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Abstract 

Coronaviruses modify their single-stranded RNA genome with a methylated cap during replication to mimic the eukaryotic mRNAs. The capping 
process is initiated by several nonstr uct ural proteins (nsp) encoded in the viral genome. The methylation is performed by two methyltransferases, 
nsp1 4 and nsp1 6, while nsp10 acts as a co-factor to both. Additionally, nsp14 carries an e x onuclease domain which operates in the proofreading 
system during RNA replication of the viral genome. Both nsp14 and nsp16 were reported to independently bind nsp10, but the a v ailable str uct ural 
information suggests that the concomitant interaction between these three proteins would be impossible due to steric clashes. Here, we show 

that nsp14, nsp10, and nsp16 can f orm a heterotrimer comple x upon significant allosteric change. T his interaction is e xpected to encourage the 
formation of mature capped viral mRNA, modulating nsp14’s e x onuclease activity, and protecting the viral RNA. Our findings show that nsp14 
is amenable to allosteric regulation and may serve as a novel target for therapeutic approaches. 
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Introduction 

Upon release into the cytoplasm, the coronaviral genomic
RNA (gRNA) serves directly as a substrate to the translational
machinery. The first and only product of gRNA translation is a
large, nonfunctional 1a / 1ab polyprotein. To acquire function-
ality, it undergoes maturation through autoproteolytic cleav-
age mediated by two viral proteases, namely the main pro-
tease (M 

pro ) and papain-like protease (PL 

pro ). This leads to
the generation of a set of nonstructural proteins (nsp) which
are responsible for the viral replication process and remodel-
ing of the intracellular environment. Once nsps reshape the
cell to better serve the viral replication, gRNA is being repli-
cated, and at the same time a set of subgenomic mRNAs is pro-
duced in a peculiar, discontinuous transcription process. These
subgenomic mRNAs are monocistronic and serve as templates
to produce structural and accessory proteins required for the
formation, assembly, and release of progeny viruses ( 1 ). While
the functions of individual nsps have been previously charac-
terized, the coordinated action of these multifunctional com-
ponents remains incompletely understood and requires fur-
ther investigation. Works by Gao et al. ( 2 ), Yan et al. ( 3 ), Wang
et al . ( 4 ) and Kabinger et al . ( 5 ) shed light on the scaffold of
the replication complex formed by the nsp12 polymerase and
two co-factors (nsp7 and nsp8), which creates the functional
machinery with the ability to replicate viral RNA. Next, an ex-
tended elongation complex was described, where nsp12 / 7 / 8
is accompanied by the nsp13 helicase. This complex is sug-
gested to serve as the basic replication module ( 6 ). 

Coronaviruses are known for their large genomes, requiring
high-fidelity replication to maintain their integrity; although
the S AR S-CoV -2 nsp12 polymerase exhibits high processivity ,
it is prone to errors and lacks the required fidelity ( 7 ). Conse-
quently, coronaviruses have evolved an intrinsic proofreading
system ( 8–10 ), which involves several proteins, with partic-
ular emphasis on nsp14, which harbors an N-terminal 3 

′ -5 

′

exonuclease domain responsible for excising inaccurately in-
corporated nucleotides from the 3 

′ terminus of newly synthe-
sized RNA. The enzyme has been also proposed to play a role
during the discontinuous replication of coronaviruses. Nsp14
associates with the replicatory complex, with nsp10 as a co- 
factor enabling its exoribonuclease activity ( 8–10 ). 

Nsp14 is a multifunctional protein containing an N- 
terminal exonuclease domain (ExoN) and C-terminal 
guanine-N7-methyltransferase (N7-MTase) domain. Together 
with nsp16, this domain performs double methylation of the 
RNA cap, a process vital for the function and integrity of viral 
mRNAs ( 8 ). The methylation allows for translation initiation 

and protects viral mRNA from recognition as foreign by 
innate immunity ( 11 ). Cap formation is a tightly regulated 

process consisting of four consecutive enzymatic reactions.
First, the kinase-like nidovirus RdRp-associated nucleotidyl- 
transferase (NiRAN) domain ( 12 ) of nsp12 transfers the RNA 

to the amino terminus of nsp9, forming a covalent RNA–
protein intermediate. Next, the NiRAN domain transfers the 
RNA to GDP, forming the core cap structure GpppA-RNA 

( 13 ). Subsequently, the GpppA is methylated at the N7 posi- 
tion by the nsp14 N7-methyltransferase domain ( 7Me GpppA),
and the ribose of the first ribonucleotide is methylated at the 
2 

′ -O-position by the nsp16 2 

′ - O -methyltransferase ( 14–16 ).
During capping, the activity of the exonuclease domain of 
nsp14 must be modulated to prevent excessive destruction of 
the RNA. The described process results in a functional cap 

( 7Me GpppA 2 ′ OMe ), completing the genome replication. While 
there is a good structural understanding of the interactions 
between nsp12, nsp13, and nsp14 during replication ( 6 ,17 ),
for nsp16 the methylation process is not fully understood.
The spatial proximity of nsp14 and nsp16 should improve 
efficiency of the process. However, the available data contests 
such an interaction, as previous computational analyses 
utilizing available structural information on nsp10 / 14 and 

nsp10 / 16 complexes suggested that concurrent binding of 
both proteins to nsp10 might be unfeasible due to steric 
clashes ( 18 ). 

In this study, we investigated the interaction of the two pro- 
teins (nsp14 and nsp16) bridged with their co-factor nsp10.
Through the application of orthogonal methodologies, we 
have successfully captured the simultaneous presence and in- 
teractions of all three proteins and comprehensively studied 
Gr aphical abstr act 



Nucleic Acids Research , 2024, Vol. 52, No. 11 6443 

the modulations of their enzymatic activities upon the com- 
plex formation. 

An in-depth characterization of this co-dependency is war- 
ranted to define the role of this methylation complex in the 
S AR S-CoV-2 virus’ replication machinery. Interestingly, both 

nsp14 and nsp16 interact with nsp10 via canonical protein- 
protein interfaces, characterized by deep-seated lipophilic 
residues and solvent-shielded hydrogen bonds. The element 
triggering the steric interference between nsp14 and nsp16, 
when considering their attachment to a single nsp10 molecule, 
is an unusual N-terminal lid domain within nsp14. This lid is 
mostly devoid of secondary structure and lacks the protein- 
protein interaction complementarity . Notably , recent struc- 
tures of nsp14 without nsp10 show substantial conforma- 
tional rearrangements of the lid region, consistent with its 
structural flexibility ( 19–21 ). These findings led us to hypoth- 
esize that a localized structural alteration in the N-terminal lid 

region of nsp14 might be possible, and we show the formation 

of a heterotrimeric nsp10 / 16 / 14 complex. 
Further, we analyzed the available data on the formation of 

the replication complex, with a particular focus on the flexi- 
ble and disordered structure of the nsp14 lid ( 19–21 ). Build- 
ing upon our data, which suggests the possibility of nsp14 and 

nsp16 co-interacting with nsp10, we formulated a hypothesis 
proposing that, thanks to a rearrangement of the N-terminal 
lid of nsp14 to expose the nsp10–nsp16 interface, these three 
proteins form a stable complex to facilitate replication and en- 
hance the RNA cap methylation of the coronaviral genome. 
To further explore this hypothesis, we established an in vitro 

model to reconstitute the potential protein complex, success- 
fully demonstrating its assembly and structural organization. 
Remarkably, while the methyltransferase activity of nsp14 

and nsp16 in the complex remained relatively unchanged, 
we observed a modulation of nsp14’s exonuclease activity 
upon the complex formation, what may be essential for the 
regulation of the functional activity of nsp14 in the cellular 
microenvironment. 

Our findings contribute to the current understanding of the 
intricate interplay among nsp14, nsp10 and nsp16 during the 
replication process, particularly in the context of RNA cap 

methylation in the coronaviral genome. This research may 
have implications for the deeper understanding of the coron- 
avirus’ biology and development of novel targeted therapeutic 
strategies for the control of coronaviral infections. 

Materials and methods 

Protein expression and complex purification 

Constructs of nsp10, comprising amino acids 4254–4392; 
nsp14wt, comprising amino acids 5926–6452; and nsp16, 
comprising amino acids 6799–7096 of S AR S-CoV-2 polypro- 
tein 1ab optimized for expression in E. coli were ordered from 

GeneArt and individually subcloned into expression vector 
pETDuet-1, where fused TEV cleavage site (ENLYFQ / G) is 
added after His-tag for each of the proteins. In order to eval- 
uate the nsp14’s influence on the heterotrimer formation, we 
have generated three additional variants of nsp14: mutated 

exonuclease active sites D90A and E92A (nsp14cat) ( 22 ); 
lacking the methyltransferase domain and keeping the exonu- 
clease activity (nsp14ExoN); and deprived of the N-terminal 
50 amino acids forming the lid (nsp14 �) ( Supplementary 
Table S1 ). Heterotrimers and heterodimers were obtained 

from co-expressions of individual protein plasmids in E. coli . 
All reported complexes were expressed and purified according 
to the protocol below. Nsp14cat was purified according to the 
protocol described by us ( 20 ). 

