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Abstract: The pathogen of COVID-19, SARS-CoV-2, has caused a severe global health crisis. So
far, while COVID-19 has been suppressed, the continuous evolution of SARS-CoV-2 variants has
reduced the effectiveness of vaccines such as mRNA-1273 and drugs such as Remdesivir. To uphold
the effectiveness of vaccines and drugs prior to potential coronavirus outbreaks, it is necessary
to explore the underlying mechanisms between biomolecules and nanodrugs. The experimental
study reported that acrylamide fragments covalently attached to Cys145, the main protease enzyme
(Mpro) of SARS-CoV-2, and occupied the substrate binding pocket, thereby disrupting protease
dimerization. However, the potential mechanism linking them is unclear. The purpose of this work is
to complement and validate experimental results, as well as to facilitate the study of novel antiviral
drugs. Based on our experimental studies, we identified two acrylamide fragments and constructed
corresponding protein-ligand complex models. Subsequently, we performed molecular dynamics
(MD) simulations to unveil the crucial interaction mechanisms between these nanodrugs and SARS-
CoV-2 Mpro. This approach allowed the capture of various binding conformations of the fragments
on both monomeric and dimeric Mpro, revealing significant conformational dissociation between the
catalytic and helix domains, which indicates the presence of allosteric targets. Notably, Compound 5
destabilizes Mpro dimerization and acts as an effective inhibitor by specifically targeting the active
site, resulting in enhanced inhibitory effects. Consequently, these fragments can modulate Mpro’s
conformational equilibrium among extended monomeric, compact, and dimeric forms, shedding
light on the potential of these small molecules as novel inhibitors against coronaviruses. Overall,
this research contributes to a broader understanding of drug development and fragment-based
approaches in antiviral covalent therapeutics.

Keywords: SARS-CoV-2 Mpro; acrylamide fragments; molecular dynamics simulation; novel antiviral
drugs; molecular mechanism

1. Introduction

The coronavirus family has given rise to three significant epidemics: Severe Acute Res-
piratory Syndrome (SARS), Middle East Respiratory Syndrome (MERS), and the ongoing
Coronavirus Disease 2019 (COVID-19) pandemic [1]. COVID-19 has caused a global health
crisis, characterized by an unprecedented rate of mortality, infection, and transmission, par-
ticularly affecting unvaccinated elderly individuals [2]. Symptoms range from mild, such
as fever, cough, and shortness of breath, to severe cases that lead to pneumonia and even
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death [3]. SARS-CoV-2, the causative agent of COVID-19, shares a high degree of genetic
homology with SARS-CoV, demonstrating alarming transmissibility, a heightened risk of
reinfection, and a reduction in vaccine efficacy against emerging variants. SARS-CoV-2,
a single-stranded, crown-shaped, positive sense RNA virus, expresses two polyproteins,
ppla and pplab, encoded by genomic RNA and subsequently cleaved by main protease
(Mpro) or papain-like protease (PLpro) [4,5]. Recent research has highlighted the ongoing
evolution of SARS-CoV-2, with new variants such as Omicron leading to changes in trans-
mission dynamics and reduced drugs or vaccine effectiveness [6-8]. These developments
emphasize the need for updated therapeutic approaches and adaptive vaccine strategies to
address these evolving threats [9,10]. The continuous evolution of SARS-CoV-2 mutants
reduced the efficacy of nucleoside analog, GS5-5734 (remdesivir), MK-4482 (known previ-
ously as EIDD-2801) [11], and vaccines for Moderna (mRNA-1273) and Pfizer-BioNTech
(BNT162b2) [12], thereby causing intense attention to develop effective antiviral drugs and
vaccines to combat COVID-19. However, traditional vaccine development and de novo
drug design processes are both time-consuming and costly. Besides, the clinical availability
of new drugs remains uncertain. In the face of the growing impact of COVID-19, the
concept of drug repurposing, encompassing strategies such as repositioning, re-profiling,
or rediscovery, emerges as a pragmatic approach to identifying potential therapeutics [13].
Within the realm of drug discovery, Compounds can be categorized as covalent or non-
covalent, with the former presenting several advantages, including enhanced biochemical
efficiency, target specificity, safety, and reduced drug resistance [14]. Consequently, most
studies have concentrated on covalent drug discovery.

In the quest for effective antiviral drugs, structural and biochemical research on SARS-
CoV-2 represents a promising avenue, offering insights into its mechanisms and means
of regulating protein activity, thereby accelerating antiviral drug development. Research
shows that Mpro from coronavirus functions as a symmetric homodimer. This homodimer
consists of two protomers, designated as chains A and B, with each protomer consisting of
three domains (I, II, and III) connected by long-loop regions [15,16]. Domains I and II belong
to the barrel fold and are located in the catalytic site of Mpro, and domain III comprises an o-
helical domain. Mpro plays a pivotal role in cleaving precursor polyproteins into individual,
functional, mature, non-structural polypeptides responsible for the production of critical
structural proteins, including the nucleocapsid protein (N), membrane glycoprotein (M),
small envelope glycoprotein (E), and spike protein (S) [17]. The spike protein serves as the
entry point for SARS-CoV-2 into host cells, mediating binding with angiotensin-converting
enzyme-2 (ACE2) and initiating the infection process [18]. Notably, previous studies
indicate that only the dimeric form is active in the biological medium, highlighting the
importance of Mpro dimerization in its function [19]. Particularly, Mpro stands as an ideal
drug target for the treatment of COVID-19 and the control of SARS-CoV-2 infection.

As a complement and validation to the experimental report, we have constructed
molecular models of two covalent fragment structures (Compounds 2 and 5) in Table 1.
Among seven fragments, these two fragments have exceptional inhibitory potency [20].
Compounds 2 and 5 were selected for detailed study based on experimental analyses.
In vitro assays demonstrated that these two Compounds exhibited the lowest half-maximal
inhibitory concentrations (IC50 = 10-20 M) among the acrylamide fragments tested. Ad-
ditionally, size-exclusion chromatography (SEC) was performed to analyze the molecular
weight distribution of the Mpro-ligand complexes. The results showed that Compound 2
eluted in a dimeric form, while Compound 5 eluted predominantly as a monomer. This
suggests that Compound 5 may induce a more significant disruption of Mpro dimerization,
a key factor in its activity. Therefore, these two fragments were selected for further compu-
tational study. The covalent fragments share a common thiazole motif, which underpins
their binding mechanism. The thiazole rings with sulfur atoms can interact with the active
site cysteine (Cys145) in Mpro dimers or monomers. Despite their shared thiazole core
and methylene linker, these fragments exhibit both similarities and differences. In terms
of similarity, both fragments feature cysteine-reactive chemical groups that functionalize
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their core scaffolds, conferring the same 1,3-thiazole core and methylene linker. Alkyl
acrylamide displays low off-target reactivity and limited reactivity with glutathione, while
trifluoromethyl and cyclohexane fragments possess weaker electron density, minimizing
interactions with the protein. Diverging from these similarities, Fragment 5, with its bulky
benzene moiety, expands the substrate binding pocket, influencing neighboring regions.
Especially in contrast to trifluoromethyl fragments, the benzene ring on Fragment 5 is able
to form 7-7t stacks interaction with residue His of the target protein, thereby enhancing
the stability of the protein-ligand complex. These variations in pharmacophores account
for the differing inhibitory effects of these fragments on enzyme activity. Electrophiles on
these fragments maintain a high level of pharmacological safety, owing to their widespread
clinical application [21]. Furthermore, their intrinsic reactivity promotes protein modifi-
cation and reduces false positives and negatives. The acrylamide “warhead” component
is a vital feature in clinically approved covalent drugs. Emphasizing the importance of
selectivity and reactivity, as well as mild electrophilic reactivity, it can collectively minimize
the risk of non-specific reactivity and associated toxicity [22,23]. Collectively, acrylamide
fragments offer the potential to influence intermediate states of SARS-CoV-2 Mpro by
covalently targeting the active site cysteine, also providing valuable insights for rational
fragment-based drug design and discovery against coronaviruses.

Table 1. Molecular structure of Compound 2 and Compound 5 [20].

System Compound 2 Compound 5
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In this study, we explore the underlying mechanisms of two acrylamide fragments
targeting Mpro through computational chemistry methods. We aim to provide important
theoretical support and a molecular-level understanding of the inhibition mechanism by
acrylamide fragments, which can accelerate the development of novel drugs based on
acrylamide scaffolds. For example, Yu et al. designed and synthesized a series of novel
5-cyano-2,4,6-substituted pyrimidine derivatives based on acrylamide fragments. They
explored the effects of the electronic properties and substitution positions of different
Compounds on antitumor activity [24], demonstrating that our findings could similarly
guide the rational design of new small-molecule drugs targeting viral proteases, building
upon fragment-based approaches. We analyzed their ability to disrupt Mpro dimerization
and trapped their transient conformation among extended, compact, and active states.
Further analysis of simulated data confirmed that these two acrylamide fragments align
with previous studies, confirming the utility of acrylamide moieties in several clinically
approved drugs. It is worth noting that there are already existing inhibitors and early
fragment-based drug design studies in this domain, such as penicillin, omeprazole (a proton
pump inhibitor), and acetylsalicylic acid (aspirin) [25,26]. Early fragment-based drug
design studies have laid a foundation for our research, providing crucial insights into the
feasibility of targeting viral proteases [27]. These studies serve as vital precedents, guiding
our approach toward the development of potential COVID-19 therapeutics. Therefore, this
work is helpful in designing potential anti-coronavirus drugs.

