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Drug development targeting SARS-CoV-2 main protease
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Abstract: The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and its variants are responsible
for the devastating coronavirus disease 2019 (COVID-19) pandemic with more than 6.5 million deaths since 2019.
Although a number of vaccines significantly reduced the mortality rate, a large number of the world population is yet
being infected with highly contagious omicron variants/subvarints. Additional therapeutic interventions are needed to
reduce hospitalization and curb the ongoing pandemic. The activity of the SARS-CoV-2 enzyme; chymotrypsin-like
main protease (M™) is essential for the cleavage of viral nonstructural polypeptides into individual functional proteins
and therefore M is an attractive drug target. The aim of this review is to summarize recent progress toward the

development of therapeutic drugs against M™ protease.
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Introduction

The ongoing COVID-19 pandemic initially started
with SARS-CoV-2 infection in China, and since then
it has evolved to more contagious mutant variants such
as delta, and omicron (/). The original SARS-CoV2
originated in Wuhan, China has disappeared in the
meantime. Many vaccines, including the most effective
ones based on novel mRNA technology, cannot fully
stop infections (2,3). In addition, high mutation rates of
coronavirus decreased the vaccine efficacy (4).

The genome of SARS-CoV-2 consists of single-
stranded positive-sense RNA, which encodes two non-
structural polyproteins and several structural & accessory
proteins (Figure 1). Non-structural proteins are initially
produced in two segments, the shorter polypeptide
ppla contains around 11 proteins, and the larger pplab
consists of 16 different proteins. Those polypeptide
chains need to be processed into single functional
units to assemble into new viruses (Figure 1). SARS-
CoV-2 contains two different enzymes responsible for
the proteolysis of the non-structural polypeptides into
single functional proteins. While papain-like protease
(PL™) cleaves the polyproteins at three different sites,
SARS-CoV-2 chymotrypsin-like main protease (M)
cleavage reaction takes place at eleven sites. Inhibition
of those viral protease enzymes effectively interrupts the
formation of functional viral proteins required for the
viral life cycle (7).

M is one of the most heavily studied drug target in
terms of therapeutic development for treating COVID-19,

and so far more than 2,700 structures of the M™ have
been submitted to protein data bank (PDB) mostly in
complex with drug candidates & fragments. Actually,
drug development targeting M™ started with emerging
SARS-CoV-1 and MERS coronavirus infections prior
to SARS-CoV-2 (5). Some of the lead compounds had
already been designed for the M™ of SARS-CoV-1.

Enzymatic activity and Substrate recognition M

M functions as a dimer, consisting of 3 domains for
each protomer. While two catalytic domains consist
of beta sheets forming a substrate binding cleft, the
C-terminal domain consists of entirely alpha helices
that function as dimerization platforms by interacting
with N-terminal residues from the second protomer.
Mutations or truncations of N-terminal residues result
in a dramatic reduction in enzyme activity, based on
this observation several attempts have been made to
design dimerization inhibitors that mimic the N-terminal
residues, however, this approach has shown limited
success so far (6).

Natural cleavage sites of M™ have been analyzed
in molecular detail in recent studies (7,8). Except for
the fully conserved glutamine residue at P1 position,
the eleven cleavage sites show little conservation.
Interestingly, the P1' position within the nsp8-nsp9
sequence is uniquely conserved among the various
coronaviruses. In contrast to other cleavage sites, which
are occupied by rather small residues of Ser or Ala at
P1' position, the nsp8-nsp9 sequence is substituted with
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Figure 1. Schematic representation of the SARS-CoV-2 docking onto human ACE2 receptor and entry into the cell. Inside the
cell, SARS-CoV-2 replicates its RNA genome in order to manufacture numerous viral proteins using host ribosomes. The proteome
of SARS-CoV-2 consists of two non-structural polyproteins ppla (490 kDa), pplab (794 kDa), and additional structural & accessory
proteins (pale cyan) such as spike, envelope, membrane, and nucleocapsid. Protomers of M™ is shown in green and yellow, breaking
polypeptides into functional viral proteins. Inhibition of M™ with small compound blocks this essential step in viral life cycle. Figure

created using Biorender (https.://biorender.com).

