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CoV-2 inhibitors†
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A naturally inspired chemical library of 25 molecules was synthesised guided by 3-D dimensionality and

natural product likeness factors to explore a new chemical space. The synthesised chemical library,

consisting of fused-bridged dodecahydro-2a,6-epoxyazepino[3,4,5-c,d]indole skeletons, followed lead

likeness factors in terms of molecular weight, C-sp3 fraction and ClogP. Screening of the 25 compounds

against lung cells infected with SARS-CoV-2 led to the identification of 2 hits. Although the chemical library

showed cytotoxicity, the two hits (3b, 9e) showed the highest antiviral activity (EC50 values of 3.7 and 1.4

μM, respectively) with an acceptable cytotoxicity difference. Computational analysis based on docking and

molecular dynamics simulations against main protein targets in SARS-CoV-2 (main protease Mpro,

nucleocapsid phosphoprotein, non-structural protein nsp10–nsp16 complex and RBD/ACE2 complex) were

performed. The computational analysis proposed the possible binding targets to be either Mpro or the

nsp10–nsp16 complex. Biological assays were performed to confirm this proposition. A cell-based assay for

Mpro protease activity using a reverse-nanoluciferase (Rev-Nluc) reporter confirmed that 3b targets Mpro.

These results open the way towards further hit-to-lead optimisations.

Introduction

The late 2019 coronavirus disease outbreak turned out into
the global COVID-19 pandemic that is still on-going.1 The
causative agent of the COVID-19 disease was identified as the
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2).2–4 This highly transmissible airborne virus is a positive-
sense single-stranded RNA virus, whose genome encodes 29
proteins including four structural proteins.5 Although there

are currently different vaccines and treatments available to
tackle this pandemic, research efforts should continue to find
therapeutic agents against the virus, as well as variants of
concern or other zoonotic coronaviruses that might emerge in
the future.14–16 There are now several treatments for COVID-
19. For example, remdesivir, which has been granted
emergency-use authorisation, showed modest benefit to
patients with COVID-19.6–9 Paxlovid, the FDA approved oral
SARS-CoV-2 main protease Mpro inhibitor, showed benefit for
the treatment of COVID-19 patients in severe condition.9b

Although the structure of the active site of Mpro is highly
conserved among coronaviruses,9c the emergence of drug-
resistant variants cannot be excluded. Furthermore, the
massive vaccination campaign currently ongoing does not
guarantee herd immunity and that vaccinated people with
SARS-CoV-2 antibodies will be immune to reinfection.10–13

Therefore, designing small molecule libraries from new
unexplored chemical space could open an avenue towards
new antiviral drugs. To get better hit rates in drug discovery
programs, a beneficial factor is natural product likeness.17 In
addition, enhancing the 3-D character and increasing the
fraction of sp3 carbons in the designed chemical libraries
increase the opportunities to discover hits and consequently
potential drug candidates.18,19 Herein, we designed a
naturally-inspired high 3-D fused-bridged dodecahydro-2a,6-

RSC Med. Chem., 2023, 14, 507–519 | 507This journal is © The Royal Society of Chemistry 2023

a Institut Pasteur, Department of Structural Biology and Chemistry, CNRS UMR no

3523 Chem4Life, Epigenetic Chemical Biology, Université Paris Cité, F-75015 Paris,

France. E-mail: ibnel.haitham.hassan@gmail.com, paola.arimondo@cnrs.fr
b Institut Pasteur, Center for Technological Resources and Research (C2RT), CNRS

UMR no 3523 Chem4Life, Chemogenomic and Biological Screening platform,

Université Paris Cité, F-75015 Paris, France
c Drug Design and Discovery Lab, Zewail City of Science and Technology, 12578

Cairo, Egypt. E-mail: rkhidr@zewailcity.edu.eg
d Biomedical Sciences Program, University of Science and Technology, Zewail City

of Science and Technology, 12578 Cairo, Egypt
e Institut Pasteur, Unité Biologie des ARN et Virus Influenza, CNRS UMR3569,

Université Paris Cité, F-75015 Paris, France
f Department of Pharmacology and Toxicology, University of Toronto, Canada
gCNRS – UMR7257 – AFMB – Aix-Marseille Université, Marseille, France
hQBI COVID-19 Research Group (QCRG), San Francisco, CA, USA

† Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d2md00149g

http://crossmark.crossref.org/dialog/?doi=10.1039/d2md00149g&domain=pdf&date_stamp=2023-03-18
http://orcid.org/0000-0001-7982-3074
http://orcid.org/0000-0001-9135-4565
http://orcid.org/0000-0001-8434-4449
http://orcid.org/0000-0002-5751-3857
http://orcid.org/0000-0003-2693-4701
http://orcid.org/0000-0003-1093-9698
http://orcid.org/0000-0003-0598-7679
http://orcid.org/0000-0002-0574-0169
http://orcid.org/0000-0002-0424-0277
http://orcid.org/0000-0003-1846-8683
http://orcid.org/0000-0001-7527-1655
http://orcid.org/0000-0001-5175-4396
https://doi.org/10.1039/d2md00149g
https://doi.org/10.1039/d2md00149g


508 | RSC Med. Chem., 2023, 14, 507–519 This journal is © The Royal Society of Chemistry 2023

epoxyazepino[3,4,5-c,d]indole-based chemical library, with up
to three points of diversity and six controlled chiral centres,
two of them being all-carbon quaternary, accessible in one
step. The synthesised 25 compounds were assayed in lung
cell-lines infected with SARS-CoV-2 and screened for
cytotoxicity leading to the confirmation of two hits promising
for further optimisation. Furthermore, to identify the possible
target, high-throughput virtual screening was carried out on
four main protein targets in SARS-CoV-2: (i) the main protease
(Mpro) that is a non-structural cysteine protease and plays a
key role in the release of 16 non-structural proteins involved
in the virus replication;20 (ii) the nucleocapsid
phosphoprotein that packages the viral RNA into a helical
ribonucleocapsid (RNP);21 (iii) the non-structural protein
nsp10–nsp16 complex;22,30 and (iv) the RBD/ACE2 membrane
glycoprotein complex, responsible for the entry into host
cells.23 The computational data led to the possible binding of
the best two hits 3b and 9e to either Mpro or the nsp10–nsp16
complex. A cellular assay and a biochemical assay for Mpro

protease activity confirmed the anti-Mpro activity of 3b, while
no activity was validated for 9e. These findings open a
promising starting point for the identification of new antiviral
lead candidates.

Results and discussion
Chemistry

Tuning the right combination between 3-D dimensionality,
natural product likeness, C-sp3 fraction, Clog P and the
number of heteroaromatic rings bearing H-donor/acceptor
atoms in one molecule is a challenging task. Finding the
right blend leads to a better hit rate. Inspired by the
synthesis by Shi and his co-workers, compound 1 can be
accessed in three steps in a large scale from the commercially

available p-anisidine (Scheme 1).24a This hydro-epoxybenzo[c,
d]indole skeleton is a natural product-like compound and
has a high 3-D character and high C-sp3 fraction along with
an optimal Clog P value that is known to favour bioactivity.
Modulation of 1 by introducing relevant groups bearing
different H-donor/acceptor atoms can increase its biological
activity potential. Compound 1 has two double bonds
(highlighted in colours in Scheme 1) and a ketone function
allowing further chemical modification. Because of the
diverse stereoelectronic environment, the two double bonds
could be differentiated. The non-conjugated double bond (in
magenta) was selectively dihydroxylated with potassium
osmate(VI) to give diol 2 (Scheme 1). This intermediate could
be transformed into decahydroepoxy-azepino indoles (3a′–c′),
which incorporate a constrained morpholine ring present in
several bioactive molecules.24b Ring expansion was achieved
by oxidation of 2 with sodium periodate to give an
intermediate bisaldehyde, which was reacted, without
isolation, with different primary amines under reductive
amination conditions to give 3a′–c′. Reduction of the ketone
with sodium borohydride afforded alcohols 3a–c as single
diastereoisomers. These transformations allowed the
introduction of a new accessible point of diversity at the
nitrogen atom.

