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 14 

Abstract 15 

The coronavirus disease 2019 (COVID-19) pandemic continues to represent a global public health 16 

issue. The viral main protease (Mpro) represents one of the most attractive targets for the development of 17 

antiviral drugs. Herein we report peptidyl nitroalkenes exhibited enzyme inhibitory activity against Mpro (Ki: 18 

1-10 µM) and three of them good anti-SARS-CoV-2 infection activity in the low micromolar range (EC50: 1-12 19 

µM) without significant toxicity. Additional kinetic studies of compounds FGA145, FGA146 and FGA147 show 20 

that all three compounds inhibit Cathepsin L, denoting a possible multitarget effect of these compounds in 21 

the antiviral activity. QM/MM computer simulations assisted in the design and in elucidating the way of 22 

action. Finally, structural analysis shows, in agreement with the computer predictions, the binding mode of 23 

FGA146 and FGA147 to the active site of the protein. Our results illustrate that peptidyl nitroalkenes are 24 

potent covalent reversible inhibitors of the Mpro and cathepsin L, and that inhibitors FGA145, FGA146 and 25 

FGA147 prevent infection becoming promising drugs against SARS-CoV-2.  26 

 27 

Introduction 28 

The impact of SARS-CoV-2 pandemic (COVID-19) has made the search for new therapies against coronaviruses 29 

urgent. The pandemic has resulted so far in over 600 million infections and over 6 million deaths worldwide, 30 

according to World Health Organization.1 Recent situation in China shows the pandemic is far from over.2 The 31 

evolution of SARS-CoV-2 virus has resulted in several highly contagious SARS-CoV2 strains that evade 32 

antibodies targeting the receptor binding domain (RBD) and threaten the effectiveness of the current 33 

vaccines.3,4  34 

Among approved antivirals for the treatment of COVID-19 are nucleoside derivatives remdesivir 5 and 35 

molnupiravir,6 with uncertain efficacy for certain types of patients, and Paxlovid,7 a combination of Mpro 36 
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inhibitor nirmatrelvir and HIV protease inhibitor ritonavir. Despite of remarkable efficacy of Paxlovid, it cannot 37 

be administered to patients with liver or kidney dysfunction. Furthermore, ritonavir, which blocks the rapid 38 

metabolism of nirmatrelvir by CYP3A, interacts in turn with other drugs limiting its use. These issues 39 

demonstrate that there is an urgent need to find new antivirals for SARS-CoV-2 and for other coronavirus 40 

outbreaks in the future. 41 

During the replication cycle the coronavirus express two overlapping polyproteins, (pp1a and pp1b) and four 42 

structural proteins from the viral RNA.8 In order to liberate the mature viral proteins required for replication, 43 

these polyproteins must be properly processed. There are two proteases coded in the viral genome, known 44 

as 3-chymotrypsin-like protease (3CLpro, 3CLP or nsp5, also termed main protease Mpro) and papain-like 45 

protease (PLpro or nsp3). Most of the cleavages are carried out by Mpro.9,10 Both Mpro and PLpro are cysteine 46 

proteases with different site specificities.  47 

Mpro is a three-domain cysteine protease essential for most maturation events within the precursor 48 

polyprotein.9-11 The active protease is a homodimer. The active site is made up by a non-canonical Cys-His 49 

dyad located in the cleft between domains I and II.10-12 Mpro hydrolyses proteins predominantly between a P1 50 

glutamine and a small P1′ amino acid, such as alanine, serine or glycine. For the P2 position, leucine is the 51 

most common amino acid in the sequence specificity for coronaviruses. There is no human homolog of Mpro 52 

which makes it an ideal antiviral drug target.13-16 53 

Peptidyl compounds have been shown to inhibit Mpro in in vitro assays and to prevent infection by SARS-CoV-54 

2 in cell culture.17 The warhead of these reported inhibitors are carbonyl groups [aldehydes,18 ketoamides,19 55 

ketones 20], nitriles (as marketed inhibitor nirmatrelvir) 21 and enoates.22 New warheads to supplement the 56 

current repertoire would be welcome and potentially more effective. In this context, the nitroalkene moiety 57 

has been previously reported by us as a valid warhead for inhibitors against cysteine proteases belonging to 58 

the papain family.23 Irreversible inhibitors such as enoates can give rise to undesired side reactions. 59 

Alternatively, nitroalkenes represent Michael acceptor inhibitors following a reversible mode-of-action due 60 

to the low basicity of the nitronate intermediate.24 Computational studies previously reported by us pointed 61 

to nitroalkenes as promising inhibitors of SARS-CoV-2 Mpro.25 Interestingly, peptidyl nitroalkenes resulted to 62 

be potent inhibitors of human cathepsin L (CatL) as we previously reported.24 CatL has been also recognized 63 

as a potential target for the search of drugs against COVID-19 as it is found to enable viral cell entry by 64 

activating the SARS-CoV-2 spike protein by cleavage.26-29 65 

Analysis of interaction energies between the substrate (the peptide in the proteolysis reaction or the inhibitor 66 

in the case of the inhibition reaction) and the different binding pockets of SARS-CoV-2 Mpro based on 67 

multiscale quantum mechanics / molecular mechanics (QM/MM) studies, indicated that they are dominated 68 

by those in the P1:::S1 site.25, 30, 31 However, the recognition portion dictates how the inhibitor is 69 

accommodated in the active site, which in turn affects the subsequent chemical reaction step. Consequently, 70 

the reactivity of the warhead and the favorable interactions between the recognition portion and the active 71 

site of the enzyme must be considered to design an efficient inhibitor.31 In all, the experience accumulated 72 
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based on the results derived from previous studies on this and other cysteine proteases can be used to guide 73 

the design of new compounds, and QM/MM simulations can be considered a useful tool to get a detailed 74 

description of the chemical steps of the inhibition of protein targets by covalent inhibitors.  75 

Based on our previous studies on proteolysis reaction of the SARS-CoV-2 Mpro 30 and its inhibition mechanisms 76 

by peptidyl inhibitors with different warheads,25, 30, 31 we have designed and synthesized six peptidyl inhibitors 77 

with a nitroalkene warhead. These six new inhibitors were able to inhibit the Mpro in vitro activity in a 78 

reversible mode in the low micromolar range, and three of them were found to prevent SARS-CoV-2 infection 79 

in cell culture in the low micromolar range. In addition, these compounds were also tested against cathepsin 80 

L, a key enzyme for the viral entry into the cells. Molecular dynamics (MD) simulations with multiscale 81 

QM/MM potentials were carried out to obtain the full free energy landscape of the inhibition reaction with 82 

the two most active inhibitors, confirming the interactions established with the active site residues of SARS-83 

CoV-2 Mpro as well as their mechanism of action for the enzyme-inhibitor covalent complexes formation. 84 

Finally, the crystal structures of Mpro in complex with these two most active inhibitors were solved to provide 85 

detailed information about the binding to SARS-CoV-2 Mpro.  86 
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Results 87 

Design and synthesis of the peptidyl nitroalkenes inhibitors. Six inhibitors were designed and synthesized: 88 

three of them having the typical coronaviral protease glutamine surrogate (beta-lactam) at P1 site and a L-89 

leucine at P2 site (FGA145, FGA146 and FGA147), other three inhibitors display the typical cathepsin like 90 

inhibitors backbone: two having a L-homophenylalanine at P1 site and a L-leucine at P2 site (FGA159 and 91 

FGA177), and one having a L-homophenylalanine at P1 site and a L-phenylalanine at P2 site (FGA86). For the 92 

synthesis of the ones having the glutamine surrogate at P1, the N-Boc protected amino alcohol 1 was firstly 93 

prepared as previously reported starting from L-glutamic acid.32 The alcohol was then submitted to oxidation 94 

followed by a nitroaldol reaction with nitromethane in a one-pot procedure. The mixture of nitroaldols was 95 

then transformed into the corresponding inhibitors following a three-step sequence: Boc deprotection, 96 

peptide coupling and then dehydration through mesylate activation (Scheme 1). For the synthesis of the other 97 

three inhibitors having a homophenylalanine at P1 site, N-Boc protected homophenyl alaninal was reacted 98 

with nitromethane and the nitroaldols were coupled with the corresponding peptide with free carboxylic 99 

terminus (Scheme 1, Table 1). 100 
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Scheme 1. Synthetic route for the preparation of the nitroalkene compounds used in this study.  102 
 103 

