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  16 

Abstract 17 

High-fidelity replication of the large RNA genome of coronaviruses (CoVs) is mediated by a 3'-to-5' 18 

exoribonuclease (ExoN) in non-structural protein 14 (nsp14), which excises nucleotides including 19 

antiviral drugs mis-incorporated by the low-fidelity viral RNA-dependent RNA polymerase (RdRp) and 20 

has also been implicated in viral RNA recombination and resistance to innate immunity. Here we 21 

determined a 1.6-Å resolution crystal structure of SARS-CoV-2 ExoN in complex with its essential co-22 

factor, nsp10. The structure shows a highly basic and concave surface flanking the active site, 23 

comprising several Lys residues of nsp14 and the N-terminal amino group of nsp10. Modeling suggests 24 

that this basic patch binds to the template strand of double-stranded RNA substrates to position the 3' 25 
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end of the nascent strand in the ExoN active site, which is corroborated by mutational and computational 26 

analyses. Molecular dynamics simulations further show remarkable flexibility of multi-domain nsp14 27 

and suggest that nsp10 stabilizes ExoN for substrate RNA-binding to support its exoribonuclease 28 

activity. Our high-resolution structure of the SARS-CoV-2 ExoN-nsp10 complex serves as a platform 29 

for future development of anti-coronaviral drugs or strategies to attenuate the viral virulence.  30 

 31 

Introduction 32 

The 29.9 kb single-stranded RNA genome of SARS-CoV-2, the causative agent of the global COVID-19 33 

pandemic, is replicated and transcribed by the viral RNA-dependent RNA polymerase (RdRp, nsp12) 34 

(1-3). Unlike the high-fidelity cellular replicative DNA polymerases, viral RdRp enzymes including the 35 

coronavirus (CoV) RdRp do not contain a proofreading exonuclease domain to ensure high fidelity. The 36 

resulting higher mutation rate (10-4 to 10-6 substitutions/nucleotide/round of replication) is generally 37 

thought to promote rapid viral adaptation in response to selective pressure (4-6). However, the lack of 38 

proofreading activity in RdRp poses a particular challenge for the replication of coronaviruses, which 39 

feature the largest known RNA virus genomes (27 ~ 32 kb, up to twice the length as the next-largest 40 

non-segmented RNA viral genomes) (7, 8). It has been reported that SARS-CoV nsp12 is the fastest 41 

viral RdRp known but with an error rate more than one order of magnitude higher than the generally 42 

admitted error rate of viral RdRps (9), clearly necessitating a unique proofreading mechanism.  43 

To mitigate the low fidelity of RdRp, all coronaviruses encode a 3'-to-5' exoribonuclease (ExoN) 44 

in nsp14 (10-12). Mutations of SARS-CoV-2 nsp14 exhibit strong association with increased genome-45 

wide mutation load (13, 14), and genetic inactivation of ExoN in engineered SARS-CoV and murine 46 

hepatitis virus (MHV) leads to 15 to 20-fold increases in mutation rates (7, 15, 16). Furthermore, in a 47 

mouse model, SARS-CoV with inactivated ExoN shows a mutator phenotype with decreased fitness and 48 

lower virulence over serial passage, suggesting a potential strategy for generating a live, impaired-49 

fidelity coronavirus vaccine (17). Alternatively, recent studies show that ExoN inactivation is lethal for 50 
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SARS-CoV-2 and Middle East Respiratory Syndrome (MERS)-CoV (18), hinting at additional functions 51 

for ExoN in viral replication. Indeed, the ExoN activity has been reported to mediate extensive viral 52 

RNA recombination required for subgenomic mRNA synthesis during normal replication of CoVs 53 

including SARS-CoV-2 (19), and it was shown to be required for resistance to the antiviral innate 54 

immune response for MHV (20). ExoN inactivation also significantly increases the sensitivity of CoVs 55 

to nucleoside analogs that target RdRp, which is consistent with the biochemical activity of ExoN to 56 

excise mutagenic or chain-terminating nucleotides mis-incorporated by RdRp (21-23). These 57 

observations combine to suggest that chemical inhibition of ExoN could be an effective antiviral 58 

strategy against CoVs. In this study, we determined a high-resolution crystal structure of the SARS-59 

CoV-2 ExoN-nsp10 complex and studied its biochemical activities. Furthermore, we used molecular 60 

dynamics (MD) simulations to better understand the dynamics of nsp14, nsp10, and their interaction 61 

with RNA. 62 

 63 

Results 64 

The multifunctional SARS-CoV-2 nsp14 consists of the N-terminal ExoN domain involved in 65 

proofreading and the C-terminal guanine N7 methyl transferase (N7-MTase) domain that functions in 66 

mRNA capping. We co-expressed in bacteria the full-length 527-residue SARS-CoV-2 nsp14 or its N-67 

terminal fragment (residues 1 to 289) containing only the ExoN domain, with full-length 139-residue 68 

nsp10 in both cases and purified the heterodimeric complexes. The nsp14-nsp10 and ExoN-nsp10 69 

complexes both showed the expected 3'-to-5' exonuclease activity on a 5'-fluorescently labeled 20-70 

nucleotide (nt) RNA (LS2U: 5'-GUCAUUCUCCUAAGAAGCUU; similar to ‘LS2’ used previously in 71 

SARS-CoV ExoN studies (21)) (Fig. 1A, B). Although LS2U RNA by itself served as a substrate, more 72 

extensive degradation was observed when it was annealed to an unlabeled 40-nt template strand 73 

