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Novel therapies are urgently needed to improve global treatment of SARS-CoV-2 infection.

Herein, we briefly provide a concise report on the medicinal chemistry strategies towards the develop-
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ment of effective SARS-CoV-2 inhibitors with representative examples in different strategies from the
medicinal chemistry perspective.

© 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical
Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Pandemics and epidemics of respiratory viruses continue to be
recognized as being among the most common causes of morbidity
and mortality around the world. In 2019, some pneumonia cases
with indefinite reasons have been reported'. Through the epide-
miological investigation, virus isolation and nucleic acid

sequencing, it was confirmed that the pathogenic factor was a
novel coronavirus named as severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) by the International Committee on
Taxonomy of Viruses™”. And this disease is known as COVID-19
which standing for coronavirus disease 2019. With the continuous
spread of the epidemic, the WHO announced on March 11, 2020
that COVID-19 is a global pandemic®.
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Figure 1

SARS-CoV-2, belongs to the family of Coronavirinae that
constitute the largest family of viruses, is an envelope virus
composed of a single positive strand RNA genome and a helically
symmetric nucleocapsid’. Coronaviruses of Orthocoronavirinae
subfamily are divided into four groups: a-, 8-, v-, and 6-CoVs
according to phylogenetic relationships and genomic structures’.
Coronaviruses in group « such as HCoV-229E can infect people
and lead to self-limiting upper respiratory tract diseases’™.
However, some coronaviruses in group § including severe acute
respiratory syndrome coronavirus (SARS-CoV), SARS-CoV-2,
and Middle East respiratory syndrome coronavirus (MERS-
CoV) can cause serious and infectious diseases with high fatality
rates” '

Similar to SARS-CoV, respiratory droplet and close contact are
the main transmission routes of SARS-CoV-2. In addition, it was
reported that there also may be a risk of faecal-oral and aerosol
transmission' >, The clinical symptoms are generally fever, fa-
tigue, dry cough and dyspnea, and the severe ones were accom-
panied by acute respiratory distress syndrome, septic shock,
coagulation dysfunction and multiple organ failure'”.

The statistics have considered till the end of July 2021, SARS-
CoV-2 has spread to 220 countries or areas, with a total of 198
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million confirmed cases and 4.2 million deaths''. Although the
mortality rate of SARS-CoV-2 is about 2.0%, lower than that of
SARS CoV (8422 confirmed cases, 916 deaths, mortality rate
10.9%) and MERS-CoV (2468 confirmed cases, 851 deaths, case
fatality rate 34.5%), SARS-CoV-2 is more contagious and now is
spreading very quickly around the globe™'’. The high number of
infections has demonstrated the ability of SARS-CoV-2 to spread
quickly and sustainably in the community.

Unfortunately, there are no satisfactory anti-SARS-CoV-2
drugs so far. Although the FDA has approved remdesivir for the
treatment of mild and moderate patients with COVID-19, WHO
suggests no remdesivir for patients with COVID-19 at any
severity'”. Besides, the clinical trial results of lopinavir-ritonavir
and hydroxychloroquine did not show effectiveness with statisti-
cal significance'®'”. Therefore, there is an unmet medical need to
develop novel antiviral drugs and better therapeutic options to
combat this deadly disease. Taking these facts into consideration,
an in-depth study of the life cycle and pathogenic mechanism of
SARS-CoV-2 is urgently needed to pave the way for the devel-
opment of SARS-CoV-2 inhibitors.

The very first step of SARS-CoV-2 replicative process initiates
with the viral spike protein’s attachment to host receptor,
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The structures of teriflunomide, leflunomide, S312 and

angiotensin-converting enzyme 2 (ACE2), mediating virion
endocytosis or fusion into the host cell'®. After the endocytosis,
the S protein on the virus surface is activated by cathepsin L,
which enables the release of viral RNA. On the other hand, the
fusion process of viral envelope with the endosomal membrane
follows the activation of the S protein by transmembrane protease
serine 2 (TMPRRS2)'?. These fusion events promote the release
of the single-stranded RNA into cytoplasm, where synthesis and
proteolytic cleavage of the replicase polyprotein takes place.
Double-stranded RNA is synthesized by the RdRp using the
single-stranded RNA as a template. Then, the double-stranded
RNA is transcribed to produce genomic and subgenomic RNAs.
Translation of genomic RNAs produces the accessory proteins and
two polyproteins, autoproteolytically cleaved by papain-like pro-
tease (PLP™) and Main protease (MP™). This cleavage processes
render 16 nonstructural proteins including RNA dependent RNA
polymerase (RdRp) and helicase. Translation of the subgenomic
RNAs renders the CoV structural proteins (E, M, N, S). These
proteins are subsequently inserted into the endoplasmic reticulum
and trafficking along the secretory pathway into the endoplasmic
reticulum-Golgi intermediate compartment (ERGIC)*". Full se-
quences of virus RNA are packed with the nucleocapsid (N)
protein, then assembled with viral structural proteins inside
membranes of the ERGIC and form complete viral particles that
are released by exocytosis. The replicative cycle of SARS-CoV-2
is shown in Fig. 1. Any steps or any proteins that are essential in
the SARS-CoV-2 replication cycle can be targeted to develop
antiviral drugs.
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From the medicinal chemistry point of view, many general
approaches might be helpful to identify new therapies to combat
SARS-CoV-2 infections. Drug repurposing is an efficient
approach where the screening of chemical libraries containing
drugs or investigational new drugs (INDs) occurs to find effective
SARS-CoV-2 inhibitors. Those drugs or INDs with appropriate
pharmaceutical properties possess approved safety profile. They
can be massively produced in the pharmaceutical industry which
can save a lot of time in this urgent situation. One additional
possibility involves the large-scale screening in silico or in vitro.
Through the methods of virtual screening and high-throughput
screening (HTS), it is possible to identify promising lead com-
pounds in a short time from millions of candidates. Another is
the rational drug design based on target structures such as the
functional proteins of SARS-CoV-2. However, this process may
not respond quickly to such a emergency situation under
pandemic, but if we take the great genetic diversity of bat SARS
related-CoVs into consideration, it iS necessary to enrich our
arsenal in case of the emergence of new coronavirus mutants in
the future®’. To be noted, these three approaches are often used
in combination to facilitate drug development. Besides, natural
products derived from herbal plants has also been an important
source of lead molecules for SARS-CoV-2 treatment.