The enone moiety in 1 or 2 was resistant to reductive
amination conditions. Indeed, in the preparation of 3a′–c′,
no reaction at the ketone function was observed and several
attempts to transform 1 into the corresponding secondary
amines using primary amines under diverse reductive
amination conditions failed to produce the desired secondary
amines. Thus, further modulation was conducted by reducing
the ketone group of compound 1 to the corresponding
alcohol group and then reacted with electrophiles such as
2-chloropyrimidine to afford 4 (Scheme 1).

Scheme 1 Synthetic routes to the first round of functionalisation. Reagents and conditions: (a) DIAD (1.1 equiv.), PPh3 (1.2 equiv.), 4 Å M.S. in THF,
77%. (b) NMO (1.2 equiv.), K2OsO4·2H2O (0.8 mol%) in THF/H2O 27% over two steps. (c) NaIO4 in H2O (1.4 equiv.), silica in DCM. (d) RNH2 (1.2
equiv.), STAB (3.0 equiv.), AcOH (0.1 equiv.), M.S. 4 Å in THF. (e) NaBH4 (1.1 equiv.) in MeOH. (f) NaH (60% dispersion in mineral oil) in dry THF, 0 °C,
1 h and then 2-chloropyrimidine, r.t., overnight, 67%.
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To introduce other relevant groups bearing different H-
donor/acceptor atoms, scaffold 3a′ was hydrogenated in
MeOH to give the deprotected secondary amine 5 with
concomitant reduction of the double bond (Scheme 2). By-
product 6 was also isolated as the result of the reductive
amination of the newly formed secondary amine 5 with
adventitious formaldehyde, formed in situ from the reaction
of MeOH with Pd/C and hydrogen.25 Changing the solvent to
ethyl acetate slowed down the reaction and gave 7 resulting
from the reduction of the double bond only without removal
of the benzyl group (Scheme 2, panel A). Secondary amine 5
allowed the preparation of a diverse set of compounds,
showing the reactivity of this position. Reaction with
aldehydes under reductive conditions gave tertiary amines
and reaction with acyl chlorides under basic conditions, or
with carboxylic acids under peptide coupling conditions, gave
the corresponding tertiary amides. As reactive functional
groups are not desirable, all the intermediate ketones were
directly subjected to reduction with NaBH4 to give 8a–g. In
parallel, the secondary amine 5 was reacted with

triazolopyrimidine, and then the ketone was reduced with
NaBH4 to give compound 8h (Scheme 2, panel B).

The third round of functionalisation was conducted on 6,
7, and 8a, e, and g (Scheme 3). Reaction of the free alcohol
with halogenated heterocycles or alkanes gave compounds
9a–e (Scheme 3, panel A). Similarly, compound 3b reacted
with 2-chloropyrimidine to give compound 10. Surprisingly,
the dihydroxylation of the left-hand site (LHS) double bond
in compound 3b by potassium osmate(VI) was not successful.
The isolated product was ketone 3b′, resulting from the
oxidation of the allylic alcohol catalysed by osmium salts26

(page S18 in the ESI†).

Molecular properties

The 3-D dimensionality and molecular properties of the 25
molecules were analysed using the web-free tool LLAMA
(Lead-Likeness And Molecular Analysis; https://llama.leeds.
ac.uk).27 The chemical library showed an average C-sp3

fraction of 0.5–0.7, average Clog P of 1.0–5.0 and average

Scheme 2 Synthetic routes to the second round of functionalisation. Reagents and conditions: (a) H2 (1.0 bar), Pd/C (10 mol%), MeOH (5 and 6)
or EtOAc (7). (b) RCOOH (1.1 equiv.), DIPEA (1.5 equiv.), TBTU (2.5 equiv.) in DCM. (c) RCHO (1.2 equiv.), STAB (3.0 equiv.), AcOH (0.1 equiv.), M.S. 4
Å in DCM. (d) N-Methyl-1H-imidazole-1-carboxamide (1.1 equiv.), Et3N (1.1 equiv.) in DCM. (e) RCOCl (1.1 equiv.), Et3N (1.1 equiv.) in DCM. (f)
1-(Methoxymethyl)-4-(1H-1,2,4-triazol-1-yl)pyrimidin-2(1H)-one (1.2 equiv.), Et3N (1.2 equiv.) in MeCN, 70 °C. (g) NaBH4 (1.1 equiv.) in MeOH.
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molecular weight of 400–600, which are all features
consistent with lead-likeness factors (Fig. 1, panel A). It also
provided a high 3-D character (Fig. 1, panel B), a property
that was proven to give better hit rates.19 The natural
product likeness was assessed using the Natural Product
Likeness Score calculator (NaPLeS) web-free tool and it
indicated that all the synthesised compounds fall in the
natural product likeness space with an average score of 0.2–
1.3 (Fig. 1, panel B).28

