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Sumera Perveen,d Ho-Leung Ng, j H. Ümit Kaniskan, k Yulin Han,k Sukrit Singh,l

Christoph Gorgulla,mno Anshul Kundaje,ab Jian Jin, k Vincent A. Voelz, c JanWeber,e

Radim Nencka,e Evzen Boura,e Masoud Vedadi *ipq and Alán Aspuru-Guzik*fgrstuv

TheCOVID-19 pandemic, caused by the SARS-CoV-2 virus, has led to significant globalmorbidity andmortality.

A crucial viral protein, the non-structural protein 14 (nsp14), catalyzes the methylation of viral RNA and plays

a critical role in viral genome replication and transcription. Due to the low mutation rate in the nsp region

among various SARS-CoV-2 variants, nsp14 has emerged as a promising therapeutic target. However,

discovering potential inhibitors remains a challenge. In this work, we introduce a computational pipeline for

the rapid and efficient identification of potential nsp14 inhibitors by leveraging virtual screening and the NCI

open compound collection, which contains 250000 freely available molecules for researchers worldwide.

The introduced pipeline provides a cost-effective and efficient approach for early-stage drug discovery by

allowing researchers to evaluate promising molecules without incurring synthesis expenses. Our pipeline

successfully identified seven candidates that inhibit the MTase activity of nsp14. Among these, one

compound, NSC62033, demonstrated strong binding affinity to nsp14, exhibiting a dissociation constant of

427 ± 84 nM. In addition, we gained new insights into the structure and function of this protein through

molecular dynamics simulations. Furthermore, our molecular dynamics simulations suggest potential new

conformational states of the protein, with residues Phe367, Tyr368, and Gln354 in the binding pocket

potentially playing a role in stabilizing interactions with novel ligands, though further validation is required.

Our findings also indicate that metal coordination complexes may be important for the function of the

binding pocket. Lastly, we present the solved crystal structure of the nsp14-MTase complexed with SS148

(PDB:8BWU), a potent inhibitor of methyltransferase activity at the nanomolar level (IC50 value of 70 ± 6 nM).
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1 Introduction

The COVID-19 pandemic, caused by the Severe Acute Respira-
tory Syndrome Coronavirus 2 (SARS-CoV-2), has had a profound
impact on global health, economies, and daily life. SARS-CoV-2
is a single-stranded, positive-sense RNA virus belonging to
lineage B of the genus Beta-coronavirus in the Coronaviridae
family.1 Since its emergence in December 2019, it has led to
a staggering number of infections and deaths worldwide,
overwhelming healthcare systems and prompting unprece-
dented public health measures.2 While the development of
vaccines has been a signicant step in combating the virus, the
continued emergence of new variants highlights the ongoing
need for effective antiviral treatments. A signicant area of
research focus has been the SARS-CoV-2 main protease
(Mpro),3,4 which is pivotal in the virus's replication cycle and
thus an appealing target for antiviral drug development. A wide
array of efforts, including innovative crowdfunding initiatives,5,6

have aimed at discovering potent Mpro inhibitors. These efforts
aim to obstruct the virus's ability to replicate, which could
mitigate the severity of infections and play a vital role in
informing future pandemic management strategies. Nonethe-
less, the pursuit of alternative viral protein targets is crucial for
broadening the spectrum of antiviral strategies and improving
the overall effectiveness of treatments.7

The SARS-CoV-2 genome is notably large, containing nearly
30 000 base pairs and encoding 16 nonstructural proteins (nsps)
that play vital roles in viral replication and transcription.8

Because of this, nsps represent potential targets for therapeu-
tics, and the availability of their structural data has facilitated
the rapid development of antivirals.9 One such target is non-
structural protein 14 (nsp14), which has dual functions as an
exonuclease (ExoN) and a methyltransferase (MTase). The ExoN
function ensures replication delity through 30–50 proofreading,
while the MTase function catalyzes N7-methylation of the
guanosine triphosphate cap of the viral RNA, which is crucial
for its stability and function.10,11 Due to its low mutation rate
among different SARS-CoV-2 variants when compared to other
viral proteins such as the spike protein,12 nsp14 is hypothesized
to be essential for the function of the virus, and therefore it has
emerged as a promising therapeutic target. This persistence
increases the likelihood that inhibitors targeting nsp14 will
remain effective against a broader range of evolving viral
strains. Additionally, the amino acid sequence of SARS-CoV-2
nsp14 shows high homology with nsp14 from other coronavi-
ruses, including SARS-CoV, MERS-CoV, and common human
coronaviruses such as OC43, HKU1, 229E, and NL63.12 This
sequence conservation suggests that inhibitors targeting nsp14
in SARS-CoV-2 could potentially also inhibit nsp14 MTase
activity in other coronaviruses, which may have implications for
the development of broad-spectrum antiviral drugs.13

In this study, we developed a computational pipeline for
rapid and efficient identication of potential nsp14 inhibitors.
It is of interest to note that prior approaches targeting this
protein have typically combined synthesis with docking strate-
gies to rene and enhance the potency of existing inhibitors.14,15
1328 | Digital Discovery, 2024, 3, 1327–1341
In contrast, our approach exploits the power of virtual screening
across various levels of accuracy, alongside the use of the NCI
open compound collection16,17—a database encompassing over
250 000 molecules freely available to researchers worldwide. For
an overview of the property distributions within this collection,
refer to Fig. S10.† This strategy allowed us to identify promising
molecules without incurring the signicant expense and time
usually required for synthesis. This cost-effective and efficient
strategy proves particularly valuable for early-stage hit identi-
cation, in cases where resources are constrained and time is of
the essence. We utilized molecular docking18,19 and Molecular
Mechanics Generalized Born Surface Area (MM/GBSA) calcula-
tions20,21 to gauge the strength of interaction between potential
inhibitors and nsp14. Through these computational method-
ologies, we successfully identied a novel inhibitor for nsp14,
with activity in the micromolar range, labelled NSC620333 (IC50