(LS15A_RNA; Table 1) to generate a double-stranded (ds) RNA with a 20-nt 5'-overhang. Introducing 74 

a base-mismatch at the 3' end of the degradable strand by using an alternative bottom strand 75 
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(LS15_RNA; Table 1) had no discernable effect on the processing by either complex (Fig. 1A, B). 76 

When DNA was used as the template strand (LS15_DNA; Table 1) to generate an RNA/DNA 77 

heteroduplex substrate that is expected to take the A-form conformation similarly to dsRNA, the activity 78 

was observed but weaker than for dsRNA. No nuclease activity was observed on a 5'-fluorescently 79 

labeled 20-nt DNA (LS2_DNA; Table 1), whether the template strand was RNA (LS15_RNA), DNA 80 

(LS15_DNA; Table 1), or absent. A 20-nt poly-U RNA (U20_RNA; Table 1), which is less likely to 81 

adopt secondary structures than LS2U, did not serve as a substrate by itself but was degraded 82 

extensively when supplemented with a complementary 30-nt poly-A RNA (A30_RNA; Table 1) (Fig. 83 

1C). Collectively, these results show that the N-terminal ExoN domain of SARS-CoV-2 nsp14 is 84 

sufficient for binding to nsp10 to form an active exoribonuclease complex that preferentially degrades 85 

dsRNA. For comparison, we also generated a corresponding SARS-CoV ExoN-nsp10 complex, which 86 

showed similar activities to SARS-CoV-2 ExoN-nsp10 (Fig. 1C, Supplementary Fig. 1). 87 

 Previous X-ray crystallographic studies have provided the structure of SARS-CoV nsp14-nsp10 88 

complex at resolutions ranging from 3.2 to 3.4 Å (21, 24). To obtain higher resolution view of a CoV 89 

exoribonuclease complex and to reveal possible structural difference between SARS-CoV and SARS-90 

CoV-2 ExoN, we have crystallized the SARS-CoV-2 ExoN-nsp10 complex. An ExoN variant with a 91 

nuclease-inactivating mutation (E191Q) (Fig. 1C, Supplementary Fig. 1) was used in our 92 

crystallographic studies as it was expressed more robustly and generated a more stable complex with 93 

nsp10 than wild-type ExoN. We obtained crystals under two different conditions, one containing 94 

ammonium tartrate and the other containing magnesium chloride (MgCl2), albeit in the same crystal 95 

form. The structures were determined by molecular replacement phasing and refined to 1.64 and 2.10-Å 96 

resolution for the tartrate and magnesium-bound crystals, respectively (Fig. 2A, Table 2). The final 97 

models consist of nsp14 residues Asn3 to Arg289 (Val287 for the lower resolution structure) and nsp10 98 

residues Ala1 to Cys130, with two zinc ions bound to each polypeptide chain. As expected from high 99 

sequence conservations, SARS-CoV-2 ExoN-nsp10 complex shows high structural similarity to its 100 
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counterpart from SARS-CoV (root-mean-square deviation of 0.95 Å for all main chain atoms against 101 

5C8T (24)), whose shape was previously described to resemble ‘hand (ExoN) over a fist (nsp10)’ (21) 102 

(Fig. 2B). A superposition between the SARS-CoV and SARS-CoV-2 ExoN-nsp10 structures shows 103 

only relatively small (3.0 Å or less) deviations in several regions of the complex, including the tip of the 104 

‘fingers’ region of ExoN comprising nsp14 residues 40 ~ 50, and surface-exposed loops of nsp10 105 

(Supplementary Fig. 2).  106 

While our structures of SARS-CoV-2 ExoN-nsp10 obtained in the two different crystallization 107 

conditions are highly similar to each other, they show notable differences in the exonuclease active site 108 

located around the ‘knuckles’ of ExoN. In the crystal grown in the presence of MgCl2, we observed a 109 

magnesium ion octahedrally coordinated by Asp90, Glu92, Asp273, and three water molecules (Fig. 2C, 110 

Supplementary Fig. 3d). Another magnesium ion required for the conserved two-metal ion mechanism 111 

of 3'-5' editing exonucleases (25, 26) was not observed. The previously reported SARS-CoV nsp14-112 

nsp10 structures also showed only one metal ion, bound at an alternative site between Asp90 and 113 

Glu191 (21, 24). This site is unoccupied in our structure presumably due to the E191Q mutation. In 114 

contrast, the higher resolution tartrate-bound structure shows a unique configuration of metal-free active 115 

site (Fig. 2D, Supplementary Fig. 3c). Without the magnesium ion, Asp90 takes two distinct 116 

conformers with its carboxylate group in orthogonal orientations. Glu92 is pointed away from 117 

Asp90/Asp273 and hydrogen-bonded to Gln108 side chain, whereas His268 in turn is flipped away from 118 

Glu92. A comparison between the Mg2+-bound and free structures shows a significant rearrangement for 119 

residues Gly265 to Val269 including the main chain atoms, accompanying an inward movement of 120 

His268 upon Mg2+-binding (Fig. 2E).  These observations demonstrate high flexibility of the ExoN 121 

active site in the absence of divalent metal co-factors. 122 

 To obtain an idea about how SARS-CoV-2 ExoN-nsp10 complex engages RNA substrates, we 123 

modeled an RNA-bound ExoN-nsp10 structure based on the double-stranded (ds) RNA-bound structures 124 

of Lassa virus nucleoprotein (NP) exonuclease domain, which is another DEDDh-family 3'-to-5' 125 
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exoribonuclease. A superposition of the Lassa NP-RNA complex (27, 28) on ExoN-nsp10 based on their 126 

conserved catalytic residues (Lassa NP: D389/E391/D466/H528/D533 according to the numbering in 127 

