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A B S T R A C T   

We have studied the non-covalent interaction between PF-07321332 and SARS-CoV-2 main protease at the 
atomic level using a computational approach based on extensive molecular dynamics simulations with explicit 
solvent. PF-07321332, whose chemical structure has been recently disclosed, is a promising oral antiviral clinical 
candidate with well-established anti-SARS-CoV-2 activity in vitro. The drug, currently in phase III clinical trials 
in combination with ritonavir, relies on the electrophilic attack of a nitrile warhead to the catalytic cysteine of 
the protease. Nonbonded interaction between the inhibitor and the residues of the binding pocket, as well as with 
water molecules on the protein surface, have been characterized using two different force fields and the two 
possible protonation states of the main protease catalytic dyad HIS41-CYS145. When the catalytic dyad is in the 
neutral state, the non-covalent binding is likely to be stronger. Molecular dynamics simulations seems to lend 
support for an inhibitory mechanism in two steps: a first non-covalent addition with the dyad in neutral form and 
then the formation of the thiolate-imidazolium ion pair and the ligand relocation for finalising the electrophilic 
attack.   

1. Introduction 

In the ongoing COVID-19 pandemic, viral infectivity is known to 
have been recently boosted by at least four different variants in England, 
Brazil, South Africa and India [1], all involving mutations on the Spike 
(S) structural protein. It seems reasonable to expect that SARS-CoV-2 
mutational activity on S will wane to some extent vaccine efficacy as 
the pandemics evolve. The need for an effective antiviral drug against 
COVID-19 is hence more urgent than ever. In this respect, the 
SARS-CoV-2 main protease (3CLpro) is probably one of the most prom
ising biological targets [2]. While the mutation rate is high on S, the non 
structural 3CLpro is highly conserved in the coronaviridae family [3], 
and is responsible for the generation of the entire virus replication 
machinery, by cleaving the long polyproteins expressed by the virus 
RNA upon cell entry. 

Considerable efforts have been devoted to the identification an 
effective antiviral agent for SARS-CoV-2 via computational approaches 
[4], [–] [13] combing different methodologies and analyzing also 
well-known chemical compounds. On the April 6, 2021, Pfizer disclosed 
the structure of a 3CLpro inhibitor (Fig. 1), named PF-07321332, 
exhibiting nanomolar affinity and capable of suppressing virus 

replication in human cells at submicromolar concentrations [14]. The 
design of PF-07321332 is similar to that of the ML1000 peptidomimetic 
molecule [15], a covalent reversible Michael 3CLpro inhibitor with 
submicromolar activity bearing an alpha-keto-amide moiety flanked by 
two proline-mimetic groups. In PF-07321332, the alpha-keto-amide has 
been replaced by a nitrile group, acting as a Michael acceptor [16]. 

The catalytic mechanism of the cysteine proteases depends on a HIS/ 
CYS catalytic dyad (HIS41-CYS145 in SARS-CoV-2 3CLpro). In 
Chymotrypsin-like proteases, such as 3CLpro, the nucleophilic attack of 
the cysteine thiolate is believed to be a concerted process whereby the 
covalent binding of the substrate is assisted by the histidine, functioning 
as a proton acceptor from the SH group. In the serine Chymotrypsin 
protease, the N deprotonated catalytic HIS57 is an H-bond donor on the 
Nδ1 protonated site for a vicinal ASP102 residue, making HIS57 more 
basic, hence favouring the proton transfer (PT) from SER195 upon 
ligand docking [17]. In SARS-CoV-2 3CLpro, such role is apparently 
played by a water molecule, tightly H-bonded to Nδ1 of HIS41, and 
revealed in X-ray [18,19] and neutron scattering experiments at room 
temperature [20]. Papain-like proteases, on the other hand, are believed 
to act by a thiolate-imidazolium ion pair mechanism, with the dyad 
already in the zwitterionic form in the native unligated state [16,21]. In 
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this regard, neutron scattering experiments [20] conducted at pH 6.6 
and room temperature have shown that HIS41 is protonated and CYS145 
is deprotonated on the SARS-CoV-2 3CLpro protein also. This is at vari
ance with the results presented on a previous study by the same authors 
[18], in agreement with the consensus base catalysis mechanism [22] 
and with the results obtained in Ref. [23] on the homologous 
SARS-CoV-1 3CLpro, where the measured pKa of CYS (8.3) and HIS (6.4) 
are consistent with a general base catalysis chymotrypsin mechanism 
and cannot be explained by a thiolate-imidazolium ion pair model. Most 
recently, a thorough MD study on the dimer [24] showed that the 
ion-pair configuration of the dyad is not compatible with a catalytically 
competent binding mode for peptide substrates. Substrate docking on 
the 3CLpro with the dyad in neutral form is hence supposed to favor the 
CYS to HIS PT [25] preceding the acylation step in the catalysis. 