value of 5.3 ± 1.0 mM), which was conrmed by orthogonal in
vitro and in vivo assays. This inhibitor was unearthed through
computational screening of the NCI open compound collection,
with only the top 40 compounds undergoing experimental
testing, highlighting the efficiency of our pipeline. Further-
more, to deepen our understanding of the protein structure and
function, we conducted molecular dynamics (MD)
simulations22–24 exceeding 5 microseconds. These simulations
unveiled previously unknown conformational states of nsp14,
offering valuable insights into its overall function. Within the
MTase lateral cavity, we identied exible residues—specically
Phe367, Tyr368, and Gln354—that form stabilizing interactions
with potential ligands. Our simulations also revealed that the
two alpha-helices of the MTase domain undergo a signicant
shi/bend, corresponding to the opening and closing of the
lateral cavity. Importantly, these conformational shis were not
observed in the absence of metal coordination complexes,
emphasizing their crucial role in stabilizing interactions. Our
MD simulations also shed light on the interaction of nsp14 with
nsp10, a key process in viral replication and transcription.
Nsp10 has been demonstrated to stimulate the ExoN andMTase
activities of nsp14, making it a critical cofactor for the func-
tionality of the protein.25 In summary, our research showcases
an advanced computational pipeline, built upon the robust
capabilities of VirtualFlow 2.0,26 specically the VirtualFlow
Unity (VFU) module. This component not only accommodates
a wide spectrum of docking programs, callable through
a python pipeline, but also allows scoring at diverse levels of
precision, thereby facilitating the rapid and procient detection
of prospective nsp14 inhibitors. This is achieved by integrating
virtual screening strategies and harnessing the expansive NCI
open compound collection. Through this methodology, we
discovered NSC620333, a compound exhibiting strong binding
affinity to nsp14, and gained fresh insights into the structure
and function of the protein. Furthermore, we report the crystal
structure of SS148, a potent inhibitor (IC50 value of 70 ± 6 nM)
of methyltransferase activity, in complex with the nsp14-MTase
domain.27,28 By targeting the nsp14 protein, we aspire to
contribute to the development of effective antiviral therapies
against SARS-CoV-2 and its variants, and other coronaviruses as
well. Our computational pipeline offers a cost-effective and
© 2024 The Author(s). Published by the Royal Society of Chemistry
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efficient strategy for early-stage drug discovery, potentially
providing signicant assistance to researchers battling the
rapidly mutating virus responsible for COVID-19 and aiding in
the response to future disease outbreaks.

2 Results
2.1 Employing molecular docking for identifying nsp14
inhibitors

The widespread use of structure-based drug discovery tech-
niques has proven instrumental in the search for small mole-
cules that can specically target macromolecules.29 The efficacy
of molecular docking and free energy simulation methods is
particularly noteworthy in assessing the binding strength
between proteins and ligands.30 These methods enabled us to
identify and prioritize the most promising candidates, thereby
facilitating subsequent experimental testing. Our aim was to
identify inhibitors of the SARS-CoV-2 nsp14 MTase activity. To
achieve this, we performed a computational screening of the
Developmental Therapeutics Program (DTP) open compound
collection.16,17 Comprising approximately 250 000 molecules
synthesized and tested for potential efficacy against cancer and
acquired immunodeciency syndrome, this collection offers
a considerable resource for researchers. Importantly, these
molecules are readily accessible for academic researchers, with
the possibility to request up to 40 samples on a monthly basis.
Despite the broader compatibility of VirtualFlow26 with various
docking tools, our study opted for Glide over QuickVina to
prioritize accuracy over computational speed, given the
manageable size of our compound library.

We employed the Glide31 SP docking program to target the
MTase binding site, as depicted in Fig. 1. This approach allowed
us to evaluate all themolecules in the ligand library. To enhance
the reliability of our ndings, we rigorously examined the top
1000 molecules—those displaying the lowest docking scores—
using the Glide XP setting to increase precision, ensuring that
the highest-potential candidates were selected for further
analysis. Subsequently, we selected the top 100 performing
molecules for further consideration, factoring in aspects such
as diversity (see Methods: Docking V A, compound availability,
and docking scores. In an effort to further rene our selection
and improve the accuracy of binding prediction, we conducted
a Molecular Mechanics Generalized Born Surface Area (MM/
GBSA) analysis20,21 (see Methods: MM/GBSA Calculation V B).
This step assisted us in narrowing down our list to the top 40
compounds, which we subsequently obtained from the NCI. ESI
Tables S2, S8, and Fig. S5† present the selected compounds
alongside their corresponding SMILES and structures, as well as
their docking scores and Molecular Mechanics Generalized
Born Surface Area (MM/GBSA) binding affinities. Notably,
NSC620333 stood out, showcasing the most promising results,
as demonstrated by its lowest docking and MM/GBSA scores. In
Fig. 2(D), we provide the docked poses and 2D interaction
diagrams of the experimentally validated inhibitor NSC620333.
These 2D interaction diagrams highlight the fact that the
majority of residues in the binding pocket are hydrophobic or
non-polar. Detailed information regarding the docking
© 2024 The Author(s). Published by the Royal Society of Chemistry
procedure and protein preparation can be found in theMethods
section (see Methods: Docking V A).
2.2 Experimental evaluation of lead compounds

In this study, we harnessed both the precision and accuracy of
a state-of-the-art high-throughput radioactivity-based assay,27 to
experimentally test the MTase activity of nsp14 under the
inuence of our selected compounds. Out of the 40 assessed
compounds, seven manifested inhibitory properties (Table 1).
Among these, NSC76988 and NSC620333 emerged as particu-
larly promising candidates, due to their relatively low IC50

values 6 and 5 mM, respectively, suggestive of a potent inhibitory
effect. To further substantiate these ndings and conrm the
binding of these inhibitors to nsp14, we employed surface
plasmon resonance (SPR).32 This technique was leveraged to
investigate the binding interactions of the top ve compounds
from the radioactivity-based assay. Notably, none of the
compounds other than NSC620333 exhibited reliable SPR
measurements. For reference, we have included the corre-
sponding sensorgrams of the four compounds with inconclu-
sive results in Fig. S8.† Fig. 2 provides detailed insight into these
molecular interactions. It presents the 2D structural diagrams
of the top experimentally validated compounds that inhibit
MTase activity. Alongside these are the 2D interaction diagrams
derived from docking studies, and 3D poses showing how these
compounds t within the lateral cavity of nsp14. Interestingly,
of these ve inhibitors, NSC620333 had the lowest KD value of
544± 22 nM (cf. Fig. 2 (top) and S1†). This observation points to
the potential of NSC620333 as an effective nsp14 inhibitor.
Furthermore, the batch of NSC620333 used in re-testing was
obtained through custom synthesis, guaranteeing enhanced
purity for the conrmation of our results, as illustrated in ESI
Fig. S3 and S6.†We note that although NSC620333 exhibited the
strongest docking scores across all three methods (Glide SP, XP,
and MM/GBSA), we observed that the docking scores do not
strictly correlate with the experimentally observed inhibition of
the protein (see Fig. S11†).

