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Abstract

We report molecular interactions and inhibition of the main protease (MPro) of SARS-

CoV-2, a key enzyme involved in the viral life cycle. By using a thiadiazolidinone

(TDZD) derivative as a chemical probe, we explore the conformational dynamics of

MPro via docking protocols and molecular dynamics simulations in all-atom detail. We

reveal the local and global dynamics of MPro in the presence of this inhibitor and con-

firm the inhibition of the enzyme with an IC50 value of 1.39 ± 0.22 μM, which is com-

parable to other known inhibitors of this enzyme.
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1 | INTRODUCTION

COVID-19 is caused by SARS-CoV-2, a novel β-coronavirus with

a�30 kilobase genome.1 The virion contains four main structural

proteins: the small envelope (E) glycoprotein, the membrane

(M) glycoprotein, the nucleocapsid (N) protein, and the spike

(S) glycoprotein.2 Outside of these structural proteins, the SARS-CoV-2

genome encodes for 16 nonstructural proteins (nsps 1–16) and several

accessory proteins.3 The nsps have a wide range of functions, including

suppression of the host immune response, cleavage of polyproteins, pro-

motion of cytokine expression, and proofreading of the viral genome.

Two of the nsps, nsp3 and nsp5, also known as the papain-like protease

(PLPro) and the main protease (MPro),4,5 are essential for viral replication

due to their role in the cleavage of viral polyproteins. Of the two, MPro is

considered the preferred therapeutic target due to its high sequence

conservation with proteases of other coronaviruses,6,7 unique sequence

recognition, and the knowledge of its cleavage mechanism.8,9

MPro is genetically encoded as the nsp5 and is responsible for

cleaving at least 11 sites in the viral polyproteins (pp1a and pp1b).10

MPro is a homodimeric enzyme, with each monomer containing

306 amino acids, divided into three subdomains (Figure 1A): the

N-terminal domain I (residues 8–101) and domain II (residues 102–

184), and the C-terminal domain III (residues 201–306).10 The domains

I and II are primarily composed of β-barrels and the domain III is chiefly

α-helical.11 The active site (Figure 1B) is defined by the catalytic dyad

formed by a cysteine residue (C145) and a histidine residue (H41), and

is located at the interface of domains I and II. It has been proposed

that the cleavage mechanism of MPro is initiated by the polarization of

the SH group of C145 by the imidazole group of H41,8 eventually

resulting in a proton transfer from the Sγ atom of C145 to H41, and

this mechanism has been further probed via QM/MM studies.9

The need for an alternative drug development pipeline, instead of

the intensive process of introducing a novel drug to market,12 is

highlighted by the high infection rate of COVID-19, compared to the

infection rates of previous coronaviruses.13 The application of known

compounds outside of their original purpose, also known as drug

repurposing, offers a way to facilitate the identification of new prop-

erties, functions, and utilities of existing compounds, to potentially

deliver an effective therapeutic than would otherwise be

possible.14–16 An example of a recently repurposed compound is tid-

eglusib, an irreversible small molecule kinase inhibitor,17–19 that was

shown to also inhibit the activity of MPro.20 In addition, another com-

pound known as shikonin, a traditional Chinese medicine derived from

the root of Lithospermum erythrorhizon, has several biological

functions,21–23 and was shown to inhibit MPro.20 Other compounds

have been repurposed and tested on MPro as well.24–31
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Given that the catalytic dyad of MPro contains a cysteine (C145)

residue, which is the only reactive cysteine in the enzyme,32 we

explored the inhibitory properties of a potent thiadiazolidinone

(TDZD) derivative, CCG-50014 (inset, Figure 1C), that is known to tar-

get regulators of G-protein signaling (RGS) proteins.33,34 We have also

studied the effect of various TDZD derivatives on the dynamics and

inhibition of RGS proteins,33,35–37 and showed that these compounds

are efficient covalent modifiers of cysteine residues. Therefore, we

studied the covalent modification of the catalytic cysteine residue,

C145, to understand its effect on the conformational dynamics of

MPro. We first performed covalent docking studies to derive the most

energetically favorable protein/ligand conformation (Figure 1C) and

then carried out molecular dynamics (MD) simulations of the cova-

lently bound compound to probe its interactions in the binding pocket

(Figures 2–4 and Figures S1–S5). In addition, we investigated the

noncovalent binding and stability of CCG-50014 using docking and

MD simulations (see Supporting Information: supplemental results,

Tables S1 and S5, and Figures S7 and S8). Finally, we have expressed

and purified recombinant MPro and performed IC50 assays to test the

inhibitory effect of the ligand (Figure 6 and Figures S9–S11).

2 | MATERIALS AND METHODS

2.1 | Simulation methods

2.1.1 | Covalent docking and MD simulations

In docking and simulation studies, we used the atomic coordinates of

protein atoms based on the protomer A from the crystal structure of

MPro (PDB ID: 6LU7).38 We performed all docking studies in the

Schrödinger Maestro Suite.39 We prepared the protein structure for

docking studies by adding hydrogen atoms to the protein, restrained

minimization of the heavy atoms, and a short energy minimization

step without restraints.40 We conducted MD simulations using the

NAMD software suite,41 combined with the CHARMM forcefield.42

We parameterized the ligand using CHARMM-GUI.43 We solvated

each system using TIP3P water molecules44 and neutralized with

NaCl. After an initial energy minimization of 1000 cycles, we opti-

mized the volume of the simulation domain for each system in the

NPT ensemble for 20 ps. We controlled the pressure at 1 atm using

the Nosé–Hoover barostat, and we maintained the temperature at

310K using the Langevin thermostat.

