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A B S T R A C T

The severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) causes an illness known as COVID-19, which
has been declared a global pandemic with over 2 million confirmed cases and 137,000 deaths in 185 countries
and regions at the time of writing (16 April 2020), over a quarter of these cases being in the United States. In the
absence of a vaccine, or an approved effective therapeutic, there is an intense interest in repositioning available
drugs or designing small molecule antivirals. In this context, in silico modelling has proven to be an invaluable
tool. An important target is the SARS-CoV-2 main protease (Mpro), involved in processing translated viral pro-
teins. Peptidomimetic α-ketoamides represent prototypical inhibitors of Mpro. A recent attempt at designing a
compound with enhanced pharmacokinetic properties has resulted in the synthesis and evaluation of the α-
ketoamide 13b analogue. Here, we performed molecular docking and molecular dynamics simulations to further
characterize the interaction of α-ketoamide 13b with the active site of the SARS-CoV-2 Mpro. We included the
widely used antibiotic, amoxicillin, for comparison. Our findings indicate that α-ketoamide 13b binds more
tightly (predicted GlideScore = -8.7 and -9.2 kcal/mol for protomers A and B, respectively), to the protease
active site compared to amoxicillin (-5.0 and -4.8 kcal/mol). Further, molecular dynamics simulations highlight
the stability of the interaction of the α-ketoamide 13b ligand with the SARS-CoV-2 Mpro (ΔG = -25.2 and
-22.3 kcal/mol for protomers A and B). In contrast, amoxicillin interacts unfavourably with the protease (ΔG =
+32.8 kcal/mol for protomer A), with unbinding events observed in several independent simulations. Overall,
our findings are consistent with those previously observed, and highlight the need to further explore the α-
ketoamides as potential antivirals for this ongoing COVID-19 pandemic.

1. Introduction

At the end of 2019 on December 31st, a cluster of patients with
pneumonia of unknown cause in the city of Wuhan, Hubei province of
China were reported to the World Health Organization by national
authorities in China (World Health Organization, 2020). A novel cor-
onavirus was isolated and designated severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2), causing coronavirus disease 2019
(COVID-19). As of April 16, 2020, this ongoing global health emergency
has resulted in over 2,000,000 confirmed cases in 185 countries and
regions, with more than 25% of confirmed cases in the United States
(Dong et al., 2020). The global mortality rate has been estimated to be

5.7%, with higher mortality occurring among the elderly (Baud et al.,
2020). The majority of deaths have occurred among adults aged greater
than 60 years and those with serious underlying health conditions, with
the highest fatality in those aged greater than 85 years ranging from
10% to 27% in the United States (CDC COVID-19 Response Team, 2020;
Novel Coronavirus Pneumonia Emergency Response Epidemiology
Team, 2020). Differences in disease prevalence are affected by sex, with
data indicating that there is a higher prevalence of COVID-19 among
men (Cai, 2020; Wang et al., 2020). The majority of early cases were
linked to exposure to the Huanan Seafood Wholesale Market, poten-
tially through zoonotic transmission (Li et al., 2020). Human-to-human
transmission of SARS-CoV-2 was subsequently found to occur, with an

https://doi.org/10.1016/j.compbiolchem.2020.107292
Received 17 April 2020; Received in revised form 19 May 2020; Accepted 23 May 2020

⁎ Corresponding author at: Department of Diabetes, Central Clinical School, Monash University, Melbourne, VIC 3004, Australia
E-mail address: tom.karagiannis@monash.edu (T.C. Karagiannis).

Computational Biology and Chemistry 87 (2020) 107292

Available online 28 May 2020
1476-9271/ © 2020 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/14769271
https://www.elsevier.com/locate/cbac
https://doi.org/10.1016/j.compbiolchem.2020.107292
https://doi.org/10.1016/j.compbiolchem.2020.107292
mailto:tom.karagiannis@monash.edu
https://doi.org/10.1016/j.compbiolchem.2020.107292
http://crossmark.crossref.org/dialog/?doi=10.1016/j.compbiolchem.2020.107292&domain=pdf


attack rate within families of 83% suggestive of its high transmissibility
(JF-W et al., 2020; Yuen et al., 2020).