Inhibition of the Mpro activity by the peptidyl nitroalkenes. The molecular structure and the Ki values 104 

obtained for the inhibition of the Mpro activity by the six peptidyl nitroalkene compounds are summarized in 105 

Table 1, respectively. For testing the inhibitory effect of the compounds enzymes from two different 106 

expression systems were used (see Supporting Information). An example of the enzymatic activity inhibition 107 

curves obtained using the enzyme obtained from the expression using the pMal-Mpro vector is shown in Figure 108 

S1 in the Supporting Information. In Figure S2 are shown the inhibition profiles for the six compounds 109 

obtained using the Mpro obtained from the expression using the pET21-Mpro vector. Compounds FGA145, 110 

FGA146 and FGA147 with a glutamate surrogate at P1 site, leucine at P2 and an aromatic residue at P3 111 

displayed inhibition at the low micromolar range, less than 10 µM. The N-terminal substitution of the 112 

aromatic residue is well tolerated. The substitution of the benzyloxycarbonyl (Cbz) group of FGA147 by a 4-113 

methoxy-1H-indole-2-carbonyl residue in FGA146 leads to similar values of inhibition. Compounds FGA86 114 

with homophenylalanine at P1 and phenylalanine at P2 sites, and an aromatic residue at P3; FGA159 with a 115 

homophenylalanine at P1 site, leucine at P2, and three more residues at P3, P4 and P5; and FGA177 with a 116 

homophenylalanine at P1 site, leucine at P2, and an aromatic residue at P3, also showed inhibition at the low 117 

micromolar range. No irreversible character was observed over a 10-minute period (Figure S1 in the 118 

Supporting Information) denoting the compounds to be non-time dependent inhibitors as it was predicted 119 

by us.24,25 The values of Ki obtained using the plate reader assay and the continuous fluorometric assay were 120 

very similar, and the small non-significant differences might be due to differences in the enzymatic assays, 121 

such as the use of different Mpro constructs and assay conditions, different amount of the organic solvent 122 

DMSO (Table 1). 123 

 Table 1 Structure and inhibitory activity against SARS-CoV-2 Mpro of the nitroalkene compounds.  

 Compound 2D Structure Ki (µM)a Ki (µM)b  
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FGA145 

 

3.71 ± 0.38 9.82 ± 1.50 

 

O
H
N

N
H

NO2

O

O

Ph

Ph

Ph

H
N

N
H

NO2

O

O

NH
O

Ph



6 
 

 

FGA146 

 

2.19 ± 0.18 0.96 ± 0.06 

 

 

FGA147 

 

2.18 ± 0.19 1.33 ± 0.05 

 

 

FGA159 

 

21.8 ± 1.5 1.19 ± 0.18 

 

 

FGA177 

 

25% inh. @ 20 µM 8.59 ± 1.60 

 

 
aData obtained using the assay with Mpro obtained from the expression using the pMal-Mpro vector. 
bData obtained using the assays with Mpro obtained from the expression using the pET21-Mpro vector. 

 

 124 

Cellular antiviral activity and cytotoxicity. Three compounds (FGA145, FGA146 and FGA147) were selected 125 

for the antiviral assay with infectious SARS-CoV-2. Huh-7-ACE2 cells were used for this antiviral assay. The 126 

antiviral activity and cytotoxicity assays are shown in Figure 1. Compounds FGA146 and FGA147 showed 127 

potent antiviral activity against with EC50 values in the low micromolar range (0.9 and 1.9 µM, respectively). 128 

FGA145 showed a less potent activity (EC50 = 11.7 µM), in line with the enzymatic activity inhibition results. 129 

The cellular cytotoxicity of these compounds was very low. These three compounds were well tolerated with 130 

CC50 values over 100 µM. 131 
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 133 

Figure 1. Inhibition of SARS-CoV-2 infection in Huh-7-ACE2 cell by FGA145, FGA146 and FGA147. Cytotoxicity assays 134 
for the three compounds (left column), all of them presented a CC50 greater than 100 µM. Effect of the three compounds 135 
on the virus titer (center and right columns); FGA146 was the most potent inhibitor with a EC50 of 0.9 µM, followed by 136 
FGA147 and FGA145 with EC50 of 1.9 and 11.7 µM, respectively. 137 

Inhibition of other proteases. While the cysteine protease Mpro is inhibited with high potency by inhibitors 138 

FGA145, FGA146 and FGA147, no inhibitory activity against the serine proteases human matriptase 139 

(membrane-type serine protease 1, MT-SP1, prostamin) and bivalent expressed Zika Virus NS2B/NS3 (bZiPro) 140 

was observed by these compounds (Table 2). Besides inhibition of Mpro, compound FGA145 was found to be 141 

a very potent inhibitor of cysteine proteases rhodesain (RhD), cruzain (CRZ), cathepsin L (CatL) and cathepsin 142 

B (CatB) with decreasing potencies from RhD to CatB (1.63 nM, 12.6 nM, 53.0 nM, 206 nM, respectively, Table 143 

2). This finding is in line with previous reports of nitroalkenes as potent reversible inhibitors of these 144 

proteases.23 Interestingly, all three compounds inhibit CatL, especially compound FGA145, denoting a 145 

possible multitarget effect of these compounds in the antiviral activity. 146 
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 Table 2 Ki values and selectivity towards some off-targets.  

 Compound MT-SP1 bZiPro RhD (nM) CRZ (nM) CatL (nM) CatB (nM)  

 FGA145 n.i. n.i. 1.63 ± 0.22 12.6 ± 1.5 53.0 ± 4.1 206 ± 41  

 FGA146 n.i. n.i. n.d. n.d. 868 ± 60 n.d.  
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 147 

Computational study of the SARS-CoV-2 Mpro inhibition by FGA146 and FGA147. Based on the results derived 148 

from the kinetic studies, the inhibition reaction was studied according to the general mechanism proposed 149 

in Scheme 2 with the two most promising inhibitors: FGA146 and FGA147. The first step would involve the 150 

activation of Cys145 by a proton transfer to His41 which take place concomitantly with the nucleophilic attack 151 

of the sulfur atom of Cys145 to the C20 atom of the inhibitor to form an intermediate, E-I(-). Then, the reaction 152 

is completed by the transfer of the proton from the protonated His41 to the Cα atom of the inhibitor to render 153 

the final E-I covalent adduct. 154 

 155 

Scheme 2. Proposed Mechanism of SARS-CoV-2 Mpro Cysteine Protease Inhibition by nitroalkene compounds. 156 

The free energy profiles depicted in Figure 2, derived from the free energy surfaces (FESs) of the SARS-CoV-2 157 

Mpro inhibition with both FGA146 and FGA147 obtained by M06-2X/6-31+G(d,p)/MM MD simulations (see 158 

Figure S10 and S11 and computational details in the Supporting Information) confirm that the activation of 159 

Cys145 takes place concertedly with the inhibitor-enzyme covalent bond formation, E:I to E-I(-) step. 160 

Interestingly, we already observed this concerted activation and nucleophilic attack of Cys145 when exploring 161 

the acylation step of the proteolysis reaction,30 but previous inhibition processes explored in our laboratory 162 

have rendered stepwise processes where the activation of the Cys145 precedes the covalent formation 163 

between the sulfur atom of Cys145 and the different tested warheads of the inhibitors.25,31 The second step 164 

of the inhibition reaction corresponds to the proton transfer from His41 to the C20 atom of the inhibitor, E-I(-165 

) to E-I step. As shown in Figure 2, the chemical step of the inhibition process is exergonic in both cases (-15.6 166 

and -9.8 kcal·mol−1 with FGA146 and FGA147, respectively), and the activation free energies, determined by 167 

the formation of the intermediate covalent intermediate, E-I(-), are very similar (15.3 and 15.6 kcal·mol−1 with 168 