Recently, the catalytic mechanism in 3CLpro was investigated using 
hybrid QM/MM multi-scale hybrid methods [25,26]. Both these studies 
agree on the fact that in the apo (unligated) form, the neutral state for 
the dyad is significantly more stable than the zwitterionic state. 
Regarding the role of the ligand in the holo form, however, these studies 
strikingly predict an opposite effect on the ion-pair state, stabilizing in 
Ref. [25] and destabilizing in Ref. [26] One weak point of these QM/MM 
approaches for the holo forms is that the latter are prepared [25–27] 
starting from the X-ray structures where the ligand is already covalently 
bound to CYS and that were presumably obtained from protein stock 
pre-incubated with the ligand. The X-ray structure, on the other hand, is 
not necessarily similar to the actual initial non- covalent bonding pose as 
the transition state involving the substrate and the binding site must be 
the result of a concerted process with a C145 to H41 PT transfer induced 
by the ligand non-covalent docking, followed by a structural modifica
tion involving both the ligand and the nearby residues (including the 
oxyanion hole [28]) to arrive at the covalently bonded form seen in the 
ligand incubated samples. In other words, what is important for 3CLpro 

inhibition is the strength of such unknown non-covalent association. This 
non-covalent affinity, 1 /Km, of the initial Michaelis-Menten complex 
involving the inhibitor must be stronger than that of a typical 3CLpro 

substrate corresponding to a substrate-enzyme dissociation constant of 
the order of − 4: 5 kcal/mol [23]. 

Covalent inhibitors such as PF-07321332 are hence generally 
designed incorporating the electrophilic group into peptidomimetic 

substrates that are already known to bind non-covalently with micro
molar affinity [29]. The structural stability of the binding site as well as 
the modulation of the affinity for Michael inhibitors in 3CLpro with 
different protonation states of the dyad residues was recently assessed 
by molecular dynamics (MD) simulations [30]. It is hence of interest to 
study the effect of the protonation states of the dyad in the conforma
tional states of the PF-07321332 compound and to characterise its 
modality of binding preceding to the nucleophilic attack. To this end we 
have performed docking calculations and extensive MD simulations of 
3CLpro with the dyad in neutral and zwitterionic form. MD calculations 
were done using two popular force fields (FFs) for protein simulation, 
namely AMBER [31] and OPLS-AA [32]. We have found that both FFs 
predict a higher conformational activity of the binding site when the 
dyad is in the neutral form. Non-covalent binding, as inferred from the 
ligand-receptor distance distributions, seems to be stronger when 3CLpro 

catalytic dyad is the neutral form. Water penetration in the catalytic 
pocket is found to be highly enhanced when HIS41 and CYS145 are in 
their charged states, irrespective of the FF used. Although the binding 
modality have some significant differences when using AMBER or 
OPLS-AA, both FFs agree on the fact that the binding pattern of 
PF-07321332 is dependent of the protonation state of the dyad, with the 
nitrile group (Michael acceptor) closer to the dyad when the latter is in 
the zwitterionic state. 