Using the Schrödinger CovDock tool,45 we performed covalent

docking of CCG-50014 on the crystal structure of MPro. In these

docking calculations, we identified the catalytic residue C145 as the

target residue for the formation of a disulfide bond. We generated

100 covalently docked poses and performed molecular mechanics

with generalized Born and surface area continuum solvation (MM-

GBSA) calculations for each pose, and chose the docking pose with

the most negative score (based on MM-GBSA values) for subsequent

MD simulations. Briefly, the Schrödinger tool utilizes an implicit sol-

vent model46 to carry out MM-GBSA binding free energy calculations

by deriving strain energies from the optimized structures of the recep-

tor and ligand in the free and complexed states. The overall energies

of the receptor and ligand are split into many components including

the contributions from the Coulomb energy, Van der Waals energy,

lipophilic energy, Born electrostatic solvation energy as well as the

energies originating in correction terms for self-contact, hydrogen

bonding, and π–π packing. Based on the chosen covalently docked

F IGURE 1 Structural details of MPro and key ligand interactions. (A) The protomer A of MPro with domain I (orange), domain II (purple), and
domain III (blue) highlighted. Shown also are the catalytic residues H41 (cyan) and C145 (yellow). (B) A zoomed view of the active site with key
residues colored, labeled, and shown in stick representations: M49 (red), G143 (pink), H163/H164 (gray), E166 (tan), P168 (blue), Q189 (purple),
and the backbone atoms of residues that form the oxyanion loop (green). (C) Ligand interaction map of covalently bound CCG-50014. We show
covalent bonds by black lines, hydrogen bonds by pink arrows, and π–π stacking interactions by green lines. Also shown are neighboring active

site residues, in “guitar pick” representations where the narrow side shows the orientation of the sidechain of the residue and the wide side
shows the orientation of the backbone of the residue, within 5 Å of CCG-50014. The van der Waals edges of negatively charged residues (red),
hydrophobic residues (green), and polar residues (blue) are also shown. A chemical structure of CCG-50014 is also shown (inset box).
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pose, we conducted three independent MD simulations, each 500 ns

long. We also performed three independent MD simulations (each

500 ns) of the apo form of the protomer A of MPro. The objective of

these simulations was to investigate the dynamics of MPro in the apo

and covalently bound CCG-50014 conformations.

2.1.2 | Noncovalent docking and MD simulations

We used the Schrödinger SiteMap tool47 to identify three potential

binding sites on the surface of the protein. Using the top potential

binding site (determined based on the extent of solvent exposure)

which was located around the active site, we specified a docking grid

with a volume of 10� 10� 10 Å3 around the center of mass of the

catalytic dyad (C145 and H41) to ensure that the coordinates of the

docked ligand were in proximity of the catalytic dyad. We carried out

standard precision docking48 of CCG-50014 on 50 conformations of

MPro, obtained from a short 1 ns long MD simulation, generating

�1000 bound poses per ligand per conformation, for a total of 50 000

poses. Based on docking scores, we then reduced the number of

these poses to �80 poses per ligand per conformation, for a new total

of �4000 poses. Furthermore, we performed MM-GBSA calculations

to assess the binding affinity of each inhibitor to the active site. To

conduct MD simulations of noncovalently docked CCG-50014, we

F IGURE 2 The ΔRMSF of all residues in MPro. We show the
ΔRMSF values of residues 1 to 300 of MPro, where a negative value
indicates the residue with a decreased flexibility in the liganded form
of MPro. The boundaries of individual domains are shown near the x-
axis: domain I (orange), domain II (purple), domain III (blue), and the
loop (gray). A snapshot of the active site of MPro with the key active
site residues (Figure 1B) colored by their ΔRMSF values, positive
values (red) and negative values (blue). RMSF, root mean squared
fluctuation.

F IGURE 3 Key interactions
of CCG-50014 in the binding
pocket. (A) A snapshot
highlighting the π–hydrogen
interactions between the oxygen
atom of the residue Q189 and
the fluorinated aromatic ring of
CCG-50014. (B) A snapshot
showing the hydrogen bond
between the nitrogen atom of
the residue Q189 and the second
oxygen atom of CCG-50014.
(C) A snapshot showing the π–
hydrogen interactions between
the oxygen and nitrogen atom of
the residue E166 and the
4-fluorophenyl ring of CCG-
50014. (D) A snapshot
highlighting the hydrogen bond
between the nitrogen atom of
the imidazole ring of the residue
H41 and the first oxygen atom of
CCG-50014.
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chose five poses (Figure S7) as the initial coordinates to conduct five

independent MD simulations. We chose the poses by evaluating the

proximity of the ligand to the catalytic C145 residue and then by the

most negative MM-GBSA values. We conducted these five MD simu-

lations, each with a maximum length of 500 ns, under the same simu-

lation conditions as done for the covalently docked pose.

2.1.3 | Conformational metrics in MD simulations

The primary objective of our all-atom MD simulations is to investigate

the dynamics of MPro in the apo and CCG-50014 bound conforma-

tions. We used various conformational metrics to characterize these

dynamics at different scales in the protein structure including motions

in residue sidechains and the overall interresidue communication net-

work at the tertiary structure level. Specifically, the local dynamics are

characterized through interresidue distances and interactions, fluctua-

tions in residue sidechains, and measurements on backbone dihedral

angles of key residues, while the interresidue communication is ana-

lyzed through a community network analysis approach. Some metrics

are computed only for those residues that are directly used in the def-

inition of the binding pocket due to their interactions and locations in

the proximity of the inhibitor CCG-50014. For example, H41 and

C145 are two key residues forming the catalytic dyad, the residues

M49, Y54, and Q189 are in the vicinity of H41, while G143, H163,

H164, and E166 are in the vicinity of C145 (Figure 1B). We note that

several of these residues have direct interactions with CCG-50014

(Figure 1C) and are likely perturbed on inhibitor binding, thereby

highlighting the significance of structural analyses of these residues.

We provide additional details on all conformational metrics below.

