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Abstract

3CLP" is a key enzyme for the maturation of all coronasés and has hence
been recognized as a potent drug target for tlagntent of coronavirus infection. The
present review focuses on the status of variouscaefbus anti-coronavirus
small-molecule inhibitors found from various sowoe the past 10 years (2010-2020)
and describes in detail the structural charactesisbinding modes and SARs of these
3CL"" inhibitors. To solve the shortcomings of “off-target” side effe and weak
inhibitory activity of existing 3CP inhibitors, the authors propose a new idea for
drug design, combining the emerging PROTAC techmplaith existing 3CE™
inhibitors. 3CIP° PROTAC degraders are proposed as the next gesrerafi
anti-coronavirus drugs.
Keywords
Coronaviruses, 3C-Like Protease (3CL Inhibitors, Peptidomimetic Inhibitors,

COVID-19, Proteolysis-Targeting Chimaera (PROTAC).
1. Introduction

1.1 COVID-19 pandemic

Coronavirus disease 2019 (COVID-19) is a highheatious disease caused by
severe acute respiratory syndrome coronavirus 2R&E&0V-2), a virus that is
closely related to the SARS virus [1]. As of July, 2020, the COVID-19 pandemic
had spread to 212 countries, and more than 10omildeople had been diagnosed
with the infection worldwide [2, 3]. SARS-CoV-2 prarily spreads via small droplets
expelled by infected individuals when they breattve cough [4, 5]. Infected
individuals may either be asymptomatic or develommon COVID-19 symptoms,

including fever, cough, fatigue, shortness of breand loss of smell [6], and severe



cases can progress to complications, including mo@ia, acute respiratory distress
syndrome, multi-organ failure, and death [7].
1.2 Coronaviruses and their therapeutic targets

Coronaviruses are species of viruses belonging ke tsubfamily
Orthocoronavirinae in the family Coronaviridae of the order Nidovirales.
Coronaviruses are single-stranded positive-sens& RiNses [8, 9that are endowed
with the largest viral genomes (27-32 kb) amongRINA viruses identified to date
[10]. Before SARS-CoV-2, six coronaviruses werenduo infect humans: human
coronavirus (HCoV)-229E, HCoV-OC43, HCoV-NL63, HGHKU1, SARS-CoV
and Middle East respiratory syndrome coronaviruER&-CoV). The first four are
constrained endemic strains that cause the commioy whereas the latter two can
cause severe respiratory epidemji4-13]. Based on their high prevalence and
widespread distribution, as well as their genetiwvedity and the frequent
recombination of the genome, coronaviruses posmstant threat to humans [14-16].

At present, potential therapeutic targets for caxamuses can be divided into
structural proteins and nonstructural proteins ghsgbtructural proteins mainly
include the spike protein (S) [17, 18], envelopeot@in (E), nucleocapsid
phosphoprotein (N) and membrane protein (M) [19p& mainly include 3C-like
protease (3CL°, papain-like protease (PB), RNA-dependent RNA polymerase
(RdRp, nsp12) [20], RNA helicases (nspl3), guamidemethyltransferase (nspl4),
and uridylate-specific endoribonuclease (nspl15), [22]. An additional target is
angiotensin-converting enzyme 2 (ACE2) [22, Z8hong these targets, 3€Eplays
an important role in the process of virus replmatand is of value, and studies have
found that the SARS-CoV-2 3EP sequence is highly homologous to those of
coronaviruses such as SARS-CoV and MERS-CoV.

2. 3CL protease

The coronavirus 3CI° is a cysteine protease composed of approxima@ly 3
amino acids [24, 25]. 3C[° can cut and functionalize the two polyproteins gphd

pplab, which are translated from the first operdirep frame (ORF la/b) of the



coronavirus, to yield 16 nspBi@ 1) [26, 27]. 3CIP" contains three domains [28, 29],
including a non-classical Cys-His catalytic dyadygC45 and His4l) in the gap
between domains | and Il [30]; can specificallyageize the 11 cleavage sites of
nsp4~nspl6; and exhibits self-hydrolytic cleavageviy [31, 32]. These functional
nsps (nsp4~nspl6) released by cleavage witi’'8@te responsible for viral genome
replication and transcription, and nsp4~nspl16 plag roles in other important viral
life processes, such as protein translation, cgavand modification and nucleic acid
synthesis [25, 33]. Therefore, inhibition of 3¥.can effectively block viral RNA
replication and transcription and further blockaviproliferation.
Fig 1.

In addition, 3CIP is highly conserved among the known coronavirleciss,
and several common features are shared among tieeedt coronavirus 3CI°
substrates. From the N terminus to the C termithesamino acids in the substrates
are numbered -P4-P3-P2P1L’-P2'-P3’-, and the cleavage site is located leetw
P1 and P11’ [34, 35]. In particular, a GIn residseaimost always required at the P1
position of the substrates. Nevertheless, amind s&juence alignments indicate that
the similarity of the 3CE° of SARS-CoV-2 and SARS-CoV can be as high as 96.1%
[36, 37].0nly 12 of the 306 residues differ, namely, T35¥,6&8, S65N, L86V, R88K,
S94A, H134F, K180N, L202V, A267S, T285A and 1286Ind these different amino
acid residues are 3€P inactive sites [38, 39]. Further sequence compasishave
revealed that the 3CL of the three coronaviruses SARS-CoV-2, SARS-Co\j an
MERS-CoV exhibit a high degree of structural similaand conservatiorfFig 2)
[40]. These findings indicate that 3&{.could be used as a homologous target for the
development of anti-coronavirus drugs that canhmfthe proliferation of various
coronaviruses.