2. Methods 

3CLpro is composed of two loosely coupled units that fold indepen
dently [33], namely the chymotrypsin-like domains I + II (residues 
1–197), hosting the catalytic site, and the cluster of helices domain III 
(residues 198–304). It is well known that efficient viral polyproteins 
cleavage occurs when 3CLpro is in the dimeric form [34]. The 3CLpro 

dimer has two symmetric extended clefts for optimal (linear) peptide 
chain adhesion [35]. The dimer interface involves the N-terminus of 
domain I + II and the C-terminus of domain III with no participation of 
the distal and solvent exposed catalytic site [22,35]. When expressed 
independently, while domain III has no role in the catalysis [33], the 
isolated domain I + II is still capable of cleaving a 14-mer peptidic 
substrate mimicking the N-terminal autocleavage sites of the SARS 
3CLpro, although with a much smaller turnover number with respect to 
the 3CLpro dimer [33]. The inhibition power of small (4-mer) peptido
mimetic compounds such as PF-07321332, fitting comfortably in the 
binding pocket, can hence be reasonably assessed using domain I + II 
only [35]. 

Docking calculation were performed using AutoDock Vina [36]. Vina 
is known to improve the average accuracy of the (non-covalent) binding 
mode predictions on the well established DUD-E benchmark set [37] of 
more than 50% compared to AutoDock4, and it was found to be a strong 
competitor against popular commercial programs, resulting at the top of 
the pack in many cases. In a recent paper [38], the ability to correctly 
reproduce the binding modes in SARS-CoV-2 3CLpro of popular docking 
programs, including Vina, was questioned. In this study [38], 85 
co-crystal 3CLpro structures with non-covalently bound ligands were 
examined. The authors found that in only 15% of these structures, Vina 
was able to identify the correct crystallographic pose (within a rather 
conservative 2 Å RMSD tolerance) with the lowest scoring function. 
Examining their data, we found that in about 60% of the 85 co-crystal 
structures, the ligand was outside the binding sub-sites S1 and S1’ of 
the catalytic pocket of the peptidiase, either bound in the S2–S4 sub-sites 
or at the distal dimer interface or on the surface of domain I + II and III. 
Most ligands were small and weakly active (especially when far from 
catalytic site). As all heteroatoms except the ligand were removed prior 
to docking, the binding modality of small ligands, possibly cohabiting 
with cavity water molecules in the binding pocket, might can be harder 
to predict when the latter are not accounted. We hence decided to repeat 
their analysis using Vina on the 28 3CLpro co-crystal structures where the 
ligand had at least one moiety in the S1 sub-site, where the 3CLpro 

Fig. 1. Structure of PF-07321332 and labelling of groups used for the analysis.  

M. Macchiagodena et al.                                                                                                                                                                                                                      



Journal of Molecular Graphics and Modelling 110 (2022) 108042

3

substrate P1(GLN) specifically binds. We have found that in about 
≅ 35% of these 28 structures Vina is able to identify the correct (crys
tallographic) binding pose with a tolerance of less than 3 Å RMSD, and in 
≅ 70% of the cases the crystallographic binding mode was found among 
the poses within 0.3 kcal/mol of the best scoring pose. As observed in 
Ref. [38], Vina performances tend to improve for bulky ligands such as 
PF-07321332. Full results of this analysis can be found in the ESI. 

PF-07321332 was docked to the 3CLpro binding site (6LU7 [39]) of 
domain I + II, considering both states (neutral and zwitterionic) of the 
catalytic dyad. The calculation runs docking experiments using a 
so-called gradient optimization algorithm with the box center placed at 
the midpoint of the vector connecting Sγ of C145 to N of H41 with a 
cubic box size of 1.8 nm side length. The protonation state of all residues 
except H41 and C145 was assigned using the PropKa program [40]. 
Using a set of 28 co-crystal structures, we checked that predicted Vina 
binding poses are essentially unchanged when docking the catalytic site 
on the single domain I + II and on the full protomer (see Figs. S1 and S2 
in ESI). 

MD simulations were carried out for the chymotrypsin-like catalytic 
domain I + II [22,41] of the two isoforms using, in turn, the 
Amber99sb-ildn [42] and the OPLS-AA/M FFs [32] with the GROMACS 
code [43] (version 2018.8). In the H–C isoform, H41 was assigned to the 
tautomer with the protonated Nδ [25]. The potential parametrization for 
the PF-07321332 ligand was generated using two web interfaces: Pri
madORAC [44] for AMBER FF and LigParGen [45] for OPLS-AA FF. 
Starting from the best scoring ligand pose, we have performed extensive 
molecular dynamics simulations [43,46] with explicit solvent [47,48]. 
Further methodological aspects are provided in ESI. 

