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SUMMARY
During RNA replication, coronaviruses require proofreading to maintain the integrity of their large genomes.
Nsp14 associates with viral polymerase complex to excise the mismatched nucleotides. Aside from the
exonuclease activity, nsp14methyltransferase domainmediates capmethylation, facilitating translation initi-
ation and protecting viral RNA from recognition by the innate immune sensors. The nsp14 exonuclease ac-
tivity is modulated by a protein co-factor nsp10. While the nsp10/nsp14 complex structure is available, the
mechanistic basis for nsp10-mediated modulation remains unclear in the absence of the nsp14 structure.
Here, we provide a crystal structure of nsp14 in an apo-form. Comparative analysis of the apo- and nsp10-
bound structures explain the modulatory role of the co-factor protein and reveal the allosteric nsp14 control
mechanism essential for drug discovery. Further, the flexibility of the N-terminal lid of the severe acute res-
piratory syndrome coronavirus 2 (SARS-CoV-2) nsp14 structure presented in this study rationalizes the
recently proposed idea of nsp14/nsp10/nsp16 ternary complex.
INTRODUCTION

Upon release into the cytoplasm of the host cell, the coronavirus

genome is translated into a single non-functional polyprotein 1a/

1ab. Its autoproteolytic processing releases a number of

nonstructural proteins (nsps) responsible for viral replication.

The activity of a particular nsps is relatively well characterized,

but the mechanistic understanding of their interplay is still insuf-

ficient (Pyrc et al., 2004; Yadav et al., 2021; Sola et al., 2015).

Nsp14 consists of two domains, each with a distinct catalytic

activity. The C-terminal domain is a SAM-dependent methyl-

transferase, while the N-terminal ExoN domain exhibits 30-50

exonuclease activity. Recognition of unmodified RNAmolecules

constitutes a universal antiviral strategy embedded in the host

innate immune defenses. To avoid detection, coronaviral RNA

is capped by viral enzymes, which additionally increase its stabil-
1050 Structure 30, 1050–1054, August 4, 2022 ª 2022 The Author(s).
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ity and facilitates translation initiation. Capping involves a series

of enzymatic reactions. In the penultimate step, the C-terminal

domain of nsp14 catalyzes N7-methylation of a GpppA interme-

diate. Subsequent methylation by nsp16 results in a functional

cap (7MeGpppA2’OMe) (Sevajol et al., 2014; Bouvet et al., 2010,

2012; Eckerle et al., 2010; Yan et al., 2021; Chen et al., 2009).

The large coronaviral genome requires replication fidelity to

maintain its functionality. While the nsp12-centered polymerase

complex is highly processive, it is also error prone. An unaudited

replication would result in an excessive accumulation of muta-

tions and the generation of defective progeny virions. Nsp14 as-

sociates with the replication complex and removes incorrectly

incorporated nucleotides from the 30 end of the newly formed

RNA strand. Nsp14 is associated with nsp10, a protein co-factor

that modulates nsp14 exonuclease activity in the replication

complex (Smith and Denison, 2013; Eckerle et al., 2010).
Published by Elsevier Ltd.
creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1. Data collection and refinement statistics

Data collection statistics

PDB ID 7R2V

Wavelength (Å) 1.00004

Resolution range 86.59–2.53 (2.89–2.53)

Space group P 1 21 1

Unit cell 67.18, 100.31, 90.87 (Å)

90, 107.66, 90 (�)

Data-scaling software autoPROC, AIMLESS, (STARANISO)

Unique reflections 19,046 (5,869)

Rmeas (%) 18.8 (99.9)

Rpim (%) 8.7 (40.0)

Multiplicity 5 (6.2)

CC1/2 0.989 (0.664)

Mean I/ s(I) 6.8 (1.6)

Completeness

Spherical (%) 99.8 (7.7)

Elipsoidal (%) 99.8 (65)