Transformed BL21 (DE3) E. coli cells were grown in 

Lennox Broth (LB) medium (Bioshop) supplemented with 100 

μg / ml of ampicillin (Sigma) at 37 

◦C overnight and used as a 
starter culture for large-scale expression in Terrific Broth (TB) 
medium (Bioshop). After the culture reached OD 600 = 1.2–
1.4, cultures were cooled down and induced with 0.5 mM 

isopropyl- d -1-thiogalactopyranoside (IPTG; Sigma) for pro- 
tein expression at 18 

◦C for 16 h. Bacterial pellets were col- 
lected by centrifugation at 6000 rpm for 10 minutes at 4 

◦C, 
resuspended in lysis buffer (50 mM Tris–HCl pH 8.5, 300 mM 

NaCl, 5 mM MgCl 2 , 10 mM imidazole, 0.01% Triton X-100, 
5% v / v glycerol, 5 mM β-mercaptoethanol ( β-ME), 10 ug / ml 
DNAse I (Roche) and protease inhibitor cocktail (Thermo 

Fisher Scientific) and disrupted by sonication at 80% ampli- 
tude with 3 s ON and 3 s OFF pulse cycles, for 15 min at 10 

◦C. 
The lysed sample was clarified by centrifuging for 1 h at 25 

000 rpm at 4 

◦C. The supernatant was collected and incubated 

for 2 h at 4 

◦C with 2 ml of Ni-NTA Agarose resin (Jena Bio- 
science), pre-equilibrated with the lysis buffer. Purification was 
carried out in a gravity-flow column. Resin was washed with 

50 bed volume (BV) of buffer A (50 mM Tris–HCl pH 8.5, 300 

mM NaCl, 5 mM MgCl 2 , 5 mM β-ME, 10 mM imidazole) 
and 20 BV of buffer B (50 mM Tris–HCl pH 8.5, 300 mM 

NaCl, 5 mM MgCl 2 , 5 mM β-ME, 20 mM imidazole). The 
protein complex was eluted with buffers C, D and E (50 mM 

Tris–HCl pH 8.5, 150 mM NaCl, 5 mM MgCl 2 , 5 mM β-ME, 
100 mM (C) / 250 mM (D) / 350 mM imidazole (E), 5 × 2 BV 

each). The eluted fractions were concentrated to 5 ml, loaded 

and ran at a flow rate of 200 μl / min on a HiLoad 26 / 600 Su- 
perdex 200 prep grade column (GE Healthcare) equilibrated 

with the SEC buffer (50 mM Tris–HCl pH 8.5, 150 mM NaCl, 
5 mM MgCl 2 , 5% v / v glycerol, 5 mM β-ME). Once confirmed 

by SDS-PAGE, the nsp10 / 16 / 14 protein heterotrimer com- 
plex fractions were collected. TEV protease and β-ME were 
added and incubated with gentle rocking at 4 

◦C for approx- 
imately 12h to cleave the His-tags. When the His-tags have 
been cleaved from the heterotrimer complex, reverse binding 
was performed to clear the His-tags and other impurities by 
incubating for 15 min at 4 

◦C with 500 μl of Ni-NTA Agarose 
(GE Healthcare), pre-equilibrated with the SEC buffer. The 
sample was separated with a gravity-flow column, and the Ni- 
NTA agarose was washed three times with the SEC buffer 
with 150 mM NaCl and finally with SEC buffer with 300 

mM NaCl. The protein complex was collected, concentrated, 
loaded, and ran at a flow rate of 100 μl / min on a Superdex 

200 Increase 10 / 300 GL column (GE Healthcare) equilibrated 

with the final SEC buffer (20 mM HEPES pH 7.5, 150 mM 

NaCl, 5 mM MgCl 2 , 1 mM tris(2-carboxyethyl)phosphine 
(TCEP)). The protein complex was collected and concentrated 

at 5 mg / ml. Aliquots were snap-frozen and stored at -80 

◦C 

for further applications and measurements. Examples of the 
obtained purity of single proteins and respective protein com- 
plexes purified from their co-expression are shown by SDS- 
PAGE, in Supplementary Figure S1 . 

Mass photometry 

Mass photometry (MP) experiments were performed using 
OneMP instrument (Refeyn, Oxford, UK). First, Rectangular 
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24 × 50 mm coverslips were prepared by repetitive rinsing 
with water, ethanol, and isopropanol. Next, the cleaned cover- 
slips were dried with clean nitrogen. To calibrate the measure- 
ments, molecular weight references diluted in the final protein 

buffers were measured first. MP signals for sufficiently diluted 

protein samples were recorded for 100 s. Raw MP data were 
processed in DiscoverMP software (Refeyn, Oxford, UK) and 

subsequently plotted as molar mass distribution histograms 
using PhotoMol server ( 23 ). 

Liquid chromatography tandem mass spectrometry 

(LC–MS / MS) 

Protein identification from gel bands was performed at the 
Proteomics and Mass Spectrometry Core Facility, Malopol- 
ska Centre of Biotechnology , Jagiellonian University , Kraków , 
Poland. Samples were prepared, tested, and analyzed as de- 
scribed in Pabis et al. ( 24 ) with minor changes. Briefly, gel 
bands were destained by alternating washing with 25% and 

50% acetonitrile (ACN) in 25 mM ammonium bicarbonate 
(ABC). Then, protein reduction was performed with 50 mM 

dithiothreitol (DTT) in 25 mM ABC (45 min of incubation 

at 37 

◦C) followed by alkylation with 55 mM iodoacetamide 
with 1 h incubation at room temperature (RT) in the dark. 
In the next steps, gel bands were washed with 50% ACN 

in 25 mM ABC, dehydrated in 100% ACN, dried and re- 
hydrated in 20 μl of trypsin solution (10 ng / μl in 25 mM 

ABC). After rehydration, 40 μl of 25 mM ABC was added and 

samples were left for overnight incubation at 37 

◦C. Protein 

digestion was stopped by adding trifluoroacetic acid (TFA) 
at a concentration of about 0.5%. Peptides in the solution 

were collected and additionally extracted from the gel by 
dehydration with 100% ACN. The obtained peptide mix- 
tures were dried and suspended in a loading buffer (2% ACN 

with 0.05% TFA) for LC–MS / MS analysis, carried out with 

a nanoHPLC (UltiMate 3000 RSLCnano System, Thermo 

Fisher Scientific) coupled to a Q Exactive mass spectrome- 
ter (Thermo Fisher Scientific). Peptides were loaded onto a 
trap column (Acclaim PepMap 100 C18, 75 μm × 20 mm, 
3 μm particle, 100 Å pore size, Thermo Fisher Scientific) at 
a flow rate of 5 μl / min and separated on an analytical col- 
umn (Acclaim PepMap RSLC C18, 75 μm × 500 mm, 2 

μm particle, 100 Å pore size, Thermo Fisher Scientific) at 
50 

◦C with a 60 min gradient of ACN, from 2% to 40%, 
in the presence of 0.05% formic acid at a flow rate of 250 

nl / min. The eluting peptides were ionized in a Digital Pi- 
coView 550 nanospray source (New Objective) and measured 

using Q Exactive operated in a data-dependent mode. A Top8 

method was used with 35 s of dynamic exclusion. MS and 

MS / MS spectra were acquired at resolutions of 70 000 and 35 

000, respectively. The ion accumulation times were adjusted 

to ensure parallel filling and detection. The acquired LC–
MS / MS data were processed with the use of Proteome Dis- 
coverer platform (v.1.4; Thermo Scientific) and searched with 

an in-house MASCOT server (v.2.5.1; Matrix Science, Lon- 
don, UK) against the database of common protein contam- 
inants (cRAP database, https:// www.thegpm.org/ crap/ ) with 

manually added sequences for the proteins of interest. The fol- 
lowing parameters were applied for the database search: en- 
zyme: trypsin; missed cleavages: up to 1; fixed modifications: 
carbamidomethyl (C); variable modifications: oxidation (M); 
peptide mass tolerance: 10 ppm; fragment mass tolerance: 20 

mDa. Additionally, the SwissProt database, restricted to E. coli 

taxonomy, was searched to assess contamination with host 
proteins. 

Stoichiometry determination 

For protein quantitation, sample separation was carried out 
following a simple protocol using the Prominence HPLC sys- 
tem (2 × LC-20AD pumps, SPD-M20A diode array detector, 
DGU-20 degasser, all from Shimadzu Corp., Kyoto, Japan). 
For the gradient separation, a Kinetex 2.6 μm / 100A C18 100 

mm / 2.1 mm ID HPLC column was used (00D-4462AN, Phe- 
nomenex, Torrance, C A, US A). Solvents used for separation: 
A = water + formic acid (99.9:0.1, v / v), B = ACN + formic 
acid (99.9:0.1, v / v). All solvents were supplied by a Merck lo- 
cal distributor (Merck KgaA, Darmstadt, Germany). The gra- 
dient was set as follows: t (time) = 0 min, 25% B; t = 20 min, 
75% B; t = 20.5 min, 90% B; t = 25 min, 90% B; t = 25.5 min, 
25% B; t = 35 min, 25% B (end). The flow rate was set to 0.3 

ml / min. Diode array detector settings: λ = 200–350 nm (deu- 
terium lamp only), sampling frequency: 5 Hz. Data acquisition 

and data processing were controlled by LCsolution software, 
version 1.25 (Shimadzu Corp., Kyoto, Japan). Resulting data 
from λ = 280 nm chromatogram were corrected by the mo- 
lar extinction coefficients calculated for each protein (using 
ProtParam tool available at web.expasy.org / protparam / web 

page). Peak symmetry and other visible parameters were also 

verified using chromatograms acquired at other λ. 
To confirm protein content under every chromatographic 

peak taken for protein quantitation, mass spectrometry-based 

identification of each fraction composition was used. The pro- 
tocol for protein identification, applied with minor changes, 
is available elsewhere ( 25 ). Briefly, fractions acquired dur- 
ing protein separation were freeze-dried using a CentriVap 

system (Labconco, Kansas City, MO, USA) and re-dissolved 

in 70 μl 50 mM ABC (pH 7.8). Next, reduction and alky- 
lation of cysteine residues were done using DTT and fol- 
lowing iodoacetamide 50 mM ABC solutions (both reagents: 
5 mM final concentrations). In both cases, 10 min incuba- 
tion at 80 

◦C with shaking was applied. After cooling down, 
trypsin (Gold-MS grade, Promega, Madison, WI, USA) was 
added at a final concentration of 2 pmol per sample. Sam- 
ples were incubated overnight at 37 

