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ABSTRACT: The search for efficient inhibitors of the SARS-CoV-2 enzymes is ongoing due to the continuing COVID-19
pandemic. We report the results of computational modeling of the reactions of the SARS-CoV-2 main protease (M) with
four potential covalent inhibitors. Two of them, carmofur and nirmatrelvir, have been shown experimentally the ability to
inhibit M"™. Two other compounds, X77A and X77C, were designed computationally in this work, derived from the
structure of X77, a non-covalent inhibitor forming a tight surface complex with M"°. We modified the X77 structure by
introducing warheads capable of efficient chemical reactions with the catalytic cysteine residue in the M™ active site. The
reaction mechanisms of the four molecules with M"™ were investigated by quantum mechanics/molecular mechanics
(QM/MM) calculations using large quantum subsystems. First, at the QM/MM level, we optimized structures of stationary
points on the potential energy surfaces corresponding to the reactants, products, intermediates, and transition states along
the hypothesized reaction coordinates. Analysis of these structures has informed the selection of collective variables for the
subsequent calculations of the Gibbs energy profiles using molecular dynamics simulations with QM/MM potentials
(QM/MM MD). In these simulations, the QM part was treated by DFT with the PBEo functional. The results show that all
four compounds form covalent adducts with the catalytic cysteine Cys 145 of M"°. From the chemical perspective, the
reactions of these four compounds with MP™ follow three distinct mechanisms. In all cases, the reaction is initiated by a
nucleophilic attack of the thiolate group of the deprotonated cysteine residue from the catalytic dyad Cysi45-His41 of M"™.
In the case of carmofur and X77A, the covalent binding of the thiolate to the ligand is accompanied by the formation of the
fluoro-uracil leaving group. The reaction with X77C follows the nucleophilic aromatic substitution SyAr mechanism. The
reaction of M"™ with nirmatrelvir, which has a reactive nitrile group, leads to the formation of the covalent thioimidate
adduct with the thiolate of the Cysi45 residue in the enzyme active site.

INTRODUCTION catalyzed reactions and reactions of the covalent inhibition
of enzymes. The latter are of particular interest due to the

The quantum mechanics/molecular  mechanics COVID-19 pandemics, which stimulated massive efforts,
(QM/MM) methods are indispensable tools for modeling including computer simulations, aiming to reveal
biochemical reactions in complex environment. ™ molecular-level mechanisms of the action of SARS-CoV-2
QM/MM-based calculations enable construction of enzymes and to design efficient non-covalent and covalent
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potential energy and free energy profiles of enzyme- inhibitors to inactivate target enzymes.



This work contributes to this effort by modeling
reactions of four compounds with the critical SARS-CoV-2
enzyme, the main protease (M™), also known as the 3
chymotrypsin-like protease (3CL"°).** This enzyme,
encoded by the viral genome, plays an important role in
cleaving viral polyproteins into functional proteins. Thus,
inhibiting this enzyme ™ blocks viral replication, making
M"™ an attractive drug target.

QM/MM-based computer simulations provide insights
into cysteine protease reaction mechanisms and can be
used to predict novel compounds as prospective drugs.”>
Numerous studies investigated irreversible (or covalent)
inhibitors of cysteine proteases (a class to which M"™
belongs).”*** The list of prospective inhibitors is growing,
but mechanisms of their interaction with the enzyme are
not yet fully elucidated. In this work, we consider two
compounds, carmofur™***” and nirmatrelvir,*** which
have already been identified as the irreversible inhibitors
of M"°. We also introduce two novel compounds, called
X77A and X77C. We designed these molecules
computationally, starting from the structure of X77, a
potent noncovalent inhibitor®* of M". X77 is capable of
forming a tight surface complex with SARS-CoV-2 M"™,
whose structure has been deposited in the Protein Data
Bank®* (PDB ID: 6W63).

Fig. 1 shows molecular models of the compounds
considered in this work, and their chemical formulae are
given in Fig. 2. As we discuss below, the reactions of all four
compounds with the catalytic amino acid residue Cysi45 of
M"™ involve the nucleophilic attack of the Cysi45 thiolate
on the target carbon atom of the inhibitor (red asterisks in
Fig. 1 mark these target carbon atoms); however, the
detailed mechanisms are different. In the figures and in the
text, we refer to these carbon atoms and their chemically
bound partners (see Fig. 1) oxygen, nitrogen, fluorine
without additional indices (in the files in the Supporting
Information (SI), these atoms have specific indices in each
compound).