Ligand interactions

In the ligand interaction maps (Figure 1C and Figure S7), we refer to

the oxygen atoms in the ligand as 1 and 2. The oxygen atom 1 in the

ligand is the oxygen bound to the carbon adjacent to the sulfur atom.

The oxygen atom 2, therefore, refers to the other atom. We show the

covalent bond by a black line, hydrogen bonds by pink arrows, π–π

stacking interacting by green lines, and pi–cation interactions by red

lines. We show negatively charged residues by a red border, hydro-

phobic residues by a green border, and polar residues by a blue

border.

Root mean squared fluctuation

We calculated the root mean squared fluctuation (RMSF) values of

protein residues 8–300 for apo, covalently bound, and noncovalently

bound structures of MPro. The initial coordinates, excluding hydro-

gens, from docking were used as the reference frame. We also calcu-

lated ΔRMSF values to study the flexibility of each residue in the

presence of covalently and noncovalently bound CCG-50014 in com-

parison to the apo state. A negative ΔRMSF value indicates decreased

fluctuations in the presence of the ligand and a positive ΔRMSF value

indicates increased fluctuations in the presence of the ligand.

Dihedral angle of H41 residue

We calculated the dihedral angle (ϕ) of H41 to investigate the

rotameric conformational states of the sidechain of H41. We provide

distributions of ϕ (Figure 4 and Figures S4 and S5) computed based

on data from three independent MD simulations of apo and

liganded systems.

Interresidue distances

We calculated the time-averaged Euclidean distances between key

binding-pocket residues, and the residues in the catalytic dyad (H41

and C145) based on the center of mass of each residue (Table S2 and

Figure S2). We also calculated the changes in distances (Δd) between

apo and covalently bound runs. A negative Δd value indicates the dis-

tance between residues decreased in the presence of ligand.

Network analysis

To investigate allosteric pathways and correlated residues, we per-

formed a dynamics-based network analysis on the apo and covalently

bound CCG-50014 MD simulations (Figure 5). We used the method

developed by Sethi et al.,49 which has been applied previously to

RGS35 and other proteins.50–55 For this analysis, we used data from

three independent MD simulations of the apo and covalently bound

CCG-50014 systems. We first performed a cross-correlation analysis

using CARMA56 by setting the Cα-atoms of residues as nodes. The

correlations are calculated by the following equation:

Cij ¼ ⟨Δ r
!
i tð Þ �Δ r

!
j tð Þ⟩

⟨Δ r
!

i tð Þ2⟩⟨Δ r
!
j tð Þ2⟩

� �1=2
, ð1Þ

with Δ r
!
i tð Þ¼ r

!
i tð Þ� ⟨ r

!
i tð Þ⟩, r!i tð Þ is the position of node i, and ⟨ r

!
i tð Þ⟩

is the mean position of node i. An edge is formed between two nodes

F IGURE 4 Conformational states of the sidechain of the residue
H41, as characterized by the dihedral angle ϕ. We show the
distributions of ϕ in the apo (gray) and liganded (black) states of MPro.
Shown also are snapshots of the sidechain of H41 corresponding to
the most populated states in apo (inset: a and b) and liganded (inset: c
and d) states.
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when the nodes are within a cutoff distance of 4.5 Å for at least 75%

of an MD trajectory.57 We also used the Girvan–Newman algorithm57

to identify the community structures in each conformational state.

The optimal community structure is chosen using the highest modu-

larity value, which is a measure of intercommunity versus

intracommunity edges, so that the maximum modularity value is

1. Typical modularity values are between 0.4 and 0.9.57 In the apo

system, the modularity value was 0.6519, and in the covalently

bound CCG-50014 system, the modularity value was 0.6509. In a

dynamic community network, several edges may exist between

communities, referred to as critical edges, and the nodes forming

these edges are labeled critical nodes.35 In the results and discus-

sion sections, C1 refers to community 1, C2 refers to community

2, and so on. We note that C145 refers to cysteine 145 and not to

a community.

Ligand dissociation in noncovalently docked simulations

We measured the Euclidean distances between the center of mass of

CCG-50014 and the center of mass of all key binding-pocket residues

in the active site (H41, M49, G143, C145, H163, H164, P168, and

Q189; Figure S7). We considered a distance of 15 Å as the maximum

distance before the ligand was considered dissociated from the active

site. This distance correlates well with the visual inspection of ligand

dissociation.

RMSF per residue in noncovalently docked simulations

We calculated the RMSF of all protein residues while the ligand was

still in the active site as defined by the cutoff distance of 15 Å

(Figure S8). We also calculated the RMSF of all protein residues after

the ligand had dissociated and until the simulation was terminated.

The initial coordinates, excluding hydrogens, from docking were used

as the reference frame.