◦C with shaking, then 

freeze-dried again and re-dissolved in 30 μl of 4% ACN / water 
solution acidified by 0.1% formic acid (v / v / v). NanoLC–
MS / MS analyses were performed on an Ultimate 3000 sys- 
tem (Thermo, Waltham, MA, USA) connected on-line to Ama- 
Zon SL, equipped with a nanoFlowESI ion source (Bruker- 
Daltonics, Bremen, Germany). Parameters of nanoLC system: 
column Acclaim PepMap100, C18, λ = 10 cm / 75 μm I.D., 
precolumn PepMap100, C18, λ = 1 cm / 1 mm I.D., gradi- 
ent settings: solvent A = water with 0.1% formic acid (v / v), 
solvent B = ACN with 0.1% formic acid (purity: MS-grade; 
Merck KGaA, Darmstadt, Germany), t = 0 min, 6% B; t = 5 

min, 6% B; t = 50 min, 55% B; t = 50.1 min, 80% B; t = 53 

min, 80% B; t = 54 min, 6% B; t = 58 min, 6% B (end). Sam- 
ple injection volume was usually in the range 3–5 μl. Flow 

rate: 300 nl / min, flow rate for sample introduction on pre- 
column: 30 μl / min. Mass spectrometer settings were as fol- 
lows: capillary voltage: 4200 V; heated capillary temperature: 
150 

◦C; MS scan range: 375–1600 m / z ; MS / MS scan range: 
200–2000 m / z ; resolution: enhanced; scanning frequency: ca. 
1 Hz; ICC (Ion Charge Control): 250 000 ions / trap cycle; 
fragmentation ions selection range: 450–1600 m / z (with mi- 
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nor exclusions); minimal ion intensity selected for fragmen- 
tation: at least 1 × 10 

6 units. Both instruments were run un- 
der the HyStar version 4.1 SR1 (Bruker-Daltonics, Bremen, 
Germany). Data analysis was performed in Bruker’s Compass 
DataAnalysis 4.4 SR1. Acquired data were converted into mgf 
files using built-in scripts, introduced into Mascot search en- 
gine (version 2.6, Matrixscience, London, UK), and searched 

against SwissProt and an in-house created database. Mascot 
settings: enzyme: trypsin; missing cleavages: 1; taxonomy: all; 
fixed modifications: carbamidomethylation; variable modifi- 
cations: oxidation-Met; peptide tolerance: 1.2 Da; #13C: 1; 
MS / MS tolerance: 0.6 Da; peptide charge: +1, +2, +3; instru- 
ment: ion-trap. 

MicroScale thermophoresis (MST) 

His-tag proteins were labeled with the Monolith His-Tag La- 
beling Kit RED-tris-NTA 2 

nd Generation (Nanotemper, MO- 
L018) according to the manufacturer’s guidelines. Labeled 

proteins were diluted in PBS containing 0.05% Tween-20 up 

to 80 nM concentration and mixed with increasing concen- 
trations of tested ligands. Samples were allowed 30 min incu- 
bation at RT before measurement. Measurements were per- 
formed on Monolith NT.115 in independent duplicate dilu- 
tion series using 80% Excitation Power and high MST Power 
in Monolith NT.115 Capillaries (MO-K022). Data were then 

fitted using MO.Affinity Analysis software K D 

fit. 

Nanoscale differential scanning fluorimetry 

(nanoDSF) 

NanoDSF was performed in standard capillaries using Tycho 

NT.6 equipment. Proteins and their respective complexes were 
measured at 1 mg / ml using default ramp temperature in ded- 
icated capillaries after 15 min at RT incubation. The resulting 
melting temperatures were reported as the first derivative of 
the fluorescence ratio. 

Methyltransferase activity 

The methyltransferase activity of nsp10 / 16 / 14wt, 
nsp10 / 16 / 14cat, and nsp10 / 16 / 14ExoN heterotrimers 
were measured using the EPIgeneous Methyltransferase 
kit from Cisbio (62SAHPEB) as previously described ( 26 ). 
Individual kit reagents were reconstituted according to the 
manufacturer’s instructions. Briefly, the methyltransferase 
reaction was incubated for 20 min at RT in 8 μl reaction vol- 
ume with 100 nM nsp10 / 16 / 14wt or mutated heterotrimer, 
1 μM Ultrapure SAM (from the Cisbio’s kit), 187.5 μM RNA 

cap analog (GpppA or GpppG, New England Biolabs S1406S 
and S1407S, respectively) or 18.75 μM Cap 0 RNA oligo 

(TriLink, produced on request) in reaction buffer consisting 
of 20 mM Tris–HCl pH 7.4, 150 mM NaCl and 0.5 mM 

DTT. The reaction was quenched by adding 2 μl of 5M NaCl 
followed by the addition of 2 μl Detection Buffer 1 (from 

the Cisbio’s kit) to the reaction mixture. After 10 min, 4 μl 
of 16 × SAH-d2 conjugate solution (from the Cisbio’s kit) 
was added. After 5 min, 4 μl of 1 × a-SAH Tb Cryptate 
antibody solution (from the CisBio’s kit) was added to the 
reaction mixture and incubated for 1 hour at RT. HTRF 

measurements were performed on a SpectraMax iD5 plate 
reader (Molecular Devices) according to the manufacturer’s 
guidelines (excitation λ 340 nm, emission λ 665 and 620 nm, 
top mode, 100 flashes, optimal gain, z position calculated 

from the negative control (no enzyme), lag time of 60 μs 

and the integration time of 500 μs). The resulting data were 
background-subtracted and normalized as follows: a ratio of 
signal at λ 665 nm and 620 nm was calculated; the data were 
background-corrected on the averaged signal for the buffer 
control; the data was normalized for each series individually 
on the wells not containing the enzyme. Sinefungin (Sigma, 
S8559) was used as a positive control. 

Nsp14 non-methylated oligo synthesis 

The substrate for S AR S-CoV-2 nsp14 was synthesized as de- 
scribed previously ( 26 ). Briefly, DNA oligos were incubated in 

a buffer containing 10 mM Tris–HCl, pH 7.5, 50 mM NaCl, 
and 1 mM EDTA at 95 

◦C for 2 min, and then cooled down 

to 20 

◦C, at 1 

◦C / min. Transcription and RNA capping were 
conducted with the HiScribe T7 High Yield RNA Synthesis 
kit (NEB, E2040S). The reaction mixture contained all NTPs 
at 10 mM except GTP, which was added at 0.75 mM and 

GpppA cap analog at 9.25 mM. The reaction was conducted 

for 16 h at 37 

◦C and the RNA was purified with a Monarch 

RNA cleanup kit (NEB, T2040S). 

Binding and exonuclease activity assays 

Fluorescently labeled RNA oligonucleotides (CoV-RNA1-A 

5 

′ FAM-AAAAAAAAAAA CGCGUA GUUUUCUA CGCG 3 

′ 

and CoV-RNA1-G 5 

′ FAM-GGGGGGGGGGGCGCGUAG 

UUUUCUACGCG 3 

′ ) for exonuclease assays were synthe- 
sized by Future Synthesis. RNA oligonucleotides were dis- 
solved in DEPC-treated water. Exonuclease assays were per- 
formed with a protein concentration of 1.6 μM and RNA sub- 
strate concentration of 1.6 μM in a reaction that contained 20 

mM HEPES (pH 7.5), 100 mM NaCl, 5% glycerol, 10 mM 

MgCl 2 , 5 mM β-ME. The reactions were initiated by the ad- 
dition of protein at 37 

◦C and stopped at selected time points 
by the addition of an equal volume of 100% formamide that 
contained Orange G dye and boiling the samples for 5 min 

at 95 

◦C. The samples were analyzed on 20% TBE-Urea poly- 
acrylamide gel at a constant power of 18 W for 45 min. The 
products were visualized with the Amersham Typhoon RGB 

Biomolecular Imager with Image Quant Total Lab software 
(GE Healthcare). 

Nuclear magnetic resonance (NMR) 
2 H 

15 N-nsp10 was expressed in M9 minimal media supple- 
mented with 

15 N-NH 4 Cl 2 in 100% D 2 O. The purification was 
done as reported previously ( 7 ). Purified 

2 H 

15 N-nsp10 was 
used at 100 μM for NMR experiments. NMR spectra were 
collected on Bruker 800 and 1200 MHz NMR spectrome- 
ters equipped with a triple resonance cryoprobe. Non-labeled 

nsp16 and nsp14cat were titrated and added to the 2 H 

15 N- 
nsp10 with a 2-fold molar excess. Despite molar excess it was 
not possible to completely saturate nsp10 due to aggregation 

and solubility limit of the nsp16. Interpretation of spectra is 
based on, clearly distinguishable, bound fraction of nsp10. 
The interaction between nsp10 and nsp14 was not observed 

in the NMR spectra. This surprising fact can be explained by 
weaker nsp10-nsp14 affinity, and may be affected by NMR 

conditions (concentrations, temperature, buffer components) 
or alternate folding of the N-terminal lid of nsp14 that refolds 
to bind nsp10 only very slowly or in a presence of nsp16. This 
second possibility is corroborated by our recent structure of 
apo-nsp14 where the lid completely refolds to accommodate 
the nsp10 ( 20 ). 
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Molecular dynamics simulations (MD) 

We simulated three systems: nsp14, nsp10 / 14 complex, and 

the nsp10 / 16 / 14 complex. The nsp14 protein was taken from 

the nsp10 / 14 complex (PDB ID: 7DIY). In the case of the het- 
erotrimer, we generated the complex by aligning the nsp10 / 14 

complex (PDB ID: 7DIY) with a nsp10 / 16 complex (PDB ID: 
6W4H). To avoid steric clashes, the lid region had to be dis- 
placed by rotating along the Tyr51 main chain. No other alter- 
ations were made to the structures. The MD simulations were 
performed with the AMBER 20 ( 27 ) software suite, and the 
proteins were parameterized using the ff14SB ( 28 ) force field. 
The systems were solvated in explicit water (TIP3P ( 29 )) using 
an octahedron water box with a minimum distance of solute 
and box edge of 15 Å. The systems were neutralized using 
Na + and Cl − ions. The systems were minimized (1 

′ 000 steps 
of steepest descent) and heated to 300 K in several steps us- 
ing a langevin thermostat. After equilibration (4 ns including 
heating) the production runs were performed. For nsp10 / 14 

and nsp14, we performed 2 μs of simulation. In the case of 
heterotrimer complex we conducted three independent sim- 
ulations (from different starting conditions) summing to 1.7 

μs. The trajectories were analyzed using pytraj . For the RMSF 

analysis a per atom RMSF was calculated for all cases and the 
mean for each residue was taken. The hydrogen bonds were 
calculated based on a distance criterion of 3 Å and an angle 
cutoff of 135 

◦. 

