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Abstract

This study investigates the binding mode and reaction mechanism between pomotrelvir and
the SARS-CoV-2 main protease using a combination of molecular mechanics and hybrid
quantum mechanics / molecular mechanics simulations. Alchemical transformations where
each Pi group of pomotrelvir was transformed into its counterpart in nirmatrelvir were
performed to unravel the individual contribution of each group of the inhibitor to the
binding and reaction processes. We have shown that while a y-lactam ring is preferred at
position P1, a 6-lactam ring could be an alternative to be incorporated at this position in the
design of inhibitors designed against wild-type main protease and for variants presenting
mutations at position 166. For the P2 position, tertiary amines are clearly preferred with
respect to secondary amines, because the ability to act as a hydrogen bond donor seem to
favour more the interaction with the solvent than with the protein, decreasing the affinity
for the enzyme. In addition, flexible groups at P2 position disfavour the formation of the
covalent complex because they can disrupt the preorganization of the active site, favouring
the exploration of non-reactive conformations. The substitution of the P2 group of
pomotrelvir by that of nirmatrelvir resulted in a compound, here named as C2, that presents
a notable improvement in the binding energy and a higher population of reactive
conformations in the Michaelis complex. Analysis of the chemical reaction to form the
covalent complex has shown a similar reaction mechanism and activation free energies for
pomotrelvir, nirmatrelvir and C2. We hope that these findings could be useful to design
better inhibitors to fight present and future variants of SARS-CoV-2 virus.

https://doi.org/10.26434/chemrxiv-2024-thvcvy ORCID: https://orcid.org/0000-0002-6995-1838 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2024-thvcv
https://orcid.org/0000-0002-6995-1838
https://creativecommons.org/licenses/by-nc/4.0/

1. Introduction

There are two possible strategies to fight COVID-19, the disease caused by SARS-CoV-2 virus:
the use of vaccines and antivirals.»2 These two strategies are threatened by the variability
and continuous adaptation of the virus, which makes continuous research necessary for the
improvement of both.® Resistance mechanisms to the use of nirmatrelvir, the active
principle of Paxlovid, a FDA approved antiviral drug developed by Pfizer, have been already
reported.* Nirmatrelvir is a covalent inhibitor of the SARS-CoV-2 main protease (or 3CL
protease). This enzyme is a cysteine protease playing an essential role in the replication cycle
of the virus, performing most of the cleavage events on the ppla and pplbab polyproteins
produced post RNA translation. Cleavage of the polyproteins results in the formation of
functional non-structural proteins needed by the virus during its replication cycle.

One of the advantages of nirmatrelvir is that it can be administered orally, facilitating the
treatment of COVID-19 patients. However, certain mutations observed in variants of the
main protease increase the virus resistance to treatments with nirmatrelvir by reducing the
affinity between the drug and the enzyme and thereby decreasing the efficiency of the
treatment.”>™” This has stimulated the search of new drugs targeting this protease with the
aspiration to develop an arsenal of possibilities to fight different variants that may appear
with the clinical use of current antivirals. Pomotrelvir is a covalent inhibitor of the SARS-CoV-
2 main protease recently developed by Pardes Biosciences® presenting the same nitrile
warhead as nirmatrelvir (see Figure 1). Once in the active site these drugs react with the
catalytic cysteine forming a thioimidate adduct. The reaction mechanism involves the
activation of the catalytic dyad by a proton transfer from Cys145 to His41, forming an ion
pair (IP). After this activation, the reaction proceeds through a water-mediated proton
transfer from His41l to the nitrogen atom on the nitrile group, concerted with the
nucleophilic attack of the Sy atom of Cys145 to the electrophilic carbon on the nitrile group.®
Nirmaltrelvir and pomotrelvir differ in the substituents appearing after the warhead,
denoted as Pi, which are designed to fit into the corresponding Si subsites of the enzymatic
active site. In nirmatrelvir P1 group is a y-lactam ring, while in pomotrelvir is a 6-lactam ring.
The presence of a lactam ring in this position is a common feature seen in most inhibitors
of SARS-CoV and SARS-CoV-2 main proteases, exploiting the requirement for a glutamine
residue just before the cleavage site in these enzymes.'® Both drugs present hydrophobic
groups at the P2 position, inspired by the preference shown by this protease for a leucine
residue placed in the same position in its natural substrate. A gem-
dimethylcyclopropylproline is used in nirmatrelvir, while a cyclopropylmethyl group is found
in pomotrelvir. Recent studies show that the nature of the P2 group can have an important
impact on the inhibitory potency of nitrile-based compounds.*! Finally, nirmatrelvir features
two chemical groups in its P3 and P4 positions while pomotrelvir has a larger, more
conformational restricted, group at its P3 position. In general, the specificity for these
positions is lower, although the chemical nature of these groups may affect the stability of
the compounds.>11:12
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Figure 1. Comparison between the chemical structures of nirmatrelvir (left) and pomotrelvir (right)