The current outbreak of SARS-CoV-2 follows that of recent out-
breaks of severe acute respiratory syndrome coronavirus (SARS-CoV) in
2002 and the Middle East respiratory syndrome coronavirus (MERS-
CoV) in 2012 (Munster et al., 2020). These coronaviruses are both
zoonotic pathogens, with bats serving as the primary reservoir (de Wit
et al., 2016). Masked palm civets were the intermediate reservoir for
SARS-CoV, and dromedary camels for MERS-COV, where zoonotic
transmission to humans subsequently occurred (de Wit et al., 2016).
While SARS-CoV-2 appears to have lower fatality rates than SARS-CoV
(9.5%) and MERS-CoV (34.4%), it has a greater ability to spread
(Munster et al., 2020; Rajgor et al., 2020). Like SARS-CoV, the patho-
genesis of SARS-CoV-2 involves the binding of its spike protein to an-
giotensin converting enzyme-2 (ACE2) in the host (Hoffmann et al.,
2020; Walls et al., 2020). When cleavage occurs between the S1 and S2
subunits, the spike protein becomes activated for membrane fusion for
entry into the host cell (Hoffmann et al., 2020; Walls et al., 2020). ACE2
is expressed on numerous tissues in the nasopharynx and intestinal
epithelia, particularly in type II alveolar cells in the lung (Uhal et al.,
2011; Mossel et al., 2008; Xu et al., 2020). Following entry of the virus
into the host cells, viral RNA attaches to the host ribosome for trans-
lation of large polyproteins that are processed via proteolysis into
components for new virions (Hilgenfeld, 2014; Morse et al., 2020).
Along with the papain-like protease, the coronavirus main protease
(Mpro) is responsible for this proteolysis (Hilgenfeld, 2014). Encoded by
open reading frame 1 (ORF1) of the genome as non-structural protein 5
(Nsp5), Mpro cleaves at 11 sites in the polyproteins (Hilgenfeld, 2014).

To date, there is an absence of a vaccine and a lack of effective
antiviral therapeutics against SARS-CoV-2. Therefore, there is an in-
tense interest in identifying compounds that may interact with key viral
molecular targets. Due to their functional importance and high degree
of conservation among coronaviruses, Mpros have become an important
target in the design of anti-coronaviral drugs (Hilgenfeld, 2014; Xue
et al., 2008). The structure of the SARS-CoV-2 Mpro was initially solved
by Jin et al. in late January of this year (Jin et al., 2020), accelerating
the search for drugs that may act as lead compounds. Following the
2002 SARS outbreak, work by Hilgenfeld at al. aimed at designing
compounds with broad-spectrum anti-coronaviral activity, focussing on
main proteases (Hilgenfeld, 2014; Anand et al., 2003). Previously, they
found that peptidomimetic α-ketoamides were potential candidates for
broad-spectrum inhibitors of coronavirus and enterovirus replication
(Zhang et al., 2020a). Most recently, work aimed at improving the
biological properties to produce an inhibitor specific for the SARS-CoV-
2 Mpro resulted in the potential antiviral agent α-ketoamide 13b (Zhang
et al., 2020b). It was found that compound 13b demonstrates binds to
the substrate-binding cleft and exhibits antiviral activity in vitro, in-
hibiting the SARS-CoV-2 Mpro with IC50= 0.67 ± 0.18 μM (Zhang
et al., 2020b).

Here, our aim was to further investigate the interaction of the α-
ketoamide 13b with the SARS-CoV-2 Mpro in silico. To highlight the
importance of molecular dynamics simulations, we compared the
properties of α-ketoamide 13b, with one of the most widely prescribed
antibiotics, amoxicillin. Amoxicillin was chosen for comparison for two
reasons: 1) although it does not possess antiviral properties, it remains a
mainstay as a frontline therapy for viral infections, including COVID-
19, presumably to protect from opportunistic secondary bacterial in-
fections, and 2) our initial screening indicates that it binds to the active
site of the SARS-CoV-2 Mpro akin to α-ketoamide 13b, albeit with lower
affinity.

