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Abstract 

The main protease (Mpro) of SARS-CoV-2, a cysteine protease that plays a key role in 
generating the active proteins essential for coronavirus replication, is a validated drug target for 
treating COVID-19. The structure of Mpro has been elucidated by macromolecular 
crystallography, but owing to its conformational flexibility, finding effective inhibitory ligands was 
challenging. Screening libraries of ligands as part of EXaSCale smArt pLatform Against 
paThogEns (ExScalate4CoV) yielded several potential drug molecules that inhibit SARS-CoV-2 
replication in vitro. We solved the crystal structures of Mpro in complex with repurposed drugs 
like myricetin, a natural flavonoid, and MG-132, a synthetic peptide aldehyde. We found that 
both inhibitors covalently bind the catalytic cysteine. Notably, myricetin has an unexpected 
binding mode, showing an inverted orientation with respect to that of the flavonoid baicalein. 
Moreover, the crystallographic model validates the docking pose suggested by molecular 
dynamics experiments. The mechanism of MG-132 activity against SARS-CoV-2 Mpro was 
elucidated by comparison of apo and inhibitor-bound crystals, showing that regardless of the 
redox state of the environment and the crystalline symmetry, this inhibitor binds covalently to 
Cys145 with a well-preserved binding pose that extends along the whole substrate binding site. 
MG-132 also fits well into the catalytic pocket of human cathepsin L, as shown by computational 
docking, suggesting that it might represent a good start to develop dual-targeting drugs against 
COVID-19. 
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Mpro as a drug target: structural properties 

The main protease (Mpro) of SARS-CoV-2, also referred to as 3-chymotrypsin-like protease 
(3CLpro) or nonstructural-protein 5 (nsp5), is a cysteine protease that is part of the polyproteins 
(pp1a and pp1ab) encoded by the viral RNA genome. It catalyzes its own excision from 
pp1a/pp1ab and that of 15 other mature nonstructural proteins (nsps 1-16) [1]. Mpro activity is 
essential to the viral replication cycle and RNA transcription. The protein is fully functional as a 
dimer composed of two 33.8 kDa monomers that share a large dimerization interface and 
arrange perpendicularly to one another, forming a characteristic heart-shaped particle. The 
monomer structure is composed of three domains: domain I (residues 8-101) and II (residues 
102-184) arranged in a β-barrel, and domain III (residues 185-303), which folds into a five–α-
helix bundle (Figure 1a, b). The active site is located on the surface, at the interface between 
domains I and II, and contains the noncanonical Cys145-His41 catalytic dyad (Figure 1c). A 
conserved water molecule located in proximity to His41 is also important for catalysis [2]. 
Domain III largely contributes to dimer formation and is critical for enzyme activity. The dimer 
formation is functional to activation, whereas the single monomers are mostly inactive [3,4]. 
These structural features are shared with the main proteases of other coronaviruses [5]. The 
highly conserved structure and the low homology with human proteins make it a recognized 
target for the development of therapeutics against COVID-19, as well as against other 
coronavirus infections. 

Within the EXSCALATE4CoV (E4C) consortium, the structural biology group of Elettra 
Synchrotron (www.elettra.eu) committed to validating the binding modes of the compounds 
selected through virtual and repurposing screenings [6,7]. In this framework, we first determined 
the crystal structure of the apoprotein in different space groups. Initial crystals were obtained 
from the PACT commercial screening, reproducing the conditions published by Zhang et al. [3]. 
Thus, we solved the structures of Mpro in the apo form at 1.65 Å resolution in the space groups 
C 2 (Protein Data Bank [PDB] identifier [ID]: 7ALH) and P 21 (PDB ID: 7ALI). These space 
groups are very frequent among the Mpro structures deposited in the PDB. In these space 
groups, the main protease always organizes as a dimer, with the 2-fold axis being either 
crystallographic (C 2) or noncrystallographic (P 21). Subsequently, we obtained apo crystals by 
seeding techniques in space group P 212121, which contains the whole dimer in the asymmetric 
unit (PDB ID: 7BB2). Among the three apo structures, the fold of the dimer is conserved, with 
minor differences in local regions that adopt slightly diverse conformations. In particular, the two 
loops ASL1 and ASL2 (residues 44-53 and 184-194, respectively) delimiting the active site 
show differences between the three structures, suggesting that Mpro has high plasticity for 
adapting to different substrates, as reported in the literature by us and others [2,6,8]. Using the 
seeding technique, we co-crystallized Mpro in a complex with various ligands. The main effort 
was dedicated to clarifying the binding mode of repurposed drugs selected within the E4C 
consortium. 

Between February 2020, when the first SARS-CoV-2 Mpro structure was released in the PDB 
[9], and November 2022, almost 650 structures were solved by x-ray crystallography and made 
available to the scientific community, even before publication in several cases. This momentous 
work that incorporated co-crystals with repurposed drugs, as well as other small molecules 



3 

including natural compounds and chemical fragments, has largely contributed to the computer-
aided drug design campaigns [10] of E4C. 