The similarities and differences between these two drugs offer the opportunity to analyse,
from a computational point of view, the role of the different Pi groups during the binding
process of the inhibitor (1) into the active site of the enzyme (E) to form the noncovalent
enzyme inhibitor complex (El) and during the reaction that results in the formation of a
covalent complex (E-):

ki Kk,
E+I1 =2 El - E-1
ki

A comparative analysis between these two drugs can reveal the role of the different groups
and the advantages/disadvantages of each choice. In this regard, it is interesting to note
that, despite the promising results reached by pomotrelvir in the phase 1 of its clinical trials,
Pardes Biosciences recently decided to halt its development after the results from its phase
2 trials because the drug was not as effective enough in reducing the viral load in patients.!3
This underscores the necessity to conduct further research on the design of new
compounds, with the goal of not only improving inhibitory properties towards SARS-CoV-2
main protease but also enhancing its pharmacokinetic properties.

In the present study, we used a combination of Molecular Dynamics (MD) simulations,
alchemical transformations and hybrid Quantum Mechanics / Molecular Mechanics
(QM/MM) free energy calculations to investigate the inhibitory activity of pomotrelvir and
several derivatives, where the impact of different Pi groups has been evaluated. Specifically,
our results focus on the role of the P2 group, highlighting some principles that can be used
to improve the design of future drug candidates targeting SARS-CoV-2 main protease.
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2. Methodology
2.1. Classical Molecular Dynamics Simulations.

The pomotrelvir inhibitor was broken down into three distinct residues (see Figure 1, right)
and each of these were parameterized separately following the nonstandard residue
parameterization procedure, using the Antechamber program!* from AmberTools!®
package. The atomic charges were obtained with the restrained electrostatic potential
(RESP) method®® at the HF/6-31G* level. The tool tLeap from AmberTools!> was applied to
build the system using the forcefield ff14SB!’ to describe the canonical amino acids. The
parameters for each parameterized residue used in this study can be found in the
supplementary information material.

The Michaelis complex (MC) of the SARS-CoV-2 main protease and pomotrelvir was built
using as template a pre-existing complex structure formed between the SARS-CoV-2 main
protease and the inhibitor PF-00835231. This structure was obtained from the Protein Data
Bank (PDB),® with the accession code 6XHM.® Missing atoms were added later during the
system building process with tLeap using the parameters previously obtained. The most
probable protonation state of every residue of the MC complex at pH 7.4 was determined
using PROPKA3.0.2° A total of 8 Na* ions were added to neutralize the charge of the system.
The protein-inhibitor complex was solvated using TIP3P water molecules, ensuring a
minimum distance of 12 A between the atoms of the MC and the boundaries of the solvation
box. To relax the built system, 500 steps of the steepest descent method were performed
followed by the conjugate gradient method until the root mean square of the gradient was
below 103 kcal-mol™t -A"1. Using a linear heating ramp the temperature of the system was
increased from 0 to 300 K for 120 ps followed by a 20 ps simulation at 300 K. Throughout
this period, the positions of the heavy atoms of the backbone were restrained using a
harmonic potential with a force constant of 20 kcal-mol™ A2, Next, the system was
equilibrated within the NPT ensemble (300 K and 1 bar) during 7.5 ns. During this
equilibration, the force constants for the restraints of the heavy atoms were reduced from
15 to 3 kcal-mol™ -A2, lowering it in steps of 3 units every 1.25 ns, ending with a restraint
free simulation of 1.25 ns. To ensure sufficient sampling, three replicas of 1 us each were
run in the NVT ensemble at 300 K. Within these simulations, a time step of 2 fs was used,
employing SHAKE?! to constrain bonds involving hydrogen atoms. Long-range electrostatic
interactions were described using the particle mesh Ewald method???3 while the cut-off
radius to evaluate the short-range interactions was 10 A. The Berendsen barostat and the
Langevin thermostat were used to control pressure and temperature, respectively. The GPU
version of PMEMD?**%> was employed for all classical molecular dynamics simulations. The
same procedure was followed to simulate the complex of SARS-CoV-2 main protease with
the nirmatrelvir® and the chimeric structures C2 and C2’ proposed in this work.
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2.2. QM/MM Calculations