3. Results 

3.1. Docking calculations 

In Fig. 2 we show the best score poses of the ligand obtained in the 
two protein isoforms. The binding pattern appears to be strongly 
affected by the protonation state. For the neutral dyad (Fig. 2a), CYS145 
(not included in the LigPlot diagram) and HIS41 are approached by the 
hydrophobic ligand group (4)–(5), and (7), respectively (for groups 
numbering see Fig. 1). In the zwitterionic state, the dyad (HIS41 not 
included in LigPlot diagram) is again approached by a weakly hydro
phobic moiety (trifluoro group (9)). 

In the best Vina pose, the nitrile warhead is far from the dyad in both 
forms: –CN points to GLY143 with the oxo-pyrrolidine group being close 
to the neutral dyad H41–C145; when H41–C145 is in the zwitterionic 
state, –CN is pointing to GLN189 and two hydrogen bonds (involving 
GLU166 and GLY143) are present. Strikingly, Vina yields for the two 
isoforms nine poses within 1:1.5 kcal/mol score only, with root mean 
square deviations (RMSDs) from the best mode ranging from 2 to 5 Å, 
indicating that binding can occur in quite disparate modalities in both 
isoforms and/or that the ligand might experience significant confor
mational activity in the binding site. As shown in Table S4 of the ESI, the 
minimum distance between the nitrile carbon of PF-07321332 and the Sγ 
of CYS145 is found in the neutral isoform at 4.3 Å for pose number 7 
with a binding free energy 1.3 kcal/mol higher than that of the best Vina 
pose. 

3.2. MD simulations 

3.2.1. Protein motions 
In Fig. 3, we report the time record of the heat-maps of the RMSD of 

the protein backbone atoms along the primary sequence of domain I +
II. The reference structure is the starting docking structure. The corre
sponding time records of the overall backbone RMSD are reported in ESI 
(Fig. S3). The protein fold, after an initial assessment, appears to be 
stable in all four simulations. In going from the neutral to the zwitter
ionic form, a remarkable RMSD increase around the catalytic histidine is 

observed with AMBER, possibly induced by rapid rearrangement of the 
ligand. At the same time the alpha-helical region 50–70 seems to 
decrease its mobility in the charged form. The same features, albeit 
somewhat attenuated, can be observed using OPLS-AA. 

A heat-map based on about 100 PDB crystal structures of 3CLpro (free 

Fig. 2. 2D representation of the best docking poses in the binding site obtained 
with LigPlot [49]. The nitrile group is circled in magenta. The dyad residues are 
indicated with black dashed squares and the hydrogen bonds with dashed green 
lines. a) Dyad in neutral state. b) Dyad in zwitterionic state. 
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and inhibited with covalent and non-covalent ligands) was reported in 
Figure 8 of Ref. [22] The structural differences in the map were assumed 
to depend more on crystal packing than on the presence or absence of 
ligands or the temperature of the diffraction experiment. Strikingly, the 
region of maximum experimental variability of the I + II domain is 
comprised precisely in the 40–70 residue range including the residues 

H41, M49, Y45 of the S2 region, as observed in our AMBER simulation in 
the neutral isoform (Fig. 3). Given that more than 50% of the X-ray 
structures examined in Ref. [22] refer to ligand-free (apo) proteins or 
proteins with a non-covalent ligand, it is tempting to infer that the neutral 
isoform is the most likely dyadic state in physiological conditions as 
resulted with the Amber99sb-ildn FF. The latter FF was found to be more 

Fig. 3. Heat-maps of RMSD of the protein backbone (domain I + II) for the MD simulations using the two FFs and the two states of the catalytic dyad (H41–C145). 
The position of the catalytic dyad in the primary sequence is highlighted in yellow. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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reliable than OPLS-AA on the long time-scale in a recent comparative 
MD study on ubiquitin an G3 proteins [50]. 