Carmofur, 1-hexylcarbamoyl-5-fluorouracil, is a known
drug for the treatment of colorectal cancer.*” Nirmatrelvir,
(1R,2S,55)-N-[(1S)-1-cyano-2-[(3S)-2-oxopyrrolidin-3-
yl]ethyl]-3-[(2S)-3,3dimethyl-2-[(2,2,2-
trifluoroacetyl)amino]butanoyl]-6,6-dimethyl-3-
azabicyclo[3.1.0]hexane2-carboxamide, is also known as
the substance PF-07321332 developed by Pfizer. This
compound is an active component of the approved oral
drug Paxlovid for the treatment of COVID-19.**

The two new molecules designed in this work were
derived computationally from the structure of X77, N-(4-
tert-butylphenyl)-N-[(1R)-2-(cyclohexylamine)-2-oxo-1-
(pyridin3-yl)ethyl]-1tH-imidazole-4-carboxamid. ~ Several
studies > described this compound and its mimetics as a
promising non-covalent inhibitors of M"™. According to
the results of molecular docking,” the binding energy of
X77 to MPro is high (AG~-10 kcal/mol), giving rise to the
dissociation constant of o0.057 pM. Here, we follow a
different strategy, aiming to develop effective covalent
inhibitors. Specifically, we propose to modify X77 by
introducing warhead groups capable of efficient chemical
reactions with the catalytic cysteine residue in the M"™

active site (see Fig. 1). In other words, we propose to turn
an efficient non-covalent inhibitor into a covalent
inhibitor.

Carmofur

o X77A

Figure 1. Molecular models of the compounds considered in
Pro

this work as covalent inhibitors of M. Here and in all
figures, carbon atoms are colored green, oxygen—red,
nitrogen—blue, sulfur—yellow, fluorine—cyan, hydrogen—
white. Red asterisks mark the target carbon atoms of the
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nucleophilic attack of the Cysi45 thiolate of M ™.
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Figure 2. The chemical formulae of the compounds shown in
Fig.1.

According to the current knowledge, reactions of the
covalent binding of the catalytic Cysi45 of M™ are initiated
by the proton transfer from cysteine to its partner in the
catalytic dyad, His41, followed by the nucleophile attack of
the sulfur ion on the target carbon atom of the ligand> ™"
*7 (e.g., see discussion in Ref. 41). The emerging negative
charge on the atom chemically bound to the target carbon
atom (oxygen in carmofur and Xy7A, nitrogen in
nirmatrelvir, fluorine in X77C) is stabilized by the oxyanion
hole formed by the peptide chain Gly143-Ser144-Cysi4s5.
Thus, the following structural elements are important for
modeling the inhibition reaction: the side chains in the



catalytic dyad (Cysi4s/His41) and the oxyanion hole
(Gly143-Seri44-Cysi45); this is common for all four
compounds considered in this work. The differences are as
follows. In reactions with carmofur, X77A, and X77C, the
formation of the covalent bond between the sulfur and
carbon atoms is accompanied by the leaving group (fluoro-
uracil for carmofur and X77A, fluorine ion for X77C),
whereas in the reaction with nirmatrelvir, there is a proton
transfer pathway, which saturates the emerging valency in
the nitrile nitrogen. Mechanisms of the creation of the
leaving groups may also follow different scenarios. These
important details of the reaction mechanisms are the focus
of our study.

SYSTEM PREPARATION AND COMPUTATIONAL
PROTOCOLS

We used the following strategy to simulate mechanisms
of selected reactions. First, at the QM/MM level, we
optimized structures of stationary points on the potential
energy surfaces (PES) corresponding to the reactants,
products, intermediates, and transition states along the
hypothesized reaction coordinates. The analysis of the
corresponding structures informed the selection of
collective variables for the subsequent calculations of the
Gibbs energy profiles using molecular dynamics
simulations with QM/MM potentials (QM/MM MD).

