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ABSTRACT 

The SARS-CoV-2 main protease (Mpro) is essential for replication of the virus responsible for 

the COVID-19 pandemic, and one of the main targets for drug design. Here, we simulate the 

inhibition process of SARS-CoV-2 Mpro with a known Michael acceptor (peptidyl) inhibitor, 

N3. The free energy landscape for the mechanism of the formation of the covalent enzyme-

inhibitor product is computed with QM/MM molecular dynamics methods. The simulations 

show a two-step mechanism, and give structures and calculated barriers in good agreement 

with experiment. Using these results and information from our previous investigation on the 

proteolysis reaction of SARS-CoV-2 Mpro, we design two new, synthetically accessible N3-

analogues as potential inhibitors, in which the recognition and warhead motifs are modified. 

QM/MM modelling of the mechanism of inhibition of Mpro by these novel compounds 

indicates that both may be promising candidates as drug leads against COVID-19, one as an 

irreversible inhibitor and one as a potential reversible inhibitor. 
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INTRODUCTION 

A novel coronavirus (severe acute respiratory syndrome coronavirus-2 – SARS-CoV-2) has 

been identified as responsible for the COVID-19 pandemic. There is a pressing need for 

effective antiviral treatments. Many researchers around the world are working to develop 

SARS-CoV-2 antiviral compounds, e.g. following previous SARS-CoV and MERS-CoV 

outbreaks and research. Remarkable progress has been achieved in just a few months with 

regard to the understanding of the phylogeny and genomic organization of SARS-CoV-2 as 

well as its molecular mechanisms of infection and replication.1 Knowledge of the life cycle of 

SARS-CoV-2 provides information about possible targets for drug development.2 These 

include inhibition of the viral-host interaction, endosome maturation, viral/endosome 

membrane fusion, and viral polypeptide maturation.3 Intense work has focused on 

identification and testing of compounds already approved for the treatment of other diseases 

such as remdesivir, a pre-existing drug developed against Ebola virus (EBOV),4 

dexamethasone and antimalarial drugs5. While some studies show promise, there is a need for 

new compounds, specific to SARS-CoV-2, both as drug leads and as biochemical probes.6-9 

The present study is focused on the atomistic characterization of the inhibition mechanism of 

one of the proteins responsible for the virus replication and maturation, the main coronavirus 

protease (SARS-CoV-2 Mpro, also called 3CLpro). Mpro, together with the papain-like protease 

PLpro, are cysteine protease (CPs) that process the polyproteins that are translated from the 

viral RNA in the replication of the SARS-CoV-2 virus. Thus, inhibiting activity of these 

enzymes would block the viral life cycle. In addition, a distinguishing feature of SARS-CoV-

2 Mpro with respect to human proteases is its ability to cleave proteins after glutamine residue. 

This feature, which is shared also by SARS-CoV 3CL protease,
10 has prompted a search for 

inhibitors incorporating a glutamine residue/mimic in their structure (see below) with the aim 

of obtaining selectivity in addition to potency.5 The current scenario explains the recent efforts 

devoted to the identification of inhibitors of this enzyme, aided by X-ray crystallography,5, 11, 

12 and computational modelling approaches. An example is the Covid Moonshot initiative, 

which thanks to the contributions of scientists operating all over the world, has identified 

several potential Mpro inhibitors hits which are now under biochemical evaluation.13  

The best characterized Mpro inhibitors so far act with a covalent mechanism. They 

share a similar recognition moiety, i.e. a peptidomimetic scaffold of moderate size with a 

glutamine or an isostere at the P1 position and a branched lipophilic group at P2,5, 11, 12 and are 

equipped with a reactive ‘warhead’, i.e. an electrophilic group responsible for the covalent 
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modification of the Mpro (see Scheme 1). Warheads so far employed ranged from classical 

Michael acceptors (MAs) to activated carbonyl derivatives, including alpha-ketoamides and 

aldehydes.  

 

Scheme 1. Schematic representation of the main classes of covalent inhibitors of CoVs Mpro so far 

reported. The reactive center on the warhead is marked with an asterisk. R emerging from P2 residue 

represents a lipophilic group of moderate size. The tail region is a highly variable portion in term of 

size and shape and involved other Mpro sub-pockets (i.e. S3 and S4) not represented in the scheme. 
 

