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ABSTRACT

The emergence of SARS-CoV-2 infection has posed
unprecedented threat to global public health. The
virus-encoded non-structural protein 14 (nsp14) is a
bi-functional enzyme consisting of an exoribonucle-
ase (ExoN) domain and a methyltransferase (MTase)
domain and plays a pivotal role in viral replication.
Here, we report the structure of SARS-CoV-2 nsp14-
ExoN domain bound to its co-factor nsp10 and show
that, compared to the SARS-CoV nsp10/nsp14-full-
length complex, SARS-CoV-2 nsp14-ExoN retains an
integral exoribonuclease fold and preserves an ac-
tive configuration in the catalytic center. Analysis
of the nsp10/nsp14-ExoN interface reveals a foot-
print in nsp10 extensively overlapping with that ob-
served in the nsp10/nsp16 structure. A marked dif-
ference in the co-factor when engaging nspi4 and
nsp16 lies in helix-a1’, which is further experimen-
tally ascertained to be involved in nsp14-binding but
not in nsp16-engagement. Finally, we also show that
nsp10/nsp14-ExoN is enzymatically active despite
the absence of nsp14-MTase domain. These data
demonstrate that SARS-CoV-2 nsp10/nsp14-ExoN
functions as an exoribonuclease with both structural
and functional integrity.

INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) is an infectious agent that is currently causing the
ongoing pandemic of coronavirus disease 2019 (COVID-19)
worldwide (1-3). The virus has led to over 131 million con-
firmed cases with more than 2.8 million fatalities and spread
to 223 countries, areas or territories since first discovered in
December 2019 (https://www.who.int/emergencies/diseases/
novel-coronavirus-2019, accessed 7 April 2021). While fac-
ing the major global public health crisis associated with
SARS-CoV-2 transmission and infection (4), it is an ur-
gent issue to develop prophylactic vaccines and anti-viral
drugs. Although several vaccines have now been clinically
approved, effective drugs remain unavailable despite that
significant efforts have been made to combat the virus.
With the same taxonomic hierarchy as severe acute res-
piratory syndrome coronavirus (SARS-CoV) and Mid-
dle East respiratory syndrome coronavirus (MERS-CoV),
SARS-CoV-2 belongs to the Betacoronavirus genus in the
Coronaviridae family (5,6). The virus contains a large single-
stranded positive-sense RNA genome (~30 kb). The 5'-
terminal two-thirds of the viral genome comprises two
overlapping open reading frames (ORFla and ORF1b),
which are initially translated as two large polyproteins
(ppla and pplab) followed by proteolytic cleavage into 16
non-structural proteins (nspl to nspl6). And the 3'-end of
genome encodes four essential structural proteins (spike [S],
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envelope [E], membrane [M] and nucleocapsid [N]) and sev-
eral accessory proteins (7-9). During viral replication, the
non-structural proteins assemble into a large membrane
bound, multi-subunit transcription/replication machinery
(9-11). Within the SARS-CoV-2 replicase machinery, nsp14
is a bifunctional protein with a putative N-terminal ex-
oribonuclease (ExoN) domain playing a proofreading role
in RNA replication and an assumed C-terminal guanine-
N7-methyltransferase (N7-MTase) domain responsible for
mRNA capping (12-14).

Several studies have revealed that coronavirus nsplO
serves as a stimulatory factor for nsp14-ExoN to increase
its exoribonuclease activity (13,15). Disruption of the inter-
action between nspl0 and nspl4 or inactivation of nspl4
exoribonuclease activity would decrease replication fidelity
and accelerate the generation of lethal mutagenesis (16—
18). Nsp14-ExoN is also implicated in other process of vi-
ral life cycle, including the modulation of viral genome re-
combination (19) and the interference with host innate im-
mune responses (20,21). In addition, the presence of nsp14-
ExoN might confer coronavirus specific resistance to nucle-
oside analogue (NA) drugs (14,18,22,23), which poses great
challenge to the development of nsp12 (RNA-dependent
RNA polymerase)-targeted nucleoside inhibitors. There-
fore, revealing the structural and functional characteris-
tics of SARS-CoV-2 nspl10/nsp14-ExoN heterodimer will
not only help understand the mechanism of SARS-CoV-2
RNA proofreading, but also facilitate the development of
antiviral inhibitors that could be used alone or in combi-
nation with nucleoside analogue (NA) drugs by targeting
nspl0/nspl4-ExoN complex.

In this study, we determined the first crystal structure of
SARS-CoV-2 nspl10/nsp14-ExoN complex which revealed
an exoribonuclease with structural integrity. In addition,
our exoribonuclease activity assay further confirmed that
the nsp10/nspl4-ExoN complex is functionally active de-
spite the absence of nsp14-N7-MTase domain.