In this review, we briefly provided a concise report on the
medicinal chemistry strategies to develop effective SARS-CoV-2
inhibitors with representative examples from the medicinal
chemistry perspective.

2. Medicinal chemistry strategies in seeking effective SARS-
CoV-2 inhibitors

The discovery of lead compounds is a crucial step in the research
and development of new drugs. Based on the experience of the
discovery and development of SARS-CoV and MERS-CoV in-
hibitors, some general medicinal chemistry strategies can facilitate
the discovery of SARS-CoV-2 candidate drugs in this emergent
situation. Drug repurposing, large-scale screening in silico or
in vitro, target-based rational drug design and exploitation of
natural products and traditional Chinese medicine are several
representative strategies. Herein, we focus on medicinal chemistry
strategies and their successful application cases towards the dis-
covery of safe and efficient SARS-CoV-2 inhibitors.

2.1.  Drug repurposing

Repurposing or repositioning the existing drugs is a approach for
generating novel clinical usages that beyond the scope of its
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584

Shenghua Gao et al.

H
H,N_ N
T CHs
NH o N.
o} o}
o -MeSO3H

13 (Camostat mesylate)

Figure 5  The structure of camostat mesylate.

original medical instruction for known approved or investigational
drugs®®>. New drug development is generally acknowledged as
time-consuming and expensive. However, drug repositioning is a
shortcut to the discovery of effective coronaviral inhibitors in this
pandemic situation. Here we reviewed the strategy of repurposing
of existing broad-spectrum antiviral drugs and repositioning of
privileged structure based on target similarity. And several
representative examples for the discovery of SARS-CoV-2
candidate drugs are also discussed.

2.1.1.  Reposition of existing broad-spectrum antiviral drugs
One feasible method for the discovery of effective anti-SARS-
CoV-2 drugs with clinical potential would be the reusing of
existing broad-spectrum antiviral drugs®. There are generally
some classical methods that can be used to develop or screen for
novel broad-spectrum coronaviral inhibitors. The first method is
the repurposing of nucleoside analogues as the inhibitors of
SARS-CoV-2 RdRp which is conserved across different corona-
virus family and plays an important part in coronavirus life
cycle®®. Tt makes RdRp an ideal target for broad-spectrum coro-
naviral drugs. Nucleoside analogues are converted into its active
triphosphate metabolite by intracellular kinase and incorporated
into the growing RNA chain leading to the termination of the
replicative cycle, which accounts for their antivirus activity”.
However, CoVs are resistant to some nucleoside analogues such as
ribavirin (1, Fig. 2) because of the proofreading activity of 3'-5'
exoribonuclease (ExoN)>°.

Remdesivir (2, Fig. 2) is the representative example of RdRp
inhibitors with broad-spectrum coronaviral inhibitory activity.
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Remdesivir showed inhibitory activity of blocking the replication
of SARS-CoV, MERS-CoV and SARS-CoV-2 in HAE cells
(ECsps = 69, 74 and 0.77 pmol/L, respectively)27’28. It was
demonstrated that the proofreading activity could be covered by
an increased and nontoxic concentration of remdesivir®’.

A number of clinical trials concerning remdesivir’s therapeutic
effect of COVID-19 patients with respiratory tract infection have
been conducted worldwide. In May 2020, the Gilead Sciences
published their final report, claiming remdesivir leads to the better
clinical outcome in hospitalized COVID-19 patients, including
shortened recovery time and depressed respiratory system infec-
tion (NCT04280705)*. However, WHO Solidarity Trial Con-
sortium (NCT04315948) acquired an opposite conclusion. The
tested factors including overall mortality, initiation of ventilation,
and duration in hospital were not significantly improved by
remdesivir administration®'. Meanwhile, Spinner CD studied
remdesivir treatment on moderate COVID-19 patients in 11 days
(NCT04292730). After the injection of remdesivir, patients pre-
sented some difference in clinical status, yet these differences
could not mean any clinical improvement’. A recent clinical
research, however, proved remdesivir could alleviate neuroaxonal
injury of COVID-19 patients®”. In view of the above contradictory
clinical trials results, more clinical data are needed to make a
definite conclusion.

Favipiravir (3, T-705, Fig. 2), a novel RdRp inhibitor with
broad-spectrum anti-RNA virus activity, was approved in March
2014 to treat new and recurrent influenza. In addition, various
studies have shown that favipiravir has a good antiviral effect on
various RNA viruses, such as Ebola, norovirus, arenavirus and
bunyavirus®*. Within a few months of the COVID-19’s outbreak,
Chinese researchers reported that favipiravir had antiviral activity
against SARS-CoV-2 in vitro (ECso = 61.88 umol/L, in Vero E6
cell)*®. Soon afterwards, several favipiravir phase III clinical trials
on COVID-19 were conducted, and the completed trials were
reported to be effective for COVID-19. It can alleviate the clinical
symptoms and shorten the clinical cure time, particularly for mild
to moderate patients” >’. In view of the above positive clinical
trials, the orally administered favipiravir has been authorized the
emergency use for COVID-19 in India, Russia, Pakistan and other
countries®®. However, in December 2020, the Japanese
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government suspended the approval of favipiravir on the ground
that it was difficult to judge its effectiveness. However, this did not
negate its effectiveness, and Toyama Chemical Industry Co., Ltd.
had decided to restart the clinical trial in Japan in May 2021,
which will provide further evidence on its clinical efficacy and
safety for the treatment of COVID-19.

Azvudine (4, FNC, Fig. 2), initially developed for HIV, is a
safe and effective nucleoside-based SARS-CoV-2 RdRp inhibitor
(clinical trial: ChiCTR2000029853), showing a prospect of
treating COVID-19. Previous studies have shown that C4’ azide is
the guarantee for azvudine to inhibit HIV and many other vi-
ruses””*’. However, the efficacy and safety in large sample-sized
clinical trials still need to be further confirmed*'.