3.2.2. Ligand motions 
In Fig. 4 we show the distribution of the distances between the 

centers of mass (COM) of the ligand and the protein. With the AMBER 
FF, we observe a marked increase of the average COM-COM distance 
with a significant widening of the distribution in going from the neutral 
to the zwitterionic isoform. With OPLS-AA, again we observe a widening 
of the distribution in the zwitterionic isoform with the average COM- 
COM distance exhibiting a minor shift of about 1 Å in the opposite di
rection. As the ligand-protein COM-COM distribution is strictly related 
to the equilibrium constant via the associated potential of mean force 
[51,52], the sharp and narrow distribution observed in the H–C state 
seems to indicate that PF-07321332 has a higher non-covalent affinity for 
this form rather than for the H+− C− isoform where the ligand 
COM-COM distribution is wider. The increased spread of the distribu
tions seen with both AMBER and OPLS-AA indicates that PF-07321332 
is more conformationally active when the catalytic dyad is in the 
charged state. This fact is further confirmed by the time record of the 
RMSD of the ligand heavy atoms (Fig. S4 of ESI) and by the histogram of 
the dihedral angle connecting groups (2) and (3) (Fig. S5 of ESI). 

3.2.3. Solvent behaviour 
A water molecule (detected in most of the recent crystal structures of 

free and inhibited 3CLpro22) has been suggested to surrogate the role of 
ASP102 in the canonical chymotrypsin catalytic reaction by assisting in 
PT from CYS145 to HIS41 and by stabilizing the positive charge accu
mulated on HIS41 in the chymotrypsin acid-base mechanism. In 3CLpro, 
this water is believed to function as an H-bond acceptor from the pro
tonated Nδ1 of HIS41 [25]. In Fig. 5, we report the integrated radial 
distribution function, gHδ1− OW(r), for the contact Hδ1(H41)–OW(H2O) 
(with OW labelling the oxygen in water molecules) obtained in the 
simulations. According to both AMBER and OPLS-AA, water molecules 
appear to penetrate the PF-07321332 engaged binding site region much 
more effectively when the dyad is in the zwitterionic state. Within a 
distance of 10 Å from Hδ1(H41), about 30 and 25 solvent molecules are 
found with OPLS-AA and AMBER, respectively. The gHδ1− OW(r) function 
integrates at the same distance of 10 Å to about 1/3 of the molecules 
when the dyad is in the neutral state. This fact appears to be consistent 
with a weaker binding in the H+− C− isoform as inferred by the 

COM-COM distance distributions (see Fig. 4): water tends to occupy 
more the cavity when the dyad is the zwitterionic state, competing with 
the ligand. In the OPLS-AA simulations, a water molecule acts as an 
H-bond acceptor to Nδ1-Hδ1 of H41 for the entire 100 ns in both iso
forms. In AMBER, while in H+− C− such H-bonded water is always 
present, in the H–C state, a water molecule acts as an H-bond donor to 
the N2 of H41, while the Hδ1(H41) hydrogen is shared by a water ox
ygen and a carbonyl oxygen of H163. The higher occupancy of solvent 
molecules in the zwitterionic form has an impact on the solvent exposure 
of the bound ligand, which, according to both FFs, has an average 
number of surrounding water molecules Nw within a distance of 6 Å of 
Nw≅30 and Nw≅25 using the OPLS-AA and AMBER FF, respectively. 

3.2.4. Ligand-protein interactions 
From the RMSD time record of the ligand heavy atoms (Fig. S4 of 

ESI), we can see that PF-07321332 evolves rapidly to a stable pose about 
2.5 Å away from the initial docking pose in the protein with the neutral 
dyad. This behaviour is similar when using OPLS-AA or AMBER and is 
reflected in the narrow ligand-protein COM-COM distance distribution 
observed for the neutral dyad state in both FFs (Fig. 4). For the isoform 
with H+− C− , both FFs predict an enhanced mobility of the ligand in the 
binding site. With OPLS-AA, we observe an abrupt rearrangement of the 
ligand pose during the 100 ns simulation with the RMSD raising to 3.5 Å 
and back to 2.5 Å (magenta curve of Fig. S4 in ESI), rather than the 
frequent conformational transitions in the subnanosecond time-scale 
observed when using the AMBER FF (red curve of Fig. S4 in ESI). 

