAUUCUCCUAAGAAGCUAUUAAAAUCACAGAUUCCGAGCU-3’ 

P8 5’-CAUUCUCCUAAGAAGCUAUUAAAAUCACAGAUUCCGAGCU*C-3’ 

P10 5’-CAUUCUCCUAAGAAGCUAUUAAAAUCACAGAUUCCGAGCU*CCC-3’ 

P14 5’-CAUUCUCCUAAGAAGCUAUUAAAAUCACAGAUUCCGAGCU*CCCUUCU-3’ 

P15 5’-CAUUCUCCUAAGAAGCUAUUAAAAUCACAGAUUCCGAGCUCCCUUCUA-3’ 

P16 5’-CAUUCUCCUAAGAAGCUAUUAAAAUCACAGAUUCCGAGCUCCCUUCUAC-3’ 

P18 5’-CAUUCUCCUAAGAAGCUAUUAAAAUCACAGAUUCCGAGCU*CCCUUCUACCU-3’ 

T-Backtrack 3’-GUAAGAGGAUUCUUCGAUAAUUUUAGUGUCUAAAAAGACAAAAAGGUACUGUGAC-5’ 

P-Activity 5’-CAUUCUCCUAAGAAGCUAUUAAAAUCACA-3’ 

T-Activity 3’-GUAAGAGGAUUCUUCGAUAAUUUUAGUGUUGGGAAAAA-5’ 

Table 1, RNA oligo sequences: Listed are the sequences of the RNAs used for in vitro assays. 
Primer RNAs “P” are listed 5’-3’ and contain a 5’ 6-FAM modification and template RNAs “T” are 
listed 3’-5’. Bolded regions indicate 5’ overhangs (T RNA) or 3’ mismatches (P RNA) that remain 
as ssRNA in duplexes. 
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In vitro Primer Extension Assay: 

Complexes were assembled at the following concentrations: nsp7 – 1.5 μM, nsp8 

– 1.5 μM, nsp12 – 0.5 μM, and dsRNA – 250 nM. Reactions were carried out in buffer 

conditions of 10 mM Tris-Cl, 10 mM NaCl, 2 mM MgCl2, and 2 mM DTT. Prior to use, 

proteins were diluted in reaction buffer and then combined and incubated at 25°C for 15 

minutes, after which dsRNA was added and incubated at 25°C for 15 minutes. Addition 

of NTPs at a final concentration of 40 μM initiated primer extension. Reactions were 

halted by addition of two reaction volumes of denaturing loading buffer (95% (v/v) 

formamide, 2 mM ethylenediaminetetraacetic acid (EDTA) and 0.75 mM bromophenol 

blue). Samples were heated at 95°C for 15 minutes before analysis via denaturing urea-

PAGE (8 M urea, 15% PAGE) run in 1X TBE (89 mM Tris-Cl, pH 8.3, 89 mM boric acid, 

2 mM EDTA). Gels were imaged on a Typhoon FLA 9200 (GE Healthcare) using 

excitation of 470 nm and emission of 530 nm.  

In vitro Exonuclease Assay: 

Proteins and RNA (ss or ds) were combined at final concentrations of nsp10 - 500 

nM, nsp14 - 125 nM, and RNA - 250 nM. Reaction conditions were 10 mM Tris-Cl, 10 mM 

NaCl, 2 mM MgCl2, and 2 mM DTT. Proteins were diluted in reaction buffer after which 

proteins and RNA were combined and incubated at 30°C for 30 minutes. Reactions were 

halted by the addition of two reaction volumes of denaturing loading buffer (95% (v/v) 

formamide, 2 mM EDTA, and 0.75 mM bromophenol blue). Samples were then analyzed 

following an identical protocol as the “In vitro Primer Extension Assay”.  

Electrophoretic Mobility Shift Assay (EMSA): 
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Reaction buffer conditions were 25 mM HEPES, pH 7.5, 50 mM NaCl, 2 mM MgCl2, 

2 mM DTT. Unless noted otherwise, protein and RNA concentrations were as follows: 

nsp7 – 2.0 μm, nsp8 – 3.0 μm, nsp12 – 1.0 μm, dsRNA – 1.2 μm, nsp10 – 4.5 μm, and 

nsp14 – 3.0 μm. Prior to use, proteins were diluted in reaction buffer. To assemble 

complexes, nsp7, nsp8, and nsp12 were combined and incubated at 25°C for 15 minutes, 

then dsRNA was added, and reactions incubated at 25°C for 15 minutes. Following this, 

nsp10 and nsp14 were added (if present) and reactions incubated for 15 minutes at 25°C. 

Following assembly, reactions were mixed with 10X native-PAGE loading buffer (10 mM 

Tris, 1 mM EDTA, 0.75 mM bromophenol blue, and 50% glycerol (v/v)) and loaded onto 

a 4.5% native-PAGE gel and run in 1X TBE buffer. The native-PAGE gel, running buffer, 

and gel rig were pre-chilled on ice for at least one hour before running and then ran on 

ice. Gels were imaged on a Typhoon FLA 9200 (GE Healthcare) using excitation of 470 

nm and emission of 530 nm. 

Results: 

Assembly of SARS-CoV-2 Polymerase and Exonuclease Complexes: 

 To study complex interactions during SARS-CoV-2 proofreading, we 

recombinantly expressed and purified the proteins of the core-RTC (nsp7, nsp8, and 

nsp12) and exonuclease complex (nsp10 and nsp14) (Fig 2A and S1A). To test the 

activity of nsp14, we tracked the degradation of ssRNA (P-activity RNA, Table 1) or 

dsRNA (P-activity + T-activity RNA duplex, Table 1) +/- nsp10 (Fig 2B and S1B). Nsp14 

required nsp10 to degrade both ssRNA and dsRNA, with a slight preference for ssRNA 

(Fig 2B). As described above, there are contradictory reports of the exonuclease 

complexes’ preference for ss or dsRNA (50,51). These differing results come from several 
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different labs, indicating that the altered preferences could be a result of the different 

protein purification and assay protocols. To test the polymerase activity of the core RTC, 

a short dsRNA template (P-activity + T-activity, Table 1) was used with the core-RTC to 

extend the primer to the length of the template (38 nt) in the presence of NTPs (Fig. 2C 

and S1C). Core-RTC activity required the presence of nsp7, nsp8 and nsp12, matching 

prior reports of CoV RdRP activity (22,27). In addition to wildtype enzymes, we prepared 

catalytic knockouts of both nsp12 (Asp760Ala) and nsp14 (His268Ala) as negative 

controls for activity assays (Fig. 2 and S1).  
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Figure 2, Assembly of active SARS-CoV-2 enzyme complexes: A) SDS-PAGE analysis of 
recombinant SARS-CoV-2 nsp7 (9,300 Da), nsp8 (21,900 Da), nsp10 (14,800 Da), nsp14 (59,800 
Da), and nsp12 (110,100 Da) including nsp12 mutants used in this study.  Numbers at left indicate 
MW (kDa) position.  B) SARS-CoV-2 exoribonuclease complex degrades ss and dsRNA. C) The 
SARS-CoV-2 core-RTC extends an dsRNA duplex in the presence of NTPs. D) (ss/ds) RNAs 
used in B and C in vitro assays are diagramed. The blue stars represent the 6-FAM fluorescent 
tag on the primer 5’ end.  
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Assembly of the CoV Proofreading-RTC Requires a Backtracked Substrate:  

 To test exonuclease and core-RTC interactions we used an electrophoretic 

mobility shift assay (EMSA) that tracks the migration of fluorescently labelled RNA probes 

on native-PAGE gels. Using an elongation competent RNA duplex (P0 + T-backtrack, 

Table 1) we added the components of the core-RTC (nsp7, nsp8, and nsp12) and 

observed an upward shift in the RNA band, indicating core-RTC binding of RNA (Fig. 3A 

and S2A). We next added nsp14-His268Ala (+/- nsp10) and did not observe a band super 

shift, indicating that the exonuclease did not interact with the core-RTC (Fig. 3A and 

S2A). A possible explanation for the lack of nsp14 and core-RTC interactions compared 

to previous reports is that we used wildtype nsp7 and nsp8 rather than a nsp7-nsp8 fusion 

protein that may promote or force interaction (21).  
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Figure 3, Backtracked RNA promotes proofreading-RTC formation: EMSAs testing core-
RTC and exonuclease complex interactions on A) an elongation competent RNA duplex or B) a 
duplex with 8 nucleotides of backtracked RNA. C) Evaluation of proofreading-RTC formation at 
varying backtracked RNA lengths. Red asterisks in (B) and (C) indicate the super-shifted band of 
the proofreading-RTC. D) Comparison of proofreading-RTC formation at 8, 10, 14, and 15 
nucleotides of backtracked RNA, tested by titrating exonuclease complex onto formed core-RTCs. 
For (D) the concentrations of the core-RTC components (nsp7, nsp8, nsp12, and duplex RNA) 
were halved compared to those described in the Methods and used for (A-C).  
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In the backtracked RTC structure, the 3’ end of nascent RNA is extruded through 

nsp12’s NTP channel (Fig. 1) (30). We hypothesized that RTC backtracking could allow 

nsp14 to access 3’ mismatches for proofreading that would be otherwise inaccessible in 

the RdRP active site. Using the backtracked structure, we modeled 8 nucleotides (nts) as 

the minimum amount of backtracked RNA needed to span the distance from the nsp12 

polymerase active site to nsp14’s exonuclease active site if nsp14 was positioned near 

the polymerase NTP channel (30). The nsp12 mutation Asp760Ala has been previously 

shown to promote backtracked RNA binding in the absence of nsp13 (30). Using an RNA 

duplex with 8 nts of mismatched ssRNA on the primer’s 3’ end (P8 + T-backtrack, Table 

1) we assembled the core-RTC with both wildtype and mutant nsp12 (Asp760Ala) (Fig. 

S3). While wildtype nsp12 could bind the forked RNA substrate, nsp12-Asp760Ala had 

slightly improved RNA binding (Fig. S3). 

Using the 8 nt backtracked RNA duplex (P8 + T-backtrack, Table 1) in our EMSA 

we observed a band super shift in the presence of the core-RTC and intact exonuclease 

complex (nsp10+nsp14) (Fig. 3B and S2B). These results demonstrate that the SARS-

CoV-2 core-RTC and exonuclease complex interact when the RTC is in backtracked 

state. We refer to this isolated complex as the proofreading-RTC as we believe this to be 

a snapshot of CoV proofreading. To our knowledge this is the first report of an isolated 

coronavirus proofreading complex assembled without the use of nsp fusions. To ensure 

that the enzyme mutations did not produce experimental artifacts we successfully 

assembled the proofreading-RTC with wildtype nsp12 or nsp14 (Fig. S3 and S4). To 

isolate the complex with wildtype nsp14, Ca2+ replaced Mg2+ in the reaction buffer to inhibit 

exonuclease activity (Fig. S4). These results support a model of CoV proofreading during 
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which the RTC remains bound to the RNA during mismatch excision by the 

exoribonuclease. Similar mechanisms of proofreading that involve the movement of a 

mis-incorporated nucleotide from the polymerase active site to a secondary exonuclease 

active site are used by DNA polymerases with nsp14-homologous DE(E/D)D 

exonucleases (33).  

Backtrack Length Limitations for Complex Assembly:  

 To test possible backtracking constraints on proofreading-RTC assembly we 

designed a series of RNA primers with 4 – 18 nucleotides of 3’ mismatches (Table 1). 

The core-RTC could bind each of these backtracked RNAs (Fig. S5). Using these model-

backtrack varying-length primers, we identified a window of proofreading RTC formation 

of 8-14 nts of backtracked RNA (Fig. 3C and S5). We then compared the affinity of the 

core-RTC and exonuclease complex on four of these backtracked RNAs (P8, P10, P14, 

P15, Table 1) by titrating the exonuclease complex onto the core-RTC (Fig. 3D and S6). 

Although the improved binding is modest, the 14-nucleotide backtracked RNA promoted 

proofreading-RTC assembly the best (Fig. 3D). At high concentrations of the exonuclease 

complex, we observed proofreading-RTC assembly with 15 nts of backtrack, indicating 

that while complex interactions can occur with 15 backtracked nts they are disfavored.  

These results indicate that the interaction site of the exonuclease complex on the core-

RTC might not be a rigid fit at the NTP channel. Rather, the interaction could have some 

plasticity, perhaps allowing nsp14 to bind the 3’ end of RNA as nsp13 mediates 

backtracking in bursts of helicase activity (61,62).  
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Interaction of the Two Complexes Occurs Away from the NTP Channel: 

The initial design of our 8 nt backtracked primer (P8, Table 1) was based on our 

hypothesis that the exonuclease complex binds the core-RTC at the NTP channel. But 

the range of backtracked RNA lengths that promote proofreading-RTC assembly suggest 

that interaction might not be a rigid fit at the NTP channel (Fig 3). To test if the 

exonuclease complex is binding at the NTP channel we produced eight nsp12 mutations 

surrounding the NTP channel (Fig. 2A and 4A). We mutated highly conserved residues 

(Phe157, Glu167, Asn168, Glu431, Ala797, Glu802, His810, His816) to arginine to 

potentially disrupt protein-protein interactions at the NTP channel (Fig. 4A). All eight of 

the mutant nsp12s could bind backtracked RNA and form the proofreading-RTC (Fig. 4B 

and S7). Three of the nsp12 mutants (Glu167Arg, Glu431Arg, Glu802Arg) had reduced 

RNA binding but still formed the proofreading complex (Fig. 4B and S7). These results 

indicate that the interaction site between the core-RTC and the exonuclease complex is 

somewhere other than the NTP channel, but still positioned close enough that it could 

bind with 8 nucleotides of backtracked RNA. Prior publications have noted that nsp8 can 

interact with the proofreading complex, so the interaction may occur at a binding site with 

nsp8 or the nsp7+nsp8 heterodimer (59).  



 

 

162 

 

Figure 4, NTP channel mutations do not disrupt proofreading-RTC formation: A) Structure 
of the SARS-CoV-2 RTC in a backtracked state (PDB: 7KRP) with residues targeted for mutation 
highlighted as orange spheres. B) EMSA testing core-RTC and proofreading-RTC formation on 
a 14-nucleotide backtracked RNA duplex (P14 + T-backtracking, Table 1) with nsp12 mutations 
surrounding the NTP channel. Each conserved nsp12 residue was mutated to arginine. For these 
EMSAS nsps and duplex RNA concentrations were halved from what is described in the Methods 
section. Each nsp12 used also had the D760A mutation.  
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Discussion: 

 We have identified direct interactions between the CoV core-RTC and 

exonuclease complex and shown that proofreading-RTC assembly requires an RNA 

backtracked RTC. These data begin to define the mechanism of CoV proofreading. 

Interestingly, the assembly of the proofreading-RTC has a range of backtracked RNA 

length for complex assembly of 8-14 nucleotides. While we initially predicted that the 

exonuclease binding site would be at nsp12’s NTP channel, this observation led us to 

hypothesize that the interaction might not be a rigid fit at the NTP channel. To our surprise, 

our mutational screen of potential core-RTC and exonuclease complex disrupting 

mutations around the NTP channel did not block proofreading-RTC assembly, revealing 

interaction occurs elsewhere on the RTC. 

Nsp13’s ability to backtrack the RTC indicates that it could be involved in CoV 

proofreading (30). The backtracked RNA window of interaction (8-14 nts) aligns well with 

nsp13’s non-processive nature, as bursts of nsp13s’ helicase activity are typically ~10 

base pairs (61,62). While isolated nsp13 has been studied in vitro, whether its enzymatic 

parameters are altered in the context of an assembled RTC is unknown. Nsp13’s 

backtracking bursts and the tight window of RTC-exonuclease interaction provide a 

mechanism to restrict nsp14’s access to free 3’ ends of RNA, preventing unnecessary 

degradation of nascent RNA. The movement of misincorporations to an exonuclease 

active site is a conserved mechanism of proofreading among eukaryotic and prokaryotic 

DNA polymerases (33). As noted above, nsp14 is in the same DE(E/D)D superfamily of 

exonucleases as those involved in DNA proofreading (47).  
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Recent work from our lab and others has shown that nsp8T’s N-terminal RNA 

binding extension is not required for RNA synthesis in vitro (22,27). Nsp8T scaffolds the 

backtracking nsp13 to the RTC (Fig. 1) (30). We now propose that nsp8T functions as a 

regulator of CoV backtracking and proofreading (Fig. 5). In this mechanism, nsp8T or just 

its RNA binding domain, could be unengaged with the core-RTC during elongation. After 

a mismatch is introduced, the frayed RNA substrate would pause elongation, allowing 

nsp8T and its N-terminal extension to bind the dsRNA, further stalling the RTC and 

allowing nsp13 to bind (Fig. 5). Nsp13 could then mediate a burst of backtracking to 

extrude the 3’ mismatch out the NTP channel. The free 3’ mismatch would then be bound 

and excised by the exonuclease complex. After excision, nsp10+nsp14 could 

disassociate from the RTC, allowing RNA to re-enter the active site and elongation to 

continue. Although nsp13 is known to backtrack the CoV RTC, nsp13’s involvement in 

proofreading remains untested. Because our data indicates that nsp14 does not bind at 

the nsp12 NTP channel, the nsp7+nsp8T heterodimer could also contribute to scaffolding 

the exonuclease complex to the RTC. In support of this, it has been demonstrated that 

nsp8 can bind nsp10+nsp14 and promote exonuclease activity (59). It should be noted 

that reports of this interaction do not provide clear results, and further evidence is needed 

to support this claim.  
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Figure 5, Hypothetical model of CoV proofreading: A misincorporation (red star) is 
hypothesized to initiate stalling of the CoV core-RTC. Stalling is predicted to promote nsp8T’s N-
terminal extension binding to dsRNA and allow backtracking by the RTC. While nsp13 is known 
to mediate CoV backtracking, whether it is involved in proofreading is currently unknown. 
Backtracking by the CoV RTC results in the 3’ end of nascent RNA to be extruded out the NTP 
channel, allowing the exonuclease complex to bind the RTC, and excise the mismatch. After 
mismatch excision, the exonuclease complex disassociates from the RTC allowing RNA to re-
enter the active site and elongation to continue.  
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Our results indicate that the structure of a SARS-CoV-2 RTC interacting with 

nsp13, nsp14, and a nsp9-nsp10 fusion protein might not be representative of CoV 

proofreading but perhaps other steps in CoV replication (60). In the monomeric form of 

this RTC, the exonuclease complex primarily interacts with nsp12’s NiRAN domain as a 

result of the nsp9-nsp10 fusion (60). This positions nsp14’s exonuclease active site too 

far away from the NTP channel to bind 8-14 nts of backtracked RNA. Interestingly, in the 

dimeric form of the RTC, the exonuclease active site of one monomer is positioned in 

trans near the NTP channel of the second monomer. While this positioning is potentially 

more feasible to accomplish CoV proofreading, the exonuclease active site is oriented 

away from the NTP channel making interaction between the 3’ end of RNA and nsp14’s 

active site difficult. In addition, several of the mutants we screened that did not disrupt 

complex formation are at (nsp12-Glu431Arg) or near (nsp12-Glu802Arg, His810Arg, 

His816Arg) the nsp12-nsp14 interface of the dimeric RTC, indicating that this might not 

be the true binding site.   

The design of effective nucleoside analogue (NA) antivirals against CoVs has 

proven difficult due to their proofreading ability. To be effective a NA must both be 

incorporated by the polymerase and evade excision by nsp14. Based on our data and 

hypothetical proofreading model, the latter of these (evading nsp14) could take many 

different forms. First, the NA could be designed to be a non-excisable substrate for nsp14, 

such as a NA that lacks a 2’OH. The NA could also prevent sensing by the polymerase 

complex, completely avoiding pausing, backtracking and proofreading altogether. One 

such antiviral already exists with the hyper-mutagen Molnupiravir (63). Based on the 

window of interaction between the exonuclease complex and RTC, antivirals could avoid 
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proofreading by taking effect several nucleotides (>15) after their incorporation. This 

window of effectiveness could explain why the NA Remdesivir, which stalls replication 3-

4 nucleotides after incorporation, has increased efficacy against proofreading deficient 

CoVs (64). A final possibility would be drugs that block CoV backtracking by blocking 

RNA extruding through the NTP channel or inhibiting nsp13.  

While our work provides critical insight into the mechanisms of CoV proofreading, 

there is still much we do not know. Our mutagenesis suggests a site other than the NTP 

channel as the binding site of the exonuclease complex, but the actual binding site 

remains unknown. Further structural and biochemical analysis, including mutagenic 

screens could identify this binding site. In addition, the requirement for backtracking in 

proofreading has not been established. Testing this using reverse genetics would be 

difficult as nsp13’s helicase activity is essential for virus replication. It would be possible 

to screen nsp8 mutants that block the backtracking nsp13’s ability to bind the RTC. In 

addition, the development of a novel in vitro proofreading assay would aid in parsing out 

the role of each protein in CoV proofreading.  
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Supplemental Figures:  
 

 
Figure S1, Full gel images for SDS-PAGE and activity assays: A) SDS-PAGE analysis 
of recombinant nsp7 (9,300 Da), nsp8 (21,900 Da), nsp10 (14,800 Da), wildtype and 
mutant nsp14 (59,800 Da), and wildtype and mutant nsp12 (110,100 Da). Numbers 
indicate MW. B) In vitro exonuclease assay tracking the degradation of ss or dsRNA in 
the presence of nsp10 and/or nsp14 (wildtype and H268A mutant). C) In vitro primer-
extension assay testing the extension of a 29-nucleotide primer in presence of the SARS-
CoV-2 core-RTC nsps. These uncropped gels were used to derive the images in Fig 2A, 
B, and C. 
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Figure S2, Full gel images for piecewise RTC EMSAs: Uncropped gels testing the 
RNA binding of the core-RTC, exonuclease complex, and proofreading RTC on a fully 
annealed RNA duplex (A) or backtracked RNA duplex (B). Nsp12-D760A was used for 
both EMSAs. 
 
 
 

 
 
Figure S3, Mismatched RNA binding of wildtype and D760A-nsp12: EMSA comparing 
the ability of core-RTCs with nsp12-wildtype or nsp12-D760A to bind an RNA duplex with 
8 nucleotides of mismatched RNA and form the proofreading-RTC. Reactions for each 
core-RTC (wildtype vs. D760A) were done in triplicate. The darker intensity bands for 
mutant RTCs indicate that nsp12-D760A containing RTCs bind the backtracked RNA 
substrate with higher affinity. 
 

 



 

 

176 
 

 
Figure S4, Proofreading-RTC assembly with wildtype nsp14: EMSA testing the 
formation of the SARS-CoV-2 proofreading RTC with wildtype nsp14 on an RNA duplex 
with 8 nucleotides of primer 3’ end mismatches (P8 + T-backtrack, Table 1). To prevent 
degradation of the RNA substrate by wildtype nsp14 Mg2+ in assay reaction buffer was 
replaced with Ca2+. Reactions were carried out in triplicate using nsp12-D760A.  
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Figure S5, Full gel images for backtrack length EMSAS: EMSAs testing proofreading-
RTC formation with varying lengths of primer 3’ mismatches were run in triplicate.  
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Figure S6, Exonuclease complex titration EMSAs: To determine an approximate 
binding comparison between the SARS-CoV-2 core-RTC and exonuclease complex with 
different lengths of backtracked RNA we performed titrations of the exonuclease complex 
onto formed core-RTCs with 8, 10, 14, or 15 nucleotides of backtracked RNA. For these 
experiments the core-RTC components were kept at fixed concentrations of nsp7 – 1.0 
µm, nsp8 – 1.5 µm, nsp12 – 0.5 µm, and RNA duplex – 0.6 µm. Concentrations of nsp14 
used to develop the curve were 0.5, 0.75, 1.0, 1.5, and 3.0 µm with nsp10 always at 1.5X 
nsp14’s concentration. Quantitated data is presented in Figure 3D. 
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Figure S7, Full gel images for mutant nsp12: EMSAs testing proofreading RTC 
formation with NTP channel mutations were run in triplicate. For these mutant nsp12 
EMSAs, nsps and duplex RNA concentrations were halved from what is described in the 
Methods section. 
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Figure S8, sequence alignment of coronavirus nsp12s: Global alignment of nsp12 
from AlphaCoV (FCoV-65F, HCoV-229E, HCoV-NL63, HKU8, PEDV), BetaCoV (HCoV-
OC43, HKU1, MHV, MERS, HKU4, HKU5, HKU9, SARS-CoV-2, and SARS-CoV), 
GammaCoV (BWCoV, IBV), and DeltaCoV (HKU19, HKU11, PDCV) genera. Global 
alignment was done using Clustal Omega. SARS-CoV-2 residues mutated during this 
study are highlighted with a red box and listed to the right of the sequences. Residues 
marked with “*” are conserved, “:” are very similar, and “.” are moderately similar residues.  
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Abstract: 

Coronaviruses are a subfamily of viruses that cause a wide range of disease 

severities in both humans and animals. Since 2002, three coronaviruses have crossed 

over from animal reservoirs into humans causing epidemics or pandemics. Currently 

there are only three drugs approved for the treatment of coronavirus infection, with the 

usefulness of two under debate. As coronaviruses continue to pose a threat to global 

health, we will require additional antivirals to treat coronavirus induced diseases and 

prevent future pandemics. Arabinose nucleosides are a group of nucleoside analogues 

that have been used for the treatment of herpes virus infections and various types of 

leukemia. Here, we show that the arabinose nucleotide araCTP is a viable substrate for 

the SARS-CoV-2 RNA-dependent RNA polymerase, and that its incorporation terminates 

RNA elongation. Using single-particle cryoEM, we show that araCTP has multiple 

possible mechanisms for elongation termination. Therefore, arabinose nucleotides are 

attractive options for the development of broadly acting coronavirus antivirals to treat 

current coronavirus diseases and help prepare us for the next coronavirus spillover.  
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Introduction: 

 Since the turn of the century, three coronaviruses (CoVs) have crossed over from 

animal reservoirs into humans causing epidemics or pandemics. SARS-CoV emerged in 

2002 and caused over 8,000 cases resulting in >800 deaths (1,2). In 2012, MERS-CoV 

emerged and continues to persist through sporadic outbreaks with reported mortality 

rates as high as 35% (3-5). The emergence of SARS-CoV-2 led to the ongoing COVID-

19 pandemic which has caused over 7 million deaths globally since 2019 (6,7). Although 

the impact of COVID-19 has been extreme, its emergence also drove the rapid 

development of several vaccines. While the vaccines have proven effective, their long-

term efficacy is a concern as SARS-CoV-2 continues to evolve into new variants (8). The 

continuing trend of CoV crossovers and new SARS-CoV-2 variants highlight the ever-

present CoV threat to human health. Currently there are only three approved antiviral 

treatments for CoV induced diseases in humans: Remdesivir, Molnupiravir, and Paxlovid 

(9). To limit the pandemic potential of future CoV outbreaks, we need additional broadly 

acting and highly effective CoV antivirals. 

 CoVs are enveloped RNA viruses with large 30 kb (+) single-stranded RNA 

(ssRNA) genomes with a 5’ cap and 3’ poly-adenosine tail (10,11). The 5’ two-thirds of 

the CoV genome has two large open reading frames (ORF1a and ORF1b) that encode 

for two polyproteins (12). During translation, a -1 ribosomal frameshift at the end of 

ORF1a allows translation of ORF1b to produce a second, larger polyprotein (13,14). The 

two polyproteins are cleaved by viral proteases non-structural protein 3 (nsp3) and nsp5 

into 11 or 15 nsp subunits (10). Three nsps localize to the host endoplasmic reticulum 

(ER) where they remodel the ER membrane into a network of double-membrane vesicles 
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(DMVs) (15-17). Within DMVs the majority of nsps assemble into the viral replication 

transcription complex (RTC) and synthesize viral RNA products (16,18). The central 

component of the RTC is the viral RNA-dependent RNA polymerase (RdRP) nsp12, 

which with protein replication cofactors nsp7 and nsp8, forms the minimum complex 

needed to synthesize RNA in a processive manner; we refer to this complex as the core-

RTC (19,20). The nsp12 polymerase has a secondary active site termed the nidovirus 

RdRP-associated nucleotidyltransferase (NiRAN) that has been implicated in RNA 

capping (21-23). At 30 kb, CoVs have some of the largest known RNA virus genomes. 

To maintain their genomic integrity CoVs encode their own proofreading enzyme in 

nsp14, a 3’-5’ exoribonuclease (24-27). The first structure of a CoV core-RTC revealed 

that each nsp12 binds one nsp8, and one nsp7+nsp8 heterodimer (21). A structure of the 

SARS-CoV-2 core-RTC bound to a dsRNA substrate revealed that each of the two nsp8s 

have long helical extensions that bind dsRNA leaving the active site (28). This interaction 

was predicted to promote the processive replication of the core-RTC, but more recent 

work on Beta- and Alphacoronavirus RTCs indicates that only one of the N-terminal 

helices of the nsp8s is needed for RNA binding and processive polymerase activity 

(19,29). 

 Prior work on (+) ssRNA virus RdRPs, in particular those of picornaviruses and 

hepatitis C virus,  have shown that they share a conserved structure composed of seven 

motifs, A-G, that form a shape that has been described as a cupped right hand with a 

fingers, palm, and thumb domain with the RdRP active site in the palm (30-34). The 

“fingertips” of the RdRP’s fingers domain reach over the active site to contact the thumb 

domain and enclose the active site (31). This interaction creates two channels within the 
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polymerase: one for bound RNA and the other for NTP entry (31). Structures of RdRPs 

bound to RNA revealed that prior to NTP binding, the +1 templating RNA is base stacked 

with the template base -1 upstream of it in the RdRP active site (35). This differs from 

DNA polymerases that have separate NTP binding sites (36). Upon NTP binding, the 

RdRP active site closes, most notably by a shift in motif A (33,35). Active site closure 

positions active site residues and two Mg2+ ions to coordinate catalysis of the primer RNA 

3’OH’s nucleophilic attack of the incoming NTP’s a-phosphate. After nucleophilic attack, 

motif A shifts away re-opening the active site and allowing release of the pyrophosphate 

product (33). RNA then moves through the polymerase active site by a Brownian ratchet 

mechanism, poising downstream template RNA for NTP binding and further elongation 

(33). More recent work on the SARS-CoV-2 core-RTC has shown that nsp12 uses 

homologous mechanisms for NTP binding and active site closure (37). 

 Nucleoside analogues (NA) are a common type of antiviral that mimic NTPs and 

dNTPs to be incorporated by viral polymerases (38,39). After incorporation, NAs block 

virus replication by terminating RNA elongation or inducing hyper-mutagenesis. Ribavirin, 

a guanosine analogue, is a broadly acting and well characterized NA that inhibits viruses 

such as hepatitis C virus and Lassa fever virus replication by causing hyper-mutagenesis 

or inhibiting the host inosine-5’-monophosphate dehydrogenase (IMPDH) which limits 

GTP availability (40-43). Sofosbuvir is a highly effective hepatitis C virus NA that 

terminates RNA synthesis after its incorporation (44). CoVs’ ability to proofread during 

replication makes commonly used NAs such as ribavirin and 5-fluorouracil ineffective in 

blocking replication (45-47). In tissue culture models it has been shown that knocking out 

CoVs’ proofreading ability renders them susceptible to NAs such as 5-fluorouracil (47). 
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After the emergence of SARS-CoV-2, two NAs were approved for emergency use 

treatment of COVID-19. The NA Remdesivir, an adenosine mimetic with a 1’ cyano 

substitution, was able to block SARS-CoV-2 replication in vitro and in vivo (48-50). 

Remdesivir showed promise in treating COVID-19 in clinical trials but was later shown to 

be ineffective at reducing symptoms and hospitalizations and the World Health 

Organization has recommended against its use for treating human CoV infections (51-

53). Molnupiravir, a hypermutator cytosine mimetic, was shown to be a potent CoV 

antiviral in tissue culture and animal models (54,55). Clinical trials showed Molnupiravir 

was effective at treating COVID-19 in patients and in 2022 it received emergency use 

authorization for treatment (56). Although promising, the efficacy of Molnupiravir is 

debated due to its inability to reduce COVID-19 hospitalizations or death among high-risk 

adults (57). Structural studies of the SARS-CoV-2 core-RTC interacting with nucleoside 

analogues have provided important information into their mechanisms of action. 

Structures of Remdesivir in pre-incorporated and incorporated states revealed that it’s 1’ 

cyano substitution sterically clashes with nsp12 residue Ser861 in the RdRP active site 

(37,58). This clash stalls the translocation of Remdesivir-incorporated nascent RNA from 

the +3 to +4 position. Structures of Molnupiravir in nsp12’s active site base paired with 

either adenosine or guanosine have demonstrated its ability to induce hyper-mutagenesis 

by being a viable partner for base-pairing with multiple nucleotides in the RdRP active 

site (59).  

 Arabinose nucleotides (araNTPs) were some of the first NAs to be identified as 

having medicinal uses (60). AraNTPs are nucleotides that have flipped chirality at the 

ribose 2’OH (Figure 1A) which alters the ribose’s sugar pucker from C3’ endo to C2’ endo 
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(61). In 1976 araATP was approved to treat herpes simplex virus and varicella zoster 

virus infections but was eventually replaced by the more effective and less toxic acyclovir 

(62,63). AraCTP and 2-fluoro-araATP are two araNTPs that are still commonly used to 

treat different types of leukemia (62,64-68). To our knowledge arabinose nucleotides and 

their derivatives have not been tested as CoV antivirals and could be used to develop 

new CoV treatments.  

 In this chapter, I present a structure of an elongating SARS-CoV-2 core-RTC that 

has been stalled by araCTP. I have identified that araCTP has several possible 

mechanisms by which it may inhibit coronavirus RNA synthesis. This work demonstrates 

that arabinose nucleotides are substrates for coronavirus replication complexes and could 

be used as a scaffold to develop more effective and broadly acting antivirals.  

Methods: 

Recombinant Protein Expression: 

Recombinant Protein Expression 

SARS-CoV-2 nsp7 and nsp8 replication factors were expressed in Rosetta 2pLysS 

E. coli cells (Novagen). Cultures were grown at 37˚C and at an OD600 of 0.6-0.8 were 

induced with isopropyl b-D-1-thiogalactopyranoside (IPTG) at a final concentration of 500 

µM. After shaking for 16 hours at 16°C, cells were harvested by centrifugation and 

resuspended in Ni-wash buffer (10 mM Tris-Cl pH 8.0, 300 mM NaCl, 30 mM imidazole, 

and 2 mM dithiothreitol (DTT)). Cells were lysed in a microfluidizer (Microfluidics) and 

lysates cleared via centrifugation, supernatants were further cleared by 0.45 µm filtration. 

Proteins were then purified using Ni-NTA agarose beads (Qiagen), eluting with the same 

buffer with 300 mM imidazole. Eluted protein was digested with TEV protease (1% w/w) 
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overnight at 4°C while dialyzing (10 mM Tris-Cl pH 8.0, 300 mM NaCl, and 2 mM DTT). 

Undigested protein was removed by flowing dialyzed protein back over Ni-NTA agarose 

beads. Digested protein was purified using a Superdex 200 Increase 10/300 GL column 

(Cytiva) in 25 mM Tris-Cl pH 8.0, 300 mM sodium NaCl, and 2 mM DTT. Fractions 

containing the protein of interest were concentrated using ultrafiltration. Concentrated 

protein was aliquoted, flash frozen in liquid nitrogen, and stored at -80°C.   

SARS-CoV-2 nsp12 was cloned into a pFastBac plasmid and DH10Bac E. coli 

(Life Technologies) were used to produce a recombinant bacmid. Bacmids were 

transfected into Sf9 cells (Expression Systems) with Cellfectin II (Life Technologies) to 

produce recombinant baculoviruses. Sf9 cells were used to amplify the initial baculovirus 

stock twice. Amplified baculoviruses were used to infect Sf21 cells (Expression Systems) 

for protein expression. After two days of incubation and gentle shaking at 27°C, cells were 

collected via centrifugation and pellets resuspended in wash buffer (25 mM HEPES pH 

7.4, 300 mM NaCl, 1 mM MgCl2, and 5 mM DTT) and 143 µL of BioLock (IBA) per 1 L of 

culture. Cells were lysed using a microfluidizer (Microfluidics) and lysates cleared via 

centrifugation and supernatants were further cleared by 0.45 µm filtration. Protein was 

purified using Streptactin superflow agarose (IBA) and eluted with wash buffer that 

contained 2.5 mM desthiobiotin. Protein was further purified via size exclusion 

chromatography with a Superdex 200 Increase 10/300 GL column (Cytiva) in 25 mM 

HEPES pH 7.4, 300 mM NaCl, 100 µM MgCl2, and 2 mM tris(2-carboxyethyl)phosphine 

(TCEP). Nsp12 containing fractions were pooled and concentrated using ultrafiltration. 

The protein was then aliquoted, flash frozen in liquid nitrogen and stored at -80°C.  
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RNA Substrate Design and Annealing: 

RNA oligos were designed and purchased from Integrated DNA Technologies 

(IDT). The primer RNA had a 5’ fluorescein (6-FAM) tag to monitor its extension. To 

anneal the RNA, oligoribonucleotides were mixed (with template in 20% excess to primer) 

in RNA annealing buffer (2.5 mM HEPES, pH 7.4, 2.5 mM KCl and 0.5 mM MgCl2) and 

heated at 95°C for 5 minutes before slowly cooling back down to 25°C for 1.25 hours.  

Primer RNA sequence: 

5’ - CAUUCUCCUAAGAAGCUAUUAAAAUCACA - 3’ 

Template RNA sequence: 

5’ - AAAAAGGGUUGUGAUUUUAAUAGCUUCUUAGGAGAAUG - 3’ 

In vitro Primer Extension: 

 Duplex RNA was the limiting reagent for core-RTC formation at 0.25 µM with nsp12 

at 0.5 µM and, nsp7 and nsp8 each at 1.5 µM. Reaction buffer conditions were 10 mM 

Tris-Cl pH 8.0, 10 mM NaCl, 2 mM MgCl2, and 1 mM DTT. Proteins were mixed and 

incubated at 25°C for 15 minutes prior to the addition of RNA. After the RNA was added, 

reactions were incubated at 25°C for 15 minutes. Reactions were initiated with the 

addition of NTPs and/or araCTP and incubated at 25°C for 1 minute before the reaction 

was halted by addition of loading buffer (95% (w/v) formamide, 2 mM 

ethylenediaminetetraacetic acid (EDTA), and 0.75 mM bromophenol blue). Samples were 

heated at 95°C for 15 minutes before being analyzed by denaturing urea-PAGE (8 M 

urea, 15% polyacrylamide) run in 1X TBE (89 mM Tris-Cl, pH 8.3, 89 mM boric acid, 2 

mM EDTA). Gels were imaged on a Typhoon FLA 9200 (GE Healthcare) using excitation 

and emission values of 470 and 530 nm, respectively.  
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CryoEM Data Collection, Processing, and Model Building: 

For structure determination, the core-RTC was assembled at a total protein 

concentration of 2 mg/mL with a nsp7 : nsp8 : nsp12 : RNA ratio of 2 : 3 : 1 : 1.2 in cryoEM 

sample buffer (25 mM HEPES, pH 7.5, 100 mM NaCl, 2 mM MgCl2, 2 mM DTT). Proteins 

were combined in sample buffer and incubated at 25°C for 15 minutes. Then RNA was 

added, and the sample incubated at 25°C for 15 minutes before being concentrated to ~4 

mg/mL total protein concentration using 100 kDa MW cutoff ultrafiltration. Once 

concentrated, ATP and araCTP were added to the sample at a final concentration of 800 

µM each and extension reactions were incubated at 25°C for 2 minutes before being put 

on ice until vitrification.  

Samples were prepared for cryoEM on UltraAuFoil R1.2/1.3 300 mesh grids 

(Quantifoil) using a Vitrobot Mark IV (ThermoFisher Scientific). Grids were freshly glow 

discharged using a GloQube Plus (Quorom) for 20 seconds with a current of 20 mA using 

an air atmosphere to create a negative surface charge. Immediately before blotting, 0.5 

µL of 42 mM 3-([3-Cholamidopropyl] dimethylammonio)-2-hydroxy-1-propanesulfonate 

(CHAPSO) was added to 3 µL of sample (final [CHAPSO] = 6 mM). Sample was then 

spotted onto grids and excess sample removed via double-sided blotting before plunge 

freezing in liquid ethane. The Vitrobot chamber was kept at 100% humidity and 4°C during 

the process.  

Grids were screened and data collected using EPU on a Talos Arctica 200 kV 

transmission electron microscope (ThermoFisher Scientific). Movies were collected on a 

Gatan K3 direct electron detector in CDS mode with a GIF quantum energy filter slit width 
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of 20 eV. Data was collected at a magnification of 79,000x, a pixel size of 1.064 Å, and a 

defocus range of -0.5 to -2.0 µm with a step size of 0.5 µm. 

