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ABSTRACT
SARS-CoV-2’s main protease (Mpro) interaction with ligands has been explored with a myriad of crystal
structures, most of the monomers. Nonetheless, Mpro is known to be active as a dimer but the rele-
vance of the dimerization in the ligand-induced conformational changes has not been fully elucidated.
We systematically simulated different Mpro-ligand complexes aiming to study their conformational
changes and interactions, through molecular dynamics (MD). We focused on covalently bound ligands
(N1 and N3, �9 ls per system both monomers and dimers) and compared these trajectories against
the apostructure. Our results suggest that the monomeric simulations led to an unrealistically flexible
active site. In contrast, the Mpro dimer displayed a stable oxyanion-loop conformation along the trajec-
tory. Also, ligand interactions with residues His41, Gly143, His163, Glu166 and Gln189 are postulated
to impact the ligands’ inhibitory activity significantly. In dimeric simulations, especially Gly143 and
His163 have increased interaction frequencies. In conclusion, long-timescale MD is a more suitable
tool for exploring in silico the activity of bioactive compounds that potentially inhibit the dimeric form
of SARS-CoV-2 Mpro.
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Introduction

A virus-caused illness later called Coronavirus disease 2019
(COVID-19) by World Health Organization (WHO) - has been
a worldwide concern since its first report in December 2019
(Wuhan, China), named severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) (Wu et al., 2020). The disease
caused by this new coronavirus was classified by the World
Health Organization (WHO), in February 2020, as Coronavirus
Disease 2019 (COVID-19). The outbreak was declared a pan-
demic in March 2020. By October 2020, �39 million cumula-
tive cases were recorded globally, with over a million deaths
(Coronavirus Disease (COVID-19) Situation Reports, 2021).

Currently, patients with COVID-19 are treated with repur-
posed drugs, which effects are often controversial due to the
adverse events or the lack of fully proven clinical verification
of their therapeutic effects. Therefore, there is still a need for
novel treatments and the investigation of potential drug tar-
gets remains the cornerstone when designing novel, safe
and effective antiviral drugs (Penman et al., 2020).

The main protease of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2 Mpro, herein referred as Mpro for
short) is a cysteine protease that plays a crucial role in the
virus’ life cycle since it releases replicases pp1a and pp1ab;
these functional peptides are essential for replication and

transcription of the virus (Pillaiyar et al., 2016). Mpro is con-
served in all coronaviruses and lacks a homolog with human
proteins, increasing its attractiveness as a druggable target.
Recent studies reported noncovalent Mpro inhibitors with
high antiviral activity (IC50¼1 lM) and no cytotoxicity
(Mendoza et al., 2020; Zhang et al., 2021). However, to the
best of our knowledge, there are no SARS-CoV-2 Mpro inhibi-
tors available for clinical use.

Mpro consists of a polypeptide chain with 306 amino acids
structured in three domains (S-I, S-II and S-III) connected by
a flexible loop (Figure 1A). The S-I and S-II domains have a
complementary antiparallel b-barrel fold relevant to the pro-
tease mechanism. The S-III domain contains five a-helices
arranged in a broadly antiparallel globular cluster linked to
the S-II domain through the flexible loop (Jin et al., 2020).
SARS-CoV-2 Mpro has a conserved catalytic dyad composed
of Cys145 and His41 (Figure S1). Further, the substrate-bind-
ing site contained on the surface between the S-I and S-II
domains (in green and orange, respectively, in Figure 1A)
includes oxyanion hole residues, relevant for the substrate
binding (Su�arez & D�ıaz, 2020), and is covered by a loop (in
yellow, Figure 1A). Mpro has been co-crystallized with two
lead compounds ( N1 and N3 (Dai et al., 2020; Zhang et al.,
2020) ). The main sub-pockets (color-coded in Figure 1C and
D) are P1 (containing Phe140 and Glu166; in green), P1’
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(His41, Gly143, Ser144, Cys145 and His163; in pink), P2
(His164 and Met49; in cyan) and P3 (Pro168 and Gln189;
in black).

The oxyanion-loop (residues 138� 146) and catalytic resi-
dues are localized between subpockets P1 and P1’, both of
which are critical for substrate binding(Su�arez & D�ıaz, 2020).
The oxyanion-loop stabilizes the partial negative charge in
the P1 carbonyl group of the peptide substrate during the
hydrolysis of the P1�P10 bond. The catalytically active con-
formation is stabilized by the interaction between the sub-
strate and main-chain atoms of Gly143 and Cys145. In active
conformations of Mpro the Cys145 is in direct interaction
with the His41.