FGA146 and FGA147, respectively). These results are in agreement with the almost equivalent experimentally 169 

measured equilibrium Ki values (see Table 1), despite the simulations are done from E:I to E-I, and the 170 

measured Ki corresponds to the equilibrium from the solvated separated species E + I. The results suggest 171 

that the activity of the studied compounds is dictated by chemical steps of the full inhibitory process, with 172 

irrelevant effects of the binding step. A list of key inter-atomic distances obtained on the representative stable 173 

states is listed in Table S6. 174 
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 175 

Figure 2. M06-2X/6-31+G(d,p)/MM free energy profiles for covalent complex formation between SARS-CoV-2 Mpro 176 
and: FGA146 (red line); and FGA147 (blue line) compounds. Energies are in kcal·mol-1. The corresponding free energy 177 
surfaces are deposited in the Supporting Information. 178 
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close distance protein-inhibitor contacts. Consequently, these energetic results can complement structural 184 
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complex E:I to the final E-I covalent product complex, in both reactions. Moreover, as reflected by the similar 186 

plots obtained for FGA146 and FGA147, the influence of the P3, the only fragment that distinguishes the two 187 

inhibitors, does not dramatically affect the rest of the protein-inhibitor interactions, despite it has an effect 188 
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indirect interactions stabilize the P1ʹ fragment, such as Leu27, Asn28, Pro39, Gly146, and Ser147, in FGA146, 199 

and Thr25, Asn28, Gly146, and Ser147 in FGA147. The specific favorable interactions between the lactam ring 200 

on P1 and S1 match in both inhibitors through interactions with F140, Asn142 and His163. The interaction 201 

with His172 is exclusive of the FGA146 while the interaction with Glu166 is only observed in FGA147. His164 202 

and Asp187 interact with P2 in both cases, while in the case of FGA146 an additional interaction with Met165 203 

is detected together with a weak interaction with Asp176. Finally, there are unfavorable interactions such as 204 

those between Arg40 and the warhead of both inhibitors, between Arg188 and P2 of FGA146, and between 205 

Ser1 of chain B and P1 in FGA147. Interestingly, in both complexes, Arg40 is ca. 9-10 Å from P1ʹ while Arg188 206 

is ca. 5-7 Å, thus corresponding to electrostatic interactions. Interestingly, the significant unfavorable 207 

interactions with Arg40 were already detected when studying the inhibition of Mpro with other designed 208 

inhibitors.31 209 

 210 

Figure 3. Main average interaction energies (electrostatic plus Lennard-Jones) between residues of SARS-CoV-2 Mpro 211 
and the inhibitors FGA146 or FGA147, computed in the E:I and the E-I states. The colour of the bars indicate the specific 212 
interactions: red, blue, green and orange correspond to P1ʹ:::S1ʹ, P1:::S1, P2:::S2 and P3:::S3 interactions, respectively. 213 
Results obtained as an average over 1000 structures of the AM1/MM MD simulations 214 
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 216 

Figure 4. Snapshot of representative QM/MM MD structures of the E-I covalent product complex of SARS-CoV-2 Mpro 217 
with inhibitors (a) FGA146 and (b) FGA147. Mpro is shown in ribbon and the inhibitors in liquorice representation (in 218 
green). H atoms are omitted for clarity purposes.  219 

 220 

Crystal structure of SARS-CoV-2 Mpro in the apo form and in complex with FGA146 and FGA147. The SARS-221 

CoV-2 Mpro in complex with FGA146 crystallized in the P21 space group and diffracted up to 1.98 Å resolution 222 

(Table S2) with one biological dimer in the asymmetric unit, and the complex with FGA147 crystallized in the 223 

P21212 space group and diffracted up to 1.62 Å resolution (Table S2) with one monomer per asymmetric unit 224 

that forms the biological dimer with a crystallographic-symmetry related neighboring molecule (Figure S4 in 225 

Supporting Information). The protein can be subdivided into three domains (as shown in Figure S4 in 226 

Supporting Information), domain I and domain II containing the active site and domain III is the dimerization 227 

domain. 228 

After the structures of the respective protein complexes were solved, significant electron density was found 229 

at the active site. This electron density could be unequivocally assigned to the corresponding molecule 230 

inhibitors FGA146 (Figure 5a) and FGA147 (Figure 5b). Both inhibitors are covalently bound to the catalytic 231 

Cys145. A comparison of both inhibitors bound the active site is shown in Figure 5c. 232 
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 234 

Figure 5. Crystal structures of SARS-CoV-2 Mpro in complex with inhibitors. Mpro is shown in ribbon and the inhibitors 235 
in ball and stick representation. 2Fo-Fc electron density map contoured at 1� (shown in gray mesh) of FGA146 (a) and 236 
FGA147 (b) bound covalently to the catalytic cysteine (Cys145). c Electrostatic surface representation of the active site 237 
of Mpro with bound FGA146 (violet) and FGA147 (light blue). Red indicates negative charge and blue positive charge. 238 

The bound inhibitors, that mimic the natural peptide substrate, show a good geometric complementarity 239 

within the active site for subsites S1, S2 and S3 with the warhead located at the S1’ subsite (Figure S5a,b,c in 240 

the Supporting Information). The nitro group of the warhead occupies, in both complexes, the “oxyanion 241 

hole” formed by the backbone amides of Gly143, Ser144, and Cys145 (Figure S5). The Sγ atom of the 242 

nucleophilic Cys145 forms a covalent bond to carbon C19 of the nitroalkene warhead of the inhibitor through 243 

a Michael addition (for numbering of the compounds see Figure S3). The S1 subsite is occupied by the 244 

glutamine surrogate g-lactam ring that forms hydrogen bonds with the main chain of Phe140 and the side 245 

chain of Glu166 through the nitrogen atom (N16) of the ring, and to the side chain of His163 through the 246 

oxygen atom (O18) of the ring (Figure S5a,b,c and Figure S6b,d). The carbon atoms of the side chain of this 247 

residue lies in a hydrophobic cavity that forms the S1 subsite (Figure S5a,b,c and Figure S6b,d). The second 248 

residue of both inhibitors is a Leu that is inserted into the hydrophobic S2 subsite made up by His41, Met49, 249 

and Met169 (Figure S5a,b,c). There are three hydrogen bonds between the main chain of the peptidyl 250 

inhibitor and the protein. They involve interactions between atoms N10 from the inhibitors and O from 251 

His164, N3 and OE1 from Gln189, and O1 and N from Glu166. The P3 residue side chain of the inhibitors, a 252 

methoxy indole carbonyl group in FGA146 and a Cbz group in FGA147, shows different conformations when 253 

bound to the protein (Figure 5c). The side chain of this residue from FGA147 is oriented towards the solvent 254 

not having any interactions with protein residues (Figure 5c and S5a). The side chain of this residue from 255 

FGA146 is occupying the S4 subsite (Figure 5c and S5a). This 4-methoxy-1H-indole-2-carbonyl group forms a 256 
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hydrogen bond between the N35 atom and the O atom from Glu166 (Figure S5b,d,e). This side chain is 257 

encased inside the S4 subsite formed by residues Glu166, Leu167, Pro168, Gln189, Thr190 and Ala191 (Figure 258 

S5d,e). The methoxy group is surrounded by the side and main chain of residue Gln189, and by the main 259 

chain of residues Thr190 and Ala191 (Figure S5d,e). The distance between the O of this methoxy group and 260 

the potential hydrogen bond partners is too far away and/or without a favorable geometry for this type of 261 

interaction (Table S2), but it is enough to fix the position of this group and to orient the methyl group towards 262 

the solvent. Interactions between protein atoms and inhibitor atoms and the distances between them are 263 

summarized in Table S2. Besides the extensive hydrogen bond network, there are numerous non-polar 264 

interactions that contribute to the tight binding of the inhibitor. 265 

The position of the nitro group of the warhead in the structure of Mpro in complex with FGA146 is not fixed 266 

by the interactions with the residues that form the “oxyanion hole” (Gly143, Ser144 and Cys145, Figure S7). 267 

In one of the monomers (mon. B), this nitro group forms hydrogen bond interactions with the N atoms from 268 

Gly143 and Cys145 (Table S2, and Figure S7, protein in green and ligand in purple); while in the other 269 

monomer (mon. A), the nitro group moves away from the “oxyanion hole” and interacts with His41 (Table S2, 270 

and Figure S7, protein in cyan and ligand in brown); showing a certain degree of flexibility upon binding to 271 

this S1 site. 272 

Concerning the protein, there are different conformations of some residues forming the active site. The most 273 

significant changes are located in the P2 helix, Ser46 to Asn51 (Figure 6a) and in the P5 loop, Asp187 to Ala193 274 

