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Abstract: COVID-19, caused by SARS-CoV-2 infection, continues to 

be a major public health crisis around the globe. Development of 

vaccines and the first cluster of antiviral drugs has brought promise 

and hope for prevention and treatment of severe coronavirus disease. 

However, continued development of newer, safer, and more effective 

antiviral drugs are critically important to combat COVID-19 and 

counter the looming pathogenic variants. Studies of the coronavirus 

life cycle revealed several important biochemical targets for drug 

development. In the present review, we focus on recent drug design 

and medicinal chemistry efforts on small molecule drug discovery 

including the development of nirmatrelvir that targets viral protein 

synthesis and remdesivir and molnupiravir that target viral RdRp. 

These are recent FDA approved drugs for the treatment of COVID-19. 

1. Introduction 

Severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2) originated in Wuhan, China in late December 2019.1,2 This 

outbreak began spreading at an alarming rate, and unleashed a 

severe health crisis around the globe. Subsequently, the 

uncertainties caused a serious economic meltdown worldwide. 

On March 11, 2020, the World Health Organization (WHO) 

declared the novel coronavirus (COVID-19) outbreak a global 

pandemic.3,4 Since then, it has gone on to affect millions of lives 

across the globe and caused nearly 6.3 million deaths as of June 

7, 2022.5 Human-human transmission for SARS-CoVs occurs 

primarily via respiratory droplets through sneezing, coughing, or 

close contact between persons. Mild symptomatic cases may 

include: fever, fatigue, dyspnea.6 More severe cases of SARS-

CoV-2 develop pneumonia, acute respiratory distress, and 

hypoxia.6 Early on, many laboratories around the world got 

involved in the development of COVID-19 therapeutics. These 

include, development of therapies through drug repurposing, 

monoclonal antibody-based treatment, convalescent plasma 

therapies, vaccine therapies, and target-based drug 

development.7,8 We will focus our review on recent efforts and 

updates on new drug development since our prior review in 2020.9 

Coronaviruses are the largest known single stranded RNA 

viruses that infect animals and humans leading to respiratory, 

gastrointestinal, hepatic, and neurologic diseases.10 There are 

currently four different genera of human coronaviruses (HCoVs): 

alpha-coronavirus, beta-coronavirus, gamma-coronavirus, and 

delta-coronavirus. SARS-CoV-2 is the seventh human 

coronavirus. Another six have been identified: alpha-CoVs-NL63 

and HCoVs-229E, and beta-CoVs HCoVs-OC43, HCoVs-HKU1, 

severe acute respiratory syndrome-CoV (SARS-CoV-1), and 

Middle East respiratory syndrome-CoV (MERS-CoV). These have 

been reviewed extensively.11 Recently, a newly identified alpha-

coronavirus was identified in patients hospitalized with 

pneumonia.12 This new human coronavirus turns out to be a novel 

“canine-feline coronavirus” that is called CCoV-human 

pneumonia (HuPn)-2018, and additional studies have now turned 

up even more of these hybrid alpha-coronaviruses around the 

globe.12 Sequence analysis suggests that these are novel canine-

feline-porcine-like (CFPL) CoVs of Alphacoronavirus 1 species 

that can infect humans (hCFPL-CoVs) and are associated with 

acute respiratory illness.  

The first SARS outbreak (SARS-CoV-1) originated in the 

Guandong Province, China in 2002.13,14 It spread to several Asian 

countries, North America, and Europe. However, it was promptly 

contained and affected more than 8,000 individuals with 774 

deaths and a 10% mortality rate.15,16 There is a 82% genome 

similarity between SARS-CoV-1 and SARS-CoV-2 and a 90% 

resemblance in many essential enzymes. With the arrival of  
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SARS-CoV-1, there was significant medicinal chemistry efforts 

geared toward developing concepts and strategies to block 

SARS-CoV-1 replication and to develop target-based 

therapeutics. Indeed, much of the ground work for blocking 

essential enzyme functions provided insights and a head start for 

the development of mechanism-based drugs against SARS-CoV-

2 infection and COVID-19.17,18,19,20 We will highlight here recent 

developments and approaches to SARS-CoV-2 and Covid-19 

therapeutics. 

2. Drug design Targets that block Viral 
Replication 

SARS-CoV-2 binds to the host cell surface receptor, 

angiotensin-converting enzyme 2 (ACE2) to enter the cell. After 

cell entry, viral RNA attaches to the host cell ribosome to produce 

two polyproteins, pp1a and pp1ab, which are subsequently 

cleaved by the coronavirus main protease, or 3-chymotrypsin-like 

protease (3CLpro), and papain-like protease (PLpro).21,22 

Cleavage of these polyproteins leads to the formation of several 

essential enzymes such as RNA-dependent RNA polymerase 

(RdRp), which is responsible for genome replication.23 As shown 

in Figure 1, many of these enzymes have all been subjected to 

intensive research as targets for SARS-CoV antiviral therapies.  

Two main targets for antiviral therapies are two cysteine 

proteases, PLpro and 3CLpro, also known as the main protease 

(Mpro).24,25 Both proteases are responsible for processing 16 

nonstructural proteins (nsps), which are essential for viral 

replication and maturation.26,27,28 The sequence identity for 

3CLpro between SARS-CoV-1 and SARS-CoV-2 is 96%. 3CLpro 

is responsible for cleaving the polyprotein and generating 

functional viral proteins such as: RdRp, RNA binding proteins, 

exoribonuclease, helicase, and methyltransferase.29 3CLpro is 

active as a homodimer and contains a catalytic dyad of Cys-His, 

whereas PLpro has a catalytic triad of Cys-His-Asp.30 PLpro has 

an 83% sequence identity similarity between SARS-CoV-1 and 

SARS-CoV-2. PLpro is responsible for processing the replicase 

polyprotein and removing cellular substrates such as ubiquitin, 

termed deubiquitylation, and interferon-stimulated gene product 

15 from host cell proteins.31,32 This allows the virus to escape the 

 

 

 

 

10.1002/cmdc.202200440

A
cc

ep
te

d 
M

an
us

cr
ip

t

ChemMedChem

This article is protected by copyright. All rights reserved.



REVIEW       

5 

 

host innate immune system. Other important drug design targets 

for COVID-19 treatment include, the spike/ACE2 viral attachment, 

cell entry, viral helicase, replication complex, nucleocapsid, viral 

RdRp, and methyltransferase. Many of these areas are 

undergoing active research and we will highlight recent 

developments. 

 

 

 
Figure 1. Important biochemical targets for COVID-19 drug discoveries. 

3. Currently Approved Drugs for treatment of 
COVID-19 

 Since the first SARS-CoV-1 outbreak in 2003 and later with 

the MERS-CoV outbreak, much effort was devoted to drug 

repurposing.33,34 The outbreak of COVID-19 led to significant 

activity in this area due to the overwhelming situation and urgency 

for treatment. A major advantage of drug repurposing is that the 

drug is already approved for use in one area, therefore drug safety 

and pharmacokinetic properties are well established. As a result, 

clinical trials can be conducted directly in patients, leading to 

accelerated approval if efficacy is observed. Many approved 

drugs have been reported to block SARS-CoV-2 replication.7,8 

Several of these drugs have undergone clinical trials for potential 

treatment of SARS-CoV-2 infection and COVID-19. These include, 

remdesivir (1, Figure 2) which was initially developed for 

treatment of hepatitis C infection, chloroquine and hydroxyl- 

chloroquine which were developed for treatment of malaria, 

favipiravir which was developed as an anti-influenza drug, and 

masitinib which was developed as a kinase inhibitor against mast 

cell tumors in animals. Among these, only remdesivir (1), 

developed by Gilead Sciences, was initially approved by the FDA 

for treatment of COVID-19 patients.35,36  Remdesivir’s biological 

mechanism of action involves interfering with genome replication 

by targeting RdRp.37,38 Structurally, remdesivir resembles 

adenosine and gets incorporated into nascent viral RNA, which 

causes premature termination of the viral RNA chain. Remdesivir 

was approved as an intravenous drug that must be administered 

in a health care setting. However, clinical efficacy of remdesivir 

has remained inconclusive.39,40 One of the reasons for this 

controversy is that the clinical trial was conducted on severe 

COVID-19 patients and antiviral drugs may not have been useful 

at that stage of infection. A recent clinical trial of remdesivir for 

treatment of mild COVID-19 patients showed higher efficacy.41,42 

It is now generally accepted that antiviral drugs for COVID-19 

treatment should be administered in the earliest viral replication 

phase. Molnupiravir (FIDD-2801), a nucleoside analog, 

developed by Merck Research Laboratories, was recently given 

emergency use authorization (EUA) by the US FDA in 2021 as an 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2. Currently available COVID-19 Drug Therapies. 

oral drug.43,44 Molnupiravir has the same mechanism as 

remdesivir. It is an RdRp inhibitor, originally developed for 

treatment of viral infection caused by RNA viruses. One of the 

main advantages of oral drugs is that the patients can be 

prescribed antiviral drugs at the earliest indication without 

hospitalization. Early phase 3 clinical trials with COVID-19 

patients showed about 50% reduction in hospitalization compared 

to the placebo group with no reported deaths.44,45 

Paxlovid (PF-07321332), developed by Pfizer, was recently 

granted EUA by the FDA in 2021 as an oral drug for treatment of 

COVID-19 patients.46,47 The biological mechanism of action 

involves inhibition of viral protease (3CLpro or Mpro) which plays 

a critical role in the viral replication cycle by cleaving viral proteins 

and producing essential individual, mature proteins necessary for 

viral replication.24,25 Many inhibitors of 3CLpro were initially 

developed for treatment of SARS-CoV-1 during the outbreak in 

2003-2004.9,25,48 The Phase II-III data of Paxlovid clinical trials 

showed that treatment of patients within three days of COVID-19 

symptoms reduced COVID related hospitalization by 89% 

compared to the placebo group.46,49 There are many other drug 

discovery targets being actively investigated for development of 

effective COVID-19 therapeutics. The major targets and progress 

in these areas will be discussed in the following section.  

4. SARS-CoV-2 Protease Inhibitors for COVID-
19 treatment 

Viral proteases are considered excellent drug design targets 

due to their involvement in virus maturation and production of 

essential functional proteins. Indeed, protease inhibitor drugs play 
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critical roles in the treatment of chronic viral infections, such as 

HIV/AIDS, hepatitis C virus, hepatitis B virus, herpesvirus and 

influenza virus.50,51,52 Since the SARS-CoV-1 outbreak in 2003 

and MERS-CoV outbreak in 2012, SARS-CoV-1 3CLpro and 

SARS-CoV-1 PLpro became very attractive targets for drug 

discovery and early development of peptidomimetic and small 

molecule SARS-CoV-1 protease inhibitors.9,25,48 The in vivo 

efficacy of 3CLpro inhibitors in mice and feline species has been 

documented prior to the development of paxlovid.53,54 As the 

activity of 3CLpro and PLpro are essential for coronavirus 

replication, an intense effort towards protease inhibitor design and 

development has commenced with the COVID-19 pandemic. We 

will discuss recent updates of SARS-CoV-2 3CLpro and PLpro 

inhibition design in this section.  