SARS-CoV-2 Mpro is active as a dimer. The main dimer
interface includes S-III domains (in purple, Figure 1A), with
the participation of the N-finger domain (Figure 1B). The N-
finger is composed of the first seven residues of N-terminal
(from the S-I domain, highlighted in pink in Figure 1B) and
deletion of these residues in the 3CLpro homologue reduces
the dimerization and, consequently, abolishes enzymatic

activity (<1%) (Chen et al., 2005). Further, also in 3CLpro, it
has been shown that Arg4Ala mutation reduces enzymatic
activity (Chen et al., 2005).

Despite the relevance of the dimerization to the active
site’s conformation(Su�arez & D�ıaz, 2020), most of the current
SARS-CoV-2 Mpro crystal structures in the Protein Data Bank
(PDB) are presented as monomers. Additionally, the few
simulation-based studies available for Mpro rely on mono-
meric structures with insufficient sampling due to their short
timescale (50 ns � 2 ms) (Komatsu et al., 2020; Peterson,
2020). It is well known that long-timescale simulations are
needed to ensure that the observed conformational changes
are statistically relevant (Henzler-Wildman & Kern, 2007). For
this reason, we have simulated covalently bound ligands
(using N1 and N3 as model ligands, �9 ls per system,
monomers and dimers) and compared these trajectories
against the apostructure. We have analyzed the major pro-
tein movements and observed that the dimeric state is more
stable than the monomeric state, especially if the interaction
between N-finger with oxyanion-loop is concerned. Our

Figure 1. SARS-CoV-2 Mpro structure overview, ligands from PDB and evolutionary conservation. (A) Tertiary structure of the SARS-CoV-2 Mpro with domains S-I (in
green, residues 8-101), S-II (in orange, residues 102-184), S-III domain (in purple, residues 201–303), long loop (in yellow, residues 185–200) and covalent ligands
(sticks), (B) Dimer structure of the SARS-CoV-2 Mpro with highlights on the N-finger (in orange, residues 1-7) and oxyanion-loop (in magenta, residues 138-146), (C)
Two-dimensional representation of the covalent ligands N1 (from PDB: 6y2g) and (D) N3 (from PDB: 6lu7).
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investigation aims to clarify the relevance of the dimerization
for the active conformation and ligand binding for
Mpro studies.

Results and discussion

SARS-CoV-2 Mpro is more stable as a dimer than as
a monomer

Principal Component Analyses (PCA) of all the simulations
pooled together indicated that most of the Mpro’s large
moments were captured in the two components, with the
first component accounting for 82.8%, while the second
component was responsible for 4.3% of the total motion.
The first PC separates the ligand-bound monomers into two
conformations (Figure 2A and B) and accounting for 24%
and 31% of the analyzed trajectory for N3 and N1, respect-
ively. However, similar behavior is not seen with apostructure
simulations. In a more detailed analysis monomer simulations
(ligand bound), PC’s motion is characterized by the coordi-
nated movement between the S-II and S-III domains (Figure
2C), where S-III turns from its original conformation, poten-
tially interfering with the dimerization interface (Su�arez &
D�ıaz, 2020). Dimeric Mpro simulations do not show this move-
ment, as the dominant feature is a small variation in loop
conformation (between S-II and S-III). This indicates that the
dimeric protein is more stable than monomer, at least when
it comes to the S-III movement. It is interesting to note that
the SARS-CoV-2 Mpro is biologically active as a homodimer
(Jin et al., 2020; Silvestrini et al., 2021; Su�arez & D�ıaz, 2020).

In addition, this is supported by our finding that mono-
meric simulations have higher protein backbone’s flexibility
(as represented by RMSF values, Figure 3A) when compared
to their dimeric counterparts (Figure 3B). This is especially
manifested within the S-III domain region.