4FVU (27), vs. SARS-CoV-2 ExoN: D90/E92/E191/H268/D273) places the A-form dsRNA in a 128 

shallow groove on ExoN surface adjacent to the active site, with remarkable shape complementarity 129 

(Fig. 3 B, C). In this model, the sugar-phosphate backbone of the non-degradable (template) RNA 130 

strand tracks a positively charged patch on the ExoN surface including Lys9 and Lys61, whereas the 3' 131 

end of its complementary (degradable) strand is presented to the active site. The extensive protein 132 

contacts made by the non-degradable strand in a dsRNA substrate is consistent with the preference for 133 

dsRNA substrates by SARS-CoV-2 ExoN as shown above (Fig. 1) and by SARS-CoV ExoN reported 134 

earlier (29). Notably, we observed ordered tartrate ions from the crystallization condition bound to this 135 

basic patch in our crystal structure, potentially mimicking RNA backbone phosphate interactions 136 

(Supplementary Figs. 3a, 3b, and 4). 137 

 Our hypothetical model described above suggests that the basic patch of ExoN helps position the 138 

substrate RNA for exonucleolytic degradation. Lys9 and Lys61 are involved in the RNA backbone 139 

interaction in our model. In addition, Lys139 is located farther down along the basic patch toward the 140 

direction of the 5'-overhang of the template strand (Fig. 3A). Thus, we tested the activities of SARS-141 

CoV-2 ExoN with single amino acid substitutions, K9A, K61A, and K139A. These ExoN mutants were 142 

co-expressed with nsp10 and purified as heterodimeric complexes. In the exoribonuclease assay using 143 

the RNA substrates described above, all three lysine-to-alanine mutants showed lower activity than 144 

wild-type ExoN (Fig. 4). In particular, the K9A and K61A substitutions caused severer defect than 145 

K139A, consistent with our dsRNA-binding model (Fig. 3 B, C). While the precise conformation of 146 

LS2U RNA in the absence of a complementary strand is unknown, its binding to ExoN must also 147 

depend on these Lys residues, underscoring the importance of electrostatic interactions with RNA by the 148 

mutated lysine residues in the ExoN activity.  149 
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Previous studies showed that the exoribonuclease activity of nsp14 is strongly stimulated by 150 

nsp10 for both SARS-CoV and SARS-CoV-2 (29-32). In our crystal structure, the N-terminal residues 151 

of ExoN and those of nsp10 are wrapped around each other in a ‘criss-cross’ arrangement and forming 152 

several hydrogen-bond contacts, including one between nsp14 Lys9 and nsp10 Ala1 (Supplementary 153 

Fig. 3a). In addition, the first a-helix of nsp10 interacts with the ExoN loop harboring nsp14 Lys61, 154 

where the main chain amide group of Lys61 is hydrogen-bonded to the side chain of nsp10 Ser15 (Fig. 155 

3A). In the absence of nsp10 supporting the RNA-binding groove from the back (Fig. 3C, 156 

Supplementary Figs. 5, 6), the N-terminal residues of ExoN including nsp14 Lys9 and those around 157 

Lys61 are likely to be more flexible. Moreover, the terminal amino group of nsp10 Ala1 is part of the 158 

basic patch and involved in direct RNA backbone contact in our protein-RNA docking model (Fig. 3B, 159 

Supplementary Fig. 5). These observations may together explain the strong stimulation of ExoN 160 

activity by nsp10.  161 

To obtain further insights into the role of nsp10 and to support our RNA-binding model, we 162 

performed explicitly solvated, all-atom molecular dynamics (MD) simulations of full-length SARS-163 

CoV-2 nsp14, constructed from our ExoN-nsp10 co-crystal structure and a homology model of the C-164 

terminal N7-MTase domain. Three independent copies of MD simulations totaling 2.6-µs were 165 

performed for each of nsp14 alone, nsp14-nsp10 complex, and the nsp14-nsp10-RNA complex based on 166 

our docking model described above. In addition, three independent copies of Gaussian-accelerated MD 167 

simulations (GAMD) totaling 0.6-µs were performed for each system to enhance conformational 168 

sampling. Comparing trajectories of these simulations for the 3 systems, the most noticeable difference 169 

is an extreme flexibility of the ‘fingers’ region of ExoN primarily comprising its N-terminal residues 170 

(nsp14 residues 1-60), which showed large deviations from the starting model and eventually became 171 

highly disordered in the absence of nsp10. A principal component analysis for the 3 systems show that 172 

the conformational space sampled by nsp14 is significantly larger in the absence of nsp10 (Fig. 5A, 173 

Supplementary Fig. 7).  174 
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The first principal component (PC1), which is broadly sampled by all 3 systems, corresponds to 175 

a large hinge motion of the N7-MTase domain (~50 Å translocation at the distal end, Supplementary 176 

Fig. 8, Supplementary animation 1). In the conformation with minimal PC1 (Fig. 5B, left), the 177 

substrates (S-adenosyl methionine [SAM] and GpppA)-binding cleft of the N7-MTase domain abuts 178 

against the ExoN domain, leading to occlusion of the substrates. On the other extreme with maximal 179 