For covalent modification of cysteine residues, the MA class is often the first choice with 

several examples of approved drugs containing this group.14-17 Despite the potential problem 

of off-target interaction due to the electrophilicity of , unsaturated systems, MAs are 

widely employed against cysteine proteases as they ensure the covalent inhibition of the 

enzyme.18  Compounds equipped with less reactive warheads (i.e. carbonyl-based compounds 

or nitriles) act as reversible inhibitors, as they form metastable adducts (such as hemithioketal 

or thioimidate species) with cysteine residues. In terms of target engagement, duration of 

inhibition and efficacy, MAs have key advantages over other warheads.16-18 Previous work on 

other viral Mpros  exemplifies this: peptidyl MAs were the first class of mechanism-based 

covalent inhibitors of CoV Mpro enzymes described in 2005.19 This seminal work prompted 

Jin and colleagues12 to test this library of compounds on the SARS-CoV-2 Mpro. Among those 

compounds, they found that one of them, N3 (see Scheme 2), shows promising inhibitory 

activity against the Mpro of SARS-CoV-2.  
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Scheme 2. Chemical structures of known (N3) and proposed (B1 and B2) Michael acceptor inhibitors 

of SARS-CoV-2 Mpro. The modifications from N3 to B1 and B2 are highlighted in blue. 

 

Kinetic analysis of the inhibition of Mpro of SARS-CoV-2 by N3 suggests a mechanism of 

two steps leading to irreversible inactivation (see Scheme 3): protein-inhibitor association to 

form a noncovalent complex (E:I), followed by covalent bond formation (E-I).5 The X-ray 

diffraction structure showed a covalent bond between the S atom of Cys145 of protomer A 

and the C atom of the vinyl group (see Scheme 3), thus confirming that N3 is a MA 

inhibitor12 and confirming that SARS-CoV-2 Mpro is a CP with an active site catalytic dyad 

(C145/H41) similar to other CPs.  
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Scheme 3. Proposed general mechanisms of SARS-CoV-2 Mpro cysteine protease inhibition by 

Michael acceptor inhibitors: concerted or stepwise Michael addition. R1 and R2 represent different 

substituents, as shown in compounds depicted in Scheme 2.  

 

Crystallographic electron density maps of N312 indicate hydrogen bond and van der Waals 

interactions between the inhibitor and residues in the substrate-binding pockets of Mpro. An 

exception is the solvent-exposed Val at P3, suggesting that this site can tolerate substituents of 

different shape and size.12 

Mechanistically, it is proposed that the chemical reaction leading to Mpro inactivation requires 

the imidazole group of H41 to activate the SH group of C145 to form a highly nucleophilic 

CysS-/HisH+ ion pair that would readily react with the inhibitor.20 This equilibrium may be 

tipped in favour of the ion pair by ligand binding, and may depend on the features of the 

ligand itself. In this regard, the inactivation of SARS-CoV-2 Mpro by covalent (peptidyl) 

inhibitors, including N3, can be considered as equivalent to the acylation step of the 

proteolysis reaction in CPs. According to our previous QM/MM study on the proteolysis 

reaction catalyzed by cruzain CP, the proton from the cationic HisH+ is transferred to the N 

atom of the scissile peptide bond, followed by Cys attack on the carbonyl carbon atom of the 

peptide.21 However, our recent study on the proteolysis reaction of SARS-CoV-2 Mpro using 

as substrate the polypeptide Ac-Val-Lys-Leu-Gln-ACC (ACC being a fluorescent tag 7-
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amino-4-carbamoylmethylcoumarin) suggests that the mechanism of action of this enzyme 

slightly differs from other cysteine proteases.22 First of all, the enzyme:substrate initial 

complex would correspond to the neutral C145/H41 dyad (equivalent to E:I in Scheme 3) 

instead of the ionic pair dyad C145-/H41+ (E(+/-):I in Scheme 3). From this stable state, the 

acylation reaction consists of a proton transfer from C145 to the H41 concomitant with the 

nucleophilic attack on the carbonyl carbon atom of the peptide bond by the sulfur atom of 

C145, leading to a pseudo-stable intermediate. Then, the cleavage of the peptide bond by Mpro 

is assisted by proton transfer from the protonated H41+ to the nitrogen atom of the substrate, 

forming an acyl-enzyme covalent intermediate. This last step of the acylation was calculated 

to be almost barrierless with the substrate employed in our previous study.22 In the inhibition 

reaction by MA compounds shown in Scheme 2, the proton will be transferred from the 

protonated H41+ to the C of the inhibitor, thus leading to the covalent E-I adduct (Scheme 