4.1 SARS-CoV-2 3CLpro Inhibitors 

Of the two main proteases, SARS-CoV-2 3CLpro is the 

most-well characterized.55,56 Several different types of inhibitors 

have been investigated including peptidomimetic covalent 

inhibitors, small molecule covalent inhibitors, and noncovalent 

inhibitors.9,57 Historically, covalent inhibitors were thought to be 

generally cytotoxic due to off target effects; however, recent 

developments have shown that this is not always the case. 

Development of covalent cysteine proteases has shown 

significant potential for SARS-CoV-2 drug development. Several 

different classes of protease inhibitors will be discussed in this 

section including peptidomimetic covalent inhibitors, small 

molecule covalent inhibitors, and noncovalent inhibitors.  

4.1.1 Peptidomimetic Covalent 3CLpro Inhibitors 

The development of early peptidomimetic SARS-CoV-1 

3CLpro inhibitors has been reviewed previously.9,48,57 Structural 

evolution of 3CLpro inhibitors started with the design of covalent 

inhibitor 4 (Figure 3) with an α,β-unsaturated ester, Michael 

acceptor warhead.58,59 Inhibitor design also evolved to reversible 

inhibitors like the phthalhydrazido-methyl ketone warhead in 

inhibitor 5, and benzothiazolyl ketone-derived inhibitors 6 and 

7.25,60 Inhibitor 7 with a P3 indole methoxy group was synthesized 

and evaluated against SARS-CoV-2 3CLpro.61 Compound 7 is a 

tight binding reversible covalent inhibitor and showed a Ki value 

of 17.6 nM against SARS-CoV-2 3CLpro. The compound 

displayed an antiviral EC50 value of 4.2 µM in VeroE6 cell-based 

assay with RNA-qPCR. Its apparent cytotoxic CC50 value was 

>100 µM. Interestingly, inhibitor 7 when combined with remdesivir, 

an RdRp inhibitor, exerted synergistic activity against SARS-CoV-

2 and viral breakthrough did not occur. At 2 µM remdesivir and 2 

µM inhibitor 7 viral replication was suppressed by 0.67-fold and 

1.3-fold, respectively. When both compounds were combined, the 

suppression was 1.8-fold. At 10 µM remdesivir and 10 µM inhibitor 

7 results showed viral suppression to be 20-fold and 210-fold, 

respectively. However, when combined, that suppression was 

590,000-fold. At 20 µM remdesivir and 20 µM inhibitor 7 viral 

suppression was 1,600,000-fold.61  

The X-ray structure of SARS-CoV-2 3CLpro and inhibitor 7 

complex was determined and the structure gave molecular insight 

into the inhibitor-protease interactions. The active site inhibitor-

bound structure is shown in Figure 4. As can be seen, the sulfur 

atom of Cys145 forms a covalent bond with the carbonyl carbon 

next to the benzothiazole of compound 7, resulting in the 

formation of a tetrahedral intermediate. The hemiacetal alcohol 

forms one direct hydrogen bond and water-mediated hydrogen 

bond interactions around the oxyanion hole residues, Cys145 and 

Gly143. The P3 indole amide carbonyl 

 
Figure 3. Structure of SARS-CoV 3CLpro inhibitors 4-7. 

and amide NH form two hydrogen bonds linking the main 

chain carbonyl and the amide group of Glu166. The side chain 

oxygen of Gln-189 forms hydrogen bonds with P2 amide carbonyl 

and NH groups. The lactam carbonyl of inhibitor 7 forms a 

hydrogen bond with His163 side chain. The structure also shows 

several hydrophobic residues contribute to binding affinity via van 

der Waals interactions. The distal benzene ring of the 

benzothiazole is sandwiched by Leu27 and Met49 in the S2 sub-

pocket.61  

 

 

Figure 4. X-ray structure of SARS-CoV-2 3CLpro and inhibitor 7 complex 
(PDB: 7JKV) 
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Bisulfite derivative, GC-376 (8, Figure 5) has been shown to 

potently inhibit SARS-CoV-2 3CLpro.62,63 GC-373 (9) was initially 

developed to inhibit feline infectious peritonitis virus (FIVP), a fatal 

infection in cats caused by mutations of feline enteric coronavirus 

(FECV).53 GC-376 is the prodrug of aldehyde inhibitor GC-373, 

and it was shown to exhibit in vivo efficacy in treating certain forms 

of FIVP.53 With the outbreak of COVID-19, there has been much 

research into GC-373 and its derivatives. Vuong et. al. and others 

have shown that GC-373 inhibits SARS-CoV-2 3CLpro with a Ki 

value of 150 nM and antiviral activity of 700 nM.64,65 Structural 

modifications were carried out to further improve activity. 

Derivatives 10 and 11 were shown to inhibit SARS-CoV-2 3CLpro 

more potently, however, their antiviral activity was not reported.66 

 
Figure 5. Structure of SARS-CoV 3CLpro inhibitors 8-11. 

The X-ray structure of GC-376-bound SARS-CoV-2 3CLpro 

has been determined. As shown in Figure 6, the structure 

revealed that Cys145 forms a covalent bond with the aldehyde 

functionality and forms a hemithioacetal.65,66 The P1 lactam 

carbonyl forms a hydrogen bond with His163 and the lactam NH 

forms a hydrogen bond with the side chain carboxylic acid of 

Glu166. The P2 isobutyl group fits in the S2 pocket surrounding 

Arg40, His41, and Asp187.  

Repurposing of previously approved protease inhibitors for 

the treatment of COVID-19 has been conducted in many 

laboratories.7,8 This led to the identification of many drug 

candidates. However, there was wide variation in assay results. 

 

 

 
Figure 6. X-ray structure of SARS-CoV-2 3CLpro and GC-376 complex (PDB: 

6WTK) 

Among the most promising outcome is the identification of 

HCV NSP3 protease inhibitor drugs boceprevir 12 (Figure 7) and 

telaprevir 13.65,67 Both drugs are potent peptidyl inhibitors of HCV 

NSP3, which is a serine protease.68,69 Both compounds have 

been shown to inhibit SARS-CoV-2 Mpro from several labs.65,67 

However, inhibition data show wide variability. Like other 

peptidomimetic inhibitors of 3CLpro, these serine protease 

inhibitor drugs possess the same α-ketoamide warhead. Like the 

ketobenzothiazole warhead in compound 7, the ketoamide 

functionality forms a covalent bond with Cys145 in the active site. 

Boceprevir, 12, has inhibited SARS-CoV-2 3CLpro with an IC50 

range of 1.6 µM to 8 µM. In contrast, teleprevir showed weak 

inhibition with an IC50 value of 56 µM. Boceprevir antiviral activity 

EC50 value was determined to be 15.6 µM with remdesivir as a 

positive control and an EC50 value of 0.58 µM. Teleprevir showed 

marginal antiviral activity.65,67,70 Structurally, boceprevir 

possesses a P1β-cyclobutylalanyl group and teleprevir contains a 

norleucine moiety. Other key features include a P2 

dimethylcyclopropyl proline for boceprevir and a bicyclic 

cyclopentyl fused proline derivative for teleprevir. Both drugs 

contain a P3-tert-butyl glycine ligand.  

 

 

 

 

 

 
 

 

 

 

 

 

Figure 7. Structure of HCV NSP3 and SARS-CoV 3CLpro inhibitors, 
boceprevir (12) and telaprevir (13).  

The first X-ray crystal structure of SARS-CoV-2 3CLpro 

bound to boceprevir was determined by our group early in the 
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COVID-19 pandemic and was released via the PDB (6WNP).70 

The X-ray crystal structures of boceprevir and teleprevir bound 

to SARS-CoV-2 3CLpro were also determined by others.65,70 

Structural analysis of boceprevir-bound 3CLpro is shown in 

Figure 8. Cys145 forms a covalent bond with the ketoamide 

warhead and subsequently forms a thiohemiacetal moiety. The 

resulting hydroxyl group forms a hydrogen bond with the His41 

side chain and stabilizes the oxyanion hole. The P1 

cyclobutylmethyl group occupies the shallow S1 pocket. The 

backbone of His164 and Glu166 forms important hydrogen bonds 

with the main chain of boceprevir. The X-ray structure of 

boceprevir-bound and teleprevir-bound 3CLpro are being utilized 

for improving drug-like properties, structures and antiviral activity 

against SARS-CoV-2 3CLpro. These are highlighted in the 

following section.  

 
 

 

 

 

 

 

 

 

Figure 8. X-ray structure of the SARS-CoV-2 3CLpro-boceprevir (12) complex 
determined to 1.45 Å (PDB: 6WNP) 

Based upon boceprevir or telaprevir-bound X-ray structures, 

a number of bicycloproline derived inhibitors have been prepared 

and evaluated by Yang and collaborators.71 As shown in Figure 9, 

previously optimized, the P1 lactam was maintained as a fixed 

substituent in compound 14. The P2 proline derivative of 

boceprevir and the bicyclic telaprevir ligand have been introduced 

in combination with a small electrophilic aldehyde warhead. This 

P1 moiety is the active pharmacophore, which forms a covalent 

bond with Cys145. Unfortunately, the extremely reactive nature of 

the aldehyde raises some clinical safety concerns for these 

inhibitors. The 𝛾-lactam mimics the native P1 glutamine structure 

and fills the S1 subsite, and hydrophobic, medium sized 

subgroups were utilized in the P3 position to enhance the potency 

and pharmacokinetic properties.71 All compounds were tested for 

their biological activity against SARS-CoV-2 3CLpro in a FRET 

assay. IC50 values were found to be in the low nanomolar range 

(from 7.6 to 748 nM), for compounds 14-16.  

The crystal structure of 16-bound to SARS-CoV-2 3CLpro 

was determined. As shown in Figure 10, a covalent bond is 

formed between the aldehyde carbonyl carbon and the sulfur on 

Cys145. Two hydrogen bonds between the aldehyde carbonyl 

oxygen and the backbone amides of Cys145 and Gly143 can be 

observed. The bicycloproline extends into the S2 pocket where it 

forms hydrophobic interactions with the pocket residues. The P3 

portion interacts with the amide backbone of Glu166 and the 

extended conformation of ethyl-3,5-difluorobenzene side chain 

extends into the S4 subsite.  

