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Enzymatic reaction molecular dynamics simulations for covalent inhibitors of
SARS-CoV-2 main protease
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Focusing on the main protease (Mpro) of SARS-CoV-2, the virus responsible
for COVID-19 symptoms, microscopic mechanisms of covalent bond formation between Mpro and its
ligands involving proton transfers and nucleophilic substitution reactions were theoretically
elucidated using large-scale quantum molecular dynamics (MD) simulations coupled with an enhanced
sampling method. In addition, Hybrid in silico drug discovery was performed by combining large-scale

quantum MD simulations with the conventional in silico drug discovery, i.e., virtual screening and
docking, with a focus on developing potent covalent inhibitors against Mpro. As a result, a
promising candidate compound with high binding affinity and binding reactivity relative to approved
oral drugs was identified.
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Figurel. (a) Crystal structure of SARS-CoV-2 MP™ dimer without ligands (PDB ID: 7CWB). (b) Close-
up of an active site with catalytic dyad, i.e., Cys145 and His41l, in the ion-pair state in apo-MP™.
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Figure 2. Free energy surface in kcal/mol for acylation process in MP™. The horizontal axis shows
the progression of the overall reaction, and the vertical axis changes to negative (or positive) asthe
nucleophilic substitution reaction (or the second proton transfer) progresses.

-2.0



Ol

Mmpro - DC-DFTB-MetaD
20
AGping
300
300
38
27
Ac-Leu-GIn-Ser-NMe nirmatrelvir ensitrelvir
30 Figure 3a
AGping
nirmatrelvir
15 ensitrelvir 1
M Pro
S,(Cys145) 1,2,4-oxadiazole
nirmatrelvir
DC-DFTB-MetaD Mmpre
nirmatrelvir MPro
Figure 3b Figure 3c Mmpro Mmpro Cysl45
His4l Cysl45 His4l
MP©  nirmatrelvir - - path
1 - - path 2
nirmatrelvir
ensitrelvir
nirmatrelvir in
silico
@ (b) (©
kcal/mol
-12.0
-11.0
’ Nlrmatrelwr
: 100 £l Ensitelv Hisa1
2 90 | - § 0 &%é
L et Cys145 .
-80 S Nimatelir Water New candidate con?pound
-7.0 : : : :

-70 -80 -90 -100 -11.0 -12.0

. kcal/mol
lon pair

Figure 3. (a) Non-covalent binding free energy, AGeing, in kcal/mol for ion pair and neutral states of
MPo gbtained from ensemble docking. The region surrounded by the dotted lines highlights
compounds with higher binding affinity than nirmatrelvir developed by Pfizer. Representative
snapshots of products after covalent bond formation between Cysl145 and inhibitors in the active
site obtained from DC-DFTB-MetaD simulations for (b) MP™ in complex with nirmatrelvir and (c)
MP in complex with new candidate compound.
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