MATERIALS AND METHODS
Cloning, expression and purification

The coding sequences of full-length nsp10 and nsp14 from
SARS-CoV-2 (GenBank: MN908947.3) were synthesized
(Convenience Biology Corporation) and sub-cloned into
pGEX-6p-1 and pET-30a-MBP (modified pET-30a vector
that contains an N-terminal MBP tag), respectively. The
coding sequences of nspl0-Aal’ (residues 22-139), nsp14-
ExoN (residues 1-289), nspl4 and nspl4-ExoN active-
site mutants (E191A/H268A /D273A) were generated with
a standard PCR-based strategy. For recombinant protein
production, the plasmids of nsp10 (with an N-terminal GST
tag) and nsp14 or nsp14-ExoN (wild-type or active-site mu-
tant, with an N-terminal MBP tag) were co-transformed
into Escherichia coli BL21 (DE3). The cells containing both
plasmids were then grown in LB medium supplemented
with 50 pg/ml ampicillin and 25 pg/ml kanamycin at 37°C
and induced for protein production with 400 .M isopropyl-
B-D-thiogalactopyranoside (IPTG) at 16°C for about 18 h.
Cells were harvested, lysed by sonication in re-suspension
buffer composed of 10 mM HEPES (pH 7.5) and 250 mM
NaCl, and clarified via centrifugation at 18 000 x g for
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30 min. Cleared lysate-supernatant was passed over gravity
column loaded with Dextrin-Sepharose resin (GE Health-
care), washed with re-suspension buffer, and then eluted
with elution buffer containing 10 mM HEPES (pH 7.0),
40 mM NaCl and 20 mM maltose. The two co-expressed
fusion proteins were subsequently cleaved by PreScission
Protease with the protein-to-enzyme weight-ratio (w/w) of
200:1 in elution buffer supplemented with 1 mM DTT at
4°C for about 6 h. To eliminate the GST and MBP tags,
the protein mixture was then loaded onto a cation-exchange
column (SOURCE 158, GE Healthcare) equilibrated with
a buffer consisting of 10 mM HEPES (pH 7.0) and 30 mM
NaCl, and eluted with an increasing concentration of NaCl.
The target proteins were then collected and further puri-
fied by gel filtration chromatography in re-suspension buffer
using the Superdex 200 Increase 10/300 GL column (GE
Healthcare).

Crystallization

Commercial crystallization kits (Molecular Dimensions
and Hampton Research) were used for initial crystallization
screenings by the vapour-diffusion sitting-drop method. In
brief, I wlnspl0/nspl4 or nspl0/nspl4-ExoN complex was
mixed with 1 pl reservoir solution, and the resultant mix-
ture was then equilibrated against 70 wl reservoir solution
at 18°C. Diffractable crystals of the nspl0/nspl4-ExoN
complex were obtained in a condition consisting of 0.1 M
MOPS (pH 7.5), 0.1 M Magnesium acetate tetrahydrate
and 12% w/v PEG 8000 with a protein concentration of §
mg/ml.

Data collection and structure determination

For data collection, crystals were flash-cooled in liquid ni-
trogen after a brief soaking in reservoir solution supple-
mented with 20% (v/v) glycerol. Diffraction data were col-
lected at Shanghai Synchrotron Radiation Facility (SSRF)
beamline BL18U1 (24). The collected data were then pro-
cessed with HKL2000 (25) for indexing, integration and
scaling. The structure was solved by molecular replace-
ment with the Phaser program (26) from the CCP4 suite
(27), using the structure of SARS-CoV nspl0/nspl4 (PDB
code: 5C8T) (13) as the search model. Initial restrained
rigid-body refinement was performed using Refmac5 (28),
which was followed by manual rebuilding and adjustment
in Coot (29), and water molecules were automatically added
in Phenix.refine (30). The stereochemical quality of the final
model was assessed through the program Procheck (31). Fi-
nal statistics for data collection and structure refinement are
summarized in Supplementary Table S1. All structural fig-
ures were generated using PyMOL (https://pymol.org/).

Exoribonuclease activity assay

The exoribonuclease activity assays were carried out in 8 .l
reaction system consisting of 20 mM HEPES (pH 7.5), 100
mM NaCl, 5 mM MgCl,, | mM DTT, 6 .M 34-nt unla-
belled RNA substrate (5-CACUAAUAAUAUCAAUGG
AUUGAUAUUAUUAAUG-3', chemically synthesized by
Sangon Biotech) and 2-fold serially diluted nspl10/nspl4
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(wild type and active-site mutant) or nspl0/nspl4-ExoN
(wild type and active-site mutant) ranging from 10 to 1.25
wM. To determine the effect of different divalent metal ions
on exoribonuclease activity, the protein concentration was
adjusted to 5 wM. Different divalent metal ions, including
MgCl, (10-1.25 mM), MnCl, (10-1.25 mM), CaCl, (10—
1.25 mM) and ZnCl; (1-0.125 mM), or 5 mM EDTA were
added. After incubation at 37°C for 45 min, the reactions
were stopped by the addition of an equal volume of load-
ing buffer (95% formamide, 0.02% SDS, 0.02% bromophe-
nol blue, 0.02% xylene cyanol FF and 10 mM EDTA) and
boiled at 95°C for 3 min. The products were then resolved
using 7 M urea-containing 18% polyacrylamide gels in 0.5x
TBE (Tris—borate—-EDTA) buffer. The gel was stained with
ethidium bromide (EB, final concentration: 1 pg/ml) for
about 10 minutes, and the RNA bands were subsequently
visualized with Gel Doc™ XR+ (Bio-Rad).