Several compounds showed nanomolar or low micromolar 

EC50 values (range between 0.53 and 30.5 𝜇M).71 Interestingly, 

some compounds with high potency in the enzymatic assay 

exhibited only marginal activity in the antiviral assay. This was 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

Figure 9. Bicycloproline Inhibitors. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. X-ray Structure of 16 with 3CLpro (PDB 7D3I). 

 

proposed to be caused by low lipophilic properties of certain P3 

ligands, resulting in poor cell membrane permeability. This class 

of compounds displayed no cytotoxicity in any of the cell lines 

tested including, Vero E6, HPAEpiC, LO2, BEAS-2B, A549, and 

Huh7 cells. Preliminary pharmacokinetic property experiments 

were performed to determine which compounds would be good 

for in vivo antiviral studies. Compounds 14 and 15 showed oral 

bioavailabilities of 11.2% and 14.6%, respectively.71 In vivo tests 

were performed on mice in which both 14 and 15 were utilized, 

and it was found that the treatment group contained lower mean 

viral RNA loads in lung tissues than those of the control group. 

Recent investigations by Liu and co-workers into boceprevir 

based derivatives determined that a P4 N-terminal carbamate 
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improves activity and that an O-tert-butyl-threonine P3 ligand 

allows compounds to achieve higher cellular and antiviral 

activity.72 Other recent investigations into 𝛼-ketoamide warhead 

containing 3CLpro inhibitors have culminated in lead compounds 

with good activity and oral bioavailability against several SARS-

CoV-2 variants.73 

Based upon similar studies mentioned above, Xia and co-

workers reported peptidomimetic covalent inhibitors 17 and 18 

shown in Figure 11.74 Inhibitor 17 is a hybrid of GC-376 (8) and 

telaprevir and compound 18 is a hybrid of 8 and boceprevir. These 

inhibitors displayed potent enzymatic inhibition against SARS-

CoV-2 3CLpro as well as several other coronaviruses. In a FRET 

assay both inhibitors had similar potency to 8, although 18 was 

the more potent compound based on their in house designed Flip-

GFP Mpro assay.74 Antiviral activities were determined using 

immunofluorescence assay in VeroE6 and Caco2-ACE2 cell lines. 

Compound 18 showed an EC50 value of 0.37 µM in Vero E6 cells. 

Inhibitor 18 also had antiviral activity in Caco2-ACE2 cells with an 

EC50 of 1.06 µM compared to inhibitor 17 at 5.24 µM, and lead 

compound 8 at 2.9 µM. Both derivatives inhibited 3CLpro in other 

coronaviruses such as, SARS-CoV, MERS-CoV, HCoV-OC43, 

HCoV-NL63, and HCoV-229E in the FRET-based enzymatic 

assay. Inhibitor 17 had improved selectivity compared to the 

control compound against host cysteine proteases calpain I and 

cathepsin L.74 

Selectivity was tested for each compound against cathepsin 

L, calpain I, cathepsin K, caspase-3, and serine protease trypsin. 

It was found that 8 was a potent inhibitor of calpain I and cathepsin 

L. Inhibitors 17 and 18 displayed significantly reduced inhibition of 

the off-target enzyme.74 Lead compound 8 was also a potent 

inhibitor for cathepsin K, and while both designed inhibitors had 

 

 
Figure 11. Peptidomimetic covalent inhibitors 

 

Figure 12. Peptidomimetic Inhibitor 18 bound 3CLpro (PDB 7LYI). 

reduced inhibitory activity, they also were quite potent against the 

off-target enzyme. A crystal structure of inhibitor 18 bound SARS-

CoV-2 3CLpro determined the active site interactions, including 

formation of covalent bond with Cys145 is shown in Figure 12. 

Bai and co-workers reported a series of peptidomimetic 

SARS-CoV-2 3CLpro inhibitors with 𝛼 -acyloxymethylketone 

lactam as the glutamine mimetic.75 Representative inhibitors 19-

21 are shown in Figure 13. The design work stemmed from 

studies of Krantz and co-workers, who reported related work 

which involved design of inactivators of cysteine proteases like 

cathepsin B.76,77 In particular, this earlier work examined leaving 

groups at the α-position of an α-substituted methyl ketone. It was 

observed that the pKa of the leaving group correlated with the 

irreversible, covalent interaction. The choice of the α-leaving 

group is important as chloromethyl ketones are too reactive and 

cytotoxic.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 13. Peptidomimetic α-acyloxymethylketone Inhibitors 
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Fluoromethyl ketone is more selective, but it may also 

generate toxic metabolites.78,79 Krantz and co-workers previously 

utilized benzoate esters and a few aliphatic esters of 

hydroxymethyl ketones as inactivators of cysteine proteases. 

Results indicated 2,6-bistrifluoromethyl and 2,6-dichloro 

benzoates as potent irreversible inactivators.76,77 Based upon the 

results of diphenylphosphinyl, tretronoyl, and peptidyl esters, an 

α-acyloxy group was examined. This allows for pKa adjustments 

to balance the rapid irreversible adduct formation and excessive 

reactivity that sequester glutathione or cause cytotoxicity.  

Heteroaromatic rings were incorporated to allow more polar 

surfaces to increase solubility and reduce molecular planarity 

based upon previous studies. Steric hinderance around the ester 

was introduced to slow hydrolysis and increase stability. The P2 

4-methoxyindole and leucine were left unchanged throughout the 

SAR study.75 The six-membered lactam was also explored 

compared to the standard 5-membered lactam for further 

investigation in the S1 pocket. This was found to not have a 

significant effect on inhibitory activity. Variation of the ester moiety 

to contain an electron-withdrawing group was also explored in 

order to reduce the pKa of the corresponding acid leaving group. 

This phenomenon was exemplified with inhibitor 19, which 

displayed an enzyme IC50 value of 86 nM.75 Inhibitor 20 displayed 

very potent enzyme inhibitory activity with IC50 value of 1 nM. 

Substituted pyridinyl derivatives such as in compound 21 were 

less potent than pyridine alone, but more potent than 8.  

Antiviral activity was observed at low micromolar range, 

including compounds 20 and 21 and no toxicity was observed up 

to 200 𝜇M. Inhibitor 19 had good potency and plasma stability.75 

These compounds show antiviral activity against other 

coronavirus strains. The X-ray crystal structure of the inhibitor 21-

bound to SARS-CoV-2 3CLpro was determined. As shown in 

Figure 14, Cys145 formed a covalent linkage with the inhibitor and 

ester carbonyl turned into a thioether functionality. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 14. Peptidomimetic Inhibitor 21 bound 3CLpro PDB 7MBI 

Hoffman and co-workers also investigated peptidomimetic 

covalent inhibitors with hydroxymethyl ketone and derivatives as 

warheads.80 This class of compounds were initially developed 

during the first SARS outbreak in 2003. Following the COVID-19 

outbreak, investigators examined hydroxymethyl ketone 22 

(Figure 15) and its derivatives as potential therapeutics for 

COVID-19 treatment. The antiviral activity of compound 22 was 

evaluated against a panel of human viruses. Compound 22 does 

not inhibit human rhinovirus strains HRv-14 and HRv-16, HIV-1, 

HCMV in cell culture. Also, it does not inhibit HCV replication. The 

X-ray structural studies of 22-bound to the 3CLpro of SARS-CoV-

1 and CoV-2 were determined. The ligand binding sites are nearly 

identical. Also, as expected, the hydroxymethyl ketone carbonyl 

carbon formed a covalent bond to the 3CLpro active site Cys145 

and generated a tetrahedral carbinol complex as shown in Figure 

16. Compound 22 was tested for its SARS-CoV-2 3CLpro and 

antiviral activity. It was found that 22 has acceptable solubility, 

stability in plasma, and low in vitro and in vivo clearances suitable 

for further development. 

The discovery of compound 22 paved the way for the 

development of nirmatrelvir 2 as the first SARS-CoV-2 3CLpro 

inhibitor drug for the treatment of COVID-19. Rat oral 

bioavailability of compound 22 was limited (F=1.4%). To improve 

oral absorption, other warheads were designed to reduce the 

hydrogen bonding ability of the α-hydroxymethyl ketone warhead 

in 22. Introduction of nitrile functionality resulted in compound 23 

with good enzyme activity, and an improvement in oral 

bioavailability (F=7.8%), however, antiviral activity was reduced 

compared to 22. Incorporation of a boceprevir P2 ligand, 6,6-

dimethyl-3-azabicyclo[3.1.0] hexane in place of P2 leucine and  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 15. SARS-CoV-2 3CLpro Inhibitor 22-24 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 16. X-ray structure of 22-bound 3CLpro 
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benzothiazol-2-yl ketone as the warhead resulted in compound 

24, which showed reduction of both enzyme and antiviral activity. 

Replacement of the methoxyindole P3 ligand with a (S)-val-

sulfonamide derivative resulted in compound 25 (Figure 17) with 

improved activity and slight improvement in oral bioavailability 

(F=10%). Inhibitor 26 resulted from varying the sulfonamide P3-

capping group with a trifluoroacetamide group. This compound 

exhibited comparable enzymatic inhibitory activity to 25; however, 

its antiviral activity in VeroE6 cells improved nearly 10-fold. 

Furthermore, this replacement resulted in a significant 

improvement in the oral bioavailability in rats (10 mpk, F=33%). 

Introduction of a P1' nitrile and replacement of the (S)-val with a 

(S)-tert-leucine provided compound 2 with further improvement in 

activity as well as oral bioavailability in rats (10 mpk, F=50%). This 

compound became known as PF-07321332 (2). It exhibited low 

oral bioavailability in monkeys (10 mpk, F=8.5%) due to first-pass 

metabolism along the gastrointestinal tract by cytochrome P450 

(CYP) enzymes. Subsequent experiments involving co-

administration with CYP34A inactivator, ritonavir (RTU) 

significantly improved the plasma concentration of PF-

07321332.47 

 

 
              Figure 17. Development of nirmatrelvir 2 (PF-07321332) 

The X-ray co-crystal structure of inhibitor 2 with SARS-CoV-

2 3CLpro was determined. As shown in Figure 18, the P1’ nitrile 

functionality of compound 2 forms a reversible covalent 

thioimidate adduct with the catalytic Cys145. The P1 lactam 

carbonyl forms a hydrogen bond with His163 and the lactam NH 

forms a hydrogen bond with the side chain carboxylic acid of 

Glu166 similar to other structures. A recent report by Kovalevsky 

and co-workers extensively explored the active site interactions of 

three in house compounds and inhibitor 2.81 Interestingly, it was 

reported that the active site of Mpro can, and does, undergo a 

significant amount of distortion to accommodate bulkier 

substituents, particularly in the S4 and S5 subsites. Nitrile 

warhead compounds, including 2, were examined utilizing room 

temperature X-ray crystallography. Results displayed the 

presence of the thioimidate adduct formation with Cys145 and 

subsequent N insertion into the oxyanion hole. Other important 

interactions are the unconventional interactions with the CF3 

group. The small electronegative CF3 is capable of forming 

favorable F…O interactions, as shown in this study, or F…N 

interactions, as reported in another study82, with the protease. 