B-p-N4-Hydroxycytidine (5, NHC, Fig. 2) is a N-hydrolyzed
cytidine analog, which was initially applied to induce genetic
mutation in bacteria*®. Studies has proved its broad-spectrum
activity towards a variety of RNA viruses, including HCoV-
NL63 and SARS-CoV****. Most importantly, NHC has been
proved to effectively inhibit SARS-CoV-2 in cell culture and an-
imal models, with an ECsy of 0.3 pmol/L in Vero E6 and
0.08 pmol/L in Calu-3*°. EIDD-2801 (6, Fig. 2) is NHC’s ester-
ified prodrug, endowed with better pharmacokinetic properties and
almost equal activity (ECsy = 0.22 umol/L) compared with NHC.
When NHC molecules are integrated into the growing RNA chain,
single mutations are formed and accumulated, leading to lethal
mutagenesis in viral genome*®. Moreover, NHC can effectively
evade from proofreading mechanism and is hardly recognized or
excised by ExoN. It has showed prominent activity against
remdesivir-resistant SARS-CoV-2 strain™.

The second method involves the development of SARS-CoV-2
inhibitors targeting the essential metabolic steps in host cells. The
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Figure 8 The structure of dipyridamole and omipalisib.

The structure of masitinib and its position in the M (PDB code: 7JU7).

viral replication depends on the associated substrates, enzymes
and organelles provided by the host cells. The classic example of
this method is the inhibitors of dihydroorotate dehydrogenase
(DHODH), a rate-limiting enzyme in the de novo biosynthesis
pathway of pyrimidines nucleotides which are indispensable
components of viral genomic RNA or DNA*. Thus, it makes
DHODH a suitable target to develop inhibitors of coronaviral
replication.

Teriflunomide is the active metabolite of leflunomide (7, 8,
Fig. 3), and both are DHODH inhibitors used clinically to treat
immunological disease*®. According to the latest research, Xiong
et al.*’ found that leflunomide and teriflunomide inhibit the
SARS-CoV-2 with the ECsgs of 63.56 and 26.06 pumol/L in Vero
E6 cells (MOI = 0.05), respectively. They designed a series of
novel DHODH inhibitors based on the target structure and found
that S312 and S416 (9, 10, Fig. 3) potently block SARS-CoV-2
replication with the ECsy values of 1.55 and 17 nmol/L in Vero
E6 cells. Their work throws light on the application of DHODH
inhibitors, including teriflunomide and S416 to combat COVID-
19.

Ivermectin (11, Fig. 4), an anti-parasitic drug on the market,
was previously reported as a broad-spectrum antiviral agent and it
demonstrated strong inhibitory effect on SARS-CoV-2 in vitro.
Treatment of SARS-CoV-2 the infected Vero-hSLAM cells with
ivermectin reduced the viral RNA by about 5000 times after
48 h™°, Recently, Yuan et al.’! tested a series of antimicrobial
metallodrugs and found that ranitidine bismuth citrate (12, Fig. 4)
can block SARS-CoV-2 replication with low cytotoxicity
(CCs9 = 2243 £ 43 pumol/L) and high selectivity (SI = 975).
They observed the viral loads of infected Vero E6 cells decreased
by 1000-fold in vitro and the action mechanism study revealed that
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Figure 9  The structures of compounds 21 and 22.
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Figure 10  The structures of compounds 23 and 24.
ranitidine bismuth citrate could potently inhibit the ATPase
(ICsp = 0.69 pmol/L) and DNA-unwinding of SARS-CoV-2
helicase (ICso = 0.70 pmol/L).

2.1.2.  Target similarity-inspired reposition of privileged
structure

The conservation or similarity of the target in different viruses
makes it a suitable option for repositioning of privileged struc-
tures. It means that the privileged structures proved to be effective
on the target of a known virus, and these structures potentially be
effective on a similar target of a novel virus.

Camostat (13, Fig. 5), targeting TMPRSS?2 and related serine
proteases, has been clinically used in the treatment of chronic
pancreatitis. Shirato et al.’> found that camostat could effectively
block the MERS-CoV entry process. MERS-CoV S protein plays
an important part in inducing cell fusion and camostat can
moderately inhibit syncytium formation at single-digit micro-
molar concentrations, and the complete inhibition occurs at
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Figure 12  The structures of nitazoxanide and PF-03882845.

100 pmol/L>. In 2020, Hoffmann et al.’* discovered that
TMPRSS?2 is involved in S protein priming of SARS-CoV-2 and
13 can suppress SARS-CoV-2 replication in lung cells.

Based on the similarity among different protease, Ma et a
used the FRET-based enzymatic assay to evaluate the biological
activity of varying protease inhibitors against SARS-CoV-2 MP™
and reported their discovery of MP™ inhibitors. The enzymatic
assay of representative inhibitors from HIV protease (aspartic
protease), HCV protease (serine protease), cathepsin protease
(cysteine protease), DPP4 (serine protease), and proteasome in-
hibitors were screened firstly. Based on the results of the first
screen, they subsequently performed a re-screening of a focused
library of cathepsin/calpain inhibitors and related viral MP™ in-
hibitors. Furthermore, they evaluated the anti-SARS-CoV-2 ac-
tivity in vitro, and screened that boceprevir, calpain inhibitors 11/
XII, and GC-376 (14—17, Fig. 6) were effective in inhibiting the
virus replication with ECsq values of 0.49—3.37 umol/L at cellular
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level. The eutectic structure of SARS-CoV-2 MP™ and GC-376,
which possesses the highest enzyme inhibitory activity with an
IC50 of 0.03 umol/L, revealed two specific binding configurations.
These co-crystal results elucidated the molecular interactions and
protein conformational flexibility in the binding process of MP™
protein with substrate and inhibitor’”.

ICs5y =15.75 + 8.22 pmol/L

ICsp = 21.39 + 7.06 pmol/L

(A) Structure of N3; (B) the co-crystal structure with ligand N3; (C) the structures and ICs values of six compounds.
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(A) Structures of 11a and 11b; (B) the interactions between 11a and SARS-CoV-2 MP™ (PDB code: 6LZE).

Recently, researchers at University of Chicago used the strat-
egy of “drug repurposing” to seek anti-SARS-CoV-2 agents from
1900 approved drugs®. Masitinib, an oral tyrosine kinase inhibi-
tor, was found to competitively inhibit the activity of the SARS-
CoV-2 main protease, thereby inhibiting the replication of
SARS-CoV-2 (18, Fig. 7). The antiviral activity of masitinib in
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38 (MI-23)
ICsy = 7.6 nmol/L

Figure 15

transgenic mice model was evaluated, which showed that the
treatment of masitinib reduced the titer of SARS-CoV-2 in lungs
and nose to less than 1% only in 6 days. At the same time, the lung
inflammation was also decreased. Furthermore, masatinib was
also effective on various mutant strains of SARS-CoV-2 (alpha,
beta and gamma).

