
1 
 

Title: Identification of guanylyltransferase activity in the SARS-CoV-2 RNA polymerase 1 

Running title: Identification of the SARS-CoV-2 guanylyltransferase 2 

 3 

Alexander P Walkera, Haitian Fana, Jeremy R Keownb, Jonathan M Grimesb,c and Ervin Fodora# 4 

 
5 

aSir William Dunn School of Pathology, University of Oxford, South Parks Road, Oxford OX1 3RE, 6 

United Kingdom 7 

bDivision of Structural Biology, Wellcome Centre for Human Genetics, University of Oxford, 8 

Oxford OX3 7BN, United Kingdom 9 

cDiamond Light Source Ltd, Harwell Science & Innovation Campus, Didcot OX11 0DE, United 10 

Kingdom 11 

#Address correspondence to Ervin Fodor, ervin.fodor@path.ox.ac.uk 12 

 13 

Abstract: 216 words 14 

Main text: 3557 words  15 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 18, 2021. ; https://doi.org/10.1101/2021.03.17.435913doi: bioRxiv preprint 

https://doi.org/10.1101/2021.03.17.435913
http://creativecommons.org/licenses/by/4.0/


2 
 

Abstract 16 

SARS-CoV-2 is a positive-sense RNA virus that is responsible for the ongoing Coronavirus 17 

Disease 2019 (COVID-19) pandemic, which continues to cause significant morbidity, mortality 18 

and economic strain. SARS-CoV-2 can cause severe respiratory disease and death in humans, 19 

highlighting the need for effective antiviral therapies. The RNA synthesis machinery of SARS-20 

CoV-2 is an ideal drug target and consists of non-structural protein 12 (nsp12), which is directly 21 

responsible for RNA synthesis, and numerous co-factors that are involved in RNA proofreading 22 

and 5’ capping of viral mRNAs. The formation of the 5’ cap-1 structure is known to require a 23 

guanylyltransferase (GTase) as well as 5’ triphosphatase and methyltransferase activities. 24 

However, the mechanism of SARS-CoV-2 mRNA capping remains poorly understood. Here we 25 

show that the SARS-CoV-2 RNA polymerase nsp12 functions as a GTase. We characterise this 26 

GTase activity and find that the nsp12 NiRAN (nidovirus RdRP-associated 27 

nucleotidyltransferase) domain is responsible for carrying out the addition of a GTP nucleotide 28 

to the 5’ end of viral RNA via a 5’ to 5’ triphosphate linkage. We also show that remdesivir 29 

triphosphate, the active form of the antiviral drug remdesivir, inhibits the SARS-CoV-2 GTase 30 

reaction as efficiently as RNA polymerase activity. These data improve understanding of 31 

coronavirus mRNA cap synthesis and highlight a new target for novel or repurposed antiviral 32 

drugs against SARS-CoV-2. 33 

Importance 34 

SARS-CoV-2 is a respiratory RNA virus responsible for the Coronavirus Disease 2019 (COVID-19) 35 

pandemic. Coronaviruses encode an RNA polymerase which, in combination with other viral 36 
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proteins, is responsible for synthesising capped viral mRNA. mRNA cap synthesis requires a 37 

guanylyltransferase enzyme; here we show that the SARS-CoV-2 guanylyltransferase is located 38 

in the viral RNA polymerase, and we identify the protein domain responsible for 39 

guanylyltransferase activity. Furthermore we demonstrate that remdesivir triphosphate, the 40 

active metabolite of remdesivir, inhibits both the guanylyltransferase and RNA polymerase 41 

functions of the SARS-CoV-2 RNA polymerase. These findings improve understanding of the 42 

coronavirus mRNA cap synthesis mechanism, in addition to highlighting a new target for the 43 

development of therapeutics to treat SARS-CoV-2 infection. 44 

Keywords 45 

SARS-CoV-2, COVID-19, RNA polymerase, mRNA capping, guanylyltransferase, remdesivir. 46 

 47 

Introduction 48 

Coronaviruses pose a serious threat to human health as they can cause severe respiratory 49 

disease and have pandemic potential. Severe acute respiratory syndrome coronavirus (SARS-50 

CoV) was responsible for an epidemic in 2003 which caused nearly 800 deaths, and SARS-CoV-2 51 

is responsible for the ongoing Coronavirus Disease 2019 (COVID-19) pandemic(1). Therefore, 52 

understanding the coronavirus life cycle in order to develop novel therapeutics is of utmost 53 

importance. 54 

SARS-CoV-2 is a betacoronavirus in the order Nidovirales, and it has a positive-sense RNA 55 

genome of around 30 kilobases(1, 2). The viral genome has a 5’ 7-methylguanosine (m7G) cap 56 
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and 3’ poly(A) tail, modifications which allow the viral genome to be translated by cellular 57 

machinery. Two-thirds of the viral genome encode two overlapping open reading frames 58 