Data was processed using cryoSPARC v4.4.0 (69). Following patch motion 

correction, and patch CTF estimation, particles were picked using blob picker and 

extracted with a box size of 256 pixels. Low quality picks were removed by one round of 

2D classification. Remaining particles were then used for ab-initio reconstruction followed 

by heterogenous reconstruction and non-uniform refinement. Particles were then sorted 

with another round of heterogenous refinement and a final non-uniform refinement.  

To build the SARS-CoV-2 araCTP model, we docked a SARS-CoV-2 model (PDB 

ID: 7UOE) into our electron density using ChimeraX and mutated the RNA sequence to 

match our RNA duplex in Coot (37,70,71). We validated the sequence of our RNA (and 

araCTP incorporation) by checking the order of purines and pyrimidines in the RdRP 

active site based on the size of electron density for the nitrogenous bases. The CTP 

ligands in this model were deleted and the protein + RNA model was initially refined and 

validated using ISOLDE, COOT, and PHENIX real space refinement (71-73). After this, 

araCMP (3 letter code CAR) and araCTP (3 letter code HF4) ligand models were placed 

into our map using COOT (71). Final refinements of our complete model were done using 

PHENIX real space refinement with the necessary ligand restraint files (73).  

Results: 

Assembly of an active SARS-CoV-2 Polymerase Complex: 

 To study the impact of araCTP on the SARS-CoV-2 core-RTC we recombinantly 

expressed and purified the viral replication cofactors nsp7 and nsp8 using a bacterial 

expression system and the viral RdRP nsp12 using a baculovirus-insect cell system 
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(Figure 1B). We then assembled the core-RTC and tested its RdRP activity on a short 

RNA duplex using an in vitro primer extension assay and saw polymerase activity in the 

presence of all three nsps (Figure 1C and D).  
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Figure 1, AraCTP inhibits the SARS-CoV-2 core-RTC: A) comparison of CMP and araCMP 
with the flipped chirality 2’OH marked by a red star. B) SDS-PAGE analysis of recombinant SARS-
CoV-2 nsp7 (9,300 Da), nsp8 (21,900 Da), and nsp12(110,100), numbers indicate MW (kDa) 
positions. C and D) In vitro primer extension of a short RNA primer-template pair (D) in the 
presence of various NTPs and/or araCTP. The first two nucleotides to be incorporated during 
extension (ATP and CTP/araCTP (*)) are colored red (D). 
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AraCTP stalls SARS-CoV-2 polymerase elongation 

 Using our in vitro RNA primer extension assay we sought to determine if araCTP 

could be used as a substrate by the SARS-CoV-2 core-RTC, and if its incorporation would 

inhibit elongation. Extension in the presence of G/U/ATP + araCTP induced premature 

elongation termination after just two nucleotide incorporations (Figure 1C). Based on the 

template sequence, the two-nucleotides would be AMP-araCMP with no further araCMPs 

incorporated (Figure 1D). These results demonstrate that araCTP is a substrate for the 

SARS-CoV-2 core-RTC and that it terminates RNA extension. 

Structure of an araCTP stalled SARS-CoV-2 polymerase complex 

 To solve the structure of a stalled SARS-CoV-2 core-RTC, we assembled the RTC 

and performed RNA extension using the same RNA duplex as above in the presence of 

ATP and araCTP. Following elongation, we vitrified our stalled complexes and solved the 

structure using single-particle cryoEM (Figure 2, Table S1, Figure S1 and S2). Our final 

cryoEM reconstruction has an atomic resolution of 3.3 Å and contains density for the 

majority of nsp12, nsp7, two protomers of nsp8, and two-turns of dsRNA exiting the 

polymerase active site (Figure 2B). The difference in size of purine and pyrimidine bases 

allowed us to confidently assign the sequence of our RNA primer and templates. 

Sequence assignment confirmed that an AMP and araCMP were sequentially 

incorporated at the 3’ terminus (Figure 2C). In addition to the araCMP there was an 

unincorporated araCTP base-paired with the +1 template GMP in the RdRP active site 

(Figure 2C). The presence of an unincorporated araCTP in nsp12’s active site 

emphasizes araCTP’s ability to potently inhibit RNA elongation. The araCTP is 

coordinating a Mg2+ ion as is expected with common two-metal mechanisms of catalysis 
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but we lacked strong density for a second Mg2+ (Figure 2C) (74). The Mg2+ present in our 

structure is referred to as metal B in two-metal mechanisms while the Mg2+ absent is 

metal A. The NiRAN domain of nsp12 was well resolved with additional density for a 

nucleotide-triphosphate with a coordinated Mg2+. Based off the size of electron density 

and nucleotides provided we built this density to be araCTP, although it should be noted 

that the density for the gamma-phosphate is weak (Figure 2D). 
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Figure 2, Structure of araCTP inhibited core-RTC: A) 3.3 Å cryoEM reconstruction of SARS-
CoV-2 core-RTC. B) Atomic model of SARS-CoV-2 core-RTC docked into the cryoEM map 
colored by protein/RNA chain. C and D) araCMP and araCTP with surrounding electron density 
shown in light blue in the RdRP (C) and NiRAN (D) active sites. Mg2+ ions are displayed as bright 
green spheres.  
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Mechanism for araCTP inhibition of elongation 

 As noted above, there is an araCTP base-paired with the +1 base of template RNA 

in nsp12’s RdRP active site. Much to our surprise the active site remained in an open 

conformation with the araCTP in this paired state (Figure 3A). This was unexpected as it 

is known that (+) ssRNA virus RdRPs, including nsp12, close their active site upon NTP 

binding (35,37). This active site closure is most notable with a shift in motif A towards the 

active site center. In our structure, motif A catalytic residue Asp618 is shifted 2.7 Å away 

from the polymerase active site when compared to a SARS-CoV-2 structure with CTP 

bound in a closed active site (Figure 3A) (37).  

Work on picornavirus RdRPs demonstrated that the 2’ and 3’ hydroxyls of a bound 

NTP form a hydrogen bonding network with polymerase residues that is important for 

active site closure (35).  The altered sugar pucker and positioning of the unincorporated 

araCTP result in an altered hydrogen bonding network compared to a structure with an 

unincorporated CTP (Figure 3) (37). The araCTP 2’OH loses hydrogen bonds to nsp12 

residues Thr687 and Asn691 while Ser682 shifts (1.7 Å between α-carbons) to maintain 

a hydrogen bond with the 2’OH (Figure 3B and C). Residues Thr687 and Asn691 do not 

move during active site closure, so these observations are not affected by the different 

states of the two structures. Although interesting, these altered hydrogen bonds cannot 

be the main cause of araCTP inhibition as the first araCMP was incorporated efficiently. 

While the altered chirality and sugar pucker affects the 2’OH hydrogen bonds, the 3’OH 

remains near to nsp12-Asp623. While not directly bonding the araCTP 3’OH, nsp12-

Asp623 is important for establishing the hydrogen bonding network with other nsp12 

residues. The minimal change in distance between nsp12-Asp623 and the 3’OH indicates 
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that the unincorporated araCTP’s C2’ endo sugar pucker is not contributing to elongation 

inhibition (Figure 3D and E) (37).  
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Figure 3, AraCTP in the RdRP active site: A) Superimposition of the SARS-CoV-2 RdRP active 
site in an open state (araCTP bound) and closed state (PDB: 7UOE). The shift in motif A to 
achieve the closed state is depicted by the black arrow and movement of nsp12-Asp618. B and 
C) Hydrogen bonding network of the 2’OH and 3’OH of araCTP (B) and CTP (C) (PDB: 7UOE). 
D and E) Distance between nsp12-Asp623, a residue important for hydrogen bonding network 
formation, and araCTP (D) or CTP (E). Distances between atoms are shown with black dashed 
lines and Mg2+ B ions are depicted as bright green spheres. PDB deposition 7UOE was used for 
figures of bound but unincorporated CTP. 
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We next analyzed the impact of the incorporated araCMP’s altered chirality and 

C2’ endo sugar pucker in the nascent RNA. The araCMP’s  2’OH is oriented so that it 

cannot form a hydrogen bond with catalytic residue Ser759 during active site closure 

(Figure 4A and B). The arabinose conformation also orients the 3’OH such that it is 

pointing away from the incoming NTP α-phosphate (Figure 4C and D). Although the 

positioning of the araCMP vs cognate NMP 3’OH does not greatly shift, this altered 

orientation could contribute to araCMP inhibition.  
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Figure 4, araCMP’s altered sugar pucker inhibits RNA elongation: A) Superimposition of 
araCMP in open (gold) and closed (light yellow) active sites with the distance between Ser759 to 
the 2’OH indicated by dashed black lines. B) Structure of 3’dCMP in a closed active site (PDB: 
7UOE) with the 2’OH forming a hydrogen bond (dashed black line) with nsp12-Ser759. C and D) 
The nucleophilic attack between the primer 3’OH and incoming nucleotide’s α-phosphate could 
be inhibited by the altered orientation of the araCMP 3’OH imposed by the C2’ endo sugar pucker 
(C) compared to an NMP C3’ endo pucker (D). Figure (D) was produced by superimposing PDB 
models 6YYT and 7UOE to model a native primer (6YYT) bound to incoming CTP (7UOE). Mg2+ 

B ions are depicted as bright green spheres.  
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Discussion: 

I have demonstrated that arabinose nucleotides are viable substrates for the 

SARS-CoV-2 polymerase that can potently block RNA elongation. Using single-particle 

cryoEM I solved the structure of a SARS-CoV-2 core-RTC whose elongation has been 

stalled after araCMP incorporation with another araCTP base-paired in an open 

polymerase active site. This structure has provided important insight into the possible 

mechanisms by which arabinose nucleotides inhibit the CoV replication machinery.  

Trapping the SARS-CoV-2 RTC with an incorporated araCMP and unincorporated 

araCTP allowed us to demonstrate that arabinose nucleotides have several possible 

mechanisms by which they could block RNA extension. The unincorporated araCTP 

displayed an altered hydrogen bonding network that could be preventing motif A from 

shifting and active site closure. While we have shown that araCTP can be incorporated 

by the core RTC, it’s altered hydrogen bonds could still contribute to elongation stalling. 

The altered chirality of araCMP’s 2’ carbon orients the 2’OH such that it cannot form a 

hydrogen bond with active site residue nsp12-Ser759. The araCMP’s C2’ endo sugar 

pucker orients the primer 3’OH away from the araCTP α-phosphate and that could hinder 

nucleophilic attack or active site closure. With our current data, it is unclear which of these 

mechanisms, or combination thereof, are the key method(s) in which arabinose 

nucleotides inhibit the SARS-CoV-2 core-RTC. However, these structural observations 

demonstrate that arabinose nucleotides are strong elongation terminators of the CoV 

RdRP and deserve further evaluation as to their effectiveness against CoVs in tissue 

culture and animal models.  
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Arabinose nucleotides could also serve as a scaffold for the development of 

improved NAs that are able to target CoV polymerases more specifically and potently 

while reducing off-target effects. Fludarabine, an araATP with a fluorine at the position 2 

carbon of the nitrogenous base, is a modified arabinose nucleotide that is used to treat 

different types of leukemia, in particular B-cell chronic lymphatic leukemias (65,66,68). 

Similar alterations to both the ribose, and nitrogenous base of araCTP and other 

arabinose nucleotides could be screened to identify novel and highly effective CoV 

antivirals.  

As coronaviruses continue to crossover from animal reservoirs, the world will 

require antiviral drugs with diverse mechanisms of action by which we can halt virus 

spread in our efforts to prevent another pandemic. In addition to societal measures such 

as masking and social distancing, having an arsenal of antiviral drugs would allow us to 

quickly treat these new viral diseases, hopefully preventing future pandemics without the 

need for rapid vaccine design, testing, and implementation. Since we have now shown 

that arabinose nucleotides are substrates for the SARS-CoV-2 replication complex that 

can terminate RNA synthesis, we hope that these NAs will be pursued as potential CoV 

therapeutics.  
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Supplemental Data: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table S1, cryo-EM data collection and refinement: Information provided is for the 
cryoEM data collection, and processing that produced the electron density map of the 
araCTP inhibited SARS-CoV-2 polymerase complex. Validation statistics for the 
polymerase complex coordinate model built into the reconstruction are provided. 
 
 

EMDB 44654 (held for publication) 
PDB 9BLF (held for publication) 
Microscope Talos Arctica 
Voltage (kV) 200 
Detector K3 direct electron detector (Gatan) 
Dose Rate (e-/pixel/sec) 14.2 
Exposure Time (sec) 4.82 
Electron Exposure (e-/Å2) 60 
Frames (no.) 60 
Defocus Values -0.5, -1.0, -1.5, -2.0 
Data Collection Mode EFTEM, Counting, CDS 
Nominal Magnification 79,000 
Pixel Size (Å) 1.064 
Symmetry Imposed C1 
Movies Collected (no.) 4,230 
Initial Particle Images (no.) 1,321,870 
Final Particle Images (no.) 158,606 
Map Resolution (Å) – GSFSC 3.3 
Initial Models Used (PDB ID) 7UOE 
Non-hydrogen Atoms 12,293 

Protein Residues 1,375 
Nucleic Acid Residues 63 
Other Atoms 2 (Zn2+), 2 (Mg2+) 

Ligands 2 HF4 (araCTP), 1 CAR (araCMP) 
R.M.S. Deviations  

Bond Lengths (Å) 0.006 
Bond angles (°) 0.498 

MolProbity Score 1.50 
Clashscore 3.00 
Ramachandran Plot  

Favored (%) 97 
Allowed (%) 3 
Disallowed (%) 0 
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Figure S1, CryoEM Data Processing Pipeline: Workflow for the processing of cryoEM 
data that resulted in our final reconstruction. Data was processed using cryoSPARC. The 
final resolution of our reconstruction is 3.3 Å. 
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Figure S2, CryoEM Validation: A) CryoEM reconstruction colored by local resolution. B) 
Projection orientation distribution of final reconstruction. “# of Images” is the number of 
projections at each orientation. C) Gold-standard Fourier shell correlation (FSC), 
horizontal black line across plot indicates 0.143 cutoff.  
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Summary: 

For a virus to successfully replicate within a cell it requires both viral and host 

encoded machinery. Many DNA viruses are able to coopt host DNA replication and 

transcription machinery, benefitting from the fact that they share a genetic makeup of DNA 

with their infected host. RNA viruses are not so fortunate and must encode their own RNA 

dependent polymerases to produce viral RNA products during an infection. Viral RNA-

dependent RNA polymerases are virus specific replication factors that can be specifically 

targeted to block virus infections. Beyond the RNA polymerase, RNA viruses employ 

countless different mechanisms to efficiently replicate within a cell. This includes the 

different enzymes and replication factors these viruses have evolved and encode in their 

genomes. RNA virus genomes are constrained in size, so the enzymes and replication 

factors present serve critical roles during virus infection.  

 Among RNA viruses, coronaviruses (CoV) have some of the largest known 

genomes (1). With these large genomes comes complex mechanisms of viral RNA 

replication. CoVs replicate their genomes using a replication-transcription complex (RTC) 

that is believed to include over half a dozen viral enzymatic functions and several other 

viral and host replication factors (2). How these viral enzymes and replication factors 

interact to mediate the production and modification of viral RNA has been the focus of 

much work. As we continue to learn about the dynamics and interactions of the CoV RTC, 

it becomes readily apparent that there is still much to learn about the complicated 

mechanisms of CoV replication.  

 In the second chapter of my thesis, we sought to address the lack of structural and 

biochemical knowledge on non-BetaCoV RTCs. In doing so, we solved the first two 
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structures of CoV RTCs outside of the BetaCoV genera. Our two structures of the 

AlphaCoV core-RTC were solved with the RTC bound to RNA, in the absence or presence 

of a viral replication factor that was thought to be critical for RNA binding and synthesis. 

Further characterization of this observation led to the conclusion that this cofactor is not 

required for RNA synthesis, and likely has other roles in replication. 

 As discussed above we are interested in expanding our knowledge on CoV RTCs 

beyond the BetaCoVs. Building upon the work in Chapter 2, in the third chapter we solved 

the first structure of a GammaCoV core-RTC. We observed several structural differences 

between the GammaCoV RTC and those of Alpha- and BetaCoVs. Most notably, we saw 

altered interactions between the polymerase and a replication factor across all three 

genera RTCs. Further analysis of these altered interactions identified the potential of 

genus-specific mechanisms for RTC assembly.  

Moving beyond the core-RTC, in the fourth chapter of my thesis I aimed to 

elucidate the unique mechanism of CoV proofreading. While proofreading is essential for 

increased fidelity during replication, the mechanism by which the viral proofreading 

enzyme, nsp14, mediates proofreading is unknown. We determined that nsp14 interacts 

with the viral RTC, and that this interaction is dependent on the RTC being in a 

backtracked state. This work provides critical preliminary insight into the mechanism of 

CoV proofreading. 

  In the fifth chapter we explored the potential of arabinose nucleotides in their 

ability to block CoV RNA synthesis. Arabinose nucleotides are historically significant 

nucleoside analogues that had not yet been explored in their potential to treat CoV 

induced diseases. Using biochemical assays and structural biology we identified that 
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arabinose nucleotides potently block SARS-CoV-2 elongation. This work provides a 

cornerstone from which arabinose nucleotide inhibitors could be developed for CoV 

disease treatment.  

 In summation, the work presented here expands the field of CoV RTC biology to 

understudied branches of the CoV subfamily, and in so doing, demonstrates that critical 

insight into CoV replication can be gained by exploring understudied viruses. Further, we 

have begun to elucidate the unique mechanism by which CoVs proofread during 

replication.  

1.0 The coronavirus core-RTC: 

 As mentioned above, the CoV RTC is believed to be made up several viral 

enzymes and cofactors. The central factor of the RTC is the viral protein nsp12, which 

contains both the viral RNA-dependent RNA polymerase and a nucleotidyltransferase 

domain (3,4). Nsp12 assembles with viral cofactors nsp7 and nsp8 into the core-RTC, the 

minimum complex needed for processive RNA synthesis in vitro (3). Preliminary 

structures of the CoV core-RTC showed that it was composed of one nsp12, one nsp7, 

and two nsp8s (5). Each nsp8 has a long helical extension that binds dsRNA out of the 

polymerase active site (6). Further structures, including our own, have shown that the 

core-RTC can remain bound to RNA in the absence of one of the nsp8s (Chapter 2 and 

(7,8)). Since RdRPs are virus specific enzymes, they are often the target of nucleoside 

analogues. Nsp12 and the core-RTC are no exception and have been the focus of 

antiviral development. Currently there are only two nucleoside analogues approved for 

the treatment of CoV induced diseases in humans.  
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1.1 Core RTCs from different genera: 

 CoV nsps, in particular those involved in genome replication (i.e. nsp7, and nsp12), 

are highly conserved (~50% amino acid identity) across the CoV subfamily. This high 

sequence similarity indicates that the different CoV genera replicate using similar, if not 

identical mechanisms. Structures of BetaCoV RTCs have illuminated several important 

aspects of CoV replication. Expanding structural knowledge beyond BetaCoV 

polymerases could confirm the hypothesis that CoV genera replicate using similar 

mechanisms, while also potentially identifying previously unknown aspects of replication. 

To expand our knowledge into other CoV genera, we solved the first two structures of 

AlphaCoV core-RTCs (Chapter 2) and the first structure of a GammaCoV core-RTC 

(Chapter 3). 

 In studying the core-RTC of the AlphaCoV PEDV we solved two structures: one 

with nsp8T bound and one without (Chapter 2). Interestingly, both complexes remained 

bound to RNA in the presence or absence of this viral cofactor. This was initially surprising 

as these nsp8s have been shown to be critical for RTC binding to, and extension of RNA 

substrates (3). The work that established the importance of nsp8 in binding and extending 

RNA lacked the structural knowledge that two nsp8s interact with the RTC, binding dsRNA 

leaving the active site (Chapters 2 and 3, and (6)). Using a previously established cofactor 

fusion protein (nsp8L7) we delineated the contributions of each nsp8 in RTC polymerase 

activity, revealing that nsp8T’s RNA binding domain is not required for in vitro RNA 

synthesis for PEDV (Chapter 2 and (9)). Further, we and others demonstrated that this is 

a conserved feature with the SARS-CoV-2 RTC (Chapter 2 and (9)). 
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 Our structure of the GammaCoV IBV’s core-RTC revealed several differences in 

the RTC structure when compared to those of PEDV and SARS-CoV-2 (Chapter 3). 

Among these differences were multiple loops that were either extended or shortened. 

These differences occurred primarily at sites distal to known nsp binding sites. The most 

notable difference was a drastic conformational change in a loop in the nsp12 interface 

domain that interacts with the nsp8F head domain in PEDV and IBV, but not for SARS-

CoV-2. We went on to demonstrate that interaction between this loop and nsp8F is critical 

for RTC assembly for polymerases of Alpha- and Gamma-, but not BetaCoV. 

 By solving the structure of core-RTCs from several different genera we saw that 

the overall structure of CoV RTCs is highly conserved, and in particular the nsp12 active 

sites have high structural conservation. This conservation indicates that drugs targeting 

the CoV RdRP or NiRAN could be broadly acting. Our work on PEDV and IBV revealed 

important insight into nsp12-nsp8 interactions. In both Chapter 2 and Chapter 3 we 

demonstrate that nsp8F is the critical cofactor in RTC assembly, RNA binding, and 

polymerase activity. Others have shown that nsp8F binding to nsp12 is the rate limiting 

step in RTC activation (9). Compared to nsp8F, our work and others has begun to disprove 

the theory that nsp8T is required for RNA binding and synthesis (Chapter 2 and (9)). 

Further in vitro characterization of these two nsp8s is required to delineate their roles and 

necessity in RTC function. The mutant and fusion nsps described in our work (Chapter 1) 

could be tested on long dsRNA substrates to probe the nsp8s function in processive RNA 

synthesis. Prior work in the field has established processive elongation assays using 

single molecule techniques. Further, the effects of nsp8 domain interaction-disrupting 

mutations (Chapter 2) could be tested on virus replication using reverse genetics. These 
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experiments could examine their broader impact on other aspects of CoV replication. In 

addition, our work on the IBV RTC revealed that there are structural differences between 

genera that have functional consequences (Chapter 3). To further examine the 

differences between genera more structures of more diverse CoV RTCs could be solved 

and explored. 

1.2 Interpreting structures of stalled RTCs: 

 Structural biology has proven to be an important tool in studying CoV RTCs. This 

includes the thesis work presented in Chapters 2, 3, and 5. While structures of CoV RTCs 

provide critical insight, it is important to remember that to solve these structures, samples 

must be highly uniform and stable complexes. This often involves solving the structures 

of RTCs in stalled states. Interpretation of these structures should take into consideration 

the fact that they are stalled, and follow-up experiments should be done to test structural 

observations. A good example of this is that it was initially predicted that both nsp8s’ N-

terminal extensions were required for RNA binding and elongation based off preliminary 

biochemical and structural observations. But further structural and biochemical 

experimentation done by us and others has demonstrated that only one nsp8 N-terminal 

extension is required for RNA synthesis in vitro (Chapter 2, (9)).  

 When thinking about the structures of CoV RTCs with two nsp8 extensions binding 

dsRNA leaving the active site, a question arises, what state is this RTC in? This RTC 

could either be a stalled elongation complex and/or a stalled state that has another 

function such as initiating backtracking or proofreading. Based on our results that nsp8T’s 

RNA binding domain is not required for RNA synthesis, I predict that these structures are 

paused elongation complexes, rather than actively elongating (Figure 1). Whether 
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pausing is promoted by, or permits nsp8T binding to dsRNA remains unknown, but this 

association allows other viral processes such as backtracking (mediated by nsp13 bound 

to nsp8T) to occur (10). In support of nsp8T’s role in pausing, preliminary experiments 

have shown that mutations designed to disrupt nsp8T’s N-terminal association with the 

RTC promote a decrease in pre-misincorporation pausing (Appendix 1). To further test 

the regulation of RTC stalling mediated by nsp8T, in vitro assays that force pausing (i.e. 

mismatch introduction or RNA secondary structure) should be more thoroughly executed. 

Further, to delineate the two nsp8s’ contributions to pausing, the ns8L7 fusion protein 

could be used, screening different mutations that block, hinder, or remove nsp8T’s RNA 

binding ability. These experiments could be performed on both long and short RNA 

substrates to access the role of pausing on processivity as well.  

1.3, The CoV RTC in the context of infection:  

 Until now I have focused my discussion on the core-RTC (nsp7+nsp8+nsp12), but 

CoV replication involves many more enzymes and cofactors beyond those of the core-

RTC. This includes the viral helicase nsp13, for which two protomers bind the  

RTC via interactions with each nsp8 (11). Nsp8T, which we have discussed as not being 

needed for RNA synthesis, scaffolds the nsp13 that can mediate CoV backtracking (10). 

We predict that nsp8T regulates CoV backtracking (Figure 1). To test nsp8T’s potential 

role in backtracking, site directed mutants on nsp8 that block the backtracking nsp13 

binding to the RTC could be screened with in vitro backtracking assays and using live 

virus and reverse genetics. Sequencing of the RNA produced by mutant viral strains could 

provide better context for the role of CoV backtracking, including its potential part in CoV 

proofreading as discussed in Chapter 4.  
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 Other viral enzymes and their interactions with the RTC are relatively 

uncharacterized compared to nsp13. Our work in isolating the proofreading-RTC (Chapter 

4) is beginning to piece together the interactions between the RTC and the exonuclease 

complex. It is poorly understood if and how the viral endonuclease (nsp15) and 2’O 

methyltransferase (nsp16) interact with the RTC. To examine the potential interactions of 

the core-RTC with these various nsps, permutations of nsps (i.e. proofreading-RTC +/- 

nsp13) could be tested for complex formation using RNA substrates that depict the 

different stages of RNA replication (i.e. backtracked, stalled…). Similar work was 

presented in Chapter 4 to identify the proofreading-RTC.  

 An aspect of the RTC that is not discussed in detail in this thesis is the RTCs 

seclusion in membrane bound viral replication vesicles during infection (12). These 

vesicles have been shown to have large viral protein pores that span the membranes of 

the vesicles, allowing the egress of viral RNA products for translation and packaging (13). 

Within the context of these vesicles, it is unknown how the RTC functions, including the 

amount of RTCs present and if the RTC(s) interact with the pore complex. To better 

characterize RTC dynamics in replication vesicles, cryo-electron tomography could be 

used on infected cells, or isolated replication vesicles, to observe the RTC in a more 

native state.  

2.0 Coronavirus proofreading and nucleoside analogues:  

 CoVs and other closely related viruses in the order Nidovirales are the only known 

RNA viruses that proofread during replication. For CoVs, proofreading has been shown 

to be critical for increasing fidelity during replication (14). The development of nucleoside 

analogues against CoVs has proven difficult due to CoVs ability to proofread. As 
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discussed in Chapters 4 and 5, to be an effective nucleoside analogue the antiviral must 

both be efficiently incorporated by the RTC and evade excision by nsp14.  

2.1 Interaction between the RTC and exonuclease complex: 

 Prior to the work presented in Chapter 4, there were few reports of interactions 

between the RTC and nsp14, and these reports were contradictory to one another and 

often used fusion proteins that potentially promoted nsp14 binding to the RTC when it 

otherwise wouldn’t (3,15). To address these contradictory results, we identified that the 

core-RTC and exonuclease complex (nsp10+nsp14) can interact, and that the interaction 

is dependent on RTC binding of backtracked RNA (Chapter 4). We then demonstrated 

that there is a window of backtracked RNA that permits interaction of the two complexes 

and assembly of the proofreading-RTC (Chapter 4). While we eliminated the NTP channel 

as the potential binding site of the exonuclease complex on the RTC, we did not go on to 

identify the location of the interaction (Chapter 4). Among the possible sites for 

exonuclease complex binding is at or near the nsp7-nsp8 heterodimer. This site is an 

attractive option as it is still close enough that if nsp10+nsp14 bound there it could reach 

8-14 nts of backtracked RNA. In addition, it has been previously shown that nsp8 can 

bind nsp14 or the complex of nsp10+nsp14 (16,17). To determine the site of interaction 

between the RTC and exonuclease complex a more thorough mutagenic screen 

attempting to disrupt complex assembly could be performed. Further, a structure of the 

two complexes interacting on a backtracked RNA substrate would provide critical details 

about the interaction.  

 The dependence on a backtracked RNA substrate leads us to predict that nsp13 

mediated backtracking is involved in proofreading (Figure 1). But it is important to state 
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that this has not been proven yet. Interestingly, a recent publication tested the viability of 

a CoV that lacked a protease cleavage site between nsp13 and nsp14, resulting in nsp13 

and nsp14 only being present as a fusion protein during infection (18). This mutation 

resulted in a viable virus with a mutation rate in-between that of wildtype and proofreading 

deficient viruses. These results indicate that nsp13 and nsp14 could associate with the 

RTC at the same time, potentially during proofreading that would require nsp13 mediated 

backtracking. To test if backtracking is involved in proofreading, an in vitro proofreading 

assay could be developed, and mutations blocking nsp13 binding to the RTC could be 

tested for their impact on proofreading efficiency. In addition, backtracking defective viral 

strains could be developed using reverse genetics, and virus mutation rates could be 

examined in these strains.  
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Figure 1, Hypothetical model of CoV proofreading: A misincorporation (red star) is 
hypothesized to initiate stalling of the CoV core-RTC. Stalling is predicted to require or promote 
nsp8T’s N-terminal extension binding to dsRNA and allow backtracking by the RTC. While nsp13 
is known to mediate CoV backtracking, whether it is involved in proofreading is currently not 
known. Backtracking by the CoV RTC results in the 3’ end of nascent RNA being extruded out the 
NTP channel, allowing the exonuclease complex to bind the RTC, and excise the mismatch. After 
mismatch excision, the exonuclease complex disassociates from the RTC allowing RNA to re-
enter the active site and elongation to continue.  
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2.2 Evolution of CoV proofreading: 

 The CoV proofreading enzyme, nsp14, is a 3’-5’ exoribonuclease in the DE(E/D)D 

superfamily of exonucleases (19). This is the same superfamily of exonucleases as those 

involved in DNA proofreading in eukaryotes and prokaryotes. Other virus families with 

genomes ≥20 kb in the Nidovirales order encode a homologous exonuclease to nsp14. 

Virus families in Nidovirales with genomes <20 kb, such as Arteriviridae, lack a 

homologue for nsp14 and do not proofread during replication. Given that there are viruses 

within Nidovirales with genomes <20 kb that lack a proofreading enzyme it is reasonable 

to hypothesize that the ability to proofread was acquired within the Nidovirales lineage. 

Within Nidovirales, the viruses with the smallest genomes (20 kb) that proofread during 

replication are the Mesoniviridae family. Perhaps an ancestral nidovirus acquired the 

ability to proofread allowing their genomes to increase to, and past, 20 kb. Another 

possibility is that proofreading was present in the Nidovirales last common ancestor, and 

that an ancestor to arteriviruses lost their ability to proofread, causing a shift towards a 

smaller genome size for that family. While both theories are interesting, it is currently 

unknown which of them (or others) describes the evolution of Nidovirales proofreading. 

Sequencing of a broad range RNA viruses has already begun to identify more viruses 

within Nidovirales, and these continued efforts could help piece together the evolution of 

Nidovirales proofreading.  

 Further complicating our understanding of Nidovirales proofreading is the lack of 

an identified ancestral origin for nsp14. Belonging to the same superfamily as DNA 

proofreading enzymes hints that nsp14’s ancestor could be a DNA proofreading enzyme, 

the gene for which was acquired during an infection. But an ancestral link between a 
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known DNA proofreading enzyme and nsp14 has yet to be shown. To begin to better 

understand the ancestral origins of nsp14 I believe that more work should be done to 

characterize the exonuclease activity of non-CoV proofreading Nidoviruses (i.e. 

Mesoniviridae). This work could identify structural and biochemical differences that define 

an evolutionary development between the Nidovirales exonucleases.  

3.0 Concluding remarks:  

 CoVs are RNA viruses with large genomes that encode numerous enzymes and 

replication factors that interact to synthesize, proofread, and modify viral RNA. Because 

of this, CoV replication is a highly complicated process, the mechanisms for which we are 

just beginning to understand. In this thesis, we contributed to the growing field of CoV 

replication biology by expanding our structural and biochemical understanding to the 

understudied Alpha- and GammaCoV polymerases. Further, we have begun to elucidate 

the previously poorly characterized mechanism of CoV proofreading. As CoVs continue 

to pose a threat to societal health, having a more complete understanding of their 

replication processes will help us treat current and future CoV induced diseases.  
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Introduction: 

Coronaviruses (CoVs) are (+) single-stranded RNA viruses with large, ~30 kb 
genomes (1). The 5’ two-thirds of the CoV gencome encodes for 16 viral non-structural 
proteins, or nsps (2). Several of these nsps interact, forming the viral replication-
transcription complex (RTC) that synthesizes and modifies viral RNA products during an 
infection (3). The viral RNA-dependent RNA polymerase (RdRP) nsp12 is the central 
component of the RTC (4). Nsp12, with replication factors nsp7 and nsp8, form the 
minimum complex needed for processive RNA synthesis in vitro (5,6). Because of this, 
the complex composed of all three nsps if referred to as the core-RTC. In addition to 
nsp12, CoVs encode several other enzymatic nsps that interact, or are predicted to 
interact, with the core RTC (7). Among these is the viral RNA helicase nsp13 (8).  

Structural studies of several CoVs revealed a surprising core-RTC stoichiometry 
of one nsp12 bound to one nsp8 and one nsp7+nsp8 heterodimer (9,10). The nsp8s are 
referred to as nsp8T (nsp7 heterodimer) and nsp8F depending on if they interact with the 
polymerase thumb or fingers domain, respectively. Structures of CoV core-RTCs bound 
to RNA duplexes have shown that long N-terminal extensions of the two nsp8s bind 
upstream dsRNA exiting the RdRP active site (10,11). This interaction has been proposed 
to promote core-RTC RNA binding and processive elongation (10). The CoV helicase, 
nsp13, is a superfamily 1B helicase that is important for virus replication (12-14). 
Structures of nsp13 bound to the core-RTC have shown that two helicase protomers are 
scaffolded to the RTC, each by one of the nsp8s (15,16). The nsp13 scaffolded by nsp8T 
was shown to bind the 5’ end of template RNA that would be entering the RdRP active 
site to be copied during RNA elongation (15,16). This interaction is interesting as the 
direction of the helicase translocation on template RNA (5’-3’) is opposite that of the 
polymerase, nsp12 (3’-5’). Further structural and biochemical characterization 
determined that this nsp13 can mediate CoV RTC backtracking, which results in the 3’ 
end of primer/nascent RNA being extruded out of nsp12’s NTP channel (17). At present, 
the role and regulation of nsp13-mediated RTC backtracking is unknown, but it has been 
predicted that backtracking could be involved in CoV discontinuous strand synthesis or 
proofreading (17). In addition, the purpose of the second nsp13 protomer, scaffolded to 
the RTC by nsp8F, is unknown.  

To solve the structure of the backtracked RTC, an RNA duplex with 5 consecutive 
mismatches was used (17). Although unlikely to occur naturally, the use of several 
consecutive mismatches on an RNA duplex is commonly used to stably trap polymerases 
in a backtracked state, allowing structural elucidation (17,18). The biochemical validation 
of nsp13 mediated backtracking was done using a pre-assembled and stalled RTC (17). 
To this stalled RTC, nsp13 and ATP were added allowing nsp13 to bind the RTC and 
drive backtracking of the previously non-elongating complex. Though providing new 
insights into nsp13, trapping the RTC in a backtracked state for structure solving or 
inducing backtracking on an already stalled RTC limit our understanding of the native 
function, outcome, and regulation of CoV backtracking. Here, using in vitro RNA 
elongation assays, we demonstrate that the addition of nsp13 to the RTC hinders RNA 
elongation in vitro likely because its association with the RTC is unregulated. Further, we 
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identify a backtracking-nsp13-dependent stalling of the SARS-CoV-2 RTC prior to 
mismatch incorporation. 
 
Results: 
 To study the nsp13s’ role in SARS-CoV-2 core-RTC elongation we developed an 
in vitro primer extension assay that tracks the elongation of an RNA primer annealed to 
an RNA template. The RNA primer is synthesized with a 5’ fluorophore so that elongation 
can be tracked by running samples on a denaturing urea-PAGE gel followed by 
fluorescent imaging. For these experiments, we designed the RNA primer-template pair 
with 33 nucleotides (nts) of dsRNA with 22 nts of template 5’ overhang. Based on the 
structure of the SARS-CoV-2 backtracked RTC, 22 nts of 5’ template overhang is 
sufficient to bind the backtracking nsp13, as it was shown to bind +8 to +14 nts of 
downstream template RNA (17). 
 Using recombinantly expressed nsp7, nsp8, and nsp12 we were able to assemble 
an active SARS-CoV-2 core-RTC that elongated the RNA primer to the length of the 
template (55 nts) (Fig 1). Addition of nsp13 to reactions resulted in greatly reduced 
extension, but RNA elongation still occurred (Fig 1). There was an accumulation of 
incomplete extension reactions producing a banding pattern of extension products.  
Nsp13 uses ATP hydrolysis as the energy source for helicase activity (12). To test if nsp13 
was reducing RNA extension by diminishing the NTP pool in reactions we screened 
increasing NTP concentrations from 0.04 – 2.00 mM (Fig 1A). Across the NTP 
concentrations tested the amount of RNA extension did not increase appreciably, 
indicating that nsp13 was reducing primer extension via another mechanism (Fig 1A). To 
assess if nsp13 was disrupting RTC formation prior to NTP addition we altered when 
nsp13 was added to reactions (Fig 1B). No matter when nsp13 was added, even if at the 
same time as NTPs, it resulted in the same reduction in primer extension (Fig 1B).   
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Figure 1, Nsp13 reduces in vitro RNA elongation: A) A 33 nt primer is extended to the length 
(55 nts) of the template RNA it is annealed to in the presence of the SARS-CoV-2 core-RTC. 
Addition of nsp13 to the in vitro reaction reduces the amount of fully extended RNA and this 
reduction is independent of [NTP]. B) Nsp13 was added to elongation reactions at the same time 
as the other nsps (1), when RNA is added (2), between RNA and NTP addition (3), or with NTPs 
(4).  
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To evaluate if the backtracking nsp13 was binding 5’ template RNA and hindering 

the RTC we tested the extension of an RNA duplex with a 5’ template overhang that is 
too short to bind the backtracking nsp13 (Fig 2A). This shortened RNA duplex was 
extended equally in the presence or absence of nsp13, indicating that binding of nsp13 
to the 5’ template was reducing RTC elongation (Fig 2A). To evaluate if nsp13’s helicase 
activity on the 5’ template RNA was reducing RTC elongation in vitro we produced two 
ATPase knockout mutants of nsp13 (K288A, and D374A). The addition of these two 
ATPase knockout nsp13s to extension reactions resulted in elongation amounts 
equivalent, if not more, to reactions without nsp13 (Fig 2B). Taken together, these results 
indicate that nsp13 is reducing RTC elongation in vitro by having unregulated helicase 
activity on the template 5’ end of RNA. 
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Figure 2, Nsp13’s helicase activity on the 5’ template RNA causes reduction in extension: 
A) In vitro RNA elongation assay using a shorted RNA duplex (29 nt of dsRNA, 9 nt of 5’ template 
overhang) that has a 5’ overhang too short to bind the backtracking nsp13. B) RNA elongation 
assay using the long dsRNA duplex with the addition of ATPase knockout nsp13 (K288A and 
D374R).  
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We were interested in determining the role of nsp13 backtracking, or lack thereof, 

in CoV proofreading. We tested this by running extension reactions with only ATP, CTP 
and UTP added with our longer dsRNA duplex. Based off the sequence of downstream 
template, after the incorporation of 5 nts, the RTC would be forced to either stall or 
incorporate a mismatch across from a template cytosine (Fig 3). In the absence of nsp13, 
there is an accumulation of RNA products at +5, +15, and +21 nts (Fig 3A). These indicate 
that the RTC pauses prior to a misincorporation, but once misincorporation occurs it 
extends until the next pause. In the presence of nsp13, there is primarily an accumulation 
of RNA products at +5, indicating that nsp13 is promoting pausing, and possibly 
backtracking prior to misincorporation (Fig 3A). A possible explanation for why we always 
see a spread of RNA extension products in the reaction with nsp13 and all NTPs is that 
nsp13s unregulated helicase activity is causing premature abortive elongation 
termination, resulting in RNA’s that have been elongated to various lengths.   
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Figure 3, Nsp8T and nsp13 promote pre-misincorporation pausing: A) In vitro RNA 
elongation assays ran without GTP present in the absence/presence of nsp13. B) Elongation 
assay comparing pre-misincorporation pausing of the core-RTC (no nsp13) between wildtype 
nsp12 and nsp8T N-terminal binding disrupting mutation, nsp12-I847R. C) Sequence of the long 
RNA used in the reactions. The RNA that is synthesized during reactions is in red. The +5 pre-
misincorporation pause site is indicated by the arrow and the corresponding bands are notated 
as “+5” in (A) and (B) 
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To further examine the potential role of nsp8T in the pre-misincorporation pausing 

we tested SARS-CoV-2 mutant I847R that was designed to block nsp8T’s N-terminal 
extension binding to the RTC and dsRNA. With the mutant, we ran in vitro primer 
extension reactions lacking GTP. In these reactions we saw pre-misincorporation pausing 
like before (Fig 3B). Interestingly, reactions with the mutant nsp12 (I847R) saw an 
increased amount of extension past misincorporation events, indicating a reduction in 
pausing (Fig 3B). While these results are interesting, they have not been followed up on 
extensively, and replicate experiments are needed to validate this observation. Further, 
performing similar experiments on longer RNA substrates in the presence of nsp13 could 
better delineate nsp8T and the backtracking nsp13’s role in pausing. These results 
demonstrate that nsp8T’s N-terminal binding to dsRNA is important for inducing pausing 
of the RTC in addition to scaffolding nsp13. 

