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ABSTRACT

The coronaviruses plaguing humanity in the 21st century share much in common: a spontaneous route of origin from wild
animals, a propensity to take human life, and, importantly, a highly conserved set of biological machinery necessary for viral
replication. Most recently, the SARS-CoV-2 is decimating economies around the world and has claimed over two million human
lives, reminding the world of a need for an effective drug against present and future coronaviruses. To date, attempts to repurpose
clinically approved antiviral medications show minimal promise, highlighting the need for development of new antiviral drugs.
Nucleotide analog inhibitors are a promising therapeutic candidate, but carly data from clinical studies suggests these compounds
have limited efficacy. However, novel compounds targeting the main protease responsible for critical steps in viral assembly are
gaining considerable interest because they offer the potential for broad-spectrum coronavirus therapy. Here, we review the
literature regarding potential inhibitors for the main protease of coronaviruses, especially SARS-CoV-2, analyze receptor-drug
interactions, and draw conclusions about candidate inhibitors for future outbreaks. Promising candidates for development of a
broad-spectrum coronavirus protease inhibitor include the neuraminidase inhibitor 3K, the peptidomimetic inhibitor 11a and 11b,
the a-ketoamide inhibitor 13b, the aldehyde prodrug, and the phosphate prodrug developed by Pfizer. I silico and in vitro analyses
have shown that these inhibitors strongly interact with the active site of the main protease, and to varying degrees, prevent viral
replication via interactions with the largely conserved active site pockets.
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Figure 1. A timeline of the recent coronavirus outbreaks, with the case total and death total from the World Health Organization.!'3 Reported data are from
January 29, 2021.

Severe acute respiratory syndrome coronavirus (SARS-CoV), Middle East respiratory syndrome coronavirus (MERS-CoV), and
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) are three highly pathogenic coronaviruses that have emerged in
the 21st century. Each of these have zoonotic origins, and are genetically similar to coronaviruses in bats around the world.4 3 As
seen in Figure 1, SARS-CoV was the first outbreak and originated in Guangdong Province, China, in November 2002. The
SARS-CoV outbreak officially ended in July 2003.6 Nine years later, MERS-CoV emerged in the Arabian Peninsula and continues
to infect people today.” Both SARS-CoV and MERS-CoV spread to over two dozen countries, infected thousands of people, and
have estimated death rates of 10 and 40%, respectively.> ¢ The most recent outbreak, SARS-CoV-2, has spread globally to nearly
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every nation and territory with confirmed cases in the tens of millions and more than two million deaths as of January, 2021. The
estimated fatality rate for SARS-CoV-2 is 3.3% globally.1 Prior to SARS-CoV, known coronavirus infections in humans presented
mild symptoms and were isolated to specific regions of the world."! SARS-CoV-2, however, shows the potential for coronavirus
outbreaks to reach pandemic proportions. Taken together, the evidence of zoonotic origins and capability of global infection
support the possibility of another pandemic-level coronavirus emerging. A robust understanding of the coronavirus biology is
therefore vital to the safety and wellbeing of the human population.