SARS-CoV-2 Mpro dimer is stabilized by interactions in
the S-III interface and N-finger

We also investigated whether the higher flexibility of S-III resi-
dues would interfere with the dimerization interface. Mpro dimer
X-ray structure is held together by interactions between several
residues: (Ser1A-Phe140B, Ser1A-Glu166B, Ser1A-His172B,
Arg4A-Glu290B, Arg4A-Lys137B, Ala7A-Val125B, Ser10A-Ser10B,
Gly11A-Glu14B and Ser139A-Gln299B) (Su�arez & D�ıaz, 2020).
However, during MD simulations most frequent interactions
between subunits are detected as following: Arg4A-Glu290B
(side-chain), Ala7A-Val125B, Ser10A-Ser10B and Gly11A-Glu14B
(Figure 4A and B, and Figure S4B-E). Especially S-II (Arg4A-
Val125B) and S-III (Arg4A-Glu290B) interactions seems to con-
tribute for the dimer stability. These findings are supported by
Wang et al. (2020) that describes the dimerization as being
driven by the interaction between Arg4A-Glu290B (Wang et al.,
2020). The sequence conservation and the stability of inter-
action between Arg4-Glu290, we hypothesize the relevance of
Arg4 for the dimerization/activity in SARS-Cov2 Mpro, which
could be validated by experimental mutations.

Interestingly, changes in frequency between dimeric lig-
and bound and apo structures are observed in Arg4-Lys137
and in the Ser1-Phe140 (113�; considered a weak inter-
action)/Glu166 (92�; a strong hydrogen bond)/His172 (102�;
medium) interactions, both of which belong to the N-finger
region (Figure S5). The strong hydrogen bond between
Ser1A-Glu166A is also observed in the dimeric crystal struc-
ture (pdb: 7cb7).

The work of Chou et al. (2004) observed that interference
with the Arg4-Glu290 interactions reduced the SARS-COV-1
dimerization and that, specifically Glu290Ala was enzymatically
inactive whereas Arg4Ala was not (Chou et al., 2004). This sup-
ports the role of dimerization in activity for this
enzyme’s family.

Further, interactions between Ser1 and the residues
Phe140, His172, and Glu166 were less frequent in the overall
analyzed trajectory (Figure 4B-E and Figure S4A and B). We
postulate that Ser1 helps to shape the substrate pocket in
the normal catalysis, but does not contribute to the inhibited
state, as Glu166 and Phe140 are involved in the inhibitor sta-
bilization (see below).

The complete deletion of the N-finger in SARS-CoV-1
Mpro, reduces the extent of the dimerization and completely
abolishes the enzymatic activity (<1%) (Chen et al., 2005).
This was corroborated to also translate in SARS-Cov-2’s Mpro

by simulations (Su�arez & D�ıaz, 2020), suggesting that the N-
finger conformation upon dimerization exerts a direct influ-
ence on the oxyanion-loop (namely Ser139) motions.

Our results also indicate a water-mediated interaction
between Ser139A-Gln299B with high frequency (>75% of the
analyzed trajectory) in all studied systems (Figure 4F and
Figure S4F). We can suggest that a water molecule could be
structurally integrate this region, contributing to stabilize the
intermolecular interactions, however this remains to be con-
firmed (Raschke, 2006).

Interestingly, Suarez et al. (Su�arez & D�ıaz, 2020) suggested
that a direct hydrogen bond between Ser139A-Gln299B (12%
of their simulated time), which is something we exclusively
observed in our apostructure simulations (30% of the ana-
lyzed trajectory). It is noteworthy that Ser139A-Gln299B can
also participate in the dimer’s oxyanion stabilization (Figure
S6A and B), which links the dimerization stability with the
conformation of the active site.

Additionally, free-energy calculations with N3 ligand in
both monomeric and dimeric states suggested a lower
energy interaction in the latter for the SARS-CoV-2 Mpro, but
not for the SARS-CoV Mpro (Bello, 2020). The energy decom-
position into the most relevant residues suggest that His41,
Met49, Ser144, and Cys145 contributed significantly to the
binding affinity (Bello, 2020). These results agree with the
catalytic mechanism that shows the involvement of the main
chain amides of Gly143, Ser144, and Cys145 in substrate
cleavage in SARS-COV-1 (Chen et al., 2006). Accordingly, the
functionality of the dimer is probably due to the interaction
of the N-finger of each of the two monomers with Glu166 of
the other monomer, which establishes the S-I domain, the
pocket occupied by the substrate (Hsu et al., 2005).
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Furthermore, in terms of the catalytic site, we propose
that the interaction between Asn28-Cys145 and Gly143-
Cys145 backbone atoms would stabilize the reactive con-
formation of Cys145 (Figure S6G and H). The interaction
Asn28-Cys145 had a high frequency (>80%), in all systems,
whereas Cys145-Gly143 was 40% more frequent in the dimeric
simulations (Figure S6G and H). We also detected a smaller
radius of the gyration variation for the Cys145 in dimeric simu-
lations (22-23 Å) than for the monomeric (10-25 Å) forms
(Figure S6C and D), and a smaller overall fluctuation (Figure S6E
and F). This indicates that dimerization plays a role in stabilizing
the active oxyanion-loop conformation.