2. Materials and Methods

Preparation of Mpro and Ligands: The three-dimensional structure of SARS-CoV-
2 Mpro utilized in the simulations was obtained from PDB code 7WYDP, with a crystal
resolution of 2.30 A (https://www.rcsb.org/3d-view /7WYP, accessed on 16 February
2022). Additionally, an apo-enzyme structure (unliganded SARS-CoV-2 Mpro dimer) was
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used to explore how Mpro dimerization is disrupted by modification with Compound
5 [20]. The Mpro dimer consists of two chains, A and B, with each chain representing a
monomeric Mpro containing 300 and 305 residues, respectively. For the monomeric system,
chain B was used for simulation. Each Mpro structure was optimized using the amber99sb-
ildn force field in GROMACS 2021.3 [28] to obtain the most stable conformation as the
starting structure. For the ligands, the structure files of the acrylamide fragments were
first generated using GaussView 6.0 software (Version 6.0, Roy Dennington, Todd A. Keith,
and John M. Millam, Semichem Inc., Shawnee Mission, KS, USA, 2016). Subsequently,
geometry optimization was performed using Gaussian 16 [29], with the functional basis set
B3LYP/6-31G*.

Construction of Initial Protein-Ligand Complex: AutoDock 1.5.7 was first employed
to conduct molecular docking studies, confirming the binding interaction of the alkene
carbon of acrylamide with the catalytic cysteine residue Cys145, which is a well-defined
binding site. Subsequently, Packmol was utilized to generate the initial configuration for
molecular dynamics simulations of the Mpro-antiviral drug complex [30].

Molecular Dynamics Simulations: Molecular dynamics (MD) simulations were con-
ducted using GROMACS 2021.3 to study the inhibition mechanism between the protein
and ligand. The topology for the enzyme was generated using the GROMACS command
pdb2gmx, employing the amber99sb-ildn force field, which handles standard amino acids
within the protein without requiring additional modifications. Also, the TIP3P water model
was used for the protein topologies. For the ligand (acrylamide fragments), Sobtop 1.0
(Tian Lu, Sobtop 1.0 (dev5), http:/ /sobereva.com/soft/Sobtop (accessed on 15 September
2024)) was employed to generate the force field parameters. While GAFF defines bond and
angle parameters, these may differ from those derived via high-quality Hessian matrices,
particularly for unusual bonding patterns. When generating GROMACS topology files with
Sobtop, unrecognized GAFF atom types are assigned UFF types, with missing parameters
calculated from the Hessian, potentially reducing the accuracy of force field parameters.
The final topology files do not contain atomic charges, which are computed separately
using the RESP method in Multiwfn [31]. For more accurate topologies, potential energy
surface (PES) scans of the dihedral angles could be performed to obtain refined parameters,
although this is time-consuming. Importantly, building the topology for the ligand and the
enzyme involved constructing a molecular model with a covalent bond between the alkene
carbon of acrylamide and the sulfur of Cys145, followed by optimization in Gaussian and
calculating atomic charges using Multiwfn. Cys145 was defined as a new CYU residue
(deprotonated Cys145) in amber99sb-ildn/aminoacids.rtp, with updated atomic charges.
The topology for Mpro was then generated using the pdb2gmx command, ensuring Cys145
was in its deprotonated state.

In the MD simulation, the pH was set to a neutral state (pH 7), consistent with
physiological conditions, to accurately model protein-ligand interactions. Specifically, all
ionizable acidic residues, such as Asp and Glu, were modeled in their deprotonated forms.
Basic residues, including Lys, Arg, and His, were maintained in their protonated states, with
His residues represented as HIE. Regarding Cys145, it was treated in its deprotonated form
to realistically represent its covalent bond with the ligand’s acrylamide moiety, aligning
with the experimental conditions.

Each system was independently run, and energy minimization was performed using
the steepest descent algorithm for 1000 steps to ensure a well-relaxed starting structure.
The temperature was maintained at 300 K, and the pressure was set at 1 atm. Van der
Waals (VDW) interactions were treated using a switch function with a cutoff distance
of 1.4 nm. The Particle Mesh Ewald (PME) method was applied to handle long-range
electrostatics with a cutoff of 1.2 nm and a Fourier grid spacing of 1.2 nm. Before performing
production MD simulations, each system underwent NVT and NPT simulations to reach
a pre-equilibrated state. The NVT ensemble was simulated for 5 ns using the v-rescale
algorithm and Berendsen thermostat. The NPT ensemble for 5 ns was carried out with
positional restraints on the complexes. The restraints on the complexes were removed in
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normal MD simulation for 300 ns. Where computational resources allowed, longer pre-
equilibration simulations and production MD runs were also considered. All simulation
snapshots were visualized using the VMD program [32].

Analyses of Structural Dynamics: Principal Component Analysis (PCA) was con-
ducted using GROMACS 2021.3 software, specifically employing the “gmx covar” and
“gmx anaeig” modules. Before PCA was performed, the trajectory underwent periodic
correction to eliminate any periodic boundary effects, and translational and rotational
motions were removed using the -fit rot+trans option. The PCA process involved reducing
the 3N Cartesian coordinates of the molecular dynamics simulation trajectory to construct
a covariance matrix, followed by the calculation of its eigenvalues and eigenvectors to
describe the main molecular motions, referred to as the principal components. The two
largest eigenvectors were selected as the primary components (PC1 and PC2). Additionally,
the parameters describing the conformational free energy changes—RMSD and radius of
gyration—were projected onto the first two principal components to capture the character-
istics of the conformational changes. Besides, the molecular mechanics Poisson-Boltzmann
Surface Area (MM-PBSA) [33] method was employed to calculate the relative binding free
energies of the acrylamide fragments to Mpro. The binding free energy is described as
AGping = AH — TAS, where AH = Aggjec + AEvqw + AGpolar + AGnon-polar- Here, Eejec and
Evqw represent the electrostatic and van der Waals energies, while Gyolar and Gron-polar
represent the solvation energies. The final 10 ns of the equilibrated trajectories were selected
for the MM-PBSA calculations. MM-PBSA calculations were based on 10 ns of equilibrated
trajectories with periodic boundary corrections, and the final binding free energy analysis
was performed using the gmx_MMPBSA _ana tool.

The analyses of root mean square deviation (RMSD), root mean square fluctuation
(RMSF), and radius of gyration were performed using GROMACS. The RMSD was cal-
culated based on the entire protein backbone to capture the overall structural dynamics
and conformational changes throughout the simulation. The RMSF analysis utilized the
complete dynamics trajectory, enabling an assessment of fluctuations for each atom or
residue over the entire simulation period, thereby providing a comprehensive view of the
protein’s dynamic behavior and flexibility. For the radius of gyration, the analysis also
included the entire protein, allowing for an accurate evaluation of overall compactness and
structural dynamics throughout the simulation.

Various software tools were used for visualization and comprehensive analysis, in-
cluding VMD 1.9.3 and PyMOL 4.5.0 (https:/ /en.wikipedia.org/wiki/PyMOL, accessed
on 12 March 2024) for molecular visualization. Python 3.7.9 scripts were employed for
custom data processing and analysis. Additionally, Origin 2024 and Excel were used for
graphical representation and statistical analysis of the results. To further minimize ran-
domness and errors, we conducted two additional independent 300ns MD simulations,
and the analyses demonstrated consistency in the conclusions drawn from all three MD
simulations. The relevant molecular data have been incorporated into the Supplementary
Materials (Supplementary Tables S1-S3).

3. Results and Discussion
3.1. Exploring the Transient States of Dimeric and Monomeric SARS-CoV-2 Mpro upon Binding
with Different Acrylamide Fragments

To elucidate the inhibitory mechanisms and binding affinity of acrylamide fragments
(Compound 5 and Compound 2) on SARS-CoV-2 Mpro, we captured the transient structures
of dimeric and monomeric Mpro covalently bound to Compound 5 and Compound 2
(Figure 1). Crystallography of the monomeric Mpro linked to Compound 5 and Compound
2 reveals their binding models to the catalytic domain (barrel fold) and substrate binding
site. Compound 2 and Compound 5 covalently attach to the active site cysteine Cys145,
situated within the cleft between domain I and domain II of the barrel fold. The loop-
loop interaction is responsible for the contact between the C-terminal and N-terminal.
An abundance of literature revealed that the C- and N-terminal domains play pivotal
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roles in the maturation, dimerization, and enzyme activity of Mpro [34-36]. It is observed
that Compound 2 bound to Mpro caused slighter displacement and rotation of the C-
terminal and N-terminal, while Mpro with Compound 5 showed an obvious upward
rotation of about 180° and twisting motion at the C-terminal domain (Figure 1a). Notable
conformational changes occurred at 180 ns (Figure 2), leading to global backbone alterations
that resulted in the disruption of the a-helical domain and the antiparallel barrel fold,
further destroying the secondary structure of the protein. The root mean square fluctuation
(RMSF) value of monomeric Mpro bound to Compound 5 is larger than that bound to
Compound 2, with average values of 0.174 nm and 0.159 nm, respectively. In particular,
residues 90-100, 218-222, and 300-305 fluctuate widely (Figure S1b), suggesting unstable
configurations. By contrast, Compound 2 linked to monomeric Mpro and the C-terminal
finger of the -helical domain exhibited about 30 swings relative to the monomeric Mpro
without ligands, which partly released the constraints of the C-terminal of Mpro. It is worth
noting that the binding of the acrylamide fragments did not induce a fully conformational
change to the independent fold units (-helical or -barrel). Notably, Mpro with Compound
5 caused striking structure fluctuation and destruction. Hence, Compound 5 may be a
potential allosteric inhibitor.