In the quest to further understand the specicity of
NSC620333, we evaluated its inhibitory activity against a diverse
panel of 32 human RNA-, DNA-, and protein-MTases (ESI Table
S3†). A critical part of our investigation focused on potential off-
target effects within the host to ensure the safety and efficacy of
the compounds. Our analyses revealed that NSC620333 inhibi-
ted only human RNMT33 (N7 guanosine RNA methyltransferase)
and PRMT7 (ref. 34) (protein arginine methyltransferase 7),
with IC50 values of 8.6 ± 1.3 and 7 ± 1.5 mM, respectively (ESI
Fig. S2†). Notably, RNMT is involved in the process of mRNA
capping, which is essential for maintaining mRNA stability,
facilitating its export, and ensuring efficient translation.35 On
the other hand, PRMT7 participates in the methylation of
arginine residues on specic proteins, thereby impacting
cellular processes such as gene transcription, DNA repair, and
signal transduction.36 Furthermore, to extrapolate our in vitro
ndings to a physiologically-relevant context, we tested
NSC620333 and NSC76988 in an in vivo assay. This experiment
was based on a lung epithelial SARS-CoV-2 infection model
Digital Discovery, 2024, 3, 1327–1341 | 1329
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Fig. 1 Computational pipeline for identification of lead compounds. (A) Depiction of the SARS-CoV-2 nsp14-MTase protein target and
computational workflow. The protein target (PDB:7N0B), in complex with nsp10, is employed for the modeling process. The highlighted binding
site (indicated in orange) within the MTase domain acts as the docking site for molecular interactions. (B) The computational workflow powered
by VirtualFlow Unity (VFU), which processes SMILES strings from the NCI open compound collections as input. The procedure includes desalting,
neutralizing, and generating stereoisomers of the input molecule. Subsequently, all processed molecules from the database undergo docking
onto the binding site using Glide-SP. The output docked compounds are ranked based on their docking scores, with the top 1000 subjected to
a more precise scoring algorithm, Glide-XP. A diverse subset of 100 molecules is chosen for an advanced binding energy estimation using
Molecular Mechanics Generalized Born Surface Area (MM/GBSA). The top 40 of these compounds, ranked by their binding potential, are then
selected for experimental evaluation. (C) The selected top-40 compounds are initially assessed using a radioactivity-based assay, yielding seven
compounds with promising results. Subsequently, a detailed binding study is performed with the top-5 compounds utilizing surface plasmon
resonance. The in vivo evaluation follows, focusing on the top-2 compounds with SARS-CoV-2 infected Calu-3 cells. Ultimately, the compound
identified as the most promising is re-tested after a custom synthesis process, leading not only to improved purity, but also confirming the
identification of a lead compound.
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using Calu-3 cells. Encouragingly, both compounds demon-
strated anti-SARS-CoV-2 activity (ESI Fig. S5†), providing
supportive evidence for their potential as therapeutic agents.
Taken together, the data from all three complementary assays
converges towards a common conclusion: NSC620333 stands
out as a potential therapeutic candidate against SARS-CoV-2.
This compound exhibited a potent inhibitory effect, signi-
cant binding to nsp14, favorable selectivity, and in vivo efficacy.
These promising attributes warrant further investigations into
its potential for clinical application in SARS-CoV-2 treatment.
Interestingly, while NSC76988 was pinpointed as a potential
inhibitor in our radioactivity-based assay, further SPR assays
did not corroborate direct binding S8, presenting an intriguing
case that highlights the potential for compounds to exert
inhibitory effects through indirect mechanisms.
2.3 MD simulations of nsp14

Structural insights into nsp14 were obtained through molecular
dynamics (MD) simulations performed under three different
1330 | Digital Discovery, 2024, 3, 1327–1341
conditions: (i) the protein only, (ii) the protein in complex with
NSC620333, and (iii) nsp14 in/out of complex with metal coor-
dination complexes. Our ndings are presented as follows.

2.3.1 Protein dynamics. Investigations into ligand binding
within the MTase lateral cavity were conducted via numerous
extended molecular dynamics simulations of the nsp14-nsp10
complex, all performed under a consistent thermal condition
of 303.15 K (details in Methods: Molecular dynamics
simulations V G). Throughout these simulations, we monitored
the average motion of residues located within a 5 angstrom
radius of the SS148 binding region, as depicted in Fig. 3(A). A
thorough evaluation of the complete motion of the associated
residues is presented in ESI Fig. S7.† Interestingly, we found
that residues Phe367, Tyr368, and Gln354 on average exhibited
the most signicant movement across all simulations. These
residues appear on disordered loops surrounding the pocket,
which displayed considerable stabilization when NSC620333
was present in the binding pocket. Specically, the root-mean-
square deviation (RMSD) was calculated for the backbone,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Inhibition and interaction analysis of NSC620333 with nsp14 MTase. (A) The IC50 value was determined for NSC620333 at Km of both SAM
and RNA substrates (5.3 ± 1.0 mM, hill slope: −0.9). The mechanism of action (MOA) of NSC620333 was also determined by IC50 determination
for NSC620333 at (B) varying concentrations of SAM (from0.15 to 2.5 mM) at fixed concentration of RNA substrate (0.25 mM, 5x Km) and (C) varying
concentrations of RNA substrate (from 31 to 500 nM) at fixed concentration of SAM (1.25 mM, 5x Km). All values are presented as mean± standard
deviation of three independent experiments (n = 3). NSC620333 is a SAM competitive nsp14 inhibitor (B), and noncompetitive with respect to
RNA substrate (C). (D) Structural diagrams and 2D interaction plots show NSC620333 interacting within the lateral cavity of nsp14, as evidenced
by docking studies within the PDB structure 7N0B.
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using a binding pocket alignment consisting of residues listed
in Fig. 2(D), which showed a reduction in movement of Phe367,
Tyr368, and Gln354 to 0.25, 0.29, and 0.26 angstroms respec-
tively in the presence of NSC620333. This result is expected and
supported by the bound structure of SS148 with nsp14, which
shows direct interaction with Phe367, Tyr368, and Ala353.
Signicantly, we observed a limited number of conformational
changes in the nsp10 protein when it was complexed with nsp14
(see Fig. 3(B) (Le)), indicating a high level of interaction
stability between the two proteins based on our sampling.
Fig. 3(B) (Middle/Right) showcases the key residues involved in
this interaction. Specically, through the MM/GBSA calcula-
tions for estimated free energy (see Methods: MM/GBSA calcu-
lation), Phe24, Glu11, His85, Thr10, and Val26 emerged as the
key residues driving this interaction, each contributing signi-
cantly to the delta free energy (see Fig. 3(B) (Right)).

