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Abstract

SARS-CoV-2 MP™, also known as the main protease or 3C-like protease, is a key enzyme involved in the replication process
of the virus that is causing the COVID-19 pandemic. It is also the most promising antiviral drug target targeting SARS-CoV-2
virus. In this work, the catalytic mechanism of MP™ was studied using the full model of the enzyme and a computational
QM/MM methodology with a 69/72-atoms QM region treated at DLPNO-CCSD(T)/CBS//B3LYP/6-31G(d,p):AMBER level
and including the catalytic important oxyanion-hole residues. The transition state of each step was fully characterized and
described together with the related reactants and products. The rate-limiting step of the catalytic process is the hydrolysis of
the thioester-enzyme adduct, and the calculated barrier closely agrees with the available kinetic data. The calculated Gibbs
free energy profile, together with the full atomistic detail of the structures involved in catalysis, can now serve as valuable
models for the rational drug design of transition state analogs as new inhibitors targeting the SARS-CoV-2 virus.
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Introduction

The main protease of SARS-CoV-2, also known as SARS-
CoV-2 MP™, is an essential enzyme for the replication of the
virus causing the COVID-19 pandemic. MP™ is the enzyme
responsible for cleaving the translated polyprotein chain
in 11 different regions (A-K) [1] (Fig. 1). This means that
effective inhibiting MP™ activity can stall the viral replica-
tion cycle [2]. Since no homology or sequence similarity is
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Fig.1 The complete genome sequence of SARS-CoV-2 virus [1]. Each red label (A-K) represents the respective protein cleavage regions cata-
lyzed by MP™. Each cleavage region is also shown with associated flanking amino acid sequences

found between the virus and human proteases [3], MP™ is
seen as an appealing drug target for the development of new
antiviral drugs to fight COVID-19, one among other strate-
gies currently in development [4—12].

Similar therapeutic approaches were used with success,
in the past, in the treatment of other viral infections, as, for
example, the now commercially available inhibitors such as
tipranavir, darunavir, amprenavir, lopinavir, among others
[13], which target the HIV-1 protease. For this reason and
along with the development of vaccines, the search for anti-
viral compounds continues to be on the top list of the phar-
maceutical companies and research laboratories that seek to
discover a compound capable of treating and impairing the
dissemination of COVID-19 worldwide [14-16].

In record time, a valuable amount of knowledge was
obtained regarding SARS-CoV-2 virus and, in particular,
about MP™. MP™ was described to be located between nsp4
and nsp5 segments of the polypeptide, which means that
MP™ is able to cleave itself (Fig. 1a and b). Several X-ray
structures of MP™ have also been deposited on the Protein
Databank (PDB), revealing its three-dimensional structure
[4, 17-23].

MP™ is a homodimer whose subunits have independent
active sites that are exposed to the solvent. Although the
active sites are apparently independent, the monomer was
shown to be inactive [3].

Fig.2 The general reaction
catalyzed by Mpro. “R1” and
“R2” represent the remaining
part of the substrate (peptide).
“X” represents the sidechain of
the possible amino acid residues
(Ser, Ala, or Asn)
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The solvent exposure of the active site favors the binding
of the peptide substrates to the active site. Also, it ensures
the availability of water molecules that are required for the
completion of the catalytic mechanism (Fig. 2).

From the sequence analysis of all the peptides that are
cleaved by MP™, a well-established pattern is observed. The
peptide bond that is cleaved by MP™ always occurs between
a Gln residue (P1) and a Ser, Ala, or Asn residues (P1’).
Moreover, the key Gln residue of the substrate peptide is
always preceded by a bulky nonpolar residue: Val, Leu, or
Phe (P2) (Fig. 1).

In addition, several residues from the active site (Thr24,
Thr26, Asn142, Asn143, His163, His164, Glu166, GIn189,
and Thr190) make hydrogen bonds with the peptide. These
residues behave as anchors that allow the recognition of
the peptide as a substrate and favor the correct alignment
and orientation of the peptide inside the active site. Thus, a
close contact between the target Gln residue and the catalytic
Cys145 residue is ensured. According to the literature, the
P4-P1’ range comprises the most important residues for the
recognition and anchoring of the peptide [24].