C 01llpound 2

(@)

Extended state

Compound 5

©

Active dimer state Inactive dimer state

Figure 1. (a) Transient structural conformation of SARS-CoV-2 monomeric Mpro bound to Com-
pounds 2 and 5. Transient conformation of SARS-CoV-2 dimeric Mpro modified by (b) Compound
5 and (c¢) Compound 2. Superposition of the compact state, active protomer of the dimer, and the
extended Mpro, colored navy blue and red. Light blue and pink represent the active dimeric Mpro
without Compounds. Red arrow indicates the position of the small molecule at the active site.
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Figure 2. This RMSD of (a) dimeric Mpro and (b) monomeric Mpro in the apo form, both without
Compounds and covalently attached to Compounds 2 and 5.

Compound 5, covalently connected with active site cysteine of dimeric Mpro, was
colored navy blue and red, and the purified structure of dimeric Mpro without small drugs
was colored light blue and pink. In Figure 1b, the structure of dimeric Mpro is superimposed
on each corresponding protomer part. The structure of the protein gradually expanded
when bound to Compound 5 and Compound 2. There was a distinct disorder that occurred
in the extreme C-terminal region of Mpro linked to Compound 5, suggesting conformational
changes in several residues. As a direct comparison of the structural changes, the size of
the motions induced by Compound 5 is larger than Compound 2, which indicates that
Compound 5 would disrupt the stability of Mpro conformation. Mpro with Compound 2
has a more stable configuration. The RMSF profiles further verified the results: the average
value of RMSF for Mpro with Compound 5 is larger than that of Compound 2, which are
0.176 nm and 0.162 nm (Figure Sla), respectively. Additionally, although Compound 5 and
Compound 2 bound to dimeric Mpro all rendered the progressive increase of distance and
angle between the C-terminal and N-terminal domains with simulation time, Compound 5
showed the most significant distance enhancements (Figure S2a,b). This correlated with
the rotation angle and transient structure of monomeric Mpro discussed above. In essence,
both catalytic and o-helical domains apparently shift from the active dimer Mpro to the
protomer of dimeric Mpro, then to the compact monomer Mpro, and finally to the extended
monomer Mpro. Hence, we speculated that Compound 5 bound to Mpro disrupted the
loop-loop interactions between the C-terminal and N-terminal domains, leading to loss of
contact with its own C-terminal domain. These observations indicate that Compound 5 can
stabilize the monomeric extended conformation and prevent the formation of the compact
monomer and active dimer Mpro, thereby serving as an allosteric enzyme inhibitor. In
contrast, the transient conformation of dimeric Mpro bound to Compound 2 differs from
bound to Compound 5. The catalytic domain and helix domain surrounding Compound
2 exhibited slight expansion to accommodate the trifluoromethyl thiazole moiety. The
amplitude of the upward movement of 3-turn on inactive dimer Mpro connected with
Compound 2 was smaller compared to that connected with Compound 5 (Figure 1c).
Moreover, the distance and angle between the N-terminal and C-terminal domains remain
relatively stable, which are lower than bound to Compound 5 (Figure S2a,b), suggesting
that the dimerization of dimeric Mpro connected with Compound 2 was partially impaired.

3.2. Structural Stability of the Acrylamide Fragments Target SARS-CoV-2 Mpro

To assess the dynamic processes and binding stability of acrylamide fragments on
SARS-CoV-2 Mpro, we utilized the root mean square deviation (RMSD) to track con-
formational stability during the 300 ns simulation. Typically, RMSD serves as a metric
for dimerization stability, providing insights into the kinetics between biomolecules and
nanodrugs [37]. We estimated the RMSD of the protein backbone of all these systems
(Figure 2). The equilibrium period was 160-300 ns. The RMSD of dimeric Mpro with any
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Compound maintained a constant value (~0.25-0.37 nm) from 100 ns to the end of the MD
simulation (Figure 2a). Obviously, the average RMSD values for Mpro with Compound
2 experienced a larger fluctuation compared to Mpro without any Compound, with a
value of 0.26 £ 0.04 nm, indicating that Compound 2 caused comparative instability of
the geometric structure of Mpro. In contrast, the average RMSD values of Mpro with
Compound 5 was ~0.35 + 0.05 nm, suggesting Compound 5 aggravates the instability
of global conformation. Figure 2b shows the average RMSD values of monomeric Mpro
maintained at ~0.35 £ 0.05 nm after 30 ns, and the average RMSD values for both Mpro
with Compound 2 and Mpro with Compound 5 were 0.34 £ 0.05 nm and 0.37 & 0.05 nm,
respectively. This result induced by Compound 5 was consistent with dimeric Mpro and
emphasized that Compound 5 would cause structure variations and transformations. No-
tably, the RMSD of active dimeric units showed less fluctuation compared to the Mpro
monomer, indicating decreased stability of the monomeric Mpro structure relative to the
dimeric one. This suggested Compound 5 could influence the stability of the target protein,
especially for monomeric Mpro, thereby inducing significant conformational fluctuations
and potentially disrupting the dimerization of active Mpro. Comparatively, the significant
fluctuation of RMSD on monomeric Mpro compared to dimeric Mpro suggests that these
fragments exhibited a stronger allosteric effect on monomeric Mpro than on dimeric Mpro.

To further evaluate both intrinsic and mutation-induced flexibility of active site
residues, we also calculated the root mean square deviation (RMSD) for all amino acid
residues within Mpro. The RMSD plots exhibited similar fluctuation patterns with varying
magnitude across the simulated systems (see Figure 3). In this representation, red denotes
highly active amino acid residues, blue indicates fewer active residues, and white falls
between these two extremes. The redder the color, the more intense the displacement. On
the active site cysteine, Mpro had much more active amide acid residues compared to Com-
pound 2, further confirming that Compound 5 exhibited a higher allosteric effect, thereby
inducing structure dissociation (Figure 3a,b). Furthermore, the orientation of one monomer
of dimer Mpro turned back, which aligned with the analysis of transient conformation for
Compound 5 linked to monomeric Mpro (Figure 1a). Figure 3c,d illustrates the average
RMSD per residue of monomeric Mpro covalently linked to Compound 2 and Compound
5. As shown in Table 2, the RMSD results for both monomeric and dimeric forms of the pro-
teins interacting with Compound 2 and Compound 5 show that the values are close when
compared, indicating similar structural stability. However, by considering the standard
error of the mean (SEM), which reflects the variability in RMSD across different residues,
we can better understand the fluctuations. For Compound 2, the RMSD of the monomer is
0.147 with an SEM of 0.030, while for the dimer, it is 0.139 with an SEM of 0.032. Similarly,
for Compound 5, the monomeric RMSD is 0.197 (SEM = 0.033), and the dimeric form has
an RMSD of 0.184 (SEM = 0.016). These SEM values highlight the inherent fluctuations
in RMSD across different residues, with the dimeric forms of both Compounds showing
slightly lower variability in comparison to their monomeric counterparts. This suggests
that while the overall structural deviations between monomeric and dimeric forms are
comparable, the stability of individual residues varies more significantly in the monomeric
forms. Particularly, the significant difference suggested that dimeric Mpro with Compound
5 experienced notably unstable fluctuation, further indicating that acrylamide 5 likely
contributes to dimerization disruption.

Table 2. The average RMSD and SEM of amino acid residue of protein in both dimeric and
monomeric Mpro.

RMSD/nm Dimer Monomer SEM (Dimer) SEM (Monomer)

Compound 2 0.139 0.147 0.032 0.030
Compound 5 0.184 0.197 0.016 0.033
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Figure 3. RMSD of each residue on dimeric Mpro covalently attached to (a) Compound 2 and (b) Com-
pound 5, and RMSD of each residue on monomeric Mpro covalently bound with (¢) Compound 2 and
(d) Compound 5. The blue amino acid residues represent those with the smallest motion amplitude,
while the red residues correspond to those with the largest motion amplitude.