Fig 2.
3. Peptidomimetic 3CL°" inhibitors

Structurally, 3CE™ inhibitors can be classified as peptoids and

nonpeptidomimetics, and the mechanism of actiopegitide inhibitors includes two



steps. Peptidomimetics that mimic natural peptidessates initially bind to 3CY°
and form a noncovalent complex, and the warheadpgravhich is spatially very
close to the catalytic residue of the target pmtendergoes nucleophilic attack to
catalyse the formation of covalent bonds involvaygtein [41, 42]. These warheads
mainly contain Michael receptors [43, 44], aldels/dd5] and different types of
ketones (se€ig 3 andTable 1) [46-48], which covalently bind to the Cys145 ks

in the 3CI°"™ S1’ pocket to exert an inhibitory effect.

Table 1Peptidomimetic 3CP° inhibitors

Type Categories Compound No. Ref.
1 Michael acceptor peptidomimetics 1-6 [49-51]
2 Aldehyde peptidomimetics 7-12 [51]
3 Keto peptidomimetics 13-27 [47]
3-1 Fluoromethyl ketone 13-18 [52]
3-2 1,4-Phthalazinedione 19-20 [53]
3-3 Benzothiazolone 21-23 [54, 55]
3-4 a-Ketoamide 24-27 [56]
Fig 3.

Among these peptidomimetic inhibitors, aldehyde poonds1l and 12 and
a-ketoamide compound®5-27 showed good inhibitory activity against the cutren
SARS-CoV-2. Compounds, which are novel inhibitoesigned and synthesized for
SARS-CoV-2 3CP® by Hong Liu and colleagues [57], exhibit excellémhibitory
activity against SARS-CoV-2 3CP (11: 1C50=0.053+0.005 pM, 12
IC50=0.040£0.002:M). Moreover,in vitro antiviral activity assays have indicated that
compoundd1 and12 exert potent anti-SARS-CoV-2 effects, with fg@alues of 0.53
uM and 0.72uM, respectively, and both exhibit gooa vivo pharmacokinetic (PK)
properties and an acceptable preliminary safetfilprand have the potential to be
new anti-SARS-CoV-2 preclinical candidates. Based an analysis of the
substrate-binding pocket of SARS-CoV 3CL(PDB code: 2H2Z), an aldehyde was

selected as the warhead in P1 that would form aleav bond with cysteineA



detailed diagram of the interaction between compalhand SARS-CoV-2 3CI°
shows that the aldehyde carbonylldfand the catalytic site Cys145 of SARS-CoV-2
3CL""™ form a standard C-S covalent bonig( 4-A). The oxygen atom of the
aldehyde group forms a hydrogen bond with the bawc&lof the Cys145 residue at
the S1' site, which is crucial for stabilizing theinding conformation. The
(9-y-lactam ring at P1 is compatible with the S1 s#ted the oxygen atom of the
(9-y-lactam group forms a hydrogen bond with the Hisié@ chain, the main chain
of Phel40 and the side chain of Glul66 and fornmydrogen bond with the NH
group of the §-y-lactam ring. The cyclohexyl part at the P2 posittan be inserted
into the S2 position and stacks with the imidazotg of His41. The indole group at
the P3 position is exposed to the solvent (S4 site) forms a hydrogen bond with
Glul66. Interestingly, multiple water moleculesrtrea W1-W6) play important roles
in the binding ofl1l: W1 interacts with the amide bond @1 through hydrogen
bonding, whereas W2-W6 forms a few hydrogen bonitts tlve aldehyde group dfl
and the residues Asnl142, Gly143, Thr26, Thr25, HasAdd Cys44, which contribute
to the stability of the binding pocket df. The binding mode of compound@ is very
similar to that ofl1 (Fig 4-B). The difference in their binding modes might he do
the 3-fluorophenyl at the P2 position of compod2dThe side chains of the residues
His41l, Met49, Metl65, Vall86, Aspl87 and Argl88eratt with the aryl group
through hydrophobic interactions, and the side rchaf GInl189 stabilizes
3-fluorophenyl via additional hydrogen bonding.

Fig 4.

Rolf Hilgenfeld et al. previously revealed that theptidomimetico-ketoamide
inhibitor 24 serves as a broad-spectrum inhibitor of the 3Clgir-coronaviruses,
a-coronaviruses and enteroviruses [56]. Compo@ddexhibits a low EG, for
SARS-CoV and a number of enteroviruses in differeell lines (EGy<5 puM);
notably, the EG of MERS-CoV in Huh7 cells is 400 pM. Le@d has been subjected
to various structural modifications [58Jo improve its half-life in plasma, compound
24 was modified by shielding the P3-P2 amide bondthan pyridone ring Kig 5,

green circle), which is expected to prevent offgdrcontacts and the cleavage of this