Biological evaluation

The 25 compounds were tested for inhibition of SARS-
CoV-2 replication of the beta variant in the lung cancer
A549 cell line (adenocarcinomic human alveolar basal
epithelial cells, source ATTC, reference CCL-158) stably
transduced with a lentiviral construct bearing the human
ACE2 receptor.40 The measurement of viral replication was
carried out by quantitative RT-PCR as described in the
ESI† Methods section (Table 1). The key scaffolds 1 and
its analogue 4 were not active, indicating the importance
of the right-hand side (RHS) diversity point. Introducing
dihydroxyl groups on compound 1 appeared to be
beneficial with an antiviral activity for compound 2 of
EC50 = 14 μM. Structure activity relationship (SAR)
revealed that the presence of large aromatic groups in the
R1 position on the RHS is important for the antiviral

activity as compounds 5, 6 and 8f were inactive. It was
also found that the presence of the ketone group did not
significantly change the viral activity when comparing
compounds 3a′ and 8d′ to 3a and 8d, respectively.
Substitution in R2 with aromatic groups did not increase
the activity; the aliphatic chain with a basic centre gave
better activity. In parallel, the cytotoxic activity of the
compounds was assessed as the cytotoxicity could interfere
with the antiviral activity of the compound (ESI† Methods
section). Several hits showed a favourable ratio between
the antiviral activity and cytotoxicity. The most active
compounds with a favourable antiviral activity to
cytotoxicity ratio and do not have electrophilic groups,
which could favour covalent binding, are 3b and 9e
(Fig. 2). In addition, 3b and 9e remained active against
cells infected with the SARS-CoV2 Omicron BA1 variant
with an EC50 of 3.5 and 4.4 μM, respectively, with 3b
showing no cytotoxicity, while 9e exhibiting cytotoxicity
above 20 μM (Table 1 and ESI† Fig. S1).

In silico studies

To identify the potential target(s) behind the observed activity
against SARS-CoV-2 of compounds 3b and 9e, a docking and
virtual screening study followed by a molecular dynamics
simulation (MD) was conducted against four SARS-CoV-2
proteins. The first selected potential target was the SARS-

Scheme 3 Synthetic routes to the third round of functionalisation. Reagents and conditions: (a) NaH (60% dispersion in mineral oil) in dry THF, 0
°C, 1 h and then RCl, r.t., overnight.
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CoV-2 main protease (Mpro), a non-structural cysteine
protease that is one of the key players in the release of 16
non-structural proteins involved in the virus replication.20

The second was the nucleocapsid phosphoprotein that
packages the viral RNA into a helical ribonucleocapsid.21

The third selected target was the non-structural nsp10–
nsp16 complex that has a 2′-O-methyltransferase (2′-O-
MTase) activity involved in the methylation of the RNA cap
structure.22,30 Finally, the receptor-binding domain (RBD) of
the viral spike protein responsible for the viral entry into
host cells was also virtually screened as the fourth plausible
target.23 3D structures of the four target proteins were
obtained from the Protein Data Bank (PDB) as follows: the
SARS-CoV-2 main protease Mpro (PDB ID: 6LU7),31 the 2′-O-
methyltransferase nsp10–nsp16 complex (PDB ID: 6W4H),30

the nucleocapsid phosphoprotein RNA binding domain
(PDB IDs: 6VYO),29 and the RBD domain/ACE2/B(0)AT1
complex (PDB ID: 6M17).33 These 3D structures were
selected based on their high resolution and lack of
mutations.