The reaction is catalyzed by a Cys-His dyad. The His41
residue activates the nucleophilic character of Cys145 that
covalently attaches the peptide substrate to the enzyme. This
reaction intermediate is then hydrolyzed, and the product of
the reaction released to the active site (Fig. 2).
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So far, there are a panoply of studies devoted to the study
of the MP™ [19, 25-27], including the catalytic mechanism
[28, 29]. In this work, the full catalytic mechanism of the
SARS-CoV-2 MP™ was studied using an ONIOM QM/MM
methodology. The obtained results provide valuable insights
about the structures of the transition state and linked minima
for each step of the mechanism. Moreover, a complete atom-
istic description of the mechanism was obtained.

Methodology
Structure preparation

The QM/MM model used in this work was prepared based
on the X-ray structure of MP™ published by Z. Jin et al. and
deposited on PDB under the 6L.U7 code [17]. The structure
of MP™ was completely solved, and all the 306 amino acids
of each subunit of the homodimer are available. A synthetic
molecule was with the model as an analogue of the sub-
strate. Since the main goal of this work was studying the
mechanism of one possible natural substrate, the structure
of the synthetic construct was used as template to model the
following peptide sequence: ILMVFQSGACN. The co-crys-
tallized synthetic construct shares some similarity with the
substrate polypeptide. Accordingly, the “backbone” atoms
were used as template to model the peptide sequence using
Leap program from Amber package [30-33]. The scaffold of
the synthetic construct was used to add the side chains of the
residues belonging to one possible substrate of the enzyme.
The protonation state of the amino acid residues of the
entire system was assessed using the PROPKA 3 software
[34, 35] at pH 7.0 (Table S1). Finally, the resulting structure
was solvated using a TIP3P type of water molecules [36, 37]
(orthogonal box with 12.0 A of minimum distance), and
8 sodium ions were added to neutralize the system. Then,
the solvated system was minimized through a set of four
sequential minimization protocols (non-bonded interac-
tions cutoff: 10 A), using AMBER software [30—33] and
ff14SB force field [38]: 2500 (1250 steepest descent (ST) +
2500 conjugated gradients (CQG)) steps for minimization of
the water molecules; 2500 (1250 ST + 1250 CG) steps for
minimization of all hydrogen atoms; 2500 (1250 ST + 1250
CG) steps for minimization of all system except backbone
atoms; 10000 (5000 ST + 5000 CG) steps for minimization
of all system. The resulting minimized structure was used to
conduct a 60-ns molecular dynamics (MD) simulation: 50 +
50 ps NVT equilibration; 60-ns NPT production. The MD
simulation was performed using a 2-fs integration step and
the SHAKE algorithm [39] to constraint hydrogen atoms.
The minimized structure was used as a starting point to
build and conduct the QM/MM calculations. This strategy

was employed to approximate the starting QM/MM model
to the structure obtained experimentally.

QM/MM model

The molUP plugin [40] for Visual Molecular Dynamics
(VMD) [41] software, available through the VMD Store
[42], was used to load the minimized structure obtained
in the previous step and prepare the Gaussian09 [43] input
files.

All the homodimer structure, the substrate peptide, and
a5 A coat of water molecules were selected for the QM/
MM model. The Gln and Ser residues of the substrate, the
Cys145 residue, the sidechain of His41 residue, the back-
bone of Gly143 and Ser144 residues, and a water molecule
(steps 3 and 4) were included in the high-level (HL) layer.
In total, 69/72 atoms were included in the layer treated using
quantum mechanics. The remaining atoms of the systems
were considered using MM. A shell of 10 A from the HL
layer was kept free during the geometry optimizations.
The relaxed coordinate scans and the geometry optimiza-
tion of minima and transition states (TS) were performed
using the following scheme: B3LYP [44-46]/6-31G(d,p)
[47-52]:1f14SB [38]. Hydrogen atoms were used as link
atoms to cap all the bond that spans across the QM-MM
boundary. The calculations were performed considering the
electrostatic embedding approach as implemented in Gauss-
ian09 software. All the minima and TS were confirmed and
validated by vibrational frequency analysis. Internal Reac-
tion Coordinate (IRC) calculations were conducted to obtain
the reactant and product for each step. The zero-point energy
(ZPE), thermal, and entropic energy corrections were esti-
mated at 298.15 K and 1.0 atm during the frequency calcula-
tion of TS and related minima structures.