These types of unconventional interactions have shown to be of 

significant importance in inhibitor activity, metabolic stability, and 

pharmacokinetics. 

  This oral SARS-CoV-2 3CLpro inhibitor (Figure 17, inhibitor 

2) and its entrance into clinical trials were unveiled by Pfizer in 

April 2021.83 As such, it is the first orally administered compound 

to enter clinical trials that targets the main protease of SARS-CoV-

2.  It can be taken orally as a pill or capsule, allowing for the 

freedom to be given outside of hospitals.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 18. PF-07321332 bound 3CLpro (PDB 7VH8) 

Interestingly, the first 7 mg of the compound were synthesized in 

late July 2020.83 A massive scale up effort was undertaken and 

by late October 100 g of the compound was synthesized, and two 

weeks later the chemists were able to scale up the synthesis to 

even more than 1 kg.83  

According to phase II and III clinical trial data, inhibitor 2 or 

nirmatrelvir, is extremely effective in reducing the risk of COVID-

19 related hospitalization and death. Nirmatrelvir is marketed and 

sold under the name paxlovid, which is a combination of 

nirmatrelvir and ritonavir. As nirmatrelvir is metabolized by 

CYP3A4, ritonavir is necessary as a pharmacokinetic booster to 

increase the oral bioavailability of nirmatrelvir.84 In a randomized 

clinical trial with 1:1 paxlovid:placebo received orally every 12 

hours for five days, it was found that those receiving paxlovid had 

significantly reduced hospital admissions and deaths among 

those affected by COVID-19.85 It was found that among 

participants who received treatment within three days of 

beginning COVID-19 symptoms, the risk of hospitalization or 

death was 89% lower than that for the placebo group.85,86 Phase 

II/III clinical trials for administration of paxlovid in pediatric patients 

between the ages of 6 and 12 who test positive for COVID-19 and 

are at risk for severe disease began in March of 2022.87 

 A recent report by Pfizer researchers and collaborators 

reports the activity of nirmatrelvir against several SARS-CoV-2 

variants of concern and variants of interest.88 Nirmatrelvir results 

are compared to the FDA approved remdesivir as the control. 
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Table 1: Pfizer nirmatrelvir variant antiviral activity studies 

Variant Drug EC50 (nM) 

USA-WA1 
Remdesivir 15.4 

Nirmatrelvir 32.2 

𝛼 
Remdesivir 7.0 

Nirmatrelvir 41.0 

𝛽 
Remdesivir 14.8 

Nirmatrelvir 127.2 

𝛾 
Remdesivir 3.9 

Nirmatrelvir 24.9 

𝜆 
Remdesivir 3.3 

Nirmatrelvir 21.2 

𝛿 
Remdesivir 1.9 

Nirmatrelvir 15.9 

𝜇 
Remdesivir 5.8 

Nirmatrelvir 25.7 

𝜊 
Remdesivir 3.2 

Nirmatrelvir 16.2 

 

Results in Table 1 indicate that nirmatrelvir does in fact 

potently inhibit the many variants. EUA was granted to Pfizer for 

paxlovid on December 22, 2021 for the treatment of mild-to-

moderate COVID-19 in adults and pediatric patients 12 years of 

age or older weighing at least 40 kg who have tested positive for 

COVID-19 and who are at high risk for progression to severe 

disease including hospitalization or death. A recent study by Pan 

and co-workers reported the treatment of omicron infected calu-3 

cells with varying doses of nirmatrelvir and observed potent 

inhibition of viral RNA.86 Calculated IC50 values against the wild 

type variant and omicron variant were reportedly 0.176 𝜇M and 

0.0246 𝜇M, respectively.86  

4.1.2 Small Molecule Covalent SARS-CoV-2 3CLpro 

Inhibitors 

Indole-5-chloropyridinyl esters were designed and synthesized to 

inhibit SARS-CoV-1 3CLpro.61,89 Several derivatives have been 

shown to potently inhibit the 3CLpro enzyme by formation of a 

covalent bond with the catalytic Cys145 residue in the active site. 

Ghosh and co-workers further investigated the potential of this 

class of compounds as SARS-CoV-2 3CLpro inhibitors with the 

outbreak of COVID-19.89,90  A number of compounds with varying 

substituents and functionalities have been synthesized and 

evaluated. Structure-activity studies show that the position of the 

carboxylic acid on the indole ring is important for activity. Selected 

representative derivatives 27-31 are shown in Figure 19. Among 

them, inhibitor 27 displayed a SARS-CoV-2 3CLpro inhibitory IC50 

value of 250 nM. The compound also exhibited potent antiviral 

activity with an EC50 value of 2.8 µM in VeroE6 cells. Remdesivir, 

an RdRp inhibitor, showed an antiviral EC50 value of 1.2 µM in the 

same assay. Furthermore, compound 27 and remdesivir exhibited 

comparable antiviral activity in immunocytochemistry assays.61   

The X-ray structures of compound 27-bound to SARS-CoV 

3CLpro and SARS-CoV-2 3CLpro were determined. Both 

structures revealed that catalytic Cys145 formed a covalent bond 

with the indole ester carbonyl group of compound 27. The X-ray 

crystal structure of 27-bound to SARS-CoV-2 3CLpro is shown in 

Figure 20. Interestingly, the indole ring forms π-π stacking 

interactions with the imidazole ring of the His41.  

 

  

 

 

 

 

 

 

 

 

 

Figure 19. 5-chloropyridinyl ester SARS-CoV-2 covalent inhibitors 

 

 

 

 

 

 

 

 

 

 
 

Figure 20. Indole chloropyridinyl ester 27 (magenta) bound SARS-CoV-2 

3CLpro (PDB 7RBZ). 

Methyl substitution on the indole ring was also investigated 

to lock the bioactive conformation of the pyridyl ester. 

Incorporation of the methyl at position 3 resulted in significantly 

reduced enzyme and antiviral activity. However, incorporation of 

the methyl at position 6 resulted in compound 28. This compound 

exhibited comparable 3CLpro inhibitory and antiviral activity to 

compound 27. An inhibitor with the methyl at the 5 position of the 

indole displayed no antiviral activity. Varying the position of the 

chloropyridinyl ring to the 2 or 5 position of the indole led to a 

reduction in activity (compounds 29 and 30) compared to 27. The 

original study displayed this loss directly for the 5-indole 

chloropyridinyl ester, but inhibitor 29 was noted to be even less 

potent. This further loss of activity may be attributed to the large 

sulfonamide, which could cause unfavorable steric interactions in 

the active site. Substitution of the chloropyridinyl ester at the 4 

position of the indole ring also showed a reduction in enzyme 

inhibition and a decrease in antiviral activity.  

Substitutions on the indole ring and the chloropyridine ring 

were also examined. Addition of a 3-nitro sulfonamide on the 
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indole nitrogen led to compound 29, which showed improved 

enzyme inhibitory activity but a decrease in antiviral activity  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 21. Inhibitor 29 (green) bound SARS-CoV- 3CLpro (PDB 7RC1). 

compared to 27. However, addition of an N-allyl substituent at this 

position led to potent derivative 31 with a 3CLpro inhibitory IC50 of 

73 nM. Although, antiviral EC50 was reduced to 15 𝜇M. An X-ray 

crystal structure of sulfonamide 29 bound to SARS-CoV-2 3CLpro 

was determined and the structure is shown in Figure 21. 

Confirmation of the covalent nature can be observed in the 

thioester formation between Cys145 and the carbonyl of the 

inhibitor. Another important interaction is shown in the π-π 

stacking of the inhibitor indole ring with the imidazole ring of 

His41.89 Subsequent studies in other laboratories have expanded 

upon these studies utilizing compound 27 as a lead. Pillaiyar and 

co-workers investigated a series of small molecule thioesters, and 

Müller’s group used an in house protocol to identify lead 

compounds and performed a small subsequent optimization 

study.91,92 

The design and synthesis of a series of 5-chloropyridinyl 

esters of common nonsteroidal anti-inflammatory agents (NSAID) 

has been investigated by Ghosh and co-workers.90 The 

chloropyridinyl esters of salicylic acid, ibuprofen, indomethacin, 

and related aromatic carboxylic acids exhibited potent moderate 

nanomolar enzyme inhibitory activity. As highlighted in Figure 22, 

acetoxysalicylic acid derivative (aspirin-derived) 32 showed 

SARS-CoV-2 3CLpro inhibitory activity of 360 nM. Antiviral 

activity was determined using a quantitative VeroE6 cell-based 

assay with RNA-qPCR as described recently.61,93 However, these 

compounds did not show appreciable antiviral activity. Salicylic 

acid and methyl substituted derivatives were prepared and 

evaluated. Methyl group substitution on the aromatic ring resulted 

in the synthesis of monomeric, dimeric, and trimeric ester 

derivatives. Monomeric derivatives 33-35 showed moderate 

nanomolar 3CLpro inhibitory activity; however, only the 5-methyl 

derivative 35 showed antiviral activity (EC50 value 46 µM). 

Representative dimeric compound 36 showed slightly higher 

3CLpro inhibitory activity. These compounds did not show 

cytotoxicity up to 100 µM.  

Racemic ibuprofen derivative 37 showed moderate enzyme 

inhibition and essentially no antiviral activity. (R)-Naproxen-

derived ester 38 exhibited significantly better 3CLpro inhibitory 

activity (IC50 of 160 nM) over (S)-naproxen-derived 39. However, 

both compounds did not show much antiviral activity. The mode 

of inhibition presumably involves the formation of a covalent bond 

with catalytic Cys145 and the ester carbonyl carbon in the active 

site. An active model of more potent (R)-naproxen derivative 38-

bound 3CL protease has been presented. The model in Figure 23 

shows formation of a covalent bond with  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 22. NSAID derived SARS-CoV-2 3CLpro inhibitors. 

Cys145 and a strong hydrogen bond with Gln189. Also, 

His41 forms a nice π-π stacking interaction with the napthyl ring 

of (R)-naproxen and similar π-π stacking interactions to those 

observed in other X-ray crystallographic studies of indole-derived 

active ester derivatives as shown above.  
 

 

 

 

 

 

Figure 23. An active site model of inhibitor 38 (violet) with SARS-CoV-2 

3CLprotease. (PDB 7RBZ). 

Zhang and collaborators reported a series of SARS-CoV-2 

3CLpro inhibitors that incorporated pyrogallol warheads.94 Initial 

screening of flavonoid natural products led to the discovery that 

myricetin 40 and dihydromyricetin 41, shown in Figure 24, 

exhibited potent 3CLpro inhibitory activity (>90% inhibition).94 The 
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X-ray structure of myricetin-bound SARS-CoV-2 3CLpro was 

determined. As depicted in Figure 25, structural analysis revealed 

that myricetin forms a covalent bond with Cys145. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 24. Pyrogallol 3CLpro Inhibitors 40-43. 