Asn residue at P1' position (Figure 2). Structural and
biochemical studies reveal that the presence of Asn
of nsp8/9 at P1' position actually reduces the speed of
catalytic reaction about 36-fold compared to P1' Ser of
nsp4/5 (9).

MP™ active site contains a cysteine-histidine catalytic
dyad (C145 and H41). Key steps of the catalytic
cycle are depicted in Figure 3 as the formation of the
"thiohemiketal" group, intermediate acyl-enzyme
complex, and the final stage cleavage of Gln-(Ser/Ala/
Asn) peptide bond with the action of a catalytic water
molecule (/0).

Molecular details of M"-Inhibitor interactions

As the COVID-19 pandemic emerged scientists around
the world accelerated drug development efforts. One of
the first M™ inhibitors redesigned for M™ was the so-
called compound N3, which was based on a, f-unsaturated
carbonyl groups that form a covalent bond with a catalytic
cysteine residue (Cys145) inside the active site (/7). The
chemical composition of the inhibitor resembles the
natural substrate of M™ (Figure 4a, 4b). The y-lactam
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(nsp6-nsp7) VATVQSKMSD
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(nsp8-nsp9) AVKLQNNELS
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(nsp12-nsp13) HTVLQAVGAC
(nsp13-nsp14) VATLQAENVT
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Figure 2. The left 10 amino acid length of M™™ cleavage
sites within pplab is illustrated. The logo was generated
using WEBLOGO (http://weblogo.threeplusone.com) with
the recognition sequences of M™™ ranging from the P5 to
PS5’ positions. Schematic diagram of subsite binding pockets
with site-specific residues is indicated on the right. While the
S1 subsite only recognizes Gln at this position, the S2 site
recognizes hydrophobic residues such as L, F or V, and other
subsites tolerate more variation in peptide sequences.

ring as P1 moiety engages in bifurcated hydrogen
bonds as Gln forms at this position. In addition, a
larger lactam ring increased productive var der walls
interactions (7,72,13). Since then, the y-lactam ring has
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H41

been essentially kept as a Gln surrogate in the design of
most of the M™ inhibitors (/4). The M"-N3 complexed
structure revealed a strong hydrogen bonding network in
a similar fashion to the original substrate, the inhibition
of N3 was determined using SARS-CoV-2-infected Vero
cells required 10 pM concentration of N3.

Soon later Hilgenfeld's research group designed
a new lead compound based on the a-ketoamide
group. Initial compound 11r was further optimized
by substituting moieties engaging at three subsites
resulting in 13b (ICs, = 0.67 £ 0.18 uM). The center part
of the molecule is built on a pyridine scaffold, which
significantly improved drug properties such as plasma
half-life and kinetic plasma solubility (Figure 4c). The
P2 phenyl group of 11r was substituted with a smaller
cyclopropyl methyl moiety, which is deeply embedded
in the S2 pocket of M™. Lead compound 13b was tested
on mice with no adverse effects (/5). Another interesting
M inhibitor reported 6 months after the pandemic's

Ha1
Figure 3. Catalytic mechanism
of the proteolysis by M"™. The
active site of M™ with the catalytic
dyad is highlighted in yellow and
the substrate peptide is highlighted
in blue. In the free state, imidazole
of H41 deprotonates the thiol of
C145. The proteolysis reaction starts
with the nucleophilic attack by the
deprotonated C145 sulfur on the
peptide carbonyl carbon. During the
transition state, an oxyanion hole
forms between the negatively charged
oxygen atom and backbone amides
of C145, S144, and G143 (dashed
triple lines) in order to stabilize the
substrate. The part of the peptide
(R1-NH) bond breaks down and
is released due to the nucleophilic
attack by the water molecule onto
carboxyl-moiety, and H41 becomes
protonated again.