In order to visualize the cleaved RNA products, we
further repeated the exoribonuclease-hydrolysis assay but
replaced the unlabelled RNA with the 5-FAM labelled
RNA substrate (5-FAM-CACUAAUAAUAUCAAUGG
AUUGAUAUUAUUAAUG-3', chemically synthesized by
Sangon Biotech). The experiments were performed the
same as those with the unlabelled RNA. Instead of stain-
ing with EB, however, the RNA bands on gels were directly
observed using Gel Doc™ XR+.

GST pull-down assay

Escherichia coli BL21 (DE3) cells were firstly co-
transformed with the indicated plasmids in pairs. The
cells containing both plasmids were then grown in 50-ml
LB medium supplemented with 50 wg/ml ampicillin and 25
wg/ml kanamycin at 37°C and induced for protein produc-
tion with 400 wM isopropyl-B-D-thiogalactopyranoside
(IPTG) at 16°C for about 14 h. Cells were harvested, lysed
by sonication in re-suspension buffer consisting of 10 mM
HEPES (pH 7.5) and 250 mM NacCl, and clarified via
centrifugation at 17 000 x g for 20 min. The resulting
supernatants were bound to Glutathione-Sepharose resin
(GE Healthcare) for 2 hours and fully washed with washing
buffer containing 10 mM HEPES (pH 7.5), 250 mM NaCl
and 0.1% (v/v) Tween-20. The resin-bound protein species
were then analyzed by SDS-PAGE and visualized by
staining with Coomassie blue.

RESULTS

Opverall structure of SARS-CoV-2 nsp10/nsp14-ExoN com-
plex

In order to study the structural features of SARS-CoV-
2 nspl0/nspl4 exoribonuclease, we initially prepared the
hetero-complex protein of full-length nsp14 bound to nsp10
via co-expression of MBP-tagged nspl4 and GST-tagged
nspl0 in E. coli and subsequent enzymatic cleavage to re-
move the fused tags (Supplementary Figure S1A and B).
Till this end, however, we were unable to crystallize this
full-length nsp10/nsp14 protein complex. Alternatively, we
further prepared the hetero-dimeric protein of nsp14-ExoN
(amino acids 1-289 of nspl4) in complex with full-length

nspl0 using the same expression and purification strat-
egy as the wild-type proteins. We finally managed to crys-
tallize nsp10/nsp14-ExoN complex and solved the struc-
ture at 2.7 A resolution by molecular replacement. The fi-
nal model, which was refined to Ryoix = 0.230 and Rppee
= 0.264, respectively (Supplementary Table S1), contained
nspl0 residues A1-D131 and the nspl4-ExoN amino acids
N3-K288 with a 1:1 binding mode in the asymmetric unit
(Figure 1A and Supplementary Figure S2).

Overall, the nspl0/nspl4-ExoN structure can be seen
as an nspl4-ExoN molecule leaning on flank of an nsp10
monomer (Figure 1A). Nspl4-ExoN comprises fifteen 3-
strands (B1-B15), five a-helices (al-a5) and six 3y helices
(ml-m6) (Supplementary Figures S3A and S4A). Strands
B4-B6, B9—B10 and B15 assemble into a centrally located
crooked B-sheet and this central sheet is further wrapped by
helices al-a5 and m3-m6 to form a core domain. A periph-
eral structural entity with a slight convex surface was ob-
served to form by strands B11-B14 and to locate in a close
vicinity to the core domain. Extending from the core do-
main, a second structural entity consisting of strands 3133
and B7-B8 and helices m1-m2 protrudes out to make physi-
cal contact with nsp10.

As a co-factor for nspl4, nspl0 is composed of three 3-
strands, four a-helices and two 31 helices, which further as-
semble into two subdomains (Supplementary Figures S3B
and S4B). One subdomain consists of three antiparallel cen-
tral strands B1’—B3" and helices m1’-m2’, serving as a basal
body. The other subdomain is composed of helices al’—a4/,
sterically locating above the first subdomain.

For amino acid sequence, nspl0 and nspl4-ExoN of
SARS-CoV-2 both show high sequence identities with the
SARS-CoV homologs (~97% for nspl0 and ~95% for
nspl4-ExoN). Accordingly, superimposition of our struc-
ture onto the structure of two previously reported SARS-
CoV nspl0/nspl4 hetero-complex reveals individually re-
sembled nsp10 and nsp14-ExoN structures, showing a root
mean squared deviation (rmsd) of ~0.5 A/131 Ca pairs
(PDB code: 5C8T) (13) and ~0.5 A/131 Ca pairs (PDB
code: SNFY) (14) for nspl10 and ~0.7 A /286 Ca pairs (PDB
code: SC8T) and ~0.6 A/286 Ca pairs (PDB code: SNFY)
for nsp14-ExoN, respectively (Figure 1B). The small differ-
ences in the nsp10- and nspl4-primary-sequences between
SARS-CoV-2 and SARS-CoV, therefore, had no significant
consequences on the protein structure.