2.2 | Experimental methods

2.2.1 | Protein expression and purification

The expression vector, MPro-3C pET21b(+), containing the full-

length SARS-CoV-2 gene encoding MPro (NC_045512), was pur-

chased from GenScript, with the gene sequence optimized for

expression in Escherichia coli. The final protein product contains four

additional amino acids (GPGG) before the C-terminal 6xHis-tag. Pro-

tein expression and purification procedures presented here were

adopted and modified from Jin et al.38 The vector was transformed

into E. coli Rosetta-gami B(DE3) cells (EMD Millipore), which were

grown for 5–6 h in Luria-Bertani (LB) broth with 100 μg/ml ampicillin

at 37�C. Once the cells reached OD600 0.7, the overexpression of

MPro was induced by adding 0.5 mM IPTG to the medium. After 11–

12 h of incubation at 16�C, the liquid cell culture was centrifuged at

9559g for 25 min (4�C), and the E. coli pellets were then stored at

�80�C. Protein purification started by thawing out a pellet at 4�C for

30 min. Lysis buffer containing 20 mM Tris–HCl, 150 mM NaCl

(pH 7.3), Halt™ Protease Inhibitor cocktail (Thermo Fisher Scientific),

and Benzonase (EMD Millipore) was then added to the pellet. After

15–20min of incubation with Lysis buffer, the cells were fully re-

suspended and subjected to four rounds of mechanical cell lysis at

1500 psi using the G-M French Press (Glen Mills). The cell lysate was

then centrifuged at 20,217g for 30min (4�C). The supernatant was

filtered through 0.45 and 0.22 μm filters before purification. Since

MPro was expressed with a C-terminal 6xHis-tag, the protein was

purified using fast protein liquid chromatography system (FPLC; GE

Healthcare AKTA purifier 900) equipped with a HisTrap FF 1 ml col-

umn. The protein was eluted from the column using an imidazole

concentration gradient going up to 500mM. The selected protein

fractions were pooled, and imidazole was removed using Zeba™ spin

desalting columns (following the manufacturer's recommendation;

Thermo Fisher Scientific). The sample was brought up to 5 ml before

subjecting it to another round of Ni-affinity chromatography using a

HisTrap HP 1 ml column. Upon collecting and pooling the selected

fractions, the protein sample was exchanged into a buffer containing

50 mM Tris–HCl and 1 mM EDTA (pH 7.3) as described above. The

protein purity was assessed using SDS-PAGE. The protein concen-

tration was measured using JASCO V-650 UV–vis spectrophotome-

ter. Upon determining the MPro purity and concentrations, the

protein identity was confirmed using LC–MS/MS mass

spectrometry.

F IGURE 5 Residue communities and schematic community maps
for the apo and liganded states of MPro. The Cα atoms of residues in
each community are colored corresponding to the community color in
the schematic community maps. Communities are labeled 1–9 in the
apo form and 1–10 in the liganded form. The width of inter-
community connections is representative of the combined edge
betweenness. We provide additional details about residue
memberships and critical nodes in Tables S3 and S4.
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2.2.2 | Activity and inhibition assays

Since it was previously shown that C-terminal 6xHis-tag does not

alter MPro activity, the protease activity of uncleaved MPro containing

the C-terminal 6xHis-tag was measured.58 Both activity and inhibition

assays were performed following a modified protocol originally

established by Jin et al.38,59 Fluorescence resonance energy transfer

(FRET) peptide Mca-AVLQSGFRK(Dnp)K (GLBiochem) was used as

the MPro substrate (excitation wavelength 325 nm, emission wave-

length 392 nm). JASCO FP-8300 spectrofluorometer was used to

measure MPro activity. 1 μM (final concentration) MPro was mixed with

varying concentrations of the peptide substrate (1.87–40 μM). Initial

rates were obtained by fitting the linear portion of curves to a straight

line (typically around 35–50 s; Kinetic Analysis, JASCO). KM and Vmax

were calculated from the Lineweaver–Burk plot (1/V vs. 1/[S]) using

Kinetic Analysis, JASCO. These values were used to determine the

Kcat (Vmax/[M
Pro]) as well as the catalytic activity (Kcat/KM). The degree

of inhibition was measured for three known MPro inhibitors20,38

tideglusib, carmofur, and ebselen (Figure S9); and a novel one, CCG-

50014 (Figure 6). The inhibition assays were performed on a micro-

plate reader SpectraMax Me (Molecular Devices). Similarly to the

activity assays, Mca-AVLQSGFRK(Dnp)K peptide cleavage by MPro

was measured by monitoring the fluoresence intensity. Each reaction

contained 0.2 μM MPro, 20 μM FRET peptide, varied inhibitor concen-

tration (0.025–100 μM), 5% DMSO in Assay buffer (50mM Tris–HCl

1mM EDTA pH 7.3). Data points were recorded every 4 s for 5 min,

at 30 �C. SoftMax Pro 7 (Molecular Devices) was used to calculate the

initial rates in units of relative fluorescence per second (RFU/s). To

demonstrate that CCG-50014 is a specific inhibitor of SARS-CoV-2

MPro, and not achieving inhibition via potential protein aggregation,

we performed additional inhibition assays in the presence of a mild

detergent, 0.01% Triton-X 100 (EMD-Millipore). The GraphPad Prism

software was used to calculate the IC50 values and plot the inhibition

curves (Figure 6).

To further probe the binding interaction of CCG-50014, we

mixed MPro and CCG-50014 to a final concentration of 0.9 and 5 μM,

respectively, in 50mM Tris-HCl, 1 mM EDTA, and 5% DMSO buffer

of pH 7.3. This reaction mixture was incubated for 2 h at 25�C to

ensure adequate time for CCG-50014 to bind to MPro. After 2 h, ali-

quots of the reaction were taken out and mixed with Mca-

AVLQSGFRK(Dnp)K peptide ranging in concentration (0.95 to 20 μM)

and a final concentration of 0.3 μM MPro in a 96-well plate. The activ-

ity assay was performed on the microplate reader SpectraMax Me

(Molecular Devices) to determine the initial rate of each reaction. The

rest of the reaction mixture was buffer exchanged using Zeba spin

desalting columns (Thermo Fisher Scientific). After the buffer

exchange, another set of aliquots of the reaction mixture were taken

out and mixed with Mca-AVLQSGFRK(Dnp)K peptide using the same

range of concentrations, and the initial rate of each reaction was

recorded. The remaining reaction mixture was allowed to incubate for

another 45min at 25�C and was again buffer exchanged. Immediately

following this second buffer exchange, the reaction mixture was

mixed with the same concentrations of Mca-AVLQSGFRK(Dnp)K pep-

tide, and once more, the initial rate of each reaction was measured.

The initial rates of each set of assays were calculated in SoftMax Pro

7 (Molecular Devices) in units of relative fluorescence per second

(RFU/s) and plotted in GraphPad Prism. All experiments were

repeated at least three times. The results from these experiments are

shown in Figure S10.