2.3.2 Conformational shis. To gain a more comprehen-
sive understanding of the conformational dynamics of the
nsp14 complex, we conducted an in-depth analysis of the
gathered molecular dynamics simulations.22 This process
involved amalgamating data from receptor-ligand simulations
© 2024 The Author(s). Published by the Royal Society of Chemistry
to scrutinize the specic dynamics of the MTase binding cavity
and, in a separate analysis, the overall dynamics of the complex
backbone across independent trajectories.37 We employed time-
lagged independent component analysis (tICA)38 to project
pertinent trajectory features onto a lower-dimensionality land-
scape, which facilitated clustering and visualization of the
sampled metastable states39 (see Methods: tICA 2D projections
for details). The features of the binding pocket were dened by
pairwise distances between the heavy atoms of the NSC620333
ligand and the backbone a-carbons of 27 crucial residues within
the MTase lateral cavity. The analysis of global dynamics simi-
larly employed pairwise distances between a-carbons. The
generated projections were clustered using the K-means algo-
rithm,40 resulting in eight states that spanned the sampled
landscape and were aligned for comparative visualization. In
both instances, the cluster with the highest population
(comprising approximately 60% of the frames) closely mirrored
the anticipated native state, with one or two additional states
constituting the majority of the remaining congurations. The
visualization of the states underpinning global dynamics
revealed that nsp10 and the exoribonuclease domain of nsp14
Digital Discovery, 2024, 3, 1327–1341 | 1331
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Table 1 High-throughput screening results of the top 40 compounds
obtained for the Inhibition of nsp14 Methyltransferase (MTase) Activity.
This table summarizes the inhibitory effects of the top 40 compounds
on nsp14 MTase activity as assessed by high-throughput screening.
For each compound, data from two replicate experiments are
included, revealing the inhibition percentages at a compound
concentration of 100 mM. The IC50 values, indicating the concentration
at which half-maximal inhibition is achieved, are reported for the most
promising compounds. The table also provides the observed
quenching effects of each compound. Additionally, it includes SPR Kd

for five of the top seven compounds that exhibited inhibition of MTase
activity in the radioactivity-based assay. The designation “ND” is used
to indicate that a value has not been determined, while “inconclusive”
specifies instances where experiments were conducted but yielded
measurements that were not reliable

Compound

nsp14
inhibition %
(100 mM)

IC50 (mM) Quenching effect SPR Kd (nM)Exp 1 Exp 2

NSC620333 100 99 5 23 427 � 84
NSC76988 100 99 6 8 Inconclusive
NSC4348 73 61 34 9 Inconclusive
NSC77131 99 99 9 52 Inconclusive
NSC2269 64 60 27 1 Inconclusive
NSC400718 89 88 38 23 ND
NSC34443 86 81 57 −7 ND
NSC630814 84 82 ND 75 ND
NSC102798 77 74 ND 61 ND
NSC400937 73 66 ND 70 ND
NSC4624 65 47 ND 49 ND
NSC255523 59 33 ND −7 ND
NSC670682 50 54 ND 43 ND
NSC99790 46 36 ND 33 ND
NSC646375 26 20 ND 1 ND
NSC27605 26 10 ND 2 ND
NSC107661 18 7 ND −2 ND
NSC293892 15 3 ND −5 ND
NSC44037 15 9 ND 8 ND
NSC77680 13 7 ND 21 ND
NSC80136 13 2 ND −3 ND
NSC114010 11 −3 ND −2 ND
NSC268226 9 0 ND 3 ND
NSC163444 9 5 ND 2 ND
NSC377438 8 −3 ND 17 ND
NSC131119 8 0 ND 14 ND
NSC39302 7 −2 ND 12 ND
NSC317609 7 1 ND 8 ND
NSC232469 7 −7 ND −4 ND
NSC655184 7 −11 ND 5 ND
NSC92432 6 −1 ND 8 ND
NSC137050 6 −1 ND 3 ND
NSC158437 5 1 ND 15 ND
NSC613624 4 −1 ND 6 ND
NSC60360 4 −4 ND 10 ND
NSC330685 4 2 ND 1 ND
NSC54251 4 −4 ND −1 ND
NSC313453 3 −5 ND 5 ND
NSC132916 −1 −3 ND 3 ND
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remained stable. In contrast, the MTase domain exhibited
a bent conguration in a minor proportion of frames. Our
comparative analysis predominantly focused on trajectories
that includedmetal ions, which best represent the physiological
1332 | Digital Discovery, 2024, 3, 1327–1341
state of the nsp14/nsp10 complex. To establish a foundational
understanding of the intrinsic structural dynamics, we also
considered metal-devoid conditions. This dual approach
demonstrated consistent overall dynamics across both condi-
tions. However, the inclusion of metal ions distinctly led to
a pronounced bending of the main alpha-helix MTase (as
depicted in Fig. 4) in a considerably larger fraction of the ion-
inclusive trajectories, observed in Clusters 5 and 7 (4.6% vs.
approximately 1%). Notably, this bending coincided with the
opening of the lateral binding pocket, illustrating the signi-
cant structural rearrangements induced by metal ions
compared to simulations excluding coordination complexes
(see Fig. S13†). These observations highlight the crucial role of
metal ions in enhancing the conformational exibility of the
MTase domain and offer vital insights into how coordination
complexes modulate protein structure and function for thera-
peutic targeting.