The final energies were refined through single-point (SP)
energy calculations with the following scheme: DLPNO-
CCSD(T) [53]/CBS[54]:ff14SB. The HL layer was isolated
from the QM/MM system using molUP extension for VMD.
Hydrogen atoms were used as link atoms for the bonds span-
ning over the two layers. ORCA software (v4.2.1) [55] was
used to perform the SP energy calculations using DLPNO-
CCSD(T) and the basis sets cc-pVDZ and cc-pVTZ, from
which the energies were extrapolated to complete basis set
(CBS). The resulting electronic energies were summed to
the LL layer contributions and to the thermal corrections
previously computed with B3LYP/6-31G(d,p):ff14SB for
the QM/MM system.

The activation Gibbs free energies (AG¥) of each step
were calculated through the difference between the energy
of the TS and respective reactant. On the other hand, the
reaction Gibbs free energies (AGy) were calculated through
the difference between the energy of product and reactant
for each step.
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This computational approach has already been success-
fully employed to study the catalytic mechanism of several
enzymes [56—62], including proteases [63—65].

Results and discussion

According to the calculations performed in this study, the
catalytic mechanism of SARS-CoV-2 MP™ occurs through
four sequential steps. After an initial recognition process,
where specific amino acid sequences of the substrate are
recognized by the protease binding pocket, a key Gln residue
from the substrate becomes aligned with the Cys145-His41
dyad, and the proteolytic reaction begins.

In the first step, the proton from Cys145 is transferred to
His41, forming an ion pair. This reaction is characterized
by a TS with an imaginary frequency at 655.5i cm™ and an
activation Gibbs free energy (AG?) of 2.4 kcal/mol, and it
is exergonic in 0.7 kcal/mol. In the product of the reaction,
His41 becomes positively charged, Cys145 becomes anionic
and gets close to the C1 carbon of the peptide substrate (SX-
--C1: 3.06 A at reactant versus 2.30 A at product) (Fig. 3
Step 1; Fig. 4). This step is very important to improve the
nucleophilic nature of Cys145 and therefore to enhance its
reactivity toward the peptide substrate. The nucleophilic
nature of the SX of Cys145 is supported by its atomic charge
variation from —0.10 to —0.25 a.u. during this first step.
In addition, the approximation of SX to the C1 causes a
decrease in the atomic charge of the electrophilic carbon of
the substrate that passes from 0.65 to 0.47 a.u.. This shift
of the electron density triggers the next step of the mecha-
nism. This first step originates an ion pair where both His41
and Cys145 become charged, as reported in the interest-
ing publication of Ramos-Guzmén et al. [29]. However, the
activation and reaction energies reported in that publication
are slightly higher than the ones obtained in this work. The
difference could be assigned to the different peptide sub-
strates used in both studies. Particularly, the P2 position is
occupied by a Phe residue in our study versus a Leu residue,
which can lead to a greater stabilization of His41 through a
n-stacking interaction. Consequently, the positively charged
His41 residue is more stabilized, and the reactions become
faster and marginally exergonic. Contrary to our results and
the Ramos-Guzman et al. [29] work, the pioneer mechanism
proposal by Swiderek et al. [28] suggests that the deprotona-
tion of Cys145 is concomitant with the nucleophilic attack
to the substrate with much higher activation and reaction
energies. However, the study was conducted with a substrate
analogue with a bulky non-amino acid molecular species at
the P1” position, which in our study is occupied by Ser resi-
due. The residue that occupies P1° position has been shown
to play an important role in the stabilization of the ion pair
either in SARS-CoV orthologs [66, 67] and SARS-CoV-2
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protease [29]. Moreover, it seems that the hydroxyl group of
Ser residue can stabilize the ion pair in about 1.4 kcal/mol
[29] when compared with Gly or Ala residues.