Small-angle X-ray scattering (SAXS) 

Samples were measured in SEC-SAXS mode at BM29 / ESRF, 
Grenoble, France (session ID: MX2341). Samples (100 μl) 
were measured on Agilent AdvanceBio SEC 300 with 50 mM 

Tris–HCl pH 8.5, 150 mM NaCl, 5 mM MgCl 2 and 2 mM 

β-ME running phase at 0.16 ml / min flow rate. The measure- 
ments were performed at 0.99 Å wavelength. The sample- 
to-detector distance was set at 2.83 m with a Pilatus2M de- 
tector for data acquisition. Further data analysis was per- 
formed using the ATSAS 3.1.3 software package. Rg was mea- 
sured using Primus using a qRg range not higher than 1.5. 
The real-space parameter determination was assessed using 
GNOM software. The molecular weights were assessed using 
the Bayesian Inference mode of Primus considering Qp, MoW, 
Vc, size and shape values. Molecular envelopes were gener- 
ated using DAMMIF 10 rounds finished with one DAMMIN 

run. They were visualized using SASpy. High-resolution PDB 

structures were superimposed in their corresponding molec- 
ular envelopes using SASpy mode supalm. The model of 
nsp10 / 16 / 14wt heterotrimer was built using SRELFEX soft- 
ware using high-resolution structures of nsp10 / 16 (PDB ID: 
6W4H) and nsp14 from PDB ID: 5C8U. 

Negative-staining transmission electron 

microscopy (NS-TEM) 

NS-TEM measurements were done in Formvar / carbon- 
supported 400 mesh copper grids suspended in air with a neg- 
ative lock tweezer. The purified protein complex (0.03 mg / ml) 
was applied on glow-discharged Formvar / carbon-supported 

400 mesh copper grids and negatively stained with 1% neu- 
tralized uranyl-acetate. Grids were imaged using a JEOL JEM 

2100HT electron microscope (Jeol Ltd, Tokyo, Japan) at an 

accelerating voltage of 200 kV. Images were taken with a 4k 

× 4k camera (TVIPS) equipped with EMMENU software ver- 
sion 4.0.9.87. 

Cryo-electron microscopy cryo-EM) and 

subsequent analysis 

Sample was applied on a 3 mm TEM grid (Quantifoil, Cu 2 / 1, 
mesh 200) and plunge-frozen in liquid ethane with Vitrobot 
mk IV (Thermo Fisher Scientific). Freezing parameters applied 

were: blot time of 2 s, single blot from both sides, 15 s incu- 
bation time, humidity 95%, and temperature 4 

◦C. Prepared 

grids were clipped and transferred to a Titan Krios G3i mi- 
croscope equipped with a K3 direct electron detector embed 

in a BioQuantum imaging filter setup (Gatan). A dataset of 
8148 movies was collected with an average dose rate of 15.83 

e −/ px / s measured over vacuum. Each movie comprised 40 

fractions with a total dose of 40.47 e −/ Å2 again measured 

over vacuum. The defocus set ranged from –2.1 to –0.9 μm 

with the step of 0.3 μm. Movies were acquired in energy- 
filtered mode with a slit of 20 eV and pixel size of 0.86 Å. 
The acquisition was conducted with the use of EPU software 
(version 2.10.0.1941REL). 

The collected dataset was processed in the cryoSPARC plat- 
form (versions from 3.2 to 4.0.0). After patch motion cor- 
rection and patch CTF estimation, blob picking from 300 

random micrographs was performed using particle diameters 
ranging from 80 to 160 Å. Picking resulted in a set of 168 819 

particles, which were extracted with a box of 300 px, binned 

to 150 px, and 2D classified for further use in creating tem- 
plates. Template picking from the whole dataset with 120 Å
particle diameter resulted in a set of 2 534 664 particles. Af- 
ter extraction, particles were curated and subsequent 2D clas- 
sified. Picked subset of particles was passed to train neural 
network picker. Obtained model resulted in 211 612 picked 

particles, extracted, 2D classified and passed to ab initio and 

homo refinement on 105 784 particles. The final density has 
resolution of 13.52 Å (at 0.143 FSC). 

Image processing and 3D reconstitution 

Collected micrographs were processed using cryoSPARC 

3.1.1. Initially, 9350 particles were picked from micrographs 
using Blob Picker. Picked particles were subjected to a 
template-free 2D classification, from which 1216 particles 
were selected and subjected to 3D reconstitution using the ab 

initio reconstitution job. The nsp10 / 16 / 14wt complex map 

derived from SAXS data was used for a rigid-body fit to a 3D- 
reconstruction map using Dock in map. 

Surface plasmon resonance (SPR) 

The assay was performed on a Biacore S200 (GE Healthcare). 
Buffer exchange for both ligand and analyte were performed 

by diafiltration in Amicon Ultra 0.5 ml devices (Merck) to 

immobilization and assay buffer, respectively. Nsp14cat was 
immobilized on HC200M sensor (Xantec) in immobilization 

buffer (20 mM HEPES pH 7.3) by NHS-EDC crosslinking 
to ∼170 response units (RU). Assays were run in a multi- 
cycle scheme in assay buffer (10 mM HEPES pH 7.5, 150 

mM NaCl, 5 mM MgCl 2 , 5 mM β-ME, 0.5 mg / ml BSA) at 
30 μl / min flow rate. Each cycle consisted of a 120 s associa- 
tion step and 600 s dissociation step followed by surface re- 
generation (1-minute, 4 M MgCl 2 ). Analyte (nsp10 / 16 com- 
plex) was injected at concentrations 0.5, 1, 2, 4, 8 and 16 

μM. The affinity was calculated by fitting the binding level 
versus analyte concentration plot to the steady state affinity 
model. 
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Results 

Exploring protein interactions: a computational 
per specti ve 

Several high-resolution crystal structures are available for 
S AR S-CoV-2 nsp10 / 14 and nsp10 / 16 complexes. Overlay of 
those by a common component (nsp10) demonstrates that 
a region comprising about 50 N-terminal residues of nsp14 

overlaps with nsp16 at the surface of nsp10. The significant 
steric clash produced by this overlap would preclude the het- 
erotrimer complex assembly mediated by the concomitant in- 
teraction of nsp14 and nsp16 with nsp10 (Figure 1 Ai). Thus, 
to accommodate the formation of proposed heterotrimer, it 
would require a significant structural rearrangement within 

either nsp14 or nsp16. 
Upon examination of the interactions between nsp10 and 

nsp16 (Figure 1 Aii), and between nsp10 and nsp14 (Figure 
1 Aiii), it appears that the binding surface of nsp14 contains 
a weakly interacting N-terminal region, which we have pre- 
viously shown to be flexible and disorganized ( 20 ). Based on 

the available binding interface data, there is a potential for the 
formation of a nsp10 / 16 / 14 heterotrimer, as nsp16 could po- 
tentially displace the N-terminal lid of nsp14 at the interface 
with nsp10, and this process might be energetically favorable. 
The interaction surface between nsp14 exonuclease domain 

(without the lid) and nsp10 would be sufficient to maintain 

the interaction and will not obstruct nsp16 binding (Figure 
1 B). This hypothesis is corroborated by the high structural di- 
versity of the lid observed in our (PDB ID: 7R2V) and other 
X-ray structures (PDB IDs: 7DIY, 5C8U, 7N0B). 

Molecular dynamics simulation 

In addition to a shared binding surface, the significant al- 
losteric adaptation of nsp10 for exclusive binding of ei- 
ther nsp16 or nsp14 was suggested before ( 30 ). We noted 

that in both nsp10 / 14 and nsp10 / 16 structures, the regions 
forming intermolecular interfaces remain identical. To test if 
nsp10 would be capable of maintaining binding with both 

methyltransferases (assuming nsp14 lid refolding), we per- 
formed Molecular Dynamics (MD) simulations of the free 
nsp14, nsp10 / 14 and heterotrimer complex (Figure 2 ). The 
heterotrimer was modeled by superimposing nsp10 from 

nsp10 / 14 (PDB ID: 7DIY) and nsp10 from nsp10 / 16 (PDB 

ID: 6W4H) structures. The heterotrimer has nsp14 lid residues 
moved away from nsp10 (by the rotation of Tyr51 main chain) 
to allow for nsp16 binding. Our MD showed that the het- 
erotrimer remained stable and did not dissociate in three in- 
dependent MD runs amounting to 1.7 μs of simulation time. 
The lid region of nsp14 was quite flexible with no protein in- 
teractions and was stabilized in the nsp10 / 14 complex (see red 

bars in Figure 2 A). In the heterotrimer, some flexible regions in 

the lid were also observable, but a new region stabilized by the 
interaction with nsp16 also appeared in this range. On aver- 
age, the lid was stabilized by 5 intermolecular hydrogen bonds 
in the heterotrimer simulation. For nsp10 / 14 an average of 15 

hydrogen bonds were found explaining the increased stability 
in this simulation. 