2.3.3 Structural insights into inhibition. The application of
tICA decomposition on protein-ligand interactions in the
simulations identied a variety of binding poses for NSC620333
within the nsp14 MTase binding cavity. From this analysis,
eight distinct clusters emerged, which were further rened into
three primary states, each visualized in Fig. 5. Detailed exami-
nation of these states facilitated the identication of specic
interactions that contribute to the increased binding affinity of
NSC620333, as supported by Wagner et al.41 Of particular
interest were the hydrogen bonds observed to form from
ASN538 to the purine group of the ligand, and the favorable
lipophilic interactions of the chlorobenzene component of the
ligand with the lipophilic subpocket, predominantly in cluster 2
and cluster 6.42 These interactions seem to play a crucial role in
establishing amore stable binding conguration. Moreover, the
varied poses of NSC620333 within the binding pocket further
underscore the exibility of the nsp14 MTase binding cavity,
a factor that could be key in the design of effective therapeutic
agents.43 The presence of different binding modes, each with
unique interaction proles, may inuence the ligand's func-
tional impact on the protein, potentially offering multiple
pathways for pharmacological intervention.44
3 Crystal structure of nsp14 MTase in
complex with SS148

To uncover the atomic details of the nsp14-SS148 interaction,
we performed the crystallographic analysis of the nsp14/SS148
complex. We employed the fusion protein-assisted crystalliza-
tion approach using the MTase domain of nsp14 (residues 300–
527) N-terminally fused to a small crystallization tag TELSAM
developed by Kottur et al.45 The nsp14 MTase-TELSAM/SS148
crystals belonged to the hexagonal P65 space group and dif-
fracted to the 2.6 Å resolution. The structure of the nsp14
MTase-TELSAM/SS148 complex was subsequently solved by
molecular replacement and further rened to good R factors
and geometry, as summarized in ESI Table S4.†

The SS148 ligand was bound to the SAM/SAH-binding site of
nsp14 as expected (Fig. 6(a)). The structure of SS148 is derived
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Protein conformation and interaction dynamics frommolecular simulations. (A) Bar charts presenting the mean displacement (expressed
in angstroms) of amino acid residues within a 5 angstrom vicinity of the binding pocket, derived from 1 microsecond molecular dynamics
simulations conducted at a stable temperature of 303.15 K. The error bars indicate the standard deviation of the mean, based on five distinct
simulation runs. (B) (Left) A graphical representation of the most notable conformational shifts in nsp10, as determined through a series of MD-
simulations involving nsp10–14, with only minor changes due to the consistent stability of the nsp10–nsp14 interaction. (Middle) Select residues
at the nsp10 binding interface making the most significant contribution to the interaction with nsp16. (Right) Breakdown of individual residues of
nsp10 with the highest free energy contributions (kcal mol−1) to the overall binding free energy estimation of nsp10–14 interactions using MM/
GBSA; the average contribution from a single residue is indicated by a dotted line.
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from SAH and thus, the mechanism of its interaction with
nsp14 is also similar to SAH. The nsp14-SS148 interaction is
mediated by multiple interactions including both direct (via
Asp352, Ala353, Tyr368, and Trp385) and indirect water-
mediated hydrogen bonds (via Gln313, Asp331, and Ile332)
(Fig. 6(b)). The amino acid moiety of SS148 binds to nsp14
amino acid residues Gln313, Trp385, and Asp331, while the
central ribose-derived moiety of nsp14 interacts mainly with
Asp352, and the basic adenine-derived moiety binds to Ala353
and Tyr368.

Compared to SAH, SS148 contains a nitrile group bound to
the C7-position of the 7-deaza-adenine heterocyclic moiety. This
nitrile group is bound to nsp14 in the groove formed by the
nsp14 residues Phe367, Asn388, and Val389 (Fig. 6(c)). Our
study documents that introduction of substituents at the C7-
position of this 7-deaza-adenine moiety, physically larger than
the presented nitrile group, can be a promising strategy
potentially leading to development of more potent and more
specic nsp14 inhibitors.

SS148 is an inhibitor with dual activity against both SARS-
CoV-2 N7-MTase nsp14 and 20-O-MTase nsp16. Therefore, we
compared the SS148 binding site of nsp14 with the previously
crystallized SS148 binding site of nsp16 (ref. 28) (Fig. 6(d)).
Despite signicant differences in the organization of the SS148
binding pockets in nsp14 and nsp16, we observed similar
conformation of SS148. The conserved catalytic tetrad
© 2024 The Author(s). Published by the Royal Society of Chemistry
characteristic for 20-O-MTases formed by Lys46, Asp130, Lys170,
and Glu203 in nsp16 is not present in nsp14.

To judge the reliability of our computational pipeline, we
performed re-docking of SS148 onto the nsp14 binding site. Our
methodological approach was successful in accurately repli-
cating the binding pose of the SS148 ligand within the nsp14
binding site, showcasing a striking alignment (RMSD 1.426 Å)
with the experimentally determined crystal structure (depicted
in ESI Fig. S4†). The high degree of concordance between the
computationally determined re-docking pose and the experi-
mental crystal structure offers a sanity check for the chosen
docking method, especially in light of SS148's structural simi-
larities to the endogenous substrate SAM/SAH.

4 Conclusion and outlook

Our comprehensive study has provided valuable insights into
the complex dynamics of the SARS-CoV-2 nsp14 protein and the
therapeutic potential of compounds aimed at inhibiting it. In
particular, we found that the compound NSC620333 demon-
strates promising attributes as a therapeutic agent against
SARS-CoV-2, primarily due to its potent inhibitory effects on the
nsp14 Methyltransferase (MTase) activity and its substantial
binding affinity to nsp14. The observed in vivo efficacy and
selectivity of this compound for development of therapeutics in
treating COVID-19. In our study, we identied several critical
Digital Discovery, 2024, 3, 1327–1341 | 1333
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Fig. 4 Analyzing Nsp14-nsp10 conformational variability through tICA projections influenced by coordination complexes. This figure delineates
the conformational differences in the nsp10–nsp14 complex under metal-enriched conditions, emphasizing structures from four representative
cluster centers with high variance. Trajectories were derived from independent runs between 200 ns–1 ms, focusing on pairwise distances
between alternating backbone a-carbons to determine simulation features and sampling more diverse conformations.
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residues within the MTase binding pocket of nsp14, and
elucidated their dynamic behavior in the presence of potential
inhibitors, such as NSC620333. Our ndings lay a solid foun-
dation for future drug design efforts, paving the way for the
development of novel strategies to disrupt the nsp14 function.
This could potentially lead to new therapeutic options for
COVID-19. While NSC620333 shares structural similarities with
the known inhibitor SS148—and by extension, the endogenous
substrate and product (SAM/SAH)—the value of our research
extends beyond compound novelty. It lies in the detailed
elucidation of compound interactions with nsp14, crucial for
advancing antiviral development. SS148, informed by SAM/SAH,
serves as a foundational precursor in our work, positioning
NSC620333 as an alternative starting point for optimization.