bond by other cellular proteasés.addition, to enhance the solubility 24 in plasma,
the hydrophobic cinnamyl was replaced by a low-bptobicity Boc groupKig 5,
red circle), which produce#5. Moreover, the cyclohexyl at P2 86 was substituted
with the smaller cyclopropylHig 5, blue circle) to rende26, which might show
enhanced antiviral activity against tfecoronaviruses of clade b (SARS-CoV-2 and
SARS-CoV).However, compoun@7, which was obtained by removal of the Boc
group of 26, was almost inactiveHg 5, purple circle), which indicated that the
hydrophobic group is necessary for crossing theraembrane an@linding to viral
3CLP™, A PK study demonstrated that 4 hours after s@madus administration, the
lung tissue concentration @6 was approximately 13 ng/g. The lung tropism26f
was a favourable target organ aggregation charsiitdnecause COVID-19 and other
coronaviruses mostly affect lung tissue. As a cemgntary route of administration,
26 can also be nebulized with an inhalation devic8 atg/kg. Even 24 hours after
administration, the concentration 26 in lung tissue remained at 33 ng/g. A mouse
lung drug inhalation model showed tl2ftis well tolerated without adverse reactions,
which indicates that inhalers might be a suitab&thod for administration &6. The
other peptidomimetic inhibitors shown g 3 and Table 1 were described in detail
in a previous review by Thanigaimalai Pillaiyara&t[59].

Fig 5.
4. Nonpeptidic 3CLP™ inhibitor

4.1 Decahydroisoquinoline and octahydro-isochromene derivatives
Fig 6.

Inspired by the interaction of peptide inhibit@8 between S1 and S2 of
SARS-CoV 3CP"™ Shimamoto Yasuhiro et al. [60] designed and ssi#ed a series
of competitive SARS-CoV 3CI° inhibitors (compound9a-29d Fig 6) with a
decahydroisoquinoline fused ring scaffold. All dwiic decahydroquinoline
inhibitors exhibited moderate to significant inhibh of SARS 3CP™. According to
X-ray crystallography (PDB code4Twy, Fig 7), the fused ring structure of

dehydroquinoline occupies most of the space inShgocket. X-ray crystallography



analyses have confirmed that the decahydroisogamohhibitor is located in the
fissure of the active centre of 3&%, similar to the results obtained with the
high-efficiency peptide-aldehyde lead compound. déeahydroisoquinoline scaffold
was inserted into a large S2 pocket and filled nebshe pocket space. As expected,
the imidazole at the P1 site was inserted into $iepocket. These interactions
effectively fixed the terminal aldehyde in the {iss of the active centre, and the new
scaffold thus closely fit into the 3€EL Acyl groups on nitrogen atoms in
decahydroisoquinoline scaffolds are located on sheface of 3CP° where
additional interactions might occur with 3&L These interactions effectively fixed
the terminal aldehyde tightly at the active sitegsulting in a novel
decahydroquinoline scaffold that cooperates closgtpn 3CLP°. To evaluate the
effect of the configuration on the dehydroisoquimelscaffold, the Ig values of
trans-decahydroisoquinolin diastereomerd\id-phenylbenzoyl derivative29a vs
29b) or N-4-bromo benzoyl derivative®9c vs 29d) were compared, and the results
clearly showed that the (Ba8&S) isomer is more potent than the $8aR) isomer.

Fig 7.

Based on the abovementioned findings, Shimamotahyes et al. performed
further structural modification, and an octahydsoehromene scaffold was selected
as a new type of hydrophobic fused rifgg(8). An alkyl or aryl substituent was also
introduced at the 1-position of the octahydro-isoainene scaffoldThe effects of the
configuration of the fused ring structure and tho$evarious substituents on the
inhibition of SARS 3CP™ were evaluated. Sharpless-Katsuki asymmetric ejptigin
and Sharpless asymmetric dihydroxylation were egguoto synthesize the
octahydro-isochromene moiety. Introduction &-2-amino-3-imidazolyl propanal
(His-al) at the P1 site and the substituent at Itkposition was achieved through
successive reductive amination reactidddutyl (30), isobutyl 31), allyl (32) and
benzyl 33) were introduced at the 1-position, and thgylZalue for SARS 3CH°
indicates that the n-butyl substituent is expettedndergo a certain interaction with
the proteaseThe stereochemical effect of the octahydro-isoclemenscaffold was

also investigated, and the results showed thaspkeific (1S 35 configuration of35



can orient imidazole and the warhead aldehyde eatPth site to the corresponding
3CL"" pockets [61].
Fig 8.

Additionally, Kouji Ohnishi et al[62] introduced a nonprime site substituent at
the 4-position carbon of the decahydroisoquinokeleton to yield the nonpeptidic
inhibitor 38, which exhibits moderate but enhanced inhibitaivéty against R188I
SARS 3CIP" (ICs0=26 uM). The results indicated significantly increasetiniy
betweer38 and SARS 3CE° at the S3 to S4 pockets.

Fig 9.
4.2 3CL"® inhibitor with a 3-pyridyl or triazole moiety
Fig 10.

Jacobs et al. [42] conducted a high-throughputesing of National Institute of
Health (NIH) molecular libraries (approximately 2030 compounds) to find hits for
3CL"" inhibitors. The analysis of a dipeptide compouitdlaly identified39 (Fig
10-A), which had an 1€ less than 1@M and was thus considered an exceptionally
good candidate. Thus, a series of 3-pyridyl derrest were subsequently optimized
based on hiB9, and the resulting compoundfa (IC50=2.2 uM) and 40b (IC5=2.1
uM) exhibited compelling inhibitory activity again®ARS-CoV 3CP". The X-ray
crystal structure ofR)-40acombined with SARS-CoV 3C®° (Fig 11) demonstrated
that (R)-40a preferentially occupied the S1’-S3 3€1isubpockets. According to the
identified binding mode, the tert-butyl amide ocespthe S3 pocket, the tert-butyl
anilido group occupies a deep S2 pocket, and thgriglyl group occupies the S1
pocket.