Refinement

Rwork/Rfree/test set (%) 0.196/0.254/4.97

Wilson B factor (Å) 57.062

Clashscore 3

Raachandran outliers (%) 0.5

Sidechain outliers (%) 5.1

RSRZ outliers (%) 3.4

Values provided in parentheses are for the highest resolution shell. The

I/s(I) > 1.2 was automatically used by the STARANISO server for the high-

est resolution shell limit. The data was further limited based on analysis of

density maps. Rmeas, multiplicity-independent R-factor introduced by

Diederichs that indicates the real precision of themeasurement, indepen-

dent of the multiplicity of the reflection; Rpim, precision of the averaged

merged intensity measurements; Rwork, working R-factor of the refined

structure; Rfree, a residual function calculated during structure refine-

ment in the same way as the conventional R factor, but applied to a small

subset of reflections that are not used in the refinement of the structural

model. The purpose is tomonitor the progress of refinement and to check

that the R factor is not being artificially reduced by the introduction of too

many parameters; RSRZ, the real-space R-value (RSR) is a measure of

the quality of fit between a part of an atomic model (in this case, one res-

idue) and the data in real space. RSR Z-score (RSRZ) is a normalisation of

RSR specific to a residue type and a resolution bin.
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The structural and biochemical basis of nsp14 interaction with

nsp10 has been elucidated (Baddock et al., 2022; Liu et al., 2021;

Lin et al., 2021). We have recently demonstrated that nsp14,

nsp10, and nsp16 form a ternary complex, further modulating

nsp14 catalytic activity (Matsuda et al., 2022). Despite the

detailed structural characterization of the complexes, the mech-

anistic basis of the modulation of nsp14 exonuclease activity re-

mains elusive. The absence of structural information on nsp14

alone hinders the mechanistic understanding of the conse-

quences of binding with nsp10 and nsp10/nsp16.

Here, we provide the crystal structure of nsp14 in the apo-form

(without nsp10), which, together with prior data on nsp10/nsp14

complex, provide insight into the modulatory role of nsp10 on

nsp14 exonuclease activity by a set of complex allosteric modi-
fications. Furthermore, the presented structure strongly sup-

ports the nsp14/nsp10/nsp16 heterotrimer formation model.

RESULT

Full-length severe acute respiratory syndrome coronavirus 2

(SARS-CoV-2) nsp14 exonuclease/methyltransferase was ex-

pressed in Escherichia coli and purified. The crystal structure

of S-adenosylhomocysteine (SAH)-bound nsp14 was deter-

mined at 2.5 Å resolution (Table 1). The crystals belonged to

P21 space group and contained 2 molecules in the asymmetric

unit. Nsp14 is characterized by a bimodular structure corre-

sponding to the two distinct catalytic activities (Figure 1A). The

C-terminal methyltransferase domain of nsp14 (amino acids

287–524) is well defined by the electron density for most of

its part save for amino acids 454–465. At the same time, the

N-terminal exonuclease domain (encompassing amino acids

1–286) is largely undefined by the electron density, indicating

significant flexibility (Figure S1). The flexible regions are between

amino acids 1–24, 40–44, 93–103, and 123–154 and are of

importance for further discussion. The undefined parts are iden-

tical in both chains.

The methyltransferase domain of nsp14 is characterized by a

fold atypical to methyltransferases. The structure is built around

a central b sheet composed of 5, instead of 7, canonical b

strands. Further, the methyltransferase domain of nsp14 con-

tains an atypical peripheral zinc finger stabilized by another

element that distinguishes nsp14 from the typical methyltrans-

ferase fold, a supplementary C-terminal a-helix. The methyl-

transferase fold within our structure closely resembles that pre-

viously seen in the nsp10/nsp14 complex of SARS-CoV-1 (PDB:

5C8S) with a root-mean-square deviation (RMSD) of 0.57 Å for

197 equiv Ca atoms. A reaction product, SAH, is clearly defined

by the electron density in our structure (Figure 1B). The remaining

part of the active site has an empty, tubular shape (the methyl-

ated reaction product is absent). Interestingly, the active site

faces a large, unobstructed water channel. With unobstructed

access to the active site, our structure is particularly valuable

in terms of inhibitor development (fragment screening and inhib-

itor soaking).