(Figure 6a). The first segment is the α-helix that takes part in the formation of the S2 binding subsite. In the 275 

structure of the FGA146 complex, this segment is displaced towards the inside of the active site with respect 276 

to the structure of the FGA147 complex, consequently widening the S2 subsite (Figure 6a). The second 277 

segment is the P5 loop, at this subsite only the inhibitor FGA146 was observed to be bound, while the P3 side 278 

chain of FGA147 is pointing towards the solvent. This segment is tightly packed around FGA146 fixing its 279 

conformation. FGA147 does not bind to this subsite in our structure, and the residues are positioned further 280 

away (Figure 6a). Also, there is a small difference at the P4 β-hairpin flap. There is one loop close to the active 281 

site with a different conformation (Figure 6a, loop I), and another loop further away from the active site also 282 

with a different conformation (Figure 6a, loop II). 283 

Besides the differences observed for the active site located in domains I and II, there are additional differences 284 

in domain III between the structures of the Mpro in complex with FGA146 and FGA147 (Figure 6b). The 285 

superposition of these structures shows clear displacements in the positions of four of the helices (α-6, α-7, 286 

α-8 and α-9) in monomer A, as a consequence the loops linking those helices are also displaced. 287 

These changes could not be observed in monomer B where all the helices from this domain are very well 288 

aligned with only small non-significant differences (Figure 6b). Upon observing these differences in only one 289 

monomer we superposed monomer A and monomer B from the Mpro in complex with FGA146, shown in 290 

Figure 6c. Here, we were able to observe the same changes that occur in monomer A between the FGA146 291 

and FGA147 structures (Figure 6b). This indicates a great flexibility of the Mpro with no coordinated changes 292 
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in both monomers. These changes could be due to the different space groups in which the protein crystallized, 293 

as stated previously 33 or just might indicate the flexibility of this protein which has to accommodate itself to 294 

be able to catalyze the proteolysis of the polyprotein to liberate the mature proteins essential for the virus 295 

replication. 296 

 297 

 298 

Figure 6. Conformational changes in Mpro upon binding of the inhibitors. a Most significant changes in the active site 299 
and domain I are located at P2 helix and the P5 loop. Smaller changes can be observed at the P4 b-hairpin flap, loop 300 
I and loop II. b Superposition of Mpro in complex with FGA146 and FGA147. Monomer A and B from the complex with 301 
FGA146 are shown in light green and yellow orange, respectively, and from the complex with FGA147 are shown in 302 
salmon and light blue, respectively. Significant displacements of some of the helices from the dimerization domain 303 
(Domain III, circles) of monomer A can be observed, while the same domain from monomer B does not show these 304 
displacements. c Superposition of monomer A (light green) and B (yellow orange) of the Mpro in complex with FGA146. 305 
The helical dimerization domain (Domain III) shows differences in the relative positions of some of the helices. Four 306 
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of them show significant displacements (a-6, a-7, a-8 and a-9) while the las helix (a-10) does not show any significant 307 
displacement. 308 

 309 

Comparison of computational and crystallographic structures. The X-ray structures confirm the predictions 310 

based on the QM/MM simulations. As shown in Figure 7 and 8, the comparison of structures derived from 311 

computer simulations with the corresponding complexes derived from experiments confirm a good 312 

agreement, both techniques virtually describing the same binding mode of the most active compounds in the 313 

active site of Mpro. A detailed analysis of the active site of the SARS-CoV-2 Mpro in complex with inhibitors 314 

FGA146 and FGA147 can be derived from Figures 3-8 and Figures S5-S6, together with interatomic distances 315 

between protein atoms and inhibitor atoms that are summarized in Table S2 and S6. It is important to stress 316 

that the computer simulations were initiated from a previous solved X-ray structure of SARS-CoV-2 Mpro 317 

complexed with the N3 inhibitor (PDB ID 6LU7).22  318 

 319 

Figure 7. Detail of the FGA146 and FGA147 inhibitors covalently bounded to the active site of SARS-CoV-2 Mpro through 320 
Cys145. Results derived from X-ray diffraction (in yellow) and QM/MM MD studies (in cyan). 321 
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Figure 8. Overlap of structures generated during the MD simulation of the (a) FGA146 and (b) FGA147 inhibitors, 324 
covalently bounded to the active site of SARS-CoV-2 Mpro through Cys145. Structures randomly selected every 100 325 
frames for clarity purposes.  326 

 327 

The computational findings of E-I product complex of the inhibition with FGA146 fit with the presence of two 328 

different conformations in monomer A and B in the crystal structure. Thus, the nitro group can slightly move 329 

away from the “oxyanion hole” and approaching to His41 during the MD simulations, mirroring the 330 

crystallographic data of monomer A (Table S6 and Figures 3a and 8a vs Table S2 and Fig. S7, cyan). In the case 331 

of FGA147, the nitro group appears to interact basically with the oxyanion hole in both, simulations and X-ray 332 

diffractions. Regarding the FGA147, an a priori discrepancy between experiments and theory is found 333 

regarding the P3 residue side chain of the Cbz group. Thus, the QM/MM MD simulations suggest the P3 334 

residue is oriented, on average, towards the S4 subsite (Figure 4b and 7). This most populated orientation of 335 

P3 in FGA147 is stabilized by an interaction between the phenyl group of Cbz and the Gln189 and Glu166 336 

residues, which is confirmed by the computed favorable interaction (Figure 3). On the contrary, the X-ray 337 

structure of Mpro complex with FGA147 shows that side chain of this residue is oriented towards the solvent 338 

not having any interactions with protein residues (Figures 5 and 7). In this case, the position of the Cbz group 339 

in FGA147 is forced by a symmetry-related molecule into the crystal, located just above the active site and 340 

thus preventing the inhibitor to adopt a conformation that matches the species suggested by computer 341 

simulations. However, when considering the conformational space explored during the MD simulations 342 

(Figure 8b), orientations of P3 similar to the one determined by means of X-ray diffraction were detected 343 

(Figure 8b). In the case of FGA146, the orientations observed for the 4-methoxy-1H-indole-2-carbonyl group 344 

appear to be more constrained (Figure 8a). Interestingly, the two possible orientations of P3 in FGA147 have 345 

been detected in previously solved structures of SARS CoV-2 Mpro in complex with peptidomimetic covalent 346 

inhibitors presenting the same recognition part as FGA147 (see Figure S12).34-38 Concerning the rest of the 347 

protein (Figure 7), there is a general good agreement between experiments and simulations, except for the 348 

very flexible regions exposed to the solvent (the C-terminal loop, S301-G302-V303-T304-F305-Q306 349 

residues). These results confirm the robustness of the results and the low impact of the ligand on the full 350 

structure of the protein. 351 

 352 

Thermal stability of Mpro in the absence and presence of the inhibitors. We have examined the thermal 353 

stability of the protease in the absence and in the presence of the inhibitors using circular dichroism (CD). 354 

The Tm value for Mpro did not change, significantly, in the presence of FGA177 (0.1 ± 0.2 °C in the range of 25 355 

to 100 µM, Figure 9c and S8d). In the presence of FGA86 (Figures 9c and S8a) at the lower concentration (25 356 

µM) there was a slight increase in stability (0.9 ± 0.4 °C) and at the higher concentration (100 µM) there was 357 

a slight decrease in stability (-1.7 ± 0.4 °C). The presence of the inhibitors FGA145 (-1.1 ± 0.2 °C at 25 µM and 358 

-3.7 ± 0.1 °C at 100 µM, Figures 9c and S8b) and, while FGA146 (-4.2 ± 0.2 °C at 25 µM and -6.4 ± 0.1 °C at 359 



17 
 

100 µM, Figure 9a,c) and FGA147 (-3.0 ± 0.1 °C at 25 µM and -4.2 ± 0.2 °C at 100 µM, Figure 9b,c) lead to a 360 

significant decrease of the Tm value. It has been reported that the association of covalently-bound compounds 361 

induce shifts of Tm values to lower temperatures with an apparent destabilization of the protein.39-41 Thus, 362 

these data agree with the formation of a covalent bond between the protein and compounds FGA86, FGA145, 363 