To obtain the free-energy profile associated with the inhibition mechanism, the adaptive
string method (ASM)?® developed in our group was used. By employing ASM, we localize the
minimal free-energy pathway (MFEP) within a multidimensional free-energy surface. The
reaction mechanism was explored by employing 96 replicas of the system, represented as
string nodes, to establish connections between the reactant and product regions along the
MFEP in a multidimensional space defined by the seven collective variables (CVs) defined in
Figure 2. At the beginning, an initial guess for the chemical reaction is proposed. Then, by
running QM/MM MD simulations, the nodes evolve towards their lowest free-energy
gradient and are evenly redistributed along the string, preventing them from settling into
the global minima. This process is repeated until the string converges to the MFEP as
determined by the Root Mean Square Deviation (RMSD) of the CVs that must drop below
0.1 amu®2-A for a minimum duration of 2 ps. Every 50 steps, replica exchange between
consecutive string nodes was attempted to ensure an adequate sampling. Upon achieving
convergence, a path-CV, referred as s, is established to quantify the progression of the
system along the MFEP from reactants to products.?’ This path-CV is utilized as the reaction
coordinate to trace the free energy profile associated with the chemical reaction. At this
stage each node underwent QM/MM simulations lasting 10 ps, and the integration was
done using the weighted histogram analysis method (WHAM).?® In order to maintain a
probability density distribution of the reaction coordinate as uniform as possible, the force
constants used to bias the ASM simulations were determined on-the-fly.2® As the total
length of the reaction coordinate s could be different for each system we present the results

as a function of a renormalized reaction coordinate (RC = H—mm) that takes values

Smax~Smin
between 0 and 1 in all the cases. This is made in order to be able to compare several
inhibitors properly.

The QM region (see Figure 2) was described with the B3LYP functional?®3°, using the 6-
31+G* basis set and D3 dispersion corrections.3! In the context of mechanistic
investigations, the QM region encompassed the side chains of the catalytic dyad (His41 and
Cys145), the water molecule participating in the reaction mechanism, and the warhead and
backbone atoms of residues P1 and P2 within the pomotrelvir inhibitor. All remaining atoms
were treated at the MM level, as detailed in the classical molecular dynamics section. This
selection proves to be highly suitable for characterizing the acylation of the SARS-CoV-2
main protease with a peptide substrate3? and with some inhibitors,%19333% yielding
activation free energies in excellent agreement with experimental data. Furthermore, a
comprehensive investigation into the proton transfer between cysteine and histidine
indicated that the B3LYP functional is the most appropriate choice to described this step.3®
The QM/MM calculations were carried out utilizing a modified version of Amber18>3¢
coupled to Gaussian163’ for density functional theory calculations. A cutoff radius of 15 A
was applied to all the QM/MM interactions. The integration time step employed in the
QM/MM simulations was set to 1 fs and the mass of the transferred hydrogen atoms was
set equal to 2 amu.
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Figure 2. lllustration of the CVs and QM region employed to describe the inhibition reaction mechanism.

2.3. Alchemical Transformations

We employed the Amber Thermodynamic Integration (TI) protocol, as reported by He et
al,38 to assess the alterations in binding free energy during the formation of the noncovalent
complex (El) associated with modifications in ligands (AAGping). The AAGping Values were
determined by computing the difference between the average values of five replicas for
each transformation in aqueous solution and within the protein environment.
Transformations were defined through a coupling parameter, A, changing from 0 to 1. The
initial configuration for each of the five transformations was equilibrated at a A value of 0.5.
In each replica, 9 A values were simulated (0.01592, 0.08198, 0.19331, 0.33787, 0.5,
0.66213, 0.80669, 0.91802, and 0.98408) during 5 ns. The configuration obtained after 3.0
ns of simulation at A 0.5 was used as the initial configuration for both the preceding and the
subsequent A values in the series. This process was repeated until the first and last A values
were simulated. Tl was performed using only the final 4 ns of each A simulation with the
gaussian quadrature integration method. The binding free energy was determined by
calculating the difference between the averaged values for the transformation occurring in
the enzymatic active site and that taking place in aqueous solution.