 

Figure 1. Structure of SARS-CoV-2 Mpro (PDB ID: 7BB2). (a) The enzyme is organized as a 
homodimer (A and B chains that are colored cyan and pink, respectively). (b) Each protomer 
consists of three domains (I−III): The chymotrypsin-like and picornavirus 3C protease−like 
domains I and II (in blue and green, respectively) harbor the active site. Domain III (in yellow-
red) forms a five-helix bundle and is involved in the dimerization of the protein. (c) Close-up of 
the active site and of the hydrogen bond network. Atoms are in stick representation colored 
according to atom type, while hydrogen bonds are shown as dashed lines. 

 

Known inhibitors of Mpro bind into the active site 

Druggability of SARS-CoV-2 Mpro is confirmed by the thousands of small-molecule inhibitors 
that have been identified throughout screening campaigns performed as a global effort to fight 
COVID-19 [11,12]. Joint programs of virtual screening together with biochemical-based high-
throughput screening have evaluated broad lists of chemicals, including natural compounds, 
repurposed drugs, and novel entities.  

The first actions for fast development of drugs against SARS-CoV-2 pointed to the screening of 
inhibitors derived from previous research on the main protease from other coronaviruses such 
as SARS-CoV and MERS [5,13]. The resulting compounds had limited potency in enzymatic 
assays, despite the high sequence homology among the three viruses. Notably, the sequences 
of Mpro from SARS-CoV2 and SARS-CoV differ by only 12 amino acids, and only 1 in the active 
site. This difference suggests that these residues, though distant from the binding site, 
contribute to enzyme plasticity and ligand binding via allosteric regulation [6]. 

These findings led to the hypothesis that the complexity and variety of Mpro conformational 
changes and interactions with ligands would make fast drug identification challenging [14]. In 
this respect, macromolecular crystallography has largely contributed to protein-ligand models 
useful for accelerating the drug-discovery process. 

Interestingly, although some allosteric binding sites have been identified, including a few that sit 
at the dimer interface [11,15], most of the inhibitors crystallized with Mpro bind into the active 
site [11,16]. The enzyme’s active-site cavity reveals a high degree of malleability, allowing a 
variety of different chemical moieties to bind and inhibit SARS-CoV-2 3CL Mpro. The 
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compounds identified are covalent or noncovalent inhibitors. Among the covalent, a substantial 
number are peptidomimetics or peptidomimetic-derived molecules that mount different 
warheads that react with Cys145. Indeed, the first Mpro inhibitor authorized in many countries 
for COVID-19 treatment was PF-07321332 (nirmatrelvir) [17]. It is an orally available 
peptidomimetic developed by Pfizer from a series of molecules active against pan-corona Mpro. 
Nirmatrelvir was formulated in combination with ritonavir and branded as Paxlovid. Beyond 
nirmatrelvir, other potent compounds targeting Mpro are under development that derive from 
chemical scaffolds or natural origin [18-22]. 

 

Myricetin binds covalently with Cys145 in the MPro active site 

Flavonoids account for a large and important group of natural products widely observed in 
plants. They are polyphenolic secondary metabolites, and, owing to a combination of 
biochemical and antioxidant effects, they are considered beneficial for various diseases such as 
cancer, Alzheimer disease, and atherosclerosis. Interestingly, flavonoids have also been 
reported to have antiviral activity [23]. Specifically, flavonoids of natural or synthetic origins have 
been proposed to target SARS-CoV-2 [24,25]. 

Within the E4C initiative, a repurposing biochemical screening was performed that involved 
8700 compounds containing marketed drugs, clinical and preclinical candidates, and small 
molecules regarded as safe in humans [7]. Among the 256 hits, some flavonoids were 
confirmed to inhibit Mpro with IC50s ranging from 3.6 to 0.18 µM. In this context, myricetin 
showed an IC50 of 220 nM in the biochemical assay; interestingly, it was also predicted as a 
nanomolar-level binder from a docking-based virtual screening performed on a collection of 
30,000 compounds [6]. Given the interest in this molecule, which is largely present in several 
edible plants and a key ingredient of various foods and beverages, we determined the x-ray co-
crystal structure of myricetin in complex with Mpro at 1.77Å resolution (Figure 2a, b; PDB ID: 
7B3E) [7]. Unexpectedly, myricetin formed a covalent bond between the Cys145 sulfur and the 
2′ position of the flavonoid, leading to unprecedented binding for a flavonoid scaffold. At that 
time, the only x-ray structure of SARS-CoV-2 Mpro in complex with a flavonoid had been 
obtained with baicalein (PDB ID: 6M2N), which was modeled in reverse orientation, with the 
chromone moiety occupying the S1 subpocket and no possibility to form a covalent adduct with 
Cys145 [26].  