It should be noted that within both nsp10 and nspl4-
ExoN, two zinc-fingers are observed to form to stabi-
lize the protein structure. For nspl0, two zinc ions are
individually coordinated by residues C74/C77/H83/C90
and C117/C120/C128/C130 (Figure 1C). These zinc ions
have also been observed in several recently-solved com-
plex structures of SARS-CoV-2 nspl0 bound to nspl6
(32-34). For nspl4-ExoN, the two zinc-finger motifs
are composed of residues C207/C210/C226/H229 and
H257/C261/H264/C279, respectively (Figure 1D). The two
sites are sterically located near the C-terminal MTase do-
main (Figure 1B), one bridging the B11/B12 and B13/B314
intervening loops and the other locking the a4/a5 inter-
vening loop to helix 5. It is also notable that these zinc-
coordinating residues are individually well-conserved in
nspl0 and nspl4 among different beta-coronaviruses, in-
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Figure 1. Structure of SARS-CoV-2 nspl0/nspl4-ExoN heterodimer. (A) Overall structure of the hetero-complex formed between nspl0 (lemon) and
nspl4-ExoN (cyan). Magnesium and zinc ions are shown as spheres and are colored magenta and orange, respectively. (B) Superimposition of the SARS-
CoV-2 nspl0/nspl4-ExoN structure onto the two previously reported nsp10/nsp14 structure of SARS-CoV (PDB codes: 5C8T and 5NFY) (13,14). The
color scheme for our structure is the same as in (A), and the SARS-CoV nspl0/nspl4 structures are shown in gray. The additional nsp14-N7-MTase
domains in the SARS-CoV nspl0/nspl4 structures are highlighted and marked. (C and D) Magnified views on the two zinc-finger motifs in nsp10 (C) and
nspl4-ExoN (D). Residues involved in zinc-coordination are shown as sticks and zinc ions are shown as spheres.

cluding SARS-CoV-2, SARS-CoV and MERS-CoV (Sup-
plementary Figure S4A and B).

Structural basis of the binding between nsp10 and nsp14-
ExoN

To delineate the structural basis of the binding between
nspl0 and nspl4-ExoN, we further performed a compre-
hensive characterization of the atomic interactive details
between the two binding entities. Overall, extremely large
surface areas (~2275 A% in nsp10 and ~2136 A? in nsp14-
ExoN) are buried upon complex formation. In total, 47
residues from nspl0 and 56 amino acids from nsp14-ExoN
were identified to locate along the binding interface (within
a distance of 4.5-A from the binding entity) to provide
inter-molecule contacts (Supplementary Table S2). Over
half of these amino acids are hydrophilic residues (polar or
charged), indicating that the engagement of nsp10 to nsp14-
ExoN is predominantly mediated by polar interactions. For
nspl0, this co-factor protein utilizes both its subdomains
to interact with nsp14 (Figure 2A). The structural elements
involved in the binding include helices al’, a2’, a3’, nl’,
strands B2’, B3’ and most of their intervening loops. Recip-
rocally, nspl4-ExoN mainly uses its two peripheral struc-
tural entities (out of the core domain) for nspl0 binding.
Along the interface are amino acids from helix m1, strands
B2, B8, B11, along N-terminal loop and multiple interven-

ing loops (82/B3, B3/al, B7/B8, a3/B11 and B11/B12).

For clarity, we further divided the interface-elements
in nspl0 into four parts and accordingly the extended
nspl0/nspl4-ExoN interface into four binding patches
(Patchl, 2, 3 and 4) (Figure 2A). The first patch (Patchl)
involves a large number of residues in nspl0 helix al’
and its flanking loops (including Al, N3-P8, T12, S15,
F16 and F19-V21) interacting with amino acids in nsp14-
ExoN N-terminal loop, helix m1, strand B11 and the B3/al,
o«3/B11 and B11/B12 intervening loops (including N3-T5,
F8-D10, T25, L27, F60-Y64, Y69, K196, K200 and 1201)
(Figure 2B). This patch form an extensive interaction net-
work, providing approximately 46% of the total atomic con-
tacts (Supplementary Table S2). In addition, eight hydro-
gen bonds (nsp10-A 1 with nsp14-K9, N3 with D10, E6 with
TS5, T12 with N63, S15 with K61, F19 with 1201, and V21
with 1201) are observed to form in this patch, further sta-
bilizing the nsp10/nsp14-ExoN complex. The second patch
(Patch2) involves nsp10 helix «2’. On the whole, Patch2 only
contributes a limited number of inter-molecule contacts and
mainly involves residues D29 and S33 of nspl0 interacting
with V66 and Y69 in the B3/al intervening loop of nsp14-
ExoN (Figure 2C). These amino acids also provide one hy-
drogen bond, formed between nsp10-D29 and nsp14-Y69.
For the third patch (Patch3), five residues (N40 and V42-
L45) from the long «2’/B1" intervening loop of nsp10 and
five amino acids (T25-H26, L38-C39 and D41) interspers-
ing over nspl4 N-terminal loop, helix m1, strand B2 and
the B2/B3 intervening loop are packed against each other,
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Figure 2. The atomic binding details between SARS-CoV-2 nspl10 and nspl4-ExoN. (A) An overview of the binding interface. In the left panel, nsp10
and nspl4-ExoN are shown in cartoon and surface representations, respectively. The interface-elements in nsp10 are labelled and further divided into four
parts. The amino acid interaction details related to each part are further illustrated in (B-E). In the right panel, nsp10 is shown in surface and nsp14-ExoN
in cartoon, and the interface-components in nspl14-ExoN are indicated. (B) The interaction of nsp10 helix a1’ and its flanking loops with nsp14-ExoN.
(C) The interaction of nsp10 helix «2” with nsp14-ExoN. (D) The interaction of nsp10 «2’/B1” intervening loop with nsp14-ExoN. (E) The interaction of
nspl0 helices n1’, @3, strand B3’ and «3’/B3 intervening loop with nsp14-ExoN. For clarity, only those residues providing >10 contacts are shown and
labelled. A full list of the interface residues are summarized in Supplementary Table S2. Dashed lines indicate hydrogen-bonds.