To test whether a common reducing agent, dithiothreitol (DTT),

can diminish the inhibitory effect of CCG-50014 on MPro activity, we

mixed the enzyme and the inhibitor CCG-50014 to a final concentra-

tion of 0.9 and 5 μM, respectively, in 50mM Tris-HCl, 1 mM EDTA, 2

mM dithiothreitol (DTT), and 5% DMSO buffer of pH 7.3. Another

identical control mixture was made using the same buffer without

DTT and was treated in the same manner as the DTT containing sam-

ple. Both mixtures were incubated for 2 h at 25�C to ensure adequate

time for CCG-50014 to bind. After 2 h, aliquots of the reaction were

taken out and mixed with Mca-AVLQSGFRK(Dnp)K peptide ranging in

concentration (0.95 to 20 μM) and a final concentration of 0.3 μM

MPro in a 96-well plate. The activity assay was performed on the

microplate reader SpectraMax Me (Molecular Devices) to determine

the initial rate of each reaction. All experiments were repeated at least

three times. The results from these experiments are shown in

Figure S11.

3 | RESULTS AND DISCUSSION

3.1 | Effect of CCG-50014 binding on the local
dynamics of MPro

Since CCG-50014 is a covalent modifier of cysteine residues, we

studied the effect of covalently docking (to C145, the catalytic cyste-

ine residue) of the inhibitor on the shape of the active site, the

F IGURE 6 Normalized inhibition of MPro by CCG-50014. We
show the normalized inhibition percentage of MPro (y-axis) against the

log of the concentration of CCG-50014 (nM, x-axis). Also shown is
the IC50 value with the error. The IC50 value was also determined in
the presence of 0.01% Triton X-100 to exclude the possibility of
aggregation-based inhibition. See also Figure S9 for the IC50 values of
three other known inhibitors of MPro, Figure S10 for binding activity
data after buffer exchanges, and Figure S11 for inhibitory effect in the
presence of a reducing agent, dithiothreitol.

ANDRZEJCZYK ET AL. 1901



stability of key active site residues (M49, G143, H163, H164, E166,

P168, and Q189),60 and the dynamics of the catalytic dyad (C145 and

H41). We generated several covalently-bound poses (see Section 2

for details) of CCG-50014 using Schrödinger's Maestro suite, and we

show the most energetically favorable pose in Figure 1C. We used the

initial coordinates of this covalently-bound pose for three indepen-

dent MD simulations of MPro. We analyzed the root mean squared

fluctuations (RMSF), a measure of the deviation of atomic coordinates

of residues, and the change in RMSF values (ΔRMSF) between the

apo and covalently-bound forms of MPro. We present the ΔRMSF

values when CCG-50014 is covalently bound to MPro in Figure 2, and

a representation of the binding pocket residues with increased fluctu-

ations in the bound conformation (red) and with decreased fluctua-

tions (blue). We present data from individual simulations and the

averaged RMSF in Figure S1.

We observed that the key active site residues M49, H164, E166,

P168, and Q189 are stabilized in the presence of CCG-50014 (blue in

Figure 2), and several other residues (Y54, G143, H163, and those for-

ming the oxyanion loop; red in Figure 2) exhibited increased fluctua-

tions. The active site residues that are stabilized in the presence of

covalently bound CCG-50014 are those residues located closest to

the 4-fluorophenyl ring, suggesting that the fluorinated aromatic ring

of CCG-50014 is stable in the binding pocket and stabilizes the neigh-

boring residues through several stacking interactions and hydrogen

bonds (Figure 3A–D). The active site residues that showed increased

fluctuations (G143, H163, and oxyanion loop) in the presence of

CCG-50014 are those residues that did not have direct interactions

with the aromatic sidechains of CCG-50014. However, these residues

are located in the vicinity of other residues that are directly inter-

acting with the inhibitor (e.g., G143 is located near C145, and H163 is

located near H164), and as a result, these residues (G143 and H163)

show increased fluctuations.

In addition to the residue fluctuation analysis, we investigated the

impact of CCG-50014 binding on the positioning of residues defining

the active site. To quantify this, we calculated interresidue distances

(d) between each of the two catalytic dyad residues, C145 and H41,

and seven other key residues (M49, G143, H163, H164, E166, P168,

and Q189). A negative Δd value for a residue indicates that the resi-

due remained closer to the reference catalytic residue in the inhibitor-

bound form compared to the apo form. We defined Δd values ≤ 1j j Å
as minor changes and Δd values > 1j j Å as significant changes. In

Figure S2A, we present the interresidue Δd values as a histogram for

each residue. In Figure S2B,C, we show the snapshots of MPro with

key residues colored and highlighted based on their Δd values. In

Table S2, we present the calculated Δd values of the key active site

residues of MPro. We report that the residues M49 and Q189 had sig-

nificantly negative Δd values, and the residues G143, H163, H164,

E166, and P168 had minor negative Δd values relative to the residue

C145, and minor positive Δd values relative to the residue H41. The

Δd values calculated indicate that the movement of M49 and Q189,

which drift away from the catalytic dyad in the apo MD simulations,

was significantly limited in the presence of CCG-50014. Further, since

the residues G143, H163, H164, and P168 were closer to the residue

C145, but further away from the residue H41, we observed that the

presence of CCG-50014 moved these residues closer in the binding

pocket, and forced the catalytic residue H41 away from the key active

site residues. Specifically, the residue G143 moved toward the two

catalytic dyad residues H41 and C145, while the residue H163 moved

toward H41 but away from C145. The movement of G143 toward

C145, and of H163 away from C145 potentially contributes to the

observed RMSF changes in these two residues (Figure 2).