Despite the different time periods and severity of the outbreaks mentioned, the coronaviruses display a strong degree of genetic
and structural conservation.!? SARS-CoV, MERS-CoV, and SARS-CoV-2, are positive-sense, single-stranded RNA viruses with
genomes of ~30,000 nucleotides.’315 Approximately two-thirds of this genome encodes the replicase machinery for the
coronavirus.!® The replicase gene consists of two open reading frames (ORF), ORF1a and ORF1b. ORF1a is found upstream and
encodes for polyprotein (pp) 1a. When transcribed together, ORF1a and ORF1b encode a larger polyprotein, pplab.’® The
polyproteins contain the chymotrypsin-like (MP* or CLP) and papain-like (PLP) proteases which cleave the polyprotein into 16
non-structural proteins (Nsp).!7 The PLPr cleaves at five sites, working in the N-terminal direction, Nsp1-4, and the MPr, which
is Nsp5, cleaves the polyprotein at eleven sites working in the C-terminal direction. MP™ auto cleaves itself from the polyprotein
and subsequently cleaves Nsp6-16 (Figure 2).18 These non-structural proteins form two major complexes: the cytoplasmic
enzyme complex and the replicase complex.* 16 PLPr cleaves Nsp1 which is responsible for suppressing the host gene expression
by degrading the host cell’s RNA, improving viral gene expression efficiency.?? This occurs by Nsp1 binding to the 40S ribosomal
subunit in the host cell and inactivating it. This suppresses the cap-dependent and internal ribosome entry site (IRES)-mediated
translation, protecting the RNA of the coronavirus.2? PLPr also cleaves Nsp2 which has an unclear function.!® In previous studies,
the deletion of Nsp2 resulted in decrease viral RNA synthesis and growth, inferring that Nsp2 plays a crucial role in viral RNA
synthesis, although the specific mechanism of action requires further research. Nsps3-6 work together to form double membrane
vesicles involved in RNA synthesis. Nsp7 and 8 form a large super complex that supports viral replication.!® 1 Nsp9 plays a role
in the binding of ssSRNA and dsDNA and affects viral growth.2:21 Nsp10 and 11 also play a role in viral RNA synthesis, and
Nsp10 forms a part of the viral mRNA cap methylation complex.!®22 Nsp12 is responsible for priming the dependent RNA
polymerase.!% 23 Nsp13, a helicase with RNA and DNA unwinding capabilities, possesses dNTPase activity, helping form the 5’
cap of viral mRNA.?% 25 Nsp14 removes one nucleotide at a time from viral ssRNA and dsDNA.? The function of Nsp15 is
unknown, however the role of Nsp16 is to add Nsp10 and Nsp14 to form the mRNA cap methylation complex.!® PLP® cleaves
Nsps1-4, which are proteins necessary for colonizing, and the MP™ cleaves the Nsps needed to support the replication machinery.
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Figure 2. Coronavirus replication pathway. After inserting the viral RNA, ORF1a or ORFla and ORF1b are translated into the polyproteins ppla or pplab,
respectively. The main protease, M, automatically cleaves itself from the translated polyprotein and begins to cleave nonstructural proteins from the remainder
of the protein. The nonstructural proteins then combine to form the necessary replication machinery. This image was created with BioRender.com.
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Although the MPr and PLPr both cleave Nsps, inhibiting the MP™ has some advantages over PLPr inhibition: the MP® has a
larger role in viral replication, it displays high genetic and structural conservation, and there ate no human analogues,3% 3! thus an
inhibitor would be less likely to target human proteins and lead to unwanted side effects. Additionally, the spike protein — the
protein necessary for the coronavirus to attach to human epithelial cells — is a popular target for drug design, but the efficacy of
this target is limited because flexible glycans shield the protein from molecular detection.3?
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Figure 3. The monomer structures of the MP® from the three coronaviruses responsible for major outbreaks of human infection are shown with color code to
distinguish their structural domains. A. SARS-CoV MP* (PDB: 1UK3)33: Domain I (residues 1-97), Domain II (98-175), Domain 11T (200-3006), N-finger (176-
199). B. MERS-CoV MPw (PDB: 4WME)3*: Domain I (1-97), Domain II (98-178), Domain III (201-306), N-finger (179-200). C. SARS-CoV-2 MP* (PDB:
6YB7)%: Domain I (1-97), Domain II (98-175), Domain III (200-306), N-Finger (176-199). This figure was made through the use of PyMOI..36

The MPr is catalytically active as a homodimer, and each monomer has three domains, Figure 3. Domains I and II include
antiparallel B-sheets and form the active site of the protease. Domain I1I includes five a-helices in a globular cluster and mediates
dimerization. Interactions between the helices of monomers are the primary driver of dimerization. The C-terminal domain III is
linked to the N-terminal domains I and II via a long loop referred to as the N-finger.

As shown in Figure 3, the structures of the SARS-CoV, MERS-CoV, and SARS-CoV-2 MP® are highly similar. SARS-CoV and
SARS-CoV-2 are genetically nearly identical, sharing 96% of their nucleotide sequence3” MERS-CoV shares 87% genetic
similarity with SARS-CoV-2.38 There are 108 non-consetvative and 45 conservative amino acid mutations between the main
proteases of SARS-CoV and MERS-CoV, Figure 4. A considerable portion, 43%, of non-conservative mutations are found in
domain I1I, showing active site conservation. This observation is further corroborated by a lower root mean square deviation in
atomic position of overlays of domains I and IT compared to domain 111, 0.311, 0.455, and 1.062 A respectively3? Despite the
comparatively larger variance of the MERS-CoV MPr, only one significant structural change is evident. The N-finger of MERS-
CoV MPr js distinct from the other two, demonstrated by the addition of an a-helix (Figure 5, shown in yellow). There are only
five non-conservative mutations and four conservative amino acid mutations between SARS-CoV and SARS-CoV-2. The only
evident structural difference is caused by a non-conservative mutation of Ala46 in SARS-CoV MPr to Ser in MERS-CoV and
SARS-CoV-2 MPr in the first domain. This replacement of a hydrophobic side chain with a hydrophilic one induces the change
of a small a-helical turn to an apparently more flexible loop (Figure 5, at the active site on the outside of domain I). The N-finger
is crucial for catalytic activity, but not for dimerization.? Mutated proteases lacking the N-finger show C-terminal mediated
dimerization but cannot cleave the substrate.3® Given the strongly conserved nature of the flexible N-finger, the extension may
regulate the active site’s exposure to ligands. Although this is not fully understood, the specific mechanism warrants further
study.4? All three coronaviruses have minor genetic and amino acid differences, MERS-CoV to a greater extent than SARS-CoV
to SARS-CoV-2, but there is an important structural and functional conservation shared in the makeup of the enzymes’ active
sites.40
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Structural features found to contribute to the catalytic mechanism of MP are highly conserved across coronavirus lines. A
Cys145-His41 catalytic dyad is the central functional unit of the protease. Mutation of either the Cys or His to Ala leaves the
enzyme nonfunctional. ! Catalysis begins with the binding of the polypeptide substrate to the enzyme, forming a Michaelis
complex. Cleavage of the substrate at the conserved Glu-Ala (or Ser) bond triggers the release of the N-terminal half of the
peptide. The C-terminal end of the peptide substrate acylates the active site, and the His41 residue acts as a base in the deacylation
step, releasing the C-terminal end.*? A GSCGS motif, Figure 4 and Figure 5, is essential to catalytic activity; mutations in this
motif towards smaller, hydrophobic amino acid residues result in a sharp reduction in catalytic efficiency.? The motif starts the
catalytic process by forming hydrogen bonds with ppla. In tandem with the GSCGS motif, all three MP® sequences contain a
partial negative charge cluster composed of amino acid residues Arg40, Tyr54, and Asp190.3 Mutations of Asp190 to nonpolar
and polar-uncharged amino acids fail to cleave the peptide substrate, demonstrating the importance of the negative charged
group. Arg40 interacts with, and potentially balances, the negative charge associated with Asp190. Mutations of Arg40 to aliphatic
residues inhibit the enzyme’s ability to successfully cleave the peptide. Tyr54 directly interacts with Arg30 via n-cation
interactions, limiting the negative charge, so the resultant chatge of these interactions is partially negative.3* Thermodynamic
simulations support the need for a conserved water molecule to link the GSCGS motif and partial negative charge cluster.3
Although these analyses were performed on SARS-CoV and MERS-CoV only, these findings provide meaningful insight to the
catalytic mechanism of the coronavirus’s main protease, and both the motif and partial negative charge cluster, are present in the
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Figure 4. Amino acid sequence alignment of the MP* from SARS-CoV, MERS-CoV, and SARS-CoV-2. Black amino acids represent complete conservation, blue
amino acids represent a conservative mutation, and red amino acids represent non-conservative mutations. The black triangles under the amino acid sequence
show conserved amino acid residues within the active site pocket.