2.2.  Large-scale screening in silico or in vitro

Virtual screening, as a complementary strategy to high-throughput
screening”’, has been a powerful approach in seeking effective
anti-coronavirus drugs owing to the development of bioscience
and computer-assisted drug design (CADD)”*"°.

2.2.1. Ligand-based virtual screening

Dipyridamole (19, Fig. 8) is an effective drug in anti-coagulant
therapy with favourable and broad pharmacological properties®.
Dipyridamole inhibits vasodilatation and platelet aggregation
through multiple mechanisms, including inhibit phosphodiesterase

and block nucleoside uptake®'*°Z, Such mechanism may contribute

40

39 (Perampanel) ICsq = 4.02 pmol/L
50— 7

1C5y = 100-250 pmol/L

41
ICs0=0.17 pmol/L
ECsy=0.98 pmol/L

IC50 = 0.044 pmol/L
ECsq =0.08 pmol/L

Figure 16  Structures of perampanel and compounds 40—42.

The location of MI-23 (PDB code: 7D3]) in the cavity of active site.

to its antiviral activity, because viral genome replication always
relies on nucleosides from host cells. Dipyridamole has been re-
ported to restrain the reactivation of herpes simplex virus®’.

Recently, Liu et al.** conducted virtual screening on a library
of marketed drugs and confirmed dipyridamole’s blocking effect
of SARS-CoV-2 replication (ECsq = 100 nmol/L, Vero E6).
Therefore, they concluded that COVID-19 patients could benefit
from dipyridamole through limited viral replication, suppressed
hypercoagulability, and enhanced immune recovery.

Specific compound libraries are applied in screening to identify
alternatives of existing drugs. As mentioned, RdRp is a druggable
target to SARS-CoV-2, but researchers have proved that certain
mutations of RdRp, including P323L, could render SARS-CoV-2
with drug resistance®. To identify novel molecules with potent
RdRp inhibition activity, Jang® screened 6218 drugs either on
market or in clinical trial. The research is reinforced with
advanced screening method and excluded any false-positive
compounds. Omipalisib (20, Fig. 8), as their selected molecule
with strongest activity, is about 20 folds more potent than
remdesivir (ICsy = 0.49 umol/L). Unlike traditional nucleoside
RdRp inhibitors, Omipalisib has a novel scaffold and more
interaction with nearby amnio acid residues, thus it is a valuable
hit targeting RdRp for further optimization.

2.2.2.  Target-based virtual screening

Zhai screened about 500 thousand bioactive molecules by docking
method, and built a quantitative structure—activity relationship
(QSAR) model to filter the identified 288 molecules. Among
them, 71 compounds were selected to determine their enzyme
inhibitory activities. Finally, two compounds 21 and 22 (Fig. 9)
with micromolar activity (ICso = 19 and 38 pmol/L, respectively)
were chosen as top hits®’.

Based on nine structures of MP" with different conformations,
Yang screened a protein mimetic library containing 8960 com-
pounds. The work process mainly contains ensemble docking with
the nine MP™ molecules, assisted with GlideScore, binding pose,
and scaffold diversity analysis. Further evaluation of enzymatic
inhibition and cellular antivirus activity confirmed remarkable

activity of two molecules 23 and 24 (Fig. 10)°%.

2.2.3.  Target-based high throughput screening in vitro

The method of high throughput screening (HTS) in vitro can
screen massive compounds and determine their biological activity
in a short time. There are mainly two types of HTS: target-based
HTS and fragment-based HTS and these two methods are often
combined to discover new hit compounds.
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Figure 17

Tripathi et al.%” tested the in vifro MP™ inhibitory of various

classes drugs, which could potently cease SARS-CoV-2 replica-
tion. They combined the results of different methods including
protease activity assay, surface plasmon resonance (SPR), size
exclusion chromatography and in silico docking studies. And they
discovered that Teicoplanin (25, Fig. 11) is a promising drug
against MP™ with an ECsq value of 1.5 pmol/L and works effec-
tively through interacting with the active site on MP™. Besides,
Coelho et al.”” used recombined MP™ as target and performed
biochemical screening in a library of established drugs, and rely
on fluorescent assay to identify their inhibition activity. The
screening process identified thirteen drug candidates with their
IC5o values were between 0.2 and 23 umol/L. Among those 13
inhibitors, Evans blue (26, Fig. 11) exhibited the most distin-
guished antiviral activity and could be developed as an MP™
inhibitor.

Nonstructural protein 14 (nsp14) is a bifunctional protein with
both N7 methyltransferase and 3'—5" exonuclease which is highly
conserved in coronavirus and is responsible for N7 methylation of
guanosine in virus RNA and proofreading in the replication of
RNA’"72. For nspl4 target, Pearson, LA described the high-
throughput screening of 1771 FDA-approved drug library using

PO PO+
o oD o
45 o) 46

IC50=0.15 pmol/L
ECs0=5.4 pmol/L

1C50=0.67 pmol/L
ECso=12.8 umol/L

Figure 18  The structure of compounds 45 and 46.

The designation and structures of VIR250 and VIR251.

RapidFire technology at a single concentration of 10 pmol/L.
Twelve compounds with statistical significance were sorted out
efficiently and accurately, among which nitazoxanide (27, Fig. 12)
present the best activity with ICsy of 9.7 pumol/L. Therefore,
nitazoxanide can be further optimized and modified as an nspl4
inhibitor””.

Basu S conducted a HTS in vitro for nsp 14 inhibitors in a
customized compound library containing more than 5000 drugs’”.
The compounds in the library have been clinically or fundamen-
tally studied previously. Four potential nspl4 inhibitors were
screened out which showing the varying degrees of anti-SARS-
CoV-2 activity in Vero E6 cells. The most potential compound
is PF-03882845 with the EC5y = 10.97 mmol/L (28, Fig. 12).
Moreover, the ECso value was significantly decreased when
combined with remdesivir, indicating synergistic inhibition on the
SARS-CoV-2 replication (ECsy + remdesivir = 4.79 mmol/L).
This also proves that PF-03882845 is a potential nsp14 inhibitor.