(ORFs), 1a and 1b, which are translated immediately upon infection. The resulting polyproteins 59 

are cleaved to produce non-structural proteins (nsps) 1-16, which collectively form the 60 

membrane-associated replication-transcription complex (RTC)(3–5). The RTC has several major 61 

functions: Firstly, it synthesises full-length negative-sense viral RNA, which serves as a template 62 

for new positive-sense viral RNA genomes. Secondly, it synthesises subgenomic negative-sense 63 

viral RNAs which contain the ORFs of viral structural and accessory proteins(5, 6). Finally, it 64 

transcribes the subgenomic or full-length negative-sense viral RNA to produce positive-sense, 5’ 65 

m7G capped, 3’ polyadenylated viral mRNAs(7, 8). Synthesising m7G capped viral RNA requires 66 

several distinct catalytic activities, most of which have been identified in the RTC(4). 67 

Specifically, nsp13, nsp14, and nsp16 are involved in m7G cap synthesis as a 5’ triphosphatase, 68 

N7-methyltransferase, and 2’-O-methyltransferase, respectively(9–12). m7G cap synthesis 69 

pathways also require a guanylyltransferase (GTase) enzyme, which was recently reported to 70 

reside in nsp12, the RNA-dependent RNA polymerase (RdRP) component of the RTC(13). 71 

Like the RNA polymerases of other nidoviruses, SARS-CoV-2 nsp12 includes a 250-amino acid 72 

nidovirus RdRP-associated nucleotidyltransferase (NiRAN) domain at the N-terminus(14, 15). As 73 

the name suggests, the NiRAN domain is implicated in covalently binding to GTP and UTP 74 

nucleotides, and this domain is thought to be involved in the GTase activity of nsp12(13, 14). In 75 

order to function as a processive RNA polymerase nsp12 must form a complex with nsp7 and 76 

nsp8(16). Structures of the nsp7/8/12 RNA polymerase complex from SARS-CoV-2 have been 77 

solved by cryo-EM, and these show that nsp12 is the core of the complex while nsp8 forms an 78 
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elongated scaffold around the template-product RNA duplex(17–20). Structural similarity 79 

between the nsp12 RdRP domain and other viral RNA polymerases makes the SARS-CoV-2 RNA 80 

polymerase a key target for re-purposed drugs, as nucleotide analogue drugs developed against 81 

other viruses could inhibit SARS-CoV-2 by similar mechanisms(19, 21, 22). For example, the 82 

nucleoside analogue drug remdesivir potently inhibits SARS-CoV-2 growth in cell culture and 83 

has shown potential in some clinical trials(23, 24). 84 

Here we show that SARS-CoV-2 nsp12 has GTase activity in vitro, confirming the findings of 85 

another recent study(13). We further demonstrate that the NiRAN domain is responsible for 86 

this function, and we show that the active metabolite of remdesivir, remdesivir triphosphate, 87 

inhibits SARS-CoV-2 GTase activity in addition to RNA polymerase activity. These data improve 88 

understanding of the mechanism of coronavirus m7G cap synthesis, and highlight the NiRAN 89 

domain as a possible target for repurposed antiviral drugs. 90 

 91 

Results 92 

SARS-CoV-2 RNA polymerase purification and RNA synthesis activity 93 

In order to gain insight into the function of the SARS-CoV-2 RNA polymerase we first aimed to 94 

establish an in vitro RNA synthesis activity assay, measuring extension of a 20 nucleotide (nt) 95 

primer (LS2) along a 40nt RNA template (LS1) (Fig. 1A)(16). We individually expressed wild type 96 

nsp7, nsp8 and nsp12 from SARS-CoV-2, and mixed the purified proteins to reconstitute the 97 

nsp7/8/12 RNA polymerase complex (Fig. 1B, C). In addition, we expressed and purified 98 

D760A/D761A mutant nsp12, in which two aspartic acid residues coordinating magnesium in 99 
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the RdRP active site had been substituted for alanine (Fig. 1B). In the presence of RNA template 100 

and rNTPs, the wild type nsp7/8/12 complex was able to extend the LS2 primer along the LS1 101 

template in a time-dependent manner to produce a 40nt major product (Fig. 1D). In contrast, a 102 

complex of nsp7/8/12 with D760A/D761A nsp12 was unable to extend the LS2 primer. 103 

 104 

Nsp12 has guanylyltransferase activity 105 

The coronavirus RTC synthesises m7G capped viral RNA, which requires several enzymatic 106 

activities including a GTase. GTases are responsible for covalently linking GTP to the 5’ end of 107 

diphosphorylated RNA, producing a cap-like structure (GpppN-RNA), and often involve a 108 

nucleotidylated enzyme intermediate (Fig. 2A)(25). The RNA polymerase of another nidovirus 109 

has been shown to covalently bind to GTP and UTP, which could be an intermediate step in a 110 

GTase reaction(14). Therefore, we hypothesised that a component of the SARS-CoV-2 RNA 111 

polymerase complex could be involved in m7G cap synthesis by functioning as a GTase. 112 