3.3. Hydrogen Bond and Conformation Analysis for Acrylamide Fragments Covalently Connected
with Active Site Cysteine of Mpro

To explore the underlying mechanism of interaction between acrylamide fragments
and SARS-CoV-2 Mpro, we predicted the binding configurations and relevant residue
changes in both dimeric and monomeric Mpro. Further analysis of the affinity between
biomolecules and nanomedicine was crucial in understanding their binding patterns and
interaction details. Research has shown that the affinity of protein-drugs was driven by 7-7t
stacks interaction, as well as weaker interactions such as hydrogen bonds and salt bridges,
with a distance cutoff of 0.350 nm and an angle cutoff of 30° [38]. Hydrogen bonds play a
significant role in stabilizing interactions within biological molecules [39]. Also, hydrogen
bond occupancy was used to assess binding effects during molecular simulation [40]. For
Compound 2, a direct hydrogen bond was formed between oxygen 8 in the carbonyl group
and the side chain nitrogen of Gly143. The hydrogen bond had a distance of 0.288 nm and
an occupancy of 41.72% (Figure 4a), suggesting the potential electron transfer, which could
influence the catalytic activity of acrylamide fragments. In contrast, Compound 5 exhibited
an average hydrogen bond distance of 0.179 nm and an occupancy of 89.42%, indicating a
stronger hydrogen bond formation with Glul66 (Figure 4b). Besides, the preference for -7t
stacks and hydrophobic interactions via the aromatic ring (His41) and nonpolar side chains
of the protein likely contributed to more stable binding interaction between Compound 5
and Mpro, undirectedly leading to the unfolding and dissociation of SARS-CoV-2 Mpro.

For acrylamide fragments covalently bonded to active site residue Cys145 of Mpro,
we found Compound 5 anchored to the sulfur atoms of residue Cys145 and remained
stable in the hydrophobic cavity within the catalytic domain (barrel fold). Especially,
Compound 5 and Compound 2 exhibited similar binding patterns, enclosing themselves
in a cavity formed by residues such as Cys145, Glul66, Gly143, and His41 (Figure 4a,b),
whereby amino acids within 0.50 nm of the active site cysteine Cys145 were susceptible
to Compounds 5 or 2. These fragments interfered with the stability of Mpro by forming
weak interaction and hydrophobic interaction with active site cysteine and surrounding
amino acids, especially in the vicinity of the catalytic domain of Mpro. Most importantly,
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the catalytic dyad (comprising His41 and Cys145) within the barrel fold played a critical
role. Residue Cys145, acting as a potent nucleophile, interacts with the amide backbone of
the fragments, facilitating the formation of the oxyanion hole during the transition state,
which is electrostatically stabilized [41]. The trifluoromethyl thiazole moiety of Compound
2 and the benzothiazole moiety of Compound 5 formed 7-stacking interactions with the
side chain of His41, further stabilizing these fragments (Figure 4a—d). With a distance
of just 0.18 nm between the sulfur atom and the carbon atom in Cys145, the binding
configuration 9 was likely influenced by the spatial positioning of the acrylamide fragments.
Moreover, Compound 5 exhibited a unique inhibitory mechanism with its hydrophobic
benzothiazole group and the exposed cyclopropane group. These features enlarged the
substrate binding pockets and created space for the benzothiazole moiety, consequently
affecting the surrounding residues. These results revealed that the structural stability of
protein fragments was primarily driven by the strength of hydrogen bonds, followed by
7i-7t stacks interactions, and then hydrophobic interactions between the fragments and
Mpro. This evidence shows the destabilization of dimeric Mpro following covalent bonding
with these two acrylamides, particularly Fragment 5.

Figure 4. Amino acids within 0.50 nm of the active site cysteine Cys145 on dimeric Mpro with
(a) Compound 2 and (b) Compound 5, and on monomeric Mpro with (¢) Compound 2 and (d)
Compound 5.

In the case of Compound 2-Mpro monomer complexes, the absence of hydrogen bonds
between the fragments and Mpro monomers pointed to 7-7 stacks and hydrophobic forces
as the primary stabilizing factors. These interactions inhibited the transition of the Mpro
monomer into the protomer of the dimer (inactive dimer), as illustrated in Figure 4c,d. It
was also noted that the stable binding of Compounds to dimeric Mpro led to a decrease
in the total number of hydrogen bonds in Mpro homodimers (Figure S3a), as well as in
monomeric Mpro (Figure S3b). Mpro connected with Compound 5 also had a significant
decrease than when linked to Compound 2. This suggested that the initial helical confor-
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mation of the protein was seriously disrupted when bound to Compound 5. Furthermore,
this evidence supported the above analysis that dimerization was partially impaired when
bound to Compound 2, which emphasized the crucial role of strong hydrogen bonds in
small drugs-Mpro dimer complexes for maintaining active conformation.

3.4. The Interactions Between Mpro Protomers at Boundaries

Ionic bonds, or salt bridges, are electrostatic interactions between negatively charged
oxygen atoms of acidic residues and positively charged nitrogen atoms of basic residues
when they are within 0.50 nm of each other [42]. Analyzing the statistical salt bridge
interaction of inter-chain A-B at the boundary provides an effective strategy for exploring
the conformational changes of Mpro [43]. For a detailed structural analysis, we divided
dimeric Mpro into upper (x-helical domain) and lower regions (catalytic domain) con-
nected with Compound 2 (Figure 5a,c) or Compound 5 (Figure 5b,d). Compared with
the conformational interaction of x-helical domains of dimeric Mpro at boundaries, the
protomers bound much more tightly when connected with Compound 2 than when linked
to Compound 5 (Figure 5a,b). Besides, the binding distance among interaction amino acid
pairs of Mpro connected with Compound 2 is lower than with Compound 5, especially in
the catalytic domain (Figure 5¢,d). This suggests that Mpro with Compound 5 has a pro-
found allosteric effect, whereby Compound 5 exhibited a higher allosteric target, causing a
significant disruption of dimerization, thereby leading to better inhibitory enzyme activity.
Moreover, the plots of global conformational interaction for interaction amino acid pairs
were a supplement for catalytic domains and o-helical domains of dimeric Mpro at the
boundaries (Figure S4a,b).

(a) a-helical domain

(d) catalytic domain
W\

5

Figure 5. Interactions between chain A (red) and chain B (navy blue) of the helical domain connected
with (a) Compound 2 and (b) Compound 5. The interactions between chain A and chain B of the
catalytic domain connected with (c) Compound 2 and (d) Compound 5, respectively.
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Furthermore, a salt bridge network was initially formed at the dimerization interface
(Figure S5a,b). Further analysis of the binding distance of amino acid pairs confirmed
that Compound 5 induced considerable dissociation of the catalytic or x-helical domain of
Mpro. In Figure S5a,b, the o-helical domain of dimeric Mpro contains two weak hydrogen
bonds and salt bridges between residue Glul4 and Lys12 of chain A-B bound to Compound
2. In contrast, there were no weak interactions in the catalytic domain of Mpro linked to
Compound 5. The average distances between interaction amino acid pairs for Glul4-Lys12,
Arg4-Glu288, and Arg4-Glu290 of chain A-B in Mpro with Compound 2 were 0.366 nm,
0.403 nm; 0.921 nm, 0.543 nm; and 0.743 nm, 0.317 nm, respectively (Figure S5a). However,
in Mpro with Compound 5, the corresponding average distances were 0.677 nm, 0.447 nm;
1.266 nm, 0.817 nm; and 1.065 nm, 0.807 nm (Figure S5b). The distance difference indicated a
shift in inter-chains of Mpro, thereby leading to partial impairment of dimerization of Mpro
with Compound 5. Also, the catalytic dyad of Mpro, which was closer to the acrylamide
fragments, is more easily disturbed in terms of spatial position. Notably, compared with
Compound 2, Compound 5 bound to dimeric Mpro resulted in a greater reduction in the
number of salt bridges at boundaries (Figure S6a), and the contact distance among key
residues of chain A-B increased more significantly (Figure Séb). This suggests that there is
a greater displacement movement between dimeric units. These observations suggest that
acrylamide fragments can disrupt the dimerization of Mpro, causing substantial distortion
in the orientation and distance between the N-terminal and C-terminal domains, especially
protein linked to Compound 5. Therefore, Compound 5 exhibited a better binding affinity
with SARS-CoV-2 Mpro compared to Compound 2. Therefore, Compound 5 had a stronger
inhibitory effect against Mpro and can be considered an allosteric inhibitor.