Consistent with the 7B3E crystallographic structure, the in silico noncovalent docking 
calculations led myricetin to adopt a similar pose (Figure 2d) [6]. Moreover, the electronic map 
of the x-ray structure showed that the Mpro binding pocket is only partially occupied by myricetin 
and that voids are filled by solvent molecules (ethylene glycol and water), suggesting an 
opportunity for future structure-based drug design efforts. The same conclusions have been 
subsequently reported by Su and colleagues [27], who proposed pyrogallol as a convenient 
warhead in designing new flavone-based covalent inhibitors of Mpro. Indeed, as suggested by 
Kuzikov et al. [7], the pyrogallol reactivity requires an oxidative step for the sulfur addition to the 
2′ position of myricetin, as shown in Figure 2c. The unexpected binding of myricetin to Cys145 
opens new routes for the development of more potent covalent ligands that are of great interest 
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for therapeutics and biochemical tools. 

 

Figure 2. Myricetin binds to Cys145 in the Mpro active site (PDB ID: 7B3E). (a) Overall 
structure of Mpro dimer in complex with myricetin, which occupies both active sites: the dimer is 
shown in a cartoon model (chain A colored in light green, chain B colored in light blue) 
superimposed on the surface (white); the myricetin is shown in magenta stick-bone and 
superimposed by fo-fc map contoured at 1 sigma. (b) Interaction of myricetin (yellow) with 
active-site residues (blue) and water molecules (white). Hydrogen bonds are shown with blue 
lines, water bridges in light blue, hydrophobic interaction with a dotted gray line. (c) Mechanism 
of myricetin oxidation and Michael addition to Cys145. (d) Overlay of crystal structure (green), 
docked (blue, RMSD 3.14 Å), and refined (yellow, RMSD 0.46 Å) binding poses of myricetin. 
The image in panel c was adapted from Kuzikov et al [7], and the image in panel d was adapted 
from Gossen et al [6]. 

 

The peptidomimetic MG-132 acts as dual inhibitor of Mpro and cathepsin L 

The same screening of Mpro ligands against SARS-CoV-2 performed as part of the E4C 
program and mentioned in the previous chapter led to the identification of MG-132 (Figure 3b). 
This synthetic peptidomimetic aldehyde, originally identified as a proteasome inhibitor and 
investigated as an antineoplastic drug, blocks SARS-CoV2 Mpro enzymatic activity with an IC50 
of 7.4 µM and shows good antiviral activity, detected as reduction of viral RNA (EC50 of 0.1 µM) 
in cells infected with SARS-CoV-2.  

We solved the crystal structure of Mpro in complex with MG-132 under different crystallization 
conditions, showing that in the presence and absence of reducing agents and independently 
from the space organization of the crystals, this compound attaches covalently to Cys145 
through a Michael addition, and it has a well-defined binding mode that does not alter the overall 
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fold of the dimer [28]. The covalent stereoselective (S) hemithioacetal bond is nicely defined in 
the electron-density maps of our structures (Figure 3b). MG-132 extends along the S1–S4 
subsites of the substrate binding pocket, interacting with residues through hydrogen bonds and 
hydrophobic interactions, in addition to the covalent bond with Cys145 (Figure 3c). An extensive 
biochemical analysis revealed that this bond is reversible, as expected, but Km and Vmax 
measured at different incubation times suggest a slow koff, indicative of a long residency time. 

Considering that MG-132 is known to inhibit other cysteine proteases and that, despite its rather 
poor inhibition of Mpro, it has sub-micromolar potency in antiviral cell assays [29,30], we 
investigated the role of MG-132 in inhibiting the human cathepsin L, a host protease that is 
important for viral entry. This lysosomal cysteine protease is proposed as a target for COVID-
19, as it cleaves the viral S protein to promote entry of the virus into host cells [31,32]. MG-132 
is known to inhibit cathepsin L in the nanomolar range [28,33]. Induced-fit docking and covalent 
docking models of MG-132 bound to cathepsin L show that the ligand can form a covalent 
linkage with Cys26 and embrace the active site by numerous hydrogen bonds and pi-staking 
interaction, as shown in Figure 3d [28]. This analysis provides new hints for the development of 
Mpro/cathepsin L dual inhibitors that may prove beneficial against COVID-19, increasing 
efficacy and reducing the threat of drug resistance.  

 

Figure 3. Binding mode of MG-132 in Mpro active site. (a) Electron-density map (fo-fc, 
contoured at 1 sigma) of MG-132 covalently bound to Cys145. (b) Chemical model of MG-132. 
(c) Main interactions of MG-132 bound to Cys145 with Mpro active-site residues (ligand and 
residues are represented as stick-bones, MG-132 and Cys145 are colored in cyan, and other 
residues and cartoon protein model are in light blue). d) Best scoring pose obtained from the 
covalent docking of MG-132 on cathepsin L. The main interactions of MG-132 are shown: 
hydrogen bonds (blue lines), hydrophobic interactions (gray dashed lines), and pi-stacking 
interactions (green dashed lines). Figure adapted from Costanzi et al [28]. 
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