3). Consequently, in the design of covalent inhibitors, focus must be put on obtaining an 

exergonic process for the E-I formation, with low activation energy barriers. The energy 

barriers from E-I back to reactants E:I will determine the irreversible vs reversible character 

of the inhibitors, with potentially paramount importance for finding the optimal balance 

between efficacy and safety. To reach this goal, in addition to the presence of a reactive 

warhead, the interactions between the recognition moiety of the inhibitor and the different 

sub-sites of the binding pocket of the protein must be taken into account, which can be guided 

by the results derived from previous studies on this and related CPs. QM/MM simulations 

provide a good tool to investigate the reactivity of covalent inhibitors within their protein 

targets.23-29  

Here, we focus firstly on the inhibition of the SARS-CoV-2 Mpro by the covalent (peptidyl) 

irreversible inhibitor N3, modelling the reaction with QM/MM techniques. Building upon the 

findings, on information derived from other CP inhibitors and on our previous study on the 

proteolysis reaction of Mpro,22 we then designed, and tested computationally, two MA 

inhibitors to block the enzyme: compounds B1 and B2 in Scheme 2. B1 was designed 

according to some of the modifications made by Zhang et al.5 on their broad-spectrum 

peptidomimetic α-ketoamides inhibiting of the main proteases of betacoronaviruses, 

alphacoronaviruses and the 3C proteases of enteroviruses.30 In addition, although the 

inhibition of CPs is dependent on the interactions between the peptidic framework (the P2) of 

the inhibitor and the S2 pocket of the enzyme,28, 31-34 this is probably not the case in SARS-

CoV-2 Mpro, according to the QM-MM protein-substrate interactions found in our previous 

study of the proteolysis reaction of SARS-CoV-2Mpro 22: S2 appears to be a small 
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hydrophobic pocket without strong hydrogen bond interactions. Therefore, the isopropyl 

group of Leu at P2 site was replaced by a cyclopropyl group. This change is in accordance 

with the changes by Zhang et al. to the original peptidomimetic α-ketoamides to enhance anti-

viral activity against beta coronaviruses (such as SARS-CoV and SARS-CoV-2).5 The tail of 

the N3 compound was replaced by an amino pyridone moiety carbamoylated by a tert-

butyloxycarbonyl group, because this group is expected not to be a substrate of cellular 

proteases, and so offers potential advantages in term of pharmacokinetic properties.5 Our 

previous Mpro proteolysis reaction study indicated that the S3 subsite is completely exposed to 

the solvent and only three interactions between the peptide backbone atoms of Lys3 of the 

substrate and the protein were observed.22 In addition, the lack of possible strong hydrogen 

bond interactions in S4 sub-site supports the strategy of reducing the size of the inhibitor.  

In the case of compound B2, a more dramatic modification was introduced: we decided to 

change the warhead to a nitroalkene, based on the potent reversible inhibitory activity of a 

family of dipeptidyl nitroalkene derivatives against the CPs cruzain and rhodesain by one of 

us,14 together with our previous QM/MM study on the inhibition mechanism of three CPs 

belonging to the papain family (cruzain, rhodesain, and cathepsin L).28 Based upon the 

mechanism depicted in Scheme 3, the protonation of intermediate E-I(-) might be less favored 

in the case of the nitroalkane carbanion arising because the acidity of the corresponding acid, 

namely the nitroalkane, is higher, and thus, the basicity of the carbanion is lower; potentially 

the cause of being a covalent reversible inhibitor. The glutamine residue in P1 was introduced 

due to the strong favorable interactions that we observed in the study of the proteolysis of the 

Ac-Val-Lys-Leu-Gln-ACC substrate by Mpro,22 and based on the substrate specificity of 

SARS-CoV Mpro , i.e. requiring glutamine in the P1 position.35 P2 was kept the same as in N3, 

while the rest of the inhibitor in positions P3, P4 and P5 was replaced by a smaller moiety, 

with the aim of improving the physicochemical properties as well as synthetic accessibility. 