   
Methods: 
Recombinant protein expression and purification: 
 Recombinant SARS-CoV-2 nsp7, nsp8, and nsp12 were prepared as described 
previously (19).  
 Recombinant SARS-CoV-2 nsp13 was expressed in Rosetta 2pLysS E. coli cells 
(Novagen). 1 L cultures were grown at 37°C until they reached an OD600 of 0.6-0.8. at 
which they were induced via addition of IPTG (final concentration = 500 μM) and ZnCl2 
(final concentration = 100 µM). Cultures shook at 16°C for 16 hours before cells were 
harvested via centrifugation and resuspended in Ni-wash buffer (25 mM HEPES, 300 mM 
NaCl, 30 mM imidazole, 2 mM DTT). Resuspended cells were lysed via microfluidization 
(Microfluidics) and lysates cleared via centrifugation followed by filtration. Protein was 
batch bound then purified using Ni-NTA agarose beads (Qiagen), eluting with wash buffer 
containing 300 mM imidazole. Protein was dialyzed overnight with the addition of 1% 3C 
protease (w/w) in dialysis buffer (10 mM HEPES, 300 mM NaCl, 2 mM DTT) to remove 
the hexa-histidine tag. The following day undigested protein was removed by flowing 
sample over Ni-NTA beads. Digested protein was further purified using a Superdex 200 
Increase 10/300 GL column (Cytia) with SEC buffer (10 mM HEPES, 300 mM NaCl, 2 
mM DTT). Fractions containing nsp13 were pooled and concentrated using ultrafiltraion. 
Concentrated samples were aliquoted, flash frozen in liquid nitrogen and stored at -80°C. 
Typical yield for a 1 L expression was 2-4 mg of protein. 
RNA Substrates: 

RNA oligos were purchased from Integrated DNA Technologies (IDT) with 5’ 
fluorescent tags (6-FAM) on the primer RNAs.  
Long RNA duplex: 
Primer:  5’ CAUUCUCCUAAGAAGCUAUUAAAAUCACAGAUU 3’ 
Template:  3’ GUAAGAGGAUUCUUCGAUAAUUUUAGUGUCUAAAAAGACAAAAAGGUACUGUGAC 5’ 
Short RNA duplex: 
Primer:  5’ CAUUCUCCUAAGAAGCUAUUAAAAUCACA 3’ 
Template:  3’ GUAAGAGGAUUCUUCGAUAAUUUUAGUGUUGGGAAAAA 5’ 
In vitro primer extension:  

In vitro assays were performed as described previously except for the following 
alterations (19). To assemble complexes nsp7, nsp8, and nsp12 were combined in 
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reaction buffer and incubated for 15 minutes at 25°C, then RNA duplex was added, and 
reactions incubated for 15 minutes at 25°C, then nsp13 was added (if present) and 
reactions incubated for another 15 minutes, unless noted otherwise, at 25°C before the 
addition of NTPs. The final concentration of nsp13 in reactions was 1 μM. Unless noted 
otherwise in the figure, the final concentration of NTPs was 40 μM. 

 
Discussion and future directions: 
 The CoV helicase nsp13 is a critical enzyme involved in CoV replication that has 
been shown to interact with the core-RTC (14,15,17). Structures of the SARS-CoV-2 RTC 
bound to nsp13 provided novel insight into helicase-polymerase coupling, but these 
structural snapshots do not provide mechanistic details into nsp13s’ role and regulation 
in elongation and backtracking. Using an in vitro RNA extension assay we have 
established that the addition of nsp13 to the SARS-CoV-2 RTC results in reduced RNA 
primer extension via nsp13’s helicase activity on the 5’ end of template RNA. Further, we 
have identified that the backtracking nsp13 promotes the pausing of an active elongation 
complex prior to a misincorporation event.  
 By testing various NTP concentrations, shortened RNA duplexes, and nsp13 
ATPase knockouts we identified that the helicase activity of the backtracking nsp13 
(bound to nsp8T) is likely responsible for the reduced RNA extension in vitro. We predict 
that our results are a consequence of the absence of nsp13 regulation mediated 
backtracking in our reductionist in vitro assay. In our simplified assay, we exclude 
countless variables that could be involved in the regulation of CoV backtracking, including 
other viral cofactors, enzymes, and potential host factors. Further, the assembly of a 
stable core-RTC composed of nsp12, nps8F, and the nsp7+nsp8T heterodimer bound to 
RNA prior to nsp13 addition may not be representative of an elongating RTC. In support 
of this, recent work from our lab and others established that the N-terminal extension of 
nsp8T is not required for in vitro RNA synthesis (19,20). We have since proposed that 
nsp8T could potentially regulate other steps in CoV replication, including RTC 
backtracking. Further, the nsp8T N-terminal binding mutant (nsp12-I847R) resulted in 
increased misincorporation and thus reduced pausing in vitro. Taken together, our results 
indicate that the in vitro assembly of a stalled core-RTC provides the scaffolding for nsp13 
to bind the RTC and cause unregulated backtracking.  

Forcing potential mismatches by excluding GTP from reactions resulted in an 
accumulation of RNA products that had been elongated by 5, 15, and 21 nts in the 
absence of nsp13. Based off the RNA primer-template sequence, these RNAs have been 
stalled prior to a nt misincorporation. With the addition of nsp13, we saw a strong 
accumulation of RNA products only at +5 nts. These results indicate that the RTC pauses 
prior to a misincorporation, and in the presence of nsp13, RTCs remained paused 
avoiding misincorporation.  

Although we have determined that nsp13’s helicase activity on the 5’ template RNA 
is responsible for the reduction in RNA extension, our in vitro assay is unable to assess 
if backtracking is occurring. To test this one could use a combination of in vitro primer 
extension with 4-thio-uracil crosslinking. For this, a 4-thio-uracil could be synthesized at 
or near the 3’ end of the primer on the annealed dsRNA substrate. This substrate could 
then be used for misincorporation assays where the forced misincorporation/pause is 
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near the primer 3’ end. After primer extension, samples could be UV-crosslinked and only 
if backtracking occurred the 4-thio-uracil would be able to crosslink in nsp12’s NTP 
channel.  Further, nsp8 mutations could be designed to specifically disrupt binding of the 
backtracking nsp13. These mutants would determine if nsp13 interaction with the RTC is 
responsible for our reported results.   
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Introduction: 

The coronavirus (CoV) (+) ssRNA genome encodes for 16 non-structural proteins 
or nsps (1). Among these nsps are several enzymes involved in the synthesis and 
modification of viral RNA products. Important for our work are the viral RNA-dependent 
RNA polymerase (nsp12), superfamily 1B helicase (nsp13), and 3’-5’ exoribonuclease 
(nsp14). Two of these nsps (nsp12 and nsp14) require viral cofactor proteins for optimal 
enzymatic activity. Nsp12 forms the viral core replication-transcription complex (RTC) 
with cofactors nsp7 and nsp8 (2). Nsp14 binds the cofactor nsp10 to form the 
exonuclease complex (3).  

In vitro assays are commonly used to characterize and test viral RNA enzymes. 
We developed in vitro RNA assays to evaluate nsp12’s polymerase activity, nsp13’s 
helicase activity, and nsp14’s exonuclease activity. Here I will briefly describe the 
development of these assays for enzymes from SARS-CoV-2, and PEDV.  

 
Methods: 

Provided are generalized methods for each RNA assay. Variations in methods (i.e. 
reaction times, and temperatures) will be noted in the “Results” section for different virus 
complexes and assay development steps.  
RNA and DNA oligos: 

Oligos were ordered and synthesized from Integrated DNA Technologies (IDT). 
“Primer RNA” and “Helicase Probe” were manufactured with 5’ fluorescent 6-FAM tags. 
To simplify the naming of RNA substrates through the main text, they will be referred to 
their following names of “Primer” and “Template” even if they aren’t being used for 
elongation.  
RNA 
Primer RNA: CAUUCUCCUAAGAAGCUAUUAAAAUCACA 
Template RNA w/ DNA hairpin: 
AAAAAGGGAUGUGAUUUUAAUAGCUUCUUAGGAGAAUGGGCTAGCATTCTCTGC
TAGCC 
Template RNA: AAAAAGGGAUGUGAUUUUAAUAGCUUCUUAGGAGAAUG 
DNA 
Helicase Probe/Trap: TTAACACGAGAGTAA 
Helicase Template: TTTTTTTTTTTTTTTTTTTTTTACTCTCGTGTTAA 
In vitro primer extension assay: 

Reaction buffer conditions were 10 mM Tris–Cl pH 8.0, 10 mM sodium chloride, 2 
mM magnesium chloride, and 1 mM DTT. Protein final concentrations were 500 nM 
nsp12, 1.5 μM nsp7 and 1.5 μM nsp8. Duplex RNA final concentration was 250 nM. 
Proteins were diluted in assay buffer and then combined and incubated at 25°C for 15 
min, duplex RNA was added and reactions incubated at 25°C for an additional 15 min. 
Reactions were initiated by the addition of NTPs to a final concentration of 40 μM and 
reactions ran for 1 min (at 25°C for SARS-CoV-2, or 30°C for PEDV) before being halted 
by addition of two volumes of sample loading buffer (95% (v/v) formamide, 2 mM 
ethylenediaminetetraacetic acid (EDTA) and 0.75 mM bromophenol blue). Samples were 
heated at 95°C then analyzed using denaturing urea-PAGE (8 M urea, 15% 
polyacrylamide) run in 1× TBE (89 mM Tris–Cl pH 8.3, 89 mM boric acid, 2 mM EDTA). 
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Gels were imaged using a Typhoon FLA 9200 (GE Healthcare) to identify fluorescein 
signals. Extension could be quantified using ImageJ. 
In vitro exonuclease assay: 

Proteins and RNA (ss or ds) were combined at final concentrations of nsp10 - 500 
nM, nsp14 - 125 nM, and RNA - 250 nM. Buffer conditions were 10 mM Tris, 10 mM NaCl, 
2 mM MgCl2, and 2 mM DTT. Proteins were diluted in reaction buffer after which proteins 
and RNA were combined and incubated at 30°C for 30 minutes. Reactions were halted 
by the addition of two reaction volumes of denaturing loading buffer (95% (v/v) formamide, 
2 mM EDTA, and 0.75 mM bromophenol blue). Samples were then analyzed following an 
identical protocol as the “In vitro primer extension assay”.  
In vitro helicase assay:  
 Reaction conditions were 10 mM Tris, 10 mM NaCl, 2 mM MgCl2, and 2 mM DTT. 
Reactions were initiated by combining nsp13 (500 nM), duplex DNA (250 nM), trap DNA 
(1.25 μM), and ATP (500 μM). After combining reactions were incubated for 15 minutes 
at 30°C after which reactions were put on ice. Reaction samples were mixed with 10X 
helicase assay loading buffer (10 mM TRIS,1 mM EDTA, 50% glycerol (v/v), 2% SDS, 
and 0.75 mM bromophenol blue) then ran on a 6% native-PAGE gel in 1X TBE. Prior to 
running the gel, gel rig, and running buffer were pre-chilled on ice, and gels were run in 
an ice bath. Gels were imaged using a Typhoon FLA 9200 (GE healthcare) to identify 
fluorescein signals.  
 
Results: 
Polymerase activity assay:  
 To assemble an active SARS-CoV-2 polymerase complex we combined 
recombinantly expressed nsp7, nsp8, and nsp12 with a short RNA duplex and added 
NTPs. For the duplex, the primer (Primer RNA) had a 5’ fluorescent tag to easily track 
elongation, and the template had a 3’ short DNA hairpin (Template RNA w/ DNA hairpin) 
to promote correct binding of the duplex to the polymerase. Based on prior publications 
we assembled the RTC+RNA in a stepwise manner, first allowing the nsps to form the 
core-RTC prior to the addition of RNA. We tested extension of RNA over a time course 
of 1 hour and observed ~50% extension by the first minute (Fig 1A). At later time points 
(>3 minutes) extension extended 1 nucleotide (nt) past the template length (Fig 1A). 
Moving forward we ran SARS-CoV-2 primer extensions for 1 minute to avoid excess 
polymerase activity. Further, there was a population of un-extended RNA that persisted 
up to 1 hour (Fig 1A). This indicated that RNA was not being extended. Reasons for this 
could include improper RNA binding, lack of RNA binding, or inactive complexes. To 
simplify our RNA oligo design, we compared extension using RNA templates with or 
without the 3’ DNA hairpin (Fig 1B). We did not see an appreciable improvement between 
the two substrates, so we did not include the hairpin in future work.  
 For the PEDV core-RTC we initially tested using a matching protocol to the SARS-
CoV-2 assay over a 10-minute time course (Fig 1C). We observed less polymerase 
activity for PEDV than SARS-CoV-2.  Extension efficiency improved when running 
reactions at a slightly higher temperature of 30°C compared to SARS-CoV-2 reactions 
being run at 25°C (Fig 1D). 
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Figure 1, in vitro primer extension: A) Primer extension time course for 0.5-60 minutes for the 
SARS-CoV-2 core-RTC. B) Comparison of extension by the SARS-CoV-2 core-RTC on duplex 
RNAs with or without a 3’ DNA hairpin (red) on the template. C) Primer extension time course 
from 1-10 minutes for the PEDV core-RTC. SARS-CoV-2 was included as a positive control. 
These reactions were incubated at 25°C. D) Primer extension for PEDV from 1-10 minutes with 
reactions that were incubated at 30°C. 
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Exonuclease activity assay: 
 To test the activity of recombinantly expressed exonuclease complexes (nsp10 + 
nsp14) we would combine our proteins with fluorescently tagged ss (Primer RNA) or 
dsRNA substrates (Primer RNA + Template RNA) and tracked degradation by denaturing 
urea-PAGE. We designed the substrates to have the fluorescent tag on the 5’ end so that 
nsp14’s 3’-5’ exonuclease activity could be tracked along the whole substrate. We 
assessed exonuclease activity with or without the metal ion cofactor Mg2+ and observed 
Mg2+ dependent exonuclease activity (Fig 2A). We consistently had reduced activity on 
dsRNA compared to ssRNA. In an attempt to improve activity, we added DNA on the 
template 3’ end to prevent degradation of template (Template RNA w/ DNA hairpin) and 
promote activity on the tagged primer (Fig 2B). Although the activity on dsRNA improved 
with the template 3’ DNA present, the SARS-CoV-2 exonuclease still displayed a 
preference for ssRNA. To determine the amount of nsp10 required for optimal 
exonuclease activity we titrated nsp10 into exonuclease reactions and observed that a 
nsp10 : nsp14 ratio of 4 : 1 resulted in optimal activity (Fig 2C). Using our established 
assay, we tested the activity of the PEDV exonuclease complex at 30°C and 37°C and 
observed exonuclease activity, interestingly with a preference for dsRNA over ssRNA 
(Fig 2D).   
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Figure 2, exonuclease assay: A) Exonuclease assay comparing activity of SARS-CoV-2 nsp10 
and nsp14 on ss or dsRNA in the absence or presence of MgCl2. B) Comparison of SARS-CoV-
2 exonuclease complex activity on dsRNA duplexes with or DNA (red) on the template 3’ end to 
promote primer degradation. C) Titration of nsp10 into SARS-CoV-2 exonuclease degradation 
reactions to find optimal ratio for nsp14 activation. D) Activity of the PEDV exonuclease complex 
at 37°C and30 °C on ss and dsRNA.  
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Helicase activity assay:  
 To assess the helicase activity of nsp13 we designed a DNA unwinding assay with 
a fluorescently labelled DNA probe (Helicase Probe) that could be examined via native-
PAGE. To prevent the reannealing of template DNA to the probe after unwinding, an 
unlabeled DNA trap (same sequence as the probe) was added to reactions. To screen 
how much excess trap is needed to prevent reannealing we heat-shocked samples of 
duplex + trap at increasing amounts of trap and found that 5x excess of trap is sufficient 
(Fig 3A). Initial helicase assays found DNA unwinding in the presence of duplex DNA, 
ATP, and trap (no nsp13 added) (Fig 3B). We predicted that high concentrations of ATP 
were promoting unwinding of the low-Tm DNA duplex. To reduce unwanted unwinding, we 
tested various concentrations of ATP +/- nsp13 and found 0.5 mM ATP to both promote 
nsp13’s helicase activity while reducing unwinding in nsp13s absence (Fig 3B). Under 
matching conditions this assay works to assess PEDV nsp13 helicase activity (Fig 3C).  
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Figure 3, helicase assays: A) Native-PAGE gel assessing re-annealing of DNA probe and 
template after heat shock at 95°C for 5 minutes with increasing amounts of trap DNA oligomer 
present. B) Comparison of DNA unwinding at decreasing concentrations of ATP in the absence 
or presence of SARS-CoV-2 nsp13. C) Helicase assay assessing the activity of PEDV nsp13.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  

 

255 
References: 
 
1. Snijder, E.J., Decroly, E. and Ziebuhr, J. (2016) The Nonstructural Proteins 

Directing Coronavirus RNA Synthesis and Processing. Adv Virus Res, 96, 59-126. 

2. Subissi, L., Posthuma, C.C., Collet, A., Zevenhoven-Dobbe, J.C., Gorbalenya, 
A.E., Decroly, E., Snijder, E.J., Canard, B. and Imbert, I. (2014) One severe acute 
respiratory syndrome coronavirus protein complex integrates processive RNA 
polymerase and exonuclease activities. Proc Natl Acad Sci U S A, 111, E3900-
3909. 

3. Ma, Z., Pourfarjam, Y. and Kim, I.K. (2021) Reconstitution and functional 
characterization of SARS-CoV-2 proofreading complex. 

 



 

 

256 

 
Appendix 3: In depth protocols used in the completion of thesis work 

Authors: Thomas K. Anderson1, Peter J. Hoferle1, Robert N. Kirchdoerfer1  
 
Affiliations:  
1Department of Biochemistry, Institute for Molecular Virology, Center for Quantitative 
Cell Imaging, University of Wisconsin-Madison, Madison, WI 53706, USA. 
 

 

 

 

 

 

 

 

 

Author contributions: 
T.K.A., P.J.H. and R.N.K. developed the following protocols through collaboration and 
discussion.  
T.K.A. assembled this appendix with editing by R.N.K..



 

 

257 
 
Introduction:  
 Through the completion of this dissertation several protocols were developed and 
used for the cloning, expression, purification, and analysis of recombinant CoV proteins. 
Here, I will provide detailed sample protocols, providing important information for their 
execution. 
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T4 ligation independent cloning: 
PCR amplification of gene of interest:  
For each gene set up rxn:  
16.4 µL Water  
5 µL 5X Buffer 1X 
1 µL DMSO 4% 
0.5 µL 10mM Each dNTPs  200 µM each 
1 µL 10µM Fwd primer 0.4 µM 
1 µL 10µM Rvs primer 0.4 µM 
0.4 µL Template DNA (Genescript) (~100 ng) 
0.4 µL Phusion Polymerase 0.032 U/µL 
 
Thermocycle Parameters: 
98˚C for 30 sec Denature 
98˚C for 15 sec |*18 Cycling amplification 
60˚C for 20 sec | (Tm – 5C) 
72˚C for 30 sec (15-30s/kb) | 
72˚C for 60sec (30-60s/kb) Final extension 
10˚C hold 

• Note: Extension times are Phusion polymerase specific. If using different DNA 
polymerase, change parameters.  

 
Gel Extract Genes:  
1. Prepare 1% agarose gel (30 mL fresh 1X TAE, 0.3 g of agarose, melt in microwave 

~1min, add 1.5 µL of Gel-Red) 
2. Add 5 uL of 6x loading buffer to each sample 
3. Load 15 uL of sample to each well, and 2 uL of 1kb ladder to 1 well 
4. Run gel (I often run gels of this type for 25 minutes at 130V, this is sufficient to get a 

good band spread and doesn’t take long to run). 
5. Gel purification: I have found that the Machery-Nagel gel extraction works the best 

(much better than Zymo).  
6. Elute with 20 uL of diluted elution buffer (1:10 dilution from what is supplied by kit) 
BfuAI digestion of pET46-ccdB plasmid: 
X uL  MilliQ water 
2.5 uL  10x NEBuffer 3.1 1x 
X uL  Plasmid DNA (pET46ccdB) 0.5 – 1ug 
1 uL  BfuAI 2U 
25 uL Final Vol 
1. Pipette up and down, incubate at 37C for 14 hr 
2. Gel extract product with Machery Nagel kit, elute with 50 µL of diluted elution buffer 
T4 DNA Pol Treat: 
47 uL  BfuAI-treated vector DNA 
6 uL  NEB buffer 2.1 
6 uL  25 mM dTTP 
1.2 uL  T4 DNA Pol 
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Insert: 
15.6 uL  purified PCR insert 
2 uL NEB buffer 2.1 
2 uL  25 mM dATP 
0.4 uL  T4 DNA Pol 
1. Incubate at RT for 30 min, heat inactivate T4 DNA polymerase at 75˚C for 20 min, 

dilute Vector DNA to 2.5 ng/uL with elution buffer 
• Notes:  

o BfuAI is specific for this plasmid.  
o It is critical for the LIC that the insert and plasmid are designed so that 

they can be treated with Watson-Crick base dNTPs (i.e. insert is treated 
with dATP, plasmid is treated with dTTP) making a perfect overhang for 
one another.  

LIC: 
1. Mix 1 uL of diluted vector, with 2 uL of T4 treated insert. Incubate at RT for 4 min 
2. Add 1 uL of 25 mM EDTA, incubate at RT for 5 min 
3. Use 2 uL of the mixture to transform 50 uL of TOP10 E. coli cells.  
4. Transformation: 2 minutes on ice, 45 seconds at 42C, 2 minutes on ice then recover. 
5. Recover in 200 uL of LB shaking for 1 hr. 
6. Plate on LB+agar plates with plasmid specific antibiotic resistance.  
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Lightning mutagenesis:  
The purpose of this protocol is to mutagenize plasmid DNAs. It is based on the methods 
described for the Agilent QuickChange Lightning Multi Kit.  
Primer design: This type of mutagenesis only requires the use of 1 primer. The primer 
should be 25-45 nts long, with an equal amount of sequence on either side of the 
mutation. The Tm of the primer should be >75C and end with 1 or more G/Cs at the 3’. 
1. Phosphorylate primers (20µL)  
13.5 µL Water 
2 µL 10X PNK Buffer 1X 
2 µL 10 mM ATP  1 mM 
2 µL 100 µM Primer1 10 µM 
0.5 µL PNK (NEB)  5 U 
Incubate at 37˚C for 30 minutes 
 
 
 

2. Amplify and Ligate (25µL)    
10.1 µL Water 
5 µL 5X Q5 Reaction Buffer 1X 
5 µL GC Enhancer 1X 
0.5 µL 10mM dNTPs 200 µM 
0.5 µL 50mM NAD+ 1 mM 
2.4 µL 10µM each primer 0.5 µM each 
0.5 µL Template DNA <1,000 ng 
0.5 µL HiFi Taq DNA Ligase   
0.5 µL Q5 HiFi DNA Polymerase 
Q5 Thermocycler parameters 
95˚C 0:30 
95˚C 0:10 |*30 cycles 
60˚C 0:20 | 
65˚C 5:00 | 
65˚C 10:00 
10˚C  hold 

After PCR: Remove template DNA 
Add 1 µL DpnI to each 25µL PCR reaction 
Incubate at 37˚C for 1 hour 
Transform the DNA into E. coli 
1. Thaw chemically competent TOP10 E. coli on ice (10-15 min) 
2. Add 4 µL of DpnI-digested PCR product to 50 µL of E. coli 
3. Incubate on ice for 2 minutes 
4. Heat shock at 42˚C for 45 sec 
5. Return to ice for 2 min 
6. Add 150 µL LB and incubate at 37˚C with shaking for 1 hour 
7. Pre-warm a LB+Amp agar plate 

o Plasmid specific antibiotic 
8. Plate 200 µL of transformed culture onto the agar plate and incubate at 37˚C 

overnight 
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Recombinant expression and purification of coronavirus cofactor proteins: 
This protocol can be used and adapted for the purification of SARS-CoV-2 or PEDV 
nsp7, nsp8, or nsp10. Each of these proteins are very stable expressers, often making 
10s of mgs per a 1-L culture. Note: PEDV nsp10 is not as good of an expresser but this 
protocol still works. 
Ni Bind/Wash Buffer  
HEPES 25 mM or TRIS 10 mM 
NaCl  300 mM 
Imidazole 30 mM 
pH 7.5 for HEPES, 8 for TRIS 
DTT  2 mM 
Ni Elution Buffer  
HEPES 25 mM or TRIS 10 mM 
NaCl  300 mM 
Imidazole 300 mM 
pH 7.5 for HEPES, 8 for TRIS 
DTT  2 mM 
Dialysis Buffer  
HEPES 25 mM or TRIS 10 mM 
NaCl  300 mM 
pH 7.5 for HEPES, 8 for TRIS 
DTT  2 mM 
 
SEC Buffer    
HEPES 25 mM or TRIS 10 mM 
NaCl  300 mM 
pH 7.5 for HEPES, 8 for TRIS 
DTT  2 mM 
Expression: 
1. Transform 0.5 µL of plasmid (~100 ng) into 50 uL of Rosetta2 pLysS cells (recover 

with 150 uL of LB) 
a. Transformation: 2 min on ice, 45 sec at 42C, 2 min on ice, recover 

2. Directly inoculate an overnight 100 mL LB+antibiotic starter culture from recovered 
cells 

a. Inoculated culture can sit on benchtop until the end of the day, but you 
want to wait to put it in the shaker until the afternoon, so it doesn’t go 
overnight for >16 hrs.  

3. The next morning: Use 10 mL of the starter culture to inoculate 1 L of LB+antibiotic 
and incubate at 37˚C, 220 rpm 

a. NOTE: use baffle flasks for 1L cultures to promote aerobic cell growth 
4. Allow culture to grow to OD600 = 0.6-0.8 

• Once there, induce 1 L of culture with 1 mL of 0.5 M IPTG 
5. Incubate the cultures at 16˚C overnight, 220 rpm 
6. The next morning: spin down at 3,500 x g for 15 min, discard the supernatant 

a. The pellet can be prepared immediately or frozen and stored at -80˚C. 
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7. Resuspend the pellets in 40 mL of Ni Bind/Wash Buffer per 1 L culture.   

a. If starting with a frozen pellet, let the pellet warm up for a bit (30 min) 
before trying to resuspend 

8. Lyse cells in the microfluidizer 
a. 20,000 psi. The entirety of the sample should pass through the shearing 

chamber at least twice.  
9. Clear each lysate by centrifugation at 25,000 x g for 30 min  
10. Filter the supernatant (0.45 µm) and bind in batch to 2 mL of Ni-NTA beads for at 

least 30 min (up to 2 hours) 
a. Batch bind: gentle rotation at 4˚C is preferred. Some proteins dislike the 

cold (i.e. CoV nsp15) and should batch bind at 25˚C.  
b. If you have issues with low yields and E. coli contaminating proteins, you 

can use 1 mL of beads.  
11. Collect beads by centrifugation (500 x g for 5 min) and remove the supernatant 

before loading onto a gravity column  
12. Wash the beads with 2*20 mL Bind/Wash buffer 
13. Elute with 5*1 CV of Elution buffer 
14. Run fractions on SDS-PAGE from the various steps (supernatant, pellet, washes, 

elutions)  
15. Pool Ni elutions into a single tube. Measure the A280 of the pooled fractions. 

Calculate mg/mL concentration 
16. Add 1% (w/w) of TEV protease to all of sample 
17. Transfer each protein to dialysis tubing (3.5 kDa MW cutoff) and dialyze into Dialysis 

Buffer overnight at 4˚C 
18. For the cleaved portions 

a. Flow the dialyzed protein over 2 mL of equilibrated Ni-NTA collecting the flow 
through (cleaved protein). 

b. Wash the column with 6 mL of Dialysis Buffer adding this protein to the flow 
through 

c. Elute from the column into a separate tube (digested but uncleaved protein) 
19. For the cleaved protein (Ni flow through) and the undigested portion of the proteins, 

concentrate the protein to < 500 µL 
20. Hard spin each sample (5min at 16,000g) 
21. Load each sample onto a Superdex200 10/300 Increase column equilibrated in SEC 

Buffer 
a. Columns can be overloaded, I recommend not running more than 10 mg 

at a time, at least on this column.  
22. Pool fractions containing your protein of interest and concentrate using 

ultrafiltration. These cofactors can be concentrated to >10 mg/mL. Once 
concentrated aliquot (20-30 µL aliquots are good for our in vitro assays) and flash 
freeze in liquid nitrogen. Store at -80˚C.  
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Preparation of P0 and P1 baculovirus stocks:  
Transfection for P0 generation: 

1. Seed each well of a 6 well plate with 1.5e6 Sf9 insect cells in 1.5 mL ESF 921 
media. Allow 20 min undisturbed to attach. 

2. Mix the Cellfectin II transfection reagent well before use via inversion 
3. Transfection Mixture (combine in order): 

• 1 mL ESF 921 media 
• Bacmid DNA: 1 ug 
• Cellfectin II: 10 uL 

• Make sure to include -DNA control.  
4. Mix well by inversion, incubate at 25˚C for 20 min 
5. Discard original medium from plate and add transfection mixture dropwise (and 

gently!) to the cells surface, ensure to add drops to the full surface area. Rock 
back and forth gently. Incubate at 27˚C for 4 hours. Then add 3 mL of fresh 
media, and tape 3 sides of the plate. Incubate for 5 days at 27˚C.  

6. Harvest virus (supernatant) after 5 days via centrifugation. 1000 x g for 5 min 
a. Move supernatant to a clean tube after centrifugation, store at 4˚C. Can be 

stored for a few weeks.  
For a 12 well plate, modify protocol as follows: seed 0.5e6 cells/well in 1 mL media. 

1. Transfection mixture: 
a. 200 µL media 
b. Bacmid: 300 ng 
c. 3 µL Cellfectin II 

2. Then when adding fresh media add 1 mL 
Generation of P1 Stock: 

1. Seed a 12 mL adherent culture with 6e6 Sf9 cells and infect with 0.5 mL of P0 
virus 

2. Incubate for 5 days at 27˚C 
3. Harvest P1 virus by centrifugation (1,000 x g 5 min). Can be stored at 4˚C for 6-

12 months.
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Recombinant expression and purification of SARS-CoV-2 and PEDV nsp12: 
This protocol is to prepare SARS-CoV-2 or PEDV nsp12 from baculovirus infected cells 
using strep chromatography.  
Strep Wash Buffer   
HEPES  25 mM 
NaCl  300 mM 
MgCl2  1 mM 
pHà7.4 with HCl 
0.45 µm Filter 
DTT  2 mM 
Strep Elution Buffer (10 mL)  
10 mL Strep Wash  1X 
5.2 mg Desthiobiotin 2.5mM 
409 SEC Buffer (250 mL)   
HEPES  25 mM 
NaCl  300 mM 
50 µL 0.5 M MgCl2 100 µM 
0.5 mL 1 M TCEP 2 mM 
pHà7.4 with NaOH 
(prepare SEC buffer the day you use it) 
1. Day 0: Start amplifying Sf21 cells (250 mL at 1e6 cells/mL) and start P2 virus stock 

(50 mL of Sf9 cells at 1e6 cells/mL + 0.4 mL of P1 virus stock (protocol for P1 
generation above)) 

2. Day 3: Expand Sf21 cells to 1 L at 0.8-1.0e6 cells/mL 
3. Day 4: Infect Sf21 cells with 10 mL of P2 virus stock 

a. Spin down the P2 stock prior to use (1,000 x g for 10 min at 4˚C) 
b. Infect 1*1 L cultures of Sf21 cells with 10 mL of P2 baculovirus stock 

(supposed moi of 5). Incubate at 27˚C. 
4. Day 6: Spin down 1 L culture (1,000 x g for 10 minutes, 4˚C) 
5. Discard the supernatant 
6. Resuspend cells in 100 mL Wash buffer and add 143 µL BioLock/L of cell culture 
7. Lyse the cells using the microfluidizer at 20,000 psi 
8. Clear lysates by centrifugation at 25,000 x g at 4˚C for 30 minutes 
9. Filter lysates (0.45 µm filter) 
10. Add 2 mL of Streptactin Superflow Agarose to cleared lysates and incubate with 

agitation for 30 min at 4˚C 
11. Collect resin by gentle centrifugation (500 x g for 5 min) and load gravity column 
12. Wash twice with 20 mL of Wash buffer 
13. Elute slowly with 10 mL of Elution Buffer,  
14. Run samples on SDS-PAGE 
15. Clean beads by: water wash, 3 CV of 0.5 M NaOH, 3 water washes, then wash out 

of column and store at 4˚C 
a. NOTE: strep beads don’t last very long, so you can usually reuse them a 

couple times for like 2 weeks but don’t store for longer than that.  
16. If SDS-PAGE looks good, can-do SEC same day or store sample at 4˚C O/N. 
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Recombinant expression and purification of IBV nsp12: 
Ni Bind/Wash Buffer (500 mL) 
HEPES 25 mM 
NaCl  300 mM 
Imidazole 30 mM 
MgCl2     1 mM 
pH 7.5 
DTT  2 mM 
Ni Elution Buffer (100 mL)  
HEPES 10 mM 
NaCl  300 mM 
Imidazole 300 mM 
MgCl2      1 mM 
pH 7.5 
DTT  2 mM

Dialysis Buffer (1L)   
HEPES 10 mM 
NaCl  300 mM 
MgCl2  2 mM 
pH 7.5 
DTT  2mM 
SEC Buffer (500 mL)   
HEPES 25 mM 
NaCl  300 mM 
MgCl2  100 µM 
pH 7.5 
1 mL 0.5 M TCEP 2 mM

Expression: 
1. Transform 0.5 µL of plasmid (~100 ng) into 50 uL Rosetta2 pLysS cells (recover with 

150 uL of LB) 
2. Directly inoculate an overnight 100 mL LB+antibiotics starter culture from recovered 

cells 
3. Use 10 mL of the starter culture to inoculate 1 L of LB+antibiotics and incubate at 

37˚C, 220 rpm 
4. Allow culture to grow to OD600 = 0.6-0.8 

• Induce 1 L of culture with 1 mL of 0.5 M IPTG,  
 Incubate the cultures at 16˚C overnight 
5. Spin down at 3,500 x g for 15 min, discard the supernatant.  
6. Resuspend the pellets in 40 mL of Ni Bind/Wash Buffer per 1 L culture.  Lyse cells in 

the microfluidizer 
7. Clear each lysate by centrifugation at 25,000 x g for 30 min  
8. Filter the supernatant (0.45 µm) and bind in batch to 2 mL of Ni-NTA beads for at 

least 30 min (up to 2 hours) 
9. Collect beads by centrifugation (500 x g for 5 min) before loading onto a gravity 

column (skinny column) 
10. Wash the beads with 2*20 mL Bind/Wash buffers 
23. Elute with 5*1 CV of Elution buffer 
24. Run fractions on SDS-PAGE 
25. Pool Ni elutions into a single tube. Measure the A280 of the pooled fractions. 

Calculate mg/mL concentration 
26. Add 1% (w/w) of TEV protease to all of each sample 
27. Transfer each protein to dialysis tubing and dialyze into Dialysis Buffer overnight at 

4˚C 
28. For the cleaved portions 

a. Flow the dialyzed protein over 2 mL of equilibrated Ni-NTA collecting the flow 
through (cleaved protein). 
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b. Wash the column with 6 mL of Dialysis Buffer adding this protein to the flow 

through 
c. Elute from the column into a separate tube (digested but uncleaved protein) 

29. For the cleaved protein (Ni flow through) and the undigested portion of the proteins, 
concentrate the protein to < 500µL 

30. Hard spin each sample (5min at 16,000 x g) 
31. Load each sample onto a Superdex200 Increase column equilibrated in SEC Buffer
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Recombinant expression and purification of coronavirus nsp14: 
Ni Bind/Wash Buffer (500 mL) 
HEPES 25 mM 
NaCl  300 mM 
Imidazole 30 mM 
0.5 M MgCl2 2 mM 
pHà7.5 
DTT  2mM 
Ni Elution Buffer (100 mL)  
HEPES 25 mM 
NaCl  300 mM 
Imidazole 300 mM 
pHà7.5 
DTT  2 mM 

Dialysis Buffer (1 L)   
HEPES 25 mM 
NaCl  300 mM 
pH à 7.5 
DTT  2 mM 
SEC Buffer (500 mL)   
HEPES 25 mM 
NaCl  300 mM 
pHà7.5 
DTT  2 mM

Expression: 
1. Transform 0.5 µL of each plasmid (~100 ng) into 50 µL C41(DE3) pLysS cells 

(recover with 150 µL of LB) 
a. Transformation: 2 min on ice, 45 sec at 42˚C, 2 min on ice, recover 

2. Directly inoculate an overnight 100 mL LB+antibiotic starter culture from recovered 
cells 

a. Inoculated culture can sit on benchtop until the end of the day, but you want 
to wait to put it in the shaker until the afternoon, so it doesn’t go overnight for 
>16 hrs.  

3. The next morning: Use 1 0mL of the starter culture to inoculate 1 L of LB+antibiotic 
and incubate at 37˚C, 220 rpm 

a. NOTE: use baffle flasks for 1 L cultures to promote aerobic cell growth 
4. Allow culture to grow to OD600 = 0.6-0.8 

• Once there, induce 1 L of culture with 1 mL of 0.5 M IPTG 
5. Incubate the cultures at 16˚C overnight, 220 rpm 
6. The next morning: Spin down at 3,500 x g for 15 min, discard the supernatant 

a. The pellet can now either be prepared immediately or frozen and stored at -
80˚C for a later date.  

7. Resuspend the pellets in 40 mL of Ni Bind/Wash Buffer per 1 L culture.   
a. If starting with a frozen pellet, let the pellet warm up for a bit (30 min) before 

trying to resuspend 
8. Lyse cells in the microfluidizer 

a. 20,000 psi. The entirety of the sample should pass through the shearing 
chamber at least twice. For 40 mL of sample with the Kirchdoerfer lab 
microfluidizer, this requires pouring sample back through 3 times.  

9. Clear each lysate by centrifugation at 25,000 x g for 30 min  
10. Filter the supernatant (0.45 µm) and bind in batch to 2 mL of Ni-NTA beads for at 

least 30 min (up to 2 hours) 
a. If you have issues with low yields and e. coli contaminating proteins you can 

use 1 mL of beads.  
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11. Collect beads by centrifugation (500x g for 5 min) and remove the supernatant 

before loading onto a gravity column  
12. Wash the beads with 2*20 mL Bind/Wash buffers 
13. Elute with 5*1 CV of Elution buffer 

14. Run fractions on SDS-PAGE from the various steps (supernatant, pellet, washes, 
elution)  

15. Pool Ni elutions into a single tube. Measure the A280 of the pooled fractions. 
Calculate mg/mL concentration 

16. Add 1% (w/w) of TEV protease to all of sample 
17. Transfer each protein to dialysis tubing (3.5 kDa MW cutoff) and dialyze into Dialysis 

Buffer overnight at 4˚C 
18. For the cleaved portions 

a. Flow the dialyzed protein over 2 mL of equilibrated Ni-NTA collecting the flow 
through (cleaved protein). 

b. Wash the column with 6 mL of Dialysis Buffer adding this protein to the flow 
through 

c. Elute from the column into a separate tube (digested but uncleaved protein) 
19. For the cleaved protein (Ni flow through) and the undigested portion of the proteins, 

concentrate the protein to < 500 µL 
20. Hard spin each sample (5min at 16,000 x g) 
21. Load each sample onto a Superdex200 Increase 10/300 column equilibrated in SEC 

Buffer 
a. Columns can be overloaded, I recommend not running more than 10mg at a 

time, at least on this column.  
22. Pool fractions containing your protein of interest and concentrate using 

ultrafiltration.  
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Recombinant expression and purification of coronavirus nsp13: 
Ni Bind/Wash Buffer (500 mL) 
HEPES 25 mM 
NaCl  300 mM 
1Imidazole 30 mM 
pHà7.4 
DTT  2 mM 
Ni Elution Buffer (100 mL) 
HEPES 25 mM  
NaCl  300 mM 
Imidazole 300 mM 
pHà7.4 
DTT  2 mM

Dialysis Buffer (1 L) 
HEPES 10 mM 
NaCl 300 mM 
pHà7.4 
DTT 2 mM 
SEC Buffer (500 mL) 
HEPES 10 mM 
NaCl 300 mM 
pHà7.4 
DTT 2 mM

Expression: 
1 Transform 0.5 µL of each plasmid (~100 ng) into 50 µL Rosetta 2pLys cells 

(recover with 150 µL of LB) 
2 Directly inoculate an overnight 100mL LB+antibiotic starter culture from 

recovered cells 
3 Use 10 mL of the starter culture to inoculate 1 L of LB+antibiotic and incubate at 

37˚C, 220 rpm 
4 Allow culture to grow to OD600 = 0.8 

a. Induce 1 L of culture with 1 mL of 0.5M IPTG and an additional 200 µL of 
0.5 M ZnCl2  

5 Incubate the cultures at 16˚C overnight 
6 Spin down at 3,500 x g for 15 min, discard the supernatant.  
7 Resuspend the pellets in 40 mL of Ni Bind/Wash Buffer per 1000 mL culture.  