Figure 4. Comparison of the
binding modes of substrate and
five M"™ inhibitors. M"™ are
shown as cartoons in brown and
the inhibitors are shown as stick
and ball mode. The binding pocket
in complex with nsp5|6 peptidyl
substrate (a, PDB: 71DVW, blue),
N3 (b, PDB: 6LU7, green), 13b (c,
PDB: 6Y2G, purple), 5h (d, PDB:
7JKV, aqua-cyan), boceprevir (e,
PDB: 7BRP, yellow) and nirmatrelvir
(f, PDB: 7VLQ, pink) are shown.
All inhibitors contain P1 gamma
lactam in the chemical structure as a
common feature except boceprevir.
Nirmatrelvir lacks any P1' to occupy
S1 subsites.

start was compound 5h comprised of an indole moiety as
P4 moiety (/6). Although the indole group is relatively
larger than the substrate peptide at S4 subsite, the
MP"-5h-complexed structure revealed a well-fit of the
inhibitor inside the binding pocket (Figure 4d). In vitro
assay performed with VeroE6 cells exposed to SARS-
CoVWK-52 resulted in the IC,, of 4.2 £+ 0.7 uM antiviral
activity, which was further boosted with synergistic
use of remdesivir (/6). Recently, 5Sh was also co-
crystallized with MERS and SAR-CoV-1 main proteases
revealing similar binding modes with some differences
in adaptation of the benzothiazole group inside S1'
subsite (/7). The potency of 5h further increased with the
substation of two fluorine atoms (/8).

So far only one M™ -specific inhibitor "nirmatrelvir"
was approved by the FDA to use against COVD-
19 (19). The oral form of nirmatrelvir/ritonavir is the
most effective therapeutic option against SARS-CoV-2
infection reducing hospitalization or death by 89%
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(20). Nirmatrelvir was developed by Pfizer utilizing the
nitrile group as a warhead, which forms covalent bond
to the catalytic residue C145. Inside the S2 subsite,
the 6,6-dimethyl-3-azabicyclo[3.1.0]hexane group
functions well as Leu mimic, and the trifluoro acetyl
group inside the S4 subsite engaged in multiple fluorine-
based halogen interactions (Figure 4f). Interestingly,
nirmatrelvir resembles similar chemical features of
hepatitis C virus (HCV) protease inhibitor boceprevir
(21). Studies show that boceprevir also binds the M™
substrate pocket in a similar conformation (Figure 4e).

Conclusions and future directions

Coronaviruses mutate randomly and active site residues
that contact the inhibitor can mutate without affecting
the substrate recognition to confer resistance. Inhibitors
that optimally occupy the substrate envelope as the
natural substrates are less likely to be affected by those
mutations. The inhibitors we presented in this review
form several hydrogen bonds with protein backbone
atoms including oxyanion hole residues through
backbone amides, these interactions are likely retained
in the active sites of mutant proteases.

Recent studies reported a combination of mutations
(L50F and E166V) in the M™ sequence reduces the
potency of nirmatrelvir about 80-fold (22). Since the
P1-y-lactam ring forms hydrogen bonds with His-
163 and Asp-166 side chains, mutation at this P1
site dramatically reduces the inhibitor potency. This
possibility of those mutations may emerge in infected
people is raising concerns, it may practically end the use
of nirmatrelvir.

Previously protease inhibitors have been successfully
employed against HIV and HCV proteases and other
viral enzymes (23). So far about ten HIV protease
inhibitors are approved and most of the regiments
are given in cocktails to avoid the emergence of new
resistant viruses (23). The success of anti-HIV-1 protease
therapy took a continuous improvement in the potency
of inhibitors that are classified in three generations,
suggests that anti-M™ drug development is at the initial
stage and more potent inhibitors are to arrive, however,
more precise understanding of the mechanism of SARS-
CoV-2 resistance to M inhibitors is required.
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