3.5. Comparison of Inhibitory Effect of Acrylamide Fragments on Mpro

To evaluate the inhibitory efficacy of acrylamide fragments on Mpro, we conducted a
comprehensive analysis of various structural properties, including radius of gyration (Rg),
solvent-accessible surface area (SASA), and interaction energy, for both Mpro dimers and
monomers during 300 ns simulation. Non-bonded interactions, specifically van der Waals
interaction and electrostatic energy measured in terms of Coulomb and Lennard-Jones
(LJ) potential functions, play a pivotal role in interaction energy [43]. We observed that
the interaction energy between Mpro dimers and Compound 2 decreased to an average
value of —160.62 =+ 43.92 KJ/mol. Conversely, Mpro linked with Compound 5 exhibited
lower binding free energy, with an average value of —252.74 & 46.56 KJ/mol. Besides, this
interaction energy decreased even more dramatically, reaching a value of —407.65 KJ/mol
at 260 ns (Figure 6a). To further quantify the binding affinities of the fragments on Mpro, the
calculations of binding free energies were performed using the last 10ns of MD trajectories.
The binding free energy values of Mpro-Compound 2 were found to be —74.74 KJ /mol,
whereas, for Mpro-Compound 5 comple, it was —182.22 KJ/mol. Further MM-PBSA
analysis indicated that Compound 5 binding reduced the interaction energy between Mpro
monomers to 405.04 kJ/mol, compared to 445.46 k] /mol for Compound 2. In contrast, the
Mpro dimer without any Compound binding had an interaction energy of —487.64 kJ/mol.
These results suggest that covalent bonding with either Compound 2 or Compound 5
weakens the affinity between Mpro monomers, with Compound 5 having a particularly
destabilizing effect on the dimeric complex. Throughout the simulation, Compound 5
induces progressive destabilization at the dimer interface, leading to partial dissociation of
the Mpro dimer. This structural disruption may contribute to a reduction in the catalytic
activity of Mpro (Table 3).

Additionally, we calculated the solvent-accessible surface area (SASA) to assess the
extent of expansion of the Mpro dimer volume. The average SASA values for Mpro
bound to Compound 2 and Compound 5 were 270.11 & 3.15 nm? and 272.24 + 5.95 nm?,
respectively (Figure 6b). This suggests that Compound 2 caused a slighter expansion in the
Mpro dimer. Moreover, we used the radius of gyration (Rg) to evaluate the compactness of
Mpro after acrylamide fragments covalently bound to the active site residue Cys145 in both
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Mpro dimers and monomers. The average Rg value for dimeric Mpro with Compound 5
was 2.60 £ 0.01 nm, while it was slightly lower for dimeric Mpro with Compound 2, at
2.57 & 0.01 nm, indicating that Mpro dimer with Compound 5 is less compact compared
to Mpro with Compound 2 (Figure 6¢). Similarly, we analyzed the Rg values of Mpro
monomers, where the average Rg value for monomeric Mpro bound to Compound 2
was 2.19 £+ 0.02 nm, while there was a slight increase for monomeric Mpro bound to
Compound 5, with an average Rg value of 2.23 £ 0.03 nm (Figure 6d). These results
confirmed Mpro connected with Compound 5 had a looser conformation compared to
that connected with Compound 2. Particularly, Mpro dimers are less compact than Mpro
monomers. This indicated that the initial protein helical conformation is disrupted by the
binding of acrylamide fragments. Therefore, Compound 5 specifically targeted the dimeric
Mpro, locking it in its monomeric form. These findings further indicate that Compound 5
is a potential allosteric inhibitor for the enzyme and could be a promising drug candidate
against COVID-19 or viruses resembling coronavirus.
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Figure 6. Time-series analysis of allosteric effect for SARS-CoV-2 dimeric or monomeric Mpro. (a) The

interaction energy of chain A-B in Mpro dimers after bound to Compound 2 and Compound 5.

(b) Solvent accessible surface area (SASA) values of Mpro dimers. (c) Radius of gyration (Rg) analysis

of Mpro dimers. (d) Rg values of Mpro monomers.

Table 3. MM-PBSA values of different Mpro systems.

System Binding Free Energy (KJ/mol)
Mpro-Compound 2 —74.74
Mpro-Compound 5 —182.22
Monomers chainA-chainB under Compound 5 —405.46
Monomers chainA-chainB under Compound 2 —445.04
Monomers chainA-chainB without ligand —487.64

The molecular electrostatic potential (ESP) [44] and average local ionization energy
(ALIE) maps for Compound 2 and Compound 5 provide insight into their potential interac-
tions with SARS-CoV-2 Mpro. In the ESP maps (Figure 7a,b), blue regions indicate areas
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of negative electrostatic potential, where the electron density is high, while red regions
represent positive potential, indicating electron-deficient areas. For Compound 5, negative
charge density is concentrated around oxygen, nitrogen, and sulfur atoms, while positive
charge density is mainly located near the cyclopropane and adjacent portions, with the
aromatic ring appearing neutral. This distribution suggests stronger nucleophilic potential
in Compound 5, enhancing its affinity for electrophilic interactions with Mpro. For Com-
pound 2, negative charge density is concentrated around the oxygen and trifluoromethyl
groups, with the rest of the molecule showing positive charge density. The introduction of
the thiazole ring in Compound 5 increases the electrophilicity of the molecule, which may
further contribute to its enhanced binding affinity. In the ALIE maps (Figure 7c,d), blue
areas indicate regions where electrons are weakly bound and more likely to participate
in reactions. Compound 5 displays larger blue regions and more cyan spheres (indicat-
ing ALIE minima), suggesting that it has more reactive sites and a greater likelihood of
undergoing electrophilic attacks. In contrast, Compound 2 shows fewer reactive areas.
These differences indicate that Compound 5 has a stronger binding potential and reactivity
compared to Compound 2, supporting its superior inhibitory ability against Mpro.
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Figure 7. (a,b) Electrostatic surface potential (ESP) analysis for different Compounds. (c,d) Average
local ionization energy (ALIE) mapped onto the van der Waals surface of the Compounds. The
blue regions, indicating weaker electron density, suggest higher reactivity of the electrons in the
acrylamide fragments, making these areas more susceptible to electrophilic reactions.

3.6. Determination of Structure Variation of SARS-CoV-2 Mpro upon PCA-Based 2D
Free-Energy Surfaces

A Gibbs free energy landscape (FEL) [45,46] was used to explore the global structure
dynamics changes of Mpro bound to Compound 2 and Compound 5 on the conformational
space. Two principal components analysis (PCA) referencing PC1 and PC2 reaction co-
ordinates reflect the principal modes of structural variation, which were obtained from
C atomic fluctuation. It is observed that the collective motion of Mpro connected with
Compound 2 is located on two main energy basins, E1 and E2, representing different
conformational stability of Mpro Compounds (Figure 8a). They signify that the structure of
Mpro is clustered into two clusters (Figure S7a). The color of E1 is dark blue than the color
of E2, which suggests steady conformation. The twisting motion of the structure of Mpro
with Compound 2 occurs in the E2 subspace. Also, the magnitude of motion along PC1 is
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comparable to the size of PC2 at 1 5 KJ/mol. In comparison to Compound 2, the structure
fluctuations of Mpro with Compound 5 navigate a broader conformation space, with the
configurations primarily distributed in six energy basins, from E1 to E6 (Figure 8b). Notably,
Mpro with Compound 5 caused a clear separation of the structures into six clusters (Figure
S7b), demonstrating global conformations of Mpro that generated evident deviation from
each other. Hence, the fewer the clusters, the less flexible the protein, and the structure
distribution and flexibility of Mpro with Compound 2 is confined to a small conformational
space. Furthermore, E4 has the highest energy values of 12 15.6 K] /mol compared to the
other five energy wells, suggesting significant torsion and displacement, thereby possibly
disrupting the secondary structures of Mpro and influencing the enzyme activity. Notably,
PC1 shows larger movement of the thumb on structure variation.
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Figure 8. Comparative analysis of Mpro from PCA and covariance matrix. The conformational space
sampled of MD trajectories projected onto subspaces spanned by PC1-2 of the Mpro complex with (a)
Compound 2 and (b) Compound 5, respectively. Covariance matrix calculations in atomic coordinates
corresponding to Mpro complexed with (¢) Compound 2 and (d) Compound 5, respectively.

Furthermore, the corresponding covariance matrices (also called dynamics cross-
correlation maps—DCCM) were built to describe the mean-square deviations in atomic
coordinates from their mean position [47] or the coupled linear motion correlations be-
tween their pairwise fluctuations [48]. The native values represent relative motions, and the
positive values represent synchronous movements. The larger the positive value, the more
unstable the conformation. In cross-correlation maps (CCij), Mpro bound to Compound
5 generates more coupled motions between residues (Figure 8c) compared to that bound
to Compound 2 (Figure 7d), which indicates obvious instability of the Mpro structure.
Particularly, residues 201 through 213 of the helix of Mpro with Compound 5 show the
most coupled motions (Figure 8d), and some residues in the domain play a pivotal role
in maintaining the activity of the main protease, demonstrating the instability of the helix
domain. The secondary structure of Mpro with Compound 5 has transformed from a helix
into a coil, which indicates a non-secondary structure area (Figure S7d). By contrast, the
secondary structure of Mpro with Compound 2 has changed from helix to turn partly
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(Figure S7c). These results were consistent with the 2D free energy surface and the interac-
tion energy analysis (Figure 6a). Therefore, the binding of Compound 5 exhibited greater
inhibitory function on SARS-CoV-2 Mpro.