Lyse cells in the microfluidizer 
8 Clear each lysate by centrifugation at 25,000 x g for 30 min  
9 Filter the supernatant (0.45 µM) and bind in batch to 2mL of Ni-NTA beads for at 

least 30 min (up to 2 hours) 
a. Preferred batch binding is gentle rotation at 4˚C 

10 Collect beads by centrifugation (500 x g for 5 min) before loading onto a gravity 
column (skinny column) 

11 Wash the beads with 2*20 mL Bind/Wash buffers 
12 Elute with 5*1 CV of Elution buffer 
13 Run fractions on SDS-PAGE  
14 Pool Ni elutions into a single tube. Measure the A280 of the pooled fractions. 

Calculate mg/mL concentration 
15 Add 1% 3C protease (w/w) and incubate in dialysis at 4˚C O/N 
16 Inverse bind protein over 2 mL Ni-NTA 
17 concentrate the protein to < 500 µL 
18 Hard spin each sample (5min at 16,000 x g)  
19 Load each sample onto a Superdex200 Increase column equilibrated in SEC 

buffer 
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In vitro primer extension assay example protocol: 
 
10x HEPES Buffer:  
HEPES  250 mM 
NaCl   500 mM 
MgCl2*6H2O  200 mM 
pH to 7.5, syringe filter 
 

RNA Loading Buffer: 
Formamide  9.5 mL 
Bromophenol blue 
EDTA   (Final: 2 mM)  
 
RNA Binding Buffer: 
KCl  100 mM 
HEPES 100 mM 
MgCl2*6H2O 20 mM 
pH 7.4 and filter 

NOTE: Several buffers can work for primer extension depending on the CoV 
polymerase being studied. This includes using pH 7.5 (HEPES) or pH 8 (TRIS) buffering 
agents with added NaCl, KCl, Na-Glutamate, or K-Glutamate (100-1000 mM in 10X 
stock) and MgCl2 (20 mM in 10X stock). 
 
 
 
 
 
 
 
 
 
 
Reaction Conditions: 
Typical reaction volume = 20 µL 
Annealing RNA primer and template:  
Want a 1:1.2 ratio of primer;template 
Combine RNA with RNA binding buffer (1 µL per 20 µL total volume) and DEPC treated 
water.  
Heat at 95˚C for 5 minutes, turn heat block off and allow to cool in cooling heat block for 
1 hr. Move to RT for 15 minutes. Samples can now be stored at -20˚C.  
Reaction Protocol: 
Dilute protein in 1X reaction buffer 
Mix up Water, buffer, DTT and nsp7+8+12. Gently mix and then incubate at 25˚C for 15 
minutes 
Add RNA, gently mix, and incubate at 25˚C for 15 minutes 
Add NTPs and incubate at 25˚C for 1 minute 
To quench reaction, mix 5 µL of sample with 10 µL of RNA Loading Buffer.  
Gel: 
Combine 4.8 g of urea with 0.5 mL of 10X TBE, 5 mL of 30% Acrylimide:Bis-Acrylimide 
19:1, and DEPC treated water (to 10 mL), dissolve the urea. Clean mini-gel glass plates 
and assemble on gel pouring rig. Add 8 µL of TEMED and 90 µL of 10% APS to gel 

Reagent [Start] Final 
Conc. 

DEPC H2O water  
10x Buffer 10x 1x 
DTT 10 mM 1 mM 
Nsp12 10 µM 0.5 µM 
Nsp 7 30 µM  1.5 µM 
Nsp8 30 µM 1.5 µM 
Primer:Temp  5 µm 0.25 µM 
NTPs 800 µM 40 µM 
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solution, quickly pipette gel solution between glass plates and place comb. Should take 
~15 minutes to polymerize. 
Running samples:   
Pre-run gel in 1X TBE at 220 V for 15 minutes. Simultaneously heat gel samples for 15 
minutes at 95˚C.  
After pre-running the gel, clear the gel wells using a blunt syringe and load samples.  
Run at 220 V for ~75 minutes.  
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In vitro exonuclease assay: 
10x Exonuclease Assay Buffer:  
TRIS   100 mM 
NaCl   100 mM 
MgCl2*6H2O  20 mM 
pH to 7.5, syringe filter

RNA Loading Buffer: 
Formamide  9.5 mL 
Bromophenol blue 
EDTA   (Final: 2 mM)  
RNA Binding Buffer: 
KCl  100 mM 
HEPES 100 mM 
MgCl2*6H2O 20 mM 
pH 7.4 and filter

 
 
 
 
 
 
 
 
Final rxn vol = 20 µL each.  
Annealing RNA primer and template for dsRNA:  
Want a 1:1.2 ratio of primer;template 
Combine RNA with RNA binding buffer (1 µL per 20 µL total volume) and DEPC treated 
water.  
Heat at 95˚C for 5 min, turn heat block off and allow to cool in cooling heat block for 1 
hr.  
Move to RT for 15 min. Samples can now be stored at -20˚C.  
Rxn Protocol: 
Dilute proteins in 1X reaction buffer 
Combine reagents, incubate at 30˚C for 15 minutes  
To quench reaction, mix 5 µL of sample with 10 µL of RNA Loading Buffer.  
Gel: 
Combine 4.8 g of urea with 0.5 mL of 10X TBE, 5 mL of 30% acrylimide:bis-acrylimide 
19:1, and DEPC treated water (to 10 mL) and dissolve the urea. Clean mini-gel glass 
plates and assemble on gel pouring rig. Add 8 µL of TEMED and 90 µL of 10% APS to 
gel solution, quickly pipette gel solution between glass plates and place comb. Should 
take ~15 minutes to polymerize. 
Running samples:  
Pre-run gel in 1X TBE at 220 V for 15 minutes. Simultaneously heat gel samples for 15 
minutes at 95˚C.  
After pre-running the gel, clear the gel wells using a blunt syringe and load samples.  
Run at 220 V for ~60 minutes.  
 
  

Reagent [Start] [Final] 
DEPC H20   
10xBuffer 10X 1X 

DTT 10 mM 1 mM 
Nsp10 10 µM 500 nM 
Nsp14 2.5 µM 125 nM 
RNA (ss or ds) 5 µM 250 nM 
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In vitro helicase assay: 
10X Non-Denaturing Loading Buffer: 
10 mM  TRIS 
1 mM  EDTA 
50%  Glycerol (v/v) 
Tiny! Bit of Bromophenol Blue 
2%  SDS  
To 10 mL w/ DEPC H2O 
6% PAGE Gel  
2 mL  30% Acrylimide:Bis-Acrylimide 19:1   
0.5 mL  10X TBE Running Buffer 
To 10 mL w/ DEPC H2O   
90 µL of 10% APS  
8 µL of TEMED
 

Reagent [Start] [Final] 
MilliQ H2O   
10X Buffer 10X 1X 
DTT 10 mM 1 mM 
Single-Stranded DNA 5 µM 250 nM 
Duplex DNA 5 µM 250 nM 
Trap 25 µM 1.25 µM 
ATP 10 mM 0.5 mM 
Helicase 10 µM 500 nM 

Reaction volume: 20 µL 
DNA Substrates: 
- Single-Stranded DNA: dilute to 5 µM 
- Trap: dilute to 5 µM (For details on the use of the trap DNA, check “Appendix 2” 

of this thesis. 
- Double-Stranded DNA (Duplex, 5 µM): Mix reagents, heat at 95 °C for five 

minutes, let cool in heat block for 1 hour, set at room temperature for 15 min then 
move to ice. Can be stored at -20˚C. 

Reaction: 
1.) Combine reagents and then gently mix. 

a. Note: Include a reaction of just ssDNA Probe to track ssRNA on the gel  
2.) Set all reactions at 30°C for 15 minutes.  
3.) After 15 minutes, move to ice.  
4.) Combine 9 µL of reaction mixture with 1 µL of 10X Loading buffer. 
5.) Load samples onto gel, then run gel for 45 minutes at 70V 

a. Pre chill the gel and gel running rig on ice for ~1 hr before running, and 
then run on ice.  

6.) Image gel with Typhoon 9200 using Cy2 excitation/emission 
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Electrophoretic mobility shift assay:  
This example protocol is testing formation of the proofreading RTC. Other viral enzymes 
and cofactors can be added to test different and/or larger RTC formation.  
 
10X Non-Denaturing Loading Buffer: 
10mM TRIS 
1mM EDTA 
50% Glycerol (v/v) 
Bromophenol Blue 
To 10 mL w/ DEPC H2O 
4.5% PAGE Gel:   
1.5 mL  30% Acrylimide:Bis-Acrylimide 
19:1 
1 mL  10X TBE Running Buffer 
To 10 mL w/ DEPC H2O 
90 µL  10% APS 
8 µL  TEMED

RNA annealing buffer (10 mL): 
HEPES 100 mM 
KCl  100 mM 
MgCl2  20 mM 
pH to 7.4 
Filter with 0.45 µm filter 
 
10X HEPES (50 mL): 
HEPES 250 mM 
NaCl  500 mM 
MgCl2  20 mM 
pH to 8 with HCl, syringe filter 
aliquots stored at -20˚C 

 
NOTE: Several buffers can work for EMSAS depending on the CoV RTC being studied. 
This includes using pH 7.5 (HEPES) or pH 8 (TRIS) buffering agents with added NaCl, 
KCl, Na-Glutamate, K-Glutamate (100-100 mM in 10X stock) and MgCl2 (20 mM in 10X 
stock). 
 

Reagent [Start]  [Final] 
DEPC H2O   
10x Buffer 10x 1x 
DTT 10 mM 1 mM 
Nsp 7 20 µM 1 µM 
Nsp 8 30 µM  1.5 µM  
Nsp 12 10 µM 0.5 µM 
Primer:Temp  12 µM 0.6 µM 
Nsp10 45 µM 2.25 µM 
Nsp14 30 µM 1.5 µM 

Final rxn volume: 20 µL 
Annealing RNA primer and template:  
Want a 1:1.2 ratio of primer;template 
Combine RNA with RNA binding buffer (1 µL per 20 µL total volume) and DEPC treated 
water.  
Heat at 95˚C for 5 min, turn heat block off and allow to cool in cooling heat block for 1 
hr.  
Move to RT for 15 min. Samples can now be stored at -20˚C.  
Gel Sample Prep: 

• Dilute proteins in 1X reaction buffer 
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• Combine water, buffer, DTT and nsp’s7+8+12 incubate at 25˚C for 15 min 
• Add RNA, incubate at 25˚C for 15 min 
• Add nsp10+14, incubate at 25˚C for 15 min 
• Remove 9 µL of each reaction and add to separate tube with 1µL of 10x Non-Den 

loading buffer, run 4 µL of samples on a gel  
Run Gel: 
Run at 70 volts (10V cm-1 lengthwise) run in 1x TBE, run at 4˚C (or on ice) with each 
component having been prechilled for about  1 – 1.25 hr. Run for 100 minutes. 
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ABSTRACT

Some of the most efficacious antiviral therapeutics
are ribonucleos(t)ide analogs. The presence of a 3′-
to-5′ proofreading exoribonuclease (ExoN) in coro-
naviruses diminishes the potency of many ribonu-
cleotide analogs. The ability to interfere with ExoN
activity will create new possibilities for control of
SARS-CoV-2 infection. ExoN is formed by a 1:1 com-
plex of nsp14 and nsp10 proteins. We have purified
and characterized ExoN using a robust, quantita-
tive system that reveals determinants of specificity
and efficiency of hydrolysis. Double-stranded RNA is
preferred over single-stranded RNA. Nucleotide exci-
sion is distributive, with only one or two nucleotides
hydrolyzed in a single binding event. The composi-
tion of the terminal basepair modulates excision. A
stalled SARS-CoV-2 replicase in complex with either
correctly or incorrectly terminated products prevents
excision, suggesting that a mispaired end is insuffi-
cient to displace the replicase. Finally, we have dis-
covered several modifications to the 3′-RNA termi-
nus that interfere with or block ExoN-catalyzed ex-
cision. While a 3′-OH facilitates hydrolysis of a nu-
cleotide with a normal ribose configuration, this sub-
stituent is not required for a nucleotide with a pla-
nar ribose configuration such as that present in the
antiviral nucleotide produced by viperin. Design of

ExoN-resistant, antiviral ribonucleotides should be
feasible.

INTRODUCTION

The emergence of severe acute respiratory syndrome coron-
avirus 2 (SARS-CoV-2), the causative agent of COVID-19,
has led to a global pandemic and caused immeasurable con-
sequences to humankind even more substantial than the in-
cidence of disease and death. While the development of safe
and effective vaccines has diminished overall morbidity and
mortality, transmission of SARS-CoV-2 continues. Current
therapeutics against SARS-CoV-2 infection include poly-
merase inhibitors: remdesivir and molnupiravir (1,2); and
a protease inhibitor: nirmatrelvir, which is boosted with ri-
tonavir (3). All of these therapeutic agents have complica-
tions that are tolerable in the midst of the pandemic. How-
ever, safer and more effective antiviral agents are needed
against multiple targets to support the use of drug cocktails
to maximize therapeutic efficacy and minimize the possibil-
ity of resistance.

Ribonucleos(t)ide analogs are among the most effective
antiviral therapeutics for treatment of RNA virus infections
(4–7). This class of compounds is generally administered as
the ribonucleoside or ribonucleoside monophosphate pro-
drug. Cellular kinases then produce the active metabolite,
a triphosphorylated ribonucleotide (rNTP) (7). Utilization
of the rNTP analog by viral polymerases leads to one or
more consequences: chain termination, lethal mutagenesis,
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backtracking, pausing, and/or recombination, all of which
exhibit an antiviral effect (5,6,8–10).

The coronavirus genome is on the order of 30 000 nt,
among the largest RNA genome known (11). Because the
fidelity of viral RNA polymerases is usually lower than 1
error per 10 000 nt, how coronaviruses resist lethal mutage-
nesis has been a longstanding question for those studying
these viruses (12–14). Efforts initiated in response to emer-
gence of the first SARS-CoV led to the discovery of a 3′-to-
5′ proofreading exoribonuclease, termed ExoN (15). ExoN
is a member of the DEDDh/DEEDh subfamily in the
DEED family of exonucleases (13,14,16). These enzymes
use a two-metal-ion mechanism for catalysis (13,14,17,18).
ExoN is composed of a 1:1 complex of non-structural pro-
teins 14 (60 kDa) and 10 (15 kDa). Nsp14 harbors two
catalytic domains: an N-terminal exoribonuclease and a C-
terminal methyltransferase (13,14). Nsp10 serves as an ac-
cessory factor, stabilizing the active conformation of the ex-
oribonuclease active site and thereby stimulating its activity
(19–22).

Consistent with a role of ExoN in proofreading and
therefore genome stability, previous studies have shown
that genetic inactivation is most often lethal (15,23,24). For
those coronaviruses, which are viable in the absence of ac-
tive ExoN, the genomes contain a higher mutational load.
Also, these viruses exhibit enhanced sensitivity to some an-
tiviral ribonucleotides (25). Collectively, these observations
suggest that inhibitors of ExoN will exhibit antiviral activity
and may synergize with ribonucleotide-based inhibitors of
the viral polymerase (26). Moreover, an understanding of
the determinants of the substrate nucleotide that promote
or interfere with excision may guide the design of ExoN-
resistant ribonucleotide analogs.

Proofreading DNA exonucleases are generally a subunit
of the DNA polymerase holoenzyme and exhibit a prefer-
ence for mispaired ends (27). This circumstance appears to
reflect the preferential partitioning of the mispaired end to
the active site of the exonuclease instead of the active site
of the polymerase (27,28). How proofreading by ExoN is
initiated is not known. Given the dimensions of ExoN and
the location of the polymerase active site within the SARS-
CoV-2 replication-transcription complex (RTC), an active-
site-switching mechanism is unlikely (29,30). It is easy to
imagine how an end that cannot be extended by the RTC
could become a substrate for repair by ExoN after the RTC
dissociates. The ability for nucleotide analogs like remde-
sivir and molnupiravir to display efficacy in the presence of
active ExoN may reflect the inability of these analogs to per-
turb elongation upon incorporation, with the antiviral ac-
tivity manifested at the level of the analog-substituted tem-
plate (31–33).

We have expressed and purified ExoN, and established a
robust, quantitative system to study the determinants of the
scissile phosphodiester bond and terminal ribonucleotide
driving efficient excision by ExoN. ExoN prefers a primed-
template-like dsRNA substrate over a ssRNA substrate and
cannot access the 3′-terminus at a nick. ExoN only cleaves
one or two nucleotides in a single binding event, as expected
for a proofreading enzyme (27,28). Cleavage can be com-
pletely inhibited by the presence of the phosphorothioate
Rp isomer at the scissile phosphodiester bond. A mispaired

end does not appear to be highly favored by ExoN relative
to a paired end in the absence or presence of a replicating
RTC. However, stalling the RTC at the 3′-end of nascent
RNA blocks excision regardless of the nature of the base-
pair. The inability of a mispaired end to promote dissocia-
tion of the RTC suggests a role for additional factors in this
process. Finally, we identify modifications to the 3′-terminal
nucleotide that interfere with excision by ExoN. The most
unexpected finding was that the ribose conformation deter-
mines whether the 3′-OH is required for efficient turnover.
The antiviral nucleotide, ddhCTP, produced by the antiviral
protein, viperin, is readily excised by ExoN. This molecule
lacks a 3′-OH but also lacks sugar pucker because of the
presence of a double bond forcing the ribose into a planar
conformation. This observation is consistent with repair of
ddhC-terminated RNA as a major driver for acquisition of
ExoN and evolution of its substrate specificity.

MATERIALS AND METHODS

Materials

DNA oligonucleotides and dsDNA fragments, GBlocks,
were from Integrated DNA Technologies. RNA oligonu-
cleotides were either from Horizon Discovery Ltd. (Dhar-
macon) or Integrated DNA Technologies. Restriction en-
zymes and T4 PNK (3′-phosphatase minus) were from
New England Biolabs. IN-FUSION HD enzyme was from
TakaraBio. Phusion DNA polymerase and T4 polynu-
cleotide kinase were from ThermoFisher. pBirACm plas-
mid DNA was from Avidity. Streptactin XT 4F High-
Capacity resin was from IBA Life Sciences. [� -32P]ATP
(6000 Ci/mmol) and [�-32P]ATP (3000 Ci/mmol) were from
Perkin Elmer. Nucleoside 5′-triphosphates (ultrapure so-
lutions) were from Cytiva. pET16b-RtcA-NTerm-His ex-
pression plasmid was provided by Stewart Shuman (Sloan
Kettering) (34). Cytidine 5′-O-(1-thiotriphosphate) and 3′-
deoxycytidine 5′-triphosphate were from TriLink. Adeno-
sine 5′-O-(1-thiotriphosphate) (Sp isomer) was from Bi-
oLog. Remdesivir-terminated RNA was synthesized by
both Dharmacon and the Harki lab as previously described
(35). Remdesivir was provided to Dharmacon by Gilead
Sciences, and this was chemically converted to the phos-
phoramidite to be synthetically incorporated into RNA.
ddhCTP was synthesized by the Harki lab as previously de-
scribed (36); 2′-C-methylcytidine 5′-triphosphate was pro-
vided by Gilead Sciences. All other reagents were of the
highest grade available from MilliporeSigma, VWR, or
Fisher Scientific.

Construction of modified pSUMO vectors containing AviTag

The pSUMO system allows for production of SUMO fu-
sion proteins containing an amino-terminal affinity tag
fused to SUMO that can be purified by affinity chromatog-
raphy and subsequently processed by the SUMO protease,
Ulp1 (37). After cleavage this will produce an authentic un-
tagged protein target of interest. The pSUMO vector (Life-
Sensors) (37) was modified such that the coding sequence
for the six-histidine tag was replaced with a DNA sequence
coding for an AviTag codon optimized for bacterial ex-
pression (38,39). The AviTag is a short 15 amino acid se-



Nucleic Acids Research, 2023, Vol. 51, No. 1 317

quence (GLNDIFEAQKIEWHE) that can be specifically
biotinylated on the lysine residue by the biotin ligase, BirA
(38,39). The construct contains two tags separated by a
short linker to increase the affinity to the chromatogra-
phy resin during purification. The biotinylated AviTag al-
lows affinity purification of the fusion protein to be iso-
lated using streptavidin or Strep-Tactin resins. The DNA
sequences (GBlocks encoding the tags) were cloned into
pSUMO using XbaI and SalI by IN-FUSION. The final
constructs (pAviTag SUMO) were confirmed by sanger se-
quencing performed by Genewiz.

Codon-optimized sequence for AviTag

5′ATGGGACTAAATGATATATTTGAAGCTCAAAA
GATCGAGTGGCACGAGGGTGGTGGCAGCGGTG
GCGGCTCCGGCGGTAGCGGCCTGAACGACATC
TTCGAGGCGCAGAAAATTGAATGGCATGAAGG
TGGCTCTAGCGGTGGT3′

(amino acid sequence: MGLNDIFEAQKIEWHEGG
GSGGGSGGSGLNDIFEAQKIEWHEGGSSGG)

Construction of SARS-CoV-2 nsp10 and nsp14 bacterial ex-
pression plasmids

The SARS-CoV-2 nsp10 and nsp14 genes were codon
optimized for expression in E. coli and obtained from
Genescript. The amino acid sequences for nsp10 and nsp14
were derived from SARS-CoV-2 isolate 2019-nCoV/USA-
WA1/2020 (GenBank MN985325.1). The genes were
amplified by PCR using Phusion DNA polymerase. The
nsp10 gene was amplified using the synthetic nsp10 gene
as template and DNA oligonucleotides (5′-GAACAG
ATTGGAGGTGCCGGGAATGCTACGGAA-3′ and
5′-CCGCAAGCTTGTCGACTTATCATTGAAGCATA
GGTTCACGCAA-3′). The nsp14 gene was amplified
using the synthetic nsp14 gene as template and DNA
oligonucleotides (5′-GAACAGATTGGAGGTGCGGA
GAACGTTACAGGT and 5′-CCGCAAGCTTGTCGAC
TTATCATTGAAGGCCAGTAAACGTATTCCA-3′).
The PCR products were gel purified and cloned into either
the pAviTag-pSUMO bacterial expression plasmids using
BsaI and SalI. The final constructs were confirmed by
sanger sequencing performed by Genewiz. To construct
a catalytically inactive nsp14, the WT nsp14 expression
plasmid was modified such that D90 and E92 were both
changed to alanine. This was performed using Quickchange
mutagenesis using the WT nsp14 expression plasmid as
template and DNA oligonucleotides (5′-GCGTGGATTG
GTTTTGCTGTTGCGGGTTGCCACGCGACCCGT-
3′ and 5′-ACGGGTCGCGTGGCAACCCGCAAC
AGCAAAACCAATCCACGC-3′). The final construct
was confirmed by sanger sequencing performed by
Genewiz.

Codon optimized sequence for SARS-CoV-2 nsp10

5′GCCGGGAATGCTACGGAAGTTCCAGCTAACTC
GACCGTTCTTAGCTTTTGTGCTTTTGCAGTCGAT
GCAGCGAAAGCGTATAAGGACTATCTGGCGTC
AGGGGGACAACCCATTACTAACTGTGTCAAGA

TGCTGTGTACCCATACCGGCACGGGTCAAGCG
ATTACTGTTACACCAGAAGCTAACATGGACCA
GGAATCTTTTGGTGGTGCCAGTTGCTGCTTGT
ACTGCCGCTGTCATATCGATCACCCCAATCCAAA
AGGTTTCTGCGATCTGAAGGGAAAATACGTGC
AAATCCCCACCACTTGTGCTAATGACCCGGTC
GGATTTACGCTGAAGAACACCGTTTGTACTGTTT
GCGGGATGTGGAAAGGGTATGGGTGTTCTTGC
GACCAGTTGCGTGAACCTATGCTTCAA3′.

Codon optimized sequence for SARS-CoV-2 nsp14

5′GCGGAGAACGTTACAGGTTTATTTAAGGATTG
CTCTAAAGTAATTACCGGCCTGCACCCAACGC
AGGCACCAACTCATCTTAGCGTGGATACAAAA
TTTAAGACAGAAGGACTGTGTGTGGACATTCC
TGGCATCCCAAAGGACATGACATACCGCCGTT
TGATCTCCATGATGGGGTTCAAAATGAACTAC
CAGGTAAACGGATACCCTAATATGTTCATTAC
ACGTGAGGAGGCGATTCGTCATGTCCGCGCCT
GGATCGGATTCGACGTAGAAGGTTGCCACGCC
ACCCGTGAGGCTGTGGGGACGAACTTACCCCT
TCAGCTTGGCTTCTCAACTGGGGTAAACTTGG
TGGCCGTCCCGACAGGGTATGTTGACACTCCT
AATAACACTGATTTCTCGCGTGTATCTGCAAAGC
CACCACCAGGGGACCAGTTCAAACACCTGATC
CCCCTGATGTATAAGGGTCTTCCTTGGAATGT
GGTCCGTATTAAAATCGTCCAGATGCTGTCAG
ACACCCTTAAGAATCTGTCAGATCGTGTGGTA
TTTGTATTGTGGGCGCACGGATTCGAGTTAAC
AAGCATGAAATATTTTGTGAAAATTGGCCCCG
AACGCACATGCTGCTTATGCGATCGTCGCGCT
ACTTGCTTTAGTACTGCTTCAGACACTTATGCCT
GCTGGCACCACTCTATTGGATTTGACTACGTGTA
TAACCCATTCATGATTGATGTCCAGCAGTGGG
GCTTCACCGGGAACTTGCAGTCCAACCATGAC
CTTTATTGTCAGGTTCACGGAAATGCCCACGT
GGCAAGCTGCGACGCGATTATGACACGCTGTC
TGGCGGTACATGAGTGCTTTGTAAAGCGTGTC
GATTGGACCATCGAGTATCCAATCATTGGAGA
CGAACTTAAGATCAATGCCGCATGCCGTAAAG
TTCAACACATGGTAGTAAAGGCCGCCCTTCTT
GCGGATAAGTTTCCGGTTCTGCATGACATTGG
CAACCCTAAGGCGATTAAGTGTGTCCCGCAGG
CGGATGTCGAATGGAAATTCTATGACGCGCAA
CCCTGCTCGGATAAAGCATATAAAATCGAAGA
GCTGTTTTATTCATACGCTACGCATTCCGACAAG
TTTACAGATGGCGTTTGTCTTTTTTGGAATTGTA
ACGTTGATCGCTACCCGGCGAACTCAATCGTT
TGCCGCTTTGACACACGTGTGCTGTCTAACTTGA
ACTTGCCTGGTTGCGATGGAGGCTCGTTGTAT
GTTAATAAACATGCGTTTCATACCCCCGCCTTCG
ACAAGTCCGCTTTCGTAAACCTGAAGCAGTTG
CCATTTTTCTACTATAGCGACTCACCGTGCGAGT
CCCACGGTAAGCAAGTAGTGTCTGACATTGAT
TATGTACCTTTAAAAAGTGCTACCTGCATCACCC
GTTGCAACTTGGGCGGAGCGGTTTGCCGCCAC
CATGCGAACGAATATCGCTTATACCTTGATGCCT
ATAATATGATGATTAGCGCGGGATTTAGCCTT
TGGGTTTATAAACAGTTCGATACTTATAACCTGT
GGAATACGTTTACTCGCCTTCAA3′.
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Expression and purification of SARS-CoV-2 nsp10

Escherichia coli BL21(DE3)pBirACm competent cells
were transformed with the pAviTag SUMO-SARS-CoV-2-
nsp10 plasmid for protein expression. BL21(DE3)pBirACm
cells containing the pAviTag SUMO-SARS-CoV-2-nsp10
plasmid were grown in 100 mL of media (NZCYM) sup-
plemented with kanamycin (K25, 25 �g/ml) and chloram-
phenicol (C20, 20 �g/ml) at 37◦C until an OD600 of 1.0
was reached. This culture was then used to inoculate 4 l
of K25,C20 media to an OD600 = 0.1. Biotin (25 mM in
500 mM Bicine pH 8.0) was added to the media to a final
concentration of 50 �M. The cells were grown at 37◦C to
an OD600 of 0.8 to 1.0, cooled to 25◦C and then IPTG (500
�M) was added to induce protein expression. Cultures were
then grown for an additional 4 h at 25◦C. Cells were har-
vested by centrifugation (6000 × g, 10 min) and the cell pel-
let was washed once in 200 ml of TE buffer (10 mM Tris, 1
mM EDTA), centrifuged again, and the cell paste weighed.
The cells were then frozen and stored at –80◦C until used.
Frozen cell pellets were thawed on ice and suspended in ly-
sis buffer (25 mM HEPES pH 7.5, 500 mM NaCl, 2 mM
TCEP, 20% glycerol, 1.4 �g/ml leupeptin, 1.0 �g/ml pep-
statin A and two Roche EDTA-free protease tablet per 5 g
cell pellet), with 5 ml of lysis buffer per 1 gram of cells. The
cell suspension was lysed by passing through a French press
(SLM-AMINCO) at 15 000 psi. After lysis, phenylmethyl-
sulfonylfluoride (PMSF) and NP-40 were added to a final
concentration of 1 mM and 0.1% (v/v), respectively. While
stirring the lysate, polyethylenimine (PEI) was slowly added
to a final concentration of 0.25% (v/v) to precipitate nucleic
acids from cell extracts. The lysate was stirred for an addi-
tional 30 min at 4◦C after the last addition of PEI, and then
centrifuged at 75 000 x g for 30 min at 4◦C. The PEI su-
pernatant was then loaded onto a Strep-Tactin XT 4F HC
resin (IBA Life Sciences) at a flow rate of 1 ml/min (approx-
imately 1 mL bed volume per 100 mg total protein) equi-
librated with buffer A (25 mM HEPES, pH 7.5, 500 mM
NaCl, 2 mM TCEP, 20% glycerol). After loading, the col-
umn was washed with twenty column volumes of buffer A.
The resin was then suspended in two column volumes of
buffer A and Ulp1 (5 �g per 1 ml bed volume) was added
with the resin overnight at 4◦C to cleave the SUMO-nsp10
fusion protein. The column was then washed with 5 col-
umn volumes of buffer A and fractions were collected and
assayed for purity by SDS-PAGE. The protein concentra-
tion was determined by measuring the absorbance at 280
nm by using a Nanodrop spectrophotometer and using a
calculated molar extinction coefficient of 13 700 M−1 cm−1.
Purified, concentrated protein was aliquoted and frozen at
–80◦C until use. Typical nsp10 yields were 1 mg/1 g of E. coli
cells.

Expression and purification of SARS-CoV-2 nsp14

Escherichia coli BL21(DE3)pBirACm competent cells
were transformed with the pAviTag SUMO-SARS-CoV-2-
nsp14 plasmid for protein expression. BL21(DE3)pBirACm
cells containing the pAviTag SUMO-SARS-CoV-2-nsp14
plasmid were grown in 100 ml of media (NZCYM) sup-
plemented with kanamycin (K25, 25 �g/ml) and chloram-

phenicol (C20, 20 �g/ml) at 37◦C until an OD600 of 1.0
was reached. This culture was then used to inoculate 4 l
of K25,C20 media to an OD600 = 0.1. Biotin (25 mM in
500 mM Bicine pH 8.0) was added to the media to a final
concentration of 50 �M. The cells were grown at 37◦C to
an OD600 of 0.8 to 1.0, cooled to 25◦C and then IPTG (500
�M) was added to induce protein expression. Cultures were
then grown for an additional 4 h at 25◦C. Cells were har-
vested by centrifugation (6000 × g, 10 min) and the cell pel-
let was washed once in 200 mL of TE buffer (10 mM Tris, 1
mM EDTA), centrifuged again, and the cell paste weighed.
The cells were then frozen and stored at -80◦C until used.
Frozen cell pellets were thawed on ice and suspended in ly-
sis buffer (25 mM HEPES pH 7.5, 500 mM NaCl, 2 mM
TCEP, 20% glycerol, 1.4 �g/ml leupeptin, 1.0 �g/ml pep-
statin A and two Roche EDTA-free protease tablet per 5
g cell pellet), with 5 ml of lysis buffer per 1 g of cells. The
cell suspension was lysed by passing through a French press
(SLM-AMINCO) at 15 000 psi. After lysis, phenylmethyl-
sulfonylfluoride (PMSF) and NP-40 were added to a final
concentration of 1 mM and 0.1% (v/v), respectively. While
stirring the lysate, polyethylenimine (PEI) was slowly added
to a final concentration of 0.25% (v/v) to precipitate nu-
cleic acids from cell extracts. The lysate was stirred for an
additional 30 min at 4◦C after the last addition of PEI, and
then centrifuged at 75 000 × g for 30 min at 4◦C. The PEI
supernatant was then loaded onto a Strep-Tactin XT 4F
HC resin (IBA Life Sciences) at a flow rate of 1 ml/min
(∼1 ml bed volume per 100 mg total protein) equilibrated
with buffer A (25 mM HEPES, pH 7.5, 500 mM NaCl, 2
mM TCEP, 20% glycerol). After loading, the column was
washed with twenty column volumes of buffer A. The resin
was then suspended in two column volumes of buffer A
and Ulp1 (5 �g per 1 ml bed volume) was added with the
resin overnight at 4◦C to cleave the SUMO-nsp14 fusion
protein. The column was then washed with 5 column vol-
umes of buffer A and fractions were collected and assayed
for purity by SDS-PAGE. The protein concentration was
determined by measuring the absorbance at 280 nm by us-
ing a Nanodrop spectrophotometer and using a calculated
molar extinction coefficient of 93 625 M−1 cm−1. Purified,
concentrated protein was aliquoted and frozen at –80◦C
until use. Typical nsp14 yields were 0.2 mg/1 g of E. coli
cells. The catalytically inactive nsp14 D90A E92A was ex-
pressed and purified using the exact same conditions as WT
nsp14.

SARS CoV-2 nsp7, nsp8 and nsp12 recombinant proteins

Expression and purification of SARS CoV-2 nsp7, nsp8 and
nsp12 are described in detail in (8).

Expression and purification of RtcA

Escherichia coli Rosetta(DE3) competent cells were trans-
formed with the pET16b-RtcA-NTerm-His plasmid for
protein expression. E. coli Rosetta(DE3) cells containing
the pET16b-RtcA-NTerm-His plasmid were grown in 100
ml of A300,C60-supplemented ZYP-5052 auto-induction
media at 37◦C (40,41). The cells were grown at 37◦C to an
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OD600 of 0.8 to 1.0, cooled to 15◦C and then grown for
36–44 h. After ∼40 h at 15◦C the OD600 reached ∼10– 15.
Cells were harvested by centrifugation (6000 × g, 10 min)
and the cell pellet was washed once in 200 ml of TE buffer
(10 mM Tris, 1 mM EDTA), centrifuged again, and the
cell paste weighed. The cells were then frozen and stored
at -80◦C until used. Frozen cell pellets were thawed on ice
and suspended in lysis buffer (25 mM HEPES pH 7.5, 500
mM NaCl, 2 mM TCEP, 20% glycerol, 5 mM imidazole,
1.4 �g/ml leupeptin, 1.0 �g/ml pepstatin A and two Roche
EDTA-free protease tablet per 5 g cell pellet), with 5 ml of
lysis buffer per 1 g of cells. The cell suspension was lysed
by passing through a French press (SLM-AMINCO) at 15
000 psi. After lysis, phenylmethylsulfonylfluoride (PMSF)
and NP-40 were added to a final concentration of 1 mM
and 0.1% (v/v), respectively. The lysate was centrifuged at
75 000 × g for 30 min at 4◦C. The lysate was then loaded
onto Qiagen Ni-Spin columns (a total of 5 mL per one Ni
spin column). After loading, the column was washed with
two 0.5 ml volumes of buffer B (25 mM HEPES, pH 7.5,
500 mM NaCl, 2 mM TCEP, 20% glycerol) with 5 mM im-
idazole, then washed with two 0.5 ml volumes of buffer B
with 50 mM imidazole and then eluted in four 0.1 ml vol-
umes of buffer B with 500 mM imidazole. Elution frac-
tions were collected and assayed for purity by SDS-PAGE.
The protein concentration was determined by measuring
the absorbance at 280 nm by using a Nanodrop spectropho-
tometer and using a calculated molar extinction coefficient
of 11 585 M−1 cm−1. Purified, concentrated protein was
aliquoted and frozen at –80◦C until use. RtcA yields were
0.5 mg/2 g of E. coli cells.

5′-32P-labeling of RNA substrates

RNA oligonucleotides were end-labeled by using [� -
32P]ATP and T4 polynucleotide kinase. Reaction mixtures,
with a typical volume of 50 �l, contained 0.5 �M [� -
32P]ATP, 10 �M RNA oligonucleotide, 1 × kinase buffer,
and 0.4 unit/�l T4 polynucleotide kinase. Reaction mix-
tures were incubated at 37◦C for 60 min and then held at
65◦C for 5 min to heat inactivate T4 PNK. For RNAs con-
taining a 3′phosphate T4 PNK (minus 3′phosphatase) was
used using the same reaction conditions.

Cyclization reactions to produce 2′,3′-cyclic phosphate con-
taining RNAs

Reactions contained 25 mM HEPES pH 7.5, 10 mM
MgCl2, 10 mM TCEP, 50 mM NaCl, 100 �M ATP, 1 �M
32P-labeled RNA (3′-phosphate termini) and 5 �M RtcA.
Reactions were performed at 37◦C for 30 min. Reactions
were quenched by addition of EDTA to a final concentra-
tion of 10 mM and placed at 65◦C to heat inactivate RtcA
enzyme.

Annealing of dsRNA substrates

dsRNA substrates were produced by annealing 10 �M
RNA oligonucleotides in T10E1 [10 mM Tris pH 8.0 and
1 mM EDTA] and 50 mM NaCl in a Progene Thermocy-
cler (Techne). Annealing reaction mixtures were heated to

90◦C for 1 min and slowly cooled (5◦C/min) to 10◦C. Spe-
cific scaffolds are described in the figure legends.

Native PAGE

5′-P32-labeled ssRNA and dsRNA substrates were mixed
with an equal volume of loading buffer (10% glycerol,
0.025% bromophenol blue and 0.025% xylene cyanol) and
loaded onto a 10% or 20% acrylamide, 0.5% bisacrylamide
native polyacrylamide gel containing 1× TBE (89 mM Tris
base, 89 mM boric acid and 2 mM EDTA). Electrophoresis
was performed in 1× TBE at 15 mA. Gels were visualized
by using a Phosphorimager.

SARS-CoV-2 nsp10/nsp14-catalyzed exoribonuclease as-
says

Reactions contained 25 mM HEPES pH 7.5, 2 mM MgCl2,
1 mM TCEP, 10 mM KCl, and 50 mM NaCl and were per-
formed at 30◦C. Reactions were quenched by addition of
EDTA to a final concentration of 25 mM. Specific concen-
trations of RNA substrate, ExoN, along with any deviations
from the above, are indicated in the appropriate figure leg-
end. Typical concentrations for RNA substrate and enzyme
were between 0.01 to 2 �M. Enzymes were diluted imme-
diately prior to use in 25 mM HEPES, pH 7.5, 500 mM
NaCl, 2 mM TCEP, and 20% glycerol. SARS-CoV-2 nsp10
was pre-mixed with SARS-CoV-2 nsp14 on ice in 25 mM
HEPES, pH 7.5, 500 mM NaCl, 2 mM TCEP, and 20% glyc-
erol for 5 min prior to initiating the reaction with ExoN.
The volume of enzyme added to any reaction was always
less than or equal to one-tenth the total volume. The ExoN
concentration refers to the nsp14 concentration and the ra-
tio of nsp14 to nsp10 is also indicated in cases where nsp10
was in excess of nsp14. For example, 0.1 �M ExoN (1:5)
refers to final concentrations of nsp14 of 0.1 �M and nsp10
at 0.5 �M. Products were resolved from substrates by dena-
turing PAGE.