Fig 11.

To further clarify the structure-activity relatidnip (SAR) of lead compourdOa,
the P1-P3 framework was maintained consistentlylendn library of five-membered
aromatic heterocycles was synthesized throughasiibeis in the P1’ positioriTable 2,
41a-41). Among the resulting compounds, imidazole-subsd @1c 1C5,=6 uM)
and 5-chlorofuran-substitutediie 1Cs¢=5.2 uM) analogues were found to be the

most potentA subsequent study of P1 replacements was perfortoeentify



alternative hydrogen bond acceptor groups that tregigage His163 while retaining
the 2-furyl amide P1’ group. Among the six-memberedxcessive heterocycles
examined 42a-429, pyridazine 42a) and pyrazine 42b) were well tolerated.
Furthermore, chiral stationary-phase supercrititéiti chromatography (SFC) was
applied to separaté0a enantiomersKig 10-B), and highly specific inhibition was
obtained with the single stereoison{&)-40a (ML188), which exhibited an I6; of
1.5+0.3uM.

Table 2 Variation at the P1'41a-41) and P142a-42¢ sites of40a(R&S)

3CcL” 3CL”
Compoun ° Compoun °
P1 P1
d IC 50 d IC 50
(M) (M)
N
N R/
41a %J\/T) V39 42a =N 10
N
s N
41b ;{@ 50 42b 5‘@ 5.5

NH &
4 o $ 41c %/L/’N/) 6 W 42c @N 45

3 0 N
e SR
g N Hipo

41d N a7
s LD

41 FaN 42
Cl

41e O 5.2

41f %/[ E‘) 75
N

Further screening revealed that a class of noneavdlenzotriazole inhibitors
from the NIH Molecular Libraries Probe Productiorerfers Network (MLPCN)

exhibited improved biological activity [63Among these compounds, compoufi®l



substantially inhibited SARS-CoV 3€L (IC5:=6.2uM).

According to X-ray crystallography (PDB code: 4MDO&g 12), rearrangement
of the GIn189 and Met49 residue side chains fotmesdiamide43, which exhibits an
induced-fit binding siteThis induced-fit binding site accommodates $ix@ N-methyl
pyrrole and anilido acetamide moieties of the irtbiis within the S2-S4 and S2-S1’
subpockets, respectively. In addition to the P2aRd P2-P1’ groups43 partially
occupies the S3 subpocket with a terminating 2-yletitylamide. MoreoverCys145
and benzotriazole N-(2) form a key hydrogen bondrribe catalytic centréther
hydrogen bond interactions are found near the yatalsite of His163 and
benzotriazole N-(3), and the main chain Glu-166 Bhitws an obvious interaction
with the central acetamide oxide.

Fig 12.

As a promising hit, the template compou#8@ has been subjected to intense
derivatization, including P1 modification, P2-PXpéoration and P3 truncatiorrig
13). First, the failure of the alteration BfL to benzimidazole4da-444¢ indicated a
strict substituent requirement for the 1,2,3-trlazounit. In comparison,
4-phenyl-1,2,3-triazoliumd4f exhibited effective inhibition (I=11 uM), and the
unsubstituted triazold4d and trimethyl silyl triazole44e were ineffective, which
demonstrated the importance of maintaining a prag@matic ring in the P1
subpocket during optimization. Second, acetamidethat P2-P1’ region was
exchanged with cyclic and acyclic amide congenersehder a series of analogues
with ICso values below 1QuM, and thei-propyl 45b and cyclobutyl45d amide
derivatives exhibited compelling activity, with g€ values less than uM.
Furthermore,researchers performeftagment truncation at the P3 position to
minimize pharmacophores and thereby reduce thatbvember of redundant groups
and molecular weight, which could improve the pbgkiand chemical properties as
well as the ligand binding efficiency. As a sattdtay result, the truncated amidés
exhibited comparable activity to the well-desigrtedmide counterpart45 (see Fig
12 for 45a-45d vs 46a-46dKarypidou et al. [64] prepared a novel library aééd
1,2,3-triazole[4,5-c] pyridine derivatives, and amgothese,47-51 exhibited good



antiviral properties against human coronavirus 2¢Rible 3).
Fig 13.

Table 3Anti-coronavirus (229E) activities of 1,2,3-triaefpt,5-c] pyridine derivatives

N\N

Ok
COOEt R'ONCE/NR

Ry

EC50 ECSO
Compound R R, Compound R R’

(uM) (uM)

F
47 T@\}{ Hoo89s  so [T 7 M 89
(6]

48 W H 945 51 /Ej\}q H 1195
\ F
NH
Cl
49 W /[j{ 9.45
Cl F

4.3 3CL" inhibitor with a piperidine moiety

Based on an analysis of the optimization of the I6&£376(52), addition of an
aldehyde bisulphite at the P1’ position is necgsBarthe reaction with the active site
Cys148 to generate tetrahedral hemithioacetal. Mane they-lactam ring at the P1
position and the Leu side chain at the P2 posisbauld be retained and might
occupy the S1 and S2 hydrophobic pockets, resggtikdditionally,extending the
benzyloxy “cap” to the chlorine-substituted phetiyéanol fragment yields GC813
(53), and its lower IG, value can be attributed to an extended conformatra might
orient the phenyl ring towards the hydrophobic $4ket. As a common privileged
scaffold in drug design and discovery, the pipeednoiety is a good design element
that can exhibit favourable interactions with numer classes of proteins, which
would result in optimal pharmacological activity dafPK properties [65]. Thus,
introducing the high-affinity piperidine moiety mthe peptoid scaffold yields a series
of structurally novel inhibitors Table 4, 54a-54f. The piperidine-based design
strategy is an effective tactic for rendering aegijdyl inhibitor capable of engaging
in optimal binding interactions with all four S1-SZubsites, and the resulting
inhibitors have a lower molecular weight and a cealipeptidyl character compared

with the tetrapeptidyl inhibitor, which is expecteddisplay enhanced solubility and



PK lability. Gratifyingly, 54b and54d, which are representative aldehyde bisulphite
compounds, display potent MERS-CoV inhibitory aitiéés with low cytotoxicity
(CCs50>100 pM).