providing five hydrogen bonds (nsp10-N40 with nsp14-T25,
N40 with H26, K43 with C39, and L45 with C39) and mul-
tiple van der Waals (vdw) interactions (Figure 2D). Finally,
the fourth patch (Patch4) mainly involves nsp10 helices n1’
and o3, strand B3’ and «3'/B3 intervening loop. A series
of nsp10 residues (including A71-S72, R78, H80, F89 and
K93-Y96) are observed to stack with amino acids in nsp14
N-terminal loop, strand B8, and the B2/B3 and B7/B8 in-
tervening loops (including F8, P20-Q22, P24, D41, K47,
T127 and N129-T131), forming an extensive network of
vdw and hydrogen-bond (nsp10-R78 with nsp14-P24, K93
with T127, G94 with T21, G94 with K47, and Y96 with
D41) interactions (Figure 2E). Taken together, these de-
fined residue contacts, especially the large number of inter-
molecule hydrogen bonds, well explain the observed solu-
tion stability of the nsp10/nspl4 and nspl0/nspl4-ExoN
complexes (Supplementary Figure S1B and E).

Variant role of nsp10 a1’ helix in nsp14- and nsp16-binding

Inspired by the studies that coronavirus nsp10 functions as
a bifunctional protein which could separately bind to and
stimulate both nsp16 and nsp14 (10,13,35), we further com-
pared our nsp10/nsp14-ExoN structure with the structures
of SARS-CoV-2 nspl0 either in the apo-form or in com-
plex with nspl6 (Figure 3A-D). We found that the major-
ity of the co-factor remained structurally unchanged dur-
ing complex formation. For example, structural alignment
of nsp10 in the nsp14-ExoN-bound state and the apo-state
(PDB code: 6ZPE) (36) reveals an rmsd of ~0.8 A for 121
Coa pairs. In comparison to nsp10 in the nsp16-bound state,
these values are ~0.7-A/111-Ca-pairs and ~1.5-A/113-
Ca-pairs when two recently-reported nspl0/nspl6 struc-
tures (PDB codes: 7C2I and 6WVN) (34,37) are used for su-
perimposition. A large conformational difference, however,

was observed for the N-terminal a1’ helix. While the helix
retains the same conformation in the apo- and nsp14-ExoN-
bound structures, it exhibits quite different conformations
in the nsp10/nsp16 structures. In one of the structure (PDB
code: 7C2I), this helix is completely density-untraceable;
while in the other (PDB code: 6WVN), the helix is visible
but is shown to flip by ~130°, consequently placing a1’ in
an almost opposite orientation (Figure 3E-G).

It should be noted that nspl10 helix al’ is extensively in-
volved in interacting with nspl4 (see Patchl of the bind-
ing interface described in ‘Structural basis of the bind-
ing between nspl0 and nspl4-ExoN’) but is located on
the distantly opposite side of the nspl6 binding site. We
therefore further conducted pull-down assay to examine
the role of the helix in interfacing with different nsp part-
ners. As expected, the full-length nspl0 was readily bind-
ing to full-length nspl4, nspl4-ExoN and nspl6. In con-
trast, nspl0 lacking the N-terminal al’-helix (nsp10-Aal’)
was observed to only interact with nsp16 but not with ei-
ther nsp14 or nsp14-ExoN (Supplementary Figure S5). The
functional data, therefore, demonstrate that nspl0 al” he-
lix plays a key role in binding nspl4 but is dispensable
for nspl6-engagement, well echoing our structural obser-
vations.