Importantly, both designed compounds B1 and B2 should be readily prepared through 

synthetic approaches inspired by published synthetic routes of similar compounds.13,36 
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COMPUTATIONAL METHODS 

 

The coordinates of atoms of SARS-CoV-2 Mpro were taken from the X-Ray structure of its 

complex with the N3 inhibitor, available in the Protein Data Bank (PDB ID 6LU7).12 The 

biological assembly (homodimer) was built using Discovery Studio Visualizer 19. Inhibitor 

N3 was replaced by two Michael acceptor inhibitors (compounds B1 and B2) to create two 

new covalent enzyme-inhibitor models (E-I in Scheme 2). Once the enzyme-inhibitor models 

were set up, solvated with a box of water molecules and equilibrated by means of preliminary 

MM molecular dynamics (MD) simulations (Fig. S1a, S2a and S3a), QM/MM free energy 

surfaces (FESs) were obtained, in terms of Potentials of Mean Force (PMFs), for every step of 

the reaction using umbrella sampling37 combined with the Weighted Histogram Analysis 

Method (WHAM).38 See Supporting Information for details. The QM region consisted of 75 

atoms for the inhibitor N3 and compound B1, and 57 atoms for the compound B2 including 

P1’, P1 and P2 fragments of the inhibitors and the two catalytic residues C145 and H41. 

Three quantum ‘link’ atoms were inserted where the QM-MM frontier crosses a covalent 

bond (See Fig. S1b, S2b and S3b). The Austin Model 1 (AM1)39 semiempirical method was 

used to treat the QM region in the initial exploration of the FESs, while the Minnesota 

Functional M06-2X40 with the standard 6-31+G(d,p) basis set,41 were used to treat the QM 

region, as implemented in Gaussian09 program,42 to provide the final corrected high level 

FESs (see Supporting Information for details). This is a good choice of functional and basis 

set, based on our previous tests experience,43-45 including the study of the proteolysis reaction 

of SARS-CoV-2 Mpro.22 The protein and water molecules were treated with the AMBER 

ff0346 and TIP3P47 force fields, respectively. QM/MM MD simulations were performed using 

the fDynamo library,48 using procedures that we have previously extensively tested and 

validated. Structures of all the states involved in the reaction (minima and transition state 

structures) were optimized at M06-2X:6-31+G(d,p)/MM level, starting from representative 

AM1/MM snapshots of the FESs with Gaussian09 program42 coupled to fDynamo library. 

These are deposited in the Supporting Information. 

The estimation of the inhibitor:Mpro binding energy was performed by docking calculations 

for N3, B1 and B2, with the Glide program,49 starting from the QM/MM structures of the 

enzyme:inhibitor non-covalent reactant complex, E:I in Scheme 2 (see Supporting 

Information for details). 
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RESULTS AND DISCUSSION 

Inhibition reaction of SARS-CoV-2 Mpro with N3. The first step of our program towards the 

rational design of new SARS-CoV Mpro inhibitors was the study of the reaction with the N3 

inhibitor originally proposed by Yang et al.19 As described in the Methods section, the 

enzyme-inhibitor covalent E-I complex was equilibrated by MM and QM/MM MD 

simulations. A schematic representation of the equilibrated structure of the active site is 

shown in Fig. 1, where important interactions found in the MD simulations and the X-ray 

structure obtained by Jin et al.12 are indicated as blue and red dashed lines, respectively. The 

pattern of interactions between the enzyme and the inhibitor in our equilibrated structure is 

quite close to that observed experimentally, thus supporting our starting structure for the 

exploration of the full mechanism. The MD results confirm the absence of hydrogen bond 

interactions with some of the side chains of the residues of N3 (P2-P5) which, considering the 

demonstrated efficiency of this inhibitor, can be used as a guide for the design of improved 

compounds not requiring hydrogen bond interactions with these sites, as mentioned in the 

Introduction. 

 

β
α

 
 

Figure 1. Schematic representation of N3 in the covalent E-I complex in the active site of SARS-

CoV-2 Mpro. The dashed lines indicate hydrogen bond interactions between the inhibitor the protein 

deduced from MD simulations (blue lines) and the X-ray structure (red lines) obtained by Jin et al.12 

Distances are reported in Å. 

 

Once the covalent enzyme-inhibitor E-I complex was equilibrated, the Michael addition 

reaction and the proton transfer from the protonated H41 to the C atom of the inhibitor (see 
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Scheme 3) was explored backwards from E-I to E:I by QM/MM MD simulations. Different 

combinations of interatomic distances were employed to generate the potential energy 

surfaces (PESs) and the free energy surfaces (FESs) of every chemical step. The FESs 

obtained (see Fig. S4 in Supporting Information) show that the more stable protonation state 

of the C145/H41 dyad corresponds to that in which both residues are neutral, designated E:I. 