The SAM/SAH-binding region in our structure (331-DxGxPxA-

337) diverges from the classical methyltransferase motif I

(E/DxGxGxG; Martin and Mcmillan, 2002) but is consistent with

that described in nsp14 of SARS-CoV-1 (Ma et al., 2015). The

density in the MTase active site unambiguously shows SAH

despite the fact that SAMwas added to the protein solution (Fig-

ure S2). The purine ring of SAH is positioned via sulfur/p interac-

tion with Cys387; hydrophobic interactions contributed by

side chains of Ala353, Val389, Phe367, and direct hydrogen

bonds contributed by main chain of Tyr368. A water-mediated

hydrogen bond contributed by Asn388 is additionally observed

in model B. Ribose is stabilized by hydrogen bonds contributed

by the side chain of Asp352. Mainchain carbonyl oxygens of

Gly333 and Trp385 contribute hydrogen bonds with the cysteine

amine, whereas its carboxyl group forms a salt bridge with

Arg310. The identified SAH positioning residues are consistent

with the conclusions of prior mutagenesis studies (Ogando

et al., 2021). The majority of reported nanomolar MTase inhibi-

tors are SAM competitive (Devkota et al., 2021). By delineating
Structure 30, 1050–1054, August 4, 2022 1051



Figure 1. Crystal structure of apo-nsp14

(A) Arrangement of themolecules in the asymmetric unit. Model (A) blue andmodel (B) pink. MTase and ExoN domains within the bimodular structure of nsp14 are

distinguished by a primary color shade. Active-sites residues are indicated in red in one molecule, and the detailed arrangements of the active sites are shown in

inserts.

(B) Interactions of SAH (orange, stick model) at the active site of nsp14 MTase domain (pink, ribbon). Hydrogen bonds are depicted as dotted lines; waters are

indicated as red spheres.

See also Figure S1.
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the detailed molecular interactions in the SAH pocket, our study

facilitates the development of SAH mimetic inhibitors of SARS-

CoV-2 MTase.

A structure of nsp14 from SARS-CoV-2 has been recently

deposited at the Protein Data Bank (PDB: 7QGI), which contains

an empty active site (no substrates or reaction products). Com-

parisonwith our structure demonstrates that the SAM/SAH bind-

ing site in 7QGI is occluded by a loop connecting b2’ and b30

strands of a central b sheet (Figure S3). The place where the

loop in question is located in SAH-bound structures (nsp10/

nsp14 complex from SARS-CoV-1 and this study) is occluded

by an adjacent molecule in 7QGI. This may suggest that either

the blocked active site in 7QGI is an artifact of crystal packing

or, alternatively, it may represent one of the multiple forms found

in solution selected by the particular crystal packing. When Ma

et al. (2015) analyzed SARS-CoV-1 nsp10/nsp14 complexes in

SAH-bound and empty forms, the loop in question had the

same conformation in both SAH-bound and empty structures

(and comparable to that found in our structure), suggesting indi-

rectly that the open conformation is the prevalent form.

The exonuclease domain of nsp14 is built around a five-

stranded, twisted b sheet flanked by a helices. Such an arrange-

ment of the core structure elements follows the overall design of

DEDD family exonucleases but contains unique features: the

N-terminal region (1–84) and the first zinc finger. The striking fea-

tures of the exonuclease domain in our structure became evident

only upon comparison with the structure of nsp10/nsp14 com-

plex. The N terminus of nsp14 spanning amino acids 1–70

is folded and oriented differently in compared structures

(Figures 2A and 2B). The N terminus is well defined by electron

density in the nsp10/nsp14 complex but contains few ordered

secondary structures. Amino acids 1–56 constitute the first of

the two interaction regions with nsp10 (nomenclature of struc-

tural features after Ma et al. (2015)). The second interaction re-

gion comprises residues 60–67 and 200–202. In apo-nsp14
1052 Structure 30, 1050–1054, August 4, 2022
structure, residues 1–24 are not defined by the electron density.