The crystal structure PDB ID: 7BUY* of M™ with the
aliphatic tail of the carmofur molecule attached to Cysi45
served as a template to construct all model systems. The
M"°—carmofur model for QM/MM calculations of the
reaction of covalent inhibition of M"™ by carmofur using
the NWChem®® and Q-Chem®*® software packages, was
reported in our previous study.” We prepared model
systems of the three other compounds by inserting the
corresponding substrates into the protein structure using
molecular mechanics tools. To validate the structures
produced by molecular mechanics, we used the crystal
structures of M™"° complexed with the relevant ligands, i.e.,
PDB ID: 7VHS for the product of the M™°-nirmatrelvir
reaction and PDB ID: 6W63 for the complex of the non-
covalent inhibitor X77 with M.

Fig. 3 shows the fragments of the active site of M"™, as
they appear in the PDB structures relevant to the present
simulations. We pay attention to the position of the amino
acid residues of the catalytic, Cysi45 and His41, and of the
oxyanion hole side chains, Gly143-Ser144-Cysi45, which is
directly related to the chemical reactions of the selected
compounds (Figs. 1,2) with Cysi45 in the protein cavity. To
design prospective covalent inhibitors, we replaced the
molecular group of the non-covalent M™ inhibitor X77
(highlighted in yellow in Fig. 3) by the reactive warheads
(see panels X77A and X77C in Figs. 1,2). Importantly, our
molecular docking calculations show that the X77A and
X77C molecules have binding energies with M™ similar to
those of the parent X77 species: -8.9 kcal/mol for X77A and
-9.4 kcal/mol for X77C, to be compared with our computed
value for X77 -9.74 kcal/mol, or with the literature value of
-10.2 kcal/mol.”" Therefore, the proposed molecules X77A
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and X77C exhibit a high affinity to the catalytic site of M.
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Figure 3. Fragments of the M active site from the selected
PDB structures. Panels (a) and (b): fragments of the active site
of M relevant to the reactions of selected compounds with
Cisi45 as they appear in the PDB structures. We focus on the
chain Gly143-Seri44-Cysi45 with the reactive Cysi4s and the
oxyanion hole groups and to the location of the His41 side
chain relative to Cysi4s. Panel (c): the PDB structure 6W63, a
non-covalent complex of M"™ with X77. To design covalent
inhibitors, we replaced the fragment of X77 (highlighted in
yellow) by the reactive warheads (see panels X77A and X77C
in Fig. 1). Here and below the distances are given in A.

The partitioning of the model systems into the QM and
MM parts for each compound is explained in Results and
in the SI. As emphasized in our QM/MM study of the M"*°-
carmofur model,” reporting only relevant structures from
PDB as initial coordinates of heavy atoms and the
partitioning of the system into QM and MM parts is not
sufficient to ensure the reproducibility of QM/MM-based
calculations of the energy profiles of enzymatic reactions.
More details need to be reported for others to be able to
evaluate the results and to reproduce the findings. In the
SI, we provide details of the preparation of the model
systems, including addition of hydrogen atoms and the
protonation states of the amino acid side chains, solvation
of proteins, initial relaxation of the model structures using
classical MD, link-atom schemes in the QM/MM boundary
treatment, embedding protocols, and optimization
algorithms.

We use the following notations for the computed
structures: REAC (reactant state), IP (ion pair state), PROD
(product state), TS (transition state). For each system, the
REAC structure refers to the neutral state, Cysi45/His41, in
the catalytic dyad; IP corresponds to the structure with the
ion-pair state, Cys/His’, PROD corresponds to the
structure with the covalently bound Cysi45 with a leaving
group kept in the active site. Reaction intermediates,
besides the IP state, are described in the corresponding
subsections; in particular, TI means the tetrahedral
intermediate and MC means the Meisenheimer complex.