Overall, the MD simulation results are consistent with the experimental findings,
further confirming that Compound 5 causes the main protease to elute as a monomer, while
Compound 2 causes the main protease to elute as a dimer. Compared with traditional
active-site inhibitors, the mechanism in our study involves acrylamide fragments targeting
the active-site cysteine Cys145 and occupying the substrate-binding pocket, leading to
conformational distortions. These distortions affect the active site and surrounding re-
gions, inducing transitions between different conformational states (active dimer, inactive
compact dimer, and extended monomer), ultimately disrupting dimerization by releas-
ing the constraints between the C-terminal and N-terminal regions of Mpro. However,
C-terminal and N-terminal regions play a pivotal role in the dimerization and enzyme
activity of SARS-CoV-2 Mpro. Therefore, allosteric inhibitors such as Compound 5 may
offer certain advantages; they can induce conformational changes at sites distant from
the active site, potentially reducing the emergence of drug resistance, as these sites are
less prone to mutations under selective pressure. Additionally, by targeting alternative
regions, allosteric inhibitors could complement the effects of active-site inhibitors, possibly
enhancing therapeutic efficacy [49-51]. Additionally, the molecular-level mechanism of
the antiviral effect of the acrylamide fragment is revealed, showing that Compound 5
disrupts the secondary structure of the protease, significantly affecting its dimerization
and impairing viral activity, implying substantial opportunities for the development of
benzothiazole core Compounds.

4. Conclusions

In this study, we identify a set of novel nanodrugs against SARS-CoV-2 Mpro, then
construct dimeric and monomeric Mpro structures with two different Compounds to
explore their underlying inhibitory mechanism of interaction from the molecular level. The
two nanodrugs trapped distinct binding conformation of Mpro from an active dimeric to
an inactive monomeric state. Complemented with previously reported experiments [20],
these results confirmed that acrylamide fragments destabilized the dimerization of Mpro.
Particularly, we determined the therapeutics with the covalent mechanism of acrylamide
fragments from the molecular level. Besides, compared with Compound 2, Compound
5 exhibits a superior inhibitory efficacy when targeting Mpro, whether with monomers
or dimers. The substitution of trifluoromethyl and methane with aromatic benzene and
cyclohexane moieties, respectively, is suggested to be responsible for the enhanced binding
potential of Compound 5. The binding ability is driven by a larger number of hydrogen
bonds and salt bridges between Compound 5 and key residues around the catalytic cysteine
(Cys145), such as Glul66 and Gly143. Especially, we observed that acrylamide fragments
covalently bound to catalytic cysteine Cys145 would disrupt the interaction between
the catalytic domain and the helix domain, leading to gradual dissociation of protein
structure, thereby inhibiting the autocleavage of Mpro and suppressing enzyme activity.
The continuous dissociation of N- and C-terminals on monomeric Mpro interfered with the
enzyme maturation from the early stage. Therefore, the acrylamide fragment is specific to
the monomeric Mpro, inhibiting the transformation of monomeric to dimeric Mpro.

The current work may shed light on the substantial potential for the development
of small molecular drugs with acrylamide warheads, especially Compound 5. Most im-
portantly, our study reveals an allosteric target by elucidating binding-induced structural
conformational changes, and the theoretical complement for experiments provided more
precise predictions for acrylamide fragments inhibiting Mpro. Our data offers detailed
insights into the molecular inhibition mechanism of acrylamide fragments, complementing
the available literature on fragment-based drug design targeting Mpro. Recently, various
structural modifications to acrylamide warheads resulted in fluorinated acrylamide and
cyano-acrylamide warheads, among others [52]. These small molecules have been widely
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applied in kinase inhibitors and antiviral drugs. Their therapeutic effects and targeting
mechanisms demonstrate the positive impact of acrylamide warheads on drug develop-
ment. Overall, our findings contribute to this growing body of knowledge by providing
a molecular-level understanding of acrylamide’s role in inhibiting viral proteases, which
could guide and accelerate the rational design of more effective Mpro inhibitors.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cimb46110765/s1. Figure S1: RMSF profiles of Mpro bound
to Compound 2 and Compound 5. The RMSF value of dimeric Mpro(a) and monomeric Mpro(b);
Figure S2: (a, b) The distances and angles between the C-terminal and N-terminal regions of dimeric
Mpro connected with Compound 2 and Compound 5; Figure S3: (a) Hydrogen bonds between chain
A and B of dimeric Mpro bound to Compound 2 and Compound 5. (b) Hydrogen bonds between
monomeric Mpro and Compound 2 or Compound 5; Figure S4: Global interaction patterns of amino
acid pairs of dimeric Mpro connected with (a) Compound 2 and (b) Compound 5; Figure S5: The
average interaction distances of dimeric Mpro at the dimer boundaries (A), covalently attached to (a)
Compound 2 and (b) Compound 5; Figure S6: (a)The salt-bridges of dimeric Mpro connected with
Compound 2 and Compound 5 at boundary. (b)The contact distances (nm) among interacting amino
acid pairs of dimeric Mpro linked to Compound 2 and Compound 5 at the boundaries; Figure S7:
The sites and amounts of Mpro structure clusters induced by (a) Compound 2 and (b) Compound 5.
The transient conformation of SARS-CoV-2 Mpro connected with(c) Compound 2 and (d) Compound
5; Figure S8: RMSD analysis of the Mpro-Compound complexes. A smaller RMSD vale indicates a
more stable binding of Mpro-Compound complexes. The equilibrium state is achieved by 100 ns
with conformational fluctuations remaining below 0.5 A. Notably Compound 5 exhibits greater
binding stability with Mpro compared to Compound 2; Figure S9: Analyzing of ESP and ALIE of
Compound 5-Cys145 or Compound 2-Cys145; Table S1: List of structure properties for dimeric and
monomeric Mpro without Compounds; Table S2: List of structure properties for monomeric Mpro
with Compound 2 and Compound 5; Table S3: List of structure properties for dimeric Mpro with
Compound 2 and Compound 5; Table S4: List of atomic charge, bonding, angles, and dihedrals for
Compound-Cys145.

Author Contributions: P.C.: calculation, data analysis and manuscript preparation; L.Z. and L.W.:
manuscript revision, visualization and supervision; B.Q., H.Y., D.X. and S.C.: methodology, software,
project administration. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Key Research and Development Program of
China (Grant Nos. 2020YFA0710700, 2021YFA1200904), the National Natural Science Foundation
of China (Grant Nos. 12375326, 31971311, 62205338), and the Innovation Program for IHEP (Grant
No. E35457U210).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data is contained within the article and Supplementary Materials.

Conflicts of Interest: The authors declare no conflicts of interest.

1.  Maltezou, H.C.; Tsiodras, S. Middle East respiratory syndrome coronavirus: Implications for health care facilities. Am. J. Infect.
Control 2014, 42, 1261-1265. [CrossRef] [PubMed]

2. Hengphasatporn, K.; Harada, R.; Wilasluck, P; Deetanya, P.; Sukandar, E.R.; Chavasiri, W.; Suroengrit, A.; Boonyasuppayakorn,
S.; Rungrotmongkol, T.; Wangkanont, K.; et al. Promising SARS-CoV-2 main protease inhibitor ligand-binding modes evaluated
using LB-PaCS-MD/FMO. Sci. Rep. UK 2022, 12, 17984. [CrossRef] [PubMed]

3. Yan, F; Gao, F. An overview of potential inhibitors targeting non-structural proteins 3 (PLpro and Mac1) and 5 (3CLpro/Mpro) of
SARS-CoV-2. Comput. Struct. Biotechnol. 2021, 19, 4868—4883. [CrossRef]

4. Verma, D.; Mitra, D.; Paul, M.; Chaudhary, P.; Kamboj, A.; Thatoi, H.; Janmeda, P; Jain, D.; Panneerselvam, P; Shrivastav, R.; et al.
Potential inhibitors of SARS-CoV-2 (COVID 19) proteases PLpro and Mpro/3CLpro: Molecular docking and simulation studies
of three pertinent medicinal plant natural components. Curr. Res. Pharmacol. Drug Discov. 2021, 2, 100038. [CrossRef]


https://www.mdpi.com/article/10.3390/cimb46110765/s1
https://www.mdpi.com/article/10.3390/cimb46110765/s1
https://doi.org/10.1016/j.ajic.2014.06.019
https://www.ncbi.nlm.nih.gov/pubmed/25465253
https://doi.org/10.1038/s41598-022-22703-1
https://www.ncbi.nlm.nih.gov/pubmed/36289271
https://doi.org/10.1016/j.csbj.2021.08.036
https://doi.org/10.1016/j.crphar.2021.100038

Curr. Issues Mol. Biol. 2024, 46 12864

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

El-Baba, T.J.; Lutomski, C.A.; Kantsadi, A.L.; Malla, T.R.; John, T.; Mikhailov, V.; Bolla, J.R.; Schofield, C.J.; Zitzmann, N.;
Vakonakis, I; et al. Allosteric Inhibition of the SARS-CoV-2 Main Protease: Insights from Mass Spectrometry Based Assays.
Angew. Chem. Int. Ed. 2020, 59, 23544-23548. [CrossRef]

Islam, M.A. A review of SARS-CoV-2 variants and vaccines: Viral properties, mutations, vaccine efficacy, and safety. Infect. Med.
2023, 2, 247-261. [CrossRef]