2.3. Target-based rational drug design

High-resolution cocrystal structures confirmed the mechanism of
action and illuminated the structural determinants involved in
binding. In drug discovery, target-based rational drug design is
applied for the identification of potential drug candidates of
therapeutic interest according to ligand-target interactions. Mo-
lecular docking provides a powerful tool to probe fundamental
biological questions at atomistic level. In the SARS-CoV-2
replication cycle, the major drug targets are MP™°, PLP™, RdRp,
Spike protein and ACE2.

2.3.1. M or PL"" as the target
2.3.1.1. M as the target. Viral proteases have been impor-
tant targets to develop antiviral drugs. In CoVs, The MP™ and
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PLP™ would cleave polyproteins PPla and PP1b to obtain vital
nonstructural proteins, such as the viral polymerase (RdRp) and
helicase’”>. MP™ is responsible for 11 cuts and has a protein fold
similar to serine proteases like trypsin. PLP™, papain-like protease,
uses a Cys residue in the catalytic process, and is responsible for
three additional cuts in viral polyproteins. Because of their critical
role in CoV propagation and their relatively conserved catalytical
active sites, they are good targets for developing new CoV in-
hibitors through structure-based rational drug design’®. Interest-
ingly, HIV protease inhibitors containing a co-formulation
ritonavir-boosted lopinavir are being used to treat COVID-19
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/

(A) X-ray crystal structure of SARS-CoV-2 RdRp (B) Interactions of remdesivir at the nucleotide binding site.

i |

Remdesivir at -4

Inhibition mechanism of remdesivir (spheres: Atom Van Deer Waals surface; purple: RMP ribose C1'-cyano; red: Ser861 residue on

Nsp10 Cofactor

Nspl0 139

1 288

527

(A) cryo-EM structure of the SARS-CoV-2 Nsp10 and Nsp14 (PDB code: 7DIY); (B) The primary structure of SARS-CoV-2 Nsp10

patients’’. However, HIV protease is an aspartyl-protease and
mechanistically different from the CoV proteases’®. The mecha-
nism of action of ritonavir/lopinavir is not clear. Recent data
suggest that therapies based on lopinavir have no clinical efficacy
against SARS-CoV-2'°.

In 2020, Jin et al.”® described a program that focus on rapidly
discovering lead compounds with clinical potential rapidly. This
program involves different methods including structure-assisted
drug design, virtual drug screening and high-throughput
screening. They identified the mode of action of N3 (29,
Fig. 13A) through CADD and subsequently elucidated the co-
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crystal structure of MP™ in complex with N3 (Fig. 13B). Then they
combine target structure-based virtual screening with HTS to
evaluate the MP™ inhibitory activity of more than ten thousand
chemical entities including marketed drugs, drug candidates in
clinical phase stage and other molecules with evident biological
activity. Six of these compounds inhibited MP™ with ICs,s ranging
from 0.67 to 21.39 pmol/L (30—35, Fig. 13C), and ebselen
showed the best antiviral activity with an ECsg value of
4.67 pmol/L in cell-level assays.

On the basis of the crystal structure of SARS-CoV-2 MP™,
compounds 11a and 11b (36, 37, Fig. 14A) were designed and
synthetized, which exhibited excellent inhibitory activity and
potently blocked SARS-CoV-2 replication. Subsequently, the co-
crystal structures of the MP™ in complex with 11a or 11b were

$1/82

N—sP NTD D RBD

E HR1

determined at 1.5 A resolution, which revealed that the aldehyde
warhead in 11a and 11b can covalently bind with Cys145 of MP™
(Fig. 14B). In addition, the two compounds exhibited good
pharmacokinetic properties in vivo, and 11a also possessed low
toxicity, indicating that it could act as promising drug candidates
for further development of SARS-CoV-2 MP™ inhibitors®’.

Recently, using telaprevir and boceprevir as the starting point,
Yang group of Sichuan University obtained 32 new and highly
active small molecule inhibitors of MP™, in which MI-23 has an
ICs5 value of 7.6 nmol/L (38, Fig. 15). Cocrystal structure proved
that MI-23 could effectively bind to Cys145—His41 catalystic site
of MP™ and the rest of the fragments occupies the S1, S2 and S4
cavities, meanwhile the aldehyde group warhead attaching to
Cys145 with covalent interreaction. In addition, MI-23 exhibits
good pharmacokinetic properties in vivo®'. Finally, the effect of
MI-23 on SARS-CoV-2 infection in transgenic mice (hACE2) was
evaluated, and the result showed the significant antiviral and anti-
inflammatory effects. This study laid a good foundation for the
development of oral anti-SARS-CoV-2 inhibitors.

In addition, seeking non-covalent MP™ inhibitors is also of
great significance. Perampanel (39, Fig. 16) was identified as a
weak SARS-CoV-2 MP™ inhibitor through kinetic assay®”. Ac-
cording to Zhang’s work™, in docking model of perampanel and
MP™ three aromatic rings stretched from its central pyridinone
ring and occupied S1, S2 and S1’ pockets of the catalytic center.
The initial modification of Perampanel produced compound 40,
with ICsq value in single-digit micromolar level (Fig. 16). Sub-
sequently, the researcher extended substituent groups of phenyl
ring in S2 pocket to occupy S3 and S4 pocket, leading to the
discovery of 41 with an enhanced activity (Fig. 16)**. Compound
42 (Fig. 16) was also synthesized in their following work, and
showed favorable activity and solubility®*.

2.3.1.2. PLP" as the target. PLP™, also known as nsp3, is
responsible for three additional cuts in viral polyproteins. Recent
studies shed light on PLP™’s mechanism of suppressing immune
response of host cell and facilitate coronavirus infection®”, making

RBD

NTD LSS
£ “u} S1 Subunit
.
S2 Subunit

HR2 7c
|

S$1 subunit

Figure 23
structure of S protein.

