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Supercomputer simulation of the covalent inhibition
of the main protease of SARS-CoV-2*
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Molecular modeling tools were applied to design a potential covalent inhibitor of the main
protease (MP™) of the SARS-CoV-2 virus and to investigate its interaction with the enzyme.
The compound includes a benzoisothiazolone (BZT) moiety of antimalarial drugs and a 5-fluoro-
6-nitropyrimidine-2,4(1H,3 H)-dione (FNP) moiety mimicking motifs of inhibitors of other
cysteine proteases. The BZT moiety provides a fair binding of the ligand on the protein surface,
whereas the warhead FNP is responsible for efficient nucleophilic aromatic substitution reaction
with the catalytic cysteine residue in the MP™ active site, leading to a stable covalent adduct.
According to supercomputer calculations of the reaction energy profile using the quantum
mechanics/molecular mechanics method, the energy of the covalent adduct is 21 kcal mol~!
below the energy of the reactants, while the highest barrier along the reaction pathway is
9 kcal mol~!. These estimates indicate that the reaction can proceed efficiently and can block
the MP™ enzyme. The computed structures along the reaction path illustrate the nucleophilic
aromatic substitution (SyAr) mechanism in enzymes. The results of this study are important
for the choice of potential drugs blocking the development of coronavirus infection.

Key words: cysteine proteases, main protease of SARS-CoV-2, covalent inhibition, SyAr
reaction, molecular modeling, quantum mechanics/molecular mechanics method.

The problems associated with the spread of COVID-19 to study the structures of SARS-CoV-2 components and
gave a new impetus for studying enzymes and enzymatic the mechanisms of interaction of these components with
reactions. Recently, unprecedented efforts have been made potential drugs. The main protease of SARS-CoV-2 MPr
(or 3CLP™), belonging to the class of cysteine proteases,
* Dedicated to Academician of the Russian Academy of Sciences is considered as a possible target for the therapy of
O. M. Nefedov on the occasion of his 90th birthday. COVID-19.1 The goal of the studies is to select inhibitors
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of this enzyme in order to prevent its functioning necessary
for virus replication. The scientific literature of the last
months presents the results of experimental and compu-
tational studies that propose both noncovalent and cova-
lent MP™ inhibitors. In the former case, the inhibitor
molecule is attached to the protein surface without the
formation of protein—ligand chemical bonds and blocks
the enzyme activity by either preventing the entry of
natural substrates into the active site or through allosteric
effects. In the case of covalent inhibitors of MP™, the
molecule of a prospective drug binds to the catalytic cys-
teine amino acid residue (see, e.g., Refs 2—4), which makes
impossible the enzyme functioning.

It is noteworthy that studying the irreversible inhibitors
of cysteine proteases is an extensive area of enzymatic
catalysis.> A new trend in this area is the idea to use re-
agents that contain aromatic groups capable of adding to
the cysteine residue via nucleophilic aromatic substitution
(SNAr) reaction. A number of such compounds were
synthesized and tested for inhibition of papain-like cys-
teine proteases.® In this study, we use the 5-fluoro-6-nitro-
pyrimidine-2,4(1H,3 H)-dione (FNP), which mimics the
motifs of compounds proposed previously,9 for the com-
puter design of a covalent inhibitor of MP™ of the new
SARS-CoV-2 virus. The second building block of the
potential inhibitor contains a benzoisothiazolone (BZT)
moiety, present in modern antimalarial drugs.” In the early
period of fighting COVID-19, antimalarial drugs were
considered as possible therapeutic means. Furthermore,
benzoisothiazolones are well attached to the surface of
protein macromolecules. In this study, covalently bound
BZT and FNP moieties were combined into a single mol-
ecule by molecular modeling methods, and the compound
thus obtained was considered as a ligand able to bind to
the MP™ enzyme and then to react with molecular groups
of the enzyme active site.

Currently, computer simulation is an important method
for the search for most efficient drugs.8: It is widely used
to study the structure of biomolecular systems and reac-
tions involving them. Studies on the modeling of cysteine
proteases, including the main proteases of SARS
and SARS-CoV-2, were reported in the literature.10—16
According to the established practice, we investigated the
interaction of the BZT—FNP compound with MP™ using
quantum chemical methods, molecular mechanics, dock-
ing, molecular dynamics, and quantum mechanics/mo-
lecular mechanics (QM/MM) approaches. After the
construction of all-atom 3D model systems, we calculated
the reactant structures and energy profile of the formation
of covalent adduct with the cysteine amino acid residue
of the MP™ catalytic dyad. The calculation results show
that the proposed compound can efficiently block MPT©,
The calculated structures along the reaction path illustrate
the nucleophilic aromatic substitution S\yAr mechanism,
which is of interest not only for protein reactions.!7>18

Calculation Procedure

The structural model of the compound designated in this
study as BZT—FNP was initially constructed by molecular me-
chanic approach using the Discovery Studio Visualizer software
(Accelrys Software Inc.) with subsequent quantum chemical
optimization of geometric parameters by the DFT(PBE0)/6-
31G* method. The all-atom 3D model of the enzyme in the apo
form was designed on the grounds of the crystal structure of 6YB7
with 1.25 A a resolution available from the protein data bank
PDB.!Y The hydrogen atoms were added in such a way that the
protonated amino acids with ionogenic groups corresponded to
neutral pH. The Lys and Arg residues were protonated, while
Glu and Asp occurred in the deprotonated state. The His residues
were neutral, the hydrogen atom was attached to Ng or N, de-
pending on the local environment, thus providing the maximum
number of hydrogen bonds. The resulting model of MP™ in the
apo form was fully surrounded by water molecules (the VM D
program was used).2? The molecular dynamic calculations carried
out by the NAMD program?! with the CHARMM 36 force field
used fixed protein coordinates for relaxation of the solvation
shell. The Autodock4 program?? was applied for primary estim-
ation of BZT—FNP position on the MP™ surface using molecu-
lar docking.

The major part of calculations was done using the QM/MM
approach and the NWChem software program.23 The quantum
subsystem included all atoms of the BZT—FNP compound,
atoms of the Gly143—Ser144—Cys145 moiety and His41 side
chain of the protein, and water molecules of the active site. The
energies and forces in the QM part were calculated by the elec-
tron density functional theory using the PBEO functional;24 the
MM subsystem was described by the AMBER99 force field. The
minima in the potential energy surface were determined by the
QM/MM unconstrained optimization of the whole system. The
reaction coordinate at the nucleophilic attack step corresponded
to the distance between the Cys145 sulfur atom and the C(5)
carbon atom of the 5-fluoro-6-nitropyrimidine-2,4(1 H,3 H)-dione
moiety and that at the product formation step corresponded to
the C(5)—F distance. The structures of the TS1 and TS2 transi-
tion states were determined by series of QM/MM constrained
minimizations at variable reaction coordinates. The transition
state positions were verified by descending from the saddle point
in the forward and back directions.

The atomic interactions in the enzyme active site were char-
acterized using results of analysis of the Laplacian of electron
density V2p(r) (see Ref. 25) in the plane through the nucleo-
philic S atom and the C(5)—F group, representing the electro-
philic site.

Results and Discussion

The molecular model of the compound consisting of
two covalently bound BZT and FNP moieties, the geom-
etry of which was determined by quantum chemistry
methods, is shown in Fig. 1.

The use of the BZT moiety was justified by the follow-
ing preliminary molecular docking calculations. One of
the antimalarial compounds that functions as a covalent