2. Methods

2.1. Docking to the active site of the SARS-CoV-2 Mpro

Preparation of systems and docking calculations were carried out

using the Schrodinger Suite (Schrödinger, 2018) molecular modelling
package (version 2018-1) using default parameters unless otherwise
specified. The PDBePISA (Proteins, Interfaces, Structures and Assem-
blies) server (Krissinel and Henrick, 2007) was used to assemble a
homodimer complex of the SARS-CoV-2 Mpro (PDB ID: 6LU7). Crystal-
lographic water molecules were removed. The homodimer protein
complex was prepared using the Protein Preparation Wizard (Halgren,
2009). This was used to assign bond orders, add hydrogens, create zero-
order bonds to metals, and create disulphide bonds. Hydrogen bonds
were assigned and optimised, followed by restrained energy mini-
mization. Ligand structures were pre-processed using LigPrep (Sastry
et al., 2013), for the generation of ionization and stereoisomer variants
of input molecules to obtain structures with optimised geometry.

Two receptor grids of 20×20 x 20 Å in size were generated around
the active site of the protease, centroid to residues GLY-23, THR-24,
GLY-143, HIS-163, THR-190, and ALA-191 on each chain. Ligands were
docked to each chain separately. Docking was carried out using the
Quantum Mechanics-Polarized Ligand Docking (QPLD) workflow (Cho
et al., 2005) of Schrodinger. Initial docking was performed using the
extra precision (XP) scoring function of Glide (Friesner et al., 2006).
Partial charges on ligand atoms were then calculated using quantum
mechanical methods using the ‘accurate’ setting in Jaguar (Bochevarov
et al., 2013). Ligands were re-docked using the calculated charges with
XP docking mode of Glide, and the final pose was selected based on
GlideScore (Table 1).

2.2. Molecular dynamics (MD) simulations

Classical MD simulations were performed using GROMACS 2018.2
software (Berendsen et al., 1995; Abraham et al., 2015) with the
CHARMM27 force field (Bjelkmar et al., 2010; Vanommeslaeghe et al.,
2010). Ligand topology was generated using SwissParam (Zoete et al.,
2011). Protein-ligand complexes were solved using TIP3P water
(Jorgensen et al., 1983) in a dodecahedral box with a minimum of
2.0 nm distance between any protein atom to the closest box edge.
Sodium ions were added to the solvated system to neutralise the charge.
Energy minimisation was performed using a steepest-descent gradient
method for a maximum of 50,000 steps. Each complex was then re-
strained using an isothermal-isochloric (NVT) ensemble and isothermal-
isobaric ensemble (NPT) for 100 ps. Temperature was maintained at
310 K with a modified Berendsen thermostat (Berendsen et al., 1984),
and pressure at 1.0 bar with the Parrinello-Rahman barostat (Parrinello
and Rahman, 1980). Bond lengths were constrained using the LINCS
algorithm (Hess et al., 1997), with long-range electrostatic forces cal-
culated using the particle-mesh Ewald scheme (PME) (Darden et al.,
1993) (grid spacing 0.16 nm). Cutoff ratios of 1.2 nm for Coulomb and
van der Waals potentials were used for the calculation of short-range
nonbonded interactions. Simulations were carried out for 100 ns with a
time-step of 2 fs in triplicate, with random generation of velocities ac-
cording to a Maxwell distribution.

Visual Molecular Dynamics 1.9.3 (Humphrey et al., 1996) was uti-
lised for analysis and visualisation of trajectories. Molecular Mechanics-
Poisson Boltzmann Surface Area (MM-PBSA) was utilised for the
quantification of free energy calculations (Baker et al., 2001). This was
performed using the g_mmpbsa tool (Kumari et al., 2014). MM-PBSA
calculations were performed on 1 ns segments of the triplicate stabilised
trajectories (Hou et al., 2011). Energy contributions from electrostatic,
van der Waals, and polar solvation terms were calculated using the
adaptive Poisson-Boltzmann Solver (APBS) (Robert et al., 2012). Grid
spacing was set to 0.05 nm, and values of 80 and 2 were used for solvent
dielectric constant and solute dielectric constant, respectively. Solvent-
accessible surface area (SASA) was used to approximate the non-polar
energy contribution, with the probe radius set to 0.14 nm. Entropic
energy terms were excluded from the calculations.
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3. Results and Discussion