Concerning the detailed ligand-protein interaction, again OPLS-AA 
and AMBER yield similarities as well as important differences. In 
Fig. 6 we show the ligand-residue contact map computed in the four 
simulations. The ligand has been sectioned into 9 groups (see Fig. 1 for 
groups labeling) with the index (2) referring to the nitrile moiety. A 
ligand group is assumed to be in contact with a given protein residue if 
any group-residue atom-atom distance is found below 4.5 Å threshold. 
The heat-bar on the right of the maps refers to the contact probability. 

The contact maps of Fig. 6 inherit some features from Vina-generated 
corresponding starting structures. Concerning the H–C isoform, the oxo- 
pyrrolidine group (1), mimicking the glutamine P1 residue of the 3CLpro 

substrate, is found mostly near the triad THR25, THR26, LEU27 ac
cording to both FFs, as in the docked LigPlot structure reported in Fig. 2. 
The same applies to the terminal trifluoro group (9) found to insist in the 
region R188, Q189, T190 in the H–C form using both FFs, as in the 
docked structure of Fig. 2a. For the H+− C− protein, the oxo-pyrrolidine 
group (1) of the ligand is this time in contact with the terminal end of the 
domain I + II (187–194) according to both AMBER and OPLS-AA, a 
feature that is also observed in the starting Vina structure (Fig. 2), while 

Fig. 4. COM-COM distribution calculated from MD simulations. In blue AMBER 
FF and neutral dyad, in red AMBER FF and zwitterionic dyad, in cyan OPLS-AA 
FF and neutral dyad and in magenta OPLS-AA FF and zwitterionic dyad. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 

Fig. 5. Integral of the radial distribution function for the Hδ1(H41)–OW(H2O) 
contact in the four simulations. In the inset, the integral of the N2(H41)–H 
(H2O) contact. 
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the trifluoro group (9) remains mostly solvent-exposed in AMBER and, 
to a less extent, in OPLS-AA, drifting away from the Vina position where 
–CF3 is found near the catalytic negatively charged C145. In the MD 
simulations of the H+− C− isoform, the nitrile group relocates signifi
cantly with respect to the starting Vina pose, approaching, especially for 
the AMBER case, to the catalytic C145. 

As a general trend, the PF-07321332 contact matrix obtained in the 
simulations appears to be roughly diagonal and anti-diagonal when the 
dyad is in the zwitterionic and neutral state, respectively. In the anti- 
diagonal form (blue maps, neutral dyad), groups (7) to (9) of the 

ligand tend to move in the proximity of the region 163–194 of domain II, 
while group (1) moves towards the terminal region of the domain I 
(region 20–50). The ligand orientation in the H+− C− form generates an 
approximately diagonal pattern with the ligand terminal groups (1) and 
(7)–(9) on domain II and I, respectively. These non bonded conforma
tions are at variance with the available X-ray structures of similar 
covalently bound peptidomimetic compounds with the oxo-pyrrolidine 
moiety (surrogating a GLN) near S1 protein sub-site (defined by the 
residues [53] S144, H163, E166 and H172). 

Neutral dyad (H–C) isoform: According to AMBER (top left panel in 

Fig. 6. Contact maps between ligand groups (labeling in Fig. 1) and protein residues obtained from MD simulations with AMBER and OPLS-AA FFs and neutral dyad 
(H–C), AMBER and OPLS-AA FFs and zwitterionic dyad (H+− C− ). The heat-bar on the right of the plot represents a contact probability. Values of 1 for the contact 
probability imply that the ligand group has been found in contact with the given residue in all configurations during the 100 ns simulation. 
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Fig. 6), the oxopyrrolidine group (1) insists in the region 22–49 
including the catalytic H41, but apparently not in strict contact with 
C145. The neighboring nitrile group (2) remains mostly solvent exposed 
with loose contacts with GLY143. 