The QM/MM optimization of the stationary points was
carried out using the density functional theory with the
PBEo functional® with the dispersion correction (D3%) to
describe the QM part. The performance of the PBEo



functional has been extensively documented and
benchmarked (see, for example, Ref. 64). It has been shown
to perform well for computing reaction profiles for organic
molecules.®* Our groups used this functional for
simulating other biological systems. In our previous paper
(Ref. 61) we compared this functional against more
advanced ones (wBg7X-D) and found that the energy
profile is insensitive to the functional choice. Energies and
forces in the MM part were computed with the AMBER
force-field  parameters.”® These = QM(PBEo-D3/6-
31G*)/MM(AMBER) calculations were performed using the
NWChem program * with the electrostatic embedding
scheme. The QM/MM-optimized minimum-energy
structures were obtained in series of unconstrained
minimizations. The TS structures were optimized in series
of constrained minimizations, assuming appropriate
reaction coordinates. The structures of TSs, separating the
corresponding minimum-energy points, were verified by
performing forward and backward descent from the
located saddle points. Additional details are given in
Results and in the SI. The optimized coordinates of all
structures were deposited to the COVID-19 hub repository
supported by MolSSI (see the SI for the complete list of
deposited files).

To compute the Gibbs free energy profiles, which is an
essential step in modeling protein-ligand systems,*® we
employed the algorithms based on biased MD
trajectories.”*® The recent implementation® interfacing
the MD program NAMD” with quantum chemistry
packages allowed us to apply computational protocols with
the QM/MM potentials, as in our previous studies of
enzyme-catalyzed reactions.”” Energies and gradients in
QM were computed at the PBEo-D3/6-31G** level using the
TeraChem program.”* The CHARMMS36 force-field” was
used in the MM subsystems. Sizes of QM subsystems in
these calculations were somewhat smaller than in the
QM/MM optimization, but considerably larger than, for
example, in previous studies®*’ of the M""°-nirmatrelvir
reaction. We performed umbrella sampling simulations
with additional harmonic potentials centered at different
collective variable values. Trajectories were 5-10 ps long;
force constants were 10-40 kcal/mol/A* the umbrella
integration and weighted histogram analysis were used.
Further details, such as selection of collective variables and
the QM-MM partitioning, are described in Results and in
the SL

RESULTS AND DISCUSSION
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Reaction of M ™ with carmofur

As explained above, we used the M"°-carmofur model
system, which was characterized in Ref. 61, as a template
for modeling reactions of covalent inhibition of the
enzyme by all compounds considered in the present work.
In Ref. 61, we focused only on the reaction step from IP to
PROD (using the QM/MM scheme with a slightly different
QM-MM partitioning). Here, we also consider the step of
the ion pair (Cysi45/His41") formation. In the present
calculations, the QM subsystem consisted of 155 atoms,

including the entire carmofur molecule, the side chains of
His41, Glyi43, Seri44, Cysi4s side chains; the detailed
description of the computational protocol is given in the
SL

Fig. 4 shows the QM/MM optimized structures of REAC,
IP, and PROD. The computed structures of all stationary
points on the PES, including the transition states, are given
in the SI. At the step of IP formation, REAC—TS1—IP, a
two-dimensional energy plot along the distances between
the transferring proton HS and the SG atom of Cysi45 and
the NE atom of His41, d(SG-HS) and d(NE-HS), allowed us
to estimate the TS1 point separating the REAC and IP
structures. Along this pathway we observed a gradual
decrease of the distance of the nucleophilic attack, d(SG-
Q), from the initial value 3.62 A in REAC to 3.15 A in IP. At
the next step IP—TS2—PROD, the distance d(SG-C)
served as a reaction coordinate in the QM/MM constrained
optimization. After passing the TS2 structure, the covalent
bond SG-C is formed, and the leaving group, the fluoro-
uracil warhead, is separated from the formed covalent
adduct of M™ with the aliphatic tail of the carmofur
molecule. The adduct is firmly accommodated in the
protein cavity and the C-O group is captured in the
oxyanion hole.
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Figure 4. The QM/MM optimized structures of REAC, IP,
PROD for the M""°—carmofur reaction. The left bottom panel
shows the superposition of PROD (colored balls and sticks)
and the crystal structure 7BUY (yellow sticks). The side chain
of His41 in the right bottom panel is shown in yellow sticks.
The distances in italics correspond to the crystal structure.