Based on these results, investigators synthesized several 

other derivatives by O-alkylation of 7-OH group. Introduction of 

methyl, ethyl, isoamyl, and cyclopentylmethyl groups were 

examined to make interactions in the sub-pocket of 3CLpro. It 

turned out that the methyl ether derivatives improved 3CLpro 

activity of myricetin and dihydromyricetin derivatives 42 and 43. 

Interestingly, other larger alkyl groups decreased potency. The 

dihydromyricetin derivative 43 was found to have good activity. 

PK profiling of 43 showed 18% oral bioavailability in rats and a 

favorable plasma duration of 1.89 h, which indicated the 

possibility of further development as an oral drug.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 25. Myricetin 40 (green) bound SARS-CoV-2 3CLpro (P DB 7DPP) 

Yarovaya and co-workers reported the design, synthesis, and 

evaluation of a series of bispidine based SARS-CoV-2 3CLpro 

inhibitors.95 All derivatives were examined against SARS-CoV-2 

3CLpro. Many compounds were found to have inhibitory activity 

ranging from 1-10 𝜇 M, and several compounds exhibited 

submicromolar activity. Unsubstituted bispidinone, 44 in Figure 26, 

exhibited an IC50 of 2.6 µM. Other substituted bispidine 

derivatives, including amide derivatives 45 and derivatives 

without a carbonyl at C9 (46) were prepared and evaluated. In 

general, amide derivatives 45a-c were active; however, 

derivatives 46 without the C-9 ketone carbonyl were mostly 

inactive. Bis-amide derivatives 45a and 45b in Figure 27 

displayed a 3CLpro IC50 value of 1.4 µM. Inhibitor 45c, containing 

the dihydrobenzo indazole, exhibited the best activity. Also, N-

alkyl derivatives 47a and 47b displayed low micromolar inhibitory 

activity. In general, compounds with the scaffold of inhibitors 47 

showed promising results with many of them in the low 

micromolar range. All compounds were also tested for their 

cytotoxicity in HEK293T cells and were found to be nontoxic.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 26. Bis-pidinone-derived 3CLpro inhibitors 44-47. 

The mechanism of action was speculated to involve the formation 

of a covalent bond with Cys145 via the carbonyl at C9.95 ADMET 

analysis was performed on these compounds, and of those that 

displayed good drug-like properties. Compound 47a also 

displayed good in vitro activity.95 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 27. Potent bispidinone-derived inhibitors 45a-c and 46a-b. 
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4.1.3 Noncovalent Reversible Inhibitors 

In 2013, Jacobs and co-workers discovered a novel class of 

non-covalent SARS-CoV-1 3CLpro inhibitors following a 

screening of NIH molecular libraries. As shown in Figure 28, an 

initial hit provided lead compound 48 as an inhibitor of both SARS-

CoV-1 3CLpro and PLpro enzymes.96 Subsequent synthesis of 

derivatives and SAR exploration led to the identification of active 

racemic compound 49 and the stereochemically defined, more 

active isomer 50. This R-isomer showed a 3CLpro IC50 value of 

1.5 µM, and it is more potent than the S-isomer (IC50 28 µM). The 

X-ray structure of compound 50-bound SARS-CoV-1 3CLpro was 

determined and the structure provided detailed molecular 

interactions in the SARS-CoV-1 3CLpro active site. Detailed 

structural analysis revealed that compound 49 inhibits 3CLpro 

enzyme without forming a covalent bond with catalytic Cys145. 

Compound 50 fills in the S3-S1' subpockets of SARS-CoV-1 

3CLpro. This discovery triggered further search of potent 

compounds through the synthesis of novel derivatives and this 

has been reviewed recently. With the outbreak of SARS-CoV-2, 

many laboratories further explored the potential of these lead 

structures by synthesizing other structural variants.  

Kitamura and collaborators examined a series of derivatives as 

potential SARS-CoV-2 3CLpro inhibitors.97 Representative 

compounds 51-53 in Figure 29 showed SARS-CoV-2 3CLpro 

inhibitory activity, with inhibitors 51 and 52 showing 

submicromolar activity. Compound 51 showed a SARS-CoV-2 

3CLpro Ki value of 0.2 µM. It was tested against SARS-CoV-2 in 

VeroE6 cells using the immunofluorescence assay, and it was 

found to have an EC50 of 1.27 𝜇M.97 This compound did not show 

any activity against SARS-CoV-2 PLpro. Also, compound 51 did 

not exhibit any cytotoxicity against VeroE6 cells up to 100 𝜇M.97 

Compound 52 with a biphenyl group as the P2 ligand, 

benzylmethyl as the P3 ligand, and imidazole as the P1’ ligand  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

Figure 28. Noncovalent SARS-CoV-2 3CLpro Inhibitors 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 29. Noncovalent Inhibitors 51–53. 

showed a 3CLpro inhibitory activity of 0.67 𝜇M. In general it was 

found that the biphenyl P2 ligand and the benzyl methyl P3 were 

the most active substitutions. An X-ray crystal structure of 51 

bound to SARS-CoV-2 3CLpro was determined. As shown in 

Figure 30, there is no covalent interaction with Cys145, as was 

previously shown with the 50-bound SARS-CoV-1 3CLpro 

structure.  
 

 

 

 

 

 

Figure 30. Noncovalent Inhibitor 51 (magenta) bound 3CLpro (PDB 7KX5). 

Ma and co-workers have reported the synthesis of Ugi-

derivatives with a P1'- dichloroacetamide, dibromoacetamide, 

tribromoacetamide, 2-bromo-2,2-dichloroacetamide, and 2-

chloro-2,2-dibromoacetamide functionalities.98 As highlighted in 

Figure 31, compounds 54 and 55 were found to be the most 

potent with SARS-CoV-2 3CLpro IC50 values of 0.43 𝜇M and 0.08 
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𝜇 M, respectively. Compound 55 showed antiviral activity in 

VeroE6 and Caco2-hACE2 cells with EC50 values in the low 

micromolar range. The compound also displayed good selectivity 

(greater than 20 𝜇M) against calpain I, cathepsin B, cathepsin K, 

caspase-3 and trypsin.98 Structural analysis showed that the 

chloroacetamide or bromoacetamide warheads form a covalent 

linkage with Cys145 and the rest of the molecule interacts similar 

to other noncovalent inhibitors described previously. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 31. Dichloroacetamide and tribromoacetamide 3CLpro Inhibitors 

Jorgensen and collaborators reported an interesting series 

of potent noncovalent and nonpeptidic inhibitors.99 The 

investigators carried out virtual screenings of 2,000 known, 

approved drugs, and found 14 hits as inhibitors of SARS-CoV-2 

3CLpro.99 As shown in Figure 32, perampanel (56) was chosen 

as a lead compound. Further design and optimization based upon 

docking studies of compound 56 with 3CLpro were carried out. As 

highlighted, several potent derivatives, such as 57-59, were 

identified. Propoxy derivative 57 showed an enzyme IC50 value of 

140 nM and an antiviral activity of 2.5 µM. Benzyloxy derivative 

58 also showed potent 3CLpro inhibitory activity with an IC50 value 

of 128 nM. Compound 59 exhibited the most potent activity with 

an IC50 value of 18 nM. However, this compound did not show 

antiviral activity.  

A crystal structure with synthesized derivative 57 with 

3CLpro was determined. As shown in Figure 33, catalytic Cys145 

does not make any covalent bond with the inhibitor. The side 

pyridine nitrogen forms a hydrogen bond with His163 in the active 

site. The pyridine carbonyl group forms a hydrogen bond with the 

backbone NH of Glu166. A hydrogen bonding interaction between 

the nitrile and amide nitrogen of Gly143 can also be observed. 

Further structural modifications are highlighted in Figure 34. 

Monofluoro derivative 60 was also found to be very potent. Overall 

results showed that this series of inhibitors are quite potent and 

show promise for further development. Inhibitors 61 and 62 also 

exhibited good activity. Inhibitor 59 shows synergistic effects with 

the FDA approved polymerase inhibitor remdesivir.99 Inhibitor 62 

turned out to be the most potent with an EC50 value of 1.1 𝜇M.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

Figure 32. Noncovalent Perampanel Derived Inhibitors 56-59. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 33. Inhibitor 57 (green) bound 3CLpro (PDB 7L11) 

 

 

 

10.1002/cmdc.202200440

A
cc

ep
te

d 
M

an
us

cr
ip

t

ChemMedChem

This article is protected by copyright. All rights reserved.



REVIEW       

17 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 34. Perampanel Derived Inhibitors 60-62. 

Stauffer and collaborators reported a series of noncovalent 

SARS-CoV-2 3CLpro inhibitors.100 Lead compound ML300 (63) 

was a MLPCN probe compound that was chosen for optimization 

studies. ML300 was initially developed in the wake of the SARS-

CoV-1 outbreak, and was chosen as the lead compound based 

on several factors including the need for further optimization to 

improve ADME properties like metabolic stability.96 A crystal 

structure with 63 (Figure 35) bound SARS-CoV-2 3CLpro was 

obtained depicting key interactions in the enzyme-inhibitor 

complex shown in Figure 36. Several key hydrogen bonding 

interactions are observed. The benzotriazole nitrogen forms a 

hydrogen bond with the side chain of His163. The amide carbonyl 

of 63 forms a hydrogen bonding interaction with the backbone 

nitrogen of Glu166, and the terminal amide associated with the 

cyclopropane forms a hydrogen bond with the alcohol of Ser46. 

The benzotriazole and Cys145 are involved in an interesting 

interaction with a slightly longer hydrogen bond.100 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 35. Noncovalent 3CLpro Inhibitors 63-66 

Lead optimization efforts of ML300 originally led to inhibitor 

64 with an IC50 of 0.95 µM against SARS-CoV-2 3CLpro, which 

was comparable to that of SARS-CoV-1 3CLpro. Several sub 

sites were varied, as shown in the lead compound. Imidazole 

derivative 65 exhibited very good nanomolar potency. N-

methylated derivatives of either pyrazole or imidazole inhibitors 

lost considerable potency, likely due to the loss of a hydrogen 

bond donor. The replacement of the thiophene moiety on 65 with 

a 3-chlorophenyl group resulted compound 66, exhibiting an IC50 

of 0.27 µM.  

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 36. Inhibitor 63 bound 3CLpro PDB 7LME 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 37. Noncovalent Inhibitors 67 – 70. 