Tighter contacts in the protein region 142–145 (hence including 
C145) are seen with the central amide group (3). The trifluoro group (9) 
lies mostly near the polar residues Q189, R188 and D187 while the 
trimethyl hydrophobic moiety (7) is engaging in stable contacts with 
H163 and H164. When using OPLS-AA, the contact map shows simi
larities as well as important differences. For example, the nitrile group is 
rather far from the neutral dyad according to both FF. However, when 
using OPLS-AA, this group is stably in contact with T45 and C44 rather 
than mostly solvent-exposed as with AMBER. OPLS-AA predicts a very 
tight contact between the trifluoro terminal group and the hydrophobic 
residues P168 L167, an interaction that is not present when using 
AMBER, where the –CF3 is strongly interacting with GLN189. 

Zwitterionic dyad (H+− C− ) isoform: In this case the FFs show quite 
important discrepancies especially concerning the nitrile group (2). 
With AMBER, at variance with the form H–C, the reactive nitrile is found 
with high probability near the catalytic dyad with the lactame moiety 
(group (1)) this time bordering the S1 sub-site, while in OPLS-AA, the 
groups (1,2) are apparently unable to approach S1 and hence C145 or 
H41. Also, the orientation of the central proline mimetic hydrophobic 
group (4)–(5) is markedly different in OPLS-AA and AMBER. While in 

the former case, the groups (4)–(5) lingers mostly within domain I, in the 
latter case this group is shifted towards domain II. Finally, according to 
AMBER, the terminal trifluoro-group and flanking amide are solvent- 
exposed and not engaging in stable contacts with protein residues, 
while with OPLS-AA we find such group to be in strict contact with T24 
and T25 in domain I. 

In Fig. 7 we show the 2-dimensional free energy surface (FES) with 
respect to the i) distance (dx) between the C of ligand nitrile group and 
the S of C145 and ii) the distance (dy) between the S of C145 and the Nδ1 
of H41. 

Apparently in the H–C isoform the intercalation of PF-07321332 in 
the binding site tends to push apart the H41–C145 pair, with the nitrile 
group far from C145 in both AMBER and OPLS-AA cases. According to 
the AMBER FF, H41 is approached by the oxo-pyrrolidine group that 
may help render H41 more basic and hence prone to acquire a proton 
from a solvating water molecule (e.g. Fig. 5). Such event could trigger 
the formation of the thiolate-imidazolium ion pair with relocation of the 
ligand dyad, followed by the electrophilic attack of the nitrile Michael 
acceptor on the thyolate C145 and a PT from the protonated H41 to form 
the imine derivative. This hypothesis seems to be supported by the FES 
obtained with AMBER for the H+− C− isoform (lower left panel in Fig. 7) 
where H41 comes closer to C145 and the electrophilic reactive carbon of 
the nitrile group is displaced toward C145. Such a mechanism does not 
seem to be confirmed when using OPLS-AA. In this case, the H41–C145 

Fig. 7. 2D free energy surface, f(dx,dy) computed as f(dx,dy) = − RT ln(P(dx,dy)/MAX[P(dx,dy)], where P(dx,dy) denotes the joint probability of the two collective 
variables dx and dy. dx = CL − SC is the distance between the C of ligand nitrile group and the S of C145 and dy = SC − NH is the distance between the S of C145 and the 
Nδ1 of H41. 
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separation in the H–C state is less pronounced than in AMBER with the 
FES exhibiting a single deep minimum at dx≅10 Å and dy≅4 Å. In the 
H+− C− the mutual spatial arrangement of H41/C145 and the –CN group 
seems to further disfavour the Michael addition. The H-bond occupancy 
is reported in Tables S5 and S6 of ESI allowing to properly describe the 
PF-07321332-3CLpro interactions indicated in Fig. 6. 