3. Results
3.1. Non-covalent complex

The Michaelis complex model between the SARS-CoV-2 main protease and pomotrelvir
demonstrated high stability across the three replicas of 1 us. As Figure S1 illustrates, minor
fluctuations for the RMSD of the inhibitor and protein atoms can be observed. The P1 group
fits into a subpocket, S1, which is formed by residues Phe140, Leul41, Serl44, Glul66,
His172, and Serl of protomer B (henceforth referred to as Serl'); the P2 cyclopropylmethyl
group establishes non-polar interactions with His41, His164, Met165 and Asp187 while the
amino backbone group is hydrogen bonded to GIn189 side chain. The P3 group is largely
exposed to the solvent, but it also displays a hydrogen bond interaction to the backbone of
Glul66, and a non-polar contact with Met165.
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The hydrogen bond pattern established by pomotrelvir in the active site of SARS-CoV-2 main
protease can be compared to that obtained for nirmatrelvir inhibitor with the same
enzyme® (see Figure 3a). The hydrogen bond patterns are almost identical for both
inhibitors, although subtle differences were spotted. One of the differences is a decrease in
the strength of interactions observed between the P1 group of pomotrelvir and Glul66, as
compared to the interactions formed by nirmatrelvir with the same residue. This variation
is likely attributed to the bulkier nature of the 6-lactam ring of pomotrelvir compared to the
y-lactam ring of nirmatrelvir. The carboxylate side chain (Cd atom) group of Glu166 is found
at an average distance of 3.65 + 0.31 A from the NH group of the y-lactam ring in nirmatrelvir,
while this distance increases to 3.96 + 0.41 A in the case of pomotrelvir (see Figure 3 and
S2). This change in the interaction of the P1 group between nirmatrelvir and pomotrelvir
could be an advantage for the use of the latter to fight the coronavirus variants presenting
the E166V mutation in the main protease. As recently reported, this kind of mutations make
the virus resistant to nirmatrelvir.® An inhibitor with a 8-lactam substituent at P1 could be a
better option to bind to the E166V main protease mutant, because the resulting complex
would not be as dependent on the interaction with the side chain of residue 166 as in the
case of the inhibitor presenting a y-lactam ring at the same position.

One striking difference between both inhibitors is tied to a key structural variation between
the P2 groups in nirmatrelvir and pomotrelvir. The later presents a cyclopropylmethyl group
as side chain in this position while the mainchain amino group is a secondary amine that
can act as a hydrogen bond donor with the carbonyl oxygen atom of GIn189. Instead,
nirmatrelvir includes a gem-dimethylcyclopropylproline group at P2, which transforms the
mainchain amino group into a tertiary amine unable to act as hydrogen bond donor. This
structural change between the inhibitors results in a weaker interaction of the P2 group of
nirmatrelvir with GIn189 compared to pomotrelvir, as observed in Figure 3a and Figure S2.
It must be noticed, as will be discussed below, that this additional protein-inhibitor hydrogen
bond interaction does not necessarily translates into an improved binding energy because,
in that case, one also has to consider the interaction of the inhibitor with the solvent.

Finally, the P3 group of pomotrelvir is a rigid 7-chloroindole-2-carbonyl group, while in
nirmatrelvir there are two groups: tert-leucine, P3, and trifluoroacetyl, P4. The two
inhibitors stablish a similar interaction pattern with Glu166 backbone atoms as show in
Figure 3b and Figure 3¢, being the interaction slightly tighter in the case of pomotrelvir, as
(see Figure S2), which could be related to the reduced flexibility of its P3 group.
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Figure 3. Michaelis Complex formed between pomotrelvir and nirmatrelvir with the SARS-CoV-2 main protease. a)
Frequency of protein-inhibitor hydrogen bond interactions. The colour intensity corresponds to the observed frequency
between inhibitors Pi groups and residues of the main protease during MD simulations, b) binding pose of pomotrelvir, c)
binding pose of nirmatrelvir.

The structural differences between both inhibitors also have consequences on the
preorganization of the active site. In the left panel of Figure 4, it is shown the distributions
of distances between the proton donor and acceptor atoms in the catalytic dyad, Cys145
and His41. As said before, the proton transfer from cysteine to histidine is the first step that
activates the enzyme for covalent inhibition. It can be observed that the catalytic dyad is
better positioned for a proton transfer from Cys145 to His41 with nirmatrelvir, orange curve,
than with pomotrelvir, blue curve. Likewise, the right panel in Figure 4 indicates a closer
positioning of Cys145 with respect to the inhibitor warhead to perform the nucleophilic
attack in nirmatrelvir than in pomotrelvir.