S$2 subunit

(A) cryo-EM structure of the SARS-CoV-2 S trimer (PDB code: 6VYB); (B) Crystal structure of S monomer; (C) The primary
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Table 1 The amino acid sequences of EK1 and EK1C4'%,
Compd. Amino acid sequence
EK1 SLDQINVTFLDLEYEMKLEEAIKLEESYIDLKEL
EK1C4 SLDQINVTFLDLEYEMKLEEAIKLEESYIDLKEL-GSGSG-PEG4-Chol

HN
(o} CH
PRA VI
Nl N_.!
N v N
(6] H (0] H (6]
CH
® ONH
NH,
HN” “NH,
51 (CMK)
Figure 24

Human ACE2
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Figure 25

it a valuable antiviral target. Rut analyzed amnio acid sequence of
PLP™ cleavage site and used library-derived substrates to further
study its substrate specificity™®. Based on sequence of fluorescence
substrates, they designed two tetrapeptide molecules VIR250 and
VIR251 (43 and 44, Fig. 17) with covalent warhead and inhibit
PLP™ deubiquitinating activity both at an ECso of 0.1 pmol/L.
Furthermore, the two molecules showed relatively high selectivity,
which inhibition effect is about 100 folds lower when targeted to
human deubiquitinase UCH-L3.

Previously, in seeking SARS-CoV PLP™ inhibitors, Bdez-
Santos et al.*’ modified small-molecule lead compound 45
(Fig. 18) and designed a series of inhibitors with flexible
conformation and hydrophobic binding sites, represented by
compound 46 (Fig. 18). As several analogs of 45 has been proved
to effectively inhibit SARS-CoV-2 PLP™ activity, such non-
peptide compounds could provide more options for designing
novel SARS-CoV-2 PLP™ inhibitors in the future.

2.3.2.  RdRp as the target
Viral RdRp is conserved in many virus families®®. Hence, it is an
idealistic target to develop inhibitors active against many different
coronaviruses (Fig. 19A). Coronaviruses have large genomes and
relatively lower mutation rates compared to other RNA viruses,
mainly because the ExoN activity provides some proofreading
capability that increases the fidelity of viral genome replication.
Remdesivir (Fig. 2) is a representative example of SARS-CoV-
2 RdRp inhibitors (Fig. 19B). Although there are some disputes on
the clinical results, one COVID-19 patient who is cured with the
treatment of remdesivir has been reported®”. In Jul 2020,
Pruijssers et al.”’ discovered that remdesivir effectively blocked
the replication of SARS-CoV-2 in human lung cells with an ECs
of 0.01 umol/L. The infected mice were treated with remdesivir,

52 (Naphthofluorescein)

Structures of CMK and naphthofluorescein.

Human IgG1 Fc

}—-cooH
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The structure of ACE2-Ig.

resulting in reducing viral loads and improving clinical outcomes.
These experimental results in cellular level support the application
of remdesivir to COVID-19 patient. Unfortunately, the subsequent
Phase III trials have shown that remdesivir is a specific drug for
relieving the symptom of COVID-19.

Kokic et al.’' present a widely accepted explanation of
remdesivir’s inhibition mechanism. remdesivir is first converted
to its triphosphate metabolite (referred to as remdesivir
triphosphate, RTP) form, which acts as a substrate of RdRp
(Fig. 20). Then remdesivir monophosphate (RMP) was incor-
porated into the growing RNA chain, with three more normal
nucleotides followed. At this moment, C1'-cyano group on the
RMP ribose ring immediately clashes with Ser861 residue in
nspl2 sidechain, thus halts nsp12’s continuous moving on RNA
template and limits the following process of RNA replication
(Fig. 20). Under such a state, the 3'-nucleotide is still buried in
active center and can escape exonuclease proofreading to some
extent, but not completely’”. Proofreading activity towards
RMP-incorporated RNA chain may account for remdesivir’s
inadequate clinical efficiency’. Thus, it’s necessary to develop
inhibitors based on unique property and structure of SARS-
CoV-2 RdRp. Also, specially designed exoribonuclease in-
hibitors are in urgent need to combine with RdRp inhibitors in
therapy, which will create a coordination effect and improve
clinical outcome significantly.

2.3.3. Nspl4 as the target

Nspl4 of SARS-CoV-2 is bifunctional enzyme, as mentioned in
Section 2.2.3. In life cycle of SARS-CoV-2, N-cap structure
formed by MTase is vital for mRNA stability and translation,
while exoribonuclease leads to drug resistance of RdRp in-
hibitors’'. Both functions of nspl4 are promising targets in anti-
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53 (Baicalein)
ECsy=1.69 pmol/L
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Figure 26

SARS-CoV-2 drug discovery. The cryo-EM structure of the
SARS-CoV-2 Nspl0 and Nspl4 are show in Fig. 21.

MTase domain of nspl4 depends on S-adenosyl-L-methionine
(SAM, 47, Fig. 22), a common methyl group donor to convert 5'-
guanosine triphosphate to m7GPPPN, also known as ‘“cap”
structure. MTase inhibitors are mostly pseudosubstrates
mimicking SAM structure, thus can interrupt the methyl trans-
ferring of MTase. Bobileva™ chose non-selective MTase inhibitor
sinefungin as lead (48, Fig. 22), and modified methionine chain
with bulkier and more rigid structures. Of all the compounds
synthesized, 49 shows the optimum activity towards nsp14 with
the ICsy value of 0.16 umol/L, lower than that of sinefungin
(Fig. 22). Meanwhile, based on cavity near SAM N7 site of nsp14,
Otava et al.” replaced N7 by carbon atom attached to an aromatic
moiety. Some of the designed compounds, including 50 (Fig. 22),
have reached nanomolar level activity, along with excellent
selectivity of human-source RNMT (RNA guanine-7-
methyltransferase).

Targeting ExoN, several existing drugs were identified as its
inhibitors, but it is still far from specific drug design and appli-
cation”. For SARS-CoV-2, ExoN deficiency mutant is unable to
replicate, thus highlights importance of ExoN inhibitors applied in
either monotherapy or combined with RdRp inhibitors”®.

2.3.4.  Spike protein as the target

The combination of S glycoprotein and ACE?2 initiates the SARS-
CoV-2 replication cycle'®. Researchers have depicted the structure
of the SARS-CoV-2 trimeric spike protein through cryo-electron
microscopy (Fig. 23A) and reveal that it contains two subunits, S1
and S2, which facilitate receptor-binding and membrane fusion
process, respectively (Fig. 23B)°”. The RBD which can bind ACE2
exists in S1 subunit. The process that S protein binding to the ACE2
induces complicated conformational changes, mediating the S
protein switching from a prefusion conformation to a postfusion
conformation’®. The S1 and S2 subunits in viral S are the key
components for virus binding, fusion and entry’”. RBD located at
the middle region of S1 subunit, and S2 subunit includes a fusion

OH
HO o) ©/

OH O
54 (Naringenin)

Figure 27  The structure of naringenin.