Hydrogen bond interactions in the P1’ region is
influenced by dimerization

It is known that the oxyanion-loop is stabilized through a
partial negative charge in the P1 carbonyl group of the pep-
tide substrate during the hydrolysis of the P12P10 bond
(Rut et al., 2021). Given our observation that the dimerization

stabilized the oxyanion-loop region, we further investigated
its influence on the inhibitor binding to explain the differen-
ces in the ligands’ inhibitory effects (Figure 5). We observed
that the ligand N3 has different hydrogen bond frequencies
with amine group of the Gly143 for the monomer (<30% of
the analyzed simulation time) and the dimer (�70%, Figure
5A and D). Further, the mean distances between amine
group of the Gly143 and both ligands are smaller for dimeric
simulations (N1¼M< 3.7 Å and D< 1.8 Å; N3¼M< 3.5 Å
and D< 2.5 Å) (Figure 5F).

Another apparently frequent interaction between Mpro

and inhibitors was detected for Glu166. The hydrogen bond
between its side-chain and the pyrrolidine-2-one moieties
from the ligand were stable through all the simulation
(�98%, all systems, Figure 5A and D). Meanwhile, Glu166
backbone NH amide had a water-bridge with both N3
(�60% to monomer and �30% to dimer, Figure 5C and D)
and N1 (�50% to monomer and �15% to dimer, Figure 5C
and E). This water-mediated interaction seems to be more
relevant for monomeric simulations, whereas Glu166 in

Figure 2. SARS-CoV-2 Mpro PCA data and conformational changes induced by covalent ligands. SARS-CoV-2 Mpro monomer (A) and dimer (B). Data referring to the
apostructure (PDB: 6y84) is highlighted in gray; N3 bound structures (N3-6lu7) in blue; and N1 bound structures (N1-6y2g) in magenta. (C) Extreme movements
from the PC1 plotted over the monomeric tertiary structure represented by orange arrows. PCA: principal component analysis.
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dimers are in close interaction with N-finger from the other
subunit (Ser1).

Interestingly, the N1 carbonyl group of the pyrrolidine-2-
one ring displayed hydrogen bond interactions with His163
(P1) in dimeric simulations (Figure 5A), whereas in N3 the
monomeric states had water-mediated interactions. We
hypothesize that the Phe140-His163 p-p interaction (with an
average distance of �4.1 Å, Figure 5I) would be relevant to
lock His163 in a hydrogen bond prone conformation.
Moreover, Phe140 had more frequent hydrophobic contacts
in the benzyl moiety of the N1 simulations (>40%) than in
N3 (<5%) (Figure 5B). This low frequency of hydrophobic
contacts in both ligands is in agreement with a previous
work, which suggested that the corresponding hydrophobic
interactions were not crucial for the inhibition but more rele-
vant in maintaining the His163 hydrogen bonding with the
ligand (Ghosh et al., 2020; Zhang et al., 2020).

Biochemical data for N3 (IC50 ¼ 9.0 lM± 0.8 on enzymatic
inhibition assay) (Wang et al., 2016; Yang et al., 2005) and for
N1 (IC50 ¼ 0.6 lM± 0.1) (Zhang et al., 2020) indicated similar
binding mechanism, with N1 being a more potent inhibitor
(Zhang et al., 2020). We suggest that the differences in the
His41 (P1’) interaction frequency between inhibitors may
explain their distinct inhibitory potencies. The inhibitor N1
exclusively showed an interaction between the hydroxyl eth-
ene group and His41 (Figure 5A and E), while N3’s ethene
group cannot form these interactions (Figure 5D). Further, it
was reported that His41 is considered a cold spot, among
other homologue sequences, and missense changes led to
lack of activity (Krishnamoorthy & Fakhro, 2021).