Incorporation of modified nucleoside triphosphates into
dsRNA substrates prior to challenge for removal by ExoN

Reactions contained 25 mM HEPES pH 7.5, 5 mM MgCl2,
1 mM TCEP and 50 mM NaCl and were performed at
30◦C. Human mitochondrial RNA polymerase, POLRMT,
was used to incorporate modified nucleoside triphosphates.
POLRMT was expressed and purified as described previ-
ously (42). 1 �M POLRMT was mixed with 1 �M 32P-
labeled dsRNA nucleic acid scaffold (primed-template) in
the presence of 10 �M ATP, 10 �M UTP and either 10 �M
CTP or 100 �M of the modified nucleoside 5′-triphosphate.
The RNA primer was P9 (5′-CCGGGCGGC-3′) and RNA
template was T21 (Table 1). This primer-template pair al-
lows ATP to be incorporated at the n + 1 position, UTP
at n + 2 and the modified nucleoside 5′-triphosphate to be
incorporated at the n + 3 position. Reactions were allowed
to proceed for 30 min to allow complete extension to n + 3
at which point 0.1 �M ExoN (1:5) was added to the reac-
tion. Reactions were quenched at various times by addition
of 25 mM EDTA. Products were resolved from substrates
by denaturing PAGE.
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Table 1. RNA oligonucleotides. RNA substrates used in this study. The name, length, type of modification (if any) and sequence are indicated

# Name Length (nt) Modification Sequence

1 P10A 10 - 5′-CCGGGCGGCA-3′
2 P10C 10 - 5′-CCGGGCGGCC-3′
3 P10G 10 - 5′-CCGGGCGGCG-3′
4 P10U 10 - 5′-CCGGGCGGCU-3′
5 P10R 10 remdesivir 5′-CCGGGCGGCR-3′
6 P10A-2′d 10 2′-deoxy 5′-CCGGGCGGCA/2′d/-3′
7 P10A-3′d 10 3′-deoxy 5′-CCGGGCGGCA/3′d/-3′
8 P10A-3′P 10 3′-phosphate 5′-CCGGGCGGCA/3′P/-3′
9 PS110A 10 phosphorothioate 5′-CCGGGCGGC/s/A-3′
10 PS210A 10 phosphorothioate 5′-CCGGGCGG/s/CA-3′
11 PS310A 10 phosphorothioate 5′-CCGGGCG/s/GCA-3′
12 PS2,310A 10 phosphorothioate 5′-CCGGGCG/s/G/s/CA-3′
13 P10U-2′F 10 2′-fluoro 5′-CCGGGCGGCU/2′F/-3′
14 P10U-2′NH2 10 2′-amino 5′-CCGGGCGGCU/2′NH2/-3′
15 P10A-2′OMe 10 2′-O-methyl 5′-CCGGGCGGCA/2′OMe/-3′
16 P15 15 - 5′-AAGAAAGGAGGGAGG-3′
17 P25 25 5′-GGAAAGGGAAAGGGAAGGAGGAAGA-3′
18 P40 40 - 5′-GGAAAGGGAAAGGGAAGGAGGAAGAAAGAAAGGA

GGGAGG-3′
19 P50 50 - 5′-GGAAAGGGAAAGGGAAGGAGGAAGAAAGAAAGGA

GGGAGGCCGGGCGGCA-3′
20 T21 21 - 5′-CCCCCGAUGCCGCCCGGCCCC-3′
21 T57 57 - 5′-CCCCCGAUGCCGCCCGGCCUCCCUCCUUUCUUUCUU

CCUCCUUCCCUUUCCCUUUCC-3′
22 P9 9 - 5′-CCGGGCGGC-3′
23 P8 8 - 5′-CCGGGCGG-3′
24 P7 7 - 5′-CCGGGCG-3′
25 P6 6 - 5′-CCGGGC-3′
26 P5 5 - 5′-CCGGG-3′
27 P4 4 - 5′-CCGG-3′
28 P3 3 - 5′-CCG-3′
29 P2 2 - 5′-CC-3′

Incorporation of correct and incorrect nucleotides by SARS-
CoV-2 replicase into dsRNA substrates prior to challenge for
removal by ExoN

Reactions contained 25 mM HEPES pH 7.5, 2 mM MgCl2,
1 mM TCEP and 50 mM NaCl and were performed at 30◦C.
Reactions contained 0.1 �M nsp12, 0.3 �M nsp7, 0.3 �M
nsp8, 0.1 �M ExoN (1:5), 0.1 �M dsRNA primed/template
(P9-P40:T57), 1 �M ATP, 0.1 �Ci/�l [�-32P]ATP, 1 �M
UTP, and either 10 �M CTP or 100 �M of the modified nu-
cleoside 5′-triphosphate. Initially, nsp12/7/8 was incubated
with dsRNA substrate and ATP in the absence or presence
of UTP for 60 min to form n + 1 or n + 2 (with UTP) prod-
uct, at which point either CTP, 3′-dCTP, ddhCTP, 2′-C-Me-
CTP was added to promote further extension. After 2 min,
ExoN was added, and the reaction was quenched at various
times by the addition of EDTA to 25 mM.

Denaturing PAGE analysis of Exonuclease-catalyzed reac-
tion products

An equal volume of loading buffer (85% formamide,
0.025% bromophenol blue and 0.025% xylene cyanol) was
added to quenched reaction mixtures and heated to 90◦C
for 5 min prior to loading 5 �l on a denaturing either 15%
or 23% polyacrylamide gel containing 1× TBE (89 mM Tris
base, 89 mM boric acid, and 2 mM EDTA) and 7 M urea.
For reactions that contained dsRNA substrates an excess
(50-fold) of unlabeled RNA oligonucleotide (trap strand)
that is the exact same sequence to the 32P-labeled RNA
oligonucleotide in the reaction was present in the loading

buffer to ensure complete separation and release of the 32P-
lableled RNA oligonucleotide prior to gel electrophoresis
(43). This procedure allows efficient strand separation of
32P-labeled RNA oligos that are in the presence of their
RNA complements (43). Electrophoresis was performed in
1× TBE at 90 W. Gels were visualized by using a Phospho-
rImager (GE) and quantified by using ImageQuant TL soft-
ware (GE).

Data analysis

All gels shown are representative, single experiments that
have been performed at least three to four individual times
to define the concentration or time range shown with similar
results. In all cases, values for parameters measured during
individual trials were within the limits of the error reported
for the final experiments. Data were fit by either linear or
nonlinear regression using the program GraphPad Prism
v7.03 (GraphPad Software Inc.).

RESULTS

Expression and purification of SARS-CoV-2 ExoN: nsp10
and nsp14

Many proteins and enzymes encoded by SARS-CoV-2 con-
tain zinc ions coordinated by side chains of histidine and/or
cysteine residues, including the nsp10 and nsp14 subunits of
the 3′-to-5′ exoribonuclease complex (ExoN) (11,13,14,19).
For the nsp12 gene-encoded RdRp, the natural ligand has
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been proposed to be a four-iron, four-sulfur cluster (44).
To avoid the potential for displacement of metal ions dur-
ing protein purification that were incorporated during pro-
tein expression, we used the AviTag-SUMO system, which
avoids metal-affinity chromatography (Supplementary Fig-
ure S1A) (38,39). The AviTag is a 15 amino acid sequence
(GLNDIFEAQKIEWHE) that is biotinylated on the ly-
sine residue by biotin ligase, BirA, co-expressed with the
fusion protein (38,39). The biotinylated AviTag-SUMO fu-
sion protein binds to streptavidin or streptactin resins (Sup-
plementary Figure S1B) (38,39). The protein of interest is
released from the resin by cleavage at the carboxyl termi-
nus of SUMO by the Ulp1 protease (Supplementary Figure
S1C–F) (39). Purified proteins used in this study are shown
in Figure 1A. We also purified a catalytically inactive deriva-
tive of nsp14, referred to as MUT (Supplementary Figure
S1F).

ExoN Prefers a dsRNA substrate containing a recessed 3′-
end, a ‘primed-template’

We used ssRNA and dsRNA substrates of various lengths
in the assay (Figure 1B, C, Table 1, Supplementary Fig-
ure S2). We chose these substrates because they can also be
used as primers (P) and templates (T) for the replication-
transcription complex (RTC). Native PAGE confirmed
these substrates to be either single or double stranded
(Figure 1C). We use denaturing polyacrylamide gel elec-
trophoresis followed by phosphorimaging to monitor the
hydrolysis of the 32P-labeled RNA strand (indicated by an
asterisk) in the absence (ssRNA) or presence of an annealed
RNA strand (dsRNA). The concentration of ExoN and
nsp14:nsp10 stoichiometry used was selected to reflect con-
ditions used by others (19,20,23,29,45–52), to facilitate a
comparison of the results obtained here to those. Our stud-
ies demonstrated that ssRNA was not a good substrate by
ExoN (*P10A and *T57 in Figure 1D and Supplementary
Figure S3A–C). The 3′-end of a blunt-ended duplex was
also a poor substrate for ExoN (P50A:*T57 in Figure 1D
and Supplementary Figure S3D). dsRNA with a recessed
3′-end was the most active substrate (*P10A:T21 in Fig-
ure 1D and Supplementary Figure S3F). Comparable re-
sults were obtained with P50A and T57 RNAs (Supple-
mentary Figure S3). Mutagenesis of the nsp14 ligands re-
quired for Mg2+-dependent catalysis (D90A, E92A) inacti-
vated ExoN (compare MUT to WT in Figure 1D) (13–16).
Neither nsp10 nor nsp14 alone exhibited exonuclease activ-
ity on ssRNA or dsRNA substrates (Supplementary Figure
S3B,C). Therefore, none of the activity measured here de-
rived from a contaminating ribonuclease.

Products of the nsp15 endonuclease are not substrates for
ExoN

Coronaviruses also encode an uridylate-specific, ssRNA or
dsRNA endonuclease, referred to as NendoU and is en-
coded by the nsp15-coding sequence of the SARS-CoV-2
genome (53,54). While the activity on dsRNA has been sug-
gested to clear dsRNA that would otherwise activate in-
trinsic antiviral defenses (53,55,56), the possibility existed
that this enzyme could contribute to a post-transcriptional,

mismatch-repair mechanism. For example, nsp15 might
also cleave the phosphodiester backbone at or near a mis-
match. If ExoN could cleave at a nick or at a 2′–3′ cyclic-
phosphate or 3′-phosphate terminus produced by nsp15,
then such a repair mechanism might exist.

To test this possibility, we assembled substrates in which
the P50A RNA was fragmented into three segments: P-1, P-
2 and P-3 in the 5′-to-3′ direction, respectively (Figure 2A,
B and Supplementary Figure S2A). We evaluated three con-
ditions: I, where P-3 was labeled; II, where P-3 was omitted
and P-2 was labeled; and III, where P-2 was labeled (Fig-
ure 2A). The labeled, 3′-terminal P-3 primer was cleaved
efficiently (I in Figure 2B). Similarly, P-2 was cleaved effi-
ciently when present as the 3′-terminal RNA (II in Figure
2B). However, P-2 was not cleaved when embedded between
P-1 and P-3 (III in Figure 2B), suggesting that ExoN is in-
capable of initiating hydrolysis from the 3′-OH at a nick.

Cleavage by nsp15 leaves a 3′-end with a 2′-3′-cyclic phos-
phate (cycP) that can be hydrolyzed to a 3′-phoshphate (3′-
OPO3) and a 5′-end with a hydroxyl (Figure 2D). Using
approaches developed by the Shuman laboratory (Supple-
mentary Figure S4) (34), we prepared RNAs to test as sub-
strates for ExoN that contained either a cycP or a 3′-OPO3
at the recessed end of the dsRNA (Figure 2D, E). Neither
of these RNAs served as substrates (Figure 2F); note that
the presence of a 3′-phosphate and cycP group facilitates
faster migration in the denaturing PAGE gel than the un-
modified RNA with a 3′-OH (Figure 2F). So, even if the
RNA downstream of the nick produced by nsp15 cleavage
were removed, this product would be incapable of being de-
graded by ExoN without production of a 3′-hydroxyl.

Nucleotide hydrolysis by ExoN occurs in a distributive man-
ner, as expected for a proofreading exonuclease.

Studies of nucleotide hydrolysis by ExoN that either em-
ploy conditions of ExoN in excess of substrate or evalu-
ate product formation after long incubation times (30 min
to hours) can give the appearance that ExoN is processive
(18,23,29,45–48,50–52). In this case, processive means hy-
drolysis of multiples of ten nucleotides per binding event
and is in contrast to a distributive enzyme, which would hy-
drolyze one or two nucleotides per binding event. Proof-
reading exonucleases associated with DNA polymerases
have evolved to function in a distributive manner. This cir-
cumstance eliminates the mismatch without the need for
re-synthesis of stretches of nucleic acid that were correctly
basepaired, as would be the case if the exonuclease acted
processively (27,28).

The ability to split the hydrolyzed strand into multiple
components (Figure 2), offered the opportunity to create a
substrate with sufficient dsRNA to form a processive, elon-
gation complex using the SARS-CoV-2 RTC (30,57,58) but
at the same time permit hydrolysis by ExoN to be moni-
tored with single-nucleotide resolution. The substrate used
is shown in Figure 3A. We evaluated utilization of this
substrate by ExoN under two conditions. We refer to the
first condition as substrate excess, which should reveal the
length(s) of product formed by ExoN in a single binding
event (left panel of Figure 3B). We refer to the second con-
dition as enzyme excess (right panel of Figure 3B). Under
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Figure 1. ExoN prefers primed-template-like dsRNA substrates. (A) Purified SARS-CoV-2 nsp14 (60 kDa) and nsp10 (15 kDa) proteins used in this study.
Proteins (1 �g) were resolved on a 15% polyacrylamide gel containing SDS and stained with Coomassie. Broad-range molecular weight markers (Mr) and
corresponding molecular weights are indicated. (B) Schematic of ssRNA and dsRNA substrates used to measure exoribonuclease activity. RNA sequences
are provided in Table 1 and/or Supplementary Figure S2. RNAs were labeled on the 5′-end with 32P, also indicated by an asterisk (*). RNAs are designated
as primers (P) or templates (T). The numbers indicate the length of the RNA. When a base is designated, this reflects the 3′-terminal nucleotide. (C) ssRNA
and dsRNA substrates evaluated by Native PAGE. (D) Evaluation of ExoN-catalyzed hydrolysis of RNA. Reaction products were resolved by denaturing
PAGE and visualized by phosphorimaging. Reactions contained 0.1 �M ExoN (1:1 nsp14:nsp10) and 0.1 �M of the indicated RNA, were incubated at
30◦C for the indicated time, then quenched by addition of EDTA. In both cases, primed-template-like dsRNA substrates were cleaved more efficiently than
ssRNA substrates. (E) Exoribonuclease activity is dependent on the nsp14 active site. Residues of nsp14 required for catalysis were changed as follows:
D90A, E92A; this derivative is referred to as MUT. Reactions contained 0.1 �M ExoN (1:1 nsp14(WT or MUT):nsp10) and 1 �M RNA and were run as
described above. MUT did not exhibit any detectable exoribonuclease activity.
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Figure 2. Products of nsp15-catalyzed endonucleolytic cleavage are not substrates for ExoN. (A) Schematic of dsRNA substrates used. Both substrates
I and II contain 32P-labeled RNAs (*P-3 and *P-2) annealed to the template such that both RNAs have an exposed 3′-end. Substrate III contains a
32P-labeled RNA (*P-2) annealed to the template at a position where an additional RNA (P-3) is annealed downstream and blocks access to the 3′-end
of the labeled RNA. Substrate III permits assessment of ExoN cleavage at a nick, as produced by nsp15 endonucleolytic cleavage. (B) RNA substrates
evaluated by Native PAGE. Shown are the RNAs (*P-2 and *P-3) alone and when annealed to form the dsRNA substrates I, II or III. (C) ExoN does
not initiate hydrolysis at a nick. The 10-nt and 15-nt RNAs are indicated. Reactions contained 0.5 �M ExoN (1:1) and 0.1 �M RNA and were quenched
at the indicated times. The 32P-labeled RNAs (*P-3 and *P-2) in substrates I and II that have an exposed 3′-end were efficiently cleaved by ExoN. The
32P-labeled RNA (*P-2) in substrate III was not cleaved. (D–F) ExoN does not hydrolyze termini containing a 3′-phosphate or 2′,3′-cyclic phosphate. The
structures of these modifications are shown in panel D. Schematic of dsRNA substrates containing 3′-phosphate and 2′,3′-cyclic phosphate modifications
used are shown in panel E. *P10A:T21 dsRNA were used as substrates. Reactions contained 0.5 �M ExoN (1:1) and 0.1 �M RNA, were incubated for the
indicated time, then quenched. Products are shown in panel F. The unmodified RNA is completely degraded; however, the 3′-phosphate and 2′,3′-cyclic
modifications block excision by ExoN. Note, the 3′-phosphate and 2′,3′-cyclic modifications alter the apparent mobility of the RNA as it is more negatively
charged and runs faster on the gel; the mobilities of each full-length RNA are indicated by n.

these conditions and upon dissociation, the product of one
enzyme in the reaction immediately serves as a substrate for
the same or a second enzyme in a reiterative manner until
the product dissociates into two single-stranded molecules.
This latter condition is the most prevalent in the literature
(23,45–48,51,59).

Under both conditions, the earliest products were pri-
marily n – 1 and n – 2 in length (Figure 3B). Quantitative
analysis of both conditions showed consumption of >80%

of the substrate during each reaction (left panels of Figure
3C and D). More than 50% of the substrate was consumed
by the first time point when enzyme was present in excess
(left panel of Figure 3D), thus precluding an unambiguous
assessment of precursor-product relationships (right panel
of Figure 3D). However, under the condition of substrate-
excess, the kinetics suggested production of n – 1 and n – 2 at
the same rate, with n – 2 accumulating over the time course
(right panel of Figure 3C). Therefore, products shorter than
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Figure 3. Monitoring ExoN-catalyzed RNA hydrolysis at single-nucleotide resolution. (A) Schematic of dsRNA substrate used to monitor ExoN activity
at single-nucleotide resolution. (B) Reactions contained 0.05 �M ExoN (1:1) and 1 �M RNA or 0.1 �M ExoN (1:1) and 0.05 �M RNA, were incubated
for the indicated time, then quenched. Products were resolved using denaturing 20 or 23% polyacrylamide gels. The RNA cleavage products, n – 1 to n –
8, are indicated. (C, D) Quantitative analysis of kinetics of substrate RNA utilization and/or product RNA formation. Formation of individual products
is shown on the right. Panel C reports on the experiment in which RNA was in excess of enzyme; panel D reports on the experiment in which enzyme was
in excess of RNA.

n – 3 likely arise from utilization of the n – 1 and/or n – 2
products.

Existence of an equilibrium between nsp14 and nsp10 proteins

Structural studies of ExoN demonstrate unambigu-
ously that the nsp14:nsp10 stoichiometry is 1:1
(19,22,29,46,47,49). However, there has been an as-
sumption that the affinity of nsp14 for nsp10 is sufficiently
high that complex never dissociates once formed. This in-
terpretation is based on the fact that most published studies
emphasize the nsp14:nsp10 stoichiometry rather than the
concentration of each component (20,23,29,45–52,59).
Because most published studies have used conditions of en-
zyme excess, any dependence of the reaction rate on nsp10
concentration would be masked without evaluating prod-
uct formation on the msec-sec timescale (Supplementary
Figure S5).

We evaluated the reaction kinetics, processivity, and sub-
strate specificity of nsp14 as a function of nsp10 concentra-
tion (Figure 4). The reaction rate increased as a function
of nsp10 concentration, with apparent saturation at a con-
centration of 2 �M, and nsp14:nsp10 ratio of 1:20 (Figure
4). The primed-template-like dsRNA substrate was still fa-
vored over the ssRNA substrate (compare the 10-nt band
in Figure 4A to that in Figure 4B). Finally, the distributive
nature of the enzyme remained the same, with n – 1 and n –
2 products accumulating at early times for both substrates
(Figure 4).

An understanding of the kinetics and thermodynamics
of the binding reaction between nsp14 and nsp10 leading

formation of the nsp14-nsp10 complex is warranted. Such
studies will require approaches to assess complex formation
directly, rather than indirectly by monitoring exoribonucle-
ase activity.

The presence of the phosphorothioate Rp diastereomer at the
scissile phosphodiester bond blocks hydrolysis by ExoN

Polymerases prefer use of the Sp diastereomer when a phos-
phorothioate is placed at the alpha position of a nucleoside
triphosphate (60–64). Incorporation yields the Rp diastere-
omer at the resulting phosphorothioate bond (Figure 5A),
and the presence of this diastereomer can block hydroly-
sis by some exonucleases (65–69). We substituted the ulti-
mate (PS110A in Figure 5B), penultimate (PS210A in Figure
5B), and antepenultimate (PS310A in Figure 5B) phospho-
diester bond with a phosphorothioate. Both diastereomers
were present at a 50:50 ratio.

We assembled each phosphorothioate-substituted RNA
into the *P10A-P40:T57 substrate to determine the im-
pact of the phosphorothioate substitution on hydrolysis by
ExoN compared to the control RNA (Figure 5C). Under
the conditions of enzyme excess, essentially all of the con-
trol substrate was consumed (*P10A in Figure 5C). How-
ever, only 50% or so of the substrate was consumed when
a phosphorothioate was present in the RNA (*PS110A,
*PS210A and *PS310A in Figure 5B), suggesting that one di-
astereomer inhibits hydrolysis. Importantly, the size of the
terminal product in the reaction was consistent with the po-
sition of the phosphorothioate: n, for *PS110A; n – 1 for
*PS210A; and n – 2, for *PS310A (Figure 5B).
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Figure 4. nsp10 stimulates hydrolysis without affecting processivity or substrate specificity. (A) Effect of nsp10 concentration on the kinetics of nsp14-
catalyzed dsRNA hydrolysis. Reactions contained fixed nsp14 (0.1 �M) and varied nsp10 (0–2 �M) concentrations. In all cases, nsp14 was pre-mixed with
nsp10 on ice 5 min prior to adding to the reaction. Hydrolysis of dsRNA substrate (*P10A-P40:T57) was monitored over a 30 min time course as indicated.
Product analysis is shown. (B) Effect of nsp10 concentration on the kinetics of nsp14-catalyzed hydrolysis of ssRNA. Reactions were as in panel A except a
ssRNA substrate (*P10A) was used. Product analysis is shown. Products shorter than n – 4 are not observed when the 10-nt ssRNA is used. (C, D) Analysis
of the kinetics of product formation for both dsRNA (panel C) and ssRNA (panel D) at varying concentrations of nsp10, error bars indicate mean ± SD
(n = 3).

To determine if the phosphorothioate Rp diastereomer
was the inhibitory species, we used polymerase incorpo-
ration of nucleoside-5′-O-(1-thiotriphosphates) to produce
RNA with only the Rp diastereomer at the scissile bond
(Figure 6A). For these experiments, we used the cryp-
tic RdRp activity present in the mitochondrial DNA-
dependent RNA polymerase (DdRp), POLRMT. For these
experiments, we used the DdRp to produce an RNA prod-
uct with the terminal scissile bond containing the phospho-
rothioate Rp diastereomer (Figure 6B). After ∼50% of the
primer was extended to product, we added ExoN and moni-
tored the fate of the product RNA by denaturing PAGE and
phosphorimaging (Figure 6B). Extension of only half of
the product provides an internal control for the presence of
ExoN, because the primer lacks a phosphorothioate bond.
We used two different substrates. For both, the presence
of the phosphorothioate Rp isomer completely blocked hy-
drolysis by ExoN (right panels in Figure 6C, D), relative to
both the unextended primer (internal control) and the com-

parable RNA product lacking the phosphorothioate (left
panels in Figure 6C, D). Quantitation is provided in Fig-
ure 6E and F. Addition of the phosphorothioate to the �-
position of an antiviral nucleotide analog should eliminate
the possibility for excision by ExoN.

Composition of the terminal basepair modulates the kinetics
of hydrolysis by ExoN

For proofreading exonucleases of DNA polymerases, it is
not that the exonuclease exhibits a preference for a mis-
paired end relative to a properly paired end (27,28). Rather,
a mispaired end is unstable in the polymerase active site,
providing the opportunity for the mispaired end to parti-
tion to the exonuclease active site (27,28). To assess the im-
pact of the terminal basepair on the kinetics of excision
by ExoN, we designed two additional RNA substrates for
ExoN. *P10G creates a terminal G:U mispair; *P10R cre-
ates a terminal remdesivir:U pair, which is equivalent to an
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Figure 5. RNA hydrolysis by ExoN is inhibited by a phosphorothioate bond. (A) Structure of phosphorothioate. One of the non-bridging oxygens of the
phosphodiester bond is replaced with a sulfur atom, creating Rp and Sp diastereomers. A 50:50 ratio of diastereomers were used in these experiments. (B)
Schematic of phosphorothioate-substituted ssRNAs used. (C) Effect of phosphorothioate ExoN-catalyzed hydrolysis of dsRNA. Reactions contained 0.5
�M ExoN (1:1) and 0.1 �M of the indicated RNA, were incubated at the indicated times, then quenched. Product analysis is shown. Fraction of RNA
remaining is indicated (% uncleaved). The unmodified RNA is completely degraded; however, ExoN is unable to hydrolyze beyond the phosphorothioate
substitution, for half the RNA molecules at least. This observation is consistent with only a single diastereomer being inhibitory.

A:U pair at the level of the hydrogen bonding potential be-
tween the bases (Figure 7A). We evaluated the kinetics of
hydrolysis of the various RNA substrates by ExoN under
conditions in which the RNA substrate was present in ex-
cess of enzyme. Reaction products were resolved by dena-
turing PAGE and visualized by phosphorimaging (Figure
7B). The observed rates of consumption of the RNA sub-
strate and formation of all products were the same (Figure
7C). Any difference that would be observed, however, would
be related to hydrolysis of 3′-terminal nucleotide to pro-
duce the n-1 product and any subsequent excision reactions
occurring prior to dissociation of ExoN. We performed a
comprehensive analysis of the kinetics of formation of each
product for each substrate (Figure 7D). We observed a clear
difference in the magnitude of the n – 1 product that accu-
mulated for each substrate (Figure 7D). Such an observa-
tion would suggest that the rate of the step governing hy-
drolysis and/or rate of dissociation of the excised nucleotide

product differ between the substrates. Interestingly, excision
of remdesivir was substantially slower than the natural nu-
cleotides as the n – 1 product accumulated to the greatest
extent for the P10R substrate (Figure 7D).

Some modifications to the 3′-terminal ribose antagonize
ExoN-catalyzed excision

To further our understanding of the structure–activity re-
lationships of the 3′-terminal nucleotide, we prepared sub-
strates in which the 2′- or 3′-hydroxyl was changed (Fig-
ure 8A). Our standard substrate RNA is P10A. Unfortu-
nately, not all modifications were available as an adenosine
phosphoramidite. Therefore, some modifications were ana-
lyzed in the context of P10U (Figure 8A and Supplementary
Figure S7). We monitored the kinetics of ExoN cleavage
of modified RNAs. Products were resolved by denaturing
PAGE and visualized by phosphorimaging (Supplementary
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Figure 6. ExoN is inhibited by the Rp diastereomer at the phosphorothioate-substituted scissile bond. (A) The Sp diastereomer of a nucleoside-5′-O-
thiotriphosphate is preferentially incorporated by RNA polymerases. Nucleophilic attack at the alpha phosphorous atom leads to inversion of configuration
and creation of Rp diastereomer at the phosphorothioate bond. (B) Schematic of assay. Primer extension is initiated by adding an RNA polymerase in the
presence of either UTP and CTP�S or ATP�S. CTP�S is a mixture of both the Rp and Sp diastereomers. ATP�S was obtained as the pure Sp diastereomer.
Incorporation yields extended products. The last nucleotide to be incorporated is either CMP(�S) or AMP(�S). Once 50–75% of the primers were extended
to the end, ExoN was added to the reaction. The reaction was monitored over time for hydrolysis. Unextended primer in reactions served as a useful control
to demonstrate the presence of active ExoN in the reaction. P9:T21 was used as dsRNA substrate for these reactions. (C, D) Analysis of reaction products
by denaturing PAGE. Incorporation of CMP and AMP results in removal of the incorporated nucleotide by ExoN. Incorporation of CMP�S and AMP�S
(Rp diastereomers) results in a terminated primer that cannot be cleaved by ExoN. (E, F) Kinetics of excision of CMP, CMP�S (Rp diastereomer) and
AMP and AMP�S (Rp diastereomer) by ExoN. Data were fit to a single exponential. Rates are provided in Table 2.
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Figure 7. Terminal basepair-dependent differences in the kinetics of hydrolysis by ExoN. (A) Schematic of dsRNA substrates used to evaluate the influence
of the terminal basepair on kinetics of excision by ExoN. The termini have a A:U, G:U or R:U basepair, where R represents remdesivir. (B) Effect of terminal
basepair on hydrolysis by ExoN. Reactions contained 0.05 �M ExoN (1:5) and 1 �M of the indicated dsRNA substrate, were incubated at 30◦C for the
indicated times, then quenched. Product analysis is shown. (C) Analysis of the kinetics of substrate utilization and product formation. Here, depletion of
substrate and total product formation are monitored, showing no difference in the kinetics, error bars indicate mean ± SD (n = 3). (D) Analysis of the
kinetics of formation of each individual product. Cleavage products (n – 1 to n – 8) were plotted as a function of time for each RNA substrate, error bars
indicate mean ± SD (n = 3). The kinetics of formation and utilization of the n – 1 product vary between substrates, suggesting that some, but not all steps
of the mechanism are agnostic to the sequence and/or complementarity of the terminal basepair. Statistical analysis (unpaired t-test) comparing the n – 1
products from P10A to P10R at 5 min is indicated, P = 0.0038.
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Figure 8. Structure-activity relationships for the ribose of the 3′-terminal nucleotide. (A) Modifications to the ribose of the terminal nucleotide studied
here in the context of P10A: 3′-deoxy (-H), 3′-phosphate (-O-PO3), 2′-deoxy (-H) and 2′-O-methyl (-O-CH3); or P10U: 2′-amino (-NH2) and 2′-fluoro
(-F). (B, C) Kinetics of cleavage of modified dsRNAs. In panel B, substrate was present in excess of enzyme. In panel C, enzyme was present in excess of
substrate. The data were fit to a line (panel B) or to a single exponential (panel C). Reactions contained 0.1 �M ExoN (1:20) and either 1 or 0.05 �M
dsRNA substrate and were quenched at the indicated times. The order in which the modified RNAs were cleaved is as follows: unmodified = 2′-F > 2′-
O-Me > 2′-deoxy > 2′-amino > 3′-deoxy > 3′-phosphate. The kinetics of cleavage using the 3′-phosphate RNA is not shown, because cleavage was not
detected. The observed rate of cleavage of modified RNAs and fold difference from the unmodified RNA are shown in Table 3.

Figures S6 and S7). We plotted the concentration of total
RNA products as a function of time for the two conditions
used: excess substrate (Figure 8B) or excess enzyme (Fig-
ure 8C). The corresponding observed rates are presented in
Table 3. The presence of a 3′-phosphate blocked hydrolysis
(Figure 2E). The presence of a 2′-fluoro had no effect. All
other substitutions reduced the efficiency of cleavage, with
the most effective being 3′-H, 2′-NH2 and 2′-H (Figure 8B,
C and Table 3). Together, these data suggest that it may be
possible to identify substituents on the 3′-terminal ribose
that would not impact utilization by the RTC but would in-
hibit excision by ExoN.

ExoN efficiently excises the chain-terminating antiviral ri-
bonucleotide produced by viperin, ddhC

The literature is rife with examples of the inability of obli-
gate and non-obligate chain terminators to interfere with
SARS-CoV-2 multiplication in cell culture (8,13,70–72),
even the antiviral ribonucleotide, ddhCTP, produced by the
antiviral protein, viperin (73). However, a 3′-dAMP termi-
nated RNA is not a good substrate for ExoN (Figure 8), and
others have made similar observations for other 3′-dNMPs
(29,74).

Given this apparent contradiction between the cell-based
and biochemical experiments, we asked how ExoN would
deal with the presence of the viperin product, ddhCTP, and
the non-obligate chain terminator, 2′-C-Me-CTP (struc-
tures shown in Figure 9A), when present at the 3′-end of
RNA. Because synthetic RNA containing these analogs
was not available, we made these RNAs biosynthetically
by taking advantage of the cryptic RdRp activity present
in the mitochondrial DNA-dependent RNA polymerase
(DdRp, aka POLRMT, Figure 9B). CTP and 3′-dCTP were
used as controls to permit comparison to data obtained us-
ing synthetic RNA. After production of the CMP analog-
terminated RNA, ExoN was added, and the reaction pro-
ceeded for the indicated time before quenching (Figure 9B).

Reaction products were resolved by denaturing PAGE and
visualized by phosphorimaging (Figure 9C) and quantified
(Figure 9D). The presence of the 2′-C-Me substituent had
little to no effect on ExoN activity (2′-C-Me-CTP in Fig-
ure 9C, D). In spite of the absence of a 3′-OH on ddhCTP,
ddhCMP was excised from RNA almost as efficiently as
CTP (ddhCTP in Figure 9C, D). Together, the results pre-
sented in Figures 8 and 9 reveal complexity to the interac-
tion between the 3′-terminal nucleotide and the ExoN active
site that is not explained by simple docking experiments. A
more in-depth characterization of the substrate specificity
of ExoN is warranted.

SARS-CoV-2 RTC prevents access of ExoN to the 3′-end
nascent RNA

We have been able to assemble elongation complexes com-
prised of SARS-CoV-2 RTC and our split-primer:template
substrate used for ExoN (Figure 10A). Studies using sim-
ilarly designed substrates with shorter duplexes fail to as-
semble a stable complex (data not shown). The ability to
split the primer provides the advantage of being able to
monitor extension at single-nucleotide resolution.

Assembly and incubation of a complex with a correctly
basepaired 3′-end for 60 min (Figure 10A; 0 min Figure
10B) remains stable to challenge with ExoN for at least an
additional 60 min (Figure 10A; CTP in Figure 10B, C). Judi-
cious selection of substrate nucleotides and/or analogs per-
mitted us to exploit this system to create elongation com-
plexes with different 3′-ends. This experimental design per-
mitted us to determine if the nature of the 3′-terminal base-
pair under investigation influenced the stability of assem-
bled SARS-CoV-2 RTC and/or accessibility of ExoN. Nei-
ther a mispaired end (UTP in Figure 10B, C) nor an end
containing a chain terminating analog (2′-C-Me-CTP, 3′-
dCTP, ddhCTP in Figure 10B, C) changed the sensitivity
to ExoN, so by inference did not change stability with the
SARS-CoV-2 RTC either. Extension of shorter duplexes by
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Figure 9. Viperin product (ddhCMP)-terminated RNA is a good substrate for ExoN but 3′-dCMP-terminated RNA is not. (A) Structure of nucleotide
analogs used. (B) Schematic of the assay. Primer extension is initiated by adding an RNA polymerase in the presence of UTP and a CTP analog. Incorpora-
tion produces n + 1 and n + 2 products. The last nucleotide to be incorporated is the CTP analog. Once 50–75% of the primers were extended to n + 2, ExoN
was added to the reaction. The reaction was monitored over time for hydrolysis. Unextended primer in reactions served as a useful control to demonstrate
the presence of active ExoN in the reaction. (C) Analysis of reaction products by denaturing PAGE. Only the 3′-dCMP-terminated RNA exhibited a delay
in excision. (D) Kinetics of excision of CMP analogs. The quantitation revealed that only 3′-dCMP-terminated RNA exhibited a significant delay in the
rate of excision relative to the CMP control, even though ddhCMP also lacks a 3′-OH. Data were fit to a single exponential. Rates are provided in Table 4.

the SARS-CoV-2 RTC that failed to form a stable complex
were excised by ExoN (data not shown).

Together, these data show that the SARS-CoV-2 RTC
creates a physical block to cleavage and that the composi-
tion of the terminal basepair does not trigger a response by
the SARS-CoV-2 RTC that facilitates access by ExoN.

DISCUSSION

Coronaviruses encode a 3′-5′ exoribonuclease (11,13–15). A
complex of the nsp10 and nsp14 proteins at a stoichiometry
of 1:1 forms the active enzyme (19,22,29,47,49). The nsp14
subunit harbors the catalytic residues; however, this subunit
fails to achieve a stable conformation competent for RNA
binding and catalysis in the absence of nsp10 (22). There-
fore, we have referred to the active complex as ExoN instead
of the nsp14 subunit alone. The biological function of ExoN
is proofreading, correction of errors introduced by the viral
polymerase (11–14). ExoN also contributes to excision of
antiviral nucleotides, as the sensitivity of the virus to cer-
tain antiviral nucleotides increases in the absence of exori-
bonuclease activity (25). This latter activity complicates the

use of some conventional antiviral nucleotides for the treat-
ment of coronavirus infection. The goal of this study was to
discover strategies to interfere with excision of nucleotides
by ExoN and thereby inform the development of nucleotide
analogs with greater efficacy against coronaviruses.

The catalytic cycle of ExoN includes binding of the
RNA substrate to the enzyme followed by hydrolysis (Fig-
ure 11A). There is now a consensus that the RNA sub-
strate preferred by ExoN is one that would also be pre-
ferred by the replication-transcription complex (RTC), a
primed-template (Figure 1) (20,29,49). The number of nu-
cleotides hydrolyzed per binding event was not known be-
fore this study. This gap existed for two reasons. First, the
design of the RNA substrates used in these studies made
difficult – if not impossible – the monitoring of product
formation with single-nucleotide resolution (23,29,45,47–
51,59). Second, ExoN was present in substantial excess
over the RNA substrate, thus requiring monitoring of hy-
drolysis on the millisecond timescale to observe a prod-
uct one nucleotide shorter than the substrate, which was
never done (23,29,45,47–51,59). The inability of ExoN to
hydrolyze nucleotides at a nick permitted us to distribute
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Figure 10. Stalled SARS-CoV-2 replication-transcription complexes block access of ExoN to the RNA terminus. (A) Schematic of assay. Primer extension
was initiated by adding the SARS-CoV-2 replicase-transcription complex (nsp7/nsp8/nsp12) in the presence of ATP and UTP or ATP, UTP and CTP or a
CTP analog. After an incubation time of 60 min, we added ExoN, incubated for the indicated time, and then quenched the reaction. (B) Effect of ExoN on
stalled elongation complexes. Incorporation yields n + 1, n + 2 and n + 3 products. When ATP, UTP and CTP are present, the n + 3 product has a properly
basepaired 3′-end. The n + 4 product is formed by misincorporation and has a mispaired 3′-end. When only ATP and UTP (low concentration, 1 �M
UTP) are present, both the n + 3 and n + 4 products are formed by misincorporation and both products have mispaired 3′-ends. At high concentrations
of UTP (100 �M), most of the products observed are at n + 3 from misincorporation of U opposite G. ExoN was added to elongation complexes for the
indicated time (5–60 min). Reaction products were visualized by phosphorimaging after denaturing PAGE. No change in the level of properly paired (n + 3)
or mispaired (n + 4) elongation products was apparent for any of the reactions performed, consistent with the replicase remaining bound to both products
and obstructing access by ExoN. (C) Quantitation of reaction products shown in panel B. The data were fit to a line. Rates are provided in Table 4.

the overall requirement for dsRNA over multiple segments,
which enabled product analysis at single-nucleotide reso-
lution (Figure 2A, B). While performing the experiments
under conditions of enzyme excess may have some utility
when evaluating inhibitors (45), only conditions of sub-
strate excess can provide information on the number of nu-
cleotides hydrolyzed per binding event when quenching re-
actions manually (Figure 11A). ExoN excised only one or
two nucleotides per binding event (Figure 3). The distribu-
tive nature of ExoN makes sense, because a processive en-
zyme would then require the RTC to resynthesize RNA that
lacked any damage.

For a nucleotide analog to resist excision, the rate con-
stant for excision (Step 2 in Figure 11A) needs to be slower
than the rate constant for dissociation of ExoN from the
3′-terminus (Step 4 in Figure 11A). RNA product dissoci-
ation is likely the rate-limiting step for this reaction under
steady-state conditions (Figure 11A). Both the 2′- and 3′-
hydroxyls contribute to the efficiency of excision, as modi-
fications to either appear to reduce the rate of catalysis to
levels at or below the rate constant for dissociation (Figure
8, Table 3). Our assumption is that when the rate of prod-
uct formation is the same under conditions of excess sub-

strate and excess enzyme, then the rate measured is cataly-
sis (Table 3). The 3′-position was most important. Loss of
the 3′-OH made catalysis rate limiting (Figure 8, Table 3);
addition of a 3′-phosphate eliminated turnover altogether
(Table 3). The SARS-CoV-2 RTC has no problem utilizing
nucleotide substrates lacking a 3′-OH (8,75). The issue with
most analogs is the inability to compete with natural nu-
cleotide pools (8,75). Remdesivir does not suffer this prob-
lem (8,75). Perhaps elimination of its 3′-OH will bolster its
anti-coronavirus activity.