This result is in contrast with previous computational studies of proteolysis21 and inhibition24, 

28, 50 of other CPs, but it is in agreement with our previous study of the proteolysis reaction of 

Mpro,22 and previous work suggesting substrate binding induced ion pair formation in other 

SARS-CoV Main proteases.51 From this initial state, the proton transfer from C145 to H41 to 

form the ionic dyad E(+/-):I precedes the Michael addition that forms the covalent bond 

between the sulphur atom of C145 and the C of the inhibitor, to form E:I(-). Finally, the 

proton transfer from His41 to C of the substrate takes place as an almost barrierless process 

to produce the final, stable, E-I covalent complex. The resulting free energy profile is shown 

in Fig. 2, and details of the active site in the key states in the inhibition process are presented 

in Fig. 3. The reaction is a stepwise process, kinetically controlled by the carbon-sulphur bond 

formation, via TS2, with a free energy barrier of 11.2 kcal·mol-1, and a reaction energy of –

17.9 kcal·mol-1. The low activation free energy of the inhibition reaction with N3 is in 

agreement with the experiments that revealed a process so fast that the enzyme inactivation-

rate constant for covalent bond formation could not be measured.12 Regarding the 

thermodynamics, the resulting energy profile is in agreement with the irreversible character of 

the inhibition considering that activation barrier for the reverse retro-Michael reaction is 

nearly 30 kcal mol-1 (computed as the difference between E-I and TS2). On the other side, the 

free energy of activation for the initial proton transfer from C145 to H41 is very low (1.4 

kcal·mol-1) and the relative energy of the ion pair dyad, E(+/-):I, is only 1.3 kcal·mol-1 higher 

than the starting E:I state (see red line in Fig. 2a). It is important to point out that while 

preparing the present manuscript, a QM/MM MD study on the mechanism of N3 has 

appeared.52 Comparison of the two studies reveals some analogies but also some important 

differences. The stepwise and the exergonic character of the reaction, and the finding that the 

neutral E:I form is more stable than the ion pair E(+/-):I, are common to both studies. 

However, while our E(+/-):I is just 1.3 kcal·mol-1 higher in energy than E:I, the difference 

obtained in the other study is much higher (10.3 kcal·mol-1). Similarly, they found a much 

higher energy barrier for the C145 - C bond formation from E:I  (20.9 kcal·mol-1). The 

mechanism is also slightly different because a water molecule is used in the transfer of the 
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proton from His41 to C of the inhibitor while, as commented above, our simulations show 

that the direct transfer can take place, in an almost barrierless process, as previously for other 

CP inhibition reactions by Michael acceptors.28, 50 We note that, all other things being equal, 

the lower barrier found here (not involving an intervening water molecule), indicates that the 

mechanism we find would dominate the experimentally observed kinetics.  

 

 
Figure 2. M06-2X/6-31+G(d,p):AM1/MM free energy profiles for covalent complex formation with 

SARS-CoV-2 Mpro and: N3 (red line); compound B1 (blue line); and compound B2 (green line). Panel 

(a) shows the formation of the ion pair E(+/-):I; and the full inhibition reaction is shown in panel (b). 

Energies are in kcal·mol-1. 

 

 

 
Figure 3. M06-2X/6-31+G(d,p)/MM optimized structures of the important states in the inhibition 

process of Mpro by N3. Distances are shown in Å.  

 

Analysis of the structures of the key states in the reaction (Fig. 3, Table S4 and S5) confirms 

the mechanism and suggests that the active site of the Mpro does not undergo dramatic changes 

during the chemical steps. The two catalytic residues are well oriented in the reactive non-

covalent complex E:I in which the inhibitor is well anchored to the active site. Structures of 
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TS1 and TS2 were optimized at M06-2X/6-31+G(d,p)/MM level and the minimum energy 

path, computed as the IRC path, confirms the predictions derived from the M06-

2X:AM1/MM FESs (see Table S4, S5 and S6). 

In order to analyse the non-covalent enzyme:inhibitor reactant complexes, E:I, the interaction 

energies (electrostatic plus Lennard-Jones) between residues of Chain-A of Mpro and each 

fragment of the N3 were computed as an average over 1000 structures of the equilibration 

AM1/MM MD simulation (Fig. 4). The pattern of interactions is similar to that of E-I, shown 

in Fig. 1, confirming that the inhibitor and enzyme undergo no large structural changes during 

the chemical steps of the inhibition process. It is important to point out that, while there are 

protein residues that clearly bind the inhibitor in the active site, which could have been 

predicted by the X-ray geometrical analysis of the E-I complex (N142 and G143 in P1’:::S1’, 

H163, E166, F140 and H164 in P1:::S1, Q189 in P2:::S2, E166 in P3:::S3, T190 in P4:::S4 or 

Q192 in P5:::S5), some of these residues do not form binding interactions in E:I. For 

instance, interatomic distances (Table S4), suggest that E166 forms a hydrogen bond with the 

backbone of P3, but no net stabilizing interaction was measurable (Fig. 4 and Fig. S5) in E:I. 