Calvaresi, V.; Wrobel, A.G.; Toporowska, J.; Hammerschmid, D.; Doores, K.J.; Bradshaw, R.T.; Parsons, R.B.; Benton, D.].; Roustan,
C.; Reading, E.; et al. Structural dynamics in the evolution of SARS-CoV-2 spike glycoprotein. Nat. Commun. 2023, 14, 1421.
[CrossRef]

Li, G.; Hilgenfeld, R.; Whitley, R.; De Clercq, E. Therapeutic strategies for COVID-19: Progress and lessons learned. Nat. Rev.
Drug Discov. 2023, 22, 449-475. [CrossRef]

Zhu, M.; Huang, F; Sun, H.; Liu, K; Chen, Z.; Yu, B.; Hao, H.; Liu, H.; Ding, S.; Zhang, X.; et al. Characterization of ACTN4 as a
novel antiviral target against SARS-CoV-2. Signal Transduct. Target. Ther. 2024, 9, 243. [CrossRef]

Min, Y.; Xiong, W.; Shen, W,; Liu, X,; Qi, Q.; Zhang, Y.; Fan, R.; Fu, F; Xue, H.; Yang, H.; et al. Developing nucleoside tailoring
strategies against SARS-CoV-2 via ribonuclease targeting chimera. Sci. Adv. 2024, 10, eadl4393. [CrossRef]

Rosenke, K.; Hansen, F.; Schwarz, B.; Feldmann, F.; Haddock, E.; Rosenke, R.; Barbian, K.; Meade-White, K.; Okumura, A.;
Leventhal, S.; et al. Orally delivered MK-4482 inhibits SARS-CoV-2 replication in the Syrian hamster model. Nat. Commun. 2021,
12,2295. [CrossRef] [PubMed]

Grainger, R.; Kim, A.H.J.; Conway, R.; Yazdany, J.; Robinson, P.C. COVID-19 in people with rtheumatic diseases: Risks, outcomes,
treatment considerations. Nat. Rev. Rheumatol. 2022, 18, 191-204. [CrossRef] [PubMed]

Ge, R; Shen, Z.; Yin, J.; Chen, W,; Zhang, Q.; An, Y,; Tang, D.; Satz, A.L.; Su, W.; Kuai, L. Discovery of SARS-CoV-2 main protease
covalent inhibitors from a DNA-encoded library selection. SLAS Discov. 2022, 27, 79-85. [CrossRef] [PubMed]

Choudhary, V.; Gupta, A.; Sharma, R.; Parmar, H.S. Therapeutically effective covalent spike protein inhibitors in treatment of
SARS-CoV-2. . Proteins Proteom. 2021, 12, 257-270. [CrossRef]

Sun, Z.; Wang, L.; Li, X,; Fan, C.; Xu, J.; Shi, Z.; Qiao, H.; Lan, Z.; Zhang, X.; Li, L.; et al. An extended conformation of SARS-CoV-2
main protease reveals allosteric targets. Proc. Natl. Acad. Sci. USA 2022, 119, €2120913119. [CrossRef]

Liang, J.; Karagiannis, C.; Pitsillou, E.; Darmawan, K K.; Ng, K.; Hung, A.; Karagiannis, T.C. Site mapping and small molecule
blind docking reveal a possible target site on the SARS-CoV-2 main protease dimer interface. Comput. Biol. Chem. 2020, 89, 107372.
[CrossRef]

Bhardwaj, V.K,; Singh, R.; Das, P.; Purohit, R. Evaluation of acridinedione analogs as potential SARS-CoV-2 main protease
inhibitors and their comparison with repurposed anti-viral drugs. Comput. Biol. Med. 2021, 128, 104117. [CrossRef]

Yu, W.; Wu, X.; Zhao, Y.; Chen, C.; Yang, Z.; Zhang, X.; Ren, J.; Wang, Y.; Wu, C.; Li, C,; et al. Computational Simulation of HIV
Protease Inhibitors to the Main Protease (Mpro) of SARS-CoV-2: Implications for COVID-19 Drugs Design. Molecules 2021, 26,
7385. [CrossRef]

Ferreira, J.C.; Fadl, S.; Rabeh, W.M. Key dimer interface residues impact the catalytic activity of 3CLpro, the main protease of
SARS-CoV-2. . Biol. Chem. 2022, 298, 102023. [CrossRef]

Qin, B.; Craven, G.B.; Hou, P; Chesti, J.; Lu, X,; Child, E.S.; Morgan, RM.L.; Niu, W.; Zhao, L.; Armstrong, A ; et al. Acrylamide
fragment inhibitors that induce unprecedented conformational distortions in enterovirus 71 3C and SARS-CoV-2 main protease.
Acta Pharm. Sin. B 2022, 12, 3924-3933. [CrossRef]

Gu, X,; Zhang, Y.; Zou, Y,; Li, X.; Guan, M.; Zhou, Q.; Qiu, J. Synthesis and evaluation of new phenyl acrylamide derivatives as
potent non-nucleoside anti-HBV agents. Bioorg. Med. Chem. 2021, 29, 115892. [CrossRef] [PubMed]

Cocco, M.; Miglio, G.; Giorgis, M.; Garella, D.; Marini, E.; Costale, A.; Regazzoni, L.; Vistoli, G.; Orioli, M.; Massulaha-Ahmed, R.;
et al. Design, Synthesis, and Evaluation of Acrylamide Derivatives as Direct NLRP3 Inflammasome Inhibitors. ChermMedChem
2016, 11, 1790-1803. [CrossRef] [PubMed]

Markovi¢ Filipovi¢, J.; Miler, M.; Koji¢, D.; Karan, J.; Ivelja, L; Cukuranovi¢ Kokoris, J.; Matavulj, M. Effect of Acrylamide
Treatment on Cyp2el Expression and Redox Status in Rat Hepatocytes. Int. J. Mol. Sci. 2022, 23, 6062. [CrossRef] [PubMed]

Yu, E; Chi, L.; Wang, H.; Gao, C.; Dai, H.; Liu, L.; Wang, Z.; Ke, Y.; Liu, H.; Zhang, Q. Design, synthesis and antitumor activity
evaluation of 5-cyano-2,4,6-substituted pyrimidine derivatives containing acrylamide group. Med. Chem. Res. 2023, 32, 2116-2124.
[CrossRef]

Sutanto, F.; Konstantinidou, M.; Démling, A. Covalent inhibitors: A rational approach to drug discovery. RSC Med. Chem. 2020,
11, 876-884. [CrossRef]

Kim, H.; Hwang, Y.S.; Kim, M.; Park, S.B. Recent advances in the development of covalent inhibitors. RSC Med. Chem. 2021, 12,
1037-1045. [CrossRef]

Luan, B.; Huynh, T. Crystal-structures-guided design of fragment-based drugs for inhibiting the main protease of SARS-CoV-2.
Proteins Struct. Funct. Bioinform. 2022, 90, 1081-1089. [CrossRef]

Vardhan, S.; Sahoo, S.K. Computational studies on searching potential phytochemicals against DNA polymerase activity of the
monkeypox virus. J. Tradit. Complement. Med. 2023, 13, 465-478. [CrossRef]

Frisch, M.].; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Scalmani, G.; Barone, V.; Petersson, G.A;
Nakatsuji, H.; et al. Gaussian 16 Rev. B.01. Gaussian, Inc.: Wallingford, CT, USA, 2016.


https://doi.org/10.1002/anie.202010316
https://doi.org/10.1016/j.imj.2023.08.005
https://doi.org/10.1038/s41467-023-36745-0
https://doi.org/10.1038/s41573-023-00672-y
https://doi.org/10.1038/s41392-024-01956-4
https://doi.org/10.1126/sciadv.adl4393
https://doi.org/10.1038/s41467-021-22580-8
https://www.ncbi.nlm.nih.gov/pubmed/33863887
https://doi.org/10.1038/s41584-022-00755-x
https://www.ncbi.nlm.nih.gov/pubmed/35217850
https://doi.org/10.1016/j.slasd.2022.01.001
https://www.ncbi.nlm.nih.gov/pubmed/35063690
https://doi.org/10.1007/s42485-021-00074-x
https://doi.org/10.1073/pnas.2120913119
https://doi.org/10.1016/j.compbiolchem.2020.107372
https://doi.org/10.1016/j.compbiomed.2020.104117
https://doi.org/10.3390/molecules26237385
https://doi.org/10.1016/j.jbc.2022.102023
https://doi.org/10.1016/j.apsb.2022.06.002
https://doi.org/10.1016/j.bmc.2020.115892
https://www.ncbi.nlm.nih.gov/pubmed/33285406
https://doi.org/10.1002/cmdc.201600055
https://www.ncbi.nlm.nih.gov/pubmed/26990578
https://doi.org/10.3390/ijms23116062
https://www.ncbi.nlm.nih.gov/pubmed/35682741
https://doi.org/10.1007/s00044-023-03099-7
https://doi.org/10.1039/D0MD00154F
https://doi.org/10.1039/D1MD00068C
https://doi.org/10.1002/prot.26260
https://doi.org/10.1016/j.jtcme.2023.04.002

Curr. Issues Mol. Biol. 2024, 46 12865

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Martinez, L.; Andrade, R.; Birgin, E.G.; Martinez, ]. M. PACKMOL: A package for building initial configurations for molecular
dynamics simulations. J. Comput. Chem. 2009, 30, 2157-2164. [CrossRef]