The ability of 3′-dCMP to antagonize ExoN-mediated
hydrolysis so effectively was not expected, although several
other groups have now reported this observation (29,74).
Our previous studies showed that the antiviral nucleoside,
ddhC, does not interfere with SARS-CoV-2 multiplica-
tion in cells, even though the RTC utilized the nucleotide,
ddhCTP, quite readily (8). ddhC lacks a 3′-OH, but ExoN
readily excised ddhCMP from the 3′-end of RNA (Figure
9). We conclude that the requirement for a 3′-OH is not ab-
solute but is context dependent. The context is likely as-
sociated with the ribose conformation. The ribose com-
ponent of normal nucleotides are not planar and possess
‘sugar pucker’ with the 3′-endo conformation being favored
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Figure 11. Hypothetical model for ExoN-catalyzed excision. (A) Excision uncoupled to RNA synthesis. The active exoribonuclease, referred to here as
ExoN, is a complex of two subunits: nsp10 (regulatory) and nsp14 (catalytic). The concentration of ExoN therefore depends on the value of the dissociation
constant for this binding reaction, as well as the concentrations of nsp10 and nsp14. Most studies to date have ignored this equilibrium. Under steady-
state conditions in which the RNA substrate (RS) is present in excess of ExoN, RS binds, catalysis occurs, releasing one or two nucleotides, followed by
dissociation of the RNA product (RP). Under these conditions, the rate-limiting step is likely release of RP. Modifications to the terminal nucleotide that
reduce the rate of hydrolysis to values substantially lower than the rate of RP dissociation should interfere with excision. RP consumption depends on its
ability to compete with RS, for example when more than 20% of the substrate is consumed or when ExoN is present in excess of substrate and more than
a single turnover occurs. The possibility also exists for product dissociation to be driven by dissociation of the nsp10 and nsp14 subunits. (B) Excision
coupled to RNA synthesis. Introduction of mispaired nucleotides or chain terminators by the polymerase complex does not lead to dissociation, blocking
access of the 3′-end for repair by ExoN. The polymerase complex must therefore be actively dislodged from the terminus to access the 3′-end. Once ExoN
binds, only one or two nucleotides will be removed.

Table 2. Kinetics of excision of the Rp diastereomer of CMP�S and
AMP�S by ExoN. Data were fit to a single exponential to determine the
observed rate of cleavage and half-life (t1/2)

NMP Rate (min−1) t1/2 (min)

CMP 0.22 ± 0.010 3
CMP�S (Rp,Sp) 0.0016 ± 0.0003 350
AMP 0.13 ± 0.02 5
AMP�S (Rp) 0.0015 ± 0.0003 460

for ribonucleosides. The ribose of ddhC on the other hand
is forced into a planar conformation because of the dou-
ble bond between carbons 3′ and 4′ (Figure 9). Structural
studies will be required to provide an explanation for the
context-dependent requirement for the 3′-OH.

In retrospect, it is not surprising that coronaviruses
have evolved to evade the inhibitory activity of ddhCMP-
terminated RNA. ddhCTP is induced by infection (73,76).
Indeed, the presence of ddhCTP in cells presents a strong
selective pressure for acquisition of an exoribonuclease, es-

Table 3. Effect of modifications to the 3′-end on the kinetics of excision
by ExoN. Data were fit either to a line (S > E) or to a single exponential
(E > S) to determine observed rate of cleavage

Rate (min−1) Rate (min−1)
Modification S > E E > S

Unmodified 0.87 ± 01 2.2 ± 0.2
2′-fluoro 0.85 ± 0.3 1.7 ± 0.1
2′-O-methyl 0.64 ± 0.02 0.46 ± 0.04
2′-deoxy 0.41 ± 0.01 0.33 ± 0.02
2′-amino 0.33 ± 0.01 0.15 ± 0.02
3′-deoxy 0.035 ± 0.006 0.056 ± 0.008
3′-phosphate No cleavage No cleavage

pecially given the efficiency with which the RTC utilizes this
antiviral nucleotide (8). The presence of an exoribonucle-
ase may have also contributed to the polymerase retaining
the ability to utilize ddhCTP. The evolutionarily related en-
teroviral polymerases have lost the ability to utilize ddhCTP
(73). Some coronaviruses deal with loss of the exoribonucle-
ase better than others(23), perhaps the efficiency with which
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Table 4. Kinetics of excision of chain terminating cytidine analogs by ExoN. Data were fit to a single exponential to determine the observed rate of
cleavage and half-life (t1/2)

−SARS replicasea +SARS replicaseb

NTP Rate (min−1) t1/2 (min) Rate (min−1) t1/2 (min)

CTP 0.23 ± 0.01 3 0.0027 ± 0.0004 260
UTP - - 0.0046 ± 0.0002 150
3′-dCTP 0.014 ± 0.002 50 0.0032 ± 0.0004 220
ddhCTP 0.089 ± 0.01 8 0.0018 ± 0.0002 390
2′-C-Me-CTP 0.15 ± 0.02 5 0.0028 ± 0.0001 250

aExperiment shown in Figure 9.
bExperiment shown in Figure 10.

the polymerases utilize ddhCTP has something to do with
this. It would be interesting to determine the requirement
of the exoribonuclease in cells lacking viperin, the enzyme
that produces ddhCTP.

The most efficient strategy to interfere with nucleotide
excision is to introduce a non-hydrolyzable scissile bond.
Phosphorothioate (P-S) substitutions at the scissile phos-
phodiester bond inhibit excision by DNA exonucleases,
usually requiring a specific stereoisomer (SP or RP) (65–
69,77). Here we show that the presence of a phosphoroth-
ioate in the RP configuration of the scissile phosphodi-
ester bond inhibits hydrolysis by ExoN (Figures 5 and 6
and Table 2). The ability to block cleavage of the terminal
nucleotide rules out the existence of ExoN-associated en-
donuclease activity as suggest recently (45). Introduction of
the P-S-substituted bond at ultimate, penultimate, and/or
antepenultimate position will create substrates to facilitate
elucidation of the details of ExoN-catalyzed hydrolysis by
limiting the extent to which a product can be consumed.
Current strategies to synthesize P-S-substituted oligonu-
cleotides yield diastereomeric mixtures at phosphorous, but
stereoisomer-specific solutions are on the horizon (77).

Another interesting possibility for use of the P-S sub-
stitution is the creation of non-hydrolyzable antiviral ri-
bonucleotide analogs. Most clinically used monophospho-
rylated ribonucleotide analogs are readily delivered to cells
as prodrugs that require intracellular activation by histi-
dine triad nucleotide-binding protein 1 (HINT-1) (78,79),
the so-called ProTide strategy (7,80–82). Similar strategies
can be used for P-S-substituted ribonucleoside monophos-
phates. It is clear that HINT-1 can activate such compounds
in cells, although the kinetics of activation are slower than
conventional ProTides (78). HINT-1 is known to convert
P-S-substituted NMPs to the natural NMP (78,79). The ef-
ficiency of this side reaction is likely tunable as the nature
of the base and sugar contribute to the rate of sulfur re-
moval (78). Side reactions such as these could also be allevi-
ated by using P-S-substituted di- or triphosphorylated pro-
drugs (83). The pursuit of non-hydrolyzable ribonucleotide
analogs is a guaranteed solution to the problem of excision
of antiviral ribonucleotides by ExoN.

The majority of our studies focused on excision inde-
pendent of RNA synthesis. An early report on ExoN from
SARS-CoV suggested that co-transcriptional repair could
occur in vitro (46,48). These studies used primed-templates
of insufficient length to form a stable elongation complex
(46,48). So, just as we were able to see ‘co-transcriptional’

repair using POLRMT (e.g. Figure 9), this repair required
dissociation of POLRMT to permit ExoN access to the 3′-
end. Formation of a stable elongation complex using the
SARS CoV-2 RTC requires a duplex of 50-bp or greater
(30,57,58). The ability to split the primer into 40-nt and
10-nt fragments permitted us to monitor extension by the
RTC and excision by ExoN at single-nucleotide resolution
in the same reaction (Figure 10). Interestingly, assembling
the SARS CoV-2 RTC on these primed templates and forc-
ing the complex to make errors was insufficient to get the
complex to dissociate and expose the 3′-end to ExoN (Fig-
ure 10). ExoN removed these same termini in the presence
of POLRMT (Figure 9).

We conclude that the SARS-CoV-2 RTC alone does not
sense the presence of a mispair, a non-natural nucleotide, or
the pause caused by a chain terminator (panel 1 in Figure
11B). A more active mechanism must exist to remove the
RTC from the 3′-end, perhaps another viral factor pushes
the RTC out of the way (panel 2 in Figure 11B). The nsp13-
encoded 5′-3′ RNA helicase may function in this capacity.
nsp13 associates with the RTC (57,58). While incorporating
nucleotides, the RTC may overcome helicase action. When
stalled, however, the helicase is situated to push the RTC
backwards (57,58). We suggest two potential scenarios: one
where the replicase backtracks and one where the replicase
is displaced backward. In the former, the product strand ex-
its through the NTP channel, revealing the product strand
3′-end for mismatch correction by ExoN (57,58,84). In the
latter, the displacement of the replicase leaves the duplex
strand annealed and accessible to ExoN for mismatch cor-
rection (panel 3 in Figure 11B). In both cases, establishing a
tug of war between the polymerase and helicase in the RTC
would favor exposure of any 3′-end that impedes forward
motion of the polymerase. In such a scenario, access would
regulate processing by ExoN and may explain the lack of a
strict specificity for a mispaired end. So, what would hap-
pen in the presence of a catalytically inactive ExoN? It is
likely that the complex would associate with the 3′-end, as
illustrated in panel 3 of Figure 11B, and create a physical
block to synthesis by the RTC. It would be interesting to
determine the extent to which substitutions that impair as-
sociation of ExoN with the RNA duplex phenocopy those
that preclude catalysis.

Remdesivir is one nucleotide analog that shows efficacy
against SARS-CoV-2 in humans (1). The mechanism of
action clearly relates to perturbed dynamics of the RTC
(8,31,33,85). Whether or not some perturbations can oc-
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cur immediately or only when present at the n + 4 position
has not been completely resolved. If remdesivir-terminated
RNA were ever present, then our results would suggest that
attempts at excision by ExoN would not be as facile as
other nucleotide pairs (Figure 7). This particular observa-
tion highlights the utility of monitoring hydrolysis by ExoN
with single-nucleotide resolution.

The structure of ExoN reveals a complex of nsp10 and
nsp14 at a 1:1 stoichiometry (19,22,29,46,47,49). However,
such an observation does not infer picomolar affinity. We
make this statement because the vast majority of the pub-
lished studies on SARS-CoV-2 ExoN emphasize the stoi-
chiometry of nsp10:nsp14 used without any consideration
of the concentrations of each protein present. Our studies
suggest that the dissociation constant for the nsp10–nsp14
complex is in the micromolar range (Figure 4). Because our
major conclusions derive from studies of the steady state at
saturating concentrations of RNA, knowledge of the pre-
cise concentration of ExoN is not essential. However, con-
clusions from single-turnover experiments would be com-
promised. Direct studies of the nsp10–nsp14 binding equi-
librium (Step 1 in Figure 11A) will be essential to elucida-
tion of the kinetic and chemical mechanisms.

Together, we describe a robust system for evaluating
co-transcriptional proofreading of the SARS-CoV-2 poly-
merase and associated factor by the exoribonuclease. The
framework established here will hopefully help the field at
large by highlighting some of the key gaps in our under-
standing of the mechanism of ExoN-catalyzed nucleotide
excision. Addressing these gaps will yield a clear picture of
the structure-dynamics-function relationship of ExoN that
can be used to guide design of ExoN-resistant nucleotide
analogs.
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ABSTRACT: SARS-CoV-2 is responsible for the current COVID-
19 pandemic. On the basis of our analysis of hepatitis C virus and
coronavirus replication, and the molecular structures and activities
of viral inhibitors, we previously demonstrated that three
nucleotide analogues (the triphosphates of Sofosbuvir, Alovudine,
and AZT) inhibit the SARS-CoV RNA-dependent RNA polymer-
ase (RdRp). We also demonstrated that a library of additional
nucleotide analogues terminate RNA synthesis catalyzed by the
SARS-CoV-2 RdRp, a well-established drug target for COVID-19.
Here, we used polymerase extension experiments to demonstrate
that the active triphosphate form of Sofosbuvir (an FDA-approved
hepatitis C drug) is incorporated by SARS-CoV-2 RdRp and
blocks further incorporation. Using the molecular insight gained
from the previous studies, we selected the active triphosphate forms of six other antiviral agents, Alovudine, Tenofovir alafenamide,
AZT, Abacavir, Lamivudine, and Emtricitabine, for evaluation as inhibitors of the SARS-CoV-2 RdRp and demonstrated the ability
of these viral polymerase inhibitors to be incorporated by SARS-CoV-2 RdRp, where they terminate further polymerase extension
with varying efficiency. These results provide a molecular basis for inhibition of the SARS-CoV-2 RdRp by these nucleotide
analogues. If sufficient efficacy of some of these FDA-approved drugs in inhibiting viral replication in cell culture is established, they
may be explored as potential COVID-19 therapeutics.

KEYWORDS: COVID-19, SARS-CoV-2, RNA-dependent RNA polymerase, nucleotide analogues

■ INTRODUCTION

The COVID-19 pandemic, caused by SARS-CoV-2, has
already infected more than 14 million people worldwide
resulting in over 600 000 reported deaths, with severe social
and economic ramifications. SARS-CoV-2 is a new member of
the subgenus Sarbecovirus in the Orthocoronavirinae subfamily,
which also includes MERS-CoV and SARS-CoV.1 The
coronaviruses are single-strand RNA viruses, sharing properties
with other single-stranded RNA viruses such as hepatitis C
virus (HCV), West Nile virus, Marburg virus, HIV virus, Ebola
virus, dengue virus, and rhinoviruses. SARS-CoV-2 is a
positive-sense single-strand RNA virus like HCV and other
flaviviruses;2,3 these viruses share a similar replication
mechanism requiring an RNA-dependent RNA polymerase
(RdRp).
There are currently no effective FDA-approved drugs to

specifically treat coronavirus infections such as SARS, MERS,
and now COVID-19. Components of nearly every stage of the
coronavirus replication cycle have been targeted for drug
development.2 In particular, the coronavirus RdRp is a well-
established drug target. This polymerase shares similar catalytic

mechanisms and displays active site conservation among
different positive-sense RNA viruses, including coronaviruses
and HCV.4 Like RdRps in other viruses, the coronavirus
enzyme is highly error-prone,5 which might increase its ability
to accept modified nucleotide analogues as substrates.
Nucleotide analogues that inhibit polymerases are an
important group of antiviral agents.6−9

On the basis of our analysis of hepatitis C virus and
coronavirus replication, and the molecular structures and
activities of viral inhibitors, we previously proposed Sofosbuvir
triphosphate as a candidate inhibitor of the SARS-CoV-2
RdRp.10,11 Elfiky used a molecular docking study to predict
that Ribavirin, Remdesivir, Sofosbuvir, Galidesivir, and
Tenofovir may have inhibitory activity against SARS-CoV-2
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RdRp.12 Remdesivir, a phosphoramidate prodrug containing a
1′-cyano modification on the sugar, is converted into an
adenosine triphosphate analogue inside virus-infected cells,
which inhibits the RdRps of MERS-CoV, SARS-CoV, and
SARS-CoV-2.13,14 Recently, the FDA issued an emergency use
authorization for Remdesivir for potential COVID-19 treat-
ment.15 On the basis of a comparison of the positive-strand
RNA genomes of HCV and SARS-CoV-2, Buonaguro et al.
postulated that Sofosbuvir might be an optimal nucleotide
analogue to repurpose for COVID-19 treatment.16 After
considering the potential advantages of Sofosbuvir, including
its low toxicity, its ability to be rapidly activated to the
triphosphate form by cellular enzymes, and the high stability of
this active molecule intracellularly, Sayad et al. have initiated a
clinical trial with Sofosbuvir for treatment of COVID-19.17

However, a recent kinetic analysis of Sofosbuvir triphosphate
with SARS-CoV-2 polymerase indicated that it has lower
incorporation activity than UTP.14

We previously demonstrated that the triphosphates of
Sofosbuvir, Alovudine (3′-F-dT), and AZT (3′-N3-dT) (Figure
1a,b,d) inhibit the SARS-CoV RdRp.11 On the basis of the
molecular rationale above, we conducted polymerase primer
extension experiments with Sofosbuvir triphosphate (2′-F,Me-
UTP, Figure 1a) and demonstrated that it was incorporated by
SARS-CoV RdRp and blocked further incorporation. Using the
same molecular insight, we selected two HIV reverse
transcriptase (RT) inhibitors, Alovudine and AZT, for

evaluation as inhibitors of SARS-CoV RdRp. Alovudine and
AZT share a similar backbone structure (base and ribose) with
Sofosbuvir but have fewer modification sites (Figure 1b,d).
Furthermore, because these modifications on Alovudine and
AZT are on the 3′ position of the sugar ring in place of the 3′−
OH group, if they are accepted as substrates by the RdRp, they
will prevent further incorporation of nucleotides leading to
obligate termination of RNA synthesis. We demonstrated the
ability of the active triphosphate forms of Alovudine and AZT,
3′-F-dTTP (Figure 1b) and 3′-N3-dTTP (Figure 1d),
respectively, to be incorporated by SARS-CoV RdRp where
they also terminated further polymerase extension.11 We also
demonstrated that a library of additional nucleotide analogues
terminate RNA synthesis catalyzed by the SARS-CoV-2
RdRp.18

We first constructed SARS-CoV-2 RdRp using a similar
procedure to that of SARS-CoV,19,20 and then we demon-
strated that the above three nucleotide analogues (Figure
1a,b,d) are inhibitors of SARS-CoV-2 RdRp. Using structure−
activity-based molecular insight, we selected the active
triphosphate form of Tenofovir alafenamide (TAF, Vemlidy,
an acyclic adenosine nucleotide) (Figure 1c), which is an FDA
approved drug for the treatment of HIV and hepatitis B virus
(HBV) infection, for evaluation as a SARS-CoV-2 RdRp
inhibitor. Similarly, we also selected the triphosphates of three
HIV RT inhibitors, Lamivudine triphosphate (Lam-TP, Figure
2a), Emtricitabine triphosphate (Ec-TP, Figure 2b) and

Figure 1. Structures of four prodrug viral inhibitors. Top: Prodrug (phosphoramidate) form; Bottom: Active triphosphate form.

Figure 2. Structures of three viral inhibitors. Top: Nucleoside form; Bottom: Active triphosphate form.

Journal of Proteome Research pubs.acs.org/jpr Article

https://dx.doi.org/10.1021/acs.jproteome.0c00392
J. Proteome Res. 2020, 19, 4690−4697

4691

https://pubs.acs.org/doi/10.1021/acs.jproteome.0c00392?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.0c00392?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.0c00392?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.0c00392?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.0c00392?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.0c00392?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.0c00392?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.0c00392?fig=fig2&ref=pdf
pubs.acs.org/jpr?ref=pdf
https://dx.doi.org/10.1021/acs.jproteome.0c00392?ref=pdf


Carbovir triphosphate (Car-TP, Figure 2c) to test their ability
to inhibit the SARS-CoV-2 RdRp. The results indicated that
the active triphosphate forms of Tenofovir, Lamivudine,
Emtricitabine, and Abacavir (the prodrug of Car-TP) inhibited
this polymerase with varying efficiency. The properties of these
four viral inhibitors are described below.
TAF, a prodrug form of the nucleotide analogue viral

polymerase inhibitor Tenofovir (TFV), shows potent activity
for HIV and HBV but only limited inhibition of host nuclear
and mitochondrial polymerases.21,22 It is activated by a series
of hydrolases to the deprotected monophosphate form, TFV,
and then by two consecutive kinase reactions to the
triphosphate form Tenofovir diphosphate (TFV-DP).23 TFV-
DP is an acyclic nucleotide and does not have a 3′−OH group.
Remarkably, this molecule is incorporated by both HIV and
HBV polymerases, terminating nucleic acid elongation and
viral replication.21,23 In addition, resistance mutations were
rarely seen in patients treated with regimens including TAF.24

In view of the fact that the active triphosphate form of TAF,
TFV-DP, is much smaller than natural nucleoside triphos-
phates, we expect that it can easily fit within the active site of
the SARS-CoV-2 RdRp. As a noncyclic nucleotide, TFV-DP
lacks a normal sugar ring configuration, and thus, we reasoned
that it is unlikely to be recognized by 3′-exonucleases involved
in SARS-CoV-2 proofreading processes, decreasing the like-
lihood of developing resistance to the drug.25

The oral drug Lamivudine (3TC) is a cytidine analogue
containing an oxathiolane ring with an unnatural (−)-β-L-

stereochemical configuration, making it a poor substrate for
host DNA polymerases.26 This prodrug, which can be taken
orally and has low toxicity, is converted by cellular enzymes,
first to a monophosphate, then to the active triphosphate form,
Lam-TP. Emtricitabine (Emtriva, FTC) has a similar structure
to Lamivudine but with a fluorine at the 5-position of the
cytosine.27 Conversion of the prodrug form to the active
triphosphate is analogous to the activation mechanism for
Lamivudine. Like TAF, 3TC and FTC are effective against
HBV.28 The absence of an OH group at the 3′ position of both
Lam-TP and Ec-TP ensures that once these nucleotide
analogues are incorporated into the primer in the polymerase
reaction, no further incorporation of nucleotides by the
polymerase can occur. Car-TP is a carbocyclic guanosine
didehydro-dideoxynucleotide. The parent prodrug, Abacavir
(Ziagen), is an FDA-approved nucleoside RT inhibitor used
for HIV/AIDS treatment.29,30 We previously studied Car-TP
as an inhibitor of the SARS-CoV and SARS-CoV-2 RdRp using
a higher concentration than in the current study.18

■ EXPERIMENTAL SECTION

Materials

Nucleoside triphosphates and nucleoside triphosphate ana-
logues were purchased from TriLink BioTechnologies (CTP,
ATP and UTP), Sierra Bioresearch (2′-F,Me-UTP), Amer-
sham Life Sciences (3′-F-dTTP, 3′-N3-dTTP), Toronto
Research Chemicals (Lamivudine-TP, Emtricitabine-TP), or

Figure 3. Incorporation of 2′-F,Me-UTP, 3′-F-dTTP, TFV-DP, and 3′-N3-dTTP by SARS-CoV-2 RdRp to terminate the polymerase reaction. The
sequences of the primer and template used for these extension reactions, which are at the 3′ end of the SARS-CoV-2 genome, are shown at the top
of the figure. Polymerase extension reactions were performed by incubating (a) 2′-F,Me-UTP, (b) 3′-F-dTTP, (c) UTP + TFV-DP, and (d) 3′-N3-
dTTP with preassembled SARS-CoV-2 polymerase (nsp12, nsp7, and nsp8), the indicated RNA template and primer, and the appropriate reaction
buffer, followed by detection of reaction products by MALDI-TOF MS. The accuracy for m/z determination is ±10 Da.
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Santa Cruz Biotechnology (Carbovir-TP). Oligonucleotides
were purchased from Integrated DNA Technologies, Inc. or
Dharmacon, Inc.

Recombinant Protein Expression of RdRp (nsp12) and
Cofactors (nsp7 and nsp8) for SARS-CoV-2

SARS-CoV-2 nsp12. The SARS-CoV-2 nsp12 gene was
codon optimized and cloned into pFastBac with C-terminal
additions of a thrombin site and double strep tags (Genscript).
The pFastBac plasmid and DH10Bac E. coli (Life Tech-
nologies) were used to create recombinant bacmids. The
bacmid was transfected into Sf9 cells (Expression Systems)
with Cellfectin II (Life Technologies) to generate recombinant
baculovirus. The baculovirus was amplified through two
passages in Sf9 cells and then used to infect 1 L of Sf21 cells
(Expression Systems) and incubated for 48 h at 27 °C. Cells
were harvested by centrifugation and resuspended in wash
buffer (25 mM HEPES pH 7.4, 300 mM NaCl, 1 mM MgCl2,
5 mM DTT) with 143 μL of BioLock per liter of culture. Cells
were lysed via microfluidization (Microfluidics). Lysates were
cleared by centrifugation and filtration. The protein was
purified using Strep Tactin superflow agarose (IBA). Strep
Tactin eluted protein was further purified by size exclusion
chromatography using a Superdex 200 Increase 10/300
column (GE Life Sciences) in 25 mM HEPES, 300 mM
NaCl, 100 μM MgCl2, 2 mM TCEP, at pH 7.4. Pure protein

was concentrated by ultrafiltration prior to flash freezing in
liquid nitrogen.

SARS-CoV-2 nsp7 and nsp8. The SARS-CoV-2 nsp7 and
nsp8 genes were codon optimized and cloned into pET46
(Novagen) with an N-terminal 6x histidine tag, an enter-
okinase site, and a TEV protease site. Rosetta2 pLys E. coli cells
(Novagen) were used for bacterial expression. After induction
with isopropyl β-D-1-thiogalactopyranoside (IPTG), cultures
were grown at 16 °C for 16 h. Cells were harvested by
centrifugation, and pellets were resuspended in wash buffer (10
mM Tris pH 8.0, 300 mM NaCl, 30 mM imidazole, 2 mM
DTT). Cells were lysed via microfluidization and lysates were
cleared by centrifugation and filtration. Proteins were purified
using Ni-NTA agarose beads and eluted with wash buffer
containing 300 mM imidazole. Nsp7 and nsp8 proteins were
cleaved with 1% (w/w) TEV protease overnight and passed
back over Ni-NTA agarose. Cleaved proteins were further
purified by size-exclusion chromatography using a Superdex
200 Increase 10/300 column (GE Life Sciences). Purified
proteins were concentrated by ultrafiltration prior to flash
freezing with liquid nitrogen.

Extension Reactions with SARS-CoV-2 RNA-Dependent
RNA Polymerase

The RNA primers and template (sequences shown in Figures
3−5) were annealed by heating to 70 °C for 10 min and
cooling to room temperature in 1× reaction buffer. For

Figure 4. Incorporation of TFV-DP and Car-TP by SARS-CoV-2 RdRp to terminate the polymerase reaction. The sequences of the primers and
template used for these extension reactions, which are at the 3′ end of the SARS-CoV-2 genome, are shown at the top of the figure. Polymerase
extension reactions were performed by incubating (a) TFV-DP and (b) UTP + ATP + CTP + Car-TP with preassembled SARS-CoV-2 polymerase
(nsp12, nsp7, and nsp8), the indicated RNA template and primers, and the appropriate reaction buffer, followed by detection of reaction products
by MALDI-TOF MS. The accuracy for m/z determination is ±10 Da.
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reactions in Figure 3, the RNA polymerase mixtures consisting
of 6 μM nsp12 and 18 μM each of cofactors nsp7 and nsp8
were incubated for 15 min at room temperature in a 1:3:3 ratio
in 1× reaction buffer. For reactions in Figures 4 and 5, higher
concentrations of nsp 12, nsp7, and nsp8 were used (10, 30,
and 60 μM, respectively). Then 5 μL of the annealed template
primer solution containing 2 μM template and 1.7 μM primer
in 1× reaction buffer was added to 10 μL of the RNA
polymerase mixture and incubated for an additional 10 min at
room temperature. Finally, 5 μL of a solution containing either
2 mM 2′-F,Me-UTP (Figure 3a), 2 mM 3′-F-dTTP (Figure
3b), 2 mM TFV-DP + 200 μM UTP (Figure 3c), 2 mM 3′-N3-
dTTP (Figure 3d), 2 mM TFV-DP (Figure 4a), 400 μM UTP
+ 400 μM ATP + 400 μM CTP + 1 mM Car-TP (Figure 4b),
400 μM UTP + 400 μM ATP + 2 mM Lam-TP (Figure 5a) or
400 μM UTP + 400 μM ATP + 2 mM Ec-TP (Figure 5b) in
1× reaction buffer was added, and incubation was carried out
for 2 h at 30 °C. The final concentrations of reagents in the 20
μL extension reactions were 3 μM nsp12, 9 μM nsp7, 9 μM
nsp8 (Figure 3) or 5 μM nsp12, 15 μM nsp7, 30 μM nsp8
(Figures 4 and 5), 425 nM RNA primer, 500 nM RNA
template, and either 500 μM 2′-F,Me-UTP (Figure 3a), 500
μM 3′-F-dTTP (Figure 3b), 500 μM TFV-DP + 50 μM UTP

(Figure 3c), 500 μM 3′-N3-dTTP (Figure 3d), 500 μM TFV-
DP (Figure 4a), 100 μM UTP + 100 μM ATP + 100 μM CTP
+ 250 μM Car-TP (Figure 4b), 100 μM UTP + 100 μM ATP
+ 500 μM Lam-TP (Figure 5a) or 100 μM UTP + 100 μM
ATP + 500 μM Ec-TP (Figure 5b). The 1× reaction buffer
contains the following reagents: 10 mM Tris-HCl pH 8, 10
mM KCl, 2 mM MgCl2, and 1 mM β-mercaptoethanol.
Following desalting using an Oligo Clean & Concentrator
(Zymo Research), the samples were subjected to MALDI-
TOF-MS (Bruker ultrafleXtreme) analysis.

■ RESULTS AND DISCUSSION

Given the 98% amino acid similarity of the SARS-CoV and
SARS-CoV-2 RdRps and our previous inhibition results on
SARS-CoV and SARS-CoV-2 RdRps,11,18 we reasoned that the
nucleotide analogues listed in Figures 1 and 2 should also
inhibit the SARS-CoV-2 polymerase. We thus assessed the
ability of 2′-F,Me-UTP, 3′-F-dTTP, TFV-DP, and 3′-N3-dTTP
(the active triphosphate forms of Sofosbuvir, Alovudine, TAF,
and AZT, respectively), along with Lam-TP, Ec-TP, and Car-
TP (the active triphosphate forms of Lamivudine, Emtricita-
bine, and Carbovir/Abacavir), to be incorporated by SARS-

Figure 5. Incorporation of Lam-TP and Ec-TP by SARS-CoV-2 RdRp catalyzed reaction. The sequences of the primer and template used for these
extension reactions, which are at the 3′ end of the SARS-CoV-2 genome, are shown at the top of the figure. Polymerase extension reactions were
performed by incubating (a) UTP + ATP + Lam-TP and (b) UTP + ATP + Ec-TP with preassembled SARS-CoV-2 polymerase (nsp12, nsp7, and
nsp8), the indicated RNA template and primer, and the appropriate reaction buffer, followed by detection of reaction products by MALDI-TOF
MS. The accuracy for m/z determination is ±10 Da.
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CoV-2 RdRp into an RNA primer to terminate the polymerase
reaction.
The RdRp of SARS-CoV-2, referred to as nsp12, and its two

protein cofactors, nsp7 and nsp8, whose homologues were
shown to be required for the processive polymerase activity of
nsp12 in SARS-CoV,19,20 were cloned and purified as
described in the Experimental Section. These three viral gene
products in SARS-CoV-2 have high homology (e.g., 96%
identity and 98% similarity for nsp12, with similar homology
levels at the amino acid level for nsp7 and nsp8) to the
equivalent gene products from SARS-CoV, the causative agent
of SARS.11

We performed polymerase extension assays with 2′-F,Me-
UTP, 3′-F-dTTP, 3′-N3-dTTP, or TFV-DP + UTP, following
the addition of a preannealed RNA template and primer to a
preassembled mixture of the SARS-CoV-2 RdRp (nsp12) and
two cofactor proteins (nsp7 and nsp8). The primer extension
products from the reaction were subjected to MALDI-TOF-
MS analysis. The RNA template and primer, corresponding to
the 3′ end of the SARS-CoV-2 genome, were used for the
polymerase reaction assay; their sequences are indicated at the
top of Figure 3. 2′-F,Me-UTP has a 3′−OH group, but because
of 2′ modification with a fluorine and methyl group, it acts as a
nonobligate terminator for HCV RdRp.8 3′-F-dTTP and 3′-
N3-dTTP do not have a 3′−OH, and we previously
demonstrated that they are obligate terminators of the
SARS-CoV RdRp.11

For the data presented in Figure 3, because there are two As
in a row in the next available positions of the template for RNA
polymerase extension downstream of the priming site, if 2′-
F,Me-UTP, 3′-F-dTTP or 3′-N3-dTTP are incorporated by the
viral RdRp and terminate the polymerase reaction, a single
nucleotide analogue will be added to the 3′-end of the primer
strand. Because the two As in the template are followed by four
Us, in the case of the TFV-DP/UTP mixture, two UTPs
should be incorporated prior to the incorporation and
termination by TFV-DP, which is an ATP analogue and an
obligate terminator due to the absence of an OH group. As
shown in Figure 3, this is exactly what we observed. In the
MALDI-TOF MS trace in Figure 3a, a peak indicative of the
molecular weight of a single nucleotide (2′-F,Me-UMP)
primer extension product was obtained (6644 Da observed,
6634 Da expected). Similarly, in the trace in Figure 3b, a single
extension peak indicative of a single base extension by 3′-F-
dTMP is revealed (6623 Da observed, 6618 Da expected),
with no further incorporation. In both of the above cases, the
primer was nearly completely depleted, indicating that 2′-
F,Me-UTP and 3′-F-dTTP are efficient substrates of the RdRp.
In the trace in Figure 3d, a single extension peak indicative of a
single-base extension by 3′-N3-dTMP is seen (6633 Da
observed, 6641 Da expected), with no evidence of further
incorporation, though the incorporation efficiency was lower
than for 2′-F,Me-UTP and 3′-F-dTTP; further optimization
may be required. Finally, in the trace in Figure 3c, a peak
indicative of the molecular weight of a primer extension
product formed by incorporating 2 Us and 1 TFV (an A
analogue) is found (7198 Da observed, 7193 Da expected), in
addition to other peaks representing partial incorporation (one
U, 6623 Da observed, 6618 Da expected) or misincorporation
(3 Us, 7235 Da observed, 7230 Da expected). Importantly,
once the TFV was incorporated, there was no further
extension, indicating it was an obligate terminator for the
RdRp. The result of an additional experiment with TFV-DP is

shown in Figure 4a, in which a longer RNA primer was used
with the same template RNA, allowing direct incorporation of
TFV. Again, only a single TFV was incorporated (7199 Da
observed, 7193 Da expected), despite the presence of 3
additional Us in the template.
The results for Car-TP, which is a G analogue, are shown in

Figure 4b. The most prominent extension peak observed
indicates extension by UTP, ATP, and CTP followed by
complete termination with a Car-TP (10 436 Da observed,
10 438 Da expected). Despite the inclusion of UTP, ATP and
CTP in the mixture with Car-TP, no extension past this point
was observed, indicating that Car-TP was an obligate
terminator of the SARS-CoV-2 RdRp. In addition, some
partial extension peaks were seen, e.g., incorporation of one U
(6624 Da observed, 6618 Da expected), and extension up to
the position just before the first C in the template strand
(10 128 Da observed, 10 129 Da expected). These results are
consistent with previous results obtained using a higher
concentration of Car-TP.18

MALDI-TOF MS results for extension by the CTP
analogues Lam-TP and Ec-TP are shown in panels a and b,
respectively, of Figure 5. There was relatively poor
incorporation by these nucleotide analogues. With Lam-TP,
a small peak was observed at 8844 Da (8837 Da expected)
indicating the incorporation of Lam-TP following multiple
incorporated Us and As. In addition, partial extension peaks
were observed at 6932 Da indicating extension by two Us
(6924 Da expected) and at 8553 Da indicating extension by 2
Us, 4 As, and 1 U (8546 Da expected). However, the most
prominent peak was observed at 9188 Da, indicating
misincorporation by a U at the position where the C analogue
Lam-TP would be expected to be incorporated followed by
incorporation of the subsequent A (9181 Da expected). Similar
results were obtained for Ec-TP. Minimal extension by Ec-TP
is indicated by the peak at 8862 Da (8855 Da expected), but a
partial extension peak indicating incorporation by 2 Us, 4 As
and 1 U at 8555 Da (8546 Da expected), and a prominent
peak indicating misincorporation by a U at the position where
the C analogue Ec-TP should be incorporated and a
subsequent A at 9191 Da (9181 Da expected) were also
present. These misincorporation results for both Lam-TP and
Ec-TP indicate that SARS-CoV-2 RdRp has low fidelity, which
is consistent with the known low fidelity of RdRps.5

■ NOTE ADDED IN REVISION
Data for four of the nucleotide analogues included in this paper
were presented in a preprint posted on bioRxiv on March 20,
2020.31 This field is moving rapidly, and while the current
paper was under review and revision, numerous additional
publications and preprints have appeared. Sofosbuvir has been
shown to inhibit SARS-CoV-2 replication in Huh-2 (human
hepatoma-derived) and Calu-3 (Type II pneumocyte-derived)
cells with EC50 values of 6.2 and 9.5 μM, respectively, but not
in Vero-E6 cells.32 Sofosbuvir was also shown to protect
human brain organoids from infection by SARS-CoV-2.33 A
recent preprint provides K1/2 values (the concentration leading
to 50% SARS-CoV-2 polymerase extension) for a library of
nucleotide analogues including Sofosbuvir and others exam-
ined in this paper.34 Recently, results from a cohort study
comparing COVID-19 outcomes in over 77,000 HIV patients
taking combination drugs including Tenofovir and Emtricita-
bine, among other protocols, indicated that these individuals
had a somewhat lower COVID-19 diagnosis rate and suggested
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that Tenofovir disoproxil fumarate led to the best overall
COVID-19 results.35

■ CONCLUSIONS

In summary, these results demonstrate that the nucleotide
analogues 2′-F,Me-UTP, 3′-F-dTTP, TFV-DP, and Car-TP
terminate the RNA synthesis catalyzed by SARS-CoV-2 RdRp.
In contrast, 3′-N3-dTTP, Lam-TP, and Ec-TP were poor RdRp
substrates. Sofosbuvir, Tenofovir alafenamide, and Abacavir,
the prodrugs of 2′-F,Me-UTP, TFV-DP, and Car-TP,
respectively, are FDA-approved oral drugs for treatment of
other viral infections, and their safety profiles are well-
established. The phosphoramidate prodrugs for Alovudine
and Abacavir can be readily synthesized using the ProTide
prodrug approach.36 The results presented here, coupled with
those we obtained previously,18 provide a molecular basis for
inhibition of the SARS-CoV-2 RdRp by a library of nucleotide
analogues. If these FDA-approved drugs display efficacy in
inhibiting SARS-CoV-2 replication in cell culture, as recently
demonstrated for Sofosbuvir in virus infected lung cells32 and
brain organoids,33 they can be considered as potential
candidates in clinical trials for the treatment and prevention
of COVID-19.
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Abstract
The SARS-CoV-2 genome encodes for approximately 30 proteins. Within the international project covid19-nmr, we distribute 
the spectroscopic analysis of the viral proteins and RNA. Here, we report NMR chemical shift assignments for the protein 
nsp7. The 83 amino acid nsp7 protein is an essential cofactor in the RNA-dependent RNA polymerase. The polymerase 
activity and processivity of nsp12 are greatly enhanced by binding 1 copy of nsp7 and 2 copies of nsp8 to form a 160 kD 
complex. A separate hexadecameric complex of nsp7 and nsp8 (8 copies of each) forms a large ring-like structure. Thus, 
nsp7 is an important component of several large protein complexes that are required for replication of the large and complex 
coronavirus genome. We here report the near-complete NMR backbone and sidechain resonance assignment (1H,13C,15N) 
of isolated nsp7 from SARS-CoV-2 in solution. Further, we derive the secondary structure and compare it to the previously 
reported assignments and structure of the SARS-CoV nsp7.

Keywords SARS-CoV-2 · Non-structural protein · Solution NMR-spectroscopy · COVID19-NMR

Biological context

SARS-CoV-2, the causative agent of COVID-19, emerged 
late in 2019 to cause a global pandemic. This novel corona-
virus is highly related to SARS-CoV that emerged in 2002. 
While several coronaviruses routinely infect humans causing 
mild respiratory symptoms (van der Hoek 2007), SARS-
CoV-2 is capable of causing severe respiratory symptoms or 
even death (Bchetnia et al. 2020). Coronaviruses are envel-
oped viruses with large positive-sense RNA genomes. At 
30 kb or even greater, some of the genomes of the Nidovi-
rales order, which includes coronaviruses, are among the 
largest RNA genomes known, requiring a highly processive 
RNA synthesis process for their replication.