Therefore, design of N3 analogues to generate a more stable enzyme-inhibitor initial complex 

should not be limited to geometrical analysis of X-ray structures or those derived from MD 

simulations of the reactant complex. Overall, our results suggest that P1 is the most important 

fragment to consider in the design of new efficient inhibitors. This accords with the 

conclusions of our previous QM/MM study of the proteolysis reaction of Mpro.22 

 

 

Figure 4. Main favorable average interaction energies (electrostatic plus Lennard-Jones) between 

residues of Chain-A and each fragment of the N3 computed in the E:I state. Results obtained as an 

average over 1000 structures of the AM1/MM MD simulations. 

 

Designed Inhibitors of SARS-CoV-2 Mpro: compounds B1 and B2. After the study of the 

Michael addition with inhibitor N3, the inhibition reactions of Mpro with compounds B1 and 

B2 were simulated following the same methods. The calculations analyzed the stability of the 
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E-I complexes, with special attention to the protein-inhibitor interactions. A schematic 

representation of the equilibrated E-I structures of the active site after the QM/MM MD 

simulation is shown in Fig. 5. The interactions between the enzyme and the two proposed 

inhibitors, indicated as dashed blue lines in Fig. 5, confirm the predictions of the design. In 

both cases, the interactions between the protein and the inhibitor are dominated by the 

P1’:::S1’ and the P1:::S1. Apart from these interactions, in the case of compound B1, 

hydrogen bond interactions in P4 (with Gln192) are found, while in the case of compound B2 

more strong interactions appear, especially in P3 (with Glu166). These interactions keep both 

compounds posed appropriately for covalent bond formation to take place.  

 

β
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Figure 5. Schematic representation of the active site in the E-I complex and detail of the H-bond 

interactions between the inhibitor and the active site of SARS-CoV-2 Mpro as derived from QM/MM 

MD simulations of compound B1 (a) and compound B2 (b).  

 

After equilibration of the two covalent E-I structures, the chemical reaction steps of the 

(reverse) inhibition process were studied by exploration of the PESs and FESs (Fig. S6 and 

S8). The free energy profiles are shown in Fig. 2, together with that for N3. The reaction in 

both cases follows the same mechanism as for N3. The activation energy barriers obtained 

with compound B1 and B2, are both determined by the rate-limiting transition state of the C-S 

bond formation, TS2. Nevertheless, while the barrier (for covalent complex formation, i.e. for 

the forward reaction) of B1 (11.8 kcal·mol-1) is very close to that obtained with N3 (11.2 

kcal·mol-1), that of B2 is slightly lower (9.8 kcal·mol-1). In contrast, the reaction energies of 

B1 and B2 are very different: –27.9 and –11.4 kcal·mol-1, respectively. These results suggest, 

first, that both designed inhibitors should present similar reactivity to N3 for covalent 

complex formation, B2 being slightly more reactive. Second, while compound B1 would be 

an irreversible inhibitor, compound B2 is predicted to be  more reversible inhibitor character 

than B1 and N3. As can be seen from Fig. 2a, there are also differences regarding the relative 
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energy of the initial non-covalent states, E:I vs E(+/-):I. While in the case of compound B1 the 

neutral dyad is 0.4 kcal·mol-1 less stable than the ionic pair, the E(+/-):I of compound B2 is 2.6 

kcal·mol-1 higher in energy than the E:I. As observed in Fig. 2a, E(+/-):I of compound N3 is 

also higher in energy, by 1.3 kcal·mol-1, than the E:I. These results, compared with the results 

obtained with N3, with the previously studied proteolysis reaction with a reactive substrate,22 

and with previous studied on other SARS-CoV Mpro enzymes51 indicate that the protonation 

state of C145 and H41 in the initial non-covalent binary complex depends on the substrate 

substituents in the P1’, P1 and P2 positions. Thus, it is remarkable how, according to the 

P1´:::S1’ interatomic distances, the interaction established between the nitro group of B2 and 