3.1. The α-ketoamide 13b ligand binds with relatively high affinity to the
active site of the SARS-CoV-2 Mpro

Docking was performed using the QPLD workflow of Schrodinger to
obtain a rigorous estimate of ligand binding affinities to the active site.
The receptor grid was centred around the active site residues for a
comprehensive search of binding poses using partial atomic charges
calculated using quantum mechanical methods. The α-ketoamide 13b
ligand bound to the protease with a GlideScore of -8.8 kcal/mol to the
monomer, compared to -5.2 kcal/mol for amoxicillin. For binding to the
dimer structure of the protease (Table 2), α-ketoamide 13b bound with
strong affinities of -8.7 and -9.2 kcal/mol to protomers A and B, re-
spectively. Amoxicillin bound with slightly weaker affinities that were
similar between binding to both protomers, with glide energy values of
-5.0 and -4.8 kcal/mol to protomers A and B, respectively. Hydrogen
bonds are shown to be formed with GLU-166 in both protomers (Fig. 1).
Ligand interaction diagrams reveal α-ketoamide 13b is docked in a
position similar to that described by the crystal structure solved by
Zhang et al., with the cyclopropyl ring of α-ketoamide 13b facing re-
sidues HID-41 and MET-49 in the hydrophobic S2 subsite (Fig. 1)
(Zhang et al., 2020b). For both protomers, a hydrogen bond is shown to
form with GLU-166, which forms part of the S1 substrate binding site.
The docked α-ketoamide 13b forms a hydrogen bond with PHE-140 in
protomer A, and ASN-142 in protomer B, which are both also residues
located within the S1 substrate binding subsite.

3.2. Ligand effects on overall structure of SARS-CoV-2 Mpro

Molecular dynamics simulations were performed on the protease
dimer in its apo form and bound to α-ketoamide 13b and amoxicillin.

Ligand-bound systems contain two compounds, with a single compound
bound to the substrate binding site on each protomer, as determined by
molecular docking described in the previous section. Systems were
solvated in a water box and simulated in triplicate for 100 ns.

Root mean square deviation (RMSD) analysis indicates that the
protein structure remains stable, and that structural rearrangements
equilibrate after approximately 60 ns (Fig. 2A). Subsequent analysis
was performed on the last 40 ns of the trajectory, after protein com-
plexes were stabilised. Compounds bound to the protease demonstrated
a modestly higher average RMSD. The apo protease had an average
RMSD of 0.24 nm, compared to 0.27 nm for α-ketoamide 13b and
0.26 nm for amoxicillin bound forms.

Root mean square fluctuation (RMSF) analysis measured the flex-
ibility of the entire protein with respect to its average structure. For
both apo and ligand-bound forms of the protease dimer, the largest
fluctuations occurred at the C-terminal region of each protomer, as well
as in four distinct areas: from residues THR-45 to ASN-51, at TYR-154,
from VAL-186 to ALA-194, and at ARG-222 in both protomers (Fig. 2B).
These regions lie within domain I, domain II, the connecting loop, and
domain III of Mpro respectively (Jin et al., 2020). The remaining re-
sidues of the protomers remained relatively stable. When RMSF values
of the apo protease were subtracted from the ligand bound forms, peaks
persisted in the aforementioned regions, indicating more dramatic
fluctuations in these residues when α-ketoamide 13b and amoxicillin
are bound (Fig. 2C). Aside from C-terminal fluctuations, the greatest
difference in RMSF between ligand and apo protease forms occurred
between domain I residues THR-45 and ASN-51, and residues VAL-186
to ALA-194, particularly in protomer A. The fluctuating domain I re-
sidues are located within the substrate binding site of the protease.
Residues of the connecting loop between domains I and II also show
relatively high RMSF values, demonstrating decreased stability in this
region.

3.3. The α-ketoamide 13b ligand binds with a strong free energy to SARS-
CoV-2 Mpro

It is noted that from visual inspection, while α-ketoamide 13b re-
mains strongly bound to the active site of the protease throughout the
trajectory (Media S1), amoxicillin does not remain bound to the pro-
tease. Amoxicillin bound to protomer B (amoxicillin-B) of the protomer
is seen to detach after approximately 40 ns (Media S2) and remains
unbound in the solvent for the remainder of the trajectory. In another
replicate, amoxicillin bound to protomer A (amoxicillin-A) detaches

Table 1
Binding affinity calculated using molecular docking to the active site with QPLD in kcal/mol.