Region 25–70 is completely refolded in the apo-nsp14 structure

compared with the nsp10/nsp14 complex. For example, resi-

dues Thr50-Met58 form an a helix in the apo-nsp14 structure,

whereas residues 51–54 form a b1 strand within b1, b5, and b6

sheets in the nsp10/nsp14 complex. The remaining residues

(25–49, 59–67) contribute completely different intermolecular in-

teractions within the apo-nsp14 structure compared with the

nsp10/nsp14 complex. In the absence of nsp10, the N-terminal

region of nsp14 covers the second nsp10 interaction region,

burying, among others, residues 200–202. Thereby, the N termi-

nus of nsp14 acts as a lid, covering the nsp10 binding site in the

absence of the protein co-factor. The lid rearranges its structure

in the presence of nsp10 to create a significant interaction sur-

face with nsp10. The above conclusion is corroborated by

comparing our structure and 7QGI, which show similar arrange-

ments of lid domains irrespective of crystal packing and different

from that found in nsp10/nsp14 complex.

Nsp10 enhances the 30 exonucleolytic activity of nsp14 but

does not significantly affect the methyltransferase activity.

Nsp10’s effect on nsp14 was rationalized by the nsp10/nsp14

crystal structure, where nsp10 contributes significant contacts

with the ExoN domain of nps14 but does not interact with the

N7-methyltransferase domain (Ma et al., 2015). The extensive

surface area of interaction suggested that nsp10 maintains the

structural stability of ExoN, but the nature and extent of instability

of apo-nsp14 were not known in the absence of the apo-nsp14

structure. In the current study, we show that the ExoN domain

of nsp14 is partially unfolded in the absence of nsp10. The prox-

imal part of the b2-b3 sheet adjacent to catalytic Glu92 is unde-

fined by electron density (flexible, unstructured) in apo-nsp14.

The same is true for the entire region between a3 and b4.

Residues constituting a2 and b5-b6 in the nsp10/nsp14

complex structure are not defined by the electron density in

the apo-nsp14 structure. Significantly, in apo-nsp14, the



Figure 2. Nsp10 induced refolding of nsp14 ExoN lid subdomain

(A) Nsp10 (navy blue, ribbon)/Nsp14 (gray, surface) complex overlaid on apo-nsp14 (cyan). The N-terminal lid of nsp14 refolds upon binding of nsp10 as

exemplified by Thr50-Met58 region assuming a helical structure in apo-nsp14 and forming a strand of a b sheet indicated in nsp10/nsp14 complex. In the apo

structure, the lid occludes nsp10-binding site at the surface of nsp14.

(B) The RNA interaction site of nsp10 (navy blue)/nsp14 (beige) complex (7N0B) is sterically occluded by lid subdomain in apo-nsp14 structure (cyan), providing a

rationale for the negligible exonuclease activity of nsp14 in the absence of nsp10. RNA (orange). The apo-nsp14 loop, occluding the RNA-binding site, is denoted

in dark cyan (dotted line).

See also Figures S2 and S3.
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catalytic metal ion-binding site within the DEDD motif is partially

occluded by the side chain of His188. Further, the RNA-binding

site is partially occluded by the lid fragment (Thr35-Lys47), which

additionally buries the nsp10-binding site. It has been shown that

Lys9 of the nsp14 is critical for exonuclease activity (Moeller

et al., 2022). This residue is not visible in our electron density.

Thus, the refolded N-terminal part of the protein is not structur-

ally oriented for RNA interaction. This further confirms the role

of 1–50 span refolding in exonuclease activity control. Nsp10-

induced refolding of the lid removes the steric occlusion and in-

duces a catalytically capable conformation of nsp14 observed in

the nsp10/nsp14 complex (Figure 2B).

We have demonstrated earlier that nsp14, nsp10, and nsp16

form a ternary complex centered around nsp10 (Matsuda

et al., 2022). However, such complex is not supported by the

structural data available on nsp10/nsp14 and nsp10/nsp16 bi-

nary complexes. When the binary complexes are overlayed on

nsp10, the lid of nsp14 clashes with nsp16, demonstrating that

ternary-complex formation would require a structural rearrange-

ment within the lid. The current study demonstrates that the lid of

nsp14 is capable of structural morphing, indirectly supporting

the mechanism of triplex formation.

DISCUSSION

The current pandemic highlighted the importance of understand-

ing coronavirus physiology. Prior research on other human and

animal coronaviruses facilitated an unprecedented pace of vac-

cine and antiviral development, but the constant genetic drift and

the threat of new zoonotic transmission warrant continued effort.