PC1, the cleft is more open to the solvent (Fig. 5B, right). The second principal component (PC2) 180 

corresponds to an ordered-to-disordered transition of the ‘fingers’ region of ExoN, which shows a large 181 

population of disordered conformations only for the nsp14-alone system as mentioned above (Fig. 5C, 182 

Supplementary Fig. 9, Supplementary animations 2, 3). Although folding of the core of the ExoN 183 

domain does not depend on nsp10, residues Lys9 and Lys61 important for RNA-binding and the 184 

surrounding residues show increased flexibility in the absence of nsp10, confirming our prediction 185 

above (Table 3, Fig. 5 D, E, Supplementary Fig. 9, Supplementary animation 3). The dsRNA 186 

molecule in the nsp14-nsp10-RNA complex was stable throughout the simulation with direct RNA 187 

phosphate contacts by nsp14 Lys9, Lys61, and the terminal amino group of nsp10 maintained, providing 188 

further support for our model for dsRNA-binding (Fig. 5 F, G, Supplementary Fig. 10). An ionic 189 

interaction between Ala1 of nsp10 and RNA backbone phosphate was particularly persistent and 190 

observed for 97 % of the time during the simulations (3.2 Å distance cutoff), which led to a significant 191 

stabilization of this residue in the presence of RNA (Table 3). Lastly, it is also worth noting that an 192 

analysis of the internal dynamics of the N7-MTase domain indicates several highly mobile regions, 193 

including loops (residues 289-300, 355-362) flanking the substrates-binding cleft and a loop (residues 194 

454-470) adjacent to the third zinc finger motif of nsp14 distal to the N7-MTase active site 195 

(Supplementary Fig. 11). 196 

 197 

Discussion 198 
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Our X-ray crystallographic, biochemical, and computational analyses shed light on the substrate 199 

preference, structure, and dynamics of the SARS-CoV-2 ExoN-nsp10 exoribonuclease complex and 200 

further identified important roles of nsp10 in RNA substrate binding. It is particularly notable that the 201 

ExoN-nsp10 complex preferentially degrades dsRNA substrates. This is in contrast to the proofreading 202 

exonuclease domain of high-fidelity DNA polymerases, whose active site engages the single-stranded 203 

DNA 3' end in partially melted double-stranded substrates (25, 33), and suggests a unique mechanism of 204 

proofreading. The extensive ExoN/nsp10 interface buries a total of 2203 Å2 of surfaces from both 205 

proteins, spanning both the ‘fingers’ and ‘palm’ regions of ExoN. Folding of the fingers region depends 206 

on its interaction with nsp10, which involves several critical residues including nsp10 Tyr96 (31) (Fig. 207 

2A, Supplementary Fig. 6). On the other hand, an interesting feature for the interaction in the palm 208 

region includes the insertion of Phe16 and Phe19 from the first a-helix of nsp10 into a deep 209 

hydrophobic pocket of ExoN, which is essential for the stable complex formation (31). Notably, this 210 

hydrophobic pocket is located on the backside from the ExoN active site, where nsp10 Phe19 side chain 211 

makes van der Waals contacts with the main chain of an ExoN a-helix harboring one of the catalytic 212 

residues Glu191 (Supplementary Fig. 6). Thus, targeting said pocket of ExoN by small molecules to 213 

block its interaction with nsp10 or potentially to allosterically modulate its catalytic activity could be a 214 

possible strategy of inhibition. 215 

MD simulations revealed remarkable flexibility in full-length nsp14 (Supplementary Figs. 7, 8, 216 

and Supplementary animations 1, 2), which affects solvent accessibility of the SAM/GpppA-binding 217 

cleft and may play an important role in the catalytic cycle of N7-MTase (Fig. 5B). Similar 218 

conformational variation, albeit with a much smaller magnitude, was previously observed between two 219 

SARS-CoV nsp14 molecules in the asymmetric unit of a crystal (Supplementary Fig. 8) (21). Although 220 

this hinge motion was observed for all 3 systems (nsp14-alone, nsp14-nsp10, and nsp14-nsp10-RNA) in 221 

our simulations, they showed different distributions of the PC1 value (Supplementary Fig. 7). In 222 

addition, conformational sampling in the nsp14-alone system shows several clusters with distinct 223 
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combinations of PC1 and PC2 values (Fig. 5A, left), suggesting that there may be a long-range 224 

interaction between the N-terminal fingers region of ExoN and the C-terminal N7-MTase domain. These 225 

observations are consistent with earlier studies showing that single amino acid substitutions R84A and 226 

W86A within the ExoN domain completely abolished, while a deletion of the N-terminal 61 residues 227 

significantly enhanced, the N7-MTase activity of SARS-CoV nsp14 (34). These mutations in ExoN may 228 

have modulated the PC1 motion of nsp14 to affect its N7-MTase activity. Conversely, although we 229 

showed in this study that the N7-MTase domain is not essential for the exoribonuclease activity of nsp14 230 

in vitro, SARS-CoV nsp14 N7-MTase residues Tyr498 and His487 were shown to be required for 231 

RdRp/nsp12 binding (21), which is presumably important in proofreading. Thus, it is likely that the 232 

ExoN and N7-MTase domains are functionally dependent on each other, where proper dynamics may be 233 

key to support their respective activities and possible coordination. We hope that our structural and 234 

functional studies will help future development of ExoN inhibitors to impede the replication of SARS-235 