Docking validation and virtual screening

First, we validated the use of the method MOE 2019.01
for the virtual screening study by self-docking co-
crystallized ligands in the adopted crystal structures for
the nsp10–nsp16 complex (PDB ID: 6W4H)29 and the
SARS-CoV-2 main protease Mpro (PDB ID: 6LU7)30 with the
respective co-crystallized ligands S-adenosyl-L-methionine
(SAM) and the peptide-like inhibitor PRD_00221 (ESI† Fig.
S2). The proteins were initially subjected to structure
preparation and protonation state fixation, and then the
London dG and GBVI/WSA dG scoring functions were
used to assess the binding poses and binding interactions.
The root mean square deviation (RMSD) of the best
scoring poses was calculated using the DockRMSD online
server (https://zhanggroup.org/DockRMSD/).31 Since the
optimum RMSD for docking validation is conventionally
≤2 Å and the results obtained by MOE 2019.01 were
within this range, the adopted docking protocol was
considered reliable.

Fig. 1 Molecular properties and diversity. Panel A: Molecular weight vs. ClogP (ClogP was calculated using ChemDraw version 15). Panel B:
Principal moment of inertia PMI plot. Panel C: Natural product likeness score, where the green line indicates all synthetic products, the orange line
the natural products and the red dots the synthesised chemical library.
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Table 1 Anti-SARS-CoV-2 activity on A549-ACE2 cells (RT-qPCR) and cell cytotoxicity of the 22 compounds, expressed as EC50 in μM, the
concentration at which 50% inhibition of the maximal signal is observed at 95% confidence interval

Entry R1 R2
Saturation on the

LHS
RT-qPCR Beta EC50

(μM) [95% CI]
Cytotoxicity CC50

(μM) [95% CI]
Ratio

cytotoxicity/RT-qPCR

3a′ — Double bond 16 (N/A) 14 [2.8 to 73] 0.9

3a H Double bond 17 [13 to 23] >50 >3

3b′ — Double bond 13 [7.2 to 24] 6.6 [2.7 to 16] 0.5

3b H Double bond 3.7 [2.0 to 6.9]
3.5 [2.3to 5.6]a

12 [10 to 15] 3.3
>50a

3c H Double bond 8.3 [6.3 to 11] 13 (N/A) 1.6

5 H — Saturated >50 >50 N/A
6 Me — Saturated >50 >50 N/A
7 — Saturated 8.4 [5.5 to 13] 5.8 [3.0 to 11] 0.7

8a H Saturated 16 [5.2 to 51] >50 >3

8b H Saturated 14 [8.5 to 22] 20 [8.2 to 48] 1.4

8c H Saturated 37 [23 to 59] >50 1.4

8d′ — Saturated 5.3 [4.0 to 7.1] 37 N/A 6.9

8d H Saturated 6.6 [4.3 to 10] 12 [6.7 to 21] 1.6

8e H Saturated 5.6 N/A 13 [7.6 to 21] 2.3

8f H Saturated >50 >50 N/A

8h H Saturated >17 >50 N/A

9a Saturated >40 [N/A] >50 [N/A] N/A

9b Saturated 6.2 [N/A] 6.3 [3.7 to 11] 1.0

9c Me Saturated 20 [N/A] 17 [14 to 18] 0.8

9d Saturated >50 >50 N/A

RSC Medicinal ChemistryResearch Article
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The binding potential of the 25 synthesised compounds
was assessed and their potential binding affinity was
reported as S-scores (MOE internal scoring function) and
compared to those of the co-crystallized ligands, when
applicable, for each of the four target proteins (ESI† Table
S1). The 2D interactions of the molecules compared to those
of the co-crystallized ligands showed that compounds 3b and
9e were among the best virtual hits, which is in line with the
antiviral activity profile of these compounds (Table 1). The
2D binding interactions of the two compounds with the four-
screened SARS-CoV-2 proteins are shown in Fig. 3.