Further optimization keeping the benzotriazole and the 3-

chlorophenyl as fixed ligands led to potent compounds 67-70 

shown in Figure 37. Antiviral activities of the most promising 

compounds were tested in VeroE6 cells using the cytopathic 

effect inhibition and in a plaque reduction assay.100 Lead 

compound ML300 showed an EC50 of 19.9 µM in the live virus 

cytopathic effect (CPE) assay, whereas derivative 66 had an 

improved EC50 value of 1.7 µM in the CPE assay. It was observed 

that derivatives that substituted the thienyl moiety for 3-

chlorophenyl displayed much better antiviral activity. Compound 

70 displayed submicromolar activity in both assays and had a 

good selectivity index.  

Unoh and co-workers reported a novel series of 

noncovalent SARS-CoV-2 3CLpro inhibitors, one of which is  
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undergoing clinical trials in Japan.101,102 A structure-based virtual 

screening was utilized to identify lead compounds from their in-

house compound library. One of the lead compounds, 71 (Figure 

38), showed a SARS-CoV-2 3CLpro IC50 value of 8.6 µM.101 The 

X-ray structure of compound 71-bound SARS-CoV-2 3CLpro was 

determined. Subsequent structure-based optimization led to 

potent derivatives, one of these potent compounds was 72 (S-

217622), which was selected for clinical development.  

  

 
Figure 38. SARS-CoV-2 3CLpro noncovalent inhibitors 71 and 72  

Inhibitor 72 exhibited potent in vitro activity against all tested 

SARS-CoV-2 variants including 𝛼, 𝛽, 𝛾, 𝛿, and 𝜊 strains. Inhibitor 

72 also showed no inhibition of host cell proteases including 

caspase-2, chymotrypsin, cathepsin B, cathepsin D, cathepsin G, 

cathepsin L and thrombin.101 In vivo efficacy was also tested with 

SARS-CoV-2 infected mice, yielding favorable results. Treatment 

groups displayed considerably lower viral loads than non-

treatment groups.101 These favorable results have allowed this 

orally active drug to progress to clinical trials in Japan, where it 

has completed Phase IIa.102 The efficacy and safety of a once 

daily dose over 5 days were evaluated, and showed a decrease 

in viral loads of 60-80% compared to the placebo group.102 Since 

then, approval for manufacture and sales in Japan were filed and 

an NIH funded global Phase III clinical trial has been announced. 

This clinical candidate does not require co-administration of 

another drug and can be given once daily.102 

The X-ray co-crystal structure of 72-bound 3CLpro was 

determined. As shown in Figure 39, the 1-methyl-1H-1,24-triazole 

moiety occupies the S1 pocket and forms a hydrogen bond with 

the side chain NH of His163. The 2,4,5 trifluorobenzyl group fits 

in the S2 site and is involved in π-π stacking interactions with the 

imidazole side chain of His41. The P1’ ligand 6-chloro-2-methyl-

2H-indazole forms a hydrogen bond with the backbone NH of 

Thr26. It also shows hydrophobic contacts with Met49.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 39. Inhibitor 72-bound 3CLpro (PDB code: 7VU6). 

4.2 PLpro Inhibitors  

SARS-CoV-2 PLpro is also an important drug design target 

since it plays a critical role in the coronavirus replication 

cycle.10,103 In particular, PLpro is involved in processing and 

maturation of viral polyproteins, assembly of the replicase-

transcriptase complex, and disruption of host immune 

response.104,105 The X-ray crystallographic studies of SARS-CoV-

1 PLpro, noncovalent inhibitor design, and a number of inhibitor-

bound SARS-CoV-1 PLpro were previously reported and 

reviewed.9,106,107 Recently, X-ray structural studies of GRL-0617-

bound SARS-CoV-2 PLpro have been reported.108,109,110 Osipiuk 

and co-workers reported a high resolution X-ray structure of 

inhibitor 73 (GRL-0617)-bound SARS-CoV-2 PLpro.108 As can be 

seen in the co-crystal structure in Figure 40, the benzamide 

moiety forms hydrogen-bonding interactions with the main chain 

nitrogen of Gln270 and side chain of Asp165. Replacing this 

moiety with a benzylamine or benzyl sulfonamide isostere led to 

a significant reduction in potency and this portion was conserved 

in subsequent optimization studies.108,111 Subsequently, they 

designed a number of inhibitors (74-76) highlighted in Figure 41. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 40. Inhibitor 73-bound PLpro PDB 3E9S 
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Figure 41. PLpro Inhibitors 74-76. 

All compounds have shown comparable SARS-CoV-2 PLpro 

activity and a few of them displayed antiviral acitivity, but are less 

potent than compound 73. An investigation by Shan et al. 

expanded upon the naphthyl derivatives.112 Two of their most 

potent compounds were found to have low micromolar activity in 

their novel assay. 

Shen and co-workers reported a series of SARS-CoV-2 

PLpro inhibitors via high-throughput screening.111 They utilized 

the naphthalenyl benzamide core structure of 73 as reported 

previously.106 As highlighted in Figure 42, naphthalenyl derivative 

77 is less potent than inhibitor 73, and as such it was noted that 

any variation in the benzylmethyl led to a loss in activity.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 42. PLpro Inhibitors 77 and 78. 

Replacement of the naphthalene of 77 was then investigated. This 

was done in an attempt to improve metabolic stability. Fused 

heteroaryls such as benzothiophene, indole, and carbazole with 

differing linkages were investigated. Unfortunately, most 

modifications led to a loss in activity. The 3- benzothiphene and 

carabazole based analogues had reasonable potency. The biaryl 

derivatives such as 2-phenylthiphene and 3-phenylthiophene, 

however, showed a slight improvement in potency in compound 

78.  

Further modifications are shown in Figure 43. Modification 

of the aryl amine to an azetidine ring resulted in a dramatic 

increase in potency due to enabling the electrostatic interactions 

with Glu167. Two of their most potent inhibitors, 78 and 79, were 

tested for their efficacy and bioavailability in human lung epithelial 

A549 cells. Inhibitor 81 was not effective in preliminary antiviral 

studies compared to the other two inhibitors, although it had a 

high binding affinity and low dissociation rate. Both 78 and 79 

displayed more cytotoxicity than 77 at 100 µM and no cytotoxicity 

up to 30 µM.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 43. PLpro Inhibitors 72 – 74. 

5. RdRp Polymerase Inhibitors 

RdRp is a nonstructural protein responsible for synthesizing viral 

RNA, which is then transcribed into viral proteins. Inhibition of this 

essential enzyme prevents protein synthesis, a vital step in the 

viral life cycle. This is also the only protein that is mostly 

conserved among RNA viruses, making it an attractive target for 

broad-spectrum antivirals.113  

5.1 RdRp Nucleoside Inhibitors 

Nucleoside inhibitors mimic substrates for the viral RdRp and lead 

to either chain termination or lethal mutagenesis. Unfortunately, 

nucleoside derivatives, particularly those that cause chain 

termination, can be less effective against coronaviruses. 

Coronaviruses contain an exonucleolytic proofreading 

mechanism that can remove misincorporated nucleotides.114 

Therefore, these drug therapies need to be effective at 

circumventing the natural proofreading ability of RdRp. 

Remdesivir (1, Figures 2 and 44) is an antiviral nucleotide 

phosphoramidate prodrug initially developed for treatment of 

Hepatitis C and later utilized as a therapy for Ebola and Marburg 

viral infections.115 Remdesivir triphosphate is the active form of 

the drug and a natural drug metabolite that competes with the 

native adenosine triphosphate for chain inclusion.115,116 Inclusion 

of remdesivir into the RNA chain prevents further RNA synthesis 

and leads to chain termination. This termination has been shown 
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to be the result of a translocation barrier, which causes the 

coronavirus RdRp to stall after the addition of three nucleotides 

after incorporation of remdesivir.117,118 This is expected to occur 

due to the C1 nitrile in remdesivir, as it has been shown to be 

crucial for antiviral potency in the Ebola virus.117 Molecular 

modeling has also shown a steric clash between the nitrile of 

remdesivir and side chain of Ser861 in the Nsp12 subunit of 

RdRp.117 To combat this, viral proofreading can occur, which 

renders remdesivir less efficient. Figure 45 illustrates remdesivir 

and SARS-CoV-2-RdRp active site interactions based upon X-ray 

structural studies.118 

Several studies have been done to show remdesivir 

efficacy; however mixed results have been observed. Clinical 

trials with remdesivir have been performed to determine its effect 

on patients with moderate COVID-19 versus standard of care, as 

well as the effect of a 5 day remdesivir treatment compared to 10 

day treatment regimen.119,120 In the randomized, open-labeled trial 

of hospitalized patients with confirmed COVID-19 pneumonia 

across 105 hospitals in the US, Europe, and Asia it was found that 

these patients with moderate COVID-19 no statistical significance 

was observed for those that were treated with remdesivir for 10 

days. However, a statistically significant difference was observed 

for those that received a 5-day treatment of remdesivir compared 

to standard of care treatment. This difference was of uncertain 

clinical importance though.119 In another randomized, open-label 

phase III clinical trial involving hospitalized patients with 

confirmed severe COVID-19 it was found that there was no 

significant difference between a 5-day and 10-day treatment 

regimen of remdesivir. A large, double-blind, randomized, 

placebo-controlled clinical trial of remdesivir treatment of COVID-

19 was published on November 5, 2020.36 This was one of the 

larger studies and included patients of varying levels of COVID-

19 infection. It was observed that those that received treatment 

with remdesivir had a median recovery time of 10 days as 

opposed to 15 days in the placebo control group.36 Patients who 

received remdesivir were also found to be more likely than those 

who received a placebo to have clinical  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 44. RdRp Nucleoside Inhibitors 

improvement by day 15 and those in the remdesivir group had 

lower mortality estimates by day 15 and day 29.36 

Based on the evidence from many clinical trials, remdesivir 

was FDA approved for use in hospitalized individuals infected with 

SARS-CoV-2 on October 22, 2020.121 However, remdesivir is 

currently only available as an intravenous injection and must be 

administered in a health care setting making it less available to 

the general public. Research into an orally bioavailable analogue 

is underway in many laboratories. One study found  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 45. Remdesivir (green) bound RdRp (PDB 7BV2). 

 

compound 82 (Figure 44), which is an oral prodrug of the 

remdesivir triol 83.122 This analogue displayed high oral 

bioavailability in two animal species including non-human 

primates.122 Tested in VeroE6 cells against different strains of 

SARS-CoV-2 led to a range of EC50 values between 0.11 and 0.73 

𝜇 M for GS-621763 and no appreciable cytotoxicity.123 

Interestingly, it was also observed that treatment blocked viral 

transmission between untreated direct-contact animals.  