FGA146 and FGA147. Based on the X-ray crystallographic analyses and thermal stability data, we can conclude 364 

that these last four compounds bind covalently to the protein and are potent inhibitors of its enzymatic 365 

activity. The inhibitor FGA159 showed an increase in stability of 2.5 ± 0.2 °C at a concentration range between 366 

5 and 100 µM (Figures 9c and S8c), this might indicate the formation of reversible covalent interactions.42 367 

 368 

 369 

Figure 9. Effect of the inhibitors on the thermal stability of Mpro. a Thermal stability of Mpro in the presence of FGA146 370 
using circular dichroism. b Thermal stability of Mpro in the presence of FGA147 using circular dichroism. The Tm value 371 
of Mpro in the absence of inhibitors (black squares) was 49.2 °C, while in the presence of 25 (blue circles) and 100 μM 372 
(green triangles) of FGA146, the values decreased to 45.0 and 42.8 °C, respectively. In the case of FGA147, these values 373 
decreased to 46.2 and 45.0 °C, respectively. c Change of the Tm in the presence of the inhibitors. FGA86 shows a slight 374 
increase in stability at the lower concentration (25 µM) and a decrease in stability at the higher concentration (100 375 
µM). There is no significant change in stability in the presence of FGA177; while in the presence of FGA145, FGA146 376 
and FGA147 shows a significant decrease in stability, suggesting that they could bind covalently to the protein. The 377 
presence of FGA159 increased the stability of the protein, indicating the possible formation of reversible non-covalent 378 
interactions. 379 

 380 

Binding of inhibitors to Mpro. Figure 10a shows the binding isotherms of FGA145 and FGA146 to Mpro by 381 

ultracentrifugation, and Figure 10b shows the binding of FGA147 to Mpro measured by ITC. The measured 382 

binding dissociation constants for these compounds were in the low micromolar range, the Kd for FGA145 383 

was 11.8 ± 1.05 µM, the Kd for FGA146 was 7.28 ± 0.58 µM (the average obtained from using both, absorption 384 
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and fluorescence, data), and the Kd for FGA147 was 2.86 ± 0.25 µM. For all three inhibitors we obtained a 385 

stoichiometry of one, which is compatible with binding of one molecule of the inhibitor to the active site. 386 

 387 

 388 

Figure 10. Binding of inhibitors to Mpro. a Binding isotherm of FGA145 (black squares) and FGA146 (blue circles and 389 
green triangles) to Mpro. The concentration of FGA145 was measured by absorption, and that of FGA146 was measured 390 
by absorption (blue circles) and fluorescence (green triangles). b ITC binding profile of FGA147 to Mpro. 391 

 392 

Discussion 393 

We have designed, synthesized and measured the inhibitory effect of a series of peptidomimetic compounds 394 

with a nitroalkene warhead on the enzymatic activity of Mpro and cell infection. We have also examined the 395 

possibility of using a nitroalkene warhead that due to its reversible binding 23 should decrease the possibility 396 

of side effects due to unwanted reactions with other cellular components. 397 

Six compounds (FGA86, FGA145, FGA146, FGA147, FGA159 and FGA177) were prepared in good yields via 398 

a short and straightforward synthetic route. All of them exhibited enzyme inhibitory activity (Ki: 1-10 µM) and 399 

three of them (FGA145, FGA146 and FGA147), having the typical coronaviral protease glutamine surrogate 400 

(beta-lactam) at P1 site and a L-leucine at P2 site, gave good anti-SARS-CoV-2 infection activity in the low 401 

micromolar range (EC50: 1-12 µM) without significant toxicity. Additional kinetic studies of the selectivity of 402 

FGA145, FGA146 and FGA147 show that they are also potent inhibitors of cathepsin L (CatL), revealing a 403 

multitarget effect.  404 
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QM/MM computer simulations assisted in elucidating the way of action of the most promising compounds, 405 

FGA146 and FGA147, by generating the complete free energy landscape of the inhibitor-enzyme covalent 406 

complex formation. The results of the inhibitory mechanism, that appear to be equivalent in both cases, 407 

suggest that activation of Cys145 takes place concertedly with the inhibitor-enzyme covalent bond formation. 408 

In the second step, the final proton transfer takes place from His41 to the Cα atom of the inhibitors, E-I(-) to 409 

E-I step. The resulting free energy profiles for the covalent inhibition of SARS-CoV-2 Mpro with FGA146 and 410 

FGA147 show how the processes are exergonic in both tested inhibitors, determined by the first step. This 411 

indistinguishable predicted kinetic and thermodynamic behavior of FGA146 and FGA147 agrees with the very 412 

close experimentally determined Ki values (see Table 1), thus suggesting that the inhibitory activity of the 413 

inhibitors can be dictated by the chemical steps of the inhibition process. QM-MM averaged interaction 414 

energies (electrostatic plus Lennard−Jones) between residues of SARS-CoV-2 Mpro and the inhibitors FGA146 415 

and FGA147 allows complementing the geometrical analysis based just on short distance (H-bond) 416 

interactions. The similar plots obtained for FGA146 and FGA147, indicate that the influence of the P3, that is 417 

the only fragment that differentiate them, does not dramatically affect the rest of the protein-inhibitor 418 

interactions, despite having a significant effect in the reactivity. 419 

Finally, the crystal structures of the Mpro in complex with FGA146 and FGA147 were solved and confirmed the 420 

binding modes. These binding modes agree with the computer predictions. The covalent inhibitory character 421 

of these inhibitors is similar to other peptidomimetic inhibitors.18, 19, 22 Our crystal structures, that virtually 422 

overlap with the structures derived from the computer simulations that were initiated from a previously 423 

crystallized Mpro in complex with a different inhibitor (N3), corroborates the great conformational flexibility 424 

of the dimer of Mpro. Flexibility of the active site has been reported to be needed to accommodate the 425 

different natural cleavage sites present in the polyprotein of SARS-Cov-2, as well as some conformational 426 

flexibility of other regions of the protein (Domain II and III).33  427 

Through thermal denaturation we have been able to observe that the inhibitors might stabilize or destabilize 428 

the protein, in some cases a destabilization of more than 6 °C was found. The analysis of the crystal structures 429 

together with these thermal denaturation data shows the influence of the inhibitors on the whole structure 430 

of Mpro. This instability induced by active site inhibitors might be exploited to increase their potency against 431 

the virus replication if they could be combined with inhibitors that bind to sites other than the active site to 432 

further disrupt the activity of this essential protease for the virus. 433 

In summary, we have designed and synthesized six compounds as inhibitors of the SARS-Cov-2 Mpro with the 434 

nitroalkene warhead. The three most active inhibitors were active at low micromolar concentrations against 435 

virus and did not show significant toxicity. These compounds were also active against human Cathepsin L in 436 

the nanomolar range, denoting a dual activity. The fact that they are reversible covalent inhibitors would 437 

decrease the possibility of side effects due to unwanted reactions with other cellular components. The 438 

computer simulations and the crystal structures of the two most promising inhibitors in complex with Mpro 439 

show the mechanism of action of these inhibitors and the interactions established between the inhibitor and 440 
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the protein. All these results combined suggest the viability of employing these compounds as promising 441 

drugs against SARS-CoV-2 and new coronavirus that might appear in the future. 442 