CoV-2 and related coronaviruses. 236 

 237 

Methods 238 

Protein expression and purification 239 

SARS-CoV-2 (GenBank: MN908947.3) nsp14 and nsp14(1-289) were co-expressed with nsp10 in E. 240 

coli strain BL21(DE3) under the control of T7 promoters. To facilitate purification, a 6xHis tag was 241 

added to the N-terminus of nsp14 and nsp14(1-289) with a human rhinovirus (HRV) 3C protease 242 

cleavage site. A methionine residue was added to nsp10 to enable translation. Transformed bacteria were 243 

cultured in LB medium at 37 °C to the mid-log phase, induced with 0.5 mM and 50 µM (final 244 

concentrations) of Isopropyl b-D-1-thiogalactopyranoside and zinc chloride, respectively, and further 245 

incubated at 18 °C overnight before being pelleted by centrifugation. Collected bacteria were disrupted 246 

by the addition of hen egg white lysozyme and sonication in 20 mM Tris-HCl, pH 7.4, 0.5 M NaCl, 5 247 

mM b-mercaptoethanol, and 5 mM imidazole. The lysate was cleared by centrifugation at 63,000 x g for 248 
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1 hour at 4 °C, after which the protein complex in the supernatant was captured by nickel-affinity 249 

chromatography and eluted by a linear gradient of imidazole. Eluted proteins were digested with HRV 250 

3C protease overnight at 4 °C, concentrated by ultrafiltration, and passed through a Superdex75 size-251 

exclusion column operating with the same buffer as above except not containing imidazole. The nsp14-252 

nsp10 complexes eluted as a heterodimer were concentrated by ultrafiltration and frozen in small 253 

volume aliquots in liquid nitrogen for storage at -80 °C. The ExoN mutant derivatives were generated by 254 

site-directed mutagenesis and purified using the same procedure. The protein concentrations were 255 

determined based on UV absorbance at 280 nm measured on a Nanodrop8000 spectrophotometer and 256 

theoretical extinction coefficients calculated from the protein amino acid sequences. 257 

 258 

Crystallization and structure determination 259 

Purified nsp14(1-289, E191Q)-nsp10 complex (Supplementary Fig. 12) at 17 mg ml-1 was crystallized 260 

using the hanging drop vapor diffusion method, by mixing the protein solution with an equal volume of 261 

reservoir solution including either 0.2 M di-ammonium tartrate, pH 7.0, 20 % polyethylene glycol (PEG) 262 

3,350 (condition 1), or 0.1 M MgCl2, 0.1 M Tris-HCl pH 8.5, 20 % PEG 4,000 (condition 2). Both 263 

conditions produced thin needles crystals. The crystals were cryo-protected with ethylene glycol and 264 

flash-cooled by plunging in liquid nitrogen. X-ray diffraction data were collected at the Northeastern 265 

Collaborative Access Team (NE-CAT) beamlines of the Advanced Photon Source (Lemont, IL) and 266 

processed using XDS (35). The structure of the SARS-CoV-2 ExoN-nsp10 complex was determined by 267 

molecular replacement phasing by PHASER (36), using the crystal structures of SARS-CoV nsp14-268 

nsp10 complex (PDB ID: 5C8T) (24) as the search model. Iterative model building and refinement were 269 

performed using COOT (37) and PHENIX (38), respectively. A summary of data collection and model 270 

refinement statistics is shown in Table 2. Structure images were generated using PyMOL 271 

(https://pymol.org/). 272 

 273 
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Exonuclease activity assays  274 

The 5'-fluorescein labeled oligonucleotides (Table 1) at 750 nM, in the presence or absence of 275 

equimolar complementary unlabeled strands, were incubated with 50 nM nsp14 (or its ExoN domain 276 

alone)-nsp10 complexes in 42 mM Tris-HCl, pH 8.0, 0.94 mM MgCl2, 0.94 mM dithiothreitol, and 277 

0.009 % Tween-20. After incubation at 37 °C for 10 min, the reactions were stopped by the addition of 278 

formamide to 67 % and heating to 95°C for 10 min. The reaction products were separated on a 15 % 279 

TBE-Urea gel, which was scanned on a Typhoon FLA 9500 imager. 280 

 281 

Molecular dynamics simulations 282 

A homology model of full-length SARS-CoV-2 nsp14 was generated for sequence of YP_009725309.1 283 

and taking SARS-CoV nsp14 crystal structure (PDB ID: 5NFY) (21) as a template in Schrödinger Prime 284 

module (39). The nsp14 ExoN domain of the homology model was then replaced with the crystal 285 

structure of SARS-CoV-2 nsp14 ExoN in complex with nsp10 obtained in this study.  E191Q mutation 286 

in the crystal structure was reverted computationally to the wild type. For a nsp14-nsp10-RNA model, 287 

RNA was modeled based on Lassa NP-RNA complex (PDB ID: 4FVU) (27) and the second Mg ion at 288 

the active site was modeled based on a Mn2+ ion found in Lassa NP-RNA complex (PDB ID: 4GV9) 289 

(28). Three systems were prepared from this model: 1. Full-length nsp14 alone, 2. Full-length nsp14-290 

nsp10 complex, 3. Full-length nsp14-nsp10-RNA complex. Protonation states of titratable amino acids 291 

were determined using PropKa analysis (40). Each of these systems were explicitly solvated in TIP3P 292 

water box and ions were added to achieve 0.2 M salt concentration. Amber ff14SB (41) and RNA.OL3 293 

force fields are used for protein and RNA, respectively. For zinc ions and zinc-coordinating residues, 294 