The active site, formed between domains I and II and the N-finger, is vital for the proteases’ function and has become an
increasing target for inhibitor design.®3 Targeting the active site would prevent cleavage of non-structural proteins from ppla and
pplab.3%42 As shown in Figure 5, there are four unique subsites, Sy, St, S, and Sy, which independently interact with the
polypeptide, increasing the overall binding affinity. The S; subsite spans parts of domains I and II of the MP®, whereas the Sy’
subsite is strictly in domain I. The S; subsite is located between domain I and the N-finger and is comprised of those resulting
amino acids. The S4 subsite is located between the N-finger and domain II. The location of these subsites is conserved across
strains, indicating the importance of the overall active site structure. In the Sy subsite, the polypeptide backbone displays multiple
hydrogen bonding donors and acceptors available for bonding with a potential inhibitor.3% 42 Another key characteristic of the
subsite is the oxyanion hole, which is made up of amino acid residues 138 through 145 for SARS-CoV and SARS-CoV-2, and
residues 141 through 148 for MERS-CoV. The hole, also referred to as the oxyanion loop, donates two hydrogen atoms during
dimerization, further stabilizing the transition state of the catalysis reaction.*> Subsite S;” has three crucial, exposed amino acid
residues, His41, Cys145, and Gly143.45 Subsite Si” has three crucial, exposed amino acid residues, His41, Cys145, and Gly143.
Inhibitor interaction with these pocket residues gives rise to potent antiviral activity. The Sz and S4 pockets are typically large and
are lined by hydrophobic side chains. Previous studies show that drug compounds with bulky, hydrophobic structures interact
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with these pockets to further increase binding affinity. The Sy and S4 pockets have hydrogen bonding at the carboxyl oxygen of
His164, providing an anchor point for these inhibitors.
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Figure 5. Conserved structures within the active sites of A. SARS-CoV (PDB: 1UK3)33, B. MERS-CoV (PDB: 4WME)34, and C. SARS-CoV-2 (PDB: 6YB7)%
main proteases. Shown are the cysteine-histidine dyad, the GSCGS motif, and the partial negative charge cluster. The subsites of the active site pocket are also
shown. This figure was with PyMOL.36

POTENTIAL INHIBITORS

Efforts to identify inhibitors against SARS-CoV-2 have involved both repurposing previously discovered antiviral drugs and
development of novel inhibitors. Repurposed inhibitors, used for treatment of diseases such as HIV, hepatitis, influenza or
asthma, include Atazanavir 46, Darunavir 47, Ebselen 4% 49, Lopinavir in combination with Ritonavir 552 Boceprevir 53,

Oseltamivir 34, calpain inhibitors 1I and XII 53, and Montelukast 55, Table 1.