Together, the MD simulations indicate that, upon lid rear- 
rangement, the stable heterotrimer can exist and no allosteric 
adjustments of the nsp10 are necessary to bind both partners 
simultaneously. During the run, the rearranged lid formed a 
new interaction with nsp16 and the exonuclease domain of 
nsp14 that stabilized its structure. The degree of stabilization 

was smaller than observed for nsp10 / 14 complex. This could 

be due to the lid not being able to assume the global energy 
minimum within the duration of the simulation. 

In vitro heterotrimer formation 

The modeling and simulation data prompted us to experimen- 
tally verify the heterotrimer formation. To test the hypothesis 
and evaluate the interaction of nsp14 and nsp16 with nsp10, 
we have expressed four nsp14 variants: nsp14wt, full-length 

nsp14 protein; nsp14cat, nsp14 with mutated exonuclease ac- 
tive sites D90A and E92A; nsp14ExoN, nsp14 without the 
methyltransferase domain but retaining the exonuclease activ- 
ity; and nsp14 �, nsp14 lacking the N-terminal 50 amino acids 
(lid). First, we observed the formation of the nsp10 / 16 / 14wt 
heterotrimer by co-expressing the individual proteins into a 
single E. coli population, by Size Exclusion Chromatography 
(SEC, Figure 3 A). The presence of nsp10, nsp16, and nsp14wt 
in the SEC peak fraction was confirmed by SDS-PAGE (Fig- 
ure 3 B). Next, to evaluate the nsp10 / 16 / 14wt heterotrimer 
formation by mixing the purified components, nsp14wt and 

nsp16 were separately expressed as His-tagged constructs and 

labeled with a high-affinity His-tag-specific fluorophore dye 
as the reporter for the MicroScale Thermophoresis (MST) 
experiments. Labeled nsp14wt was titrated with unlabeled 

nsp10, and a dose-dependent increase in the thermophoretic 
signal was observed, indicating an interaction with a K D 

of 
2.40 ± 0.20 μM (Figure 3 D, blue). This is in agreement with 

the previously reported affinity with a K D 

of 1.10 ± 0.90 

μM ( 31 ). Every investigated variant of nsp14 was able to 

form nsp10 / 14 complexes. Nsp14 � formed a stable complex 

with nsp10, with the K D 

of 1.47 ± 0.42 μM, an increase 
in the affinity compared to the nsp10 / 14ExoN interaction 

with a K D 

of 4.55 ± 2.68 μM ( Supplementary Figure S2 ). 
The above data indicates that the N-terminal lid of nsp14 

is largely dispensable for interaction with nsp10. The inter- 
action is still possible and actually stronger for in nsp14 �, 
where only the exonuclease domain provides binding surface. 
This is consistent with the possibility of lid rearrangement 
upon heterotrimer formation. The lack of secondary struc- 
tures within the lid likely causes a significant entropic cost of 
the binding by restricting numerous degrees of freedom, thus 
offsetting the enthalpic contribution. Subsequently, we tested 

if nsp14 � was still capable of interaction with nsp10 / 16 to 

form a heterotrimer. The complex was measured using Mass 
Photometry (MP) and MST. MP quantifies the so-called in- 
terferometric contrast (interference between the light scat- 
tered by the tested biomolecule and reflected by the surface 
used for measurements), which, unlike other techniques, is 
directly correlated to the molecular mass and not recalcu- 
lated from, e.g. hydrodynamic radius ( 32 ). With MP, we were 
able to measure the approximate mass of the heterotrimer 
complex in solution, which is proportional to the recorded 

light scattering signal. Since we observed limited stability of 
nsp14wt in MP we used nsp14 � for the experiments. Result- 
ing histograms present sharp peaks for both nsp10 / 16 and 

nsp10 / 14 � with fitted molecular weights of 49 and 68 kDa, 
respectively, and a distinct and broader, hence more dynamic, 
heterotrimer peak at 128 kDa (Figure 3 C). This excludes the 
possibility of the heterotrimer being a mixture of co-migrating 
nsp10 / 14 and nsp10 / 16 heterodimers, we used MP to deter- 
mine the molecular weights of the complexes directly in the 
solution. 
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Figure 1 . Nsp10 / 1 6 / 1 4 heterotrimer comple x f ormation and the lid h ypothesis. ( Ai ) Ov erla y of the a v ailable high-resolution str uct ures of S ARS-CoV-2 
nsp10 / 14 and nsp10 / 16 comple x es with nsp10-centered alignment of nsp10 / 16 (PDB ID: 6WVN) and nsp10 / 14 (PDB ID: 7DIY). Nsp16 is shown in cyan 
and the associated nsp10 is shown in y ello w. Nsp14 e x onuclease domain is sho wn in green and the associated nsp10 is in magenta. The str uct ural clash 
between nsp14 and nsp10 / 16 surfaces is shown in red. ( Aii ) Interface between nsp10 and nsp16. The strong hydrophobic interaction between nsp10 
and nsp16 are shown in blue. The nsp10 residues V42 and L45 are indicated by the orange arrows. ( Aiii ) The interface between nsp10 and nsp14. The 
sidechains participating in h y drogen bonds between nsp10 and nsp14 are shown in bright green. The N-terminal region of nsp14, where the β turn 1 and 
β2 / β3 loop are located is where the steric clash (red) is localized. All panels: Variable orientations of nsp10 α1 ′ -helices seen in respective complexes 
with nsp16 and nsp14 are shown. Arrows indicate major str uct ural feat ures constit uting the interface. ( B ) Schematic representation of interactions 
guiding the affinities of nsp10, nsp14 and nsp16. ( Bi ) Nsp16 binds nsp10 at the site o v erlapping that in v olv ed in binding of the lid of nsp14, but nsp10 / 16 
interaction is characteriz ed b y a w ell-de v eloped interf ace in v olving deep lipophilic pock ets and solv ent-shielded h y drogen bonds. T he α1 helix of nsp10 is 
not defined in the crystal str uct ures of the nsp10 / 16 complexes (PDB IDs: 6W4H, 6YZ1), indicating it is flexible and not involved in binding. ( Bii ) The α1 
helix of nsp10 provides several deeply buried lipophilic and π-stacking interactions with the exonuclease domain of nsp14, and the interaction may be 
described in terms of shape complement arit y. In turn, the interaction of the N-terminal lid region (amino acids 1–50) of nsp14 with nsp10 shows poor 
shape complement arit y and is characteriz ed only b y a lo w number of solv ent-e xposed h y drogen bonds. ( Biii ) T he f ormation of the nsp10 / 1 6 / 1 4 
heterotrimer complex is accompanied by the lid displacement and stabilization of the α1 helix. 

To validate the specificity of our MST binding assay, we 
performed several control experiments. A well-defined nsp10- 
nsp16 interface yielded a K D 

of 0.24 ± 0.01 μM (Figure 3 D, 
red), whereas nsp14wt did not interact with nsp16 (Figure 
3 D, gray) in the absence of nsp10. When labeled nsp14wt was 
titrated with unlabeled nsp10 / 16 complex (Figure 3 D, green), 
a dose-dependent increase in thermophoretic signal was ob- 
served. Fitting the experimental data allowed the determina- 
tion of the K D 

characterizing the interaction of nsp14wt with 

nsp10 / 16 at 0.28 ± 0.01 μM, a result consistent with the het- 
erotrimer formation. The affinity of nsp14 � for nsp10 / 16 was 
found to be 0.22 ± 0.03 μM, and was not significantly differ- 
ent from the affinity of nsp14wt for nsp10 / 16 at 0.28 ± 0.01 

μM ( Supplementary Figure S2 A, green and Figure 3 D, green), 
confirming that while the lid takes part in nsp10–nsp14 in- 
teractions, it does not significantly alter the heterotrimer 
formation. 

To assess the stoichiometry of nsp10, nsp16 and nsp14wt 
in the complex, liquid chromatography-mass spectrometry 
(LC–MS) was employed. By analyzing the diode array de- 
tection signals, e.g. at 280 nm, with further MS-based 

identification of the proteins under each UV chromato- 
graphic peak, the stoichiometry was consistently established 

at 1.2:1:1 (nsp10:nsp16:nsp14wt) ( Supplementary Figure S3 

and Supplementary Table S2 ). 
The binding of immobilized nsp14wt to nsp10 / 16 was 

further documented using Surface Plasmon Resonance (SPR) 
( Supplementary Figure S4 A). The K D 

for nsp10 / 16 interaction 

with immobilized nsp14wt was estimated at 6.04 ± 1.41 and 

7.13 ± 0.84 μM in kinetic binding model and steady state, re- 
spectively, which is an order of magnitude higher than the K D 

determined by MST. We attribute the difference to the immo- 
bilization constraint necessary in SPR and not present in MST. 
Despite the differences in K D 

values, the SPR results show a 
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Figure 2. MD simulation. ( A ) RMSF against residue inde x f or the nsp14 protein in each of the simulated cases with the lid part indicated as red bars. For 
each residue, the mean RMSF o v er all atoms is calculated. The lid part is highly flexible in free nsp14 simulation. Binding to nsp10 causes significant 
stabilization of this part. In the simulated heterotrimer, the lid is partially stabilized by interaction with nsp16 and additional interaction with the 
e x onuclease domain but retains some degree of flexibility. ( B ) For the heterotrimer complex, the center of mass-distance between nsp14 and nsp16 
sta y ed constant through the simulation time of total 1.7 μs and no dissociation happened. This indicates that nsp10 can accommodate both nsp14 (with 
lid readjustment) and nsp16 simultaneously. ( C ) The number of intermolecular hydrogen bonds between the lid part and the interacting proteins was 
calculated for nsp10 / 14 and the heterotrimer complex for each time frame. For nsp10 / 14, the lid was stabilized by on average 14 hydrogen bonds, and 
for the heterotrimer on average 5 hydrogen bonds appear between the proteins. ( D ) Heterotrimer str uct ure simulated by MD. Nsp16 (blue), nsp10 
(magenta), nsp14 (orange) and the lid region of nsp14 (red) are shown as ribbon plots. The first (dark hue, glossy) and last frame (light hue, matte) of the 
simulation are superimposed. The heterotrimer str uct ure shows little str uct ural deviations during the simulation except for the lid region that refolds 
visibly and a few loop regions. The overall shape of the complex remains stable. 
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Figure 3. In vitro formation of the nsp10 / 1 6 / 1 4 heterotrimer. ( A ) SEC chromatogram for the heterotrimer complex (nsp10 / 1 6 / 1 4wt) eluting at 14.7 ml on 
a Superdex 200 Increase 10 / 300 column. ( B ) SDS-PAGE analysis of the main peak from the SEC run of the heterotrimer. Three major proteins 
corresponding in size to nsp10, nsp16, and nsp14 (MW of 15, 34 and 60 kDa, respectively) are present in roughly equal quantities. ( C ) MP determination 
of molecular masses for nsp10 / 16 (red - MW 49 kDa), nsp10 / 14 � (blue - MW 68 kDa), and for the heterotrimer (green - MW 128 kDa). ( D ) MST analysis 
of the intra-complex affinities to form the heterotrimer nsp10 / 1 6 / 1 4wt (green), heterodimers nsp10 / 14wt (blue), and nsp10 / 16 (red). Nsp16 does not 
interact with nsp14wt (gray). Data are represented as mean (dots) with error bars. The binding model fit is represented as solid line. 