Cys145 Sy - Ne His41 Cys145 Sy - C Nitrile
1.0 ,/\ —— Pomotrelvir 1.2 —— Pomotrelvir
/ —— Nirmatrelvir —— Nirmatrelvir
0.8 [\ 1.0
> >
206 508 / \
[=4 c /
go.4 8os
0.2 0.2
0.0 0.0
3.0 4.0 5.0 6.0 7.0 8.0 9.0 3.0 3.5 4.0 4.5 5.0 5.5 6.0
Distance / A Distance / A

Figure 4. Distribution function of the Cys145 Sy atom relative to the His41 Ne& atom (left) and to the carbon atom in the
nitrile group (right).
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These differences can be attributed to the behaviour of the P2 side chain group of
pomotrelvir. Figure S3 illustrates that this group is flexible in the active site and when it
rotates around the Ca-C3 bond induces a conformational change in the surroundings. Figure
S3 shows the disruption of the hydrogen bond interaction between the mainchain nitrogen
atom in GIn189 and the oxygen atom in Met49 occurring after P2 group rotation. Breaking
the GIn189-Met49 hydrogen bond leads to a separation of the regions defined by residues
lle43 to Leu67 in domain | and Val186 and Alal91 in domain Il (see Figure S4) opening the
active site and increasing the distance between the catalytic dyad. Our MD simulations show
that even upon the return of the P2 side chain group to its initial position both hydrogen
bond interactions struggle to be re-established. Thus, the binding of pomotrelvir could alter
the preorganization of the active site needed for the covalent reaction between the inhibitor
and the enzyme, decreasing then its inhibitory efficiency.

3.2. Alchemical Transformations

Observing the differences in the binding modes of pomotrelvir and nirmatrelvir on the active
site of the SARS-CoV-2 main protease, we investigated the impact of Pi groups on the binding
energies of both inhibitors, as an attempt to discern which design could lead to a better
affinity with the main protease. To achieve this, alchemical transformations were performed
to create a series of chimeric structures, named C1, C2 and C3, where each of the Pi groups
of pomotrelvir was substituted by the equivalent group in nirmatrelvir. In addition, because
of the central role of the P2 group, we also considered the substitution of this group in
pomotrelvir by the P2 group from UAWIJ9-36-1, a compound with potent binding and
enzymatic inhibition against SARS-CoV-2 main protease,3® and named the resulting structure
as C2. All alchemical transformations and their associated changes in the binding free
energies are shown in Figure 5. The averaged values for each transformation in water and
in the enzyme are given in the Table 1, while the values obtained for each of the five replicas
are given in the Table S1.

y :
cl Cc2 [e] N \ Ol; _
R o Ej / o8 } AV4 . c1 N
2% )
N

Figure 5. Binding free energy changes related to the transformation of pomotrelvir Pi groups to the Pi groups in nirmatrelvir
(C1 to C3) and the P2 group in UAWJ9-36-1, C2’.
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When the P1 side chain group of pomotrelvir was substituted with the P1 side chain group
of nirmatrelvir, there was a small change of -0.9 + 0.6 kcal-mol™ in the binding free energy,
in agreement with the observation made before that the NH group of nirmatrelvir y-lactam
ring interacts better with Glu166 than the 6-lactam ring of pomotrelvir. The presence of a y-
lactam ring at position P1 seems a better option than a d-lactam ring for binding to the wild-
type main protease.

More significant changes in the binding free energy were observed upon modification of the
P2 group of pomotrelvir. A destabilising effect was observed during the transformation to
C2 and C2’ both in water and in the enzyme, see Table 1. The presence of a secondary amine
in the pomotrelvir P2 group allows for hydrogen bonding interactions with water molecules
in the solvent and with the GIn189 Oy atom once the Michaelis complex is formed, as shown
in Figure S5. In contrast, these interactions are not present in the case of the tertiary amine
in the P2 group of nirmatrelvir (C2) or in the P2 group of UAWJ9-36-1 (C2’), see green and
red curves in Figure S5. In water, for pomotrelvir it is observed a solvation shell of 2 water
molecules around 3.5 A of the amino group, while for C2 and C2’ only one water molecule
is solvating its tertiary amino group around 4 A. For pomotrelvir in the enzyme, a weaker
stabilization is made by the GIn189 Oy atom, as shown in Figure S5 and thus the presence
of a secondary amine disfavours the binding process. The overall transformation resulted in
a notable improvement in binding energy, with an associated decrease of -2.5 £ 0.6 kcal-mol
1in C2 and of -1.5 + 0.6 kcal-mol? in C2’. This improvement in the binding free energy
obtained upon the transformation of the secondary amine group in pomotrelvir to a tertiary
amine group in C2 and C2’, unable to act as proton donors seems, to be the key to the overall
binding energy improvement. Missing this hydrogen bond interaction destabilizes more the
inhibitor in water than in the active site, leading to a better binding free energy.