Additionally, favipiravir (84, Figure 46) has also been tested 

for its activity against SARS-CoV-2 RdRp and is currently 

undergoing clinical trials.124,125,126 Favipiravir is a potent influenza 

RdRp inhibitor that is intracellularly converted to its active 

triphosphate metabolite.115 It has been shown to have activity 

against several RNA viruses, and has displayed efficacy in 

VeroE6 cells infected with SARS-CoV-2 with an EC50 of 61.88 𝜇M 

and no appreciable cytotoxicity observed.115,127 Recently the 

structure of SARS-CoV-2 RdRp in the presence of favipiravir-RTP 

was published.128  

     Molnupiravir, (3) an orally bioavailable RdRp acting drug 

developed in conjunction with Emory University, Ridgeback 

Biotherapeutics, and Merck is also currently undergoing phase III 

clinical trials and received an approval for EUA.129,130 It was 

originally developed for use against influenza, but has 

demonstrated broad-spectrum antiviral activity, a good safety 

profile, tolerability, and oral bioavailability in humans.130 The 

mechanism of action for molnupiravir is slightly different than that 

for remdesivir. Like remdesivir, molnupiravir is converted to its 

active form, 𝛽-D-N4- hydroxycytidine triphosphate, in cells.114,130 

This active form is a substrate for viral RNA polymerase, which 

subsequently allows incorporation into the viral RNA. Molnupiravir 

is incorporated into the RNA strand in place of cytidine 

triphosphate or uridine triphosphate, which forms stable base 

pairs with either guanine or adenine.114 Utilizing this erroneous 

RNA as a template results in molnupiravir directing the 

incorporation of guanine or adenine, and thus mutated RNA 
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Figure 46. Inhibitors 3 and 84. 

products.114 As these mutations accumulate, lethal mutagenesis 

occurs. Molnupiravir escapes detection from the viral proof-

reading exonuclease via a couple of ways. First, it does not cause 

chain termination, and it is expected that its incorporation is not 

recognized by the viral proof-reading exonuclease as a 

misincorporation.114 Additionally, this evasion could be due to the 

stability of M-G and M-A base pairing, which also does not 

promote RdRp backtracking.114 

Studies utilizing molnupiravir and favipiravir in tandem have 

been reported and found this to be particularly effective in 

hamsters, and it was also observed that it largely reduces the 

transmission of the virus to uninfected individuals.131 Due to the 

mechanism of action there has been cause for concern, among 

them possibilities of molnupiravir aiding in the emergence of 

variant coronaviruses. Despite the possible risks, a panel on the 

FDA voted 13-10 in favor of granting its emergency use 

authorization on November 30, 2021. 

Since its EUA clinical data has shown that it is considerably 

less effective at reducing risk than was originally expected. Initial 

reports led researchers to believe molnupiravir would be closer to 

50% effective, however, with more data becoming available only 

a 30% reduction in COVID-19 related hospitalization or death has 

been observed and reported.85 It has been reported to effectively 

reduce omicron viral RNA in cultured lung epithelial cells by 70% 

with an estimated IC50 against wild type SARS-CoV-2 of 1.965 𝜇M 

and 0.7556 𝜇M against the omicron variant.86 

The most successful RdRp inhibitors have been mentioned 

above; however, there is no shortage of weapons in the drug-

repurposing arsenal. Galidesivir, ribavirin, sofosbuvir, and 

tenofovir have been reported to be under consideration.115,123 

Independently, an in silico drug repurposing study utilizing 

molecular docking and dynamics studies was conducted on over 

30 compounds in which the ones to most tightly bind the active 

site of SARS-CoV-2 RdRp were found to be: remdesivir, 

favipiravir sofosbuvir, ribavirin, galidesivir, cefuroxime, tenofovir, 

and hydroxychloroquin.132  

5.2 RdRp Non-Nucleoside Inhibitors 

Unlike nucleoside inhibitors, non-nucleoside inhibitors are 

unencumbered by the proofreading activity of the coronavirus. 

Cen and coworkers reported a drug repurposing study and found 

a non-nucleoside RdRp inhibitor, corilagin 85 (Figure 47), which 

binds directly to RdRp and inhibits the polymerase activity in both 

cell-free and cell-based assays.133 It fully resists the proofreading 

activity and potently inhibits SARS-CoV-2 infection with a low 

EC50. Their work began with a virtual screening of over 15,000 

compounds that culminated in the top 50 hits with strong binding 

energies being selected. These hits binding affinities were further 

validated through bio-layer interferometry binding assay. Of the 

initial 50 compounds, 6 showed direct SARS-CoV-2 RdRp binding. 

Corilagin showed the strongest RdRp binding affinity and was 

shown to effectively inhibit SARS-CoV-2 RdRp in Vero cells and 

showed moderate synergistic effects with remdesivir on inhibiting 

HCoV-OC43.133  

Zandi and co-workers reported, two natural products, 

baicalein (86) and baicalin (87), displayed significant antiviral 

activity against SARS-CoV-2.134 Through their cell-based and 

biochemical studies, both compounds were determined to act as 

RdRp inhibitors. 

 
Figure 47. Non-Nucleoside RdRp Inhibitors 85-87. 

Antiviral activity was measured utilizing their previously 

established and optimized in vitro SARS-CoV-2 cell-based virus 

yield assay method and cytotoxicity was measured against Vero 

cells using a cell viability MTS assay.135 Assays were completed 

utilizing remdesivir as a control, and none of the tested 

compounds exhibited any cytotoxicity. Baicalein displayed more 

potent activity in contrast with baicalin and was found to inhibit 

intracellular replication even when added up to 8 hours post 

infection. Both compounds did show significant effects on the 

early stages of SARS-CoV-2 replication through 6-8 hours post 

infection. The hypothesized mechanism of action is that these 

inhibitors act by binding to SARS-CoV-2 RdRp in a place other 

than the active site and that the mechanism of action for these 

natural products differ from that of remdesivir.134 

6. Methyltransferase Inhibitors 

Methyltransferase is an emerging target for drug design for 

antivirals of SARS-CoV-2, which contains two methyltransferases 

(MTase): Nsp14 and Nsp16. These enzymes are responsible for 

capping viral mRNAs, which is essential for transcription and 

avoiding the host’s innate immune system. Capping ensures 

integrity of the viral RNA and consists of an N-methylated 

guanosine triphosphate and C2’-O-methyl-ribosyladenine.136 It 

resembles the native mRNA of host cells, stabilizes the RNA, and 

ensures effective translation.136 This also allows the viral RNA to 
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escape detection of the host’s innate immune system by 

mimicking the natural mRNA in host cells.  

Both enzymes bind Nsp10, which is a stable monomeric 

protein with no currently identified individual purpose. It is mainly 

known to stabilize the S-adenosylmethionine (SAM)-binding 

pockets of both Nsp14 and Nsp16.136 Both Nsps are SAM-

dependent MTases. Nsp14 is responsible for methylation of the 

cap on the guanine of the GTP, N7-MTase, and exonuclease 

activities.137 Association with Nsp14 stimulates exonuclease 

activity, but does not affect the MTase activity.136 There is 

currently no crystal structure for SARS-CoV-2 Nsp14 MTase, 

although there is a solved crystal structure for the Nsp14 

methyltransferase of SARS-CoV, which is expected to have a 

94.9% homogeny with the SARS-CoV-2 Nsp14 

methyltransferase.138  

Nsp16 is a 7-methylguanine-triphosphate-adenosine 

specific, 2’-O-MTase, whose activation occurs via binding 

cofactor Nsp10.137 Nsp16 is responsible for the methylation of the 

C2’ hydroxyl group of the following nucleotide. The crystal 

structure of Nsp10-Nsp16 complex bound to the inhibitor 

sinefungin has been reported and solved by Boura and co-

workers as well as the high-resolution structures for Nsp16-Nsp10 

heterodimers bound to SAM or sinefungin reported by Rosas-

Lemus and collaborators.136,137 Inhibitors that prevent 

methyltransferase activity either by competitively binding the 

native substrate, SAM, or by blocking interactions with Nsp10 can 

be developed, and in fact, several small molecules have been 

reported in the last year. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 48. MTase Nsp14 and Nsp16 Inhibitors 88-91. 

Jaudzems and co-workers reported a series of Nsp14 and 

Nsp16 inhibitors designed utilizing bioisosteric substitution of the 

sulfonium and amino acid side chains of the cosubstrate SAM.139 

Three of their most potent compounds (88-91) are shown in 

Figure 48, and sinefungin (91) was utilized as a control. It was 

found that replacing the sulfonium with a thioether resulted in an 

increase in potency. This is said to indicate that conformational 

flexibility and bulkiness is more essential for activity rather than 

the positive charge.139 An aromatic or heteroaromatic group in 

place of the aliphatic amino acid side chain also improved potency. 

Interestingly, it was noted that the improvements were more 

dramatic for Nsp16 over Nsp14, and this was hypothesized to be 

due to the ability for the inhibitor’s adenine fragment to bind Nsp16 

in a conformation more similar to SAM than in Nsp14.  

In order to determine inhibitor selectivity, their derivatives 

were also tested for their inhibition against human glycine N-

methyltransferase (GNMT). It was found that the inhibitors are 

also potent inhibitors of GNMT and are in fact not selective for 

SARS-CoV-2 methyltransferase. Despite this, the compounds 

exhibited no cytotoxicity in mouse embryo fibroblast, human liver 

cancer, and adenocarcinomic human alveolar basal epithelial cell 

lines. From there, it was suspected there was an issue with 

compound permeability. This was then tested by determining cell 

lysates and culture media by mass spectrometry and it was 

indeed found that the lysates were low and often below the 

detection limit.139 Thus, further optimization of this class of 

compounds is required to improve selectivity and lipophilicity. 

Nencka and collaborators reported a series of Nsp14  

 

Figure 49. MTase Nsp 14 Inhibitors 92-94 

methyltransferase inhibitors created on structure based design of 

SARS-CoV-2 Nsp14 ligands.138 The structure and activity of the 

most active compounds, 92-94, are shown in Figure 49. Inhibitor 

design was derived from a model of SARS-CoV-2 bound SAM 

based on crystallized SARS-CoV Nsp14. It was hypothesized that 

aromatic systems would be able to interact significantly with the 

aromatic amino acid residues and Arg289 through cation- 𝜋 

interactions.138 

The mechanism of action of 92 and 93 were investigated 

and it was shown that both derivatives compete with SAM, but are 

RNA noncompetitive Nsp14 inhibitors. Inhibitor selectivity was 

also investigated against 33 human RNA-, DNA-, and protein- 

MTases. No significant inhibition was observed from 20 of the 

protein lysine-MTases, but both compounds did exhibit some 

inhibitory activity against other MTases.  