Inhibitor Classification Viral Line Method ICso Reference
Atazanavir HIV Inhibitor SARS-CoV-2 In vitro NR 46
Darunavir HIV Inhibitor SARS-COV-2 | Clinical Ttial NA 4
Ebselen Bi-Polar Disorder SARS-CoV-2 In vitro 67UM 48,49
SARS-CoV
Lopinavir/ Ritonavir HIV Antiviral MERS-CoV | Clinical Trial NR 50-52
2 SARS-CoV-2
g« Boceprevir Hepatitis Inhibitor SARS-CoV-2 In vitro 4.13 pM 53
3
& .. o In vitro
~ Oseltamivir Influenza Inhibitor SARS-CoV-2 | .70 . >100 .M 54
Clinical Trial
Calpain Inhibitor 11 Calpain Inhibitor SARS-CoV-2 In vitro 2.07 uM 53
Calpain Inhibitor XII Calpain Inhibitor SARS-CoV-2 In vitro 0.49 uM 53
Montelukast Anti-asthma SARS-CoV-2 |Computational NR 55
. T SARS-CoV . 1.7 uM o
Compound 6d Peptidomimetic inhibitor MERS-CoV In vitro 47 pM
. S _ SARS-CoV . SARS 6.4 “
3K Neuraminidase (NA) Inhibitor MERS-CoV In vitro MERS 5.8
11a Peptidomimetic Inhibitors | SARS-CoV-2 In vitro 0.053 uM o
T%’ 11b Peptidomimetic Inhibitors | SARS-CoV-2 In vitro 040 M o1
Z.
13a Alpha-Ketoamides Inhibitor | SARS-CoV-2 In vitro 2.39 pM 43,65
13b Alpha-Ketoamides Inhibitor [ SARS-CoV-2 In vitro 0.67 uM 43,65
GC-376 Aldehyde Prodrug SARS-CoV-2 In vitro 0.03 pM 63
SARS-CoV 1n vitro . @
PF-07304814 Phosphate Prodrug SARS-CoV-2 | Clinical Trial NR

Table 1. A selection of the inhibitors that have been tested on MPr,

The repurposed inhibitors that have been tested in clinical trials show little efficiency for inhibiting the coronavirus M. The
HIV inhibitor, Darunavir did not have an anti-viral effect on SARS-CoV-2 and is a poor therapeutic option for the MPr of
coronaviruses.*’ In the clinical trial using Lopinavir in combination with ritonavir, hospitalization times and symptoms were
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comparable to the control.3! On day 28 of this combination therapy, patients’ SARS-CoV-2 RNA levels plateaued at 40% of the
viral load documented at the start of the trial. This led to the belief that the combination of Lopinavir and ritonavir does not
inhibit the viral MPr. The patients treated with Lopinavir and Ritonavir suffered adverse side effects and the trial was halted.>!
Though some docking experiments suggest these repurposed inhibitors should work, they have consistently shown insignificant
improvements in clinical outcomes, at best. The evidence now strongly indicates that repurposed drugs show marginal promise
and present no guarantee of working on future coronaviruses. Therefore, designing and testing novel compounds and inhibitors is
crucial in the fight against coronavirus related illnesses. Some novel inhibitors that show promise include neuraminidase (NA)
inhibitors (3K) 4, multiple peptidomimetic inhibitors like compound 6d, 11a, and 11b 36-61, phosphate prodrug PF-07304814 62,
an aldehyde prodrug GC-376 93, and lastly alpha-ketoamides inhibitors 13a and 13b ¢4, Table 1. The novel inhibitors that seem to
have the most promise based on our analysis of the reported 1Csg values are the 3K inhibitor, 11a, 11b, 13a, GC-376, and PF-
07304814.

Inhibitor [Covalent Bonds Hydrogen Bonds Hydrophobic Interactions Reference
1 o 0 (S o [§ S 44
3K - SARS None Lent41 (S1), Ser144 (S), His163 (S1), Glul66 (S1) Llj:147lo<?s?) Lg&%f& f{?;figgo
H D). G . 44
3K - MERS None Serl47 (S1), His166 (S1), G169 (S1) Liﬁ%s(]s)j) Lgn?()és(%} )C{?z}l?iés(g;)
/ " J . 61
11a Cysl45 (S1) | Os145 (S1), G143 (S1), His163 (S1), Glul66 (S1), Phel40 (Si) Af;ig g% ;ﬁ;ﬁtg@fﬁg;ﬁg@
b Cys145 5) GIn189 (S3), Gh143 (S1), Cys145 (S1), His163 (Si), His41 (S1), Met49 (S2), Met165 (Sa), ot
ys145 (i His164 (S1), Ph140 (S1), Glul66 (S1) Vall86 (S2), Tyr54 (S2), Asp187 (S2)
. . ‘ , Met165 (S5), GIn189 (Sy), His41 (Sr), 4,65
13 Cystds sy | VS (50, G143 (80), Sert 4 (S1), Glul66 (3), Phet40 81, | 1 yg (sz)“>ASpl s (5(2)4)1\801 42((5?)
¥ G143 (S1), Cys145 (S1), His164 (S2), Thi26 (S1), His172 (Sy) P68 (89 ’
0 4
. - Gh143 (S1), Serl44 (5,), His163 (S1), Gys145 (S1), Glul66 (Sy), ) , , 6
GC376 1 Cysld5 (5) Glul66 (S1), Phel40 (1), Gln 189 (Sy), His41 (S1) Hisd1 (S1), Metd9 (52), Metl69 (52)
N | Met165 (), Cys145 (S1), Hisl64 (S2), Phe140 (Sy), His163 (S1), | His41 (S1), Metd9 (S2), Tyr54 (S2), 6
PE-07304814) - Cys145 (1) G165 (1), Glul66 (S1) Pro168 (Si), Asp187 (S2)