Nsp13 is thought to function directly upstream of the GTase in the m7G capping pathway by 113 

acting as a 5’ triphosphatase (Fig. 2A)(9). Therefore, we used purified nsp13 to generate a 114 

diphosphorylated 20nt model RNA substrate for the GTase reaction, after first confirming the in 115 

vitro 5’ triphosphatase activity of nsp13 on a γ-32P-ATP substrate (Fig. 2B, C). We incubated the 116 

diphosphorylated 20nt RNA with nsp7, nsp8, nsp12 and α-32P-GTP, then separated the reaction 117 

products by denaturing PAGE (Fig. 2D). In reactions which included nsp12 we observed a 118 

radiolabelled product running slightly slower than the 20nt marker, which was dependent on 119 

the presence of diphosphorylated RNA. Since the equine arteritis virus (EAV) RNA polymerase 120 
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can nucleotidylate using either GTP or UTP, we also incubated nsp12 and the diphosphorylated 121 

RNA substrate with α-32P-UTP (Fig. 2E)(14). In this case we did not observe any radiolabelled 122 

product, suggesting that the reaction is nucleotide-specific.  123 

To confirm that nsp12 performs a GTase reaction we compared its activity to that of vaccinia 124 

capping enzyme, a known GTase(26). When we incubated vaccinia capping enzyme with the 125 

diphosphorylated RNA and α-32P-GTP it produced a radiolabelled product with the same 126 

mobility as the product made by nsp12 (Fig. 2F). To further confirm that this was the capped 127 

RNA product of a GTase reaction, we performed enzymatic digestions of the substrate and 128 

product RNAs. First, we treated the substrate RNA with alkaline phosphatase (AP) or RNA 5’ 129 

pyrophosphohydrolase (RppH) to produce dephosphorylated and monophosphorylated RNAs 130 

respectively, then performed the GTase reaction (Fig. 2G). Vaccinia capping enzyme and nsp12 131 

both displayed substantially reduced activity in the presence of dephosphorylated or 132 

monophosphorylated RNAs, indicating that a diphosphorylated RNA substrate is required. 133 

Second, after running the GTase reaction we treated the reaction products with AP or RppH 134 

(Fig. 2H). The radiolabelled products made by vaccinia capping enzyme and nsp12 were not 135 

sensitive to dephosphorylation with AP, but were sensitive to RppH. This enzymatic profile is 136 

characteristic of a GTase product; the cap-like structure in the product RNA protects 5’ 137 

phosphates from AP, however, RppH can degrade the product RNA by cleaving internally in the 138 

5’ triphosphate(27). Collectively, these data show that SARS-CoV-2 nsp12 has GTase activity in 139 

vitro, which is consistent with other recent data(13). 140 

 141 
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The nsp12 NiRAN domain is responsible for guanylyltransferase activity 142 

Next, we investigated which domain in nsp12 is responsible for performing the GTase reaction. 143 

The EAV RNA polymerase becomes nucleotidylated in the NiRAN domain, so we hypothesised 144 

that the equivalent domain in SARS-CoV-2, consisting of nsp12 amino acid residues 1-250, could 145 

be important for GTase activity as suggested previously (Fig. 3A)(13, 14). We therefore made 146 

alanine substitutions at amino acid residues R116, D126 and D218, which are located in the 147 

NiRAN domain nucleotide binding pocket and have previously been identified as important for 148 

EAV RNA polymerase nucleotidylation activity as well as SARS-CoV growth (Fig. 3B, C)(14). 149 

We performed GTase reactions using the mutant nsp12 proteins, and found that all NiRAN 150 

domain mutations significantly reduced GTase activity (Fig. 3D). The D218A mutation was the 151 

most inhibitory, reducing GTase activity to approximately 10% of wild type nsp12. This result is 152 

consistent with a cryo-EM structure which shows that D218 coordinates a magnesium ion in the 153 

NiRAN domain, and therefore has a key role in nucleotide binding (Fig. 3B)(18). Interestingly, 154 

the D760A/D761A RdRP active site mutation also reduced GTase activity to approximately 40% 155 

of wild type nsp12. In contrast to their inhibitory effects on GTase activity, none of the NiRAN 156 

domain mutations significantly disrupted nsp12 RNA polymerase activity in the presence of 157 

nsp7 and nsp8 (Fig. 3E). Together, these data demonstrate that the NiRAN domain is important 158 

for GTase activity. 159 

We then investigated whether the NiRAN domain alone is capable of performing the GTase 160 

reaction. We expressed and purified the SARS-CoV-2 NiRAN domain alone, and performed 161 