As discussed previously, the presence of a flexible side chain in the P2 group of pomotrelvir
induces the frequent opening of the main protease active site due to the disruption of the
hydrogen bond between residues GIn189 and Met49. When the P2 group of pomotrelvir is
changed by a cyclized version, as in C2 or C2’, we observe a noticeable increase in the
fraction of conformations where this hydrogen bond is preserved. According to the results
presented in table S2, obtained from three independent 1 ps simulations of the Michaelis
complexes formed with pomotrelvir, C2 and C2', the GIn180-Met49 hydrogen bond is
present in approximately 24% of configurations from simulations with pomotrelvir, while for
the chimeric structures C2 and C2', this percentage is increased to 54% and 42%,
respectively —values comparable to those observed for nirmatrelvir. We also monitored the
hydrogen bon distance between the catalytic dyad (Cys145-His41) and the distance from
the nucleophilic Sy atom of Cys145 to the electrophilic carbon atom of the nitrile warheads,
see Figure S6. The complexes formed with C2 and C2’ display more frequently short
distances compatible with the requirements of the chemical reaction leading to the
formation of the covalent complex between the inhibitor and the enzyme. This analysis
confirms that the presence of a flexible P2 side chain in pomotrelvir favours the loss of
preorganization of the active site, disfavouring then the formation of the covalent complex.
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Table 1. Free energy changes for alchemical transformations of Pomotrelvir into C1, C2, C3, and C2’ (see Figure 5) in
aqueous and protein environments, along with AAGpinding values. Estimated free energy values (kcal-mol) are the result of
five replicas and were obtained using Thermodynamic Integration. The errors correspond to the standard deviations.

m OdIﬁCG tion AGwater AGProtein AAGbinding
C1 -0.1+£0.2 -1.0+£0.5 -0.9+0.6
c2 12.4+0.2 9.9+0.6 -2.510.6
c2’ 11.2+0.1 9.7+0.6 -1.5+0.6
3 -36.7+0.2 -33.7+14 30+x14

Remarkably, the substitution of the rigid 7-chloroindole-2-carbonyl group at the P3 position
of pomotrelvir with the tert-leucine and trifluoroacetyl groups in nirmatrelvir resulted in a
destabilising effect on the binding free energy. This effect might be attributed to the
presence of three fluorine atoms, one secondary amine group and two carbonyls in C3 that
facilitate stronger interactions with both the solvent and the enzyme, unlike the P3 group
of pomotrelvir, which only has one secondary amine group and one carbonyl group in this
region. Note also that the larger flexibility of P3/P4 groups in nirmatrelvir can impose an
entropic penalty for binding due to a restriction of their conformational freedom in the
active site.

3.3. Formation of the covalent complex

Our investigation of the multidimensional free energy surface for the chemical reaction
between SARS-CoV-2 main protease and pomotrelvir, using the ASM method, revealed a
MFEP similar to that previously reported for nirmatrelvir.® The resultant free energy profile
and the progression of the CVs throughout the reaction path are depicted in Figure 6a and
Figure 6b respectively, while the one corresponding to nirmatrelvir is shown in Figure S7.
According to the evolution of the CVs (see Figure 6b) the process starts with the activation
of the catalytic dyad, with the proton transfer from Cys145 to His41 (see the evolution of
the Sy-Hy and Ne-Hy distances) , followed by the intervention of a water molecule that
functions as a proton shuttle between His41 and the nitrile inhibitor group (see Hw-Ow, Hw-
N, Ne-Hy and Ow-Hy distances) and the nucleophilic attack of Cys145 Sy atom on the
electrophilic carbon atom of the nitrile warhead (see the evolution of Sy-C in Figure 6b).
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Figure 6. Formation of the E-I complex between pomotrelvir and SARS-CoV-2 main protease. a) B3LYPD3/6-31+G*/MM free
energy profile along the path-CV. b) Evolution of the CVs along the MFEP. The definition of the CVs is found in Figure 2, c)
IP1 structure, d) IP2 structure, e) TS and f) product.