Table 2. Potential novel inhibitors for the M of coronaviruses and the interactions that they have with the amino acids (sub pockets) of the active site as
reported by the cited references. Hydrogen bond lists indicate protein-inhibitor H-bonds formed with side chains only (plain text), with backbone only (italicized),
or with both backbone and side chains (italicized and underlined). These interaction were determined ot confirmed by our analysis of the MP-drug structutes
using PyMOL.3¢

A Neuraminidase (NA) Inhibitor (3k)

Figure 6. A. The chemical structure of Oseltamivir. B. The chemical structute of the 3K inhibitor.

Neuraminidase (NA) inhibitors are antiviral agents that work against both influenza A and influenza B. These types of inhibitors
work by blocking the neuraminidase enzyme — which functions to free viruses from infected cells contributing to further spread —
to prevent further infection.% Two NA inhibitors used to inhibit the MPr of coronaviruses are Oseltamivir and 3K (Figure 6).4%
54 The most significant structural change between Oseltamivir and the 3K inhibitor is the expanded aromatic functionalization in
3K. The increased size and hydrophobicity of the 3K inhibitor predicts the increased performance of 3K over Oseltamivir is a
result of the bulky, hydrophobic subgroups. Both Oseltamivir and the 3K inhibitor are capable of forming six hydrogen bonds
with the active site.

Tan, e/ al., performed molecular docking and zz vitro studies of Oseltamivir (Figure 6A), a competitive neuraminidase inhibitor
widely used in the clinic to treat influenza A and B, on several structures found within the SARS-CoV-2.54 I silico analysis
predicted a potential binding enetgy of -7.5 kcal/mol for Oseltamivir carboxylic acid and the active site of the SARS-CoV-2
MPre 34 Successful binding 7z silico for this repurposed inhibitor did not, however, translate to antiviral activity with 7z vifro analysis
providing an 1Cso greater than 100 uM.5* The high 1Csy value indicated an ineffective inhibition of Oseltamivir to the MPr.
However, a previous study by Kumar, ¢ a/, experimentally examined 19 different NA inhibitors in complex with SARS-CoV and
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MERS-CoV,# and determined the 1Csy values for the inhibitors via a fluorometric assay. A fluorogenic peptide is placed in
solution with the MP and cleavage of the peptide increases the fluorescence intensity, allowing for a quantitative measure of
enzyme efficacy. The most promising compound was 3K, shown in Figure 6B. The 3K inhibitor in complex with SARS-CoV
MPro shows an ICsp of 6.4 * 1.2 uM, and an ICs of 5.8 £ 1.6 uM with MERS-CoV MPr. Modeling of 3K binding showed that
the inhibitor does not occupy the Sy subsite.# Instead, the phenyl group shows a preference for the hydrophobic pocket at S.
However, the phenyl group had a tighter fit in the S4 pocket of the MERS-CoV MPro due to the smaller pocket size in this variant.
The hydrophobicity of ring A creates a strong binding interaction with the S, subsite, Table 2. In the S; pocket of SARS-CoV,
the 3K inhibitor forms hydrogen bonds with Ser144 and Leul41. In MERS-CoV, the 3K inhibitor forms hydrogen bonds in the
S1 pocket with Ser147 and Glu169. The promise of 3K shown in this study requires confirmation using cell-based assays to
further verify the predicted effects. Given the strong similarities between the MPt active sites, NA inhibitors based on the 3K
structure may be strong candidates for the development of broad-spectrum inhibitors of coronavirus replication. With the 3K
inhibitor showing efficacy to the MP of SARS-CoV and MERS-CoV, there is a hope that it may have a similar efficacy towards
SARS-CoV-2. This study demonstrates that neuraminidase inhibitors are capable of interacting with the active site of the SARS-
CoV-2 MPr, but further studies are necessary to discover an inhibitor capable of stopping viral replication zz vitro.