GTase reactions using either full-length nsp12 or the isolated NiRAN domain (Fig. 4A, B). The 162 
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NiRAN domain was able to produce a radiolabelled product with the same mobility as the 163 

capped RNA product made by nsp12, with approximately 30% of the activity of full-length 164 

nsp12. To further confirm that the isolated NiRAN domain performs a GTase reaction, we 165 

carried out enzymatic digestions of the substrate and product RNAs. The NiRAN domain did not 166 

synthesise any radiolabelled product using dephosphorylated or monophosphorylated 167 

substrate RNA, produced by treatment of the diphosphorylated RNA with AP or RppH 168 

respectively (Fig. 4C). Furthermore, the radiolabelled product made by the NiRAN domain 169 

reaction was sensitive to degradation by RppH but not AP (Fig. 4D). These results are similar to 170 

those obtained using full-length nsp12 and vaccinia capping enzyme, confirming that the NiRAN 171 

domain alone is capable of performing the GTase reaction. 172 

 173 

Remdesivir triphosphate inhibits guanylyltransferase activity 174 

Our data show that SARS-CoV-2 nsp12 has GTase activity, a function which requires nucleotide 175 

binding and therefore could be inhibited by nucleotide analogue drugs. One such nucleotide 176 

analogue is remdesivir triphosphate, active metabolite of the drug remdesivir which potently 177 

inhibits SARS-CoV-2 growth (Fig. 5A)(23). 178 

We first tested the inhibitory effect of remdesivir triphosphate on RNA polymerase activity 179 

using the nsp7/8/12 complex, where the drug inhibited activity with an IC50 of 1.42mM, which 180 

is in agreement with previous reports that remdesivir triphosphate is an RNA polymerase 181 

inhibitor in vitro (Fig. 5B, E)(19, 28). Next, we titrated remdesivir triphosphate into nsp12 GTase 182 

reactions, where the drug also inhibited product accumulation with an IC50 of 0.43mM (Fig. 5C, 183 
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E). To confirm that remdesivir triphosphate inhibits the GTase reaction by binding directly to 184 

the NiRAN domain, we then titrated the drug into reactions performed using the isolated 185 

NiRAN domain (Fig. 5D, E). Under these conditions the drug also inhibited product 186 

accumulation, with a much lower IC50 of 4.06µM. Together, these data demonstrate that 187 

remdesivir triphosphate inhibits the GTase function of SARS-CoV-2 nsp12 in addition to RNA 188 

polymerase activity in vitro. 189 

 190 

Discussion 191 

Despite coronaviruses being important human pathogens their mechanism of RNA synthesis 192 

remains poorly understood. Here, we show that the SARS-CoV-2 RNA polymerase has GTase 193 

activity in the NiRAN domain of nsp12. 194 

The coronavirus RTC synthesises m7G capped viral RNAs, which requires several distinct 195 

catalytic activities. Most of these activities have been identified, however, until recently the 196 

viral GTase enzyme remained elusive(4, 13). With the finding that nsp12 has GTase activity, we 197 

can propose a complete model for the enzymatic processes in coronavirus m7G cap synthesis 198 

(Fig. 6). Nascent viral RNA is the substrate for m7G cap synthesis and, while the mechanism of 199 

viral RNA synthesis initiation remains unclear, reports of de novo initiation suggest that nascent 200 

viral RNA is 5’ triphosphorylated(16, 29–31). The γ-phosphate of nascent viral RNA is removed 201 

by the 5’ triphosphatase activity of nsp13, which interacts directly with the nsp7/8/12 complex, 202 

and the resulting diphosphorylated viral RNA can then act as a substrate for the nsp12 GTase (9, 203 

18). Canonical GTase reactions involve a GMP-enzyme intermediate, which has been identified 204 
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for the RNA polymerase of the related nidovirus EAV(14). We hypothesise that a similar SARS-205 

CoV-2 nsp12-GMP intermediate is required for GTase activity, and the existence of this species 206 

is supported by biochemical assays(13). Following the formation of this intermediate, GMP is 207 

transferred to the diphosphorylated viral RNA to produce GpppN-RNA. This is then methylated 208 

by nsp14, which transfers a methyl group from S-adenosylmethionine (SAM) to N7 of guanine, 209 

producing S-adenosylhomocysteine (SAH) as a by-product(10, 32). Nsp16 carries out a second 210 

methylation on the 2’ hydroxyl of the nucleotide at position +1, producing viral RNA with a cap-211 

1 structure(12, 33, 34). Higher eukaryotes have mRNA with cap-1, so this ensures that viral RNA 212 

is not recognised as non-self(35). 213 

We find that the nsp12 NiRAN domain is capable of performing the GTase reaction alone, 214 

indicating this domain contains the GTase active site (Fig. 4B). However, the isolated NiRAN 215 

domain is less efficient in the GTase reaction than full-length nsp12, and mutations in the RdRP 216 

domain reduce the GTase activity of full-length nsp12 to a similar level. These results raise the 217 

possibility that the nsp12 RdRP domain is important for indirectly supporting the GTase 218 

reaction, such as by binding to the RNA substrate. The arrangement of the RdRP and NiRAN 219 

domains in nsp12 is reminiscent of non-segmented negative-strand RNA viruses (nsNSV) such 220 

as VSV, which have a GDP polyribonucleotidyltransferase (PRNTase) domain linked to the RdRP 221 

in their L proteins(36). The PRNTase has an equivalent function to the GTase in m7G cap 222 

synthesis, and in nsNSVs the close association of RNA synthesis and capping machinery is 223 

thought to allow viral RNA capping to take place co-transcriptionally(37). Interestingly, proteins 224 

involved in coronavirus m7G cap synthesis have further roles in viral RNA synthesis; specifically, 225 

nsp13 is an RNA helicase and nsp14 has a proofreading exonuclease function(9, 38, 39). This 226 
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raises the possibility that coronavirus m7G cap synthesis also takes place co-transcriptionally, 227 

which would reduce the risk of uncapped viral RNAs activating cytoplasmic innate immune 228 

receptors such as RIG-I(35). The VSV PRNTase activity is sequence-specific, so it caps the 5’ end 229 

of viral mRNA but not the full-length viral genome(40). Our assays were performed using an 230 