Table 4 Evolution of the inhibitor&4a-54f

S2

—

OiN H\,)O\'-‘soaNa J¢ ny(\
(jA Y > Q\/\ \)\803Na - (RA C>< \\81
Oj/\NH > / s3 }

NH
52 GC376 53 GC813 /31.
EC5¢=0.9 uM EC5=0.5 uM
IC M
Compound R R4 X so (uM)
MERS-CoV SARS-CoV

54a CHO 0.6 2.1
H Boc

54b CH(OH)SQNa 0.4 5.1

54c CHO 0.8 5.2
(C6H5)CH2 Boc

54d CH(OH)SQNa 0.7 6.3

54e CHO 0.6 3.2

H CH;CH,O(CO)
54f CH(OH)SQNa 0.5 8.8

4.4 Unsymmetrical aromatic disulphides
Fig 14.

Unsymmetrical aromatic disulphide compounds ardaascof inhibitors that
exert significant inhibitory effects on SARS 3C1[66]. These new chemical entities
display excellent I values in the range of 0.516 to 5.954 piily(14, compounds
55-59. Preliminary studies have indicated that theseilghides are reversible and
competitive inhibitors. Among these disulphides Jenalar modelling results showed
that representative compoub8 binds to SARS-CoV 3CI° via multiple hydrogen
bonds and hydrophobic contacts. Phel40, Leul41]6djsMetl65, Glul66 and
His172 form hydrophobic interactions wifts, whereas Asn142, Glyl143 and Cys145
form intermolecular hydrogen bonds wib (Fig 15).

Fig 15.
4.5 Serine derivatives
To develop nonpeptidic inhibitors that interactiwthe P1, P2 and P4 sites of

3CL"" a new series of serine derivatives were desifpyadenichi Akaji et al. based



on the tetrapeptide aldehydec-Thr-Val-Cha-His-H (60, IC50=98 nM) and Bai’s
bis-cinnamoyl inhibitor (I6=10.6 uM) [67, 68]. First, imidazole, cyclohexyl, and
hydroxyl groups, which were previously reportedthe literature and exhibit potent
biological activity, were linked to L-serine foraldesign of serine derivativesl( 62,
as shown inFig 16. However, compared with peptide inhibit88, these optimized
groups did not provide good coverage of the sutestiecognition pocket of 3CI°
(PDB code: 3AW1), and the different binding modds peptide inhibitors and
non-peptide inhibitors with 3C°led to changes in the interactions between these
groups and the corresponding pocket [69]. It wagoltyesized that the cyclohexyl
group would occupy the S2 pocket of 3€Lbut contrary to expectations, molecular
mechanics calculations and docking simulationsceugid that the cyclohexyl group
of serine derivatives6(l, 62 must occupy the S1 pocket of 3CL Thus, the
imidazole and hydroxyl groups 6fL and62, which are expected to interact with the
S1 and S4 pockets, were not effective and theretiyaed the interaction between the
inhibitor and 3CP™. In addition,Bai’s inhibitor 63 is located deep inside the S’1, S1
and S2 pockets and exhibits appropriate cinnamayttionalities [70].Therefore,
benzoyl and aniline groups were used for moleald&king with serine derivatives to
obtain 64. In addition, reasonable structural transformatiof the serine derivative
and hybrids constructed with other functionalitreere investigatedvirtual screening
using GOLD software indicated thitcinnamoyl derivatives with benzoate, such as
64 and65, are suitable substructures.

Fig 16.

Based on the embedding of the substrate recogmticket of the SARS 3CI°
R1881 mutant (PDB code: 3AW1), the isoserine skelavas found to exhibit a more
reasonable interaction with the mutant 8€Lresulting in the isoserine derivative
(R)-66, which might be obtained by replacing the amineugrat theu-position and
adding a hydroxy group at theposition of65. The docking simulation ofR)-66
with SARS 3CIP° revealed a hydrophobic space on the S2 pockehefR188I
mutant proteaseCompared with hydrophobic functional groups (suchatkane,

cycloalkane and aromatic rings), the phenyl groag more suitable for insertion into



the S2 pocket of the R188l mutant protease; thexethe (R,3S)-phenylisoserine
(PIS) derivative67 was obtained and selected as a candidate compAun8AR
study of the PIS derivative and the correspondiig fcket revealed that the
inclusion of a cinnamic derivativé8a, 68l or a phenyl propionate derivativédc)
at the P1’ position elevated the inhibitory activivith 1Cso values ranging from 65 to
75 uM (Fig 17). In addition, cyclohexyl rings are essential to Biefunction of PIS
scaffolds, whereas the cinnamyl functional grougrétcan effectively maintain the
inhibitory strength.

Fig 17.
4.6 Pyrazolone and pyrimidines

Fig 18.