 443 

Methods 444 
 445 
General procedure for the preparation of nitroalkenes 446 
To a stirred solution of alcohol 1 (1.05 g, 4 mmol) in dichloromethane (32 mL) was added Dess-Martin 447 
periodinane (1.82 g, 4.3 mmol) and sodium bicarbonate (361mg, 4.3 mmol). The resulting mixture was stirred 448 
at room temperature for 1 h. Then the reaction mixture was cold with an ice-bath and triethylamine (0.17 449 
mL, 1.21 mmol) and nitromethane (1.33 mL, 24.4 mmol) were. Then the mixture was stirred for 15 h at room 450 
temperature and then was quenched with a saturated aqueous solution of NH4Cl (10 mL), the mixture was 451 
extracted with CH2Cl2 (3 x 15 mL) and the combined organic layers were washed with HCl 1M, then with a 452 
saturated aqueous solution of sodium bicarbonate and then dried over Na2SO4. Then the solvent was 453 
evaporated and the residue was purified by column chromatography (silica gel, CH2Cl2/MeOH (99:1 to 85:15) 454 
to afford the desired product as a yellow oil (71%).  455 
The corresponding nitroaldol (0.73 mmol) was dissolved in dichloromethane (2.1 mL) and placed in an ice 456 
bath. Then trifluoroacetic acid (1.1 mL) in dichloromethane (1.1 mL) was added dropwise and the mixture 457 
was stirred at room temperature for 3 h. The reaction mixture was evaporated in vacuo to give the product 458 
as a colorless solid. The resulting mixture was submitted to the next step without any further purification. 459 
To a solution of the ammonium trifluoroacetate (0.80 mmol) and the carboxylic acid (0.89 mmol) in 460 
dichloromethane (8 mL) cold with an ice-bath, HOBt·H20 (121 mg, 0.89 mmol) was added. After 15 min at the 461 
same temperature, DIPEA (0.56 mL, 3.23 mmol) was added dropwise. After another 15 min, EDC (186.2 mg, 462 
0.97 mmol) was added and the mixture was stirred for 16 h at room temperature. Then the mixture was 463 
quenched with saturated ammonium chloride solution (10 mL) and extracted with dichloromethane (3 x 20 464 
mL). The combined organic layers were washed with HCl 1M, with a saturated aqueous sodium bicarbonate 465 
solution and then dried over Na2SO4. Then the solvent was evaporated and the residue was purified by 466 
column chromatography (silica gel, CH2Cl2/MeOH (100:0 to 85:15) to afford the desired product (64%, two 467 
steps).  468 
To an ice bath cold solution of peptidyl nitroaldol (0.66 mmol) in dichloromethane (6.6 mL) was added DIPEA 469 
(0.24 mL, 1.39 mmol), then methanesulfonyl chloride (0.056 mL, 0.73 mmol). The resulting mixture was 470 
stirred overnight, then it was quenched with a saturated aqueous solution of NH4Cl (10 mL) and extracted 471 
with dichloromethane (3 x 20 mL). The combined organic layers were washed with HCl 1M then with a 472 
saturated aqueous sodium bicarbonate solution and then dried over Na2SO4. Then the solvent was 473 
evaporated and the residue was purified by column chromatography (silica gel, CH2Cl2/MeOH (99:1 to 9:1) 474 
to afford the desired product (68-81%). 475 
For the preparation of all the compounds, the coupling steps and nitroalkene formation were done following 476 
the experimental procedure detailed above. 477 
For the preparation of compound FGA159, the hydrolysis and hydrogenation steps were done following 478 
standard experimental procedures. 479 
 480 
Cloning of Mpro gene. The Mpro gene was cloned in two different vectors with a similar strategy. First, the 481 
sequence of the gene coding for Mpro (nsp5) SARS-CoV-2 was optimized for Escherichia coli expression and 482 
synthesized and cloned directly into pUCIDTKan vector by the company Integrated DNA Technologies (IDT, 483 
Leuven, Belgium) and named pUCIDTKan-Mpro. The Mpro gene was amplified from the vector pUCIDTKan-Mpro 484 
using the following primers: 5’-CGGGCGCCATATGTCTGCTGTTCTGCAGAGTG-3’ (NdeI site) and 5’-485 
CCGCTCGAGTTAATGGTGATGGTGATGG-3’ (XhoI site) and cloned into the vector pET21a (Novagen) named 486 
pET21-Mpro. The cloned gene possess one Mpro autocleavage site SAVLQ↓SGFRK (arrow indicates the 487 
cleavage site) at the N-terminus, and at the C-terminus, the construct codes for the human rhinovirus 3C 488 
PreScission protease cleavage site (SGVTFQ↓GP) connected to a His6 tag. The authentic N-terminus is 489 
generated by Mpro autoprocessing during expression, whereas the authentic C-terminus is generated by the 490 
treatment with PreScission protease. Second, the Mpro gene was inserted into the pMal plasmid harboring 491 
the C-terminal hexahistidine-tagged sequence of SARS-CoV-2 Mpro named pMal-Mpro (Prof. John Ziebuhr, 492 
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Justus Liebig University Gießen, Germany). The sequence contained the native nsp4/nsp5 Mpro cleavage site 493 
between MBP and Mpro as well as the native nsp5/nsp6 cleavage site between Mpro and the hexahistidine 494 
tag, thus enabling the purification of native Mpro. 495 
 496 
Protein expression and purification. SARS-CoV-2 Mpro. The vector pET21-Mpro was transformed into E. coli 497 

Tuner (DE3) cells (Novagen, Merck, Madrid, Spain). These cells were grown in 2xYT medium supplemented 498 

with ampicillin (100 mg/L) at 37 °C. When the cells attained an OD600 of 0.6–0.8 the temperature was then 499 

dropped to 20 °C. When the temperature stabilized (approx., 15 min) the expression of the protein was 500 

induced by the addition of 0.1 mM isopropyl-b-D-thiogalactopyranoside (IPTG), and let to grow for an 501 

additional 16 h. The cells were harvested by centrifugation and resuspended in the lysis buffer containing 10 502 

mM TRIS-HCl at pH 8.0 and 1% (v/v) TritonX-100. The cells were lysed by sonication and the insoluble fraction 503 

was removed by centrifugation at 45,000 × g for 1 hour; the supernatant was then loaded onto a HisTrap FF 504 

column (GE Healthcare). The column was washed extensively first with 10 mM TRIS-HCl buffer at pH 8.0 505 

containing 5 mM imidazole, 0.5 M NaCl and 2 mM b-mercaptoethanol (b-ME) and subsequently with 10 mM 506 

TRIS-HCl buffer at pH 8.0 containing 50 mM imidazole, 0.5 M NaCl and 2 mM b-ME. The protein was eluted 507 

from the column in 10 mM TRIS-HCl buffer at pH 8 containing 300 mM imidazole, 0.5 M NaCl and 2 mM b-508 

ME. Just after the elution of the protein, the concentration of the b-ME was raised to 10 mM. The fractions 509 

containing the protease were then pooled, and PreScission protease containing a hexahistidine tag was 510 

added at a 500:1 molar ratio. The mixture was then dialyzed against a solution containing 10 mM TRIS-HCl at 511 

pH 8, 100 mM NaCl and 2 mM b-ME for 18 h at 4 °C. The PreScission-treated Mpro solution was applied to a 512 

HisTrap FF column to remove the PreScission protease, the C-terminal tag, and Mpro with uncleaved 513 

hexahistidine tag. The processed Mpro was collected in the flow-through and concentrated to 10 mg/mL. The 514 

generation of the proper N-terminal residue was confirmed by N-terminal sequencing by Edman degradation 515 

performed by the Protein Chemistry facility of the Centro de Investigaciones Biológicas 516 

(https://www.cib.csic.es/facilities/scientific-facilities/protein-chemistry). The expression of SARS-CoV-2 Mpro 517 

using the vector pMal-Mpro was performed exactly as described previously43. Human matriptase. 518 