Docking studies showed that the peptide-like inhibitor
PRD_002214 is covalently bound to Cys145 and forms seven
other non-covalent interactions with the active pocket of Mpro

(Fig. 3A and ESI† Table S2). Compound 3b forms six
interactions: four as a H-bond donor with distances of 3.14
Å, 3.42 Å, 3.61 Å and 3.72 Å, respectively, and with energy
scores of −0.6 kcal mol−1, −0.8 kcal mol−1, −0.8 kcal mol−1,
and −1.6 kcal mol−1, respectively. It also indicated two pi–H
interactions between the ligand's 6-membered ring and
Thr25 and Thr26 in the pocket with distances of 4.39 Å and
4.22 Å, respectively, and with energy scores of −1.1 kcal

Table 1 (continued)

Entry R1 R2
Saturation on the

LHS
RT-qPCR Beta EC50

(μM) [95% CI]
Cytotoxicity CC50

(μM) [95% CI]
Ratio

cytotoxicity/RT-qPCR

9e Saturated 1.4 [0.9 to 2.2] 4.4 [2.0 to 9.0]a 7.7 [5.2 to 12] 5.7
>20a

10 Double bond >50 — N/A

N/A = not applicable. a Assays against cells infected with SARS-CoV-2 variant Omicron BA1.

Fig. 2 Anti-SARS-CoV-2 dose response (left) and cytotoxicity (right) curves with respect to the log concentration in μM of the compound. Panel
A: Compound 3b. Panel B: Compound 9e. Error bars of triplicates are shown.
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Fig. 3 2D interactions of the best 2 hits, compounds 3b and 9e. (A) Binding of co-crystallized ligand (PRD_002214), 3b and 9e with Mpro (PDB ID.
6LU7). (B) Binding of co-crystallized ligand (SAM), 3b and 9e with the nsp10–nsp16 complex (PDB 6W4H). (C) Binding of 3b and 9e with the
nucleocapsid phosphoprotein (PDB 6VYO). (D) Binding of 3b and 9e with the RBD/ACE2 complex (PDB 6M17).
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mol−1, and −2.0 kcal mol−1 respectively (Fig. 3A and ESI†
Table S2). This suggests that compound 3b might interact
with this target protein. In contrast, compound 9e makes
only two interactions with Mpro (Fig. 3A and ESI† Table S2).
For the nsp10–nsp16 complex, we mapped strong 11
interactions with the co-crystallized ligand SAM (Fig. 3B and
ESI† Table S2), while compounds 3b and 9e formed only two
interactions, H bonds and pi–H interactions. Concerning the
nucleocapsid phosphoprotein, the docking suggests that both
compounds 3b and 9e form two interactions only (Fig. 3C).
Finally, with the spike protein RBD/ACE2 complex (Fig. 3D),
only one H-bond was observed between O62 of compound 3b
and Glu165 and one hydrogen bond between O72 of
compound 9e and Asp164, suggesting a reduced interaction
with this target complex (ESI† Table S1).

Molecular dynamics simulation for compounds 3b and 9e

We then carried out a 100 ns MD simulation of 3b and 9e to
assess their binding stability with the target Mpro and nsp10–
nsp16 complex (ESI† data and Fig. S3–S6). To measure how
much the protein and ligand conformations change along
the MD simulation trajectory of the target protein–ligand
complex, RMSD values were calculated for the proteins' Cα

atomic coordinates and the screened ligands using
GROMACS 2021.1.32,34 3b and Mpro formed a very stable
complex reaching stability in the first nanoseconds of the
simulation with very low perturbation (less than 1 Å)
throughout the whole 100 ns simulation (Fig. 4A).
Additionally, the stability of the complex was confirmed by
the RMSD of 3b itself, as displayed in Fig. 4B, eliciting
perturbations of less than 1 Å throughout the whole
simulation. On the other hand, the RMSD of the nsp10–
nsp16 complex Cα backbone in its complex with 3b showed
small perturbations, while the RMSD of 3b itself gave very
high fluctuations after 50 ns.