similar trend to the results obtained using the MST; nsp10 / 16 

binding to nsp14ExoN or to nsp14 � is stronger than that of 
nsp10 alone ( Supplementary Figure S2 A). In fact, it was possi- 
ble to saturate the nsp14 signal with nsp10 / 16 but not nsp10 

alone. 
To further define the heterotrimer complex and its com- 

ponents, we analyzed thermal denaturation profiles using 
nanoscale differential scanning fluorimetry (nanoDSF). Each 

of the individual system components (nsp10, nsp14wt and 

nsp16) was characterized by a single, distinctive denatura- 
tion temperature ( Supplementary Figure S4 B), indicating that 
structures of the functional domains within particular com- 
ponents collapse in a coordinated manner upon temperature 
increase. Nsp14wt was stabilized by complex formation with 

nsp10 (nsp10 / 14wt complex: T m 

= 55.0 

◦C), while nsp10 

binding did not significantly affect the thermal stability of 
nsp16 (nsp10 / 16 complex: T m 

= 45.5 

◦C). The combination of 
nsp10, nsp16 and nsp14wt is characterized by a single sharp 

thermal denaturation peak with a distinctive melting tem- 
perature of 51.7 

◦C, which further supports the heterotrimer 
formation. 

The nature of the nsp10–nsp16–nsp14 interactions 

In order to follow the interaction between the heterotrimer 
components in solution, we prepared 

2 H 

15 N isotopically la- 
beled nsp10 for nuclear magnetic resonance (NMR) analysis. 
The use of deuterated nsp10 and recording of transverse re- 
laxation optimized spectroscopy (TR OS Y) heteronuclear cor- 
relation spectra ( 33 ) was required to reduce the linewidth of 
the NMR signals in the ternary complex. The other com- 
ponents of the heterotrimer were not labeled to avoid over- 
crowding of the spectra. The NMR spectrum of nsp10 shows 
well-dispersed resonances similar to the published spectra of 
nsp10 ( 34 ) (Figure 4 ). The addition of a 2-fold molar excess 
of nsp16 caused significant spectral changes with the appear- 
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Figure 4. NMR titration of 2 H 

15 N-labeled nsp10 protein with unlabeled nsp16 and nsp14cat. Only resonances of the isotope-labeled nsp10 are observed 
in the NMR spectra. ( A ) The spectrum free nsp10 (100 μM; red peaks) is characteristic of a w ell-f olded protein. T he addition of approximately 200 μM of 
nsp16 (blue spectrum) causes the appearance of a second set of signals indicating the presence of free nsp10 and nsp10 / 16 in roughly equal amounts. 
Full saturation of nsp10 was not possible due to apo-nsp16 solubility limit. ( B ) To the nsp10 / 16 sample (blue), nsp14cat is added (green). The NMR 

signals of the free nsp10 population (the part of the blue spectrum that o v erlaps with the red one in panel (A) are not affected by the presence of 
nsp14cat (no change in free nsp10 amount and binding state is seen). The nsp10 / 16 complex population that appeared after nsp16 addition mostly 
disappeared in the presence of nsp14cat due to line broadening. This indicates that nsp14cat preferentially binds to the nsp10 / 16 heterodimer rather 
than the free nsp10. The inserts on top show magnified resonances marked on the whole spectrum for better readability. 

ance of a second set of signals. The new signals exist together 
with the signals recorded for apo nsp10 and contain two sub- 
sets of peaks (see Figure 4 A, inserts). The experiment shows 
that both apo- and nsp16-bound nsp10 exist in a solution in 

roughly similar amounts (Figure 4 A). Despite nominal mo- 
lar excess of nsp16, nsp10 is not saturated, likely because 
the effective concentration of nsp16 in the sample is lower 
compared to nominal concentration due to significant pre- 
cipitation of nps16 at concentrations required for NMR. The 
nsp10–nsp16 complex shows some structural heterogeneity as 
indicated by the presence of two subsets of signals. The pres- 
ence of two sets of NMR signals for the complex indicates 
‘slow exchange’ binding kinetics ( 35 ), a case when NMR ex- 
periment observes two states as separate populations of res- 
onances due to ‘slow’, exchange between states (in order of 
tens of milliseconds to seconds). Next, we added a small mo- 
lar excess of nsp14cat to the sample (Figure 4 B). Interestingly, 
the population of apo-nsp10 signals was not affected by the 
presence of nsp14cat. However, the signals of the nsp10 / 16 

species show substantial line-broadening. The line-broadening 
of the nsp10 / 16 population likely results from a combina- 
tion of increased molecular weight and binding kinetics in 

the so-called NMR ‘intermediate exchange regime’. The lack 

of changes in the free nsp10 pool indicates that the presence 
of nsp14cat does not affect the apo-nsp10 to nsp10 / 16 bal- 
ance, but only reflects binding to the nsp10 / 16 population. 
Interestingly, no interaction between the free nsp10 popu- 
lation and nsp14cat was observed in this experiment. This 
is due to the weaker affinity of nsp14 toward nsp10, com- 
pared to nsp16’s affinity to nsp10, and is in agreement with 

our MST (Figure 3 D and Supplementary Figure S2 ) and SPR 

( Supplementary Figure S4 A) data. The existence of the het- 
erotrimeric complex in solution is thus preferred over the 
nsp10 / 14cat heterodimer. The excess of nsp14 does not cause 

noticeable alteration of apo-nsp10 resonances, this is simi- 
lar to minimal spectra alteration upon nsp10-nsp14 binary 
titration. 

Functional consequences of nsp10 / 16 / 14wt 
heterotrimer complex formation 

The exoribonuclease activity of the nsp14 exonuclease do- 
main is essential for proofreading during the virus replication 

process. In the in vitro conditions, nsp14 exhibits high proces- 
sivity and non-specifically degrades nucleic acids ( 18 , 36 , 37 ). 
The proofreading function, however, requires tight control of 
nsp14 activity in vivo . We assessed whether the heterotrimer 
formation affects the exoribonuclease activity of nsp14 using 
RNA substrates (Figure 5 A and Supplementary Figure S5 ). As 
reported earlier, the exoribonuclease activity of nsp14wt was 
nsp10-dependent ( 38 ,39 ). The nsp10 / 14wt complex yielded 

a distinctive and time-stable RNA degradation profile (Figure 
5 A). Heterotrimer formation significantly affected the exori- 
bonuclease activity of nsp14wt – the time-stable end-product 
of RNA substrate degradation was distinct from that obtained 

using nsp10 / 14wt, demonstrating that the heterotrimer mod- 
ulates the specificity of nsp14 exonuclease. Moreover, the 
RNA degradation pattern did not change during longer 
incubation times excluding the possibility of partial digestion 

by coexisting nsp10 / 14wt and nsp10 / 16 complexes instead 

of the heterotrimer as lower nsp10 / 14wt concentration 

would produce the same RNA degradation profile but in a 
longer time. Neither tested complexes containing the catalytic 
residue mutation in the exoribonuclease domain of nsp14 

(nsp14cat, nsp10 / 14cat, and nsp10 / 16 / 14cat) nor nsp10 / 16 

exhibited any exoribonuclease activity with tested substrates 
(Figure 5 A and Supplementary Figure S5 ) demonstrating 
that the exonuclease domain is solely responsible for the 
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Figure 5. The formation of nsp10 / 1 6 / 1 4wt heterotrimer modulates the ribonuclease, but not methyltransferase activities. ( A ) Exonuclease activity. 
CoV-RNA1-A degradation profiles of nsp14wt, nsp10 / 14 (wt, cat), nsp10 / 16, with 0- and 30-min incubation, and profiles of nsp10 / 1 6 / 1 4 (wt, �, ExoN, 
and cat) from 0-, 30- and 60-min incubation. Merged from Supplementary Figure S5 A–C. ( B ) Schematic view of mRNA methylation. X represents a 
nascent nucleotide (adenine (A) or guanine (G)). m 

7 represents methylation of the first guanine at position N7 by nsp14. m 

2 indicates 2 ′ - O methylation of 
the nascent mRNA nucleotide. ( C ) Methyltransferase activity of tested complexes. The results were normalized at SAH concentration. All experiments 
w ere perf ormed in duplicate. Av erage v alues with error bars (SD) are sho wn. T he Y-axis w as normaliz ed to the negativ e control in which the v olume of 
the inhibitor was replaced with buffer supplemented with DMSO. 
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exoribonuclease activity of tested complexes. Interest- 
ingly, the time-stable degradation pattern obtained using 
nsp10 / 14ExoN was distinct from that observed when the 
substrate was treated with nsp10 / 14wt demonstrating the 
modulation of the exoribonuclease activity by the presence 
of the nsp14 methyltransferase domain (Figure 5 A and 

Supplementary Figure S5 ). The time-stable substrate degrada- 
tion pattern obtained by incubation with nsp10 / 16 / 14ExoN 

was distinct from that obtained with nsp10 / 16 / 14wt, again 

demonstrating the modulating effect of the exonuclease 
activity by the methyltransferase domain of nsp14. Finally, 
the time-stable substrate degradation pattern obtained 

with nsp10 / 14ExoN was distinct from that obtained with 

nsp10 / 16 / 14ExoN once more exhibiting the modulatory 
effect of the heterotrimer complex on the exonuclease activity 
of nsp14 (Figure 5 A and Supplementary Figure S5 B–D). 