G143 appear to be stronger in the E:I than in E(+/-):I, in contrast to B1, that shows a small 

diminution in the distances between the carbonyl group and residues G143, or N3 that does 

not show any clear trend in the interactions with residues G143, S144 and C145 (see Tables 

S4, S7 and S10). The different electronic distributions in these moieties of the substrate, a less 

basic carbanion in B2 as compared to N3 and B1, can slightly shift the pKa of the two 

catalytic residues. Nevertheless, as shown in Fig. 2, the influence is not significant for the 

inhibition process of Mpro. Finally, while the final proton transfer from H41 to the C of the 

inhibitor takes place as a barrier less process in N3 and B2, a transition state, TS3, has been 

localized for the reaction with B1, despite with a very small energy barrier (2.7 kcal·mol-1). 

 

 
Figure 6. M06-2X/6-31+G(d,p)/MM optimized structures of E:I, E(+/-):I and E-I appearing along the 

inhibition process of Mpro by compound B1 (a) and compound B2 (b). Key distances are reported in Å. 
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M06-2X/6-31+G(d,p)/MM optimized structures of the stable states appearing along the 

reaction with both inhibitors are presented in Fig. 6 (structures of the TSs, E:I and E-I are 

deposited in the Supporting Information together with a list of key interatomic distances of 

average structures obtained from the AM1/MM MD simulations and single optimized 

structures at M06-2X/6-31+G(d,p)/MM level). As observed for N3, the enzyme-inhibitor 

interactions do not change during the chemical steps of the inhibition reaction with B1 and B2 

(Fig. 6 and Tables S7 and S10). In both cases, designed inhibitors bind stably in the active site 

of the enzyme. Analysis of the favorable protein-inhibitor interactions in the E:I state, 

computed as the sum of QM/MM electrostatic and Lennard-Jones terms, shown in Fig. 7, 

confirms the predictions assumed during the design of B1 and B2 and the conclusions from 

the geometrical analysis of the optimized structures. In both cases the interactions between the 

protein and the inhibitors are dominated by those in the P1:::S1 site. 

 

 

Figure 7. Main favorable average interaction energies (electrostatic plus Lennard-Jones) between 

residues of Chain-A and each fragment of the compound B1 (a) and compound B2 (b) computed in the 

E:I state. Results obtained as an average over 1000 structures of the AM1/MM MD simulations.  

 

The averaged structures of E(+/-):I and TS2 in the three compounds (Tables S4, S7 and S10), 

as deduced from the QM/MM MD simulations, show how the change of the reaction 

coordinate in this rate limiting step (the change in the distance between the SG atom of C145 

and the C atom of the inhibitors from E(+/-):I to TS2) is larger in the reaction with N3 and B1 
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(1.06 and 1.20 Å, respectively) than in the reaction with B2 (0.89 Å). The same conclusion is 

obtained if comparing the change of this coordinate from the initial E:I complex: the smaller 

the change of the coordinate from E:I complex to the TS2 (1.09, 1.14 and 0.74 Å for N3, B1 

and B2, respectively), the lower the barrier (11.2, 11.8 and 9.8 kcal·mol-1 for N3, B1 and B2, 

respectively). These results suggest that structure of the inhibitors and their interactions with 

the protein makes that B2 adopts a more reactive conformation on the E:I and  E(+/-):I states, 

closer to TS2 than those in the case of N3 or B1, thus explaining its lower activation energy 

barrier. These results explains why the inhibitor in which the ion pair is most disfavored, but 

closer to the rate limiting TS2, is also the one with the lowest overall barrier.  

 

Estimation of inhibitor:Mpro binding energy. Binding of inhibitors to Mpro active site 

through noncovalent interactions (to form E:I, Scheme 3) is a key event that precedes the 

chemical step of the inhibitory process. To estimate this binding energy, docking of N3, B1 

and B2 was performed, starting from the structures of the reactants generated by QM/MM 

MD simulations. Docking indicates that all the inhibitors assume a binding pose consistent 

with the X-ray structure of the Mpro-N3 adduct, i.e. with the warhead properly oriented to 

react with the catalytic cysteine, the polar sidechain at P1 site forming hydrogen bonds with 

S1 residues, and the lipophilic chain at P2 site undertaking several van der Waals contacts 

with S2 residues (Fig. S10). The reference N3 inhibitor gave a Gscore of –14.4 kcal·mol-1, 

consistent with the high number of hydrophilic and lipophilic contacts formed by this 

compound within the Mpro active site. Compounds B1 and B2 are also predicted to bind with 

good affinity (Gscore values, –10.6 and –8.6 kcal·mol-1, respectively). The less negative score 

of these putative inhibitors is due to their smaller size compared to N3. The binding poses of 

B1 and B2 resemble that of N3 (Fig. S10), suggesting that modifications at level of the tail or 

of the warhead do not affect the accommodation of the critical P1 and P2 residues. Within the 

known limits of empirical scoring functions, the present docking analysis supports the 

proposal that B1 and B2 can bind to Mpro in a productive orientation in its active site. 