Debart and co-workers reported their synthesis and 

evaluation of nucleoside-derived inhibitors against SARS-CoV-2 

Nsp14 MTase, which catalyzes the transfer of the SAM methyl to 

the N7-guanosine cap.140 They tested 39 SAM analogues, of 

which 7 were found to exhibit double-digit nanomolar activity 

against the methyltransferase.140 Three of the most potent 

discovered inhibitors stabilized Nsp14, and the best inhibitor 

showed high selectivity over human RNA N7-methyltransferase. 

They set out to synthesize smaller, efficient molecules with the 
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ability to enter cells. Several regions were varied as part of their 

SAR study, shown in red in compound 95 in Figure .  

Three regions focused on included the linker between the 

deoxyadenosine and the phenyl ring, substituents on the phenyl  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 50. Nsp14 Inhibitors 95-98. 

ring, and functionalization of the 5’-nitrogen on the nucleoside. 

The sulfonamide linker proved crucial, as it was replaced with an 

amide and lost inhibitory activity. Substitution on the sulfonamide 

nitrogen with an ethyl (R4) was tested as it was expected to 

improve hydrophobicity and cellular penetration. Further 

investigations involved attaching a butyl chain with various 

terminal groups, such as an ethyl ester, acetate, phthalate, or 

phthalimide. An increase in potency was experienced when R1 

was varied to a nitro, which was then changed to a nitrile (96) as 

the nitro is expected to have increased mutagenic potential and 

the nitrile is expected to interact similarly with Arg310.140 Several 

compounds were also synthesized incorporating hydrophobic 

substituents at R2 in order to fill the hydrophobic pocket. The most 

active compounds, 96-98, are shown in Figure 50. 

Biological activity was determined for all synthesized 

compounds, and only 8 were found to be not active against 

SARS-CoV-2 Nsp14. At least 65% inhibition was displayed for all 

of the active compounds, 11 of which displayed better activity than 

the control compound, sinefungin.140 Further investigation into the 

mechanism of action showed that the most active compound, 96, 

is a SAM-competitive inhibitor for Nsp14. Specificity of this 

inhibitor was also tested in dose response assays containing N7-

MTase from vaccinia virus, 2’-O-MTases from Dengue virus, 

vaccinia virus, SARS-CoV-2, and human RNA N7-MTase 

(hRNMT). No inhibition was found for any of the viral MTases up 

to 50 𝜇M, and against hRNMT at 50 𝜇M compound 96 had an IC50 

of 52.8 𝜇M.140 Thus, a high selectivity for SARS-CoV-2 Nsp14 

was observed.  

7. Other Therapies for SARS-Cov-2 

Prevention of viral entry into the cell has also proven to be 

an active area of research. There are several ways to prevent this: 

ACE-2 blockers, host cell protease inhibitors such as 

transmembrane serine protease 2 (TMPRSS2), inhibitors of viral 

fusion, and monoclonal antibodies directed towards the spike 

protein. Entry inhibitors targeting any of the steps of the viral entry 

process into cells are an emerging area of interest. It is known 

that the viral spike protein must bind to the angiotensin-converting 

enzyme 2 (ACE2) cell receptor in order to initiate cell entry. The 

spike protein has been most heavily investigated for vaccine 

production, but viral entry inhibitors have also been investigated 

to prevent this process.  

Monoclonal antibodies have been investigated and given 

emergency use authorization for the treatment of COVID-19. 

Monoclonal antibodies developed center around the spike protein 

and utilize this to prevent viral entry into the cell.141 A risk 

reduction of 70-85% against mild to moderate COVID-19 infection 

in outpatient settings has been reported.141 Unfortunately, as 

treatment effectiveness revolves around the spike protein, new 

variants with extensive mutations in the spike protein may be less 

susceptible to current antibody treatment methods. Treatment is 

also more intensive as antibodies are administered as an 

intravenous injection, which must occur in a health care setting. 

In addition to antibodies, some small molecules have also been 

shown to inhibit the spike protein and ACE2 interaction.142 

Buchwald and co-workers reported a series of small-

molecule inhibitors of the COVID Spike ACE2 protein-protein 

interaction (PPI) to prevent viral cell entry.143 Interestingly they 

chose to investigate several dyes and novel drug-like compounds  

 
 

 

 

 

 

 

 

 

 

 

 

Figure 51. Dye based PPI Inhibitors, 99-103 
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derived from these dyes, stemming from a screening of their 

compound library. The depicted compounds 99-103 (Figure 51) 

showed the most promising results for preventing PPI of ACE2 

and the spike protein of SARS-CoV-2.  They also investigated the 

binding partner for these compounds utilizing a thermal shift 

assay, and it was determined that the compounds were targeting 

the coronavirus spike protein.143 These promising results can be 

further expanded upon and optimized in the future.  

Coronaviruses require calcium ions to coordinate amino 

acid residues within the conserved fusion peptide of the spike 

protein to enter cells. Daniel and co-workers investigated calcium- 

channel-blocker drugs to inhibit SARS-CoV-2 entry into cells.144 

Cell lines tested included the most common VeroE6 cell line as 

well as epithelial lung cells. A total of five drugs from the different 

classes were chosen and tested for their activity. The most active 

and least cytotoxic compounds were found to be nifedipine (104, 

Figure 52) and felodipine (105), with nifedipine exhibiting no 

noticeable cytotoxicity. These compounds are expected to inhibit 

viral entry into the cell via calcium ion chelation; however, this 

hypothesis needs to undergo further testing for confirmation as it 

is possible they could inhibit viral spread at other stages of the life 

cycle.144 

 

 

 

 

 

 

 

 

 
Figure 52. Calcium ion blockers, 104-105 

Hall and collaborators reported a virtual screen of 120 

different compounds and found two novel chemotypes of entry 

inhibitors that target the fusion peptide of SARS-CoV-2.145  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 53. Entry Inhibitors 106-108 

Selected compounds were tested in SARS-CoV-2 PPI entry 

assay and the live CPE assay. Two chemotypes predominated 

and displayed good activity in both assays shown in Figure 53. 

Compound 106 is an antihistamine and quinazoline 107 is a 

positive allosteric modulator for thyrotropin receptor. Interestingly 

quinazoline 107 is of a chemotype that had previously shown no 

antiviral activity. Derivatives of quinazoline were further 

investigated and the most potent non-cytotoxic analogue with an 

IC50 of 15.8 µM was derivative 108. 

Kinase inhibitors that interfere with the phosphorylation of 

proteins essential for cell growth, signaling, and survival are 

another proposed area of treatment for COVID-19. These 

inhibitors can prevent phosphorylation of proteins vital to the 

immune activation and inflammation, causing 

immunosuppression and less severe symptoms.146,147 Janus  

 

 

 

 

 

 

 

 

 

 

 

 
Figure 54. Kinase inhibitors baricitinib and tofacitinib  

kinase (JAK) inhibitors baricitinib 109 (Figure 54) and tofacininb 

110 have been investigated for possible treatment of COVID-

19.148 Baricitinib received FDA approval on May 11, 2022 for the 

treatment of COVID-19 in hospitalized adults requiring 

supplemental oxygen, non-invasive or invasive mechanical 

ventilation, or extracorporeal membrane oxygen.148,150 Baricitinib 

in particular has a possibility of having direct antiviral activity via 

viral endocytosis interference, which would prevent SARS-CoV-2 

from entering and infecting cells.147 Clinical trials involving 

baricitinib and remdesivir are currently underway.151   

8. Conclusion 

The emergence of the COVID-19 pandemic at the end of 

2019 shocked the world and demanded the most serious attention 

for the development of efficacious treatment of COVID-19. As a 

consequence, scientists across the globe plunged into developing 

vaccines and antiviral drugs in an unprecedented manner. The 

development of COVID-19 vaccines is a remarkable achievement. 

Never before have such safe and effective vaccines been 

developed with such rapid speed. Certainly, the COVID-19 

vaccine’s success will change the future of vaccine science. 

Vaccines will play a critical role in terminating the current 

pandemic.  

However, development of effective antiviral drugs with 

proven efficacy is critically important to save lives and reduce 

morbidity and hospitalization. The groundwork for the 

development of small molecule antivirals for COVID-19 treatment 

has been nicely laid in the context of drug treatment options for 

both SARS-CoV infections in 2003 and MERS-CoV infections in 

2012. Past and present research on coronavirus replication 
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unveiled numerous biochemical targets for antiviral development. 

Many different strategies and approaches are being pursued, 

which include de novo drug development, drug repurposing, and 

monoclonal antibody therapy development. In this review, we 

have outlined recent approaches to small molecule drug 

development targeting different pathways to block viral replication. 

Drug repurposing efforts led to the development and approval of 

remdesivir and molnupiravir, both drug targets viral RdRp. 

Remdesivir is an intravenous drug and molnupiravir is an oral 

therapy. Development of protease inhibitors have had much 

success for the treatment of HIV/AIDS and HCV infections. Early 

work on the coronavirus protease provided a much needed head 

start with lead structures and medicinal chemistry development 

efforts on SARS-CoV 3CLpro and SARS-CoV-PLpro targets. The 

development of the first FDA approved orally active SARS-CoV-2 

3CLpro inhibitor drug is a very important achievement. Other new 

and effective treatments are needed to deal with side effects, 

resistance, and emerging variants. We hope the present review 

will further stimulate the development of effective broad-spectrum 

antivirals against COVID and emerging variants of SARS-CoV-2.  

 

 

ABBREVIATIONS USED: 3CLpro, 3-chymotrypsin-like protease; 

3CLpro, 3-chymotrypsin-like protease (3CLpro); ACE2, 

angiotensin-converting enzyme 2; ADMET, absorption, 

distribution, metabolism, excretion, toxicity; AIDS, acquired 

immunodeficiency syndrome; CPE, cytopathic effect; CYP, 

cytochrome P450 enzymes; DNA, deoxyribonucleic acid; FRET, 

Fluorescence Resonance Energy Transfer; GTP, guanosine 

triphosphate; GNMT, glycine N-methyltransferase;  

HCoVs, human coronaviruses; HCV, hepatitis C virus; NSP3, 

non-structural protein 3; HIV, human immunodeficiency virus; 

MERS-CoV, Middle east respiratory syndrome coronavirus; MHV 

coronavirus, Mouse Hepatitis Virus coronavirus; Mpro, main 

protease; MTase, methyltransferases; NSAID, nonsteroidal anti-

inflammatory agents; PDB, protein data base; PLpro, papain-like 

protease; RdRp, RNA-dependent RNA polymerase; RNA, 

ribonucleic acid; SAM, S-adenosylmethionine; SARS-CoV-2, 

severe acute respiratory syndrome coronavirus 2. 
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The present review provides an overview of recent drug design and medicinal chemistry efforts on small molecule drug discovery for 

treatment of COVID-19.  The review also highlights development of nirmatrelvir that targets viral protein synthesis and remdesivir and 

molnupiravir that target viral RdRp. These drugs are now FDA approved therapies for the treatment of COVID-19. 
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