Lu, T. A comprehensive electron wavefunction analysis toolbox for chemists, Multiwfn. J. Chem. Phys. 2024, 161, 082503.
[CrossRef]

Humphrey, W.; Dalke, A.; Schulten, K. VMD: Visual molecular dynamics. . Mol. Graphics 1996, 14, 33-38. [CrossRef] [PubMed]
Kumari, R.; Kumar, R.; Lynn, A. g mmpbsa—A GROMACS Tool for High-Throughput MM-PBSA Calculations. ]. Chem. Inf.
Model 2014, 54, 1951-1962. [CrossRef] [PubMed]

Shi, J.; Song, J. The catalysis of the SARS 3C-like protease is under extensive regulation by its extra domain. FEBS ]. 2006, 273,
1035-1045. [CrossRef] [PubMed]

Shi, J.; Wei, Z.; Song, J. Dissection Study on the Severe Acute Respiratory Syndrome 3C-like Protease Reveals the Critical Role of
the Extra Domain in Dimerization of the Enzyme: Defining the Extra Domain as a New Target for Design of Highly Specific
Protease Inhibitors. |. Biol. Chem. 2004, 279, 24765-24773. [CrossRef]

Shi, J.; Sivaraman, J.; Song, J. Mechanism for controlling the dimer-monomer switch and coupling dimerization to catalysis of the
severe acute respiratory syndrome coronavirus 3C-like protease. J. Virol. 2008, 82, 4620-4629. [CrossRef]

Baildya, N.; Ghosh, N.N.; Chattopadhyay, A.P; Mandal, V.; Majumdar, S.; Ansary, D.; Sarkar, M.M. Inhibitory effect of
Compounds extracted from Monochoria hastata (L.) Solms on SARS-CoV-2 main protease: An insight from molecular docking and
MD-simulation studies. J. Mol. Struct. 2022, 1257, 132644. [CrossRef]

Jeyaram, R.A; Radha, C.A. Investigation on the Binding Properties of N1 Neuraminidase of H5N1 Influenza Virus in Complex
with Fluorinated Sialic Acid Analog Compounds—A Study by Molecular Docking and Molecular Dynamics Simulations. Braz. |.
Phys. 2021, 52, 21. [CrossRef]

Patel, R.; Salamone, G.; Macwan, I. The Role of Graphene Monolayers in Enhancing the Yield of Bacteriorhodopsin Photostates
for Optical Memory Applications. Appl. Sci. 2021, 11, 9698. [CrossRef]

Kieseritzky, G.; Morra, G.; Knapp, E.-W. Stability and fluctuations of amide hydrogen bonds in a bacterial cytochrome c: A
molecular dynamics study. JBIC . Biol. Inorg. Chem. 2006, 11, 26—40. [CrossRef]

Selvaraj, C.; Panwar, U.; Dinesh, D.C.; Boura, E.; Singh, P.; Dubey, V.K.; Singh, S.K. Microsecond MD Simulation and Multiple-
Conformation Virtual Screening to Identify Potential Anti-COVID-19 Inhibitors Against SARS-CoV-2 Main Protease. Front. Chem.
2020, 8, 595273. [CrossRef]

Roy, S.; Ghosh, P; Bandyopadhyay, A.; Basu, S. Capturing a Crucial * Disorder-to-Order Transition” at the Heart of the Coronavirus
Molecular Pathology—Triggered by Highly Persistent, Interchangeable Salt-Bridges. Vaccines 2022, 10, 301. [CrossRef] [PubMed]
Antony, P; Vijayan, R. Molecular Dynamics Simulation Study of the Interaction between Human Angiotensin Converting
Enzyme 2 and Spike Protein Receptor Binding Domain of the SARS-CoV-2 B.1.617 Variant. Biomolecules 2021, 11, 1244. [CrossRef]
[PubMed]

Zazeri, G.; Povinelli, A P.R.; Le Duff, C.S.; Tang, B.; Cornelio, M.L.; Jones, A.M. Synthesis and Spectroscopic Analysis of Piperine-
and Piperlongumine-Inspired Natural Product Scaffolds and Their Molecular Docking with IL-13 and NF-«kB Proteins. Molecules
2020, 25, 2841. [CrossRef] [PubMed]

Wang, L.; Lu, D.; Wang, Y.; Xu, X.; Zhong, P; Yang, Z. Binding selectivity-dependent molecular mechanism of inhibitors towards
CDK2 and CDKG6 investigated by multiple short molecular dynamics and free energy landscapes. . Enzym. Inhib. Med. Chem.
2023, 38, 84-99. [CrossRef]

Pandey, P; Rane, ].S.; Chatterjee, A.; Kumar, A.; Khan, R.; Prakash, A.; Ray, S. Targeting SARS-CoV-2 spike protein of COVID-19
with naturally occurring phytochemicals: An in silico study for drug development. J. Biomol. Struct. Dyn. 2021, 39, 6306-6316.
[CrossRef]

Bakan, A.; Bahar, I. The intrinsic dynamics of enzymes plays a dominant role in determining the structural changes induced upon
inhibitor binding. Proc. Natl. Acad. Sci. USA 2009, 106, 14349-14354. [CrossRef]

Wang, Y.; Li, M,; Liang, W.; Shi, X.; Fan, J.; Kong, R.; Liu, Y.; Zhang, J.; Chen, T.; Lu, S. Delineating the activation mechanism and
conformational landscape of a class B G protein-coupled receptor glucagon receptor. Comput. Struct. Biotechnol. 2022, 20, 628-639.
[CrossRef]

Chan, H.T.H.; Oliveira, A.S.F,; Schofield, C.J.; Mulholland, A.J.; Duarte, F. Dynamical Nonequilibrium Molecular Dynamics
Simulations Identify Allosteric Sites and Positions Associated with Drug Resistance in the SARS-CoV-2 Main Protease. JACS Au
2023, 3, 1767-1774. [CrossRef]

Duan, Y.; Zhou, H.; Liu, X; Iketani, S.; Lin, M.; Zhang, X.; Bian, Q.; Wang, H.; Sun, H.; Hong, S.J.; et al. Molecular mechanisms of
SARS-CoV-2 resistance to nirmatrelvir. Nature 2023, 622, 376-382. [CrossRef]

Diaz-Salinas, M.A.; Jain, A.; Durham, N.D.; Munro, ].B. Single-molecule imaging reveals allosteric stimulation of SARS-CoV-2
spike receptor binding domain by host sialic acid. Sci. Adv. 2024, 10, eadk4920. [CrossRef]

Liang, L.; Zhang, Z.; You, Q.; Guo, X. Recent advances in the design of small molecular drugs with acrylamides covalent warheads.
Bioorg. Med. Chem. 2024, 112, 117902. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1002/jcc.21224
https://doi.org/10.1063/5.0216272
https://doi.org/10.1016/0263-7855(96)00018-5
https://www.ncbi.nlm.nih.gov/pubmed/8744570
https://doi.org/10.1021/ci500020m
https://www.ncbi.nlm.nih.gov/pubmed/24850022
https://doi.org/10.1111/j.1742-4658.2006.05130.x
https://www.ncbi.nlm.nih.gov/pubmed/16478476
https://doi.org/10.1074/jbc.M311744200
https://doi.org/10.1128/JVI.02680-07
https://doi.org/10.1016/j.molstruc.2022.132644
https://doi.org/10.1007/s13538-021-01009-z
https://doi.org/10.3390/app11209698
https://doi.org/10.1007/s00775-005-0041-1
https://doi.org/10.3389/fchem.2020.595273
https://doi.org/10.3390/vaccines10020301
https://www.ncbi.nlm.nih.gov/pubmed/35214759
https://doi.org/10.3390/biom11081244
https://www.ncbi.nlm.nih.gov/pubmed/34439910
https://doi.org/10.3390/molecules25122841
https://www.ncbi.nlm.nih.gov/pubmed/32575582
https://doi.org/10.1080/14756366.2022.2135511
https://doi.org/10.1080/07391102.2020.1796811
https://doi.org/10.1073/pnas.0904214106
https://doi.org/10.1016/j.csbj.2022.01.015
https://doi.org/10.1021/jacsau.3c00185
https://doi.org/10.1038/s41586-023-06609-0
https://doi.org/10.1126/sciadv.adk4920
https://doi.org/10.1016/j.bmc.2024.117902

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Exploring the Transient States of Dimeric and Monomeric SARS-CoV-2 Mpro upon Binding with Different Acrylamide Fragments 
	Structural Stability of the Acrylamide Fragments Target SARS-CoV-2 Mpro 
	Hydrogen Bond and Conformation Analysis for Acrylamide Fragments Covalently Connected with Active Site Cysteine of Mpro 
	The Interactions Between Mpro Protomers at Boundaries 
	Comparison of Inhibitory Effect of Acrylamide Fragments on Mpro 
	Determination of Structure Variation of SARS-CoV-2 Mpro upon PCA-Based 2D Free-Energy Surfaces 

	Conclusions 
	References