Then the stability of 9e in complex with Mpro and the
nsp10–nsp16 complex was assessed over a 100 ns simulation
(Fig. 5). The RMSD of the protein referenced to the backbone
was calculated. On the one hand, the complex of 9e bound to

Mpro achieved stability at almost 5 ns, showing small
perturbations (less than 1 Å) in the region from 65 ns to the
end of the simulation (Fig. 5A, black curve). This indicates
the stability of the protein upon interaction with 9e. On the
other hand, the RMSD of 9e itself showed significant
perturbations at the beginning (from 0 ns to 40 ns),
representing the ligand jumping away from the binding
pocket, and at the end (from 70 ns to 100 ns) (Fig. 5B, black
curve). In parallel, the nsp10–nsp16 complex exhibited
convergence at 12 ns with small perturbations (∼1 Å), thus
indicating the stabilisation of the protein (ESI† Fig. S5).
Besides that, the RMSD of 9e complexed to the nsp10–nsp16
complex exhibited a very low RMSD (less than 6 Å) and RMSD
perturbations, which reflect the high 9e complex stability as
shown in Fig. 5B.

Stable binding of 3b and 9e should reflect the stability of
the residues within the binding pocket. The rigidity and
flexibility of such residues can be investigated through the
root mean square fluctuation (RMSF) of the Cα atoms during
the simulation (ESI† Fig. S5).35 The RMSF of the 3b and Mpro

complex showed low fluctuations, especially Cys145 and
His41 that constitute the catalytic dyad. 9e exhibited
fluctuations (∼1.3–3.2 Å) in some residues, with higher
fluctuations at residues (185 : 192) than 3b. In parallel, the
nsp10–nsp16 complex shows residues within a 5 Å proximity
from 3b and 9e, exhibiting lower fluctuations (∼0.4–1.4 Å)
(ESI† Fig. S5). The collective results for the in silico studies
suggest that the target of 3b is the main protease Mpro, while
9e preferentially interacts with the nsp10–nsp16 complex. To
verify the in silico results, compounds 3b and 9e were tested
in vitro for inhibition of the 2′-O-methyltransferase activity of
the nsp10–nsp16 complex and nsp14 guanine-N7-
methyltransferase activity, and in a cellular assay involving
Mpro.

Biological target validation

Inhibition of the nsp10–nsp16 complex. The nsp10–nsp16
complex is responsible for catalysing the final step of the
coronaviral mRNA capping. Nsp16 is a member of the 2′-O-

Fig. 4 Structural dynamics of compound 3b bound to Mpro (black curve) and the nsp10–nsp16 complex (blue curve); RMSD of the Cα backbone of
the proteins in nm (A) and RMSD of 3b in nm along the MD trajectory (B).
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MTase family, which catalyses the transfer of a methyl group
to the RNA substrates from the methyl donor SAM. Nsp16
requires nsp10 for methyltransferase activity and stability.
The in vitro activity of the SARS-CoV-2 nsp10–nsp16 complex
was assessed by monitoring the transfer of 3H-SAM to the
biotinylated N7-meGpppACCCCC RNA substrate (ESI†). The
subsequently methylated RNA was captured using
scintillation proximity assay (SPA) beads followed by
quantifying the level of incorporated 3H-methyl by measuring
the radioactivity level (counts per minute [CPM]).41 In dose
response experiments (Fig. S7†), commercially available
S-adenosyl-L-homocysteine (SAH) showed IC50 values of 3.9
μM and 0.22 μM for the nsp10–nsp16 complex and nsp14
methyltransferase activities, respectively (ESI† Fig. S7 and
Table 2). However, 3b and 9e did not show any inhibitory
effect on the nsp10–nsp16 2′-O-MTase activity, which did not
support the computational analysis prediction for this target.
Although 3b showed no inhibitory effect on the
methyltransferase activity of nsp14, 9e showed a weak activity
against nsp14 at high concentrations (Table 2 and ESI† Fig.
S7).

Inhibition of SARS-Cov-2 main protease (Mpro). Mpro is a
validated target for treating COVID-19 with the recent
approval of the drug Paxlovid.9b Encouraged by the
importance of this target and guided by the results
obtained from the computational analysis through docking
and molecular dynamics simulations, we tested the two hits
for their ability to inhibit Mpro in a highly sensitive cell-
based luciferase assay that we developed to monitor SARS-
CoV-2 main protease activity.36 This gain-of-function assay
is based on a reverse-nanoluciferase (Rev-Nluc) reporter in

which two nanoluciferase domains are permuted and
linked together by a cleavage site recognized by Mpro. Co-
expression with the wild-type SARS-CoV-2 Mpro results in
cleavage of the reporter and thereby a significant reduction
in luciferase activity. The addition of an inhibitor of Mpro

results in a dose-dependent restoration in luciferase activity.
The assay is run in parallel on a wild-type and a
catalytically inactive Mpro, to assess the specificity of the
drug (details are provided in the ESI† Methods section).
The commercially available GC376 compound was used as
a positive control. The dose response curve showed that
GC376 reduced Mpro activity, as seen by a gradual increase
of nanoluciferase activity measured in the presence of Mpro