RNA substrate with a sequence unrelated to the SARS-CoV-2 genome, so it remains to be seen 231 

whether the nsp12 GTase has a preference for the 5’ leader sequence shared by all SARS-CoV-2 232 

mRNAs(8). 233 

Viral RNA synthesis is an essential process in the SARS-CoV-2 viral life cycle, and is the target of 234 

nucleoside analogues such as remdesivir. Our in vitro assays indicate that remdesivir 235 

triphosphate inhibits SARS-CoV-2 RNA polymerase activity with an IC50 of 1.42mM, which is 236 

substantially higher than the 0.77µM IC50 reported for SARS-CoV-2 infections in cell culture (Fig. 237 

5E)(23). This discrepancy could be due to the in vitro assay not fully reflecting the requirements 238 

for RNA polymerase activity in vivo; for example, in our RNA polymerase in vitro assay we 239 

examine the extension of an RNA primer by 20nt, whereas in an infection the RNA polymerase 240 

must processively synthesise products of up to 30 kilobases(3). Alternatively, the low IC50 of 241 

remdesivir in vivo could be explained by a dual mechanism of action. We find that remdesivir 242 

triphosphate inhibits nsp12 GTase activity with a slightly lower IC50 than RNA polymerase 243 

activity in vitro, and it is unclear which of these inhibitory activities is most important for 244 

reducing viral growth (Fig. 5E). We also find that the drug inhibits the NiRAN domain GTase 245 

reaction with a much lower IC50, which could be due to mechanistic differences in the GTase 246 

reaction compared to full-length nsp12, or because remdesivir triphosphate binding to the 247 

nsp12 RdRP domain reduces efficacy. The SARS-CoV-2 nsp12 NiRAN domain is an attractive 248 
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target for future antiviral drugs as it could be targeted by nucleotide analogues, and in silico 249 

studies propose that certain kinase inhibitors may be able to bind to the NiRAN domain(41). 250 

The GTase activity assay we have established here could function as a useful tool to assess the 251 

potency of these compounds. 252 

In summary, we have identified that the SARS-CoV-2 RNA polymerase is a GTase enzyme, which 253 

provides a complete enzymatic model for coronavirus m7G cap synthesis and is consistent with 254 

a recent independent study(13). We additionally show that the NiRAN domain is responsible for 255 

GTase activity, which presents a new target for novel or repurposed antiviral drugs against 256 

SARS-CoV-2. 257 

 258 

Materials and methods 259 

SARS-CoV-2 protein expression and purification 260 

Full-length nsp7, nsp8 and nsp12 genes from SARS-CoV-2, codon optimized for insect cells, 261 

were purchased from IDT. The nsp12 gene was cloned into the MultiBac system, with a Tobacco 262 

Etch Virus (TEV) protease cleavable protein-A tag on the C-terminus(42). Nsp7, nsp8 and the 263 

NiRAN construct (nsp12 amino acid residues 1-259) were cloned into pGEX-6P-1 vector (GE 264 

Healthcare) with an N-terminal GST tag followed by a PreScission protease site. Nsp12 was 265 

expressed in Sf9 insect cells and nsp7, nsp8 and NiRAN were expressed in E. coli BL21 (DE3) 266 

cells. Initial purification of nsp12 was performed by affinity chromatography as previously 267 

described for the influenza virus RNA polymerase with minor modifications: all buffers were 268 

supplemented with 0.1mM MgCl2 and the NaCl concentration was changed to 300mM(43). 269 
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Nsp7, nsp8 and NiRAN were purified on Glutathione Sepharose (GE Healthcare). After overnight 270 

cleavage with TEV (nsp12) or PreScission (nsp7, nsp8 and NiRAN) proteases, the released 271 

proteins were further purified on a Superdex 200 (for nsp12) or a Superdex 75 (for nsp7, nsp8 272 

and NiRAN) Increase 10/300 GL column (GE Healthcare) using 25mM HEPES–NaOH, pH 7.5, 273 