S AR S-CoV-2 nsp14 N7-methyltransferase domain trans- 
fers a methyl moiety from S -adenosylmethionine (SAM) to a 
substrate RNA, yielding N 

7 MeGpppA / G product called cap- 
0, the RNA modification that is essential for efficient RNA 

translation and enhanced RNA stability ( 40 ); sequentially, 
cap-0 is a substrate for nsp16 O2-methyltransferase, which 

further methylates it to the mature cap-1 that is important 
in evading the cellular innate immune response (Figure 5 B). 
Here, we tested whether the heterotrimer complex formation 

affects the nsp14-catalyzed N7 methylation. To follow the 
N7-methyltransferase activity of nsp14, we used an indirect 
assay to monitor changes in the level of a second reaction 

by-product, S -adenosylhomocysteine (SAH), using Homoge- 
neous Time-Resolved Fluorescence (HTRF). No activity was 
detected in the absence of one of the substrates (SAM or RNA) 
or the tested enzyme (negative controls) validating the ex- 
perimental setup. Also, sinefungin - a pan-methyltransferase 
inhibitor, halted the methyltransferase activities of all pro- 
teins reported here ( 41 ) ( Supplementary Figure S6 ). Nsp14wt 
showed no preference for the nascent nucleotide, methylat- 
ing both GpppG and GpppA, as demonstrated by the produc- 
tion of equal levels of SAH when using either nucleotide as 
a substrate (Figure 5 C). The binary complex of nsp10 / 14wt 
and the ternary complex N7-methyltransferase activities were 
comparable to that of nsp14wt alone, indicating that bind- 
ing to nsp10 or the heterotrimer complex formation had no 

noteworthy influence on the N7-methyltransferase activity of 
nsp14. N7-methyltransferase activity was also not seen for 
the already N7-methylated substrate (methylated oligo in Fig- 
ure 5 C). 

Nsp16, presenting 2 

′ - O -methyltransferase activity in the 
complex with its obligatory partner nsp10, shows no signal 
on the non-methylated substrates GpppA and GpppG, and 

only moderate activity on the methylated substrate (Figure 
5 C). As observed with N7-methyltransferase activity, 2 

′ - O - 
methyltransferase activity is not affected by the heterotrimer 
complex formation. 

We have also synthesized an in-house non-methylated sub- 
strate that can be first processed by S AR S-CoV-2 nsp14 

and later nsp10 / 16, yielding two SAH molecules. We ob- 
served no activity of nsp16 or nsp10 / 16 as the substrate 
lacks N7-methylation, a moderate activity for both nsp14 and 

nsp10 / 14 and almost twice as high signal for heterotrimer in- 
dicating sequential actions of both nsp14 and nsp16. 

The nsp10 / 16 / 14 � heterotrimer exhibits no exoribonu- 
clease activity (see details in the Functional consequences 
of nsp10 / 16 / 14wt heterotrimer complex formation section), 

consistent with the previously reported importance of lysine 
at position 9 from the lid region in the exoribonuclease activ- 
ity of the nsp10 / 14 complex ( 38 ). The importance of the lid in 

the exoribonucleolytic activity of nsp14 suggests the expected 

mechanism of a modulatory effect of the ternary complex on 

RNA substrate degradation by nsp14 ( 38 ). 
The above data suggest that heterotrimer formation modu- 

lates the exonuclease activity of nsp14 but has no significant 
effect on the methyltransferase activities of nsp14 and nsp16. 
This is consistent with the fact that the methyltransferase 
domain of nsp14 is dispensable in nsp10 interaction since 
the nsp14ExoN binds nsp10 with K D 

of 4.55 ± 2.68 μM; 
( Supplementary Figure S2 ) comparable to K D 

of 2.40 ± 0.20 

μM characterizing the interaction of nsp14wt with nsp10. The 
methyltransferase domain is also not predominantly involved 

in the heterotrimer formation, as the binding of nsp14ExoN 

and nsp10 / 16 is characterized by a K D 

of 0.11 ± 0.13 μM, 
compared to the K D 

of 0.28 ± 0.01 μM characterizing the 
interaction of nsp14wt and nsp10 / 16. The methyltransferase 
domain modulates the exonuclease specificity as demon- 
strated by different substrate degradation profiles (Figure 5 A 

and Supplementary Figure S5 ). Further, by mutating the nsp14 

exoribonuclease active site (nsp14cat), we tested whether the 
exoribonuclease activity of nsp14 affects its methyltransferase 
activity. No difference in N7-methyltransferase activity was 
observed between nsp14wt and nsp14cat, suggesting that the 
two activities are decoupled ( Supplementary Figure S6 ). 

Structural characterization of the heterotrimer 
complex 

The structure of the nsp10 / 16 / 14 heterotrimer was evalu- 
ated by Small Angle X-ray Scattering (SAXS). The overlaid 

chromatograms from SEC indicate a super-shift between the 
analyzed samples that follows theoretical molecular weights 
( Supplementary Figure S7 A). The retention time in SAXS 
coupled with SEC correlated with the theoretical molecular 
weight assuming 1:1:1 molar ratio ( Supplementary Figure 
S7 B). Guinier analysis of scattering profiles established that 
the radii of gyration (Rg) of the heterotrimer complex at 
40.3 ± 1.0 Å. Nsp14wt and the nsp10 / 14wt complexes were 
distinguished by significantly smaller Rgs (28.0 ± 0.5 and 

30.1 ± 1.8 Å, respectively); the nsp10 / 16 complex was char- 
acterized by Rg of 21.0 ± 1.5 Å ( Supplementary Table S3 ). 
These data correspond well with expected molecular weights 
of tested complexes at 1:1(:1) stoichiometry. 

When reconstructed in real space using the indirect 
Fourier transform (GNOM software), the scattering pro- 
files present roughly Gaussian shapes with significant tail- 
ing for nsp10 / 16 / 14wt and nsp10 / 14wt, indicating an elon- 
gated nature for the protein complexes, with peaks overlap- 
ping with radii of gyration obtained using Guinier analysis 
( Supplementary Figure S7 C). Calculated maximal distances 
within scatterers support the trend established above, with 

nsp10 / 16 constituting the smallest complex at 80.0 Å, nsp14 

at 95.8 Å, nsp10 / 14wt at 122.0 Å, and nsp10 / 16 / 14wt at 
140.0 Å (longest axis). 

Molecular envelopes, which are consistent with the scat- 
tering profiles, were calculated using DAMMIF software 
( 42 ) (Figure 6 A). Crystal structures of nsp10 / 16, nsp14wt 
and nsp10 / 14wt and a model of the nsp10 / 16 / 14wt het- 
erotrimer complex from our MD simulation, created assum- 
ing the lid hypothesis, were fitted into the envelopes using 

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/52/11/6441/7631398 by EM

BL user on 04 Septem
ber 2024

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae165#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae165#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae165#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae165#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae165#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae165#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae165#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae165#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae165#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae165#supplementary-data


6454 Nucleic Acids Research , 2024, Vol. 52, No. 11 

Figure 6. Heterotrimer str uct ural characterization. ( A ) Molecular en v elopes representing the experimental SAXS scattering profiles of nsp14wt (PDB ID: 
7R2V), nsp10 / 14wt (PDB ID: 5C8U), nsp10 / 16 (PDB ID: 6W4H), nsp10 / 1 6 / 1 4wt (model generated using SREFLEX software). Overlaid are the best fits 
of crystallographic / theoretical models of relevant complexes. Color coding: nsp10 in magenta, nsp14 in red, nsp16 in blue, molecular en v elopes in gray. 
( B ) Transmission electron microscopy (TEM) characterization of the nsp10 / 16 / 14Ex oN comple x. R epresentativ e 2D classes obtained by template-free 2D 

classification of particles picked from NS-TEM micrographs. ( C ) Rigid body fit of SAXS-derived structure of heterotrimer complex into NS-TEM-derived 3D 

reconstitution map. Nsp14ExoN, nsp10, and nsp16 are represented as red, magenta, and blue ribbon models, respectiv ely. T he 3D reconstitution map is 
shown as transparent gray surface. ( D ) 2D classes obtained from particles from cryo-EM and the corresponding 3D volume ( E ). The size and shape of ab 
initio reconstituted density agrees with the expected heterotrimer structure. Significant dynamics of the complex prevented higher resolution analysis. 