Based on the 1,3,45-tetraaryl-substituted pyraz6® identified through
high-throughput screening, a series of 1,3,4 trigebstituted pyrazolinone
compounds were designed and synthesized as SARS3COY inhibitors. Among
the resulting compoundsFig 18), 70-73 exerted strong inhibitory effects on
SARS-CoV 3CP", with ICso values of 5.5, 10.8, 6.8 and 8, respectively, and@3
could also effectively inhibit coxsackievirus B3 I3 [71]. Po-Huang Liang et al.
further synthesized a series of analogues by graftie neuraminidase (NA) inhibitor
phenyl furan moiety into a 1,3,4 triple substituaazolinone nucleus [72]. Among
the resulting series, compound<ld-74f showed comparable inhibitory activity
against SARS and MERS 3€%. In addition to the catalytic residue Cys145, 8ie
subsite of 3CP° also included another important component, theanign hole. This
component is formed by the interaction of the @nieml carboxylate anion of the
conserved GIn with Gly143, Serl44 and Cys145, whkielbilizes the transition state
during proteolysis. Docking studies have indicdteat the carboxylates present at the
A or D ring are critical for disrupting the stabjliof the oxyanion hole in 3CL°.
Further SAR studies have shown that the pharmaceppioenyl at R(74a vsr4b)
and a carboxylate at eithei Br Ry (74cvs 74d) are essential for the activitiig 18).
Because the modification of rings A and B is taledawell, the D ring can be further

altered to enhance the activity of the compounds.



Another series of 2-(benzylthio)-6-oxo-4-phenyl-tljeydropyrimidines
(75a-75) also showed encouraging results as new anti-SARS [73]. The
cytotoxicity of the test compounds was assessedgu$ie MTT assay, and all the
compounds were devoid of cytotoxicity. Further SgtRdies revealed that compound
75¢ which has a nitro at the C-4 position, is the npmdent inhibitor of SARS-CoV
3CLP" (IC50=6.1 uM). A moderately electron-withdrawing substituentRy such as
chloro, in compound35c and 75d improved the inhibitory activity compared with
electron-donating groups, such as methyl and mgthooups (as shown ifable 5).
Molecular docking results have shown (docking statiy5c with PDB code: 1UK4)
that the distance between the NH of the pyrimidimg and the oxygen atom of
Glu166 was constrained by 2.0 A. The orientatiothefligand leads to a nitrophenyl
group being situated in the S1 pocket, and th® mjtoup points towards the surface
of the protein. The oxygen of the nitro group fornysirogen bonds with Gly143 and
Cys145, and the chlorophenyl ring fits into the @&ket and forms hydrophobic
interactions with Met49 and GIn189.

Table 5 Structure and activity of compoundSa-75f

SARS

No R]_ RZ
. 1Cs0(1M)
ne L, 75a 4-OCH, 4-NO, 1 26.3
- \N*SHQ 750  4-CH; 4NO, 1 >50

n

« \‘R N 75¢  4-Cl  4NO, 1 6.1
! - 75d 4-Cl H 2 16.9
75¢  3-NO, 4-NO, 1 10.6
75f  3-NO; H 2 >50

4.7 Natural product derivatives
4.7.1 Flavonoids, biflavonoids and chalcones

Quercetin 76), epigallocatechin gallat§ ) and gallocatechin gallatg§ GCG)
also showed mild inhibitory effects against SARSYGEL L™, with 1Cso values of 73
uM, 73 uM and 47uM, respectively Fig 19). In addition,78 exhibited competitive

inhibition towards 3CP'°, with aKi value of 25uM. According to the results from a



docking analysis, the galloyl acyl moiety at th®BFposition of compound8, which
occupies the S1 pocket, is essential for inhibitmotvity against 3CY° [74]. A series
of inhibitors were isolated and purified from tleaves offorreya nucifera (Fig 19).
According to a preliminary screen, the biflavoneeatoflavone 79) (IC50=8.3 uM)
exerted the most potent inhibitory effect agairGt™°. An SAR study based on these
flavonoids found that a methoxy substitution at @& position could enhance the
inhibitory effect. Specifically, the C-7 methoxyksiituted compound80 (IC50=32.0
uM) and 81 (IC5o = 38.4uM) exhibited two-fold higher inhibitory activity agnst
SARS-CoV 3CP™ than82 (ICs=72.3uM) [75].

Another series of chalconeBig 19, 83-85 isolated fromAngelica keiskel were
evaluated in terms of their anti-SARS 3€lactivity. ChalconeB4, which contains
perhydroxyl groups, exhibited the most potent iithity activity against 3CP°, with
an 1G5 value of 11.41M. A detailed ligand-protein mechanistic analysidicated that
the chalcones exhibited competitive inhibition WBARS-CoV 3CP[76].

4.7.2 |satin derivatives

Previous studies have shown that isatin and itwvaleres have a wide range of
antiviral and antibacterial activities [77-79], lading anti-HIV virus [80, 81],
anti-hepatitis C virus (HCV) [82], ank#ycobacterium tuberculosis and
anti-pathogenic activities [83, 84]. In additiosaiin derivatives are good candidates
for the development of anti-coronavirus drugs [8Bhr anti-coronavirus drug
discovery, a series of synthetic 5-sulphonyl isdenivatives §6-92 were reported as
noncovalent SARS RF inhibitors [86]. These isatin derivatives inhiitSARS-CoV
3CL""in the low micromolar range, a®® (ICs¢=1.04 uM) was found to be the most
potent. SAR studies revealed that the piperidimplsahyl-substituted compounds
86-89exerted a more significant inhibitory effect agaiBCL"™ (IC50<5 uM) than the
piperazine sulphonyl-substituted isati@9-92 Among the former, the 4-methyl
piperidin sulphonyl 87, 1C5,=1.18 pM) and 2-methyl piperidin sulphony8§
IC50=2.25 uM) isatin derivatives were identified as tp¢imal candidates.