Recombinant expression and purification was mainly performed as described previously44. The pQE30 519 

plasmid, containing the human matriptase (membrane-type serine protease 1, MT-SP1, prostamin) was 520 

kindly provided by Prof. Torsten Steinmetzer (Philipps University Marburg, Germany). Since MT-SP1 is 521 

expressed as inclusion bodies, no leakage suppression was needed and, hence, the plasmid was transformed 522 

in E. coli BL21-Gold (DE3) (Agilent Technologies, Santa Clara, CA, USA) cells. After growing them in LB medium 523 

supplemented with ampicillin (100 mg/mL) to an OD600 of 0.6–0.8, overexpression was induced by addition 524 

of 1 mM IPTG over night (o.n.) at 20 °C. Cells were harvested by centrifugation, flash frozen in liquid N2 and 525 

stored at −80 °C until further usage. For protein refolding and purification from inclusion bodies, cell pellets 526 

were resuspended in lysis buffer (50 mM TRIS−HCl pH 8.0, 300 mM NaCl, 10% (v/v) glycerol and 1 mM b-ME), 527 

supplemented with lysozyme and DNase and stirred for 1 h at room temperature (rt). After that, cells were 528 

further lysed by sonication (Sonoplus HD 2200; Bandelin, Berlin, Germany) and again centrifuged. The 529 

supernatant was discarded and the pellet was washed with lysis buffer. Proteins were solubilized in a 530 

denaturing solubilization buffer (50 mM TRIS−HCl at pH 8.0, 6 M urea, 10% (v/v) glycerol and 1 mM b-ME) by 531 

stirring o.n. at rt. The suspension was again centrifuged to remove cell debris. The supernatant was subjected 532 

to IMAC on a HisTrap HP 5 ml column (Cytiva Europe GmbH, Freiburg im Breisgau. Germany), using IMAC 533 

buffer A (50 mM TRIS−HCl pH 8.0, 6 M urea, 20 mM imidazole and 1 mM b-ME) in a linear gradient with IMAC 534 

buffer B (50 mM TRIS−HCl at pH 8.0, 6 M urea, 250 mM imidazole and 1 mM b-ME). The fractions, containing 535 

eluted MT-SP1 were refolded by a 2-step dialysis over 12 h each at 4 °C in dialysis buffer A (50 mM TRIS−HCl 536 

at pH 9.0, 3 M urea and 1 mM b-ME) and anion exchange (IEX) buffer A (50 mM TRIS−HCl at pH 9.0, 1 mM b-537 

ME) prior to IEX chromatography on a Resource Q 1 ml column (Cytiva Europe GmbH, Freiburg im Breisgau. 538 

Germany), using IEX buffer A in a linear gradient with IEX buffer B (50 mM TRIS−HCl at pH 9.0, 1 M NaCl and 539 

1 mM b-ME). Eluted MT-SP1 was flash frozen in liquid N2 and stored at −80 °C. Zika Virus 2 NS2BCF/NS3pro. 540 

The bivalently expressed ZIKV protease was expressed and purified as described previously45. Briefly, the 541 
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pETDUET vector containing bZiPro (purchased from Addgene) was transformed into competent E. coli BL21 542 

Gold (DE3) cells (Agilent Technologies, Santa Clara, CA, USA) and grown in LB medium containing ampicillin 543 

at 37 °C until they attained an optical density (OD600) of 0.8. Overexpression was induced o.n. by addition of 544 

1 mM IPTG at 20 °C. After harvesting, cells were flash frozen in liquid N2 and stored at −80 °C until protein 545 

purification. Herein, cell pellets were resuspended in lysis buffer (20 mM TRIS−HCl at pH 8.0, 300 mM NaCl, 546 

20 mM imidazole, 0.1% (v/v) Triton X-100, RNase, DNase, lysozyme and 1 mM DTT) and lysed by sonication. 547 

After centrifugation, bZiPro from the cleared supernatant was purified by IMAC on a HisTrap HP 5 ml column 548 

with a step-gradient of washing buffer (20 mM TRIS−HCl at pH 8.0, 300 mM NaCl and 20 mM imidazole) and 549 

elution buffer (20 mM TRIS−HCl at pH 8.0, 300 mM NaCl and 250 mM imidazole). The eluted fractions, 550 

containing bZiPro were subjected to a gel filtration step (HiLoad 16/600 Superdex 75; GE Healthcare, Chicago, 551 

IL, USA) in SEC buffer (50 mM TRIS−HCl at pH 8.0 and 150 mM NaCl). Eluted bZiPro was flash frozen in liquid 552 

N2 and stored at −80 °C. Cruzain. Cruzain (CRZ) was kindly provided by Dr. Avninder S. Bhambra (De Montfort 553 

University, Leicester, UK). Cathepsin L, Cathepsin B. Both cathepsin L (CatL) and cathepsin B (CatB) were 554 

purchased from Calbiochem (Merck Millipore, Burlington, Massachusetts). Rhodesain. Rhodesain (RhD) was 555 

recombinantly expressed and purified as reported previously46. 556 

 557 
Enzymatic assays. Proteolytic activity was determined by cleavage of fluorescence resonance energy transfer 558 
(FRET) peptide substrates. Fluorescence was measured using a Fluorolog-3 (Horiba Jobin Yvon, France) 559 
photon counting spectrofluorometer and a TECAN Infinite F2000 PRO plate reader (Agilent Technologies, 560 
Santa Clara, USA). The Fluorolog-3 spectrofluorometer was used to measure the activity of Mpro using the 561 
substrate Dabcyl-KTSAVLQ↓SGFRKME-(Edans)-Amid (Biosyntan, Berlin, Germany). They were carried out 562 
with excitation wavelength of 360 nm (4 nm band pass) and emission wavelength of 460 nm (8 nm band pass) 563 

using 5 x 10 mm cells at 25 °C, a protein concentration of 0.05 mg/mL (1.47 µM) and a substrate 564 
concentration of 5 µM with various concentrations of the inhibitors. The inhibitor was added into the Mpro 565 
solution in the reaction buffer, mixing and allowing the mixture to equilibrate for 10 sec, and then initiated 566 
by adding the substrate solution. Compounds in Table 1 were diluted in DMSO (FGA145, FGA146 and 567 
FGA147), N,N-dimethylformamide (FGA86 and FGA177) and ethanol (FGA159). Due to the deleterious effect 568 
of the solvents on the activity of Mpro and for consistency of the data, the concentration of solvent was kept 569 
constant at 1% (v/v) in all experiments. The fluorescence time course of the reaction mixture was recorded 570 
continuously for 2 min in 10 mM TRIS-HCl buffer at pH 8.0 containing 0.1 M NaCl and 2 mM b-ME. The slope 571 
of the curve of fluorescence intensity with time quantitatively reflects the activity of the enzyme. The 572 
proteolytic reaction initial velocity in the presence or absence of the inhibitors was determined by linear 573 
regression using the data points from the first 10 sec of the kinetic progress curves. The IC50 was calculated 574 
by adjusting a sigmoidal curve to the initial velocities plotted against the inhibitor concentration with the 575 
program Origin2018 (https://www.originlab.com). All measurements were made in triplicate. The Ki values 576 
were calculated using Eq. 2. For measurements using the TECAN Infinite F2000 PRO plate reader each well 577 
contained 200 µL, composed of 180 µL buffer, 5 µL enzyme in buffer, 10 µL inhibitor in DMSO or ethanol, 578 
and 5 µL substrate in DMSO (measuring conditions for all the proteases are summarized in Table S1, 579 
supplementary information). The amount of solvent in these experiments was 7.5%. The reaction was 580 
monitored for 10 min, fluorescence readout was performed in 30 s intervals. All measurements were made 581 
in triplicate. IC50 values were calculated using GRAFIT (Version 6.0.12; Erithacus Software Limited, East 582 
Grinstead, West Sussex, UK) by fitting the remaining enzymatic activity to the four-parameter IC50 equation 583 
(Eq. 1):47,48 584 

 585 
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 587 
with Y as the substrate hydrolysis rate obtained as fluorescence increase over time (DF/min), Ymax as 588 
maximum value of the dose–response curve, measured at inhibitor concentrations of [I] = 0 µM, Ymin as the 589 
minimum value of the dose–response curve, obtained at high inhibitor concentrations, and s as the Hill 590 
coefficient. The Ki value was calculated using Eq. 2:48 591 
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 594 
with [S] being the used substrate concentration and Km as the substrate concentration reaching half maximal 595 
hydrolysis activity (determined in a separate experiment). 596 

FGA146, the indole harboring compound, was the only one revealing a strong fluorescence in this 597 
assay at higher concentrations. To rule out that bleaching of this fluorescence interferes with our readout by 598 
overlaying the fluorescence increase caused by the enzymatic substrate cleavage, control measurements 599 
were performed. Therefore, the assay was repeated without addition of substrate, hence, the negative slope 600 
due to bleaching of FGA146 was determined. The relative activity values were then corrected by the negative 601 
slope of each inhibitor concentration (Fig. S1). 602 
 603 
Cell-based antiviral activity and cytotoxicity assays. Huh-7 cells that overexpress human angiotensin-604 

converting enzyme 2 (ACE2) (Huh-7-ACE2; kindly provided by Friedemann Weber (Institute of Virology, Justus 605 