A first energy barrier of 6.2 + 0.9 kcal-mol was identified. This barrier is associated with the
proton transfer from the catalytic Cys145 to His41, to form the catalytic dyad in the ion pair
(IP1) configuration. In the Figure 6b is observed that during the transfer of the Hy atom from
Cys145 Sy atom to the Ne atom of His41, the oxygen atom of a water molecule becomes
closer to the Hy atom of Cys14, reducing the distance from 4.18 A in the reactant state to
3.14 A in the IP1 state, the ion pair formed after the proton transfer, that has a relative free
energy with respect to the reactants of 4.7 + 0.9 kcal-mol ™. The geometry of IP1 is shown in
Figure 6¢c. The ion pair rearranges into a higher-energy configuration IP2 (shown in Figure
6d) with a free energy of 6.6 + 0.6 kcal-mol™. The observed increase in energy is associated
to the separation of the catalytic dyad in such a way that the activated Cys145 becomes
closer to the electrophilic carbon atom of the inhibitor (the Sy-C reaches 2.12 A). This
process is assisted by the formation of the hydrogen bond between the hydrogen atom from
water to the nitrogen atom in the nitrile group (Hw-C), and between the Hy atom of Cys145
(now bonded to His41) and the oxygen atom of the water molecule (Ow-Hy). At this point
the distance of the triple C-N bond has been slightly lengthened from 1.15 A in the reactant
state to 1.19 A.

From IP2, the reaction reaches the rate-determining Transition State (TS), with an activation
free energy of 15.7 + 0.5 kcal-mol™? a value similar to the 18.2 kcal-mol? derived from the
experimental rate constant for the reaction of the main protease with a peptidic substrate.*°
At this point the nucleophilic attack is almost completed, with the Sy-C distance decreasing
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to 1.89 A. This stage is marked by the interchange of two protons: one proton moves from
His41 to the water molecule, while the other one moves from the water to the nitrogen
atom in the nitrile group of the inhibitor, as seen in Figure 6e. Significantly, the water
molecule acting as a shuttle for the proton transfer is taking over the role usually played by
the leaving amino group, see Figure S7, when the reaction takes place with its natural
substrate.3? The process culminates in the final product state where the water-assisted
proton transfer is complete. This results in the formation of an exergonic thioimidate
product (-16.9 + 0.2 kcal-mol?), characterized by an Sy-C distance of 1.83 A, as shown in
Figure 6f.

From the alchemical transformation study, it was observed that the chimeric structure with
the best binding energy was C2. This makes it a good candidate for studying the formation
of the covalent E-I complex using the same methodology applied to pomotrelvir. As
expected, the mechanism obtained for C2 is very similar to that observed for pomotrelvir
and nirmatrelvir (see Figure S7). No major changes are observed in the evolution of the
collective variables during the chemical reaction with C2 when compared to pomotrelvir.
The formation of the ion pair structure in presence of C2 is favoured with respect to
pomotrelvir, with a free energy cost of only 2.3 + 1.1 kcal-mol?, very similar to the value
reported for nirmatrelvir.® For C2, the activation free energy barrier obtained for the
formation of the covalent complex is 16.1 + 0.7 kcal-mol?, very similar to the value
computed for pomotrelvir, as seen in Figure S8a. While the reaction with pomotrelvir is
slightly more exergonic than with C2,-16.9+0.2 and -13.5 + 0.1 kcal-mol ! respectively, both
values are clearly more negative than the value obtained for the reaction with nirmatrelvir,
-9.5 kcal-mol™.° In this way, the reversibility of the inhibition with C2 seems not to be a
matter of concern. In summary, the change of the cyclopropylmethyl group of pomotrelvir
to the gem-dimethylcyclopropylproline present in C2 has three advantages: improves the
binding free energy of the inhibitor, stabilizes the IP structure and the exergonicity to form
the covalent E-I product is increased with respect to nirmatrelvir, although slightly worse
than for pomotrelvir.

As discussed earlier, we observed a larger conformational flexibility of the active site in the
Michaelis complex of the enzyme with pomotrelvir compared to nirmatrelvir. The high
mobility is attributed to the non-cyclic nature of the P2 side chain present in pomotrelvir.
Interestingly, this effect is reversed in C2, where the P2 group of pomotrelvir was replaced
by the P2 group of nirmatrelvir. The comparison of the distribution of distances between
the Cys145 Sy and the His41 Ne atoms in the Michaelis complexes formed with pomotrelvir
and C2 shows an increase in the population of reactive configurations in the latter (see
Figure S6). The increase in the population of the reactive structures represents an additional
advantage for the inclusion of cyclic P2 groups in the designing process of inhibitors for this
enzyme. We can estimate the effect on the activation free energy by fitting the probability
distributions presented in Figure S6 to a combination of gaussian distribution functions (see
Table S3 for details). For pomotrelvir, the free energy cost required to exist in a reactive
conformation (with a short Cys145-His41 hydrogen bond distance) is of about 1.1 kcal-mol™?,
whereas only 0.15 kcal-mol™ is needed for C2. This effect on the preorganization of the
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active site supports the use of other groups different to cyclopropylmethyl at the P2 position
of nitrile inhibitors.