WT (Fig. 6A), while the luciferase signal measured in the
presence of the catalytically inactive mutant remained
unchanged. Full inhibition of Mpro was achieved at 10 μM
GC376 and the estimated IC50 was in the micromolar
range.37–39 Only compound 3b showed a specific activity
against Mpro in the Rev-Nluc assay from 10 μM, as
indicated by an increase in the luciferase signal, which was
not observed with the catalytically inactive Mpro mutant
(Fig. 6B). An in vitro enzymatic assay on the purified
protein confirmed the weak inhibitory activity of compound
3b (ESI† Fig. S8), while compound 9e was inactive. This
observed activity of 3b against SARS-CoV-2 Mpro was
consistent with the computational study.

Conclusions

In conclusion, to explore a new chemical space for the design
of inhibitors of SARS-CoV-2, a chemical library of 25 fused-

Fig. 5 Structural dynamics of compound 9e bound to Mpro (black curve) and the nsp10–nsp16 complex (blue curve); RMSD of the Cα backbone of
the proteins in nm (A) and RMSD of 9e in nm along the MD trajectory (B).

Table 2 Effect of 3b and 9e on the methyltransferase activities of the nsp10–nsp16 complex and nsp14. S-Adenosyl-L-homocysteine (SAH) was used as
control

Compound name IC50
nsp10–nsp16 (μM) Hill slope IC50

nsp14 (μM) Hill slope

SAH 3.9 1.1 0.22 0.8
3b NI NA NI NA
9e NI NA >100 NA

The corresponding plots are shown in Fig. S7.† NI: no inhibition, NA: not applicable.
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bridged dodecahydro-2a,6-epoxyazepino[3,4,5-c,d]indole
compounds guided by natural product likeness, 3-D
dimensionality and lead likeness was synthesised. The
screening in a cellular system of viral infection led to the
identification of 2 hits against the SARS-CoV-2 virus,
confirming that following lead likeness guidelines and
enhancing 3-D dimensionality increases the hit rate in the
design of chemical libraries. Although the compounds also
showed cytotoxicity, the two hits were confirmed to have
antiviral activity against SARS-CoV-2 with an EC50 between
3.7 and 1.4 μM with an acceptable cytotoxicity difference.
They also showed anti-viral activity against SARS-CoV-2
variant Omicron BA1, which consolidates their inhibition
profile. Computational analysis through docking and
molecular dynamics simulations was carried out against
four main target proteins of SARS-CoV-2: main protease
Mpro, nucleocapsid phosphoprotein, non-structural protein
nsp10–nsp16 complex and RBD/ACE2 membrane
glycoprotein complex. The analysis identified as possible
binding targets either the main protease Mpro or the
nsp10–nsp16 complex. A cellular assay using a reverse-
nanoluciferase (Rev-Nluc) reporter system confirmed that
compound 3b shows some activity against Mpro in cells
and a weak activity in an in vitro enzymatic assay with
purified Mpro. In contrast, an in vitro inhibition assay of
the nsp10–nsp16 complex and nsp14 did not confirm the
computational analysis suggesting the methyltransferases
as a potential target. The confirmed hits 3b and 9e pave
the way to the chemical optimisation of the fused-bridged
dodecahydro-2a,6-epoxyazepino[3,4,5-c,d]indole skeleton for
the inhibition of SARS-CoV-2. This also confirms the
interest in inspired natural product scaffolds with
improved drug likeness properties for the identification of
novel hits with antiviral activity. Finally, the chemical
pathway was designed to allow further modulation of the
substituents. Further chemical optimisation is underway to
increase antiviral activity and, in particular, to improve
the activity against the potential target, the main protease
Mpro.
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