Peptidonzimetic Inbibitors (11a and 11b)

Peptidomimetics are a class of inhibitors designed to mimic the structure of peptides. Interest for these molecules is growing
because they demonstrate high potency, strong target selectivity, and a prolonged duration of activity when compared to natural
peptides.’ Peptidomimetic inhibitor studies in SARS-CoV and SARS-CoV-2 show efficacy in targeting and inhibiting the viral
MPro, thus making them a promising strategy of inhibition.% ! Wong, ¢ a/, examined the effects of 5 different inhibitors on
SARS-CoV MPr with ICsg values between 5 and 52 pM. The most promising formed a covalent bond with Cys145, completely
preventing enzymatic proteolysis.’® In a more recent study by Chuck, ¢z a/., peptidomimetic inhibitors showed the ability to inhibit
the MP of SARS-CoV.¢7 Four inhibitors were tested and demonstrated 1Csg values ranging from 4.6 to 49 uM.¢7 The significant
range in 1Csp is a result of minor alterations of functional groups on each moiety.

Figure 7. A. The MP* of SARS-CoV-2 with compound 11a (PDB: 6L.ZE).%8 B. The M of SARS-CoV-2 with compound 11b interacting with the active site
(PDB: 6MOK).% C, D. Polar interactions between the protease and inhibitor 11a or 11b, respectively, are shown by dashed yellow lines. E. The chemical structure
of compound 11a. F. The chemical structure of compound 11b. This figure was prepared with PyMOL.3¢

Dai, ¢t al., investigated the efficacy of peptidomimetic aldehyde-based inhibitors, shown in Figure 7, against the SARS-CoV-2
MPro 61 An antiviral activity assay was petformed in Vero E6 cells that had been infected with SARS-CoV-2. Synthesized
compounds 11a and 11b showed robust SARS-CoV-2 inhibitory activity. Compound 11a differs from 11b in the P; site; 11a
contains a cyclohexyl group whereas 11b has an aryl group. Compounds 11a and 11b potently inhibit SARS-CoV-2 MPr with 1Csg
values of 0.053 £ 0.005 uM and 0.040 £ 0.002 pM respectively, Table 1. The low ICsq values are a result of strong interactions
that occur between the inhibitors and the MP*. Compound 11a and 11b predominantly interact with amino acids in the Sy and Sy’
subsites. Interactions in the S subsite include a covalent bond formed between the aldehyde at the Py site of 11a and Cys145 as
well as hydrogen bond formed with the backbone of Cys145 and Gly143. In the S; pocket of the MP the (S)-y-Lactam ring at the
P site of 11a forms hydrogen bonds with the side chains His163 and Glu166, and the main chain of Phe140. The P; site of 11a
forms hydrophobic interactions with the side chains of Met49, Tyr54, Met165 and Asp187 in the S; pocket of the MPr. The S4
subsite interacts with the P5 of 11a by hydrophobic interactions between Pro168 and GIn189. Together, the interactions between
11a and the MP form a stable interaction which inhibits viral activity. Similatly, 11b exhibits the same interactions in the Si, Sy,
and Sy subsites of the MP™, but the aryl group at the P; site of 11b results in different interactions with the S; subsite. Specifically,
11b forms hydrophobic interactions in the S, subsite with His41, Met49, Met165, and Val186. Additionally, a hydrogen bond
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forms between the side chain of GIn189 and 11b to stabilize the inhibitor in the active site.! Both of these compounds form a
covalent bond with Cys145, which is essential for antiviral activity. However, neither of these inhibitors form a hydrogen bond
with His41, a mechanism commonly found in several other successful inhibitors. Strong interactions between compounds 11a and
11b with the active site pocket of MP™ suggest these compounds are promising candidates in preventing viral replication,
warranting further research.

Alpha-Ketoamide Inbibitor (13b)

Another class of inhibitors, a-ketoamide inhibitors, show great potential in targeting the MP™ of coronaviruses. Zhang, ez al.,
reported the design of various modified a-ketoamide inhibitors of the MP™ of beta coronaviruses, alpha coronavirus, and 3C
proteases of enteroviruses.®® Previously, the group had developed an a-ketoamide inhibitor, 11r, with a low ECsg against the
SARS-CoV MPr and an ECs value of 400 pM against MERS-CoV.% With the goal of preventing SARS-CoV-2 MPr from
cleaving Nsps, the group modified the a-ketoamide inhibitor and studied its efficacy 7 silico and 7n vitro. The designed a-ketoamide
inhibitor (13b) includes a pyridine ring (Figure 8) that sterically clashes with GIn189.64 However, previous computational studies
indicate GIn189 is flexible, and may allow for proper binding i vitro. Computational docking studies provide a suggested
mechanism of interaction between 13b and the MP of SARS-CoV-2. A nucleophilic attack of the catalytic Cys145 onto the a-
ketoamide 13b inhibitor initiates binding, forming a thiohemiacetal in a reversible reaction. The a-ketoamide inhibitor 13b
structure then interacts with the catalytic dyad of the cysteine protease, which behaves as an “oxyanion hole” during catalysis, via
hydrogen bonds.% This interaction prevents catalysis. Zhang, L., ¢f al., identified some of the necessary interactions that 13b has
with the MP of SARS-CoV-2 to prevent viral replication. A subsequent study by Gimeno, ¢ al., completed the understanding of
these interactions between 13b and the MPr,