Protomer A Protomer B Structure

α-ketoamide 13b −8.7 −9.2

Amoxicillin −5.0 −4.8

Table 2
Average energy contribution in kcal/mol of ligands bound to SARS-CoV-2 Mpro

in kcal/mol.

Type of energy α-ketoamide 13b
(Protomer A)

α-ketoamide 13b
(Protomer B)

Amoxicillin
(Protomer A)

van der Waal −45.2 −47.9 −27.3
Electrostatic −4.5 −8.2 12.9
Polar solvation 37.8 38.8 50.7
SASA energy −5.0 −5.1 −3.5
Binding energy -25.2 -22.3 32.8
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13 ns into the trajectory and attaches to protomer B, where it interacts
with the amoxicillin-B at 47 ns. At 70 ns, amoxicillin-A replaces
amoxicillin-B in the active site of protomer B, while amoxicillin-B
moves to bind to the apex of the protease. Fig. 3 depicts snapshots of
frames along these trajectories. Thus, subsequent analysis using MM-
PBSA for binding of amoxicillin are performed in duplicate on trajec-
tories where amoxicillin-A remains bound to the protease. Analysis for
α-ketoamide 13b is performed in triplicate.

Molecular mechanics-Poisson Boltzmann surface area (MM-PBSA)
calculations were performed to calculate binding free energy and to
examine binding mechanisms. Table 2 indicates that van der Waals
interactions are the predominant driving force for binding of α-ketoa-
mide 13b to both protomers of the SARS-CoV-2 Mpro active site. Elec-
trostatic and solvent-accessible surface area (SASA) energy had minor
contributions to a favourable binding energy. α-ketoamide 13b bound
to protomer A with a ΔG of -25.2 kcal/mol to, and -22.3 kcal/mol to
protomer B of the protease, indicating that α-ketoamide 13b binds
strongly to the protease. Amoxicillin, on the other hand, produced a
positive ΔG of +32.8 kcal/mol. This indicates that amoxicillin interacts
unfavourably with the protease, consistent with visual analysis of the
trajectories where it detaches from the protein in some cases (Fig. 3,
Media S2 and S3). While van der Waals forces were still the primary
contributor for favourable binding energy, electrostatic interactions

were strongly positive in contrast to α-ketoamide 13b binding. Polar
solvation energy was also significantly more unfavourable compared to
binding with α-ketoamide 13b. While MM-PBSA is a commonly used
method for estimating free energy, it should be noted that entropy
terms are excluded from calculations. While MM-PBSA methods have
been used to rescore poses obtained through molecular docking, it
should be noted that values produced should be treated as relative
differences across a set of ligands, rather than absolute (Brown and
Muchmore, 2009; Thompson et al., 2008). Nevertheless, the results
presented here demonstrate that α-ketoamide 13b is able to bind
strongly to the substrate binding site of the protease.

3.4. Key substrate binding residues contribute to favourable binding free
energy to α-ketoamide 13b

Residue energy contributions are decomposed in Fig. 4, where the
average energy contributions are shown on a per-residue basis for the
entire protease. For α-ketoamide 13b, energy contributions are largely
confined to the protomer on which they are bound. Residue energy
contributions are mostly favourable, shown as negative peaks below the
x-axis (Fig. 5).

The residue with the most negative energy contribution corre-
sponding to the most favourable interaction is MET-49 on both

Fig. 1. Ligand interaction diagrams following molecular docking of α-ketoamide 13b (A, B) and amoxicillin (C, D) to protomers A and B of SARS-CoV-2 Mpro. Pink
arrows indicate formation of hydrogen bonds.
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Fig. 2. Stability of SARS-CoV-2 Mpro complex in the presence of α-ketoamide 13b and amoxicillin. Average root mean square deviation (RMSD) for protein fit to
backbone (A) for 100 ns, and average root mean square fluctuation of whole protein (B) following stabilisation. Mpro apo form is shown in blue, α-ketoamide 13b
bound in red, and amoxicillin bound is shown in green. (C) shows the RMSF values the apo form subtracted from ligand bound forms of the protein.