4.7.3 Terpenoid derivatives

Screening of natural products for the identificatiof anti-coronavirus 3CY°



inhibitors revealed that tanshinone-type diterpegjwesnpound93-99 derived from
Salvia miltiorrhiza are selective inhibitors of SARS-CoV 3&land PIP™[87]. With
the exception of cryptotanshinon86j, the other isolated tanshinones exerted a
dose-dependent inhibitory effect but no time-degenceffect against 3CL°. The
activity of 93-99 against 3CP° ranged from 14.4 to 89/M. Further SAR studies
revealed that subtle differences in the substitieantd stereo-configuration can
substantially affect the inhibitory activity. Spkcally, the presence of a naphthalene
moiety in the diterpene quinolone backbone appetoeidprove the inhibition of
3CLP"™ compared with that obtained with dimethyl-substitltetralin 97 and 98 vs

93 and 96). In addition, the dihydrofuran group@) on ring A of cryptotanshinone
reduced the inhibitory activity by two-fold compdreith that of tanshinone93-95
containing a furan group.

Additionally, celastrol 100), pristimerin (01), tingenone 102), and iguesterin
(103 were isolated fromlripterygium regelii and showed favourable competitive
inhibitory activities against SARS-CoV 3€¢, with 1C5, values of 2.6, 9.9, 5.5 and
10.3 uM, respectively [88]. Dihydrocelastrdlod) was synthesized by hydrogenation
with a palladium catalyst, but its 3€f inhibitory activity against SARS 3CI° was
relatively weak. Further SAR research indicated ghquinone-methide moiety in the
A ring and a more hydrophobic E ring could promathibitory activity against
3CLP™.

Fig 19.
5. Discussion and perspectives

As the cases of SARS-CoV-2 infections continue ise,rthe need for the
development of effective drugs and vaccines fagated treatment of COVID-19 is
becoming increasingly urgent. Among the few avadaiargets for anti-coronavirus
drug development, 3CL, which is a key protein involved in the replicatiand
transcription of coronaviruses, has become an ilapband relatively well-developed
drug target in anti-coronavirus drug research. dditoon, the SARS-CoV-2 3CY°

crystal structure (PDB code: 6LU7) is the first rgiructural functional protein of



SARS-CoV-2 that has a confirmed conserved struatangpared with those of SARS
and MERS 3CP° Thus, broad-spectrum coronavirus 3€Linhibitors are
particularly suitable for the treatment of curremd future coronavirus epidemics.
The present article reviews the research prograssoconavirus 3CP° inhibitors,
including synthetic peptidomimetic and nonpeptidbibitors and natural product
derivativesderived from various sources over the past 10 y&A$0-2020) and the
attempts to provide a complete description of tinectural characteristics of 3€E
inhibitors, including details on their binding madand other related information.
Herein, the structural characteristics, binding ssdand SARs of recent
coronavirus 3CP° inhibitors are comprehensively described. The wadhgroups of
peptidomimetic inhibitors mainly include aldehyd&etones and different types of
Michael receptorsThese covalent irreversible inhibitors mainly a#&i warhead
functional groups to covalently bond with Cys14Sidees in the 3CI° S1’ pocket
and thereby exert relatively durable inhibitoryeets. Published studies have shown
that covalent irreversible 3EE inhibitors exhibit significantly improved antivisu
activity, and some inhibitors can even achieveatff@at nanomolar levels. However,
covalent inhibitors exhibit potential off-targefexts and toxic side effects. Although
recent studies on peptidomimetic inhibitors are efiethan those that investigated
nonpeptidic inhibitors, aldehyde compouridsand 12 and o-ketoamide compounds
(25-27, which are among the recently reported peptidosicn3CL"™ inhibitors,
exhibit excellent inhibitory activity against SARSV-2. Inhibitor11 is one of the
most effective inhibitors among the aldehyde pepteéries. Thus, the toxicity of
inhibitor 11 over a 7-day period has been studied at diffedests, specifically at
dosing levels of 2, 6, and 18 mg/kg on SD ratsaral dose range of 10-40 mg/kg on
beagle dogs, and all the tested animals showedisagt toxicity after the inhibitor
was administered once a day (QD) via intravenois. diherefore,11 might be a
good candidate for further clinical research on @@X9. Coincidentally, the PK
characteristics of compouritb indicated obvious lung affinity, and this compousad
suitable for administration via inhalation. Themefo the pyridone-containing

compound26 might become another lead for further COVID-19gemic research.



Correspondingly, noncovalent reversible 3€linhibitors mainly exhibit weak
reversible binding (such as hydrogen bonds, varVdeals forces, and hydrophobic
forces) with the amino acid residues in the S1,&®, S4 pockets, which sometimes
includes the catalytically active Cysl145 in the Pbcket. This weak reversible
binding could result in avoidance of the off-targesk and toxicity of irreversible
inhibitors, and thus, these inhibitors might betale for long-term administration.
Among the nonpeptidic reversible inhibitor§5-59 which contain a piperidine
moiety, and54a-54f which contain unsymmetrical aromatic disulphideghibit
excellent inhibitory activitySome natural products and derivatives, such as 88,
flavonoids, and tanshinone, might also be good idates for the development of
anti-coronavirus drugs. Specificall6a, 54a, 74dand 75c are noncovalent
SARS-CoV 3CP" inhibitors with a moderate molecular weight anddantiviral
activity and can potentially be utilized as leathpdates for further drug design and
screening.