The second step of the catalytic process comprises the
nucleophilic attack of the anionic Cys145 to C1 carbon of
the peptide substrate (Fig. 3 Step 2). At the same time, one
proton migrates from the cationic His41 to the N1 atom of
the substrate. This reaction requires an activation Gibbs free
energy of 5.1 kcal/mol. However, this second step, where the
peptide bond is broken, is considerably more exergonic than
the previous one, with a AG of —4.6 kcal/mol. The TS of
this step was characterized and confirmed by an imaginary
frequency at 1064.3i cm™!. In the product of this reaction,
a thioester-enzyme adduct is obtained, which covalently
attaches the substrate to the enzyme through the Cys145
residue. In this process occurs a change in the hybridization
of C1 carbon of the substrate from sp? to sp°, which is cor-
roborated by the improper torsion angle, Ca-C1-N1-O1, that
changes from 170.5° to 131.0°.

The activation Gibbs free energy obtained in this work
is considerably lower than the one predicted by Ramos-
Guzman et al [29] (5.1 kcal/mol vs ~10 kcal/mol). None-
theless, the reaction product, after these two initial steps,
shares similar energy in both studies (-5.3 kcal/mol vs ~-2
kcal/mol). The considerably faster reactions reported by our
calculations could be a consequence of the Phe residue at
the position P1” as reported in step 1 and also the fact that,
in our calculations, the backbone of critical Gly143 and
Ser144 residues was included in the QM region since they
are known to be important for stabilizing the oxo group of
the substrate.

In the next steps of the catalytic process (Fig. 3 Steps
3 and 4), the hydrolysis of thioester-enzyme adduct takes
place, requiring the presence of one water molecule, which
is widely available in the active site due to its exposure to
the solvent. In the optimized structure of the reactants, the
water molecule becomes very close to the Cys145 residue,
and it is stabilized by three hydrogen bonds provided by
His41 (HW1: 1.79 A), a carbonyl group of the substrate
(HW2: 1.92 A), as well as the amine group of the released
peptide (OW: 2.14 A).

After the appropriate accommodation of the water mol-
ecule within the active site, it makes a nucleophilic attack to
the C1 carbon of the thiol-enzyme adduct (OW---C1: 3.15
A at reactant versus 1.59 A at product). Simultaneously, the
His41 residue abstracts a proton from the water molecule
(Ne---HW1: 1.79 A at reactant versus 1.05 10\) (Fig. 3 Step
3). At this point, the His41 residue becomes again positively
charged, showing that it is also important for this second
stage of the mechanism. The reaction is characterized by
a TS with an imaginary frequency at 575.5i cm™ and an
activation Gibbs free energy of 13.5 kcal/mol. This reaction
is also endergonic in 7.7 kcal/mol, which can be justified by
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the formation of two punctual charges in the carbonyl group
of the substrate (O1) and in the His41 residue. Although the
product is less stable, this anionic tetrahedral intermediate
(Fig. 4) is deeply stabilized by three hydrogen bonds pro-
vided by the NH groups of Gly143, Ser144, and Cys145 to

AG?
2.4

AGn
-0.7

the negatively charged O1 atom. These three residues of the
active site form what is commonly known as the oxyanion
hole and have an important role in the catalytic process of
MP™. This important interaction was not included in the
QM part of the previous study of the mechanisms with the
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Fig.4 Charge fluctuation of the key atoms over the catalytic mech-
anism of the MP®. Circles, squares, and lozenges identify atoms
belonging to the catalytic dyad, the substrate, and the water molecule,
respectively. Markers are colored by element: nitrogen (blue), sulfur
(yellow), hydrogen (white), carbon (orange), and oxygen (red). A
detailed analysis of the atomic charges is depicted in Figure S1

substrate, possibly leading to higher activation and reaction
energies when compared with the results obtained in this
work (13.5 kcal/mol vs 15.6 kcal/mol [29] and 7.7 kcal/
mol vs ~12 kcal/mol[29]). When we repeated the calcula-
tions with a smaller QM region, excluding the backbone of
Gly143, Ser144, and Cys145 residues, the estimated activa-,
tion and reaction energies increase to 21.0 and 20.2 kcal/
mol, respectively. This evidence confirms the importance
of these residues in the QM region to properly stabilize the
oxyanion formed in this step of the mechanism.