4. Discussion 

The X-ray structure of the PF-07321332-3CLpro complex is currently 
not available on the PDB. The X-ray structure of a strictly related alpha- 
keto amide 3CLpro-inhibitor (Boceprevir, PDB 7BPR) [54] refers to the 
covalently bound complex. There, the cyclobutyl moiety (replaced by 
the group 1, oxo-pyrrolidine, in PF-07321332) in the S1 pocket (S144, 
H163, E166), while the di-methyl-azabicyclo group (groups 4,5 in 
PF-07321332) is in S2 (M48, H41 Q189) with the electrophilic carbon of 
the intercalated dioxo warhead group bound to the cysteinate sulphur 
atom. Such experimental structure of a PF-07321332 analog is quite 
different from that of the non-covalent complex emerged from our 
simulations (defined and detailed in Fig. 6), especially when the prote
ase is in the native neutral isoform H–C. As the unknown structure of the 
intermediate non-covalent complex can be quite different from the final 
covalent holo form, the picture provided by the AMBER MD simulations 
of the two isoforms (see Figs. 6 and 7) seems to lend support to an 
inhibitory mechanism whereby the initial non-covalent addition of 
PF-07321332 to the main protease with the dyad in neutral form induces 
the formation of the thiolate-imidazolium ion pair and the ligand relo
cation exposing the –CN group in close contact with the C145 thiolate 
for finalising the electrophilic attack. The formation of the zwitterionic 
form the non- covalent neutral holo state is possibly mediated by the 
interaction between the oxo-pyrrolidine moiety of the ligand and H41 
with the assistance of H41-bound water molecule. In the MD simula
tions, PF-07321332 after an initial fast assessment, seems to stabilise in 
the binding site of both isoforms (see Figs. S4 and S5 of the ESI) in an 
orientation not too far from that of the starting docking pose. We cannot 
exclude that in longer simulations major conformational or reorienta
tional rearrangements of the ligand can occur. Such abrupt events, 
however, on a single complex are rare and generally not observed even in 
simulations extending in the microseconds time scale [26]. For example, 
in the classical MD simulations reported in Refs. [25–27] (extending 
from a minimum of 0.1 to a maximum of 8 μs), the ligand orientation 
consistently remained similar (RMSD≅ 2.5: 3 Å) to that of the starting 
pose, prepared using the X-ray with the ligand covalently bound to the 
cysteine, despite the former was not covalently bound to the protein and 
the cysteine was protonated. 

In systems where the precise structural features of non-covalent 
binding is unknown, a reasonable approach should be based on the 
use of reliable docking scoring functions (such as those in Vina, see 
Methods section and ESI) for non-covalent binding prediction, supple
mented with replicates MD simulations [25,35] for pose characteriza
tion. The relative stability of multiple docking poses can be examined by 
evaluating independently their absolute binding free using powerful 
nonequilibrium techniques [35]. At present, the totally binding free 
energy has been evaluated using the molecular mechanics Pois
son–Boltzmann surface area (MMPBSA) method giving a value of 
− 102.002 ± − 21.336 kJ/mol [55]. 

5. Conclusions 

We have studied the non-covalent interaction between PF-07321332 
and the domain I + II of the SARS-CoV-2 main protease using MD sim
ulations. The ligand was initially docked to the binding site of the two 
isoforms of 3CLpro with the catalytic dyad in the neutral and zwitterionic 
state using the Vina program. The resulting structures were subse
quently simulated for 100 ns in the NPT ensemble in standard conditions 
using the Amber99sb-ildn [42] and the OPLS-AA/M FFs, producing a 

total simulation time of 0.4 μs. Both FFs indicate that PF-07321332 
non-covalent binding is likely to be stronger when the catalytic dyad is 
in the neutral state. When 3CLpro has the H41–C145 dyad in the ionic 
form, while with OPLS-AA the reactive nitrile group PF-07321332 un
dergoes a minor rearrangement in the binding site, the AMBER FF pre
dicts a dramatic change in the binding pattern with a close interaction 
between the –CN moiety, the thiolate C145 and the protonated H41. The 
AMBER simulations of the neutral and zwitterionic non-covalent com
plexes are suggestive of a mechanism whereby the initial non-covalent 
addition with the dyad in neutral form induces the formation of the 
thiolate-imidazolium ion pair and the ligand relocation for finalising the 
electrophilic attack. To further confirm the proposed mechanism, in a 
follow-up study, we aim at evaluating using an accurate methodology 
based on enhanced sampling simulations and nonequilibrium alchemy 
[35], the absolute binding free energies of PF-07321332 non-covalent 
binding modes in both 3CLpro isoforms. 
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