We further investigated key interactions occurring in the active

site to probe the effect of ligand binding. In Figure 1C, we provide the

energetically favorable docked pose where we observed the hydrogen

bonds between the oxygen atom 1 of CCG-50014 and the residue

H163, as well as, between the residue G143 and the oxygen atom

2 of CCG-50014. Further, we observed a π–π stacking interaction with

the aromatic ring of the residue H41 and the 4-fluorophenyl ring of

CCG-50014. In addition, we observed the solvent exposure of the p-

tolyl ring of CCG-50014. In all liganded simulations, we observed that

the hydrogen bond formed between the oxygen atom 1 of CCG-

50014 and the residue H163 was not stable, and that after the inhibi-

tor CCG-50014 rearranged itself in the active site, the oxygen atom

1 formed a new hydrogen bond with the nitrogen atom in the imidaz-

ole ring of the residue H41. We also observed that the oxygen atom

2 of CCG-50014 did not maintain its initial hydrogen bond with the

residue G143. The disruption of these interactions potentially further

contributes to the observed RMSF changes in G143 and H163

(Figure 2). We find that the π–π stacking interaction between the resi-

due H41 and the p-tolyl ring of CCG-50014 is stable only in one out

of three independent MD simulations. In Figure S3, we present the

distance between the center of mass of CCG-50014 and the center of

mass of the residue H41 in each individual apo simulation. We

observed in the first simulation that the ligand-residue distance was

stable at �5 Å, but in the second and third simulations, the distance

varied between 5 and 12 Å. We observed the most stable pose in the

first MD simulation of the liganded form of MPro. In Figure 3, we high-

light the key interactions that contributed to the stability of the ligand.

Notably, in the first MD simulation, we observed π–hydrogen

bonding interactions between the fluorinated ring of CCG-50014 and

the backbone of the residue E166 (Figure 3C). This interaction con-

tributes to the stabilization of the residue E166, consistent with the

fluctuation of this residue (Figure 2). In addition, we observed similar

π–hydrogen bonding interactions between the backbone of the resi-

due Q189 and the 4-fluorophenyl ring of CCG-50014 (Figure 3A).

The hydrogen-bonding interactions between the oxygen atom of

Q189 and the second oxygen atom of CCG-50014 (Figure 3B), as well

as, the π–hydrogen bonding interaction contributed to the stabiliza-

tion of the residue Q189 (Figure 2A). In addition, we observed hydro-

gen bonding between the nitrogen atom of the catalytic residue H41

and the first oxygen atom of CCG-50014 (Figure 3D). The active site

residue H164 is stabilized by a hydrogen bond from its nitrogen atom

to a backbone atom of the catalytic residue C145, which itself is stabi-

lized due to its covalent bond to CCG-50014. The residue P168 does

not directly form any hydrogen bonds with the ligand, but it is stabi-

lized (ΔRMSF = �0.442 Å) by the π–hydrogen bonding interactions
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between CCG-50014 and the neighboring residues E166 and Q189,

which are located on the same loop as the residue P168.

In second and third MD simulations of the inhibitor-bound form

of MPro, we observed interactions with the key residues M49, Y54,

G143, H163, E166, and Q189. Notably, the residue M49, which is

located on a flexible loop exhibited the most significant ΔRMSF

(�1.78 Å) and Δd (�2.6 Å) when CCG-50014 was bound. We

observed that the nitrogen atom of the residue M49 formed a hydro-

gen bond with the oxygen atom in the residue Y54

(ΔRMSF = �0.189 Å), contributing to the stabilization of the residue

M49. In addition, in the apo simulations, the loop where M49 is

located adopts an “open” conformation away from the active site

when the residue H41 adopted a “flipped out” conformation

(Figure 4A), but in the presence of CCG-50014 the frequency of this

“flipped out” state decreased, reducing the fluctuations of M49 and

its average distance to the active site catalytic residues.

In apo simulations of MPro, we observed two unique states of the

sidechain of H41. We further investigated the effect of CCG-50014

binding on these two conformational states. In Figure 4, we present

the distributions of the key dihedral angle (ϕ) for the residue H41,

computed based on three independent simulations, of the apo and the

inhibitor-bound form of MPro. In addition, we show key conformations

of the residue H41 that are representative of the most populated

states in the apo form, �174.96
�
(Figure 4A) and 67.45

�
(Figure 4B).

Further, we also point to key representations that highlight the most

populated states of ϕ of the sidechain of the residue H41 in the

inhibitor-bound form, �62.73
�
(Figure 4C) and 62.64

�
(Figure 4D). In

Figures S4 and S5, we show time traces and distributions of ϕ for

each individual apo and inhibitor-bound MD simulation. In individual

apo simulations, we observed that the ϕ states of the sidechain of the

residue H41 had similar populations and the ϕ values. The two main ϕ

states of H41 that we observed represent the “flipped out” state

(Figure 4A) and the “flipped in” state (Figure 4B). For reference, the ϕ

value in the crystal structure is �44.14
�
. It is known that the catalytic

mechanism of MPro is initiated by a proton transfer from the residue

C145 to the residue H41,8,9 a process likely dependent on the orien-

tation of the imidazole group of H41.

The presence of CCG-50014 results in another conformational

state of ϕ = �62.73
�
(Figure 4C), which is the most populated state

for the side-chain of the residue H41. The two other ϕ states

observed in the inhibitor-bound simulations, �157.24
�
and 62.64

�

(Figure 4D), are similar in orientation to the two states observed in

apo simulations. The third ϕ state, �62.73
�
(Figure 4C), is the most

prevalent due to (i) the π–π stacking interaction between the

4-fluorophenyl ring of CCG-50014 and the imidazole ring of the resi-

due H41, and (ii) the hydrogen bond between the nitrogen atom of

the imidazole ring of the residue H41 and the first oxygen atom of

CCG-50014 (Figure 3D), restricting the motion of H41 and potentially

inhibiting the proton transfer between the two catalytic residues. To

understand how the stabilizing effect of CCG-50014 on neighboring

residues and its effect on the ϕ states of the residue H41 impacted

the global protein dynamics of MPro, we performed a dynamic net-

work analysis on the apo and liganded forms of MPro.