Extensively overlapping nsp14- and nsp16-footprints in nsp10

Facilitated by the structures of nsp10 bound to nsp14-ExoN
and nspl6, we further mapped their respective binding sites
on the co-factor for comparison. Overall, a markedly more
extended surface area in nsp10 is observed to be buried by
nspl4-ExoN than by nspl6 (Figure 4A and B). Accord-
ing to the nspl0/nspl6 structure (PDB code: 7C2I), the
calculated buried surface area in nspl0 is only ~933 A2,
This value is less than half of that observed for nspl4-
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Figure 3. Variant conformations of SARS-CoV-2 nspl10 a1’ helix when engaging nsp14 and nspl6. The structures of nspl0 in the apo-state and in the
bound state with nsp14-ExoN or with nsp16 are compared, and a special attention is paid to the nsp10 N-terminal a1’-helix which is highlighted by shaded
ellipse. (A) The apo structure of SARS-CoV-2 nspl0 (shown in light blue) (PDB code: 6ZPE) (36). (B) The structure of SARS-CoV-2 nspl10 (shown in
green) bound to nspl4-ExoN (shown in gray) solved in the current study. (C) A recently reported complex structure of SARS-CoV-2 nspl0 (shown in
yellow) bound to nsp16 (shown in gray) in which nsp10 «1’-helix is invisible (PDB code: 7C2I) (34). (D) Another solved complex structure of SARS-CoV-2
nspl0 (shown in magenta) bound to nsp16 (shown in gray) in which nsp10 a1’-helix is visible (PDB code: 6WVN). (E-G) Superimposition of the indicated
structures. (E) Superimposition of the two structures in (A) and (B). (F) Superimposition of the two structures in (B) and (C). (G) Superimposition of the
two structures in (B) and (D). The profound orientation-difference in nsp10 a1’-helix are marked.

ExoN (~2275 AZ). Further align of the two binding inter-
face shows that the footprints in nsp10 for nsp14-ExoN and
nspl6 are extensively overlapping. A large number of nsp10
amino acids, including N40-L45, T58-P59, G69-S72, C77-
R78, H80 and K93-Y96 are involved in interacting with
both nspl14 and nspl6 (Figure 4C and Supplementary Fig-
ure S4B). The two proteins, therefore, should compete with
one another for nsp10 binding. It is also notable that the
marked difference in nsp10 when engaging nsp14 and nsp16
is largely attributed to the N-terminal al’ helix in the co-
factor (Figure 3B-D). This helix was shown to interact ex-
tensively with nsp14-ExoN (Figure 2B) but is devoid of any
inter-molecule contacts when engaging nsp16.

Nspl4 exoribonuclease activity is independent of its C-
terminal N7-MTase domain

Coronavirus nsp14-ExoN belongs to the DEDD exonucle-
ase superfamily, which shares a conserved two-metal-ion-
assisted mechanism for nucleotide excision (13,38). Previ-
ous studies on SARS-CoV nspl4 have revealed that the ex-
oribonuclease catalytic center is composed of five residues
(including D90, E92, E191, H268 and D273), which could

coordinate divalent magnesium ions for catalysis (13,39).
These five amino acids are absolutely conserved in SARS-
CoV-2 nspl4 (Supplementary Figure S4A). We further
compared our nspl0/nspl4-ExoN structure with a previ-
ously reported SARS-CoV nspl0/nspl4 structure (PDB
code: 5C8T) (13) by focusing on the catalytic center. As
shown in Figure 5A and B, the five residues in SARS-CoV-
2 nspl4-ExoN are sterically clustered together in a way
quite similar to that observed in SARS-CoV nspl4. Expect-
edly, we were also able to trace an Mg>* ion around the
catalytic center in our structure, which is coordinated by
residues D90 and E191 (Figure 5A). Similar magnesium-
coordination pattern has also been observed in the SARS-
CoV nspl0/nspl4 structure (Figure 5B).

It is interesting that the configuration of the cat-
alytic center is well preserved in our structure, de-
spite that the C-terminal N7-MTase domain is trun-
cated. We therefore further set up an exoribonuclease-
hydrolysis assay in which a 34-nt RNA substrate was di-
gested in the presence of 5 mM MgCl, by using different
nspl0/nspl4 protein complexes, including nsp10/nspl4,
nspl0/nspl4-ExoN, and the active-site mutant proteins
nspl0/nspl4-E191A/H268A/D273A and nspl0/nspl4-
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nsp14-ExoN footprint in nsp10

nsp16 footprint in nsp10  overlapping binding surface in nsp10

Figure 4. Extensively overlapping nspl4- and nspl6-footprint in nspl0. (A) The footprint of nspl4-ExoN in nspl0 (colored by lemon). The extended
surface is illustrated in two parts. The first part is overlapped with the nspl6-footprint and is presented on the left side. The second part, which is only
buried when engaging nsp14, is presented on the right side. (B) The footprint of nsp16 in nsp10 (colored cyan). (C) The overlapping surface patch in nsp10
(colored orange). Those residues that are involved in interacting with both nsp14-ExoN and nspl6 are further labelled. The molecule shown on the left
side of panel (A) is oriented in the same way as the molecules in panels (B) and (C).
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Figure 5. SARS-CoV-2 nspl4 exoribonuclease activity is independent of its C-terminal N7-MTase domain. (A and B) A pairwise comparison of the
exoribonuclease active site in nspl4 observed in our structure (A) and in a previously reported structure of SARS-CoV nspl0/nspl4 complex (PDB
code: 5C8T) (13) (B). The catalytic residues are shown as sticks and the magnesium ions observed in the structures are shown as spheres. Dashed lines
indicate hydrogen bonds. (C—F) Exoribonuclease-excision assays of 2-fold serially diluted nsp10/nsp14 protein complexes towards a 34-nt unlabelled RNA
substrate. (C) nspl0/nspl4-full-length protein. (D) nspl10/nsp14-ExoN protein. (E) nsp10/nspl14-full-length active-site mutant (E191A/H268A/D273A)
protein. (F) nsp10/nsp14-ExoN active-site mutant (E191A/H268A/D273A) protein.