300mM NaCl and 0.1 mM MgCl2. Fractions of target proteins were pooled, concentrated, and 274 

stored at 4°C. 275 

 276 

RNA polymerase in vitro activity assays 277 

Nsp7, nsp8 and nsp12 were mixed at a molar ratio of 5:5:1 and incubated on ice for 1 hour to 278 

form the nsp7/8/12 complex. Activity assays were performed essentially as described 279 

previously for SARS-CoV nsp7/8/12(16). Briefly, 40mer LS1 (5’-280 

CUAUCCCCAUGUGAUUUUAAUAGCUUCUUAGGAGAAUGAC-3’) and radiolabelled 20mer LS2 (5’-281 

GUCAUUCUCCUAAGAAGCUA-3’) RNAs corresponding to the 3’ end of the SARS-CoV genome 282 

(without the polyA tail) were pre-annealed by heating to 70°C for 5 mins followed by cooling to 283 

room temperature. 50nM pre-annealed RNA was incubated for the indicated time at 30°C with 284 

500nM nsp7/8/12 complex, in reaction buffer containing 5mM MgCl2, 0.5mM of each ATP, UTP, 285 

GTP and CTP, 10mM KCl, 1U RNasin (Promega) and 1mM dithiothreitol (DTT), and remdesivir 286 

triphosphate or ribavirin triphosphate was included where indicated. Reactions were stopped 287 

by addition of 80% formamide and 10mM EDTA, followed by heating to 95°C for 3 mins. 288 

Reaction products were resolved by 20% denaturing PAGE with 7M urea, and visualised by 289 
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phosphorimaging on a Fuji FLA-5000 or Typhoon FLA-9500 scanner. Data were analysed using 290 

ImageJ and Prism 9 (GraphPad). 291 

 292 

Generation of diphosphorylated RNA using nsp13 293 

Purified SARS-CoV-2 nsp13 with an N-terminal His6-Zbasic tag in 25mM HEPES–NaOH, pH 7.5, 294 

300mM NaCl and 5% glycerol was a kind gift from Yuliana Yosaatmadja and Opher Gileadi. A 295 

5µM 1:1 mixture of di- and triphosphorylated 20mer model RNA (5’-296 

AAUCUAUAAUAGCAUUAUCC-3’) (Chemgenes) was treated with 250nM SARS-CoV-2 nsp13 in 297 

the presence of 5mM MgCl2 for 5 mins at 30°C, followed by heat inactivation of nsp13 at 70°C 298 

for 5 mins. The resulting diphosphorylated RNA stock was used for all GTase reactions. To test 299 

nsp13 activity, 4.75µM ATP mixed with 0.25µM γ-32P-ATP was used as a substrate. As a positive 300 

control, 0.5U/µl FastAP Thermosensitive Alkaline Phosphatase (Thermo) was incubated with 301 

4.75µM ATP and 0.25µM γ-32P-ATP for 1 hour at 37°C. Reactions were stopped by addition of 302 

80% formamide and 10mM EDTA, followed by heating to 95°C for 3 mins. Reaction products 303 

were resolved by 20% denaturing PAGE with 7M urea, and visualised by phosphorimaging on a 304 

Fuji FLA-5000 scanner. Data were analysed using ImageJ and Prism 9 (GraphPad). 305 

 306 

Guanylyltransferase in vitro activity assays 307 

Complexes of nsp7, nsp8 and nsp12 were formed as described above, and nsp12 was used for 308 

GTase reactions unless indicated otherwise. Where indicated, 5µM diphosphorylated 20mer 309 
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RNA substrate (see above) was pre-treated with 0.3U/µl FastAP Thermosensitive Alkaline 310 

Phosphatase (Thermo) at 37°C for 1 hour. Alternatively, 5µM diphosphorylated 20mer RNA 311 

substrate was pre-treated with 0.5U/µl RNA 5’ Pyrophosphohydrolase (NEB) in 1x NEBuffer 2 312 

(NEB) at 37°C for 1 hour. Enzymes were heat inactivated at 75°C for 5 mins before the resulting 313 

RNA substrates were used in GTase reactions.  314 

To run the GTase reaction, 500nM protein was incubated with 1µM diphosphorylated or 315 

phosphatase-treated 20mer RNA, 0.05µM α-32P-UTP or α-32P-GTP, 5mM MgCl2, 10mM KCl, 1U 316 

RNasin (Promega) and 1mM DTT at 30°C for 240 mins unless stated otherwise. GTase reactions 317 

involving vaccinia capping enzyme were run for 60 mins under the same conditions, using 318 

0.01U/µl vaccinia capping enzyme (NEB) instead of SARS-CoV-2 protein. 319 

Where indicated, completed GTase reactions were treated with 0.3U/µl FastAP 320 

Thermosensitive Alkaline Phosphatase (Thermo) at 37°C for 1 hour. Alternatively, the reactions 321 

were treated with 0.5U/µl RNA 5’ Pyrophosphohydrolase (NEB) in 1x NEBuffer 2 (NEB) at 37°C 322 

for 1 hour. All reactions were stopped by addition of 80% formamide and 10mM EDTA, 323 

followed by heating to 95°C for 3 mins. Reaction products were resolved by 20% denaturing 324 

PAGE with 7M urea, and visualised by phosphorimaging on a Fuji FLA-5000 or Typhoon FLA-325 

9500 scanner. Data were analysed using ImageJ and Prism 9 (GraphPad). 326 
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 474 