Importantly, in SARS-CoV2 Mpro, the key active site resi-
dues His41 (3 mutations), Phe140 (1 mutation), Cys145 (3

mutations), Glu166 (3 mutations), and His172 (1 mutation)
showed low mutation frequencies (a total of 11 out of 525
mutations at the active site)

The hydration site in the P3 site can be explored for
increasing potency

We also observed that Gln189 (P3 pocket), in both monomer
and dimer, established a hydrogen bonding interaction with a
the N3 carbonyl (�40%, Figure 5A, D, and E) and a weak
water-bridge with N1 pyrrolidine (�20%, Figure 5C–E). As a
result of these interactions, the loop Gln189 – Gln192 becomes
less flexible in the presence of the inhibitor. This is in line with
the previously reported Mpro-inhibitor simulations suggesting
that the loop connecting S-II� III would have a decrease in
mobility upon inhibitor binding (Su�arez & D�ıaz, 2020).

WaterMap calculations (Abel et al., 2008) were performed
to analyze the solvation impact within the Mpro. Specifically,
the protein’s hydration sites surrounding the residues His41,
Cys145, His163, Gln166, and Glu189 (P1, P1’, and P3 sites)
were calculated. The hydration sites in the P3 site (near the
Pro168 and Gln189 residues) had the highest occupancy val-
ues (>80%) and free-energy (DG) values (3.15 kcal/mol).
Specifically, hydration site 2 exhibited the highest occupancy
values (0.87-0.89; Figure 6A and B). It has been suggested
that P3 site is a conserved hydrophobic pocket and therefore
moieties bulkier than 2-pyridone in the P3 region could sub-
stantially contribute to increasing the inhibitory potency. This
is supported by our results, as displacing those high-energy
water molecules would result in stronger binding.

Figure 3. Root-mean-square fluctuation (RMSF) of SARS-CoV-2 Mpro monomeric and dimeric simulations. RMSF graphics with highlighted residues separated by
domains for simulations with the monomer (A) and the dimer (B). Mean RMSF are shown in colors for Apo (gray), N3 (sky-blue) and N1 (magenta). Domains are
shown in colors: S-I (green), S-II (light orange), Loop (yellow) and S-III (light purple). Apo: apostructure; N1; N3; RMSF: root mean square fluctuation.
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Previous studies reported that the highly flexible site of
Mpro (Bz�owka et al., 2020) could be addressed by bulkier
hydrophobic moieties, however pyrrolidines or amines group
were shown to be poor groups to stabilize it (Zhang et al.,
2020). In quest for novel drugs to treat SARS-CoV-2 infection,
the N1 has already proven functionality and reliable charac-
teristics as a lead compound. Our work will hopefully help a
bit this work, a dynamic understanding of the binding mode
can be beneficial when developing subsequent strategies,
such as scaffold hopping (B€ohm et al., 2004) and molecular
simplification (Pinacho Cris�ostomo et al., 2006). Especially we
believe that design larger/bulkier molecules to better occupy

pockets such as P1 and P3 (Figure 7) would be beneficial.
Finally, we would like to emphasize that although this study
discusses the high stability of the dimeric SARS-CoV-2 Mpro,
by no means can we conclude that the protein would not
undergo more extensive conformational changes in simula-
tions with longer timescales (milliseconds).

Conclusion

We report microsecond MD simulations of the SARS-CoV-2
Mpro, comparing covalently bound ligand-protein complexes

Figure 4. Dimeric interface interactions. (A) Spheres are located in the interface regions of the chains. (B) Frequencies of the dimeric interface hydrogen bonds in
the apostructure (gray) or ligands N1 (magenta) and N3 (sky-blue). (C) Hydrogen bond interaction between Ser1A and Phe140B. (D) Hydrogen bond interaction
between Ser1A and Glu166B. (E) Hydrogen bond interaction between Ser1A and His172B and (F) Water bridge interaction between Ser139A and Gln299B. Sphere
interactions: Ser1-Phe140, Ser1-His172 and Ser1-Glu166 (green); Arg4-Lys137 and Arg4-Glu290 (orange); Ala7-Val125 (cyan); Ser10-Ser10 (salmon); Gly11-Glu14 (yel-
low) and Ser139-Gln299 (pink).
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with the apostructure, in both monomeric and dimeric
configurations. Simulations with monomeric Mpro have
revealed a large conformational change, mainly in the S-III
domain. According to the PCA analyses, the dimeric simu-
lations pointed to small conformational changes, being
stabilized by a network of hydrogen interactions in the
dimerization interface. Mpro is biologically active as a
dimer and the results suggested that dimer is more stable

than the monomer, with implications for the oxyanion
loop and catalytic sites conformations.