3.2 | Effect of CCG-50014 binding on the global
dynamics of MPro

We applied a dynamic network analysis, specifically the Girvan-

Newman algorithm57 (see Section 2), to analyze partitioning of the

dynamical conformational space of MPro into residue communities and

an intercommunity network, both in the apo and inhibitor-bound

forms. In Figure 5, we show the community partitioning of MPro with/

without the inhibitor and the schematic community maps highlighting

the intercommunity connections which are defined by the metric

“edge betweenness”, where an edge is a connection between two

nodes, and the edge betweenness is the number of shortest pathways

between a pair of nodes. The larger the edge betweenness value, the

more node pathways that pass through it, and the thicker the con-

necting line is in the schematic community maps (Figure 5). The higher

values of edge betweenness indicate increased correlations between

communities, and offer insight into how the perturbations from the

active site of MPro may propagate throughout the enzyme. A critical

node is a residue that forms an edge, termed a critical edge, with

another residue in a different community. A full list of residues in each

community and critical nodes is provided in Tables S3 and S4.

In the apo form, the active site contains residues from the com-

munities C5, C7, and C9. Specifically, the residues H41 and M49 are

assigned to C7, the residues G143 and C145 are assigned to C9, and

the residues H163, H164, E166, P168, and Q189 are assigned to C5.

In the inhibitor-bound form of MPro, the active site contains residues

from the communities C2, C5, C7, and C9 and the same key active

residues are partitioned as follows: H41 (C7), M49 (C7), G143 (C9),

C145 (C9), H163 (C9), H164 (C5), E166 (C9), P168 (C9), and Q189

(C2). Notably, the catalytic residues H41 and C145 are both critical

nodes in their respective communities with the critical edge between

the two catalytic residues in the apo form (Table S3). In the inhibitor-

bound form of MPro, the critical edge between the two catalytic resi-

dues does not exist (Table S4). The lack of this critical edge indicates

that the effect of CCG-50014 on the local dynamics of the catalytic

residue also affects global protein dynamics. In the inhibitor-bound

form of MPro, compared to the apo form, we observed new connec-

tions between the communities C3 and C10, C5 and C10, C7 and

C10, C9 and C10; the loss of connections between C1 and C8, C7

and C9; the weakening of connections between C1 and C5, C4 and

C5, C4 and C7; and the strengthening of connections between C1

and C9, C5 and C9, C3 and C5, and C3 and C8.

The inhibitor CCG-50014 caused increased fluctuations in all resi-

dues located away from the active site, notably in residues 200–240,

which are located in domain III and are members of the communities

C3, C6, and C8. Domain III is also involved in the dimerization of the

enzyme,7,61 therefore fluctuations of residues in this domain are likely

to disrupt the protein–protein interface, indicating an allosteric effect.

We used the community schematic maps to analyze these increased

fluctuations in domain III. In the apo form of MPro, the perturbations

from the catalytic residue H41 (C7) propagate to domain III through

correlations in C7 to C5 and C5 to C3, and the community C3 showed

correlations with the communities C6 and C8.
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In the inhibitor-bound form of MPro, the correlation between the

communities 7 and 5, and communities 5 and 3, increased. In addition,

in the liganded-state the community C9, where the catalytic residue

C145 is located, increased in size, and had increased correlations to

C5. As previously mentioned, the catalytic residue C145, as well as

residues 140–170 (found in C7 and C9), showed increased fluctua-

tions when CCG-50014 was bound. Therefore, the increased correla-

tions observed in our dynamic network analysis are consistent with

the increased fluctuations in the distant domain III, specifically resi-

dues 200–240. In addition, the residues 1–20 and 150–160, all of

which are located in C1, showed significant increases in fluctuations,

again explained by the increased correlations between the active site

communities C1 and C9. A tenth community, C10, was observed in

the inhibitor-bound state and contained residues found in domain III,

suggesting that CCG-50014 not only causes allosteric perturbations

in domain III, but also disrupts the interresidue communication in that

domain. Based on these simulation results, we expressed and purified

recombinant MPro (see Section 2) and tested the inhibitory effect of

CCG-50014.

3.3 | Inhibitory effect of CCG-50014

We first tested that the SARS-CoV-2 MPro catalytic efficiency (Kcat/

KM = 27 900M�1 s�1) used in this study is comparable to the previ-

ously reported value by Jin et al.38 Then, the IC50 values of the three

known MPro inhibitors, carmofur, tideglusib, and ebselen,62 were cal-

culated (Figure S9). At the time of the initiation of this study, there

were only a few known inhibitors of MPro of SARS-CoV-2 virus,

including ebselen, tideglusib, and carmofur.38 We have chosen

ebselen and carmofur as these inhibitors were shown to have the IC50

values in the low micromolar range, and tideglusib was specifically

chosen due to its structural similarity to CCG-50014. Since CCG-

50014 is structurally similar to the known MPro inhibitor tideglusib,

we hypothesized that it could fit inside the substrate-binding pocket.