However, 3CE™ noncovalent inhibitors also have some shortcomisgsh as
drug effects that are not strong and/or durabldchvineans that these noncovalent
inhibitors would need to be administered at highsadgs or multiple times.
Noncovalent inhibitors can also result in the erapog of resistance after long-term
administration. Based on a review of the advantages$ disadvantages of both
covalent and noncovalent inhibitors of 3€_.we recommend that reversible covalent
inhibitors of 3CIP constitute a new research direction. Specificalig Michael
warhead can be replaced by cyano (or trifluoromitiwhich might result in the
formation of a reversible covalent bond with thesT45 residue, which is unique to
the coronavirus 3CI° S1' pocket, and this binding can potentially rezluthe
“off-target” risk and toxic side effects while emt@ng the efficacy [90-93].

Fig 20.

Further analyses of previous studies on BCinhibitors in association with the
booming research on proteolysis-targeting chima@@BOTACS) [94, 95] have led to
the emergence of the following drug developmenblagies. PROTAC technology

can be used in the design of anti-coronavirus drihgs induce the intracellular



degradation of functional nsps of exogenous viru3ée principle of PROTAC
technology involves the use of a bifunctional smadilecule to link the target protein
and the E3 ligase in the cell such that the tapgetein is ubiquitinated, and the
ubiquitinated protein is then recognized by the tgmeome, which leads to
degradation of the target protd®6]. To date, various endogenous proteins, such as
BTK, PARP1, HDAC6, AR, ER, BET, BRD4, BRD9, RIPK2ZBK1, Sirt2, CDK9,
p3&:, pirin, c-Met, EGFR, FAK, and FLT3, have been mgdly degraded using
PROTAC technology [97-99]. However, the applicat@PROTAC technology for
the degradation of foreign proteins (such as \prakteins) remains in its infancy. To
date, only the NS3/4A protease degrader DGY-084FHCV has been reported, and
its antiviral activity and resistance charactecistare significantly superior to those of
the traditional drug telaprevir [100TThus, we propose that the existing 3€L
inhibitors can be combined with PROTAC technologydevelop coronavirus 3¢EP
PROTACs. These PROTAC degraders could exhibit tdeamtages of both
occupancy-driven 3CY° inhibitors and those of event-driven PROTACS: Idose
exposure would result in multiple rounds of 3€ldegradation and would avoid the
intracellular accumulation of 3¢ in infected cells. These procedures would
completely block the biological function of coromag 3CL°™ and its downstream
viral proteins and would therefore inhibit the ambéy and replication of the
coronavirus in infected cells (shown kg 20). Reversible covalent PROTACs for
3CL""™ have been designed and synthesized in our lalwgrédo further screening,
and we expect that these inhibitors will overcorhe shortcomings of traditional

3CLPinhibitors and take advantage of the degradatifatts of PROTACS.
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Fig 2. Simulated superposition of the structureSARS-CoV-2 3CE°(PDB code: 6LU7,
blue), SARS-CoV 3CP°(PDB code: 1Q2W, red), and MERS-CoV 3CIPDB code: 4RSP,

green).
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Fig 7. Crystal structure of SARS-CoV 3€1superimposed wit@9a, 29b and29c (PDB

code: 4TWY).
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Fig 11. X-ray crystal structure @R)-40a bound to SARS-CoV 3CY° (PDB code: 3V3M).



Fig 12.43 bound to the binding pocket of SARS-CoV 3€1(PDB code: 4MDS).
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Highlights

1. This article provides a comprehensive overview of the coronavirus 3CL°
inhibitors developed from 2010 to 2020.

2. The SARs, structural characteristics and binding modes of peptidomimetic and
nonpeptidic inhibitors are comprehensively analysed and summarized.

3. As anti-coronavirus candidates, reversible covaent PROTACs for 3CL" could

induce the intracel lular degradation of 3CLP"™.
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Abbreviation | ndex

Abbreviation Terminology

ACE2 Angiotensin-converting enzyme 2

3CLP® 3C-like Protease

E Envelope protein

EUA Emergency use authorization

FDA The U.S. Food and Drug Administration

GCG Gallocatechin gallate

HCV Hepatitis C virus

His-a (9-2-amino-3-imidazolyl propanal

HIV Human immunodeficiency virus

HCoV human coronavirus

M Membrane protein

MERS-CoV Middle East respiratory syndrome coronavirus
MLPCN Molecular Libraries Probe Production Centers Network
MPre Main protease

N Nucleocapsid phosphoprotein

NA Neuraminidase

NIH National Institutes of Health

nsps Non-structural proteins

ORF Open reading frames

PLP© Papain-like protease

PK pharmacokinetic

PROTAC Proteolysis-targeting chimaera

QD Once aday

RdRp RNA-dependent RNA polymerase

S Spike protein

SAR Structure-activity relationship

SARS-CoV Severe acute respiratory Ssyndrome coronavirus
SARS-CoV-2 Severe acute respiratory Syndrome coronavirus 2
SFC Supercritical fluid chromatography

SPR Surface plasmon resonance