In covalently bound systems, it was observed that the
catalytic His41 and Glu166 were keys residues for stabilizing
the Mpro’s inhibited state. Additionally, we suggest that sub-
stituents bulkier than pyrrolidine could increase activity
against SARS-CoV-2 Mpro by occupying the hydrophobic P3
sub-pocket. We envision that this study can set a standard

Figure 5. Overall interactions of the SARS-CoV-2 Mpro with inhibitors’ sub-pockets (P1, P1’, P2 and P3). Frequencies of contacts for hydrogen bonds (A); hydropho-
bic bonds (B); and water bridge (C) of the Mpro (monomer and dimer) with N1 and N3 ligands. Snapshot frames of interactions between the Mpro dimeric form and
the ligands N3(D); and N1(E). Distance between the Mpro amino acid residues (monomer and dimer) and ligands N1 and N3 along the simulations for Gly143 (F);
Glu166 (G); His163 (H); Phe140-His163(I). Mpro residues are colored according to the types of atoms in the interacting amino acid residues (protein carbon, light
gray; nitrogen, blue; oxygen, red; N3, sky-blue; N1, magenta).
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for Mpro MD simulations and benefit the search for novel bio-
active compounds against SARS-CoV-2 Mpro.

Materials & methods

SARS-CoV-2 Mpro amino acid conservation
during evolution

The evolutionary conservation of SARS-CoV-2 Mpro amino
acid residues was calculated using the ConSurf server
(Landau et al., 2005), comparing the Mpro’s sequence against
known homolog sequences available in PDB. This analysis
predicts the conservation score of amino acid residues rang-
ing from 1 to 9, with 1 indicating the least conserved and 9
the highest conserved and provides a structural visualization
of it.

Modeling and structure preparation

The SARS-CoV-2 Mpro apostructure (PDB: 6y84, Resolution:
1.39 Å) and structures with covalently bound ligands inter-
acting with N1 (PDB: 6y2g, 2.20 Å) and N3 domains (PDB:
6lu7, 2.16 Å) were selected based on the structure’s quality
and existing ligand.

The selected PDB protein structures were prepared by
adding hydrogen atoms and fixing missing side chains using
the Protein Preparation Wizard (PrepWiz) (Madhavi Sastry et
al., 2013), implemented in the Small Discovery Molecule

Drug Discovery Suite 2019v.3 (Schr€odinger LLC, New York,
NY, USA). Sulfate ions and other co-crystallization molecules,
such as glycerol (GOL) were removed. Within the catalytic
site of Mpro, His41 can act as a proton shuttle in the catalytic
cycle (Pavlova et al., 2021). Accordingly, the His41 (atom NE),
His163 (ND), His164 (ND) and His172 (ND) were protonated
(apostructures). The His41 ionization and tautomerization
states were chosen as previously discussed in (Paasche et
al., 2014).

The chosen protein crystals were analyzed according to
biological assembly state by using the PISA protein website
(Krissinel & Henrick, 2005) (https://www.ebi.ac.uk/pdbe/pisa/),
to generate their dimeric state. Dimers for the different sys-
tems were minimized using Prime (Jacobson et al., 2004),
with default options.

Molecular dynamics simulations

Prepared SARS-CoV-2 Mpro structures were simulated as
apostructures (without ligands) and covalently bound to
ligands (N1 and N3). Molecular Dynamics (MD) simulations
were carried out by using the Desmond engine (Bowers et
al., 2006, 2007) with the OPLS3e force-field (Harder et al.,
2016) according to a previously described protocol (Ferreira
et al., 2019). OPLS3e accomplishes this by incorporating a
broad range of chemical moieties with greater and combin-
ing them on-the-fly to generate parameterization, followed
by the assignment of partial charges (Roos et al., 2019). In