The IC50 values of tideglusib (Figure S9A; 1.39 ± 0.2 μM) and ebselen

(Figure S9B; 0.40 ± 0.05 μM) are comparable to reported values,38

while the calculated IC50 value of carmofur (Figure S9C; 4.45 ± 0.52 μ

M) was approximately 2.5-fold higher than the reported value. Impor-

tantly, the inhibition experiments showed that CCG-50014 also

inhibited MPro activity. The IC50 value of CCG-50014 was 1.39 ±

0.22 μM (Figure 6); thus CCG-50014 exhibited inhibition on a scale

comparable to that of other known inhibitors. We have performed the

MPro inhibition assay with CCG-50014 in the presence of a detergent

using an assay previously described in the literature,38,63 to exclude

the possibility of CCG-50014 inhibiting the protease activity non-

specifically via aggregation. The detergent (0.01% Triton X-100) did

not affect these results (Figure 6), which indicates that CCG-50014 is

not an aggregate-based inhibitor. We further characterized the MPro

and CCG-50014 interaction in a series of buffer exchanges and in the

presence of a disulfide reducing agent. A series of buffer exchanges

could not restore MPro activity by removing the inhibitor CCG-50014

(Figure S10), thus suggesting potential covalent binding. In addition,

the disulfide reducing agent, dithiothreitol (DTT), diminished the inhib-

itory effect of CCG-50014 on MPro (Figure S11), further supporting a

covalent interaction between CCG-50014 and MPro.

3.4 | Correlations with other studies

Previous studies6,30 identified that other covalent and noncovalent

inhibitors of MPro had interactions with the residues H41, G143,

C145, H163, and E166. Our energetically favorable docked pose

(Figure 1C) showed hydrogen bonds between the inhibitor and the

residues G143 and H163. In subsequent simulations, we observed

that these hydrogen bonds were not stable and that CCG-50014

instead formed new hydrogen bonds and stacking interactions with

the residues H41, M49, E166, and Q189. While a limited work has

gone into investigating covalent inhibitors that may form disulfide

bonds with the catalytic cysteine residue,64 other studies have

focused on several potential covalent inhibitors65–71 which may mod-

ify the catalytic cysteine residue of MPro via a C-S bond. The covalent

inhibitors investigated in these studies formed interactions with the

residues N142, G143, H164, E166, P168, and Q189, the residues that

we also observed to interact with CCG-50014 in our work. In

Figure S6, we show snapshots of the active site of MPro with six

potential covalent inhibitors71 to compare our chosen covalently

bound conformation against these structures that were obtained by

near physiological-temperature crystallography. Most notably, we

report that the ligands investigated and CCG-50014 occupy the same

region of the active site. Further, other studies72–74 that investigated

the RMSF of residues in the presence of different inhibitors reported

typical RMSF values between 1 and 4 Å, similar to our observed

results for CCG-50014. However, in our work, we also report on a

residue community analysis of the enzyme, which notably suggested

that CCG-50014 disrupted inter-community correlations stemming

for the catalytic residues C145 and H41. These observations highlight

the role of allostery in this enzyme, which could prove useful in

designing potential therapeutics targeting the enzyme via an allosteric

mechanism.75–77

3.5 | Noncovalent docking and MD simulations

Outside of covalent binding of CCG-50014 to the residue C145 in the

active site, we also carried out comprehensive non-covalent docking

and MD simulations of CCG-50014 (see Section 2 for details). Using

the initial coordinates from the top five non-covalent protein/inhibitor

complexes, we carried out five independent MD simulations. In

Table S5, we present the calculated MM-GBSA values for each pose,

with values ranging between �49.98 kcal/mol and �71.51 kcal/mol.

In addition, in Figure S7, we provide the initial poses and interactions

of the five protein/inhibitor complexes chosen for subsequent simula-

tions. From these poses, we observed hydrogen bonding interactions

between CCG-50014 and the residues N142, G143, S144, C145,

E166, and Q189. In addition, we report π–π stacking and pi–cation
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interactions between the residue H41 and the aromatic rings of CCG-

50014. By comparing the initial non-covalent poses and the covalent

pose, it is evident that the ligand interacts with the same key residues

of the active site. We also calculated the RMSF values of all residues

in MPro for each of the MD simulations (Figure S8).

In all five MD simulations, we observed that the residue M49 was

stabilized, similar to the covalently-bound results, with the ΔRMSF

values between �0.471Å and�3.19 Å. We also observed that the

residue Q189 was stabilized in all MD simulations except in the simu-

lation that used the fifth pose as its initial coordinates. Notably, we

observed that the residues M49 and Q189 were both stabilized in the

covalently-bound form of MPro, with the RMSF values of �1.78Å and

�0.19 Å, respectively. The fluctuations of all other key active site resi-

dues (G143, H163, H164, E166, and P168) were variable between

the five simulations conducted with the non-covalently docked poses

. In the covalently-bound MD simulations, we observed that the resi-

dues H164, E166, and P168 were stabilized and the residues G143

and H163 showed increased fluctuations. A noteworthy observation

from MD simulations of non-covalently docked CCG-50014 is that

the inhibitor dissociates in all simulations at different time scales,

suggesting that the covalent linking to the residue C145 is a mode of

stability and inhibition.

For example, the five distinct noncovalent poses (Figure S7) had

an average dissociation time of 56.66 ns; pose 1 had the maximum

dissociation time of 101.94 ns and pose 2 had the minimum dissocia-

tion time of 13.06 ns. In the MD simulation from the first pose, which

had the longest dissociation time, we report that the ΔRMSF values

of residues M49, H164, E166, P168, and Q189 correlate with the

results of the covalently bound simulations. This observation, and the

key interactions highlighted in Figure 3A–D, indicate that the stabili-

zation of the residues E166 and Q189 is important for the stability of

the inhibitor. Overall, our results suggest that CCG-50014, when pre-

sent in the binding pocket in a non-covalent conformation or

covalently-bound to the residue C145, disrupts the dynamics of MPro.

Our experimental results on the inhibitory effect of CCG-50014 fur-

ther support a covalent binding mechanism of inhibition of MPro

(Figure 6, Figures S10 and S11). Overall, our computational and exper-

imental studies reveal molecular-level details of interactions underly-

ing inhibition of MPro by CCG-50014.
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