Cationic Dummy Atom (CADA) parameters were used (42). Conventional MD simulations (cMD) were 295 

performed with NAMD2.14 program (43), while Gaussian-accelerated MD simulations (GAMD) were 296 

performed with Amber20 program (44). First, each system was minimized in 4 consecutive steps by 297 

gradually decreasing restraints. Subsequently, each system was heated from 0 to 310 K slowly, and then 298 
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equilibrated for about 1 ns by gradually decreasing restraints in 3 consecutive steps. For cMD, three 299 

independent copies (2x 1 µs and 1x 0.6 µs) of simulation were run for each system. For GAMD, three 300 

independent copies of 0.2 µs of simulation were run for each system using dual boost method following 301 

a 20-ns MD run to calculate parameters for GAMD production runs. All cMD and GAMD simulations 302 

were performed at 310 K and 1 atm and with a 2 fs timestep. For each system, 32,000 data points with 303 

0.1 ns intervals were collected from simulations and analyzed. Stability of MD simulations are shown 304 

with RMSD plots of nsp14 ExoN domain (Supplementary Fig. 13). MDTraj (45) was used for some of 305 

the MD trajectory analysis. 306 
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Table 1: Oligonucleotides used in biochemical assays 426 

LS2U 427 
/56-FAM/rGrUrCrArUrUrCrUrCrCrUrArArGrArArGrCrUrU 428 
LS15A_RNA 429 
rCrUrArUrCrCrCrCrArUrGrUrGrArUrUrUrUrArCrArArGrCrUrUrCrUrUrArGrGrArGrArArUrGrArC 430 
LS15_RNA 431 
rCrUrArUrCrCrCrCrArUrGrUrGrArUrUrUrUrArCrUrArGrCrUrUrCrUrUrArGrGrArGrArArUrGrArC 432 
LS2_DNA 433 
/56-FAM/GTCATTCTCCTAAGAAGCTA 434 
LS15_DNA 435 
CTATCCCCATGTGATTTTACTAGCTTCTTAGGAGAATGAC 436 
U20_RNA 437 
/56-FAM/rUrUrUrUrUrUrUrUrUrUrUrUrUrUrUrUrUrUrUrU 438 
A30_RNA 439 
rArArArArArArArArArArArArArArArArArArArArArArArArArArArArArA 440 
‘56-FAM’ denotes 5' 6-Fluorescein. ‘r’ denotes ribonucleotide.  441 
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Table 2: Summary of X-ray data collection and model refinement statistics 442 

 443 
 ExoN-nsp10 (7MC5) ExoN-nsp10-Mg2+ (7MC6) 
Data collection   

Wavelength (Å) 0.979 0.979 
Resolution range (Å) 57.7 - 1.64 (1.70 - 1.64) 42.6 - 2.10 (2.18 - 2.10) 
Space group P212121 P212121 
Unit cell (a,b,c in Å) 63.74 67.48 111.25 61.67 70.32 108.54 
Total reflections 258196 (22096) 105896 (10815) 
Unique reflections 58702 (5273) 27756 (2767) 
Multiplicity 4.4 (4.2) 3.8 (3.9) 
Completeness (%) 98.81 (90.43) 98.25 (99.43) 
<I/σ(I)> 12.57 (1.48) 10.70 (1.96) 
Rmerge 0.148 (1.22) 0.078 (0.928) 
Rmeas 0.166 (1.40) 0.091 (1.082) 
Rp.i.m. 0.076 (0.660) 0.045 (0.543) 
CC1/2 0.995 (0.394) 0.997 (0.524) 

Refinement   
Reflections, working set 58626 (5273) 27755 (2768) 
Reflections, test set 2826 (251) 1364 (132) 
Rwork 0.166 (0.354) 0.197 (0.306) 
Rfree 0.197 (0.371) 0.219 (0.346) 
No. of non-H atoms 3890 3447 
  Macromolecules 3264 3221 
  Ligands 117 42 
  Solvent 509 184 
Protein residues 417 415 
R.m.s. deviations   
  Bond length (Å) 0.011 0.001 
  Bond angles (°) 1.10 0.41 
Ramachandran plot   
  Favored (%) 96.85 96.84 
  Allowed (%) 2.91 2.92 
  Outliers (%) 0.24 0.24 
Average B factor (Å2) 26.61 44.43 
  Macromolecules 24.60 44.11 
  Ligands 37.61 54.76 
  Solvent 36.94 47.72 

Statistics for the highest-resolution shell are shown in parentheses. 444 
  445 
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Table 3: Root-mean-square fluctuations (RMSF, in Å) of the catalytic residues and RNA-binding 446 

residues in the 3 simulated systems.   447 

RMSF of Ca atoms were calculated after aligning trajectories to the initial model with respect to Ca 448 

atoms of residues 71-289 (core of the ExoN domain). RMSF of all atoms for each residue is presented in 449 

parenthesis. Catalytic residues of ExoN are underlined. 450 

 451 
 nsp14 nsp14-nsp10 nsp14-nsp10-RNA 
D90 (nsp14) 0.44 (0.56) 0.40 (0.52) 0.35 (0.39) 
E92 (nsp14) 0.61 (1.18) 0.63 (1.16) 0.39 (0.76) 
E191 (nsp14) 0.58 (0.76) 0.56 (0.75) 0.38 (0.61) 
H268 (nsp14) 1.75 (2.33) 1.66 (2.21) 1.34 (2.05) 
D273 (nsp14) 0.58 (0.97) 0.60 (0.92) 0.39 (0.45) 
K9 (nsp14) 1.80 (2.59) 1.16 (1.62) 0.55 (0.67) 
K61 (nsp14) 2.81 (3.49) 1.60 (2.26) 0.73 (1.25) 
K139 (nsp14) 0.95 (1.56) 0.86 (1.52) 0.62 (1.18) 
A1 (nsp10)  4.04 (4.12) 0.75 (0.82) 