The structure of baicalein and the X-ray costructure of baicalein in SARS-CoV-2 MP* (PDB code: 6M2N).

peptide (FP) and two heptapeptide repeats (HR1 and HR2) which
can fuse with the target cell membrane (Fig. 23C)'%°, Therefore, the
entry or fusion process is of great importance for viral replication
and blocking the binding of ACE2 and the S1 RBD region is a proper
way to develop novel SARS-CoV-2 inhibitors'®' %%,

In 2019, Xia et al.'’" found that the optimized form of poly-
peptide OC43-HR2P, the compound EK1 (Table 1), has potent
fusion inhibitory activity against many kinds of coronaviruses
(ICsq values were at 0.19—0.62 pumol/L) and pseudoviral infection
activity. To improve the antiviral activity, the reachers redesigned
EK1 peptide and acquired EK1C4 with cholesterol molecular
attached, which gained potent inhibitory activity against SARS-
CoV-2 invasion and pseudovirus infection with ICsy values of
1.3 and 15.8 nmol/L, respectively. Futhermore, EK1C4 also
exhibit a broad-spectrum inhibitory activity of human coronavi-
ruses. Intranasal injection of EK1C4 before or after the HCoV-
OC43 infection can protect mice from infection, indicating it is
capable to prevent and treat the current epidemic of SARS-CoV-2
and emerging SARS-related coronavirus pandemic in the
future'*,

In 2020, Cao et al.'® combined the de novo design methods of
computer-generated scaffolds and molecular docking followed by
rational design. They designed some small, stable proteins with
high affinity to the SARS-CoV-2 S protein and block it from
intereacting with ACE2. Ten obtained miniproteins efficiently
combined with the RBD with high binding affinities between 0.1
and 10 nmol/L. The miniproteins prevented Vero E6 cells from
being infected by SARS-CoV-2 with median ICs, values ranging
from 0.024 to 35 nmol/L, and 56- and 64-residue proteins present
the most potentiality (ICsy = 0.16 nmol/L approximately). These
minibinders provide a potential option to discover and develop the
effective SARS-CoV-2 therapeutics.

Also, Cheng found that furin substrate cleavage in S protein is
essential for viral replication and cytopathic effects. They ob-
tained two inhibitors targeting furin, decanoyl-RVKR-
chloromethylketone (CMK, 51, Fig. 24) and naphthofluorescein
(52, Fig. 24), which can be developed as anti-SARS-CoV-2
agents'”. The compound 51 not only blocked the entry of
virus, but also further inhibited the cleavage of S protein and
syncytium. However, small molecules directly targeting S protein
binding site is still hard to discover and develop'’.

Glasgow et al.'”® adopted “ACE2 receptor trap” strategy and
developed a series of soluble variants of the ACE2 extracellular
domain. The redesigned peptide molecules prevent the com-
bination of S protein and host cell ACE2, including SARS-CoV,
SARS-CoV-2 and any coronaviruses sharing similar cell entry
pathway. Furthermore, the receptor trap molecules were modified
by computational designing and fused with extra functional
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domains, enabling the most effective molecules among them
reached an ICsq of 28 ng/mL. Such molecules provide a promising
option of peptidic SARS-CoV-2 S protein inhibitor, as well as a
strategy to redesign other entry receptors of future novel
coronaviruses.

2.3.5. Host ACE2 as antiviral drug target

SARS-CoV-2 replication requires the host cell to provide neces-
sary elements, including organelles, proteins and enzymes to
support viral structure and function. When SARS-CoV-2 infection
occurs, host cell receptors and associated enzymes is an essential
component in the process of attachment and fusion.

The receptor ACE2 for SARS-CoV can recognize the RBD
situated in the S1 subunit of the virus spike glycoprotein'’. Re-
searchers have demonstrated that SARS-CoV-2 uses exactly the
ACE2 receptor and entry pathway as well as SARS-CoV'®!%,
Furthermore, it has been proven that the affinity between ACE2
and SARS-CoV-2 S glycoprotein is higher than that of SARS-CoV
spike glycoprotein’®. In conclusion, the facts above suggest that
ACE2 plays a significant role in the life cycle of SARS-CoV-2 and
is a druggable target to develop SARS-CoV-2 entry inhibitors'®’.
Rao et al.''” reported the cryo-electron microscopy structures of

59 (Myricetin)
ECsy=8.00 pmol/L

Figure 29
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The structure of colchine, emetine, lycorine and glycyrrhizin.

full-length human ACE2 binded or unbinded with RBD of the
surface S glycoprotein of SARS-CoV-2, which provided valuable
insights into seeking SARS-CoV-2 entry inhibitors.

Recently, Lei et al.''! discovered that recombined human
ACE2 extra-cellular domain fused with the Fc region of the
human immunoglobulin IgG1 (termed as ACE2-Ig, Fig. 25) pre-
sents high-affinity binding to the RBD of SARS-CoV-2 and
exhibited expected pharmacological activities. Furthermore,
ACE2-Ig displays strong inhibitory activity on multiple corona-
viruses in vitro. Therefore, these findings support the
deeper studies of ACE2-Ig to exploit the entry inhibitor of SARS-
CoV-2.

2.4.  Natural products

Natural products constitute essential resources to develop new
drugs. Therefore, it is worthy of exploring to find SARS-CoV-2
inhibitors from natural products and TCM.

2.4.1.  Natural products
Natural products have also provided rich resources for the
development of novel antiviral agents''>~''*. From January 1981
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The structure of myricetin and the X-ray costructure of myricetin in SARS-CoV-2 MP™ (PDB code: 7DPP).
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to September 2019, there are 1881 new drugs have been devel-
oped. And 49.2% among these new drugs are natural products or
natural product derivatives''>. To speed up the discovery and
development of anti-coronavirus drugs, researchers have explored
the inhibitory effect of natural products of various structures on
human coronaviruses. This part summarizes several types of
structures that have been widely studied.