His163

Phel40

Figure 8. A. Compound 13b bound to the M of SARS-CoV-2 (PDB: 6Y2G).% B. The active site of the MP and the polar interactions it has with compound
13b, as shown by dashed yellow lines. C. The chemical structure of inhibitor 13b. This figure was made through the use of PyMOL.3

Gimeno, ¢/ al., found 13b forms hydrogen bonds and has hydrophobic interactions with other amino acids in the active site, as
seen in Table 2. Some of the most important observed interactions include a hydrogen bond with the carbonyl oxygen of His164
that acts as an anchoring point as shown in Figure 8b. The hydrophobic interactions that occur in the S4 and S subsites act as a
“hydrophobic grip” on the inhibitor and increase binding affinity. In the S; subsite, 13b hydrogen bonds with Glu166, the
backbone of Phe140 and the side chain of His163.4 Given that 13b forms a covalent bond with Cys145 and has other strong
interactions with the MPr, it is a strong candidate for a broad-spectrum inhibitor of coronaviruses.®3 Though this promise has
been revealed by computational analysis, cellular assays are necessary to provide further insight regarding the efficacy of 13b as a
coronavirus inhibitor.
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Aldehyde Prodrug (GC-376)

GC-376 is an aldehyde prodrug and demonstrates strong affinity for the MP of SARS-CoV-2.%3 This is accomplished by GC-376
structurally mimicking the Nsps that the MPr cleaves. X-ray crystallography has revealed the binding interactions between GC-
376 and the MP® of SARS-CoV-2 (Figure 9).93 This inhibitor is unique due to its two different conformations in the active site
where the oxyanion hole is located. In the S conformation the oxyanion hole is occupied by the thioacetal hydroxide. However, in
the R conformation the thioacetal hydroxide sticks out and forms a hydrogen bond with His41. Like the a-ketoamide inhibitors, a
covalent bond forms between GC-376 and Cys145, locking the inhibitor into the active site. GC-376 also forms a number of
hydrogen bonds and has hydrophobic interactions with the S; and Sy subsites of the active site. The y-lactam ring occupies the S
subsite and forms hydrogen bonds with the side chains of His163 and Glu166 as well as the main chain of Phe140. In the Sy’
subsite, GC-376 forms a hydrogen bond with His41 or has a hydrophobic interaction with this amino acid, due to the two
different conformations mentioned above. The S; subsite of the MP™ is occupied by an isobutyl group that forms hydrophobic
interactions with Met49 and Met146. Other hydrophobic interactions occur in the Sy subsite which is occupied by the phenyl-
methyl ester of GC-376. In addition to structural analysis of binding, the GC-376 inhibitor has also been studied in cell cultures to
determine the efficiency of antiviral activity, demonstrating an ICs, value of 0.03 puM.63

Gln189
™ Cys1d5

A‘, Y His164

His163

Phel40

\(

Figure 9. A. The SARS-CoV-2 MP® in complex with the inhibitor GC-376 (PDB: 6WTT).63 B. The active site of the MP« with GC-376 and polar interactions
between them, as shown by dashed yellow lines. C. The chemical structure of GC-376. This image was made with the use of PyMOL.3¢

Phosphate Prodrug PF-07304814

PF-07304814 (Figure 10) is a highly soluble, phosphate prodrug capable of inhibiting 12 different coronavirus strains across the
o, B, and y coronavirus families.6? Alkaline phosphatase enzymes rapidly cleave the phosphate molecule, metabolizing it into the
active moiety, PF-00835231.92 Analysis by Boras, B., ¢z a/,. shows PF-07304814 strongly inhibits the MP* of SARS-CoV. The
inhibitor forms an irreversible covalent bond with Cys145 at the active site of the MP®. Binding of this drug induces a melting
temperature shift of 14.6 °C, indicating tight binding of the molecule and protein. PF-0083521 demonstrates a low affinity for
human proteases and, therefore, shows strong selectivity towards coronavirus MPs. Nonhuman-primate studies demonstrate that
PF-07304814 has strong preclinical safety features and robust antiviral activity. A limitation of this drug is the requirement for
intravenous delivery, which complicates delivery of the drug beyond the clinic. The cellular assays alone provide robust support
for the potential of a novel MP® inhibitor capable of broad-spectrum coronavirus activity.®? Structural analysis of inhibitor
interactions with the binding site provides further insight.

A structural inventory of protein-drug interactions confirms that PF-00835231 forms a covalent bond with Cys145 (Figure 10B).
It also forms hydrogen bonds with the side chains of Phe140, His163, and Glu166. Additional hydrogen bonds, indicated by
yellow dashes, in Figure 10B are formed with the backbone moieties of Met165, Cys145, and His164. From our analysis, we were
able to determine polar interactions and hypothesize the hydrophobic interactions. A comparison of hydrophobic interactions of
other inhibitors determined how the MP may interact with the hydrophobic areas of the prodrug. We identified hydrophobic
contacts with the side chains of His41, Met49, Tyr54, and Pro168, as well as with the aliphatic portion of the Asp187 side chain.
These hydrophobic interactions increase the attraction between the inhibitor and the active site of the MPr. It is important to note
that an inventory based on structure will need to be confirmed by other, more rigorous, analysis like z si/ico docking.