Figure legends 475 

FIG 1 Purification and RNA polymerase activity of the SARS-CoV-2 RNA polymerase. (A) 476 

Schematic of the 40nt RNA template (LS1) and 20nt radiolabelled RNA primer (LS2). (B) Wild 477 

type and D760A/D761A mutant SARS-CoV-2 nsp12 proteins were expressed and purified from 478 

Sf9 cells and visualised by SDS PAGE. (C) SARS-CoV-2 nsp7 and nsp8 proteins were expressed 479 

and purified from E. coli cells and visualised by SDS PAGE. Arrows indicate bands corresponding 480 

to the proteins of interest. (D) Wild type or D760A/D761A mutant nsp12 was incubated with 481 

nsp7 and nsp8, then tested for in vitro RNA polymerase activity in the presence or absence of 482 

rNTPs and LS1/LS2 RNA template. Reaction products were resolved by denaturing PAGE and 483 

autoradiography (left). The LS2 primer and 40nt product ran slightly slower than the marker, 484 

possibly due to differences in the RNA sequence or phosphorylation state. The arrow indicates 485 

the anticipated 40nt RNA product, and the asterisk denotes incompletely denatured RNA which 486 

has slower mobility on the gel. Quantification of the 40nt RNA product is from n = 3 487 

independent reactions (right). Data are mean ± s.e.m., analysed by two-way ANOVA. 488 

***P<0.001. 489 

 490 
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FIG 2 Nsp12 has guanylyltransferase activity. (A) Schematic of nsp13 5’ triphosphatase activity 491 

followed by a canonical GTase reaction mechanism, which consists of nucleotidylation of the 492 

enzyme (E) with GTP (Gppp), then transfer of GMP (Gp) to a diphosphorylated RNA substrate 493 

(ppN-RNA). The 32P isotope of α-32P-GTP is indicated in red. (B) Purified SARS-CoV-2 nsp13 494 

protein was visualised by SDS PAGE, the arrow indicates the His6-Zbasic-tagged nsp13 band. (C) 495 

5’ triphosphatase activity of purified nsp13 was tested by incubating with γ-32P-ATP for the 496 

indicated amount of time. The γ-32P-ATP substrate and inorganic phosphate (Pi) product were 497 

visualised by denaturing PAGE and autoradiography, arrows indicate the anticipated bands 498 

(left). Inactivated nsp13 was heated to 70°C for 5 mins prior to the reaction, and AP was used as 499 

a positive control. Quantification of γ-32P-ATP substrate and Pi product is from n = 2 500 

independent reactions, data are mean ± s.e.m (right). Note that some Pi is present in the 501 

untreated γ-32P-ATP stock, which was subtracted from all samples as background during 502 

quantification. (D) The indicated SARS-CoV-2 RNA polymerase components were incubated with 503 

α-32P-GTP and diphosphorylated RNA, then radiolabelled RNA products were visualised by 504 

denaturing PAGE and autoradiography. The arrow indicates the anticipated product, and the 505 

asterisk denotes a faster mobility product which could be from contaminating RNA kinase 506 

activity in some protein preparations or decapping of the anticipated product. (E) Nsp12 was 507 

incubated with diphosphorylated RNA and α-32P-UTP or α-32P-GTP, then radiolabelled RNA 508 

products were visualised by denaturing PAGE and autoradiography. The arrow indicates the 509 

anticipated product (top). Quantification of the product is from n = 3 independent reactions 510 

(bottom). Data are mean ± s.e.m., analysed by one-way ANOVA. ***P<0.01. (F) Nsp12 or 511 

vaccinia capping enzyme were incubated with α-32P-GTP and diphosphorylated RNA for the 512 
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indicated amount of time. Radiolabelled RNA products were visualised by denaturing PAGE and 513 

autoradiography (left), the arrow indicates the anticipated product. Quantification of the 514 

product is from n = 3 independent reactions, data are mean ± s.e.m (right). (G) Schematic of AP 515 

and RppH activity on a diphosphorylated RNA substrate (left). Diphosphorylated RNA was 516 

treated with AP or RppH, then incubated with nsp12 or vaccinia capping enzyme and α-32P-GTP 517 

(top). The arrow indicates the anticipated product. Quantification of the product is from n = 2 518 

independent reactions (bottom). Data are mean ± s.e.m., analysed by one-way ANOVA. 519 

***P<0.001. (H) Schematic of AP and RppH activity on a capped RNA substrate (left). 520 

Diphosphorylated RNA was incubated with nsp12 or vaccinia capping enzyme and α-32P-GTP, 521 

then reaction products were treated with AP and RppH (top). The arrow indicates the 522 

anticipated product. Quantification of the product is from n = 2 independent reactions 523 

(bottom). Data are mean ± s.e.m., analysed by one-way ANOVA. **P<0.01. 524 

 525 

FIG 3 Mutations in the nsp12 NiRAN domain disrupt guanylyltransferase activity. (A) Structure 526 

of the SARS-CoV-2 nsp7/8/12 complex bound to RNA product, nsp9 and GDP (PDB: 7CYQ). 527 