We use the only available piece of experimental
information, the crystal structure of the reaction products,
to validate the computational protocol. The bottom left
panel in Fig. 4 (‘Superposition’) shows the active site of the
computed PROD structure (colored balls and sticks) and
compares it with the relevant fragment (yellow sticks) of
the crystal structure (PDB ID: 7BUY™). We note a good
agreement for the key distances between the
computationally derived structure and the crystal
structure (see Fig. 3). In the adduct of the protein with the



carmofur tail, the distances between atoms SG and NE in
the catalytic dyad, as well as the distances in the oxyanion
hole region between the nitrogen atoms of Cysi45 and
Gly143 and the oxygen atom (O) in the adduct of the
protein with the carmofur tail are close in the experimental
and computationally derived structures, even though the
leaving group (the fluoro-uracil warhead) is not present in
the crystal structure, but it is kept in the active site of the
model system.

The computed QM(PBEo-D3/6-31G*)/MM(AMBER)
energies of all stationary points are as follows: REAC—TS1
(+12) —IP (+9) —TS1 (+16) —»PROD (-13). Here and below,
the values in parentheses gives the energy of the
corresponding stationary point in kcal/mol relative to the
level of REAC. According to these results, the highest
energy barrier in the M"°~carmofur reaction leading to a
stable covalent adduct corresponds to the formation of the
IP state. To estimate the activation energy in this reaction,
we carried out calculations of the free energy profile.

We computed the Gibbs free energy profile with the
QM(PBEo-D3/6-31G**)/MM(CHARMMS36) potentials used
in MD simulations. The QM part included the carmofur
molecule, the Cysi45 and His41 side chains, and a nearby
water molecule. We defined the reaction coordinate (the
collective variable (CV)) as the combination of the relevant
distances: CV=d(SG-HS)-d(NE-HS); the details are
presented in the SI. The computed profile (Fig. 5) shows
the activation barrier of 10.4 kcal/mol and the position of
the IP state 9.3 kcal/mol higher than that of the REAC
state, which is consistent with the energies of the
stationary points optimized in the QM/MM calculations.
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Figure 5. The computed Gibbs free energy profile for the
REAC—TS1—IP step of the ion-pair formation in the M™ -
carmofur reaction.

We note that the step of the ion-pair formation is
common for the catalytic cycle of cysteine proteases;>*>*>
however, different computational studies evaluating the
corresponding free energy surface resulted in different
free-energy profiles. For example, for the ion-pair
formation in the reaction of M"*° covalent inhibition by the
N3 peptidyl Michael acceptor, two research groups almost
simultaneously reported the Gibbs free energy activation
barriers of 1.4 kcal/mol®® and 10.7 kcal/mol >*

To conclude this subsection, we note that the
simulations describe the formation of the covalent adduct
in the M"-carmofur reaction™ consistently with the

experimental observations. However, no attempts to use
carmofur as the COVID-19 drug have been reported.

Reaction of M with X77A

We designed the X77A compound by introducing the
warhead with the fluoro-uracil moiety, resembling that in
the carmofur molecule. The target atom for the
nucleophile attack of the Cysi4s5 thiolate is the similar
carbonyl carbon atom marked by the asterisk in Fig. 1.
Thus, it is reasonable to expect that the mechanism of the
reaction M"™ with X77A resembles that in the M"™ reaction
with carmofur with the same leaving group. Although the
basic features are common, we located an additional
reaction intermediate (besides IP)—a tetrahedral
intermediate (TI)—on the route from IP to PROD.

In the QM/MM optimization, the large QM part
included the entire X77A molecule, the molecular groups
of Hisq1, Cysi4s5, Seri44, Glyi43, Thrzs, Thr26, Leuzy,
Leui41, Asni42, Gly146, His164, Met165, Asp187, and 7 water
molecules (208 atoms in total).

The panels in Fig. 6 illustrate the minimum energy
points optimized in the QM(PBEo-D3/6-
31G*)/MM(AMBER) calculations; the structures of all
stationary points including TSs, are shown in the SI. The
first  step—REAC—TS1(+8)—IP(+4)—shares  similar
features with the M - carmofur reaction (cf. upper panels
in Figs. 4, 6), but with a slightly lower energy barrier. Scans
along the gradually decreasing coordinate d(SG-C) allowed
us to locate the stationary points at the subsequent
reaction steps: IP(+4)—TS2 (+5) —TI (-15) and TI (-15)
—TS3 (-14) —»PROD (-23). According to these QM(PBEo-
D3/6-31G*)/MM(AMBER) calculations, the highest energy
barrier corresponds to the step of the IP formation,
whereas the energy barriers at the subsequent steps are
low, 1-4 kcal/mol. The structure of the products (the
bottom left panel in Fig. 6) shows that the covalent adduct
is firmly trapped in the protein cavity; the C-O bond is
captured by the oxyanion hole.
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Figure 6. The QM/MM optimized structures for the M
X77A reaction. A large part of the X77A molecule is shown in



light yellow sticks. The side chain of His41 in the bottom
panels is shown in goldish yellow sticks.