Figure 6. WaterMap in the P3 site of the SARS-CoV-2 Mpro. Conserved water of Mpro in the presence of ligand N3 (A); and N1 (B). Conserved water molecules are
shown in colored spheres, according to their free energy value (DG). The adjacent table contains the thermodynamic solvation parameters of four hydration sites
in the P3 pocket. N3: Spheres (1,3 and 4) shown in salmon and (2) spheres in red while N1: Spheres (1,3 and 4) shown in violet and (2) spheres in purple.
Occupancy: number of water-oxygen atoms that occupy a given hydration site during a short-time simulation (5 ns); DG: free-energy value; DH: enthalpic energy;
-T: temperature (K) and DS: entropic energy.
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short, the system encompassed the protein-ligand/cofactor
complex, a predefined water model (TIP3P (Jorgensen et al.,
1983)) as a solvent and counterions (Naþ or Cl- adjusted to
neutralize the overall system charge). The entire system was
treated in a cubic box with periodic boundary conditions
(PBC), specifying the shape and the size of the box as 13 Å
distance from the box edges to any atom of the protein.
Short-range coulombic interactions were calculated using 1
fs time steps and 9.0 Å cut-off value, whereas long-range
coulombic interactions were estimated using the Smooth
Particle Mesh Ewald (PME) method (Darden et al., 1993).
Each system was subjected to at least 3 ls simulations
(three replicas).

Root mean square deviation (RMSD) values of the protein
backbone were used to monitor simulation equilibration and
protein folding changes (Figures S2 and S3A, C, and E). The
fluctuation (RMSF) by residues was calculated using the ini-
tial MD frame as a reference, and compared between ligand-
bound and apostructure simulations (Figures S2 and S3B, D,
and F). All the trajectory and interaction data are available
on the Zenodo repository (code: 10.5281/zenodo.3980660).

Atomic interactions and distances were determined using
the Simulation Event Analysis pipeline as implemented in
Maestro 2019v.4 (Schr€odinger LCC). The criteria for protein-
ligand H-bond are 2.5 A˚ distance between the donor and
acceptor atoms (D — H���A); �120� angle between the
donor-hydrogen-acceptor atoms (D — H���A); and �90� angle
between the hydrogen-acceptor-bonded atoms (H���A — X).
Corresponding requirements for protein-water and water-lig-
and H-bonds are 2.8 A˚ (D—H���A); �110� (D—H���A); and

�90� (H���A—X). Non-specific hydrophobic interactions are
defined by the presence of a hydrophobic side chain within
3.6 A˚ of the ligand’s aromatic or aliphatic carbons. p-p inter-
actions is recorded when two aromatic groups are stacked
face-to-face or face-to-edge and within 4.5 A˚ of distance.
MD trajectories were visualized, and figures produced by
PyMol v.2.4 (Schr€odinger LCC, New York, NY, USA).

Principal Component Analysis (PCA) was used to study
the main features of monomeric and dimeric backbone
movements. The backbone atoms of chain A and chain B
were extracted and aligned using scripts (trj_selection_dl.py
and trj_align.py) from Schrodinger package 2019v.4.
Individual simulations from all runs were merged using the
trj_merge.py script into a final trajectory and CMS file, which
was further used to generate the principal components. The
actual PCA was done by using the trj_essential_dynamics.py
script. PCA graphics were generated using the python script,
available in the GitHub repository (code: https://github.com/
gmf12/pcaanalysismrpo.git). All commands were generated
using JuPyter (Matplotlib, Seaborn, Numpy, and Pandas).

WaterMap calculations

WaterMap calculations were used to analyze the impact of
solvation on the active site region of SARS-CoV-2 Mpro.
Briefly, short-run MD simulations (5 ns) of the Mpro active site
(apostructure) were performed using the Desmond molecular
dynamic engine with the OPLS3e force field. The binding site
was defined to include all protein residues within a 5 Å dis-
tance of any atoms in the catalytic dyad (His41 and Cys145)
and supporting residues (His163, Gln189 and Glu166).
Protein structure was restrained throughout the simulation.
Water molecules were clustered into distinct hydration sites.
Enthalpy values of the hydration sites were obtained by aver-
aging over the non-bonded interaction for each water mol-
ecule in the cluster. Entropy values were calculated using
numerical integration of the local expansion of the entropy
in terms of spatial and orientational correlation functions
(Young et al., 2007).
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