Upon entering host cells, the coronavirus RNA genome 
acts as an mRNA to be translated by host ribosomes to pro-
duce the viral polyproteins pp1a and pp1ab. These poly-
proteins are cleaved to produce a suite of 16 non-structural 
proteins (nsp) that are responsible for replication and tran-
scription of the viral RNA genome (Snijder et al. 2016). 
The viral nsp assemble membrane enclosed compartments 
containing the virus RNA-dependent RNA-polymerase. The 
minimal polymerase complex required for activity in vitro is 
composed of nsp7, nsp8 and nsp12. While the polymerase 
active site is contained wholly within nsp12, nsp7 and nsp8 
act as essential co-factors for enzyme activity enabling pro-
cessive RNA synthesis (Subissi et al. 2014). Nsp7 has also 
been proposed to act with nsp8 as a part of an RNA primase 
to generate RNA primers for viral RNA synthesis (Imbert 
et al. 2006; te Velthuis et al. 2012). However, the activity of 
the primase or its proposed additional role to extend RNA 
primer has not been universally reproduced (Subissi et al. 
2014).

Previous structures of nsp7 show the protein to be com-
posed of four helical regions where the positioning of the 
N- and C-terminal helical regions are altered upon binding 
to nsp8 (Johnson et al. 2010; Zhai et al. 2005). Structural 
determination of the polymerase complexes of SARS-CoV 
(Kirchdoerfer and Ward 2019) and SARS-CoV-2 (Gao et al. 
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2020), show that two subunits of nsp8 bind to nsp12 and that 
one of these nsp8 subunits interacts with nsp7 giving a 1:2:1 
nsp7:nsp8:nsp12 stoichiometry. A separate crystal structure 
of SARS-CoV nsp7 bound to nsp8, while resembling the 
nsp7-nsp8 interactions in the nsp7-nps8-nsp12 cryoEM 
structures, showed the assembly of a large 8:8 protein com-
plex (Zhai et al. 2005). Lacking solution evidence for this 
large complex and alternate assemblies for nsp7 and nsp8 
observed in crystal structures of feline coronavirus (Xiao 
et al. 2012) and SARS-CoV-2 (Konkolova et al. 2020) leaves 
ambiguity as to the biological role of these large nsp7-nsp8 
complexes in the virus life cycle. As a well-conserved com-
ponent of the virus replication machinery, a greater under-
standing of nsp7 structure and dynamics will accelerate our 
understanding of this essential protein complex improving 
models of protein–protein interactions and laying an impor-
tant foundation for the development of antiviral therapeutics.

Methods and experiments

Construct design

This study uses the SARS-CoV-2 NCBI reference 
genome entry NC_045512.2, identical to GenBank entry 
MN908947.3 (Wu et al. 2020). This sequence was inserted 
into a pET46 vector, containing an N-terminal  His6-tag, Ek 
protease and a tobacco etch virus (TEV) protease cleavage 
sites. Due to the nature of the TEV protease cleavage site, 
the purified protein contained one artificial N-terminal resi-
due (G0) preceding the native protein sequence.

Sample preparation

Uniformly 13C,15N-labelled Nsp7 protein was expressed 
in Eschirichia coli strain Rosetta2 pLysS in M9 minimal 
medium containing 1 g/L 15NH4Cl (Cambridge Isotope 
Laboratories), 4 g/L 13C6-D-glucose (Cambridge Isotope 
Laboratories) and 100 μg/mL ampicillin. Bacterial cultures 
were grown to an O.D.  600 nm of 0.8 at 37 °C and induced 
with 0.5 mM IPTG for 14–16 h at 16 °C. The cell pellet was 
resuspended in buffer A (10 mM HEPES, pH 7.4, 300 mM 
NaCl, 30 mM imidazole and 2 mM dithiothreitol). The cells 
were lysed using a microfluidizer operating at 20,000 psi. 
The lysate was clarified by centrifugation at 25,000 × g for 
30 min and then filtration using a 0.45 µm vacuum filter. 
Clarified supernatant was bound to Ni–NTA agarose (Qia-
gen), washed with buffer A and then eluted with buffer A 
containing 300 mM total imidazole. Protein containing frac-
tions were pooled and cleaved with 1% (w/w) TEV pro-
tease over night at room temperature while dialyzing against 
10 mM MOPS, pH 7.0, 150 mM NaCl, 2 mM dithiothreitol. 
TEV protease and tag were removed via a second IMAC 

purification. Protein was further purified with a Superdex200 
column (GE Life Sciences) using a buffer containing 10 mM 
MOPS, pH 7.0, 150 mM NaCl, 2 mM dithiothreitol. Frac-
tions containing the purified proteins were concentrated 
using Amicon Ultra concentrators (Millipore Sigma). The 
final NMR sample contained 1.7 mM 13C,15N-nsp7, 10 mM 
MOPS, pH 7.0, 150 mM NaCl, 2 mM DTT, 0.025%  NaN3, 
7%  D2O.

NMR experiments

All experiments for the backbone and side chain assign-
ments of nsp7 were recorded at 298 K using 600 MHz Var-
ian VNMRS and Bruker Avance III spectrometers, equipped 
with an H/C/N Cryoprobe. All spectra were acquired using 
standard pulse sequences optimized to achieve the best 
performance on cryogenic probes and with non-uniform 
sampling. The set of NMR experiments used for resonance 
assignments is summarized in Table 1. Proton resonances 
were calibrated with respect to the signal of 2,2-dimethyl-
silapentane-5-sulfonic acid (DSS). Nitrogen and carbon 
chemical shifts were referenced indirectly to the 1H stand-
ard using a conversion factor derived from the ratio of NMR 
frequencies (Wishart et al. 1995). Spectra were processed 
using NMRPipe (Delaglio et al. 1995) with SMILE (Ying 
et al. 2017) for NUS reconstruction and analyzed using 
NMRFAM-Sparky (Lee et al. 2015).

Assignments and data deposition

The 1H-15N HSQC spectrum of nsp7 shows well-dispersed 
amide signals (Fig. 1). Assignments were performed with 
i-PINE (Lee et al. 2019) using PINE-Sparky2 automated 
(Lee and Markley 2018) interface and manual confirmation 
in NMRFAM-Sparky (Lee et al. 2015). Backbone assign-
ments are 96% complete with G0, S1, and D67 not visible in 
the 15N-HSQC spectrum. For the nsp7 sequence (S1-Q83), 
assignments are 99% complete for Cα, Cβ, and CO (only 
V66 unassigned), and 98% complete for  HN and N (D67 
and S1 unassigned). Secondary structure prediction was 
performed using chemical shift assignments of five atoms 
 (HN, Cα, Cβ, CO, N) for a given residue in the sequence 
with TALOS-N (Shen and Bax 2013). The results for nsp7 
are shown in Fig. 2.

With the exception of G0, the aliphatic and aromatic side 
chain C-H groups for all residues were assigned (> 99% 
completeness overall, 100% for nsp7 sequence). In addition, 
the Nδ2-Hδ2 groups of N residues, the Nε2-Hε2 groups of Q 
residues, the Nε-Hε groups of R residues and the Nε1-Hε1 
group of W29 were also assigned. The Nζ-Hζ groups of K 
residues and the Nδ1-Hδ1 and Nε2-Hε2 groups of H36 were 
not assigned.
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Table 1  List of experiments collected to perform the sequence specific assignment of nsp7

Experiments Time Domain Data Size (complex points) Spectral width (ppm) ns Delay 
time (s)

t1 max  t2 max  t3 NUS points F1 F2 F3

1H-15 N-HSQC 1024 192 20.0 (1H) 29.6 (15 N) 16 1
HNCACB 1024 60 52 1116 20.0 (1H) 66.3 (13C) 29.6 (15 N) 32 1
CBCA(CO)NH 1024 76 52 1400 20.0 (1H) 66.3 (13C) 29.6 (15 N) 32 1
HNCO 1024 52 52 961 20.0 (1H) 9.9 (13C) 29.6 (15 N) 16 1
HN(CA)CO 1024 52 52 961 20.0 (1H) 9.9 (13C) 29.6 (15 N) 48 1
1H-13C-HSQC aliphatic 1024 268 20.0 (1H) 66.3 (13C) 48 1
C(CO)NH 1024 64 48 999 20.0 (1H) 66.3 (13C) 29.6 (15 N) 48 1
HBHA(CO)NH 1024 64 48 1064 20.0 (1H) 5.3 (1H) 29.6 (15 N) 32 1
H(CCO)NH 1024 64 48 1064 20.0 (1H) 6.3 (1H) 29.6 (15 N) 64 1
H(C)CH-TOCSY aliphatic 1024 64 76 1536 20.0 (1H) 8.3 (1H) 72.9 (13C) 32 1
NOESY 1H-13C-HSQC aliphatic 1024 64 64 1513 20.0 (1H) 12.7 (1H) 72.9 (13C) 32 1
1H-13C-HSQC aromatic 1024 34 16.7 (1H) 33.1 (13C) 128 1
(HB)CB(CGCD)HE 1024 48 16.7 (1H) 26.5 (13C) 256 1
H(C)CH-TOCSY aromatic 1024 34 48 512 16.7 (1H) 3.0 (1H) 33.1 (13C) 64 1
NOESY 1H-13C-HSQC aromatic 1024 64 48 1131 20.0 (1H) 12.7 (1H) 33.1 (13C) 32 1

Fig. 1  Assigned 
1H,15 N-HSQC spectrum of the 
13C,15 N-labelled SARS-CoV-2 
nsp7 at 1.7 mM concentration in 
10 mM MOPS, pH 7.0, 150 mM 
NaCl, 2 mM DTT, 0.025% 
 NaN3 and 7%  D2O measured at 
298 K on a 600 MHz Agi-
lent NMR Spectrometer with 
backbone NH chemical shift 
assignments shown. The inset 
shows the central region of the 
spectrum enlarged for clarity
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The structure of nsp7 from SARS coronavirus was pre-
viously determined by NMR by the Wüthrich lab, first at 
pH 7.5 and high ionic strength (Peti et al. 2005) (BMRB 
ID 6513, PDB ID 1YSY) and later at pH 6.5 (Johnson et al. 
2010) (BMRB ID 16,981, PDB ID 2KYS). The sequence 
of nsp7 from SARS-2 and SARS are nearly identical, with 
only a single conservative amino acid difference at posi-
tion 70 (Fig. 3). The backbone chemical shifts for nsp7 
from SARS-2 and SARS are very similar, as might be 
expected given the very high sequence identity. The dihe-
dral angles predicted by TALOS-N for nsp7 from SARS 

are in good agreement with the previous SARS coronavi-
rus nsp7 NMR structure (Fig. 3).

The chemical shift values for the 1H, 13C and 15N reso-
nances of nsp7 have been deposited at the BioMagResBank 
(https ://www.bmrb.wisc.edu) under accession number 
50337. Raw data has been deposited in BMRbig (https ://
bmrbi g.org/) under deposition ID bmrbig4.

Fig. 2  Display of TALOS-N 
predicted secondary structure 
for nsp7. Helical probability 
shown in red, residues that are 
highly dynamic, predicted to be 
coil, or for which there is not 
a consistent prediction are not 
shown

Fig. 3  Comparison of nsp7 
from SARS-CoV-2 and SARS-
CoV. a Sequence comparison 
shows a single conservative 
amino acid substitution. b The 
SARS-CoV-2 helical regions 
(red) shown in Fig. 2 are plotted 
on the SARS-CoV nsp7 struc-
ture determined by NMR at pH 
6.5 (PDB 2KYS). This structure 
is higher quality than the pH 7.5 
structure (PDB 1YSY) because 
more complete assignments and 
a larger number of restraints 
were obtained at pH 6.5. The 
location of the single amino 
acid difference between SARS-
CoV and SARS-CoV-2 nsp7 is 
highlighted in blue sticks

(A)  SARS-CoV-2  SKMSDVKCTSVVLLSVLQQLRVESSSKLWAQCVQLHNDILLAKDTTEA 

SARS-CoV    SKMSDVKCTSVVLLSVLQQLRVESSSKLWAQCVQLHNDILLAKDTTEA 

SARS-CoV-2  FEKMVSLLSVLLSMQGAVDINKLCEEMLDNRATLQ 83

SARS-CoV    FEKMVSLLSVLLSMQGAVDINRLCEEMLDNRATLQ 83 

(B)  

https://www.bmrb.wisc.edu
https://bmrbig.org/
https://bmrbig.org/
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The highly infectious disease COVID-19 caused by the Betacoronavirus SARS-CoV-2
poses a severe threat to humanity and demands the redirection of scientific efforts and
criteria to organized research projects. The internationalCOVID19-NMR consortium seeks
to provide such new approaches by gathering scientific expertise worldwide. In particular,
making available viral proteins and RNAs will pave the way to understanding the SARS-
CoV-2 molecular components in detail. The research in COVID19-NMR and the resources
provided through the consortium are fully disclosed to accelerate access and exploitation.
NMR investigations of the viral molecular components are designated to provide the
essential basis for further work, including macromolecular interaction studies and high-
throughput drug screening. Here, we present the extensive catalog of a holistic SARS-
CoV-2 protein preparation approach based on the consortium’s collective efforts. We
provide protocols for the large-scale production of more than 80% of all SARS-CoV-2
proteins or essential parts of them. Several of the proteins were produced in more than one
laboratory, demonstrating the high interoperability between NMR groups worldwide. For
the majority of proteins, we can produce isotope-labeled samples of HSQC-grade.
Together with several NMR chemical shift assignments made publicly available on
covid19-nmr.com, we here provide highly valuable resources for the production of
SARS-CoV-2 proteins in isotope-labeled form.

Keywords: COVID-19, SARS-CoV-2, nonstructural proteins, structural proteins, accessory proteins, intrinsically
disordered region, cell-free protein synthesis, NMR spectroscopy

INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2,
SCoV2) is the cause of the early 2020 pandemic coronavirus lung
disease 2019 (COVID-19) and belongs to Betacoronaviruses, a
genus of the Coronaviridae family covering the α−δ genera (Leao
et al., 2020). The large RNA genome of SCoV2 has an intricate,
highly condensed arrangement of coding sequences (Wu et al.,
2020). Sequences starting with the main start codon contain an
open reading frame 1 (ORF1), which codes for two distinct, large
polypeptides (pp), whose relative abundance is governed by the
action of an RNA pseudoknot structure element. Upon RNA
folding, this element causes a −1 frameshift to allow the
continuation of translation, resulting in the generation of a
7,096-amino acid 794 kDa polypeptide. If the pseudoknot is
not formed, expression of the first ORF generates a 4,405-
amino acid 490 kDa polypeptide. Both the short and long
polypeptides translated from this ORF (pp1a and pp1ab,
respectively) are posttranslationally cleaved by virus-encoded

proteases into functional, nonstructural proteins (nsps). ORF1a
encodes eleven nsps, and ORF1ab additionally encodes the nsps
12–16. The downstream ORFs encode structural proteins (S, E,
M, and N) that are essential components for the synthesis of new
virus particles. In between those, additional proteins (accessory/
auxiliary factors) are encoded, for which sequences partially
overlap (Finkel et al., 2020) and whose identification and
classification are a matter of ongoing research (Nelson et al.,
2020; Pavesi, 2020). In total, the number of identified peptides or
proteins generated from the viral genome is at least 28 on the
evidence level, with an additional set of smaller proteins or
peptides being predicted with high likelihood.

High-resolution studies of SCoV and SCoV2 proteins have
been conducted using all canonical structural biology approaches,
such as X-ray crystallography on proteases (Zhang et al., 2020)
and methyltransferases (MTase) (Krafcikova et al., 2020), cryo-
EM of the RNA polymerase (Gao et al., 2020; Yin et al., 2020), and
liquid-state (Almeida et al., 2007; Serrano et al., 2009; Cantini
et al., 2020; Gallo et al., 2020; Korn et al., 2020a; Korn et al., 2020b;
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TABLE 1 | SCoV2 protein constructs expressed and purified, given with the genomic position and corresponding PDBs for construct design.

Protein
genome position (nt)a

Trivial name
construct expressed

Size (aa) Boundaries MW (kDa) Homol. SCoV
(%)b

Template PDBc SCoV2 PDBd

nsp1 Leader 180 19.8 84
266–805

Full-length 180 1–180 19.8 83
Globular domain (GD) 116 13–127 12.7 85 2GDT 7K7P

nsp2 638 70.5 68
806–2,719

C-terminal IDR (CtDR) 45 557–601 4.9 55
nsp3 1,945 217.3 76
2,720–8,554
a Ub-like (Ubl) domain 111 1–111 12.4 79 2IDY 7KAG
a Ub-like (Ubl) domain + IDR 206 1–206 23.2 58
b Macrodomain 170 207–376 18.3 74 6VXS 6VXS
c SUD-N 140 409–548 15.5 69 2W2G
c SUD-NM 267 409–675 29.6 74 2W2G
c SUD-M 125 551–675 14.2 82 2W2G
c SUD-MC 195 551–743 21.9 79 2KQV
c SUD-C 64 680–743 7.4 73 2KAF
d Papain-like protease PLpro 318 743–1,060 36 83 6W9C 6W9C
e NAB 116 1,088–1,203 13.4 87 2K87
Y CoV-Y 308 1,638–1,945 34 89

nsp5 Main protease (Mpro) 306 33.7 96
10,055–10,972

Full-lengthe 306 1–306 33.7 96 6Y84 6Y84
nsp7 83 9.2 99
11,843–12,091

Full-length 83 1–83 9.2 99 6WIQ 6WIQ
nsp8 198 21.9 98
12,092–12,685

Full-length 198 1–198 21.9 97 6WIQ 6WIQ
nsp9 113 12.4 97
12,686–13,024

Full-length 113 1–113 12.4 97 6W4B 6W4B
nsp10 139 14.8 97
13,025–13,441

Full-length 139 1–139 14.8 97 6W4H 6W4H
nsp13 Helicase 601 66.9 100
16,237–18,039

Full-length 601 1–601 66.9 100 6ZSL 6ZSL
nsp14 Exonuclease/

methyltransferase
527 59.8 95

18,040–19,620
Full-length 527 1–527 59.8 95 5NFY
MTase domain 240 288–527 27.5 95

nsp15 Endonuclease 346 38.8 89
19,621–20,658

Full-length 346 1–346 38.8 89 6W01 6W01
nsp16 Methyltransferase 298 33.3 93
20,659–21,552

Full-length 298 1–298 33.3 93 6W4H 6W4H
ORF3a 275 31.3 72
25,393–26,220

Full-length 275 1–275 31.3 72 6XDC 6XDC
ORF4 Envelope (E) protein 75 8.4 95
26,245–26,472

Full-length 75 1–75 8.4 95 5X29 7K3G
ORF5 Membrane

glycoprotein (M)
222 25.1 91

26,523–27,387
Full-length 222 1–222 25.1 91

ORF6 61 7.3 69
27,202–27,387

Full-length 61 1–61 7.3 69
(Continued on following page)

Frontiers in Molecular Biosciences | www.frontiersin.org May 2021 | Volume 8 | Article 6531483

Altincekic et al. Large-Scale Production of SARS-CoV-2 Proteome

https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


Kubatova et al., 2020; Tonelli et al., 2020) and solid-state NMR
spectroscopy of transmembrane (TM) proteins (Mandala et al.,
2020). These studies have significantly improved our
understanding on the functions of molecular components, and
they all rely on the recombinant production of viral proteins in
high amount and purity.

Apart from structures, purified SCoV2 proteins are required
for experimental and preclinical approaches designed to
understand the basic principles of the viral life cycle and
processes underlying viral infection and transmission.
Approaches range from studies on immune responses
(Esposito et al., 2020), antibody identification (Jiang et al.,
2020), and interactions with other proteins or components of
the host cell (Bojkova et al., 2020; Gordon et al., 2020). These
examples highlight the importance of broad approaches for the
recombinant production of viral proteins.

The research consortium COVID19-NMR founded in 2020
seeks to support the search for antiviral drugs using an NMR-
based screening approach. This requires the large-scale
production of all druggable proteins and RNAs and their
NMR resonance assignments. The latter will enable solution
structure determination of viral proteins and RNAs for
rational drug design and the fast mapping of compound
binding sites. We have recently produced and determined
secondary structures of SCoV2 RNA cis-regulatory elements in
near completeness by NMR spectroscopy, validated by DMS-

MaPseq (Wacker et al., 2020), to provide a basis for RNA-
oriented fragment screens with NMR.

We here compile a compendium of more than 50 protocols
(see Supplementary Tables SI1–SI23) for the production and
purification of 23 of the 30 SCoV2 proteins or fragments thereof
(summarized in Tables 1, 2). We defined those 30 proteins as
existing or putative ones to our current knowledge (see later
discussion). This compendium has been generated in a
coordinated and concerted effort between >30 labs worldwide
(Supplementary Table S1), with the aim of providing pure mg
amounts of SCoV2 proteins. Our protocols include the rational
strategy for construct design (if applicable, guided by available
homolog structures), optimization of expression, solubility, yield,
purity, and suitability for follow-up work, with a focus on
uniform stable isotope-labeling.

We also present protocols for a number of accessory and
structural E and M proteins that could only be produced using
wheat-germ cell-free protein synthesis (WG-CFPS). In SCoV2,
accessory proteins represent a class of mostly small and
relatively poorly characterized proteins, mainly due to their
difficult behavior in classical expression systems. They are
often found in inclusion bodies and difficult to purify in
quantities adequate for structural studies. We thus here
exploit cell-free synthesis, mainly based on previous reports
on production and purification of viral membrane proteins in
general (Fogeron et al., 2015b; Fogeron et al., 2017; Jirasko

TABLE 1 | (Continued) SCoV2 protein constructs expressed and purified, given with the genomic position and corresponding PDBs for construct design.

Protein
genome position (nt)a

Trivial name
construct expressed

Size (aa) Boundaries MW (kDa) Homol. SCoV
(%)b

Template PDBc SCoV2 PDBd

ORF7a 121 13.7 85
27,394–27,759

Ectodomain (ED) 66 16–81 7.4 85 1XAK 6W37
ORF7b 43 5.2 85
27,756–27,887

Full-length 43 1–43 5.2 85
ORF8 121 13.8 32
27,894–28,259
ORF8 Full-length 121 1–121 13.8 32
ΔORF8 w/o signal peptide 106 16–121 12 41 7JTL 7JTL

ORF9a Nucleocapsid (N) 419 45.6 91
28,274–29,533

IDR1-NTD-IDR2 248 1–248 26.5 90
NTD-SR 169 44–212 18.1 92
NTD 136 44–180 14.9 93 6YI3 6YI3
CTD 118 247–364 13.3 96 2JW8 7C22

ORF9b 97 10.8 72
28,284–28,574

Full-length 97 1–97 10.8 72 6Z4U 6Z4U
ORF14 73 8 n.a
28,734–28,952

Full-length 73 1–73 8 n.a
ORF10 38 4.4 29
29,558–29,674

Full-length 38 1–38 4.4 29

aGenome position in nt corresponding to SCoV2 NCBI reference genome entry NC_045512.2, identical to GenBank entry MN908947.3.
bSequence identities to SCoV are calculated from an alignment with corresponding protein sequences based on the genome sequence of NCBI Reference NC_004718.3.
cRepresentative PDB that was available at the beginning of construct design, either SCoV or SCoV2.
dRepresentative PDB available for SCoV2 (as of December 2020).
eAdditional point mutations in fl-construct have been expressed.
n.a.: not applicable.
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TABLE 2 | Summary of SCoV2 protein production results in Covid19-NMR.

Construct
expressed

Yields (mg/L)a

or (mg/ml)b
Results Comments BMRB Supplementary

Material

nsp1 SI1
fl 5 NMR

assigned
Expression only at >20°C; after 7 days at 25°C partial proteolysis 50620d

GD >0.5 HSQC High expression; mainly insoluble; higher salt increases stability
(>250 mM)

nsp2 SI2
CtDR 0.7–1.5 NMR

assigned
Assignment with His-tag shown in (Mompean et al., 2020) 50687c

nsp3 SI3
UBl 0.7 HSQC Highly stable over weeks; spectrum overlays with Ubl + IDR
UBl + IDR 2–3 NMR

assigned
Highly stable for >2 weeks at 25°C 50446d

Macrodomain 9 NMR
assigned

Highly stable for >1 week at 25°C and > 2 weeks at 4°C 50387d

50388d

SUD-N 14 NMR
assigned

Highly stable for >10 days at 25°C 50448d

SUD-NM 17 HSQC Stable for >1 week at 25°C
SUD-M 8.5 NMR

assigned
Significant precipitation during measurement; tendency to dimerize 50516d

SUD-MC 12 HSQC Stable for >1 week at 25°C
SUD-C 4.7 NMR

assigned
Stable for >10 days at 25°C 50517d

PLpro 12 HSQC Solubility-tag essential for expression; tendency to aggregate
NAB 3.5 NMR

assigned
Highly stable for >1 week at 25°C; stable for >5 weeks at 4°C 50334d

CoV-Y 12 HSQC Low temperature (<25°C) and low concentrations (<0.2 mM) favor
stability; gradual degradation at 25°C; lithium bromide in final buffer
supports solubility

nsp5 SI4
fl 55 HSQC Impaired dimerization induced by artificial N-terminal residues

nsp7 SI5
fl 17 NMR

assigned
Stable for several days at 35°C; stable for >1 month at 4°C 50337d

nsp8 SI6
fl 17 HSQC Concentration dependent aggregation; low concentrations favor

stability
nsp9 SI7
fl 4.5 NMR

assigned
Stable dimer for >4 months at 4°C and >2 weeks at 25°C 50621d

50622d

50513
nsp10 SI8
fl 15 NMR

assigned
Zn2+ addition during expression and purification increases protein
stability; stable for >1 week at 25°C

50392

nsp13 SI9
fl 0.5 HSQC Low expression; protein unstable; concentration above 20 µM not

possible
nsp14 SI10
fl 6 Pure

protein
Not above 50 µM; best storage: with 50% (v/v) glycerol; addition of
reducing agents

MTase 10 Pure
protein

As fl nsp14; high salt (>0.4 M) for increased stability; addition of
reducing agents

nsp15 SI11
fl 5 HSQC Tendency to aggregate at 25°C

nsp16 SI12
fl 10 Pure

protein
Addition of reducing agents; 5% (v/v) glycerol favorable; highly
unstable

ORF3a SI13
fl 0.6 Pure

protein
Addition of detergent during expression (0.05% Brij-58); stable
protein

E protein SI14
fl 0.45 Pure

protein
Addition of detergent during expression (0.05% Brij-58); stable
protein

(Continued on following page)
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et al., 2020b). Besides yields compatible with structural studies,
ribosomes in WG extracts further possess an increased folding
capacity (Netzer and Hartl, 1997), favorable for those more
complicated proteins.

We exemplify in more detail the optimization of protein
production, isotope-labeling, and purification for proteins with
different individual challenges: the nucleic acid–binding (NAB)
domain of nsp3e, the main protease nsp5, and several auxiliary
proteins. For the majority of produced and purified proteins, we
achieve >95% purity and provide 15N-HSQC spectra as the
ultimate quality measure. We also provide additional suggestions
for challenging proteins, where our protocols represent a unique
resource and starting point exploitable by other labs.

MATERIALS AND METHODS

Strains, Plasmids, and Cloning
The rationale of construct design for all proteins can be found
within the respective protocols in Supplementary Tables
SI1–SI23. For bacterial production, E. coli strains and
expression plasmids are given; for WG-CFPS, template

vectors are listed. Protein coding sequences of interest
have been obtained as either commercial, codon-optimized
genes or, for shorter ORFs and additional sequences,
annealed from oligonucleotides prior to insertion into the
relevant vector. Subcloning of inserts, adjustment of
boundaries, and mutations of genes have been carried out
by standard molecular biology techniques. All expression
plasmids can be obtained upon request from the
COVID19-NMR consortium (https://covid19-nmr.com/),
including information about coding sequences, restriction
sites, fusion tags, and vector backbones.

Protein Production and Purification
For SCoV2 proteins, we primarily used heterologous
production in E. coli. Detailed protocols of individual full-
length (fl) proteins, separate domains, combinations, or
particular expression constructs as listed in Table 1 can be
found in the (Supplementary Tables SI1–SI23).

The ORF3a, ORF6, ORF7b, ORF8, ORF9b, and ORF14
accessory proteins and the structural proteins M and E were
produced by WG-CFPS as described in the Supplementary
Material. In brief, transcription and translation steps have

TABLE 2 | (Continued) Summary of SCoV2 protein production results in Covid19-NMR.

Construct
expressed

Yields (mg/L)a

or (mg/ml)b
Results Comments BMRB Supplementary

Material

M Protein SI15
fl 0.33 Pure

protein
Addition of detergent during expression (0.05% Brij-58); stable
protein

ORF6 SI16
fl 0.27 HSQC Soluble expression without detergent; stable protein; no expression

with STREP-tag at N-terminus
ORF7a SI17
ED 0.4 HSQC Unpurified protein tends to precipitate during refolding, purified

protein stable for 4 days at 25°C
ORF7b SI18
fl 0.6 HSQC Tendency to oligomerize; solubilizing agents needed
fl 0.27 HSQC Addition of detergent during expression (0.1% MNG-3); stable

protein
ORF8 SI19
fl 0.62 HSQC Tendency to oligomerize
ΔORF8 0.5 Pure

protein
N protein SI20
IDR1-NTD-
IDR2

12 NMR
assigned

High salt (>0.4 M) for increased stability 50618, 50619,
50558, 50557d

NTD-SR 3 HSQC
NTD 3 HSQC 34511
CTD 2 NMR

assigned
Stable dimer for >4 months at 4°C and >3 weeks at 30°C 50518d

ORF9b SI21
fl 0.64 HSQC Expression without detergent, protein is stable

ORF14 SI22
fl 0.43 HSQC Addition of detergent during expression (0.05% Brij-58); stable in

detergent but unstable on lipid reconstitution
ORF10 SI23
fl 2 HSQC Tendency to oligomerize; unstable upon tag cleavage

aYields from bacterial expression represent the minimal protein amount in mg/L independent of the cultivation medium. Italic values indicate yields from CFPS.
bYields from CFPS represent the minimal protein amount in mg/ml of wheat-germ extract.
cCOVID19-nmr BMRB depositions yet to be released.
dCOVID19-nmr BMRB depositions.
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been performed separately, and detergent has been added for
the synthesis of membrane proteins as described previously
(Takai et al., 2010; Fogeron et al., 2017).

NMR Spectroscopy
All amide correlation spectra, either HSQC- or TROSY-based, are
representative examples. Details on their acquisition parameters
and the raw data are freely accessible through https://covid19-
nmr.de or upon request.

RESULTS

In the following, we provide protocols for the purification of
SCoV2 proteins sorted into 1) nonstructural proteins and 2)
structural proteins together with accessory ORFs. Table 1
shows an overview of expression constructs. We use a
consequent terminology of those constructs, which is guided
by domains, intrinsically disordered regions (IDRs) or other
particularly relevant sequence features within them. This study
uses the SCoV2 NCBI reference genome entry NC_045512.2,
identical to GenBank entry MN908947.3 (Wu et al., 2020),
unless denoted differently in the respective protocols. Any
relevant definition of boundaries can also be found in the SI
protocols.

As applicable for a major part of our proteins, we further
define a standard procedure for the purification of soluble
His-tagged proteins that are obtained through the sequence
of IMAC, TEV/Ulp1 Protease cleavage, Reverse IMAC, and
Size-exclusion chromatography, eventually with individual
alterations, modifications, or additional steps. For convenient
reading, we will thus use the abbreviation IPRS to avoid
redundant protocol description. Details for every protein,

including detailed expression conditions, buffers, incubation
times, supplements, storage conditions, yields, and stability,
can be found in the respective Supplementary Tables
SI1–SI23 (see also Supplementary Tables S1, S2) and
Tables 1, 2.

Nonstructural Proteins
We have approached and challenged the recombinant
production of a large part of the SCoV2 nsps (Figure 1),
with great success (Table 2). We excluded nsp4 and nsp6
(TM proteins), which are little characterized and do not reveal
soluble, folded domains by prediction (Oostra et al., 2007;
Oostra et al., 2008). The function of the very short (13 aa)
nsp11 is unknown, and it seems to be a mere copy of the
nsp12 amino-terminal residues, remaining as a protease
cleavage product of ORF1a. Further, we left out the RNA-
dependent RNA polymerase nsp12 in our initial approach
because of its size (>100 kDa) and known unsuitability for
heterologous recombinant production in bacteria. Work on
NMR-suitable nsp12 bacterial production is ongoing, while
other expert labs have succeeded in purifying nsp12 for cryo-
EM applications in different systems (Gao et al., 2020; Hillen
et al., 2020). For the remainder of nsps, we here provide
protocols for fl-proteins or relevant fragments of them.

nsp1
nsp1 is the very N-terminus of the polyproteins pp1a and pp1ab
and one of the most enigmatic viral proteins, expressed only in α-
and β-CoVs (Narayanan et al., 2015). Interestingly, nsp1 displays
the highest divergence in sequence and size among different
CoVs, justifying it as a genus-specificmarker (Snijder et al., 2003).
It functions as a host shutoff factor by suppressing innate
immune functions and host gene expression (Kamitani et al.,

FIGURE 1 | Genomic organization of proteins and current state of analysis or purification. Boxes represent the domain boundaries as outlined in the text and in
Table 1. Their position corresponds with the genomic loci. Colors indicate whether the pure proteins were purified (yellow), analyzed by NMR using only HSQC (lime), or
characterized in detail, including NMR resonance assignments (green).
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2006; Narayanan et al., 2008; Schubert et al., 2020). This
suppression is achieved by an interaction of the
nsp1 C-terminus with the mRNA entry tunnel within the 40 S
subunit of the ribosome (Schubert et al., 2020; Thoms et al.,
2020).

As summarized in Table 1, fl-domain boundaries of nsp1
were chosen to contain the first 180 amino acids, in analogy to
its closest homolog from SCoV (Snijder et al., 2003). In
addition, a shorter construct was designed, encoding only
the globular core domain (GD, aa 13–127) suggested by the
published SCoV nsp1 NMR structure (Almeida et al., 2007).
His-tagged fl nsp1 was purified using the IPRS approach.
Protein quality was confirmed by the available HSQC
spectrum (Figure 2). Despite the flexible C-terminus, we
were able to accomplish a near-complete backbone
assignment (Wang et al., 2021).

Interestingly, the nsp1 GD was found to be problematic in
our hands despite good expression. We observed
insolubility, although buffers were used according to the

homolog SCoV nsp1 GD (Almeida et al., 2007).
Nevertheless, using a protocol comparable to the one for
fl nsp1, we were able to record an HSQC spectrum proving a
folded protein (Figure 2).

nsp2
nsp2 has been suggested to interact with host factors involved
in intracellular signaling (Cornillez-Ty et al., 2009; Davies
et al., 2020). The precise function, however, is insufficiently
understood. Despite its potential dispensability for viral
replication in general, it might be a valuable model to gain
insights into virulence due to its possible involvement in the
regulation of global RNA synthesis (Graham et al., 2005). We
provide here a protocol for the purification of the C-terminal
IDR (CtDR) of nsp2 from residues 557 to 601, based on
disorder predictions [PrDOS (Ishida and Kinoshita, 2007)].
The His-Trx-tagged peptide was purified by IPRS. Upon
dialysis, two IEC steps were performed: first anionic and
then cationic, with good final yields (Table 1). Stability and

FIGURE 2 | 1H, 15N-correlation spectra of investigated nonstructural proteins. Construct names according to Table 1 are indicated unless fl-proteins are shown. A
representative SDS-PAGE lane with final samples is included as inset. Spectra for nsp3 constructs are collectively shown in Figure 3.
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purity were confirmed by an HSQC spectrum (Figure 2) and a
complete backbone assignment (Mompean et al., 2020;
Table 2).

nsp3
nsp3, the largest nsp (Snijder et al., 2003), is composed of a
plethora of functionally related, yet independent, subunits.
After cleavage of nsp3 from the fl ORF1-encoded
polypeptide chain, it displays a 1945-residue multidomain
protein, with individual functional entities that are
subclassified from nsp3a to nsp3e followed by the
ectodomain embedded in two TM regions and the very
C-terminal CoV-Y domain. The soluble nsp3a-3e domains
are linked by various types of linkers with crucial roles in the
viral life cycle and are located in the so-called viral
cytoplasm, which is separated from the host cell after
budding off the endoplasmic reticulum and contains the
viral RNA (Wolff et al., 2020). Remarkably, the nsp3c
substructure comprises three subdomains, making nsp3

the most complex SCoV2 protein. The precise function
and eventual RNA-binding specificities of nsp3 domains
are not yet understood. We here focus on the nsp3 domains
a–e and provide elaborated protocols for additional constructs
carrying relevant linkers or combinations of domains (Table 1).
Moreover, we additionally present a convenient protocol for the
purification of the C-terminal CoV-Y domain.

nsp3a
The N-terminal portion of nsp3 is comprised of a ubiquitin-
like (Ubl) structured domain and a subsequent acidic IDR.
Besides its ability to bind ssRNA (Serrano et al., 2007), nsp3a
has been reported to interact with the nucleocapsid (Hurst
et al., 2013; Khan et al., 2020), playing a potential role in
virus replication. We here provide protocols for the
purification of both the Ubl (aa 1–111) and fl nsp3a (aa
1–206), including the acidic IDR (Ubl + IDR Table 1).
Domain boundaries were defined similar to the published
NMR structure of SCoV nsp3a (Serrano et al., 2007). His-

FIGURE 3 | 1H, 15N-correlation spectra of investigated constructs from nonstructural protein 3. Construct names of subdomains according to Table 1
are indicated unless fl-domains are shown. A representative SDS-PAGE lane with final samples is included as inset. Red boxes indicate protein bands of
interest.
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tagged nsp3a Ubl + IDR and GST-tagged nsp3a Ubl were
each purified via the IPRS approach. nsp3a Ubl yielded mM
sample concentrations and displayed a well-dispersed HSQC
spectrum (Figure 3). Notably, the herein described protocol
also enables purification of fl nsp3a (Ubl + IDR) (Tables 1,
2). Despite the unstructured IDR overhang, the excellent
protein quality and stability allowed for near-complete
backbone assignment [Figure 3, (Salvi et al., 2021)].

nsp3b
nsp3b is an ADP-ribose phosphatase macrodomain and
potentially plays a key role in viral replication. Moreover,
the de-ADP ribosylation function of nsp3b protects SCoV2
from antiviral host immune response, making nsp3b a
promising drug target (Frick et al., 2020). As summarized
in Table 1, the domain boundaries of the herein investigated
nsp3b are residues 207–376 of the nsp3 primary sequence and
were identical to available crystal structures with PDB entries
6YWM and 6YWL (unpublished). For purification, we used
the IPRS approach, which yielded pure fl nsp3b (Table 2). Fl
nsp3b displays well-dispersed HSQC spectra, making this
protein an amenable target for NMR structural studies. In
fact, we recently reported near-to-complete backbone
assignments for nsp3b in its apo and ADP-ribose–bound
form (Cantini et al., 2020).

nsp3c
The SARS unique domain (SUD) of nsp3c has been described
as a distinguishing feature of SCoVs (Snijder et al., 2003).
However, similar domains in more distant CoVs, such as
MHV or MERS, have been reported recently (Chen et al.,
2015; Kusov et al., 2015). nsp3c comprises three distinct
globular domains, termed SUD-N, SUD-M, and SUD-C,
according to their sequential arrangement: N-terminal
(N), middle (M), and C-terminal (C). SUD-N and SUD-M
develop a macrodomain fold similar to nsp3b and are
described to bind G-quadruplexes (Tan et al., 2009), while
SUD-C preferentially binds to purine-containing RNA
(Johnson et al., 2010). Domain boundaries for SUD-N and
SUD-M and for the tandem-domain SUD-NM were defined
in analogy to the SCoV homolog crystal structure (Tan et al.,
2009). Those for SUD-C and the tandem SUD-MC were
based on NMR solution structures of corresponding SCoV
homologs (Table 1) (Johnson et al., 2010). SUD-N, SUD-C,
and SUD-NM were purified using GST affinity
chromatography, whereas SUD-M and SUD-MC were
purified using His affinity chromatography. Removal of
the tag was achieved by thrombin cleavage and final
samples of all domains were prepared subsequent to size-
exclusion chromatography (SEC). Except for SUD-M, all
constructs were highly stable (Table 2). Overall protein
quality allowed for the assignment of backbone chemical
shifts for the three single domains (Gallo et al., 2020) amd
good resolved HSQC spectra also for the tandem domains
(Figure 3).

nsp3d
nsp3d comprises the papain-like protease (PLpro) domain of
nsp3 and, hence, is one of the two SCoV2 proteases that are
responsible for processing the viral polypeptide chain and
generating functional proteins (Shin et al., 2020). The
domain boundaries of PLpro within nsp3 are set by residues
743 and 1,060 (Table 1). The protein is particularly
challenging, as it is prone to misfolding and rapid
precipitation. We prepared His-tagged and His-SUMO-
tagged PLpro. The His-tagged version mainly remained in
the insoluble fraction. Still, mg quantities could be purified
from the soluble fraction, however, greatly misfolded. Fusion
to SUMO significantly enhanced protein yield of soluble PLpro.
The His-SUMO-tag allowed simple IMAC purification,
followed by cleavage with Ulp1 and isolation of cleaved
PLpro via a second IMAC. A final purification step using gel
filtration led to pure PLpro of both unlabeled and 15N-labeled
species (Table 2). The latter has allowed for the acquisition of a
promising amide correlation spectrum (Figure 3).

nsp3e
nsp3e is unique to Betacoronaviruses and consists of a nucleic
acid–binding domain (NAB) and the so-called group 2-specific
marker (G2M) (Neuman et al., 2008). Structural information is
rare; while the G2M is predicted to be intrinsically disordered (Lei
et al., 2018); the only available experimental structure of the nsp3e
NAB was solved from SCoV by the Wüthrich lab using solution
NMR (Serrano et al., 2009). We here used this structure for a
sequence-based alignment to derive reasonable domain
boundaries for the SCoV2 nsp3e NAB (Figures 4A,B). The
high sequence similarity suggested using nsp3 residues
1,088–1,203 (Table 1). This polypeptide chain was encoded in
expression vectors comprising His- and His-GST tags, both
cleavable by TEV protease. Both constructs showed excellent
expression, suitable for the IPRS protocol (Figure 4C). Finally, a
homogenous NAB species, as supported by the final gel of pooled
samples (Figure 4D), was obtained. The excellent protein quality
and stability are supported by the available HSQC (Figure 3) and
a published backbone assignment (Korn et al., 2020a).

nsp3Y
nsp3Y is the most C-terminal domain of nsp3 and exists in all
coronaviruses (Neuman et al., 2008; Neuman, 2016). Together,
though, with its preceding regions G2M, TM 1, the ectodomain,
TM2, and the Y1-domain, it has evaded structural investigations
so far. The precise function of the CoV-Y domain remains
unclear, but, together with the Y1-domain, it might affect
binding to nsp4 (Hagemeijer et al., 2014). We were able to
produce and purify nsp3Y (CoV-Y) comprising amino acids
1,638–1,945 (Table 1), yielding 12 mg/L with an optimized
protocol that keeps the protein in a final NMR buffer
containing HEPES and lithium bromide. Although the protein
still shows some tendency to aggregate and degrade (Table 2),
and despite its relatively large size, the spectral quality is excellent
(Figure 3). nsp3 CoV-Y appears suitable for an NMR backbone
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assignment carried out at lower concentrations in a deuterated
background (ongoing).

nsp5
The functional main protease nsp5 (Mpro) is a dimeric cysteine
protease (Ullrich and Nitsche, 2020). Amino acid sequence and
3D structure of SCoV [PDB 1P9U (Anand et al., 2003)] and
SCoV2 (PDB 6Y2E [Zhang et al., 2020)] homologs are highly
conserved (Figures 5A,B). The dimer interface involves the
N-termini of both monomers, which puts considerable
constraints on the choice of protein sequence for construct
design regarding the N-terminus.