Fig. 3. Snapshots of 100 ns trajectory of α-ke-
toamide 13b and amoxicillin bound to SARS-
CoV-2 Mpro. Protomer A and B are shown as
blue and silver respectively. (A) α-ketoamide
13b bound to chain A and B are depicted in
yellow and red respectively. (B) Amoxicillin
bound to chain A at the start of the trajectory is
shown in green, and (C) bound to chain B is
purple. (A) and (B) depict respective final
frames of the protein-ligand complex, while
(C) depicts snapshots along the trajectory.
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protomers. This residue lies within the region where the large fluc-
tuations in RMSF were observed in Fig. 2. A more favourable energy
contribution was observed for this residue on protomer A on the dimer
of -2.40 kcal/mol compared to -1.26 kcal/mol for protomer B. This is in
line with the slightly stronger ΔG of for α-ketoamide 13b binding to
protomer A compared to protomer B (Table 2). MET-49 is located in the
S2 subsite of the substrate binding pocket, previously found to form a
‘lid’ in the closely related SARS-CoV Mpro S2 site facilitating hydro-
phobic interactions that enable inhibition of the enzyme with α-ke-
toamides (Zhang et al., 2020a). Another residue contributing favour-
ably to binding to both protomers is CYS-145. The energy contribution
was calculated to be -1.08 kcal/mol in protomer A, and -0.94 kcal/mol
in protomer B. CYS-145 is conserved among viral proteases, and along
with HIS-41 forms the catalytic dyad in the SARS-CoV-2 Mpro (Yang
et al., 2003; Barretto et al., 2005). A nucleophilic attack occurs with the
catalytic CYS-145 on the α-ketoamide 13b, while HIS-42 acts as a hy-
drogen acceptor (Zhang et al., 2020b).

A peak in energy contribution is only apparent for ASP-187 in α-
ketoamide 13b binding to protomer A. This agrees with RMSF data
where the residue fluctuations were more apparent in protomer A than
B. A slightly unfavourable interaction with α-ketoamide 13b is ob-
served, with an energy contribution of 0.34 kcal/mol for protomer A.
The alkyl portion of the ASP-187 side chain forms part of the hydro-
phobic S2 subsite. Favourable energy contributions are seen in residues
THR-25 and LEU-27 of protomer A that are not seen in protomer B, with
contributions of -0.54 and -0.66 kcal/mol respectively. THR-25, along
with THR-24 have previously been shown to interact with van der
Waals forces with the benzyl group of α-ketoamide 13b in the S1’ site
(Zhang et al., 2020b).

In protomer A, GLU-166 and MET-165 produce favourable energy
contributions of -0.51 and -0.59 kcal/mol, and HIS-164 produces a large
unfavourable energy of 0.34 kcal/mol. Interestingly, while a similar
trend is observed in protomer B for MET-165 (-1.13 kcal/mol) and HIS-
164 (0.85 kcal/mol), GLU-166 demonstrates a strong unfavourable

energy contribution of 0.77 kcal/mol instead. This seems to be in line
with work from Zhang et al., where they found that GLU-166 adopted
an inactive conformation in protomer B (Zhang et al., 2020b). GLU-166
is a key residue essential for catalytic activity, interacting with NH2

terminal residues of each protomer at the dimer interface, shaping the
S1 pocket of the substrate binding site (Zhang et al., 2020b; Anand
et al., 2002).

When energy contribution from individual residues are decomposed
for amoxicillin binding to protomer A of the protease, the range of
energy is larger and greatly varied across the protein when compared to
α-ketoamide 13b binding. While amoxicillin is bound to protomer A of
the protease, energy contributions occur across both protomers, with
extremes in both favourable and unfavourable directions. Larger energy
contributions occur in the unfavourable direction above the x axis,
contributing to the positive binding energy of the ligand. Along with the
slightly larger fluctuations in RMSF values compare to α-ketoamide 13b
(Fig. 3C), it may be that the structure of the protease is destabilised
when amoxicillin is bound. Further analysis with more rigorous free
energy prediction methods may be required to examine the effect of
amoxicillin on the SARS-CoV-2 Mpro. Overall, our findings highlight the
stability of the interaction of the α-ketoamide 13b ligand with the
SARS-CoV-2 Mpro, confirming the need to further evaluate the antiviral
properties of this compound.
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