  452 
   453 
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 454 

Fig. 1. Biochemical activities of nsp14 or its N-terminal ExoN domain, in complex with nsp10.  455 

A, Exonuclease activities of SARS-CoV-2 full-length nsp14-nsp10 complex on various RNA and DNA 456 

substrates. B, Exonuclease activities of SARS-CoV-2 ExoN (nsp14 residues 1-289)-nsp10 complex on 457 

the same set of RNA and DNA substrates as in (a). C, Exonuclease activities of SARS-CoV-2 full-458 

length nsp14-nsp10, SARS-CoV-2 ExoN-nsp10, and SARS-CoV ExoN-nsp10 complexes on poly-U 459 

RNA in the absence (left) or presence (right) of unlabeled poly-A RNA. Please see Table 1 for the 460 

substrate sequences. 461 

  462 
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 463 

Fig. 2. SARS-CoV-2 ExoN-nsp10 structure and its active site flexibility 464 

A, Overall structure of nsp14(1-289)-nsp10 complex. The N-terminal ExoN domain of nsp14 is shown 465 

in cyan and nsp10 in green. The ExoN active site residues are highlighted as red sticks. Key aromatic 466 

residues of nsp10 in the protein-protein interface are also shown as sticks. Gray spheres represent zinc 467 

ions. B, A schematic illustration of hand (ExoN) over a fist (nsp10). C, ExoN active site in the presence 468 

of Mg2+. The magnesium ion is shown as a solid sphere scaled at half the van der Waals radius. The 469 

second Mg2+-binding site, indicated by a transparent sphere, is unoccupied in our structure presumably 470 

due to the E191Q mutation. D, Mg2+-free active site as observed in the tartrate-bound crystal. Asp90 471 

side chain shows a dual conformation. E, Superposition of C and D, highlighting the conformational 472 

changes upon Mg2+-binding. 473 
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 474 

Fig. 3. Location of the basic patch and an ExoN-nsp10-RNA complex model 475 

A, Locations of the ExoN lysine residues forming the basic patch. Note that Lys9 and Lys61 interact 476 

with the N-terminus (Ala1) and Ser15 of nsp10, respectively. B, A hypothetical model of ExoN-nsp10-477 

dsRNA complex, viewed from two different orientations. The protein surface is colored according to the 478 

electrostatic potential calculated using APBS (46). C, Backside of the ExoN-nsp10-dsRNA model, 479 

viewed from the ExoN-nsp10 interface. Nsp10 is shown as green ribbon. 480 
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Fig. 4. Activities of ExoN lysine mutants 481 

Exoribonuclease activities of SARS-CoV-2 ExoN-nsp10 complex and its lysine-to-alanine point mutant 482 

derivatives. A, Processing of LS2U RNA without a complementary strand. B, LS2U RNA annealed with 483 

the fully complementary LS15A RNA (dsRNA substrate). Please see Table 1 for the substrate 484 

sequences. 485 
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Fig. 5. MD simulations.  486 

A, Principal component analysis depicting differential conformational sampling for the 3 systems in MD 487 

simulations. B, Structures that correspond to PC1 minimum and maximum values for the nsp14-alone 488 

system. N7-MTase and ExoN domains of nsp14 are depicted in purple and blue ribbons, respectively. 489 

Yellow spheres represent the Ca atoms of residues that constitute the binding site of SAM and GpppA 490 
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substrates of N7-MTase based on homology to SARS-CoV nsp14 N7-MTase crystal structures (PDB 491 

ID: 5C8S and 5C8T)(24).  C, Structures that correspond to PC2 minimum and maximum values for the 492 

nsp14-alone system. N-terminal region (residues 1-71) of nsp14 is depicted in purple ribbons while the 493 

rest of nsp14 is depicted in blue ribbons. Transparent yellow spheres represent the Ca atoms of nsp14 494 

residues that constitute nsp10 binding site.  D, ExoN domain in nsp14-alone system with root-mean-495 

square fluctuations (RMSF) of Ca atoms depicted on the structure with varying tube thickness and color 496 

(low in blue to high in red). The view is similar to that in Fig. 3A. E, ExoN domain of nsp14-nsp10 497 

system with Ca RMSF depicted on the structure with varying tube thickness and color. F, RNA after 1 498 

µs MD simulation (in orange ribbons) of nsp14-nsp10-RNA system superimposed onto RNA of the 499 

starting model (salmon). Nsp14 and nsp10 are depicted as blue and green ribbons, respectively. Dark 500 

purple spheres represent two Mg ions in the active site.  G, RNA after 1 µs MD simulation of the nsp14-501 

nsp10-RNA system, with nsp14 ExoN domain (cyan) or nsp10 (green) residues making persistent 502 

hydrogen-bond or salt bridge interactions with RNA in MD simulations shown as sticks. The active site 503 

residues of ExoN are also shown (purple sticks) with two Mg2+ ions as green spheres.  504 
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 505 

Supplementary Fig. 1 | Comparison of exoribonuclease activities 506 

Exoribonuclease activities of SARS-CoV-2 nsp14-nsp10, ExoN-nsp10, and SARS-CoV ExoN-nsp10 507 

complexes on a double-stranded RNA substrate. The inactive E191Q mutant enzyme was tested at a 10 508 

times higher protein concentration.  509 
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 510 