ExoN-E191A/H268A/D273A. These protein preparations
were first purified and their solution behaviors were con-
firmed by gel filtration chromatography (Supplementary
Figure S1B, C, E and F). We first utilized the unlabelled
RNA as the substrate and detected the cleavage of the
RNA substrate by ethidium bromide (EB) staining. An ap-
parently concentration-dependent RNA hydrolysis, as ev-
idenced by the disappearance of the substrate RNA, was
observed with the wild-type nsp10/nsp14 protein. In addi-
tion, we recorded a similar concentration-dependent RNA-
digestion for nsp10/nspl4-ExoN, demonstrating that this

C-terminally truncated protein form remains exoribonu-
clease active. As a control, no obvious substrate digestion
was observed for the two active-site mutant proteins (Fig-
ure SC-F). In order to view the progressively cleaved prod-
ucts, we further repeated the exoribonuclease-hydrolysis ex-
periments but replaced the unlabelled RNA with a fluores-
cently (5-FAM) labelled RNA substrate. As expected, the
incompletely digested RNA intermediates, which showed
in the gel as a ladder of smaller RNA bands, were clearly
traced (Supplementary Figure S6A-D). Taken together,
these RNA-hydrolysis data clearly showed that the func-
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Figure 6. Variant roles of different divalent metal ions on SARS-CoV-2 nspl10/nspl14 exoribonuclease activity. (A and B) The 34-nt unlabelled RNA
substrate was hydrolyzed using a fixed concentration (5 wM) of nspl0/nspl4 (A) or nspl0/nspl4-ExoN (B) in the presence of 2-fold serially diluted
divalent metal ions (MgCl,, MnCl,, CaCl, or ZnCly) or 5 mM chelating agent (EDTA).

tional capacity of SARS-CoV-2 nspl4 as an exoribonucle-
ase was independent of its C-terminal N7-MTase domain.

Facilitated by the hydrolysis experiments, we fur-
ther characterized the effects of different divalent metal
ions on the exoribonuclease function of SARS-CoV-2
nspl0/nspl4. Common divalent metals, including magne-
sium, manganese, calcium and zinc, were tested in paral-
lel. As shown in Figure 6A and B, no substrate digestion
was observed with either the protein-complex alone (with-
out additional divalent metal ions) or in the presence of
EDTA (a chelating agent). Of the four metals tested, mag-
nesium and manganese, but not calcium and zinc, could ef-
ficiently activate nspl0/nspl4 and nsp10/nsp14-ExoN to-
wards RNA exonucleolysis. These results demonstrated that
the exoribonuclease activity of SARS-CoV-2 nspl0/nspl4
was dependent on divalent ions but showed specific selec-
tivity towards magnesium and manganese. Equivalence of
Mg?* and Mn?* is also found in many other enzymatic re-
actions (40-42).

DISCUSSION

The SARS-CoV-2 global pandemic has posed unprece-
dented threat to social economy and public health. There-
fore, it is urgently needed to reveal the molecular mecha-
nisms underlying SARS-CoV-2 replication to accelerate the
development of antiviral drugs. Based on previous experi-
ence of working with related coronaviruses, many SARS-
CoV-2 virus-encoded non-structural proteins have already
been quickly functionally and structurally characterized
(32,43-47). Nevertheless, the atomic structure of SARS-
CoV-2 nspl4, which was supposed to contain both 3'-5
exoribonuclease and N7-MTase activities, has not been re-
ported thus far. Here, we focus on the 3’-5" exoribonucle-
ase domain of SARS-CoV-2 nspl4 and report the crys-
tal structure of nspl14-ExoN in complex with its co-factor
nspl0. Comparison of our structure with that of SARS-
CoV nspl0/nspl4 complex reveals highly similar overall

protein fold and essentially the same configuration of the
catalytic center, indicating a conserved mechanism in RNA
hydrolysis between the two viruses. This highlights the pos-
sibility of developing broad-spectrum inhibitors by target-
ing nsp14-ExoN. It should be noted that the intrinsic func-
tion of coronavirus nsp14-ExoN to correct mismatches dur-
ing viral genome synthesis has posed great challenges to
screen and/or design the nucleoside analogue (NA) drugs
by targeting nsp12 polymerase (14,23,48). The nsp14-ExoN
inhibitors would therefore likely exhibit synergistic anti-
viral activity when used in combination with NA drugs such
as Ribavirin and Remdesivir.