The QM(PBEo-D3/6-31G**)/MM(CHARMM36) MD
simulations resulted in the Gibbs energy profiles for the
M"™ — X77A reaction illustrated in Fig. 7. The QM part
included the fragment of the substrate, His41, Leui4s,
Asnig2, Glyi43, Seri44, Cysi45, Gly146, His164, and Met165,
a water molecule that interacts with the His41. Collective
variables were selected as follows: CVi=d(NE-HS)-d(SG-
HS) at the reaction step of the ion pair formation, and
CV2=d(SG-C)-d(C-Ns) for the subsequent steps. The upper
part in Fig. 7 summarizes the data showing that activation
barriers along the reaction pathway are low; the highest
energy barrier corresponds to the formation of the ion pair
state.
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Figure 7. The computed Gibbs free energy profiles for the M™°
- X77A reaction. The upper panel shows the diagram
combining the results at the two reaction steps illustrated in

the bottom panels. The collective variables are as follows: CV1
= d(NE-HS)-d(SG-HS), CV2 = d(SG-C)-d(C-Ns).

Thus, according to the present simulations, the X77A
compound should be an efficient covalent inhibitor of
MPro‘

Reaction of M"™ with X77C

Klein et al.* proposed to use aromatic compounds that
can react with the catalytic cysteine by the SNAr
addition/elimination mechanism as a new class of covalent
inhibitors of cysteine proteases. Several such compounds
have been tested as prospective inhibitors of the protease
rhodesain.® Inspired by this idea, we introduced the 5-
fluoro-6-nitro-pyrimidine2,4(1H,3H)-dione warhead into
the X77 template to create compound X77C. Upon
deprotonation, the sulfur ion of Cysi45 attacks the carbon

atom C initially bound to fluorine (see the X77C panel in
Fig. 1).

We used the same strategy as for the M™ - X77A
reaction to characterize the energy profiles for the M"™ -
X77C reaction and to dissect the reaction mechanism: the
QM/MM calculations of the structures on the PES followed
by the QM/MM MD calculations of the Gibbs free energy
profiles.

The results of QM(PBEo-D3/6-31G*)/MM(AMBER)
optimization of the minimum energy structures are shown
in Fig. 8; the structures of all stationary points including
TSs are given in the SI. In QM/MM optimization, the large
QM part included the entire X77C molecule, the molecular
groups of Hisgq1, Cysi4s, Seriq4, Glyi43, Thr2s, Thr26,
Leu27, Leui41, Asni42, Gly146, His164, Met165, Asp187, and
7 water molecules (203 atoms in total).

According to these results (REAC—TS1(+4)—1P(0)—TS2
(+2) »MC (-15) —»TS3 (-14) —»PROD (-25), we located two
reaction intermediates—the ion pair state (IP) and the
Meisenheimer complex (MC), which are separated by fairly
low energy barriers (not exceeding 4 kcal/mol). The
structure of PROD confirms the formation of the covalent
adduct; the leaving group (F) is captured by the anion
hole.
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Figure 8. Structures of the QM/MM optimized structures for
the M"™ - X77C reaction.
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Figure 9. The computed Gibbs free energy profiles for the M
-X77C reaction. The upper panel shows the diagram
combining the results at the two reaction steps illustrated in
the bottom panels. The collective variables are as follows: CV1
= d(NE-HS)-d(SG-C), CV2 = d(C-F).