the SUPCOMB software. The crystal structures of nsp14wt 
and nsp10 / 14wt fit the molecular envelopes poorly, suggest- 
ing significant flexibility in solution (Figure 6 A). The structure 
of nsp10 / 16 fills the envelope tightly suggesting a more rigid 

structure in solution. The initial model of the heterotrimer 
complex already filled the envelope relatively well and was 
further optimized via normal mode analysis using the SRE- 
FLEX software ( 43 ). The resulting heterotrimer model was 
characterized by a χ2 value of 1.08 for goodness-of-fit to the 
experimental SAXS data. The model fits the envelope tightly, 
suggesting the rigidification of nsp14 structure upon the for- 
mation of the heterotrimer complex (compared to nsp10 / 14). 
The decomposition of the nsp10 / 16 / 14wt scattering profile 
into volume fractions calculated from the crystal structures 
of the binary complexes nsp10 / 14, and nsp10 / 16, or the 

extracted individual proteins in the software Oligomer sug- 
gest that the signal can be divided 1:1 into nsp10 / 16 and 

nsp14 ( Supplementary Table S3 ). This further implies that the 
nsp10 / 16 interface within the nsp10 / 16 / 14wt is retained, and 

it is nsp14wt that undergoes structural rearrangements upon 

heterotrimer complex formation. 
The heterotrimer was further analyzed by transmission 

electron microscopy. Negatively stained samples of the 
nsp10 / 16 / 14wt complex formed from full-length compo- 
nents yielded a non-homogenous particle distribution, which 

precluded structural analysis. This indicates that the ex- 
onuclease and methyltransferase domains are flexibly con- 
nected in the heterotrimer. When the nsp14 methyltrans- 
ferase domain was truncated, the heterotrimer consisting 
of nsp10 / 16 / 14ExoN yielded a more homogenous distribu- 
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tion allowing convergent classification (Figure 6 B) and struc- 
tural analysis. The reconstruction obtained from negative- 
stained transmission electron micrographs at 20 Å resolution 

shows elongated particles with approximate dimensions of 
∼10 × 5 × 4.5 nm (Figure 6 C). Necking is evident in the 
center of the particles, indicating that two larger structural 
components are connected by a component of lower molec- 
ular weight. The SAXS-derived structural model of the het- 
erotrimer complex fits the experimental negative-stain trans- 
mission electron microscopy (NS-TEM) map reasonably well 
with CCmask / CCbox of 0.59 / 0.80. Nsp14ExoN and nsp16 

fit the two globular regions of the map, connected by a re- 
gion with a thinner density corresponding to nsp10. The cen- 
tral cavity suggested by SAXS data is visible in the electron 

microscope-derived map, indicating an overall match between 

the 3D reconstitutions obtained using each method. 
To elucidate the structural details of the heterotrimer at 

higher resolution, we employed cryo-electron microscopy 
(cryo-EM) (Figure 6 D, E). Testing several nsp14 variants and 

multiple conditions documented a significant structural het- 
erogeneity related to the dynamic nature of the complex struc- 
ture and thus prohibiting us from obtaining a high-resolution 

3D map. We were eventually successful in getting a reasonable 
density for nsp10 / 16 / 14 � heterotrimer of 12.03 Å resolu- 
tion at 0.143 FSC ( Supplementary Figure S8 , Supplementary 
Table S4 ). The ab initio reconstructed 3D density corresponds 
well with the expected size and shape of the heterotrimer. Het- 
erotrimers composed of other tested variants of nsp14 exhib- 
ited even higher structural heterogeneity. 

Overall, the low-resolution structural data confirm the ex- 
istence of the heterotrimer in solution. Together with the 
biochemical data, we conclude that nsp14 and nsp16 cre- 
ate a nsp10-centered heterotrimer, which modulates the ac- 
tivity of nsp14 exonuclease and enables optimal enzyme co- 
localization for methyltransferase activity. 

Discussion 

It was demonstrated earlier that nsp10 serves as a protein co- 
factor of both nsp14 and nsp16 offering additional RNA bind- 
ing sites and allosteric regulation ( 34 ). Since RNA methyla- 
tion is a sequential process carried out by both nsp14 and 

nsp16, one might logically expect that nsp10 could bring 
nsp14 and nsp16 together into a heterotrimer complex. This 
should improve the kinetics and processivity of the system 

by spatial proximity of enzymes catalyzing consecutive reac- 
tions in the capping pathway. However, the crystal structures 
available until recently suggested otherwise. The binding in- 
terfaces of nsp14 and nsp16 overlap at the surface of nsp10, 
suggesting that the heterotrimer complex is not feasible with- 
out a major structural rearrangement of either nsp14 or nsp16 

(Figure 1 Ai). 
Careful analysis of existing data demonstrates that the 

nsp10 / 16 interface relies on a solid network of hydropho- 
bic interactions mediated by a rigid central antiparallel β1- 
sheet of nsp10; the helices α2, α3 and α4; a coiled-coil re- 
gion connecting helix α1 and the sheet β1 and α helices 3, 4 

and 10, as well as β-sheet 4 (Figure 1 Aii). In particular, Val42 

and Leu45 of nsp10 are embedded into hydrophobic pockets 
formed by helices α3, α4 and α10 of nsp16 to form typical 
protein-protein interaction interface. 

Despite the fact that the interface between nsp10 and nsp14 

buries a larger surface area compared to the nsp10 / 16 inter- 

face, the affinity characterizing the former complex is almost 
an order of magnitude weaker. This prompted us to speculate 
that part of the nsp10 / 14 interface does not significantly con- 
tribute to the affinity. The interactions within the N-terminal 
region of nsp14 involving primarily loops and other poorly 
structured regions, such as the N-terminal coil-coiled region 

that interacts with the α1’ helix of nsp10, β-turn 1 and loops 
between β-sheet 2 / 3 and β-sheet 7 / 8 (Figure 1 Aiii), seemed 

a probable candidate. Indeed, the nsp14 variant where 50 N- 
terminal residues are removed (nsp14 �) retains nsp10 binding 
properties and is characterized by an affinity 2X stronger com- 
pared to wild-type nsp14, supporting the claim that the N- 
terminal region does not significantly contribute to the inter- 
action. Interestingly, it is the N-terminal region of nsp14 which 

overlaps with the nsp16 binding site at the surface of nsp10. 
This allowed us to hypothesize that the heterotrimer complex 

is formed when nsp16 displaces the N-terminal region (lid) of 
nsp14 at the surface of nsp10 (Figure 1 Biii). Indeed, nsp14wt, 
nsp14cat, nsp14ExoN and nsp14 � readily form heterotrimer 
complexes with nsp16 and nsp10. 

The lid hypothesis is supported by number of results pro- 
vided in this work. The gyration radii and molecular weight 
of the heterotrimer complex derived from SEC-SAXS ex- 
periments are higher than the gyration radii and molecu- 
lar weights of any of the components or binary complexes 
( Supplementary Figure S7 ). The molecular envelope derived 

ab initio from the scattering profile of the heterotrimer com- 
plex fits the model suggested by the lid hypothesis. 

NS-TEM and cryo-EM reconstructions of 3D volume 
defining the nsp10 / 16 / 14ExoN heterotrimer complex ac- 
commodates the SAXS-derived model with high confidence, 
further supporting the lid hypothesis. NMR titration data 
clearly showed the preference of nsp14 to bind to nsp10 / 16 

heterodimer and not nsp10 alone resulting in the het- 
erotrimer formation, which is supported by our MST anal- 
ysis (Figure 3 D and Supplementary Figure S2 ) and by SPR 

( Supplementary Figure S4 A). The large size of the heterotrimer 
made the direct NMR observation of components other than 

nsp10 difficult. Yet, the nsp10 readout clearly documents het- 
erotrimeric interactions in the solution. The interactions were 
in slow and intermediate NMR-exchange regimes, suggesting 
nanomolar or low micromolar affinities, respectively, in agree- 
ment with affinities obtained by MST. 

Overall, this study provides evidence that nsp14, nsp10 and 

nsp16 form a heterotrimer complex characterized by 1:1:1 

stoichiometry, built around nsp10. The architecture of the 
complex follows the general arrangement previously observed 

in the nsp10 / 16 and nsp10 / 14 complexes, but nsp16 dis- 
places the lid (N-terminal) of nsp14 at the nsp10 surface 
(Figure 1 B). This allosteric rearrangement is feasible in the 
light of the lid flexibility observed previously by us ( 20 ). The 
heterotrimer complex brings together two consecutive activ- 
ities required for RNA cap formation (nsp14-associated N7- 
methyltransferase and nsp16 2 

′ - O -methyltransferase), likely 
contributing to the processivity of the RNA capping mech- 
anism. The specificity of RNA exonuclease activity is deter- 
mined by RNA interaction with all components of the com- 
plex as well as allosteric changes within the exonuclease do- 
main itself ( 20 ). There are several point mutations in nsp14 

reported that render S AR S-CoV-2 inactive ( 44 ). Nsp10 and 

nsp16 bind to RNA too, therefore, they will modulate the 
specificity towards particular sequential and structural RNA 

motifs. The refolding of the lid to extend towards nsp16 in 
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the heterotrimer is likely to occur, as hinted by the presence of 
a rigid fragment of the lid in the heterotrimer MD simulation 

and the high affinity of nsp14 towards the nsp10 / 16 complex. 
The presence of allosteric adaptation within nsp10, which im- 
proves affinity, presumably by freezing flexible elements and 

thereby reducing the entropic penalty of binding, is likely con- 
tributing to the effect, as high affinity is also observed for the 
nsp14 � variant. 

Nsp14 is likely in a dynamic equilibrium between its RNA- 
methylating heterotrimer state and being embedded within the 
RNA polymerase complex. 

The nsp14-dependent proofreading mechanism allows the 
virus to reduce polymerase error frequency effectively, pre- 
venting the stall of the replication complex and generation 

of non-viable progeny ( 45 ). Beyond maintaining genome in- 
tegrity, the ExoN domain is instrumental in facilitating the 
virus evasion of host immune responses by degrading the 
build-up of double-stranded RNA intermediates, byproducts 
of viral replication ( 46–49 ). While this action protects the in- 
fected cell from premature recognition by the host’s immune 
system, exonuclease activity of nsp14 extends beyond just 
dsRNA substrates, and the unregulated activity may be detri- 
mental, as shown by us and others ( 50 ). This underscores the 
importance of precise regulation of exonuclease activity to 

shield the viral RNAs, and while nsp10 has been previously 
identified as an activity modulator, this study shows that its 
function is complemented by the association with nsp16, fa- 
cilitating effective viral RNA replication. 
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