 

CONCLUSIONS 

 

Here, we first explored the inhibition of SARS-CoV-2 Mpro with a known covalent (peptidyl) 

inhibitor, N3,19 by QM/MM MD simulations. The results are in good agreement with 

experimental crystal structures and kinetics, and reveal the chemical mechanism of covalent 

reaction. This provides an atomically detailed description of the process of formation of the 

covalent enzyme-inhibitor complex. We used these results, together with information for 
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other CP protease inhibitors, and from our recent study of the proteolysis reaction of SARS-

CoV-2 Mpro,22 to design and computationally test two putative inhibitors of SARS-CoV-2 

Mpro based on the scaffold of N3. In the first designed compound, B1, the recognition portion 

of N3 was modified while both the recognition part and the warhead of N3 (to a nitroalkene) 

were changed to generate a second compound, B2 (Scheme 2). 

The calculated free energy landscape for formation of the covalent enzyme-inhibitor 

intermediate indicate that the reaction, with all three compounds, proceeds in a stepwise 

manner: in the first step, Cys145 is activated by His41, forming the ion pair E(+/-):I, followed 

in the second step by attack of the sulfur atom of Cys145 on the Cβ atom of the inhibitor and 

proton transfer from His41 to the Cα atom of the inhibitor, leading a stable covalent E-I 

intermediate. The rate-limiting step of the process, in all three cases, corresponds to the 

enzyme-inhibitor covalent bond formation, with an activation free energy of 11.2, 11.8 and 

9.8 kcal·mol-1 for N3, B1 and B2, respectively. The low activation free energy of the 

inhibition reaction with N3 is in agreement with kinetic experiments,12 while the values 

obtained with compound B1 and B2, indicate that both are also reactive. Further, the lower 

activation energy for B2 suggests that it would react faster with Mpro: this is a potential 

advantage in biological media in which the compounds have to compete with high 

concentration of the natural substrate. Within cells, covalent inhibitors must react with the 

target quickly, to avoid competing reactions with free bio-nucleophiles, such as glutathione, 

or with proteases (e.g. in the case of peptidyl compounds) that can reduce their active 

concentrations.53 From the thermodynamic point of view, the exergonic process obtained with 

N3 (reaction energy –17.9 kcal·mol-1) is consistent with its experimentally observed stability 

(e.g. revealed by X-ray crystallographic structures).12 The inactivation reactions of Mpro with 

B1 and B2 are also exergonic but are very different from each other (–27.9 and –11.4 

kcal·mol-1, respectively), suggesting that compound B1 would be an irreversible inhibitor, but 

compound B2 should present a more reversible character. Analysis of the QM-MM 

interaction energies between the different residues of the inhibitor and the residues located in 

the substrate-binding pockets of Mpro confirms the predictions assumed during the design of 

B1 and B2, and the conclusions from geometrical analysis of the structures optimized at the 

DFT/MM level. In both cases, the interactions between the protein and the inhibitors are 

dominated by those in the P1:::S1 site. Finally, docking analysis carried out with the 

noncovalent enzyme:inhibitor reactant complex structures obtained from our QM/MM 
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structures support the proposal that B1 and B2 can bind Mpro in a reactive conformation in its 

active site. 

In summary, our QM/MM study of the inhibition of Mpro by N3 and two covalent (peptidyl) 

MA compounds, B1 and B2, which we designed based on these simulations and medicinal 

chemistry experience, indicates that a lower alkylation barrier than N3 can be obtained by 

modulating either the recognition portion or the warhead. Interactions between the recognition 

moiety and Mpro active site affect the chemical step because they dictate the pose of the 

inhibitor in the active site of the enzyme. Our results show that B1 has a more irreversible 

character than N3 while B2 is more reversible. This different behavior in silico suggest that 

both compounds should be tested and compared to N3 as promising candidates as drug leads 

against COVID-19. Importantly, both designed compounds can be easily prepared through 

synthetic approaches inspired by published synthetic routes of similar compounds. 
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