AJIR Volume 17 | Issue 4 | March 2021

79



American Journal of Undergraduate Research www.ajuronline.org

%Cys145

<

His163
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Figure 10. A. SARS-CoV-2 MPe with the phosphate prodrug at the active site (PDB: 6XHM).®> B. A zoomed-in view of the active site with the phosphate
prodrug and the polar interactions between them, showed by the dashed yellow lines. C. Chemical structure of PF-07304814, the prodrug. D. Chemical structure
of PF-00835231, the active form. This figure was made through the use of PyMOL.3¢

CONCLUSION

The highly pathogenic coronavirus outbreaks of the past two decades show similatity in structure and function of the MPr. SARS-
CoV and SARS-CoV-2 share the most similarities, and MERS-CoV is less similar. However, the active site of the main proteases
demonstrates a high degree of structural conservation across all coronavirus lines, specifically the Cys145-His41 catalytic dyad and
GSCGS recognition site. Spanning domains I and 1I as well as the N-finger, the active site holds relevance as a center point for
therapeutic targeting and rational drug design across the three viruses. This review catalogs four groups of novel inhibitors that
target the main protease of coronaviruses. The 3k inhibitor, a neuraminidase inhibitor, shows efficacy in inhibiting the MPs of
SARS-CoV and MERS-CoV.# 3k interacts with the active site via a combination of hydrogen bonds and hydrophobic
interactions, but this compound does not form a covalent bond with the Cys145, a property of other compounds known to
improve inhibition.* However, 7z silico models of this drug in the active site provides evidence that the S4 pocket of the MPr in
MERS-CoV is smaller than the S4 pocket of the MP in the SARS-CoV.# This understanding allows for a simple modification in
the inhibitor to better fit into the smaller hydrophobic pocket. Another class of inhibitors, peptidomimetic inhibitors, readily
allow for chemical modifications to better fit the protease’s binding pocket.% ¢ The two most promising candidates in this class
of inhibitors are 11a and 11b, which covalently bind to the MP* of SARS-CoV-2. These inhibitors also form hydrogen bonds and
have hydrophobic interactions with the MPr. Their low ICsq values show that they are promising inhibitors for further study.
Compound 13b is a modified a-ketoamide inhibitor capable of covalently binding Cys145 and has a low ICs) value.%* All four
inhibitors show high efficacy either 7 silico ot in vitro, yet all four lack animal studies to validate their efficacy 7 vivo. An aldehyde
prodrug, GC376, is another promising novel coronavirus inhibitor because it has a very low IC50 value (0.03 uM) and forms a
covalent bond with Cys145, blocking viral replication.63 The phosphate prodrug PF-07304814 is a novel compound shown to
inhibit the main protease of coronaviruses and decrease viral load in nonhuman primates.®? Importantly, iz vitro assays show the
prodrug’s ability to inhibit the main protease of a dozen different coronaviruses, showing the potential for broad spectrum
therapy against coronaviruses. Taken together, the information reviewed in this article suggests inhibitors designed for one
coronavirus protease are likely to be effective against MP of other coronaviruses. Ideally, modification of these inhibitors will
produce drugs with great efficacy. Regardless of the challenges, the potential for broad-spectrum, coronavirus therapeutic design
appears possible and within reach. The implications of universal inhibitor design offer hope for clinicians during both today’s
coronavirus pandemic, and any future outbreaks.
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PRESS SUMMARY

The coronaviruses plaguing humanity in the 21st century share much in common: a spontaneous route of origin from wild
animals, a propensity to take human life, and, importantly, a highly conserved set of biological machinery necessary for viral
replication. Most recently, the SARS-CoV-2 is decimating economies around the world and has claimed over two million human
lives, reminding the world of a need for an effective drug against present and future coronaviruses. To date, attempts to repurpose
clinically approved antiviral medications show minimal promise, highlighting the need for development of new antiviral drugs.
While vaccines attempt to help the body form antibodies against the viral spike protein, vaccines will be unlikely to protect against
future emerging strains. The main protease of the coronavirus is an attractive alternative target for developing broad-spectrum
inhibitors that may help protect against future outbreaks. This protease is responsible for cleaving proteins needed to replicate the
virus. Here, we review the literature regarding potential inhibitors for the main protease of coronaviruses-with a specific focus on
SARS-CoV-2. We analyze receptor-drug interactions and draw conclusions about candidate inhibitors for future outbreaks.
Promising candidates for development of a broad-spectrum coronavirus protease inhibitor include the neuraminidase inhibitor 3k,
the peptidomimetic inhibitor 11b, the a-ketoamide inhibitor 13b, the aldehyde prodrug, and the phosphate prodrug developed by
Pfizer. In silico and in vitro analysis show that these inhibitors strongly interact with the active site of the main protease, and to
varying degrees, prevent viral replication via interactions with the largely conserved active site pockets.
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