Interestingly, we observed conformational changes in nsp14,
particularly in the presence and absence of metal coordination
complexes, which emphasizes the role of this metal ion in the
structural dynamics of nsp14. The diverse binding poses of the
NSC620333 ligand identied in our study highlight the neces-
sity for a dynamic view of protein–ligand interactions. It
suggests that a single static view of a protein–ligand complex is
insufficient to capture the full complexity of these interactions,
further emphasizing the value of molecular dynamics simula-
tions in comprehending these systems. Our structural studies
also revealed the binding mechanism of another potential
inhibitor, SS148. By visualizing its binding mode and interac-
tions with nsp14, we proposed that introducing substituents at
1334 | Digital Discovery, 2024, 3, 1327–1341
the C7-position of the 7-deaza-adenine moiety could enhance
the potency and specicity of nsp14 inhibitors. The crystal
structure also revealed the differences and similarities in the
SS148 binding site between nsp14 and nsp16, providing valu-
able structural insights for drug design.

While our results are promising, they represent only the
initial steps in a much longer journey. Further studies are
needed to fully understand the therapeutic potential of these
compounds. Future work should focus on optimizing these lead
compounds, assessing their pharmacokinetic and pharmaco-
dynamic properties, and evaluating their safety and efficacy in
pre-clinical and clinical trials. Furthermore, the mechanistic
exploration of NSC76988 and its potential allosteric mode of
inhibition should also be pursued. Overall, this study under-
scores the potential of computational methods in under-
standing the complexities of biological systems and guiding the
development of new therapeutics. We hope that our ndings
will inspire and inform future research efforts towards the
development of effective treatments for COVID-19 and poten-
tially other related viral threats.
5 Methods
5.1 Docking

The Cryo-EM structure of SARS-CoV-2 nsp10-nsp14
(PDB:7N0B46) was utilized as a reference for molecular dock-
ing, as it was the highest resolution structure available to us at
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 tICA decomposition and representative structures of NSC620333 alternative binding poses. (A) tICA scatter plot representation of
molecular dynamics simulations, color-coded to differentiate eight clusters of NSC620333 binding poses with corresponding population
percentages. Cluster centroids are highlighted with stars. (B) Overlay of NSC620333 poses from clusters 0, 2, and 6, shown after alignment based
on their corresponding binding pockets to emphasize the variation in ligand orientation. (C) Representative binding site interactions for
NSC620333 from clusters 0, 2, and 6, detailing the ligand in various conformations alongside neighboring protein residues.
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the time that included the complete nsp14 complex with nsp10
and wild-type RNA. The receptor was prepared through Schrö-
dinger's protein preparation tool,47 which involved a series of
critical steps. These steps included modeling missing residues,
capping missing termini, removing water molecules, and
assigning protonation states. The ligand binding site was
identied by superimposing SAM/SAH (PDB: 5C8S/5C8T48) onto
the Cryo-EM structure. Upon completion of the overlay,
a minimization was performed using the OPLS4 force eld.49

The process aimed to optimize the overall structure of the
receptor–ligand complex, minimize potential clashes, and
maximize binding interactions. For the molecular docking
process, we employed Glide-SP and Glide-XP soware,31 inte-
grated within the VirtualFlow Unity26 (VFU) pipeline (https://
github.com/VirtualFlow/VFU). In the interest of scientic
inclusivity, we provide a VFU setup that utilizes QuickVina50

and Smina,51 two open-source docking programs.
The NCI Open Compound collection was procured from

NCBI PubChem (https://pubchem.ncbi.nlm.nih.gov/) by
selecting “DTP/NCI” as the Data Source. The provided
isomeric smiles were employed as starting points for
processing the initial 250 000 molecules. At the stage of
© 2024 The Author(s). Published by the Royal Society of Chemistry
identifying the top-100 molecules, the molecules were manu-
ally inspected to ensure correct stereochemistry.

Diversity for a set of molecules was calculated as:

Diversity ¼ 1� 2

nðn� 1Þ
X

X ;Y

simðX ;Y Þ (1)

The expression sim(X, Y) computes the pairwise molecular
similarity for all n structures calculated as the Tanimoto
distance of the Morgan ngerprint (calculated with a radius of
size 3 and a 2048 bit size).52
5.2 MM/GBSA calculation

The AMBER ff14SB force eld53 and the General AMBER force
eld (GAFF2)54 were employed for parameterizing proteins and
ligands, respectively, in the complex systems. The antechamber
module55 was utilized to calculate the partial atomic charges
using the AM1-BCC charge model for ligand molecules. To
eliminate bad steric contacts, the systems were subjected to
energy minimization with the steepest descent algorithm and
conjugate gradient methods, without restraints. This process
involved 2500 iterations using the Sander MD engine.56 The
MM/GBSA energies were evaluated using the MMPBSA.py20
Digital Discovery, 2024, 3, 1327–1341 | 1335
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Fig. 6 Crystal structure of nsp14MTase in complex with SS148. (a), Overall view of the nsp14/SS148 complex. The protein backbone of the nsp14
MTase domain is shown in cartoon representation and colored in light black. The SS148 ligand is shown in stick representation and colored
according to elements: carbon, magenta; nitrogen, black; oxygen, red; sulfur, yellow. The unbiased Fo-Fc omit map contoured at 2 s is shown
around the SS148 ligand. The TELSAM crystallization tag N-terminally fused to the nsp14 MTase domain is not shown. (b), Detailed view of the
SS148 ligand binding site. The SS148 ligand and side chains of selected nsp14 amino acid residues are shown in stick representation, with carbon
atoms colored according to the protein assignment and other elements colored as in (a). Water molecules are presented as red spheres;
hydrogen atoms are not shown. Selected hydrogen bonds involved in the nsp14–SS148 interaction are depicted as dashed black lines. (c), SS148
ligand binding site with nsp14 shown in surface representation. The nitrile group binding groove on the surface of nsp14 potentially accepting
larger substituents is highlighted with a red dashed circle. (d), Structural alignment of the SS148 binding sites of SARS-CoV-2 N7-MTase nsp14
and 20-O-MTase nsp16. Protein backbones are shown in cartoon representation, while SS148 and side chains of selected residues are shown in
stick representation. The carbon atoms of the nsp14/SS148 and nsp16/SS148 complexes are depicted in light black and yellow, respectively;
other elements are colored as in (a).
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script, which is part of the AmberTools21 package.57 To calcu-
late MM/GBSA energies, we utilized the following equation:

DGbind = Gcomplex − (Gprotein + Gligand) (2)

where Gcomplex, Gprotein and Gligand represent the free energies of
the protein-ligand complex, the protein alone, and the ligand
1336 | Digital Discovery, 2024, 3, 1327–1341
alone, respectively. The binding free energy (DGbind) reects the
net energy change upon binding. Further, the binding free
energy calculation was rened to include contributions from
molecular mechanics energy changes in the gas phase (DEMM),
differences in solvation-free energy (DGsol), and the entropy
term (−TDS), as shown in the equation:
© 2024 The Author(s). Published by the Royal Society of Chemistry
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DGbind = DEMM + DGsol − TDS (3)

Here, DEMM comprises the van der Waals (DEvdW) and electro-
static (DEele) energy contributions. The solvation-free energy
(DGsol) is further divided into polar (DGpol) and nonpolar
(DGnonpol) components based on the solvent-accessible surface
area and employing the Generalized Born (GB) model for polar
contributions. The total calculated binding free energy (DGbind)
is the sum of the gas-phase interaction energy and solvation-
free energy, excluding the entropy term for simplicity. Addi-
tionally, we conducted per-residue decomposition to delineate
the contributions of individual residues to the effective binding
energies.
5.3 Protein expression and purication

The SARS-CoV-2 nsp14 MTase domain-encoding sequence
(GenBank: YP_009725309.1, residues 300–527) was codon-
optimized for expression in E. coli and synthesized by GeneArt
(Thermo Scientic). The gene was cloned into a modied
pRSFDuet vector containing an N-terminal hexahistidine (His6)
purication tag, followed by a SUMO solubility and folding tag,
and a TELSAM crystallization tag.45 The plasmid was trans-
formed into E. coli BL21 DE3 NiCo bacterial strain (New
England Biolabs), and the protein was overexpressed using
autoinduction ZY medium. Cells were collected by centrifuga-
tion and resuspended in lysis buffer (50 mM Tris, pH 8.0,
400 mM NaCl, 20 mM imidazole, 10 mM MgCl2, 10 mM ZnCl2,
3 mM b-mercaptoethanol, and 250 U of DNA endonuclease
DENERASE (c-LEcta)). The cells were then sonicated using the
Q700 Sonicator instrument (QSonica). The lysate was subse-
quently cleared by centrifugation, and the supernatant was
incubated with Ni-NTA agarose (Thermo Scientic), followed by
extensive washing with lysis buffer. The protein was nally
eluted using lysis buffer supplemented with 300 mM imidazole.
Post-elution, the protein was treated with Ulp1 protease to
cleave off the His6-SUMO tag. The nsp14 MTase-TELSAM
protein was further puried by size exclusion chromatography
using Superdex 200 16/600 (GE Healthcare) pre-equilibrated
with size-exclusion buffer (25 mM Tris pH 8.3, 200 mM KCl,
and 2 mM TCEP). Fractions containing the nsp14 MTase-
TELSAM protein were concentrated to 4 mg ml−1, ash-
frozen, and stored at −80 °C.
5.4 Crystallization and crystallographic analysis

Crystallization trials were conducted with a concentration of
4 mg ml−1 of the nsp14 MTase-TELSAM protein, supplemented
with a twofold molar excess of the SS148 ligand. Crystals were
observed to grow within two days at 18 °C. This was achieved in
a sitting drop composed of a 200 nl mixture of the protein and
200 nl of the mother liquor, which contained 100 mM bicine/
Trizma pH 8.5; 10% w/v PEG 20,000; 20% v/v PEG MME 550;
20 mM D-glucose; 20 mM D-mannose; 20 mM D-galactose;
20 mM L-fucose; 20 mM D-xylose; 20 mM N-acetyl-D-
glucosamine.

The crystallographic dataset was collected from a single
crystal at the BL14.1 beamline, located at the BESSY II electron
© 2024 The Author(s). Published by the Royal Society of Chemistry
storage ring operated by Helmholtz-Zentrum Berlin.58 Data
integration and scaling were performed using XDS.59 Molecular
replacement was used to solve the structure of the nsp14MTase-
TELSAM/SS148 complex, with the nsp14 MTase-TELSAM/
sinefungin complex structure serving as the search model
(PDB entry 7TW945). Phaser from the Phenix package was used
for the initial model.60,61 Model improvement was accomplished
via automatic model renement with Phenix. rene62 and
manual model building with Coot.63 Statistics regarding data
collection, structure solution, and renement are provided in
ESI Table S4.† Structural gures were generated using PyMOL
Molecular Graphics System v2.5 (Schrödinger, LLC).64 The
atomic coordinates and structural factors have been deposited
in the Protein Data Bank (https://www.rcsb.org) under the
accession code 8BWU.

5.5 Radioactivity-based assay conditions

The assay conditions for nsp14 were as follows: The nal
concentrations in the reaction mixture were 1.5 nM for nsp14,
50 nM for Biotin-RNA (50GpppACCCCCCCCC-Biotin 30), and
250 nM for 3H-SAM. The incubation was carried out for 20
minutes at 23 °C. The buffer used contained 20 mM Tris HCl at
pH 7.5, 250 mMMgCl2, 5 mMDTT, and 0.01% Triton X-100, with
an additional 5% DMSO.

5.6 SPR conditions

For Surface Plasmon Resonance (SPR), the full-length bio-
tinylated nsp14 was immobilized on the ow cell of a SA sensor
chip in 1x HBS-EP buffer, achieving a response of 8000 RU. The
assay was performed using the same buffer but with 2% DMSO
added. Single-cycle kinetics were employed with a contact time
of 60 seconds and a dissociation time of 120 seconds, at a ow
rate of 75 mL min−1. NSC620333 was tested at a concentration of
10 mMas the highest concentration, and a dilution factor of 0.25
was used to yield ve different concentrations.