The results of the QM(PBEo-D3/6-
31G**)/MM(CHARMM36) MD simulations of the Gibbs
free energy profiles are shown in Fig. 9. The QM part
included the fragment of the substrate, Hisq1, Leui4,
Asnig2, Glyi43, Seri44, Cysi45, Gly146, His164, and Met165,
a water molecule that interacts with the His41. Collective
variables were selected after several trials: CVi=d(NE-HS)-
d(SG-C) up to the MC formation and CV2=d(C-F) at the
subsequent step. In this case, the IP intermediate is not
clearly visible on the free energy surface; the free energy
profile at the step resembles the features reported by
Ramos-Guzmdn et al. in modeling other reactions of
covalent inhibition of M™™.242%3* [n contrast, the MC
intermediate corresponds to the minimum-energy
structure in both the QM/MM and QM/MM MD
calculations. We note that the nature of the Meisenheimer
complex in the SyAr reactions>”®” is still debated, in
particular, whether it represents a reaction intermediate or
a transition state. In our case, the results favor the
formation of the minimum-energy structure separated
from the reactants and products by the free energy barriers
of 13 and 4.4 kcal/mol.

We conclude that the compound X77C can react with
M"™ with low activation barriers, leading to the covalent
binding of the catalytic Cysi45.

Pro

Reaction of M"™ with nirmatrelvir

The molecular model of nirmatrelvir is shown in the
lower left panels in Fig. 1. The covalent binding of
nirmatrelvir by M™ is confirmed by several crystal
structures in the Protein Data Bank (e.g., PDB IDs: 7VHS,
7MLG, 7MLF). The reaction of M"™ with a nitrile-based

ligand, such as nirmatrelvir, should lead to a covalent
thioimidate adduct after deprotonation of Cysi45 and the
nucleophilic attack of the thiolate making the SG-C
covalent bond.?*3*#

The interaction of the nirmatrelvir molecule with M
studied by classical molecular dynamics simulations®
shows a tight binding of this compound at the protein
surface. Three computational papers *% reported results
on the mechanism of the M""°- nirmatrelvir reaction based
on QM/MM calculations.

Ramos-Guzman et al.”>*
energy path for the nirmatrelvir covalent binding to M
using the adaptive string method with QM/MM potentials.
The QM subsystem composed of the fragments of Cysi45
and His41, a water molecule and the warhead of the
inhibitor (about 50 atoms in total), was described at the
B3LYP-D3/6-31+G* level in Ref. 25 and at the Mo6-2X-
D3/6-31+G* level in Ref. 26. The path was determined
through biased MD simulations using 7 collective variables
that included the distances of all the bonds being broken,
formed or whose formal order changed during the process.
The computed profiles show single TS of 14-16 kcal/mol
and the reaction energy of 10-14 kcal/mol. **° No clear
stabilization of the IP state was found.

Ngo et al.”” used the ONIOM version of QM/MM to
evaluate the M""°-nirmatrelvir reaction energy profile. The
authors assumed that Cysi45, His41 and the nearby residue
Asp187 form a catalytic triad to facilitate covalent binding
of the ligand to the protein. The QM part comprised 49
atoms, including small fractions of the ligand and of the
amino acid triad, described at the B3LYP-D3/6-31G(d) level
upon QM/MM optimization followed by single point
calculations at the Mo6-2X/6-3u+G(2d,2p) level. The
constructed energy diagram corresponds to a flat profile
within 3.4 kcal/mol at the first reaction steps showing no
formation of the ion-pair state. At the final step, describing
proton transfer with a participation of a mediated water
molecule, an energy barrier of 19 kcal/mol was reported.
The computed energy of reaction products was about 9
kcal/mol below the level of reactants.

The QM part in QM(PBEo-D3/6-31G*)/MM(AMBER)
optimization included the reactive part of the nirmatrelvir
molecule, the molecular groups of His41, Gly143, Seri44,
Cysi45, Thrzs, Thr26, Leuz7, Glyi46, Seri4y, Vali48,
Met162, His163, His64, Met165, and 10 water molecules. The
results of QM/MM optimization of the minimum-energy
points on PES are shown in Fig. 10; the relative energies are
as follows: REAC—TS1(+2)—INT(-18)—TS2 (-12)—PROD

(-29).

Pro

computed the minimum free

Pro



< Gly143

Nirmatrelvir

&iﬂl PROD

Gly143
P e

Nirmatrelvir

Pro

Figure 10. The QM/MM optimized structures for the M
nirmatrelvir reaction.