Recently, Su et al.''® identified a flavonoid natural product,
baicalein (53, Fig. 26), as a non-covalent small-molecule in-
hibitors of SARS-CoV-2 MP™ confirmed the co-crystal structure
of the MP™ in complex with 53 (ECsq = 1.69 umol/L in Vero E6
cells). Remarkably, the co-crystal structure showed that baicalein
can be perfectly fixed in the core of the substrate-binding pocket
by interacting with several residues of MP™ (L141—S144), and
acting as a “shield” to protect the active site from any substrate
approaching (Fig. 26). This unique binding mode, combined with
its high ligand binding efficiency (K4 = 4.03 nmol/L) and low
molecular weight (270.24 Da), emphasizes that 53 provides an
efficient starting point to develop anti-coronavirus drugs.

In addition, Clementi et al.''” found that the activity of human
endo-lysosomal Two-Pore Channels (TPC) can be inhibited by the
natural flavonoid compound Naringenin (54, Fig. 27). It can
protect cells from SARS-CoV-2 infection in a time- and
concentration-dependent manner. And they observed a substantial
decrease of cytopathic effect (>90%) at 48 h post-infection when
Vero E6 cells were treated with both 250 and 62.5 pmol/L nar-
ingenin. Besides, they found the replication of HCoV-OC43 and
HCoV-229E (MOI = 0.01) can be totally inhibited at the con-
centration of 62.5 pmol/L within no relevant toxicity. In conclu-
sion, they proved Naringenin as a safe anti-SARS-CoV-2 agent
with pan-coronavirus inhibitory activity.

Colchicine (55, Fig. 28) is a widely applied phytochemical
compound, now mainly used to treat gout and Familial Mediter-
ranean Fever (FMF). It had been confirmed to inhibit inflamma-
tion response and cytokine storm through many pathways''®'"".
In the clinical treatment of COVID-19 and previous coronavirus
infections, stopping the hyperinflammatory state is vital to reduce
complications and improve patient health. Thus, colchicine is
considered to have positive effects on SARS-CoV-2 cases,
meanwhile, some clinical trials on the effectiveness of colchicine
in SARS-CoV-2 patients are in progress'*’. Recently, Al-Kur-
aishy'>' hypothesizes that a combination of colchicine-
doxycycline therapy would have more contribution to COVID-
19 treatment, which calls for further clinical evaluation.

Wang et al.'?? reported the emetine (56, Fig. 28) can signifi-
cantly influence SARS-CoV-2 entry and replication, meanwhile
reducing inflammatory factor level in vitro. Lycorine (57, Fig. 28),
a natural non-nucleoside RdRp inhibitor, was reported that it
could limit SARS-CoV-2 replication with ICsq value of
0.88 £ 0.022 pmol/L, comparable to remdesivir in the same
condition'?*. Van et al.'** predicted glycyrrhizin’s (58, Fig. 28)
inhibitory activity of SARS-CoV-2 main protease via computa-
tional simulation. Development and modification of these phyto-
chemical compounds may provide better treatment options in the
future.

Myricetin (59, Fig. 29) is a common flavonoid derived from a
wide range of botanical sources. Recent research shows myricetin
has high inhibition activity to SARS-CoV-2 MP™ by covalently
binding to Cys145 residue (can’t show in PyMOL)'*. Under
oxidative conditions, such a covalent bond could be formed with
high specify towards the catalytic center. This discovery encourages

further exploration of phytochemicals containing polyphenol group
to identify novel covalent SARS-CoV-2 MP™ inhibitors.

3. Conclusions and prospects

The current COVID-19 pandemic have brought major challenge to
public health. Since then, significant efforts have been made by
scientists around the world and impressive progress has been
gained in the research of structural biology, epidemiology and
antiviral interventions of the SARS-CoV-2. Unfortunately, there
are no effective drugs to combat SARS-CoV-2 until now. It is an
enormous challenge for the development of effective drugs,
especially for halting the suddenly outbroken SARS-CoV-2.

In face of this urgent situation, some strategies could facilitate
the development of effective SARS-CoV-2 inhibitors. Firstly,
drug repurposing involves the reuse of existing drugs for a new
applications. The advantage of drug repurposing is that the drug
security has been tested, so this method can bypass the pharma-
cokinetic, pharmacodynamic and toxic studies, resulting in
entering phase II or III clinical trials directly, which will signif-
icantly promote the drug development process. The FDA-
approved drug library, clinical and preclinical drug library and
broad-spectrum antivirals library are the common libraries used
for drug repurposing. Secondly, large-scale screening in silico
and in vitro can evaluate tens of millions of compounds effi-
ciently, which will increase the amount and quality of novel in-
hibitors. To be noted, large-scale screening can facilitate new
drug development only with the exception of false-positive re-
sults, along with further evaluation of antiviral activity'>".
Thirdly, de novo drug design based on the target is a rational
process to design a new structure on a molecular level. This is a
time-consuming process, but it is necessary to expand our drug
reservoir to deal with the potential outbreak of potential coro-
navirus variants.

It’s worth noting that SARS-CoV-2 has a highly mutative ge-
netic sequence, resulting in the generation of drug-resistant mutant
strains (alpha, beta, gamma, delta), Among them, delta mutant has
stronger transmission ability and greater virus load. The pandemic
changed the strategies and methods of researchers, and it showed
them what works and what doesn’t during a global emergency.
The method of target-based drug design is a proper way to
overcome the drug resistance of coronavirus. The specific chem-
ical interactions can be introduced into the molecular structure
resulting in specifically targeting the regions which are most un-
likely for the emergence of drug resistance. Besides, the strategy
of the degradation of viral components is another new way to
overcome drug resistance. Proteolysis-targeting chimeras (PRO-
TAC)'?’. and ribonuclease targeting chimeras (RIBOTAC)'?®. are
the representative approaches to degrade viral genomes or proteins
which are pivotal in the viral life cycle.

In summary, the development of novel and effective SARS-
CoV-2 inhibitors is urgently-needed to respond to the situation
what we are facing now. Novel compounds are expected take a
significant part in the combination against circulating and
emerging coronavirus epidemic. We need to increase the invest-
ment in the basic research of antiviral drugs, to build the sys-
tematic platform for de novo drug design, lead compound
discovery and optimization, drug-likeness evaluation and PK/PD
study. In this way, enough drug reservoir could be developed to
respond any possible coronavirus out break in the current crisis
and future.
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