In the fourth and last step of the catalytic process, the pro-
ton HW1 is transferred from His41 to Cys145 (HW1---SX:
2.61 A at reactant versus 1.38 A at product), restoring the
initial protonation state of His41 and Cys145. At the same
time, the bond between the Cys145 residue and the C1 car-
bon is cleaved, which releases the second reaction product
to the active site (SX---C1: 1.59 A at reactant versus 3.23
A at product) (Fig. 3 Step 4). The TS was also verified and
presents an imaginary frequency at 617.0i cm™!. This last
step occurs when the activation Gibbs free energy barrier of
6.7 kcal/mol is overcome. This last step is endergonic in 4.1
kcal/mol. At the end of step 4, the initial protonation state
of all the active site residues is restored, and the enzyme is
ready to catalyze a new proteolytic reaction.

The Gibbs free energy profile of the proteolytic mecha-
nism catalyzed by MP™ is shown in Fig. 5. In this profile,
two well-defined stages can be identified. In the first part of
the mechanism, the peptide substrate becomes covalently
attached to the enzyme, resulting in the thioester-enzyme
adduct and the release of the N-terminal part of the sub-
strate. In the second stage occurs the hydrolysis of the thi-
oester-enzyme adduct through two sequential steps and from
which it results in the release of the product of the reaction,
i.e., the C-terminal part of the peptide. This reaction is the
rate-limiting step of the full catalytic process and requires
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Fig.5 Complete energy profile for the catalytic mechanism of SARS-
CoV-2 MP. The values placed between parentheses correspond to
the activation/reaction Gibbs free energies of each step

total activation Gibbs free energy of 14.4 kcal/mol (Fig. 5).
The available kinetic data for Gln-Ser SARS-CoV protease
show turnover numbers between 0.847 and 12.2 s™ [66, 67],
corresponding to approximately 16.0 to 17.6 kcal/mol, con-
sidering the transition state theory. The maximum activa-
tion barrier calculated in this work agrees with the recent
evidence that the catalytic efficiency of SARS-CoV-2 MP™
is slightly higher than the SARS-CoV ortholog [17], which
suggests a faster reaction and, consequently, lower activation
energy for the rate-limiting step.

Conclusion

In the past year, several studies have been published assess-
ing different features of the SARS-CoV-2 virus and associ-
ated human disease. The MP™ was one of the most studied
drug targets due to the success in the treatment of other
viral infections using inhibitors of similar proteases. Valu-
able computational studies reported important insights about
the catalytic mechanism of the MP™ [28, 29, 68, 69]. In this
work, we provide new relevant features of the catalytic
mechanism of this protease. The calculations reported in
this publication corroborate the hypothesis of an ion pair
formation prior to the nucleophilic attack of Cys145 to the
substrate as proposed in another study [29] and contrary
to what has been suggested by Swiderek ez al.[28]. The
non-natural and bulky molecular group at the P1’ position
of the substrate seems to be responsible for the concomi-
tant nucleophilic attack described in that work, as well as
the higher activation and reaction energies. Moreover, our
results elucidate the key role played by Gly143, Ser144, and
Cys145 residues in the stabilization of the oxyanion hole
in lowering the activation barrier of the rate-limiting step.
Their inclusion in the QM region of any QM/MM model
seems essential for properly modeling their important role.
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The insights provided by the calculations reported in
this work, together with the important conclusions already
described in previous publications, can be useful to ration-
ally develop TS analogue inhibitors targeting MP™. Usu-
ally, inhibitors should have the following characteristics:
(i) be recognized by the active site and allow the correct
alignment of the Gln or a similar molecular scaffold in
relation to the catalytic dyad and (ii) react with the active
site residues and irreversibly inhibit the enzyme. To ful-
fill the first point, the inhibitor should follow a pattern
of intermolecular interactions similar to what is observed
with the original substrate peptides. Since the drug can-
didate will compete with the natural substrates of MP™
to bind into the active site, it is important to achieve a
comparable or higher degree of affinity. In order to irre-
versibly inhibit the enzyme, the compound must react with
the catalytic dyad and generate a similar thioester-enzyme
adduct, as observed with the natural substrate. This reac-
tion intermediate should be stable and prevent the hydroly-
sis or the reverse reaction. A good starting point is the
three-dimensional structure of the TS from step 2 (avail-
able in supporting information), which can be modified to
fulfill the requirements described above. We believe that
this knowledge can be a step forward in the development
of more specific and potent MP™ inhibitors.

Associated content

e Atomic charge distribution of the different reactional
species over the mechanism (PDF)

e Molecular structures for reactant, transition state, and
product of all the steps of the mechanism (PDB files in
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