We located a reaction intermediate (INT). Its structure
has a short distance d(SG-C) of 1.92 A (much shorter than
that in the IP state in the reactions of M"™ with camofur,
X77A, and X77C), whereas the His41 side chain remains
protonated (positively charged). To complete the
reaction, i.e., to protonate the N atom of the ligand, two
water molecules, Wat1 and Watz shown in the right part
in Fig. 10, form a proton wire from the N, atom of His41

with typical distances about 2.7 A between heavy atoms.

The Gibbs free energy profiles were computed with the
QM(PBEo-D3/6-31G*)/MM(CHARMM36) potentials
describing the g7-atomic subsystem composed of the
nirmatrelvir molecule, Cysi45 and His41 side chains, and
water molecules. The obtained profile is shown in Fig. 11.

The results of the present simulations agree in part with
the previous modeling of the M"°~-nirmatrelvir reaction.”
*” In particular, all approaches do not favor the formation
of the IP state as an energy minimum. All approaches
obtain a considerable reaction energy, e.g., -14 kcal/mol in
the present Gibbs free energy calculations. On the other
hand, we do not obtain a high energy barrier on the
reaction pathway—our values do not exceed 5 kcal/mol
(Fig. 11), in contrast to the values of 14-18 kcal/mol in Refs.
25-27. We cannot confirm the hypothesis of the Cysigs-
His41-Asp187 catalytic triad put forward in Ref. 26.
Qualitatively, our reaction mechanism is close to the one
described in Refs. 25,26, but assumes the formation of the
reaction intermediate INT (Figs. 10, 1) with the features
resembling those of TI in the reaction of M™ with X77A
(Fig. 6).
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Figure 11. The computed Gibbs free energy profiles for the
M -nirmatrelvir reaction. The upper panel shows the
diagram combining the results at the two reaction steps
illustrated in the bottom panels. The collective variables are as
follows: CVi=d(NE-HS)-d(SG-HS)-d(SG-C), CV2=d(NE-HS)-
d(HS-OWat1)+d(OWati-HWat1)-d(HWati-
OWat2)+d(OWat2-HWat2)-d(N-HWat2).

To conclude this Section, we note that the COVID-19
pandemic motivated numerous studies of the SARS-
related enzymes, which considerably expanded the
understanding of the enzyme catalysis. Our study
contributes to these efforts. We modeled reactions of four
compounds and show that these compounds are capable of
bindding chemically to the catalytic cysteine residue of
MP™ and, therefore, can serve as irreversible inhibitors of
this enzyme. The simulations revealed three distinct
reaction mechanisms. We recognize that these three
mechanisms do not exhaust all possible scenarios—other
documented examples of the M" inhibition include the
Michael addition to the unsaturated carbon-carbon
bond*** and the reactions with ketones.****

Our simulations contribute to the ongoing efforts to
find more effective drugs to fight COVID-19. We show that
the employed computational protocols are sufficiently
reliable and produce the results consistent with the already
known information: the computed energy profiles for
carmofur and nirmatrelvir show that the corresponding
reactions with M™ are efficient with respect to energy
barriers and reaction energies. Therefore, we expect that
the compounds designed computationally in our work,
X77A and X77C, and characterized at the same level of

Pro

theory are promising drug candidates for blocking M.
CONCLUSION
The results of our QM/MM modeling of chemical

reactions of the catalytic Cysi45 amino acid residue of the
SARS-CoV-2 main protease with four compounds,



carmofur, nirmatrelvir, X77A, X77C, show that these
species can form stable covalent adducts with M"*°, and the
activation barriers are sufficiently low for the reactions to
be efficient. The results for carmofur and nirmatrelvir are
consistent with the experimental findings, and the success
of the simulations provides a sound basis for a prediction
of the two novel potential inhibitors, X77A and X77C,
proposed in this work. From the fundamental perspective,
this study illustrates that the formation of covalent adducts
follow three distinct reaction mechanisms of the
irreversible inhibition of cysteine proteases.

Supporting Information.

Details about model systems preparation, QM/MM setup
and free energy calculations, input parameters, list of
structures deposited to the MolSSI COVID-19 hub. This
material is available free of charge via the Internet at
http://pubs.acs.org.
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