5.7 Molecular dynamics simulations

The crystal structure of nsp14 in complex with nsp10 was ob-
tained from the Protein Data Bank (PDB) under the entry code
7N0B. All missing residues and variants relative to the wild-type
weremodeled using Schrodinger's protein preparation tool. The
RNA complex was removed for the purposes of our simulations.
The system was solvated in a periodic cubic box containing
TIP3P water with 150 mM KCl using CHARMM-GUI.65 The
CHARMM 36 m force eld66 with hydrogen mass repartitioning
was employed, and input les were sourced directly from
CHARMM-GUI. Molecular dynamics simulations were per-
formed using the Gromacs 2020.3 soware package.67 The
simulations employed a Langevin thermostat and a Nosé–
Hoover Langevin piston barostat to maintain a pressure of 1
atm. Long-range interactions were treated using the particle
mesh Ewald method, and non-bonded interactions were
smoothed between 10 to 12 Å. The system underwent energy
minimization for 1500 steps, followed by equilibration to 303.15
K with a timestep of 2 fs for 10 ns using the SHAKE and SETTLE
algorithms.68 Production simulations were conducted with a 4
Digital Discovery, 2024, 3, 1327–1341 | 1337
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fs timestep for a total of 1.0 ms, with ve independent replicates.
Simulations that included NSC620333 were parameterized
using the Charmm General Force Field (CGenFF) framework.69

Throughout the simulations, the root-mean-square deviation
(RMSD) of the protein residues was calculated using the MDTraj
package.70 All our simulations can be downloaded from: https://
drive.google.com/drive/folders/
1tKiIsDxBbjZLCxceSoDXlJAczd4UgHIJ?usp=sharing.

5.8 tICA 2D projections

5.8.1 Time-lagged independent component analysis (tICA).
To dissect the conformational dynamics of NSC620333, we
employed time-lagged independent component analysis (tICA).
This dimensionality reduction technique is designed to capture
the slowest motions in the system by identifying linear combi-
nations of input features that exhibit the highest autocorrela-
tion at a specic lag time.

5.8.2 Data preparation and featurization. The molecular
dynamics simulation data was preprocessed to extract mean-
ingful features for the tICA. The backbone a-carbons were
selected for featurization because they effectively describe the
overall movements of the protein-ligand complex. We calcu-
lated the pairwise distances between these a-carbons and the
heavy atoms of NSC620333 to capture the ligand's positioning
in relation to the protein's structure.

5.8.3 tICA computation and clustering. A time-lagged
covariance matrix was constructed from the pairwise distance
matrix using a lag time of 1 ns, a value determined through trial
and optimization for this system. The tICA transformation then
reduced the data to a two-dimensional representation that
separates the distinct conformational clusters. Density-based
clustering was applied to the tICA-transformed data to iden-
tify discrete metastable states, with the assumption that regions
of higher density in the tICA plot indicate energetically favor-
able and stable conformations.

5.8.4 Selection of representative frames. To accurately
represent each identied cluster, representative frames were
selected based on their proximity to the centroid of the cluster.
This was achieved by calculating the Euclidean distance from
each frame within a cluster to its centroid in the reduced tICA
space. The frame with the shortest distance was chosen as the
representative for that cluster because it most closely approxi-
mates the central conformation assumed by the protein-ligand
complex in that metastable state.

5.9 Anti-SARS-CoV-2 and cytotoxicity assays in Calu-3 cells

Anti-SARS-CoV-2 activity of NSC620333 and NSC76988
compounds were determined in the human lung adenocarci-
noma cell line Calu-3 (ATCC, cat. no. HTB-55) using SARS-CoV-2
(isolate hCoV-19/Czech Republic/NRL_6632_2/2020). Briey,
two-fold eight serial dilutions of the compounds starting from
100 mM were added to 40 000 Calu-3 cells seeded for 1 day in
DMEM supplemented with 2% fetal bovine serum, 100 U of
penicillin per mL and 100 mg of streptomycin per mL. Aer 1 h
incubation at 37 °C, SARS-CoV-2 was added at a multiplicity of
infection (MOI) of 0.03 IU ml−1, incubated 3 days at 37 °C, and
1338 | Digital Discovery, 2024, 3, 1327–1341
the virus-induced cytopathic effect (CPE) was quantied by
formazan-based cell viability assay (XTT assay). XTT solution
was added and aer 4 h incubation, the absorbance at 450 nm
was measured using the EnVision plate reader. Aer plotting
the percentage cell viability versus log10 concentrations, the
compound concentrations required to reduce viral cytopathic
effect by 50% (EC50) were calculated by nonlinear regression.
To determine compound cytotoxicity, Calu-3 cells were exposed
to the same compound dilutions as above but without virus,
and cell viability was determined using XTT assay. The
compound concentrations causing 50% reduction in cell
viability (CC50) were calculated similarly. Three-fold serial
dilutions of Remdesivir from 10 mM served as a control in both
experiments.
5.10 Assay technique

The MTase activity of nsp14 was measured using a radiometric
assay as described previously.27 Chlorobenzothiophene 3 was
tested at various concentrations ranging from 200 nM to 200 mM
to determine the half-maximal inhibitory concentration (IC50)
value. The nal reaction mixture consisted of 1.5 nM nsp14, 250
nM3H-SAM, and 50 nM RNA in buffer (20 mM Tris HCl, pH 7.5,
250 mM MgCl2, 5 mM DTT, and 0.01% Triton X-100). The
reaction time was 20 min at 23 °C. Data were tted to the four-
parameter logistic equation using GraphPad Prism 8.
5.11 Synthesis of SS148

The synthesis of SS148 (also referred to as CN-SAH in the
literature) was carried out according to previously published
procedures.71 Comprehensive synthetic procedures and associ-
ated 1H and 13C-NMR data for SS148 can be found in the
referenced literature.
Author contribution

Conceptualization: A. K. N., M. F. D. H., R. L. K., V. A. V., M. V.,
A. A.-G. data curation: A. K. N., M. F. D. H., F. L., S. S. C., S. P.
formal analysis: M. F. D. H., F. L., E. K., M. K. funding acqui-
sition: A. K. N., R. P., H. N., M. F. D. H., V. A. V., A. A.-G.
investigation: M. F. D. H., F. L., E. K., R. P., J. T., H. Ü. K., Y.
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