 511 

Supplementary Fig. 2 | SARS-CoV vs. SARS-CoV-2 ExoN-nsp10 structure comparison 512 

Top, A superposition between SARS-CoV (PDB ID: 5C8T) (24) and SARS-CoV-2 (this study) ExoN-513 

nsp10 structures. Bottom, Difference in the amino acid sequence between SARS-CoV and SARS-CoV-514 

2 mapped on the ExoN-nsp10 structure and highlighted in yellow. The active site residues are shown in 515 

red. 516 
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Supplementary Fig. 3 | Electron density maps 517 

2mFo-DFc map contoured at 1.0 s is shown for the higher resolution (1.64 Å) tartrate-bound structure in 518 

a-c, and for the lower resolution (2.10 Å) Mg2+-bound structure in d.  519 

a, Region including Lys9 and Lys61 of nsp14/ExoN and the N-terminus of nsp10 (The crystallized 520 

protein has additional methionine residue on the N-terminus, which is likely to be disordered) with a 521 

bound tartrate molecule. 522 

b, Region including Lys139 and Lys13 with a tartrate molecule bound between the two lysine side 523 

chains. 524 

c, Mg2+-free active site. An ethylene glycol molecule used as the cryo-protectant was observed. 525 

d, Mg2+-bound active site. 526 
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Supplementary Fig. 4 | Tartrate ions bound on the basic patch of ExoN-nsp10 complex 527 

Electrostatic surface potential of ExoN-nsp10 with tartrate or ethylene glycol bound on the protein 528 

surface. 529 

 530 

 531 

 532 

Supplementary Fig. 5 | ExoN-nsp10-RNA complex model (an additional view) 533 

The image on the right is same as Fig. 3C. 534 

 535 

 536 
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 537 

 538 

Supplementary Fig. 6 | ExoN-nsp10 interface 539 

ExoN is shown in solid surface and nsp10 in wire-frame representations, respectively. Some (not all) of 540 

the nsp10 side chains involved in the protein-protein interaction are shown as sticks. A zoomed view of 541 

the hydrophobic pocket that accommodates Phe16 and Phe19 of nsp10 is shown on the right. Red 542 

crosshairs represent water molecules. 543 

  544 
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 545 

 546 

 547 

 548 

Supplementary Fig. 7 | Distribution of principal components 1 and 2 (PC1 and PC2) observed in 549 

MD simulations. The dashed line in each plot indicates the value calculated for the starting structure. 550 

 551 

 552 

.CC-BY-NC-ND 4.0 International licenseavailable under a
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 preprint (whichthis version posted April 4, 2021. ; https://doi.org/10.1101/2021.04.02.438274doi: bioRxiv preprint 

https://doi.org/10.1101/2021.04.02.438274
http://creativecommons.org/licenses/by-nc-nd/4.0/


 32 

 553 

  554 

 555 

 556 

 557 

 558 

 559 

 560 

 561 

 562 

 563 

 564 

 565 

 566 

 567 

 568 

 569 

 570 

Supplementary Fig. 8 | Conformational flexibility of full-length nsp14. 571 

a, Superposition of the structures that correspond to PC1 minimum and PC1 maximum values in MD 572 

simulations based on the ExoN domain, showing large displacement of the N7-MTase domain (This 573 

conformational change is also shown in Supplementary animation 1). b, Similar conformational 574 

variability, albeit with a smaller magnitude, observed between chains A and B of SARS-CoV nsp14 575 

crystal structure (PDB ID: 5NFY) (21). 576 

 577 
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Supplementary Fig. 9 | Internal dynamics of ExoN domain observed in MD simulations. 578 

a, Root-mean-square fluctuations (RMSF) for nsp14 Ca atoms in MD simulations of the three systems 579 

after aligning their trajectories to the starting structure with respect to Ca atoms of nsp14 residues 71-580 

289. b-d, RMSF for nsp14 alone (b), nsp14-nsp10 (c), and nsp14-nsp10-RNA (d), depicted by tube 581 

thickness and color. Panels b and c are same as Fig. 5 D and E, respectively, and panels b-d correspond 582 

to the 3 frames in Supplementary animation 3. 583 
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 584 

 585 

Supplementary Fig. 10 | Stability of RNA in MD simulations. 586 

Root-mean-square deviation (RMSD) of RNA atoms calculated for conventional and Gaussian-587 

accelerated MD (cMD and GAMD) simulations after aligning the trajectories with respect to Ca atoms 588 

of nsp14 residues 71-289.   589 

 590 
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Supplementary Fig. 11 | Internal dynamics of N7-MTase domain observed in MD simulations. 591 

a, Root-mean-square fluctuations (RMSF) for nsp14 Ca atoms in MD simulations of the three systems 592 

after aligning their trajectories to the starting structure with respect to Ca atoms of nsp14 residues 300-593 

525. b-d, RMSF for nsp14 alone (b), nsp14-nsp10 (c), and nsp14-nsp10-RNA (d), depicted by tube 594 

thickness and color. 595 

 596 
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 597 

 598 

 599 

Supplementary Fig. 12 | SDS-PAGE of purified SARS-CoV-2 ExoN(E191Q)-nsp10 complex. 600 

This protein complex was used in the crystallographic studies. 601 
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 602 

Supplementary Fig. 13 | Stability of MD simulations. 603 

Root-mean-square deviation (RMSD) of the nsp14 ExoN domain Ca atoms (residues 71-289) with 604 

respect to the initial model throughout MD simulations. 605 
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