Nsp12 (grey) is shown as a space-filled model with the thumb and fingers highlighted in blue 528 

and green respectively. In this structure the NiRAN domain (cyan) at the nsp12 N-terminus is 529 

bound to GDP (orange), while nsp7 and nsp8 (turquoise and green ribbons) facilitate RNA 530 

product (orange/red) binding. (B) Close-up view of GDP bound to the nsp12 NiRAN domain with 531 

key amino acid residues highlighted, including D218 which coordinates an Mg2+ ion (silver). (C) 532 

Mutant nsp12 proteins purified from Sf9 cells were visualised by SDS PAGE. The arrow indicates 533 

the purified nsp12 band. (D) Mutant nsp12 proteins were tested for GTase activity using α-32P-534 
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GTP and a diphosphorylated RNA substrate, the arrow indicates the anticipated product (top). 535 

Quantification of the product is from n = 3 independent reactions (bottom). Data are mean ± 536 

s.e.m., analysed by one-way ANOVA. ***P<0.001. (E) Mutant nsp12 proteins were tested for 537 

RNA polymerase activity in the presence of nsp7, nsp8 and LS1/LS2 RNA template (top). The 538 

arrow indicates the anticipated 40nt RNA product, and the asterisk denotes incompletely 539 

denatured RNA which has slower mobility on the gel. Quantification of the 40nt product is from 540 

n = 3 independent reactions (bottom). Data are mean ± s.e.m., analysed by one-way ANOVA. 541 

***P<0.001.  542 

 543 

FIG 4 The nsp12 NiRAN domain alone has guanylyltransferase activity. (A) The NiRAN domain 544 

from SARS-CoV-2 nsp12 was expressed and purified from E. coli, then visualised by SDS PAGE. 545 

The arrow indicates the purified NiRAN domain band. (B) Full-length nsp12 and the purified 546 

NiRAN domain were tested for GTase activity using α-32P-GTP and a diphosphorylated RNA 547 

substrate, the arrow indicates the anticipated product (top). Quantification of the product is 548 

from n = 3 independent reactions (bottom). Data are mean ± s.e.m., analysed by two-way 549 

ANOVA. ***P<0.001. (C) Schematic of AP and RppH activity on a diphosphorylated RNA 550 

substrate (left). Diphosphorylated RNA was treated with AP or RppH, then incubated with 551 

purified NiRAN domain and α-32P-GTP (right). The arrow indicates the anticipated product. 552 

Quantification of the product is from n = 2 independent reactions (bottom). Data are mean ± 553 

s.e.m., analysed by one-way ANOVA. **P<0.01. (D) Schematic of AP and RppH activity on a 554 

capped RNA substrate (left). Diphosphorylated RNA was incubated with purified NiRAN domain 555 

and α-32P-GTP, then reaction products were treated with AP and RppH (right). The arrow 556 
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indicates the anticipated product. Quantification of the product is from n = 2 independent 557 

reactions (bottom). Data are mean ± s.e.m., analysed by one-way ANOVA. ***P<0.001. 558 

 559 

FIG 5 Inhibition of SARS-CoV-2 RNA polymerase and guanylyltransferase functions by 560 

remdesivir triphosphate (RTP). (A) Structure of remdesivir triphosphate, active metabolite of 561 

remdesivir. (B) Remdesivir triphosphate was titrated into RNA polymerase reactions containing 562 

nsp7/8/12 and LS1/LS2 RNA template. The arrow indicates the anticipated 40nt RNA product, 563 

and the asterisk denotes incompletely denatured RNA which has slower mobility on the gel. (C) 564 

Remdesivir triphosphate was titrated into nsp12 GTase reactions with α-32P-GTP and a 565 

diphosphorylated RNA substrate, the arrow indicates the anticipated product. (D) Remdesivir 566 

triphosphate was also titrated into NiRAN domain GTase reactions, the arrow indicates the 567 

anticipated product. (E) Inhibition curves for remdesivir triphosphate in SARS-CoV-2 RNA 568 

polymerase and GTase reactions. Quantification of the 40nt RNA product, nsp12 GTase product 569 

and NiRAN GTase product is from n = 3 independent reactions. Data are mean ± s.e.m., fit to 570 

dose-response inhibition curves by nonlinear regression in GraphPad Prism 9. 571 

 572 

FIG 6  Model for coronavirus m7G cap synthesis. The γ-phosphate of triphosphorylated 573 

viral RNA is removed by the 5’ triphosphatase activity of nsp13. The nsp12 NiRAN domain 574 

GTase links diphosphorylated viral RNA to GTP (purple), which involves a GMP-enzyme 575 

intermediate. Nsp14 methylates GTP at the N7 position using SAM (blue) as a methyl donor, 576 
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and producing SAH. Nsp16 methylates the 2’ hydroxyl group of the nucleotide at position 1 of 577 

the RNA, generating viral RNA with a cap-1 structure as the final product. 578 
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