Via structural comparison, we further explore the nsp14-
and nspl6-footprints in SARS-CoV-2 nspl0, and show
that the regions of nsp10 interfacing with nsp14-ExoN and
nspl6 are extensively overlapping (Figure 4C). Nsp14 and
nspl6 should therefore compete with one another for nsp10
binding. In that case, nspl0/nspl4/nspl6 can not form
triple complex. It is noteworthy that the nsp10 coding re-
gion is located in ORFla, the protein production from
which is expected to be higher than that from ORF1b within
which the nsp14 and nsp16 coding regions situate (9,49,50).
Thus, this likely represents a mechanism on how the produc-
tion of non-structural proteins are coordinated to ensure
a balance between nsp10/nsp14 and nsp10/nsp16 complex
formation and subsequently the maximization of enzymatic
activity for virus replication. Such evolutionary difference
in the amount of nspl0, nspl4 and nspl6 is likely impor-
tant for the viral replicative process, which might be stud-
ied in the future. In addition, this overlapping interface in
nsp10 might also be targeted for design of two-in-one small-
molecule or peptidomimetic inhibitors by simultaneously
blocking nsp10 binding to both nsp14 exoribonuclease and
nspl6 2’-O-methyltransferase.

It is interesting that, to our knowledge, the structure
of nspl0 bound to nspl4-ExoN alone and the functional
competency of such complex as an exoribonuclease have
never been reported previously in any other coronaviruses.
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In the current study, we successfully solve the structure of
SARS-CoV-2 nspl10/nspl4-ExoN complex, with which we
demonstrate that both the overall protein fold and the key
structural elements (including the zinc-binding sites and the
catalytic center) are well preserved. We further show that
SARS-CoV-2 nspl0/nsp14-ExoN possesses the exoribonu-
clease activity and is able to hydrolyze the 34-nt RNA sub-
strate as efficiently as the wild-type full-length protein. In
addition, our RNA-hydrolysis assay clearly shows a similar
exoribonuclease-activation pattern by divalent metal ions
between nspl0/nspl14-ExoN and full-length nsp10/nsp14.
Taken together, we believe these data represent solid ev-
idence that SARS-CoV-2 nspl0/nspl4-ExoN is of both
structural and functional integrity as an exoribonuclease.
We also noted that several previous studies focusing on the
inter-domain functional relations between exoribonuclease
and N7-MTase of SARS-CoV nspl4 have shown that mu-
tations in the MTase domain could affect and in some cases
even abolish nspl4’s exoribonuclease activity (14,51). We
tentatively speculate that this might result from an alter-
ation of the complex-protein behavior in solution (e.g., mis-
folding, aggregation, etc.) due to the mutations and/or may
be the result of subtle differences in the primary sequence
between SARS-CoV-2 and SARS-CoV nspl4 proteins.
Previous studies on the SARS-CoV nspl0/nspl4 com-
plex have shown that the enzyme possesses a processive 3'-
to-5 exoribonuclease activity, such that several bands of the
limited cleavage products could be visualized (13,15,52,53).
In these experiments, the RNA substrates are, without ex-
ception, radioactively or fluorescently labelled to increase
the detection sensitivity. Consistently, we are able to trace
such incompletely digested RNA intermediates using the 5'-
FAM labelled RNA as the substrate in our exoribonuclease
activity assay. Nevertheless, we only observe the cleavage of
the RNA but fail to visualize the progressively cleaved prod-
ucts when an unlabelled RNA is used and the RNA is de-
tected by EB staining. Although it is commonly used for
nucleic acid visualization, EB staining is much less sensitive
than radioactive detection and is also commonly affected
by the length of the nucleic acid chain. While the substrate
cleavage by the nsp10/nspl4 enzyme would produce a se-
ries of products of smaller size, the relatively small amount
of each product and its smaller size should explain their in-
visibility during EB staining. It should be noted that, in our
experiments, we have shown that depletion of the divalent
metal ions could abolish the substrate cleavage. In addition,
the active-site mutants of nsp10/nspl4 and nsp10/nspl4-
ExoN, which are prepared in the same way as the wild-type
proteins, expectedly do not cleave the substrate RNA. All
these results reveal that the disappearance of the substrate in
EB staining is unlikely the degradation of the RNA resulted
from contaminations, if any, during the enzyme preparation
but the reflection of the cleavage by the exoribonuclease. We
therefore believe that, by monitoring the substrate cleavage,
our assay has provided an alternative yet more convenient
method for in vitro evaluation of the nspl0/nspl4 exori-
bonuclease activity by using the unlabelled RNA substrate.
In conclusion, we have provided the mechanistic insight
into how SARS-CoV-2 nspl10/nsp14-ExoN exerts its exori-
bonuclease activity. The structural and functional data re-
ported in this study should be able to aid in the develop-

ment of antiviral drugs against SARS-CoV-2, which are ur-
gently needed as the confirmed cases of COVID-19 continue
to surge.
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