Liebig University Giessen)) were grown in Dulbecco's modified Eagle’s medium (DMEM) supplemented with 606 

10% fetal bovine serum (FBS) and antibiotics (100 U/mL penicillin and 100 μg/mL streptomycin) at 37 °C in 607 

an atmosphere containing 5% CO2. The SARS-CoV-2 isolate Munich 92928 was kindly provided by Christian 608 

Drosten (Institute of Virology, Charité-Universitätsmedizin, Berlin). Cytotoxic concentrations 50% (CC50) of 609 

the compounds used in antiviral activity assays were determined using MTT assays as described previously49. 610 

To determine effective concentrations 50% (EC50) of the respective compounds, Huh-7-ACE2 cells were 611 

inoculated with SARS-CoV-2 at a multiplicity of infection (MOI) of 0.1 plaque-forming units (pfu) per cell. After 612 

incubation for 1 h at 33 °C, the virus inoculum was replaced with fresh cell culture medium containing the 613 

test compounds at the indicated concentration. After 23 h at 33 °C, the cell culture supernatants were 614 

collected and virus titers were determined by virus plaque assay as described previously50. 615 

 616 
Crystallization data collection and structure determination. Crystallization trials were performed at 295 K 617 
using the sitting-drop vapor-diffusion method with commercial screening solutions including JBScreen Classic 618 
and Wizard I–IV (Jena Bioscience, Jena, Germany) in 96-well sitting-drop plates (Swissci MRC; Molecular 619 
Dimensions, Suffolk, England). Drops were set up by mixing equal volumes (0.2 μL) of protein-containing 620 
solution (8 mg/mL) and reservoir solution using a Cartesian Honeybee System (Genomic Solutions, Irvine, 621 
USA) nano-dispenser robot and equilibrated against 50 μL reservoir solution. Both crystals of the apo form 622 
of the protein were obtained in 0.1 M sodium HEPES at pH 7.0 containing 22% PEG 4000 and 3% DMSO. The 623 
complex with compound FGA146 gave single well-diffracting crystals that were obtained in 0.1 M Bis-TRIS at 624 
pH 6.5 containing 18% PEG 3350, and the complex with compound FGA147 gave single well-diffracting 625 
crystals that were obtained in 0.1 M TRIS-HCl at pH 8.5 containing 20% PEG 2000 MME and 10 mM NiCl2. 626 

For data collection, crystals were cryo-protected with a cryo-solution containing the reservoir 627 
supplemented with 30 % (v/v) glycerol and flash-cooled in liquid nitrogen. X-Ray data collection experiments 628 
were performed at the ALBA Synchrotron (Cerdanyola del Vallès, Spain) BL13 XALOC beamline, and at the 629 
ESRF Synchrotron (Grenoble, France) ID30B beamline. Data were indexed and integrated, scaled and merged 630 
using XDS51. The structures were solved by molecular replacement using the previously reported SARS-CoV2 631 
Mpro structure (PDB: 7K3T) with Molrep52. The initial model was first refined using Refmac553 and alternating 632 
manual building with Coot54. MolRep and Refmac5 are part of the CCP4 suite55. The final model was obtained 633 
by repetitive cycles of refinement; solvent molecules were added automatically and inspected visually for 634 
chemically plausible positions. The inhibitor molecule was added manually. The stereochemical quality of the 635 
model was assessed with MolProbity56. The structural figures were generated using the Pymol program 636 
(http://www.pymol.org). Data processing and refinement statistics are listed in Table S2 (Supplementary 637 
information). 638 
 639 
Circular dichroism. Circular dichroism measurements were carried out on a JASCO J-720 (Jasco, Tokyo, Japan) 640 
spectropolarimeter equipped with a Peltier type temperature controller and a thermostatized cuvette cell 641 
linked to a thermostatic bath. Spectra were recorded in 0.1 cm path length quartz cells with a response time 642 
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of 4 sec and a band width of 2 nm. The protein concentration used was 0.15 mg/mL in 20 mM Tris-HCl buffer 643 
at pH 7.5 and 100 mM NaCl. The observed ellipticities were converted into the molar ellipticities [q] based 644 
on a mean molecular mass per residue of 110.45 Da. Thermal denaturation experiments were performed by 645 
increasing the temperature from 20 to 80 °C at 30 °C/hour. Tm represents the temperature at the midpoint 646 
of the unfolding transition. The CD signal was followed at 230 nm and the concentration of organic solvent 647 
was kept constant at 2.5%. Two concentrations of each compound were used (25 and 100 µM). 648 
 649 
QM/MM simulations. 650 
After setting up the molecular models, an additive hybrid QM/MM scheme was employed for constructing 651 
of the total Hamiltonian, where the total energy is obtained as a sum of different terms: 652 
 653 
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 655 
In Equation (3), EQM describes the atoms in the QM region, EQM/MM defines the interaction between the QM 656 
and MM region (both electrostatic and dispersion terms), and EMM describes the rest of the MM region. The 657 
QM subset of atoms includes the P1’ and P1 positions of the inhibitor, together with C145 and H41 residues 658 
of the protein. Four link atoms were inserted where the QM/MM boundary intersected covalent bonds in 659 
the positions indicated on Figure S9. Thus, QM part consisted of 57 atoms for both inhibitors. All the 660 
calculations were performed with the QMCube suite,57 for which the combination of the OpenMM and 661 
Gaussian0927 programs was used for constructing the potential energy function. The AMBER ff0358 and the 662 
TIP3P21 force fields were selected to describe the MM atoms, and the Minnesota functional M06-2X59 with 663 
the split-valence 6-31+G(d,p) basis set60 were used to treat the QM subset of atoms. This functional has been 664 
tested and shown to be suitable for modelling this type of reactivity.24,25,30,31,61-64 The position of any atom 665 
over 25 Å from the substrate was fixed to speed up the calculations. 666 
Reaction mechanisms for each inhibitor were initially explored using the nudged elastic band (NEB)65 667 
approach to set up plausible starting geometries for the transition structures. Then, they were localized and 668 
characterized by a micro-macro66,67 Hessian-based localization scheme, and minimum energy paths (MEP) 669 
were traced towards the corresponding minima. The information obtained in this stage was used in the fine-670 
tuning of the calculation of the free energy surface, in terms of potential of mean force (PMF). The PMF for 671 
each chemical step was obtained using the combination of the umbrella sampling (US) approach68 with the 672 
weighted histogram analysis method (WHAM).69 Series of MD simulations were performed adding a restraint 673 
along the collective reaction coordinate s, with an umbrella force constant of 3000 kJ·mol-1·Å-2. In every 674 
window, QM/MM MD-NVT simulations were performed with a total of 4.75 ps at 310 K with a time step of 675 
0.5 fs (a total of 9500 steps). The definition of the s coordinate has been always reduced to a combination of 676 
distances. Thus, for both FGA146 and FGA147 inhibitors we considered the same inhibition mechanism, and 677 
the following internal coordinates were included in the s coordinate: d(Sg, C19), d(Sg, Hg), d(Hg, Ne) and d(Hg, 678 
C20). All the information needed to define the equally distributed milestones from which the collective 679 
variable s is constructed were obtained from the analysis of the different MEPs previously traced.  680 
Finally, the interaction energy was computed as a contribution of each residue of the protein to the 681 
interaction energy with the QM part of the substrate was computed using the following expression: 682 
 683 

𝐸!"/""+,' = ∑%Ψ' -!!
.",!!

'Ψ( + ∑∑ /$!-!!

.$!,!!
+ 𝐸!"/""()*   (Eq. 4) 684 

 685 
This interaction energy can be exactly decomposed in a sum over residues provided that the polarized wave 686 
function (Ψ) is employed to evaluate this energy contribution. Because of the large number of structures that 687 
must be evaluated to obtain a representative population, the QM sub-set of atoms were described by the 688 
semiempirical Hamiltonian AM170 in these QM/MM MD calculations. 689 
 690 

 691 

Data availability 692 
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The atomic coordinates and structure factors have been deposited into the Protein Data Bank with accession 693 
codes 8BGA and 8BGD. All data are available from the corresponding author upon reasonable request. Source 694 
data are provided with this paper. 695 
  696 
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