4. Conclusions

Using a combination of pure MM and hybrid QM/MM methodologies, the covalent
inhibition of the SARS-CoV-2 main protease by pomotrelvir has been studied. We first
analysed the formation of the noncovalent complex and as well as the contribution of each
of its Pi fragments to the binding energy. We then determined the reaction mechanism for
the formation of the covalent enzyme-inhibitor complex. This information can be helpful to
formulate strategies to develop more potent inhibitors to fight COVID-19 infection.

Observations obtained from MD simulations suggest that the binding mode of pomotrelvir
differs slightly from that of nirmatrelvir. The change in the hydrogen bonding pattern
between pomotrelvir and Glul66 could negatively affect the stability of the P1 group in the
S1 pocket of the wild type main protease. The y-lactam ring present at the P1 position of
nirmatrelvir appears to be, in principle, a better choice to occupy the P1 position than the
d-lactam ring of pomotrelvir, because the former establishes stronger interactions with
Glul66. Nevertheless, this difference in the interactions established by than the 3-lactam
and y-lactam rings could turn into a potential advantage to inhibit the E166V mutant of the
main protease with the former group.

Regarding the P2 group, the substitution of the cyclopropylmethyl moiety in pomotrelvir by
a gem-dimethylcyclopropylproline group, as such present in nirmatrelvir, increases the
binding energy of the inhibitor because the former establishes stronger hydrogen bond
interaction in the solvent than in the enzyme through its secondary amine. The cyclisation
of the side chain also favours the formation of reactive conformations leading to the
covalent complex. Consequently, the gem-dimethylcyclopropylproline group is considered
as a more suitable choice to occupy the P2 position than the cyclopropylmethyl group
present in pomotrelvir.

Regarding the P3 group of pomotrelvir, the substitution of the 7-chloroindole-2-carbonyl
group with tert-leucine and trifluoroacetyl groups, as those found at positions P3 and P4 of
nirmatrelvir, decrease the binding free energy of the inhibitor. Both P3 groups of pomotrelvir
and nirmatrelvir establish robust interactions with Glu166 side chain. As commented before,
these interactions can be of interest for the design of new inhibitors, particularly if
mutations in residue 166 are anticipated as a resistance mechanism of the virus against the
treatments with nirmatrelvir.

As expected, the reaction mechanism for the formation of the covalent complex between
the main protease and pomotrelvir is very similar to that described for nirmatrelvir. The
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catalytic Cys145 must be activated by a proton transfer to His41 that leads to the formation
of an ion pair, followed by a shuttle proton transfer mechanism through a water molecule
from His41 to the nitrogen atom of the nitrile warhead and the nucleophilic attack of
Cys145-Sy atom to the electrophilic carbon atom. The activation free energy associated with
the covalent inhibition is 15.7 kcal-mol™. As discussed above, the kinetic of the process
could be also favoured by replacing the cyclopropylmethyl group of pomotrelvir with the
gem-dimethylcyclopropylproline of nirmatrelvir. The Michaelis complex formed with the
resulting inhibitor, C2, disturbs less the active site, facilitating the exploration of reactive
conformations, while the activation free energy as determined from these conformations is
almost identical (16.1 kcal-mol™2). From the thermodynamic perspective, the exergonicity is
decreased by 3.4 kcal-mol! when the enzyme reacts with C2 with respect to pomotrelvir,
but is still 4.0 kcal-mol! more exergonic than for the covalent inhibition with nirmatrelvir.

As a summary, the combination of simulations performed in this work shows some
important findings that can be useful to assist in the design of new inhibitors of SARS-CoV-
2 main protease, particularly for the selection of the groups in P1 and P2 positions. We have
shown that a d-lactam ring is an adequate choice to be incorporated at the P1 position in
the design of inhibitors designed against main protease, especially those variants presenting
mutations at position 166. For the P2 position, tertiary amines are clearly preferred with
respect to secondary amines. The possibility to act as a hydrogen bond donor seem to favour
more the interaction with the solvent than with the protein, decreasing the affinity for the
enzyme. In addition, flexible groups at P2 position disfavour the formation of the covalent
complex because they can disrupt the preorganization of the active site, favouring the
dynamical exploration of non-reactive conformations. Regarding the reaction mechanism to
form the covalent enzyme-inhibitor complex, all the inhibitors analysed here, pomotrelvir,
nirmatrelvir and C2, present a very similar mechanism and activation free energy. We hope
that all these findings could be useful to fight present and future variants of SARS-CoV-2
virus.
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