We thus designed different constructs differing in the
N-terminus: the native N-terminus (wt), a GS mutant with the
additional N-terminal residues glycine and serine as His-SUMO

fusion, and a GHM mutant with the amino acids glycine,
histidine, and methionine located at the N-terminus with His-
tag and TEV cleavage site (Figure 5C). Purification of all proteins
via the IPRS approach (Figures 5D,E) yielded homogenous and
highly pure protein, analyzed by PAGE (Figure 5G), mass
spectrometry, and 2D [15N, 1H]-BEST TROSY spectra
(Figure 5H). Final yields are summarized in Table 2.

nsp7 and nsp8
Both nsp7 and nsp8 are auxiliary factors of the polymerase
complex together with the RNA-dependent RNA polymerase
nsp12 and have high sequence homology with SCoV (100% and
99%, respectively) (Gordon et al., 2020). For nsp7 in complex
with nsp8 or for nsp8 alone, additional functions in RNA
synthesis priming have been proposed (Tvarogova et al., 2019;

FIGURE 4 | Rationale of construct design, expression, and IPRS purification of the nsp3e nucleic acid–binding domain (NAB). (A) NMR structural ensemble of the
homologous SCoV nsp3e (Serrano et al., 2009). The domain boundaries as displayed are given. (B) Sequence alignment of SCoV and SCoV2 regions representing the
nsp3e locus. Arrows indicate the sequence stretch as used for the structure in panel (A). The analogous region was used for the design of the two protein expression
constructs shown (C). Left, SDS-PAGE showing the expression of nsp3e constructs from panel (B) over 4 h at two different temperatures. Middle, SDS-PAGE
showing the subsequent steps of IMAC. Right, SDS-PAGE showing steps and fractions obtained before and after TEV/dialysis and reverse IMAC. Boxes highlight the
respective sample species of interest for further usage (D) SEC profile of nsp3e following steps in panel (C) performed with a Superdex 75 16/600 (GE Healthcare)
column in the buffer as denoted in Supplementary Table SI3. The arrow indicates the protein peak of interest containing monomeric and homogenous nsp3e NAB
devoid of significant contaminations of nucleic acids as revealed by the excellent 280/260 ratio. Right, SDS-PAGE shows 0.5 µL of the final NMR sample used for the
spectrum in Figure 3 after concentrating relevant SEC fractions.
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Konkolova et al., 2020). In a recent study including an RNA-
substrate-bound structure (Hillen et al., 2020), both proteins
(with two molecules of nsp8 and one molecule of nsp7 for
each nsp12 RNA polymerase) were found to be essential for
polymerase activity in SCoV2. For both fl-proteins, a previously
established expression and IPRS purification strategy for the
SCoV proteins (Kirchdoerfer and Ward, 2019) was
successfully transferred, which resulted in decent yields of

reasonably stable proteins (Table 2). Driven by its intrinsically
oligomeric state, nsp8 showed some tendency toward
aggregation, limiting the available sample concentration. The
higher apparent molecular weight and limited solubility are
also reflected in the success of NMR experiments. While we
succeeded in a complete NMR backbone assignment of nsp7
(Tonelli et al., 2020), the quality of the spectra obtained for nsp8 is
currently limited to the HSQC presented in Figure 2.

FIGURE 5 | Rationale of construct design, expression, and purification of different nsp5 constructs. (A) Sequence alignment of SCoV and SCoV2 fl nsp5. (B) X-ray
structural overlay of the homologous SCoV (PDB 1P9U, light blue) and SCoV2 nsp5 (PDB 6Y2E, green) in cartoon representation. The catalytic dyad (H41 and C145) is
shown in stick representation (magenta). (C) Schematics of nsp5 expression constructs involving purification and solubilization tags (blue), different N-termini and
additional aa after cleavage (green), and nsp5 (magenta). Cleavage sites are indicated by an arrow. (D, E) An exemplary purification is shown for wtnsp5. IMAC (D)
and SEC (E) chromatograms (upper panels) and the corresponding SDS PAGE (lower panels). Black bars in the chromatograms indicate pooled fractions. Gel samples
are as follows: M: MW standard; pellet/load: pellet/supernatant after cell lysis; FT: IMAC flow-through; imidazole: eluted fractions with linear imidazole gradient; eluate:
eluted SEC fractions from input (load). (F) SEC-MALS analysis with ∼0.5 µg of wtnsp5 without additional aa (wtnsp5, black) with GS (GS-nsp5, blue) and with GHM
(GHM-nsp5, red)) in NMR buffer on a Superdex 75, 10/300 GL (GE Healthcare) column. Horizontal lines indicate fractions of monodisperse nsp5 used for MW
determination. (G) A SDS-PAGE showing all purified nsp5 constructs. The arrow indicates nsp5. (H) Exemplary [15N, 1H]-BEST-TROSY spectra measured at 298 K for
the dimeric wtnsp5 (upper spectrum) and monomeric GS-nsp5 (lower spectrum). See Supplementary Table SI4 for technical details regarding this figure.
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nsp9
The 12.4 kDa ssRNA-binding nsp9 is highly conserved among
Betacoronaviruses. It is a crucial part of the viral replication
machinery (Miknis et al., 2009), possibly targeting the 3’-end
stem-loop II (s2m) of the genome (Robertson et al., 2005). nsp9
adopts a fold similar to oligonucleotide/oligosaccharide-binding
proteins (Egloff et al., 2004), and structural data consistently
uncovered nsp9 to be dimeric in solution (Egloff et al., 2004;
Sutton et al., 2004; Miknis et al., 2009; Littler et al., 2020). Dimer
formation seems to be a prerequisite for viral replication (Miknis
et al., 2009) and influences RNA-binding (Sutton et al., 2004),
despite a moderate affinity for RNA in vitro (Littler et al., 2020).

Based on the early available crystal structure of SCoV2 nsp9
(PDB 6W4B, unpublished), we used the 113 aa fl sequence of
nsp9 for our expression construct (Table 1). Production of either
His- or His-GST-tagged fl nsp9 yielded high amounts of soluble
protein in both natural abundance and 13C- and 15N-labeled
form. Purification via the IPRS approach enabled us to separate fl
nsp9 in different oligomer states. The earliest eluted fraction
represented higher oligomers, was contaminated with nucleic
acids and was not possible to concentrate above 2 mg/ml. This
was different for the subsequently eluting dimeric fl nsp9 fraction,
which had a A260/280 ratio of below 0.7 and could be
concentrated to >5 mg/ml (Table 2). The excellent protein
quality and stability are supported by the available HSQC
(Figure 2), and a near-complete backbone assignment (Dudas
et al., 2021).

nsp10
The last functional protein encoded by ORF1a, nsp10, is an
auxiliary factor for both the methyltransferase/exonuclease
nsp14 and the 2′-O-methyltransferase (MTase) nsp16.
However, it is required for the MTase activity of nsp16
(Krafcikova et al., 2020), it confers exonuclease activity to
nsp14 in the RNA polymerase complex in SCoV (Ma et al.,
2015). It contains two unusual zinc finger motifs (Joseph et al.,
2006) and was initially proposed to comprise RNA-binding
properties. We generated a construct (Table 1) containing an
expression and affinity purification tag on the N-terminus as
reported for the SCoV variant (Joseph et al., 2006). Importantly,
additional Zn2+ ions present during expression and purification
stabilize the protein significantly (Kubatova et al., 2020). The
yield during isotope-labeling was high (Table 2), and tests in
unlabeled rich medium showed the potential for yields exceeding
100 mg/L. These characteristics facilitated in-depth NMR
analysis and a backbone assignment (Kubatova et al., 2020).

nsp13
nsp13 is a conserved ATP-dependent helicase that has been
characterized as part of the RNA synthesis machinery by
binding to nsp12 (Chen et al., 2020b). It represents an
interesting drug target, for which the available structure (PDB
6ZSL) serves as an excellent basis (Table 1). The precise
molecular function, however, has remained enigmatic since it
is not clear whether the RNA unwinding function is required for
making ssRNA accessible for RNA synthesis (Jia et al., 2019) or
whether it is required for proofreading and backtracking (Chen

et al., 2020b). We obtained pure protein using a standard
expression vector, generating a His-SUMO-tagged protein.
Following Ulp1 cleavage, the protein showed limited protein
stability in the solution (Table 2).

nsp14
nsp14 contains two domains: an N-terminal exonuclease
domain and a C-terminal MTase domain (Ma et al., 2015).
The exonuclease domain interacts with nsp10 and provides
part of the proofreading function that supports the high
fidelity of the RNA polymerase complex (Robson et al.,
2020). Several unusual features, such as the unusual zinc
finger motifs, set it apart from other DEDD-type
exonucleases (Chen et al., 2007), which are related to both
nsp10 binding and catalytic activity. The MTase domain
modifies the N7 of the guanosine cap of genomic and
subgenomic viral RNAs, which is essential for the
translation of viral proteins (Thoms et al., 2020). The
location of this enzymatic activity within the RNA synthesis
machinery ensures that newly synthesized RNA is rapidly
capped and thus stabilized. As a strategy, we used
constructs, which allow coexpression of both nsp14 and
nsp10 (pRSFDuet and pETDuet, respectively). Production of
isolated fl nsp14 was successful, however, with limited yield
and stability (Table 2). Expression of the isolated MTase
domain resulted in soluble protein with 27.5 kDa mass that
was amenable to NMR characterization (Figure 2), although
only under reducing conditions and in the presence of high
(0.4 M) salt concentration.

nsp15
The poly-U-specific endoribonuclease nsp15 was one of the very
first SCoV2 structures deposited in the PDB [6VWW, (Kim et al.,
2020)]. Its function has been suggested to be related to the
removal of U-rich RNA elements, preventing recognition by
the innate immune system (Deng et al., 2017), even though
the precise mechanism remains to be established. The exact
role of the three domains (N-terminal, middle, and C-terminal
catalytic domain) also remains to be characterized in more detail
(Kim et al., 2020). Here, the sufficient yield of fl nsp15 during
expression supported purification of pure protein, which,
however, showed limited stability in solution (Table 2).

nsp16
The MTase reaction catalyzed by nsp16 is dependent on nsp10 as
a cofactor (Krafcikova et al., 2020). In this reaction, the 2’-OH
group of nucleotide +1 in genomic and subgenomic viral RNA is
methylated, preventing recognition by the innate immune
system. Since both nsp14 and nsp16 are in principle
susceptible to inhibition by MTase inhibitors, a drug targeting
both enzymes would be highly desirable (Bouvet et al., 2010).
nsp16 is the last protein being encoded by ORF1ab, and only its
N-terminus is formed by cleavage by the Mpro nsp5. Employing a
similar strategy to that for nsp14, nsp16 constructs were designed
with the possibility of nsp10 coexpression. Expression of fl nsp16
resulted in good yields, when expressed both isolated and
together with nsp10. The protein, however, is in either case
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unstable in solution and highly dependent on reducing buffer
conditions (Table 2). The purification procedures of nsp16 were
adapted with minor modifications from a previous X-ray
crystallography study (Rosas-Lemus et al., 2020).

Structural Proteins and Accessory ORFs
Besides establishing expression and purification protocols for
the nsps, we also developed protocols and obtained pure mg
quantities of the SCoV2 structural proteins E, M, and N, as well
as literally all accessory proteins. With the exception of the
relatively well-behaved nucleocapsid (N) protein, SCoV2 E, M,

and the remaining accessory proteins represent a class of
mostly small and relatively poorly characterized proteins,
mainly due to their difficult behavior in classical expression
systems.

We used wheat-germ cell-free protein synthesis (WG-
CFPS) for the successful production, solubilization,
purification, and, in part, initial NMR spectroscopic
investigation of ORF3a, ORF6, ORF7b, ORF8, ORF9b, and
ORF14 accessory proteins, as well as E and M in mg quantities
using the highly efficient translation machinery extracted
from wheat-germs (Figures 6A–D).

FIGURE 6 |Cell-free protein synthesis of accessory ORFs and structural proteins E andM. (A) Screening for expression and solubility of different ORFs using small-
scale reactions. The total cell-free reaction (CFS), the pellet after centrifugation, and the supernatant (SN) captured on magnetic beads coated with Strep-Tactin were
analyzed. All tested proteins were synthesized, with the exception of ORF3b. MW, MW standard. (B) Detergent solubilization tests using three different detergents, here
at the example of the M protein, shown by SDS-PAGE andWestern Blot. (C) Proteins are purified in a single step using a Strep-Tactin column. For ORF3a (and also
for M), a small heat-shock protein of the HSP20 family is copurified, as identified by mass spectrometry (see also * in PanelD). (D) SDS-PAGE of the 2H, 13C, 15N-labeled
proteins used as NMR samples. Yields were between 0.2 and 1 mg protein per mL wheat-germ extract used. (E) SEC profiles for two ORFs. Left, ORF9b migrates as
expected for a dimer. Right, OFR14 shows large assemblies corresponding to approximately 9 protein units and the DDM detergent micelle. (F) 2D [15N, 1H]-BEST-
TROSY spectrum of ORF9b, recorded at 900 MHz in 1 h at 298 K, on less than 1 mg of protein. See Supplementary Tables SI13–SI19 and Supplementary Tables
SI19, SI20 for technical and experimental details regarding this figure.
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ORF3a
The protein from ORF3a in SCoV2 corresponds to the accessory
protein 3a in SCoV, with homology of more than 70% (Table 1).
It has 275 amino acids, and its structure has recently been
determined (Kern et al., 2020). The structure of SCoV2 3a
displays a dimer, but it can also form higher oligomers. Each
monomer has three TM helices and a cytosolic β-strand rich
domain. SCoV2 ORF3a is a cation channel, and its structure has
been solved by electron microscopy in nanodiscs. In SCoV, 3a is a
structural component and was found in recombinant virus-like
particles (Liu et al., 2014), but is not explicitly needed for their
formation. The major challenge for NMR studies of this largest
accessory protein is its size, independent of its employment in
solid state or solution NMR spectroscopy.

As most other accessory proteins described in the
following, ORF3a has been produced using WG-CFPS and
was expressed in soluble form in the presence of Brij-58
(Figure 6C). It is copurified with a small heat-shock protein
of the HSP20 family from the wheat-germ extract. The
protocol described here is highly similar to that of the
other cell-free synthesized accessory proteins. Where
NMR spectra have been reported, the protein has been
produced in a 2H, 13C, 15N uniformly labeled form;
otherwise, natural abundance amino acids were added to
the reaction. The proteins were further affinity-purified in
one step using Strep-Tactin resin, through the Strep-tag II
fused to their N- or C-terminus. For membrane proteins,
protein synthesis and also purification were done in the
presence of detergent.

About half a milligram of pure protein was generally obtained
per mL of extract, and up to 3 ml wheat-germ extract have been
used to prepare NMR samples.

ORF3b
The ORF3b protein is a putative protein stemming from a
short ORF (57 aa) with no homology to existing SCoV proteins
(Chan et al., 2020). Indeed, ORF3b gene products of SCoV2
and SCoV are considerably different, with one of the
distinguishing features being the presence of premature stop
codons, resulting in the expression of a drastically shortened
ORF3b protein (Konno et al., 2020). However, the SCoV2
nucleotide sequence after the stop codon shows a high
similarity to the SCoV ORF3b. Different C-terminal
truncations seem to play a role in the interferon-
antagonistic activity of ORF3b (Konno et al., 2020). ORF3b
is the only protein that, using WG-CFPS, was not synthesized
at all; i.e., it was neither observed in the total cell-free reaction
nor in supernatant or pellet. This might be due to the
premature stop codon, which was not considered.
Constructs of ORF3b thus need to be redesigned.

ORF4 (Envelope Protein, E)
The SCoV2 envelope (E) protein is a small (75 amino acids),
integral membrane protein involved in several aspects of the
virus’ life cycle, such as assembly, budding, envelope formation,
and pathogenicity, as recently reviewed in (Schoeman and
Fielding, 2020). Structural models for SCoV (Surya et al.,

2018) and the TM helix of SCoV2 (Mandala et al., 2020) E
have been established. The structural models show a pentamer
with a TM helix. The C-terminal part is polar, with charged
residues interleaved, and is positioned on the membrane surface
in SCoV. E was produced in a similar manner to ORF3a, using the
addition of detergent to the cell-free reaction.

ORF5 (Membrane Glycoprotein, M)
The M protein is the most abundant protein in the viral
envelope and is believed to be responsible for maintaining
the virion in its characteristic shape (Huang et al., 2004). M is a
glycoprotein and sequence analyses predict three domains: A
C-terminal endodomain, a TM domain with three predicted
helices, and a short N-terminal ectodomain. M is essential for
viral particle assembly. Intermolecular interactions with the
other structural proteins, N and S to a lesser extent, but most
importantly E (Vennema et al., 1996), seem to be central for
virion envelope formation in coronaviruses, as M alone is not
sufficient. Evidence has been presented that M could adopt two
conformations, elongated and compact, and that the two forms
fulfill different functions (Neuman et al., 2011). The lack of
more detailed structural information is in part due to its small
size, close association with the viral envelope, and a tendency
to form insoluble aggregates when perturbed (Neuman et al.,
2011). The M protein is readily produced using cell-free
synthesis in the presence of detergent; as ORF3a, it is
copurified with a small heat-shock protein of the HSP20
family (Figure 6B). Membrane-reconstitution will likely be
necessary to study this protein.

ORF6
The ORF6 protein is incorporated into viral particles and is
also released from cells (Huang et al., 2004). It is a small
protein (61 aa), which has been found to concentrate at the
endoplasmic reticulum and Golgi apparatus. In a murine
coronavirus model, it was shown that expressing ORF6
increased virulence in mice (Zhao et al., 2009), and results
indicate that ORF6 may serve an important role in the
pathogenesis during SCoV infection (Liu et al., 2014). Also,
it showed to inhibit the expression of certain STAT1-genes
critical for the host immune response and could contribute to
the immune evasion. ORF6 is expressed very well in WG-
CFPS; the protein was fully soluble with detergents and
partially soluble without them and was easily purified in the
presence of detergent, but less efficiently in the absence
thereof. Solution NMR spectra in the presence of detergent
display narrow but few resonances, which correspond, in
addition to the C-terminal STREP-tag, to the very
C-terminal ORF6 protein residues.

ORF7a
SCoV2 protein 7a (121 aa) shows over 85% homology with
the SCoV protein 7a. While the SCoV2 7a protein is produced
and retained intracellularly, SCoV protein 7a has also been
shown to be a structural protein incorporated into mature
virions (Liu et al., 2014). 7a is one of the accessory proteins, of
which a (partial) structure has been determined at high
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resolution for SCoV2 (PDB 6W37). However, the very
N-terminal signal peptide and the C-terminal membrane
anchor, both highly hydrophobic, have not been
determined experimentally yet.

Expression of the ORF7a ectodomain (ED) with a GB1 tag
(Bogomolovas et al., 2009) was expected to produce reasonable
yields. The IPRS purification resulted in a highly stable protein, as
evidenced by the NMR data obtained (Figure 7).

ORF7b
Protein ORF7b is associated with viral particles in a SARS context
(Liu et al., 2014). Protein 7b is one of the shortest ORFs with 43
residues. It shows a long hydrophobic stretch, which might
correspond to a TM segment. It shows over 93% sequence
homology with a bat coronavirus 7b protein (Liu et al., 2014).
There, the cysteine residue in the C-terminal part is not
conserved, which might facilitate structural studies. ORF7b has
been synthesized successfully both from bacteria and by WG-
CFPS in the presence of detergent and could be purified using a
STREP-tag (Table 2). Due to the necessity of solubilizing agent

and its obvious tendency to oligomerize, structure determination,
fragment screening, and interaction studies are challenging.
However, we were able to record the first promising HSQC, as
shown in Figure 7.

ORF8
ORF 8 is believed to be responsible for the evolution of
Betacoronaviruses and their species jumps (Wu et al.,
2016) and to have a role in repressing the host response
(Tan et al., 2020). ORF 8 (121 aa) from SCoV2 does not
apparently exist in SCoV on the protein level, despite the
existence of a putative ORF. The sequences of the two
homologs only show limited identity, with the exception of
a small 7 aa segment, where, in SCoV, the glutamate is
replaced with an aspartate. It, however, aligns very well
with several coronaviruses endemic to animals, including
Paguma and Bat (Chan et al., 2020). The protein
comprises a hydrophobic peptide at its very N-terminus,
likely corresponding to a signal peptide; the remaining
part does not show any specific sequence features. Its

FIGURE 7 | 1H, 15N-correlation spectra of investigated structural and accessory proteins. Construct names according to Table 1 are indicated unless fl-proteins
are shown. A representative SDS-PAGE lane with final samples is included as inset.

Frontiers in Molecular Biosciences | www.frontiersin.org May 2021 | Volume 8 | Article 65314816

Altincekic et al. Large-Scale Production of SARS-CoV-2 Proteome

https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


structure has been determined (PDB 7JTL) and shows a
similar fold to ORF7a (Flower et al., 2020). In this study,
ORF8 has been used both with (fl) and without signal peptide
(ΔORF8). We first tested the production of ORF8 in E. coli,
but yields were low because of insolubility. Both ORF8
versions have then been synthesized in the cell-free system
and were soluble in the presence of detergent. Solution NMR
spectra, however, indicate that the protein is forming either
oligomers or aggregates.

ORF9a (Nucleocapsid Protein, N)
The nucleocapsid protein (N) is important for viral genome
packaging (Luo et al., 2006). The multifunctional RNA-
binding protein plays a crucial role in the viral life cycle
(Chang et al., 2014) and its domain architecture is highly
conserved among coronaviruses. It comprises the N-terminal
intrinsically disordered region (IDR1), the N-terminal RNA-
binding globular domain (NTD), a central serine/arginine-
(SR-) rich intrinsically disordered linker region (IDR2), the
C-terminal dimerization domain (CTD), and a C-terminal
intrinsically disordered region (IDR3) (Kang et al., 2020).

N represents a highly promising drug target. We thus focused
our efforts not exclusively on the NTD and CTD alone, but, in
addition, also provide protocols for IDR-containing constructs
within the N-terminal part.

N-Terminal Domain
The NTD is the RNA-binding domain of the nucleocapsid (Kang
et al., 2020). It is embedded within IDRs, functions of which have
not yet been deciphered. Recent experimental and bioinformatic
data indicate involvement in liquid-liquid phase separation
(Chen et al., 2020a).

For the NTD, several constructs were designed, also
considering the flanking IDRs (Table 1). In analogy to the
available NMR [PDB 6YI3, (Dinesh et al., 2020)] and crystal
[PDB 6M3M, (Kang et al., 2020)] structures of the SCoV2
NTD, boundaries for the NTD and the NTD-SR domains
were designed to span residues 44–180 and 44–212,
respectively. In addition, an extended IDR1-NTD-IDR2
(residues 1–248) construct was designed, including the
N-terminal disordered region (IDR1), the NTD domain,
and the central disordered linker (IDR2) that comprises
the SR region. His-tagged NTD and NTD-SR were purified
using IPRS and yielded approx. 3 mg/L in 15N-labeled
minimal medium. High protein quality and stability are
supported by the available HSQC spectra (Figure 7).

The untagged IDR1-NTD-IDR2 was purified by IEC and
yielded high amounts of 13C, 15N-labeled samples of 12 mg/L
for further NMR investigations. The quality of our
purification is confirmed by the available HSQC
(Figure 7), and a near-complete backbone assignment of
the two IDRs was achieved (Guseva et al., 2021; Schiavina
et al., 2021). Notably, despite the structurally and
dynamically heterogeneous nature of the N protein, the
mentioned N constructs revealed a very good long-term
stability, as shown in Table 2.

C-Terminal Domain
Multiple studies on the SCoV2 CTD, including recent crystal
structures (Ye et al., 2020; Zhou et al., 2020), confirm the domain
as dimeric. Its ability to self-associate seems to be necessary for
viral replication and transcription (Luo et al., 2006). In addition,
the CTD was shown to, presumably nonspecifically, bind ssRNA
(Zhou et al., 2020).

Domain boundaries for the CTD were defined to comprise
amino acids 247–364 (Table 1), in analogy to the NMR structure
of the CTD from SCoV (PDB 2JW8, [Takeda et al., 2008)]. Gene
expression of His- or His-GST-tagged CTD yielded high amounts
of soluble protein. Purification was achieved via IPRS. The CTD
eluted as a dimer judged by its retention volume on the size-
exclusion column and yielded good amounts (Table 2). The
excellent protein quality and stability are supported by the
available HSQC spectrum (Figure 7) and a near-complete
backbone assignment (Korn et al., 2020b).

ORF9b
Protein 9b (97 aa) shows 73% sequence homology to the SCoV
and also to bat virus (bat-SL-CoVZXC21) 9b protein (Chan et al.,
2020). The structure of SCoV2 ORF9b has been determined at
high resolution (PDB 6Z4U). Still, a significant portion of the
structure was not found to be well ordered. The protein shows a
β-sheet-rich structure and a hydrophobic tunnel, in which bound
lipid was identified. How this might relate to membrane binding
is not fully understood at this point. The differences in sequence
between SCoV and SCoV2 are mainly located in the very
N-terminus, which was not resolved in the structure (PDB
6Z4U). Another spot of deviating sequence not resolved in the
structure is a solvent-exposed loop, which presents a potential
interacting segment. ORF9b has been synthesized as a dimer
(Figure 6E) using WG-CFPS in its soluble form. Spectra show a
well-folded protein, and assignments are underway (Figure 6F).

ORF14 (ORF9c)
ORF14 (73 aa) remains, at this point in time, hypothetical. It
shows 89% homology with a bat virus protein (bat-SL-
CoVZXC21). It shows a highly hydrophobic part in its
C-terminal region, comprising two negatively charged residues
and a charged/polar N-terminus. The C-terminus is likely
mediating membrane interaction. While ORF14 has been
synthesized in the wheat-germ cell-free system in the presence
of detergent and solution NMR spectra have been recorded, they
hint at an aggregated protein (Figure 6E). Membrane-
reconstitution of ORF14 revealed an unstable protein, which
had been degraded during detergent removal.

ORF10
The ORF10 protein is comprised of 38 aa and is a hypothetical
protein with unknown function (Yoshimoto, 2020). SCoV2
ORF10 displays 52.4% homology to SCoV ORF9b. The protein
sequence is rich in hydrophobic residues, rendering expression
and purification challenging. Expression of ORF10 as His-Trx-
tagged or His-SUMO tagged fusion protein was possible;
however, the ORF10 protein is poorly soluble and shows
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partial unfolding, even as an uncleaved fusion protein. Analytical
SEC hints at oligomerization under the current conditions.

DISCUSSION

The ongoing SCoV2 pandemic and its manifestation as the
COVID-19 disease call for an urgent provision of therapeutics
that will specifically target viral proteins and their interactions
with each other and RNAs, which are crucial for viral
propagation. Two “classical” viral targets have been addressed
in comprehensive approaches soon after the outbreak in
December 2019: the viral protease nsp5 and the RNA-
dependent RNA polymerase (RdRp) nsp12. While the latter
turned out to be a suitable target using the repurposed
compound Remdesivir (Hillen et al., 2020), nsp5 is undergoing
a broad structure-based screen against a battery of inhibitors in
multiple places (Jin et al., 2020; Zhang et al., 2020), but with, as of
yet, the limited outcome for effective medication. Hence, a
comprehensive, reliable treatment of COVID-19 at any stage
after the infection has remained unsuccessful.

Further viral protein targets will have to be taken into
account in order to provide inhibitors with increased
specificity and efficacy and preparative starting points for
following potential generations of (SARS-)CoVs. Availability
of those proteins in a recombinant, pure, homogenous, and
stable form in milligrams is, therefore, a prerequisite for
follow-up applications like vaccination, high-throughput
screening campaigns, structure determination, and mapping
of viral protein interaction networks. We here present, for the
first time, a near-complete compendium of SCoV2 protein
purification protocols that enable the production of large
amounts of pure proteins.

The COVID19-NMR consortium was launched with the
motivation of providing NMR assignments of all SCoV2
proteins and RNA elements, and enormous progress has
been made since the outbreak of COVID-19 for both
components [see Table 2 and (Wacker et al., 2020)].
Consequently, we have put our focus on producing proteins
in stable isotope-labeled forms for NMR-based applications,
e.g., the site-resolved mapping of interactions with compounds
(Li and Kang, 2020). Relevant to a broad scientific community,
we here report our protocols to suite perfectly any downstream
biochemical or biomedical application.

Overall Success and Protein Coverage
As summarized in Table 2, we have successfully purified 80%
of the SCoV2 proteins either in fl or providing relevant
fragments of the parent protein. Those include most of the
nsps, where all of the known/predicted soluble domains have
been addressed (Figure 1). For a very large part, we were able
to obtain protein samples of high purity, homogeneity, and
fold for NMR-based applications. We would like to point out
a number of CoV proteins that, evidenced by their HSQCs,
for the first time, provide access to structural information,
e.g., the PLpro nsp3d and nsp3Y. Particularly for the nsp3
multidomain protein, we here present soluble samples of

almost the complete cytosolic region with more than
120 kDa in the form of excellent 2D NMR spectra
(Figure 3), a major part of which fully backbone-assigned.
We thus enable the exploitation of the largest and most
enigmatic multifunctional SCoV2 protein through
individual domains in solution, allowing us to study their
concerted behavior with single residue resolution. Similarly,
for nsp2, we provide a promising starting point for studying
the so far neglected, often uncharacterized, and apparently
unstructured proteins.

Driven by the fast-spreading COVID-19, we initially left out
proteins that require advanced purification procedures (e.g.,
nsp12 and S) or where a priori information was limited (nsp4
and nsp6). This procedure seems justified with the time-saving
approach of our effort in favor of the less attended proteins.
However, we are in the process of collecting protocols for the
missing proteins.

Different Complexities and Challenges
The compilation of protein production protocols, initially guided
by information from CoV homologs (Table 1), has confronted us
with very different levels of complexity. With some prior
expectation toward this, we have shared forces to quickly
“work off” the highly conserved soluble and small proteins
and soon put focus into the processing of the challenging
ones. The difficulties in studying this second class of proteins
are due to their limited sequence conservation, no prior
information, large molecular weights, insolubility, and so forth.

The nsp3e NAB represents one example where the available
NMR structure of the SCoV homolog provided a bona fide
template for selecting initial domain boundaries (Figure 4).
The transfer of information derived from SCoV was
straightforward; the transferability included the available
protocol for the production of comparable protein amounts
and quality, given the high sequence identity. In such cases,
we found ourselves merely to adapt protocols and optimize yields
based on slightly different expression vectors and E. coli strains.

However, in some cases, such transfer was unexpectedly not
successful, e.g., for the short nsp1 GD. Despite intuitive domain
boundaries with complete local sequence identity seen from the
SCoV nsp1 NMR structure, it took considerable efforts to purify
an analogous nsp1 construct, which is likely related to the
impaired stability and solubility caused by a number of
impacting amino acid exchanges within the domain’s flexible
loops. In line with that, currently available structures of SCoV2
nsp1 have been obtained by crystallography or cryo-EM and
include different buffers. As such, our initial design was
insufficient in terms of taking into account the parameters
mentioned above. However, one needs to consider those
particular differences between the nsp1 homologs as one of
the most promising target sites for potential drugs as they
appear to be hotspots in the CoV evolution and will have
essential effects for the molecular networks, both in the virus
and with the host (Zust et al., 2007; Narayanan et al., 2015; Shen
et al., 2019; Thoms et al., 2020).

A special focus was put on the production of the SCoV2 main
protease nsp5, for which NMR-based screenings are ongoing. The
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main protease is critical in terms of inhibitor design as it appears
under constant selection, and novel mutants remarkably
influence the structure and biochemistry of the protein (Cross
et al., 2020). In the present study, the expression of the different
constructs allowed us to characterize the protein in both its
monomeric and dimeric forms. Comparison of NMR spectra
reveals that the constructs with additional amino acids (GS and
GHM mutant) display marked structural differences to the wild-
type protein while being structurally similar among themselves
(Figure 5H). The addition of two residues (GS) interferes with the
dimerization interface, despite being similar to its native
N-terminal amino acids (SGFR). We also introduced an active
site mutation that replaces cysteine 145 with alanine (Hsu et al.,
2005). Intriguingly, this active site mutation C145A, known to
stabilize the dimerization of the main protease (Chang et al.,
2007), supports dimer formation of the GS added construct (GS-
nsp5 C145A) shown by its 2DNMR spectrum overlaying with the
one of wild-type nsp5 (Supplementary Table SI4). The NMR
results are in line with SEC-MALS analyses (Figure 5F). Indeed,
the additional amino acids at the N-terminus shift the
dimerization equilibrium toward the monomer, whereas the
mutation shifts it toward the dimer despite the N-terminal aa
additions. This example underlines the need for a thorough and
precise construct design and the detailed biochemical and NMR-
based characterization of the final sample state. The presence of
monomers vs. dimers will play an essential role in the inhibitor
search against SCoV2 proteins, as exemplified by the particularly
attractive nsp5 main protease target.

Exploiting Nonbacterial Expression
As a particular effort within this consortium, we included the so
far neglected accessory proteins using a structural genomics
procedure supported by wheat-germ cell-free protein synthesis.
This approach allowed us previously to express a variety of
difficult viral proteins in our hands (Fogeron et al., 2015a;
Fogeron et al., 2015b; Fogeron et al., 2016; Fogeron et al.,
2017; Wang et al., 2019; Jirasko et al., 2020a). Within the
workflow, we especially highlight the straightforward
solubilization of the membrane proteins through the addition
of detergent to the cell-free reaction, which allowed the
production of soluble protein in milligram amounts
compatible with NMR studies. While home-made extracts
were used here, very similar extracts are available
commercially (Cell-Free Sciences, Japan) and can thus be
implemented by any lab without prior experience. Also, a
major benefit of the WG-CFPS system for NMR studies lies in
the high efficiency and selectivity of isotopic labeling. In contrast
to cell-based expression systems, only the protein of interest is
produced (Morita et al., 2003), which allows bypassing extensive
purification steps. In fact, one-step affinity purification is in most
cases sufficient, as shown for the different ORFs in this study.
Samples could be produced for virtually all proteins, with the
exception of the ORF3b construct used. With new recent insight
into the stop codons present in this ORF, constructs will be
adapted, which shall overcome the problems of ORF3b
production (Konno et al., 2020).

For two ORFs, 7b and 8, we exploited a paralleled production
strategy, i.e., both in bacteria and via cell-free synthesis. For those
challenging proteins, we were, in principle, able to obtain pure
samples from either expression system. However, for ORF7b, we
found a strict dependency on detergents for follow-up work from
both approaches. ORF8 showed significantly better solubility
when produced in WG extracts compared to bacteria. This
shows the necessity of parallel routes to take, in particular, for
the understudied, biochemically nontrivial ORFs that might
represent yet unexplored but highly specific targets to consider
in the treatment of COVID-19.

Downstream structural analysis of ORFs produced with CFPS
remains challenging but promising progress is being made in the
light of SCoV2. Some solution NMR spectra show the expected
number of signals with good resolution (e.g., ORF9b). As expected,
however, most proteins cannot be straightforwardly analyzed by
solution NMR in their current form, as they exhibit too large objects
after insertion intomicelles and/or by inherent oligomerization. Cell-
free synthesized proteins can be inserted into membranes through
reconstitution (Fogeron et al., 2015a; Fogeron et al., 2015b; Fogeron
et al., 2016; Jirasko et al., 2020a; Jirasko et al., 2020b). Reconstitution
will thus be the next step for many accessory proteins, but also forM
and E, which were well produced byWG-CFPS.We will also exploit
the straightforward deuteration in WG-CFPS (David et al., 2018;
Wang et al., 2019; Jirasko et al., 2020a) that circumvents proton
back-exchange, rendering denaturation and refolding steps obsolete
(Tonelli et al., 2011). Nevertheless, the herein presented protocols for
the production of non-nsps by WG-CFPS instantly enable their
employment in binding studies and screening campaigns and thus
provide a significant contribution to soon-to-come studies on
SCoV2 proteins beyond the classical and convenient drug targets.

Altogether and judged by the ultimate need of exploiting
recombinant SCoV2 proteins in vaccination and highly
paralleled screening campaigns, we optimized sample amount,
homogeneity, and long-term stability of samples. Our freely
accessible protocols and accompanying NMR spectra now
offer a great resource to be exploited for the unambiguous and
reproducible production of SCoV2 proteins for the intended
applications.
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GLOSSARY

aa Amino acid

BEST Band-selective excitation short-transient

BMRB Biomagnetic resonance databank

CFPS Cell-free protein synthesis

CoV Coronavirus

CTD C-terminal domain

DEDD Asp-Glu-Glu-Asp

DMS Dimethylsulfate

E Envelope protein

ED Ectodomain

fl Full-length

GB1 Protein G B1 domain

GD Globular domain

GF Gel filtration

GST Glutathione-S-transferase

His Hisx-tag

HSP Heat-shock protein

HSQC Heteronuclear single quantum coherence

IDP Intrinsically disordered protein

IDR Intrinsically disordered region

IEC Ion exchange chromatography

IMAC Immobilized metal ion affinity chromatography

IPRS IMAC-protease cleavage-reverse IMAC-SEC;

M Membrane protein

MERS Middle East Respiratory Syndrome

MHV Murine hepatitis virus

Mpro
Main protease

MTase Methyltransferase

N Nucleocapsid protein

NAB Nucleic acid–binding domain

nsp Nonstructural protein

NTD N-terminal domain

PLpro Papain-like protease

RdRP RNA-dependent RNA polymerase

S Spike protein

SARS Severe Acute Respiratory Syndrome

SEC Size-exclusion chromatography

SUD SARS unique domain

SUMO Small ubiquitin-related modifier

TEV Tobacco etch virus

TM Transmembrane

TROSY Transverse relaxation-optimized spectroscopy

Trx Thioredoxin

Ubl Ubiquitin-like domain

Ulp1 Ubiquitin-like specific protease 1

WG Wheat-germ.
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