Nsp14 constitutes a valid target in SARS-CoV-2, but the struc-

tural information was incomplete. This study provided the struc-

tural basis for a mechanistic explanation of nsp10-mediated

modulation of nsp14 30 exonuclease activity, defined the struc-

ture of nsp14 N7-methyltransferase in the absence of RNA sub-
strate, and offered crystallization conditions suitable for soaking

of small molecules at the active site of nsp14 N7-methyltransfer-

ase. Thereby, the study contributes to our understanding of co-

ronavirus physiology and facilitates the effort of anti-coronaviral

drug development.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

E. coli BL21 Rosetta2 (DE3) Milipore 71402

Chemicals, peptides, and recombinant proteins

Terrific Broth medium Bioshop TER409

Ampicillin Sigma-Aldrich A9393

isopropyl-D-1-thiogalactopyranoside Sigma-Aldrich I5502

Tris-HCl Bioshop TRS003

NaCl Bioshop SOD004

MgCl2 Bioshop MAG520

Glycerol Bioshop GLY004

b-mercaptoethanol Sigma-Aldrich M6250

Imidazole Bioshop IMD508

protease inhibitors cocktail Roche 11697498001

Benzonase Millipore 101654 SAFC

tobacco etch virus (TEV) protease In-house n.a.

S-Adenosyl methionine New England BioLabs B9003S

Deposited data

Structure of nsp14 from SARS-CoV-2 in complex with SAH this paper PDB ID: 7R2V

SARS-CoV-1 nsp14 (Ma et al., 2015) PDB ID: 5C8S

SARS-CoV-2 nsp14 (Imprachim et al., 2022) PDB ID: 7QGI

SARS-CoV-2 nsp10-nsp14 (WT)-RNA complex (Liu et al., 2021) PDB ID: 7N0B

Recombinant DNA

Uniprot P0DTD1 encoding amino acids 5926 – 6452 GeneArt n.a.

pETDuet-1 Milipore 71146

Software and algorithms

The STARANISO Server Global Phasing Limited https://staraniso.globalphasing.org/

cgi-bin/staraniso.cgi

CCP4 v7.1 (Winn et al., 2011) https://www.ccp4.ac.uk

CheckMyBlob server (Kowiel et al., 2018) https://checkmyblob.bioreproducibility.org
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact: K.P.: k.a.

pyrc@uj.edu.pl

Materials availability
Plasmids produced in this study are available from the authors.

Data and code availability
d The atomic coordinates and structure factors of SARS-CoV-2 nsp14 have been deposited to PDB and are publicly available as

of the date of publication. Accession numbers and DOI are listed in the key resources table as well as in Table 1.

d The paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon

request.

PyMol Molecular Graphics System Schrodinger, LLC https://pymol.org/2/
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Recombinant SARS-CoV-2 nsp14 was purified from the expression in E. coli BL21 Rosetta2 (DE3) strain.

METHOD DETAILS

Expression construct
Sequence encoding amino acids 5926 – 6452 of SARS CoV-2 polyprotein 1ab (Uniprot P0DTD1), including D90A and D92A substi-

tutions (Bouvet et al., 2012), flanked by BamHI and NotI cleavage sites and containing a TEV protease cleavage site was codon-opti-

mized for expression in E. coli and obtained by synthesis at GeneArt (sequence available in Table S1). The sequence was subcloned

into pETDuet-1 expression vector.

Protein expression and purification
The plasmid was transformed into E. coli BL21 Rosetta2 (DE3) strain. Expression was carried out in Terrific Broth medium (Bioshop)

supplemented with 100 mg/mL ampicillin (Sigma-Aldrich). Bacterial cultures were incubated at 37�C until the OD600 value reached

1.2–1.4. The cultures were cooled to 4�C for 20 min, and the recombinant protein expression was induced with 0.5 mM isopro-

pyl-D-1-thiogalactopyranoside (IPTG; Sigma-Aldrich). The bacteria were incubated at 18�C for additional 18 h. Bacterial cells

were harvested by centrifugation at 7,000 3 g for 30 min at 4�C and stored at �20 �C before the purification.

Bacterial pellets were resuspended in lysis buffer (50 mM Tris-HCl pH 8.5, 500 mM NaCl, 5 mM MgCl2, 10% v/v glycerol, 5 mM

b-mercaptoethanol, 10 mM imidazole), supplemented with benzonase (Millipore) and protease inhibitors cocktail (Roche), and lysed

by sonication at 80%amplitude for 20min at 14�Cwith 3 s on/2 s off cycles. The fraction of the supernatant containing soluble protein

was separated from debris by centrifugation at 25,0003 g for 40 min at 4 �C. The clarified supernatant was incubated overnight at 4
�C with HisPur Ni-NTA Resin (Thermo Scientific) pre-equilibrated with the lysis buffer. Resin was sequentially washed with lysis

buffer, then with wash buffer 1 (50 mM Tris-HCl pH 8.5, 500 mM NaCl, 5 mM MgCl2, 10% v/v glycerol, 5 mM b-mercaptoethanol,

20 mM imidazole) and wash buffer 2 (50 mM Tris-HCl pH 8.5, 500 mM NaCl, 5 mMMgCl2, 10% v/v glycerol, 5 mM b-mercaptoetha-

nol, 30 mM imidazole). The immobilized protein was eluted with elution buffer (50 mM Tris-HCl pH 8.5, 250 mM NaCl, 5 mM MgCl2,

10% v/v glycerol, 5 mM b-mercaptoethanol, 250 mM imidazole). Fractions containing the protein of interest (as determined by SDS-

PAGE) were pooled and supplemented with tobacco etch virus (TEV) protease in a 1:10molar ratio. TEV cleavage was combinedwith

overnight dialysis into a cleavage buffer (50 mM Tris-HCl pH 8.5, 200 mM NaCl, 5 mMMgCl2, 10% v/v glycerol, 5 mM b-mercaptoe-

thanol, 10 mM imidazole). Reverse chromatography on HisPur Ni-NTA resin pre-equilibrated with the dialysis buffer allowed the

cleaved His-tag removal. The protein was further purified by size exclusion chromatography on HiLoad 26/600 Superdex 200

prep grade column (GE Healthcare) equilibrated with the working buffer (50 mM Tris-HCl pH 8.5, 150 mM NaCl, 5 mM MgCl2,

1 mM TCEP). The purity of the sample was assessed by SDS-PAGE.

Crystallization and data collection
The purified protein was concentrated to 11.5 mg/mL. The sample was supplemented with 2mM SAM. Crystallization screening was

performed at 4�C using the sitting drop vapour diffusion method. Crystals were obtained from a solution containing 15% v/v

2-propanol, 0.2 M imidazole pH 7.6 and 500 mM polypropylene glycol 400 (JBScreen Plus HTS additive screen; Jena Bioscience)

and 1:1 protein to mother liquer drops. Further optimization was performed around initial conditions where the crystals generally ap-

peared after 4 days. The crystals were cryoprotected in 30% ethylene glycol in the mother liquor and flash-cooled in liquid nitrogen.

The diffraction data were collected at Swiss Light Source (SLS, Villigen, Switzerland) beamline X06DA - PXIII.

QUANTIFICATION AND STATISTICAL ANALYSIS

The data were indexed and integrated using XDS (Kabsch, 2010). The data were scaled andmerged using STARANISOwebserver. A

molecular replacement solution was found using Phaser (Mccoy, 2007) and the structure of SARS-CoV-1 nsp14 (PDB code: 5C8S) as

a search model. SAH was identified in the electron density map using CheckMyBlob server (https://checkmyblob.bioreproducibility.

org). Restraints were obtained from ligand builder in Coot (Emsley, 2017). The initial model was subjected to several iterations of

manual and automated refinement cycles using COOT and REFMAC5, respectively (Emsley and Cowtan, 2004; Murshudov et al.,

2011). Throughout the refinement, 5% of the reflections were used for cross-validation analysis, and the behaviour of Rfree was em-

ployed to monitor the refinement strategy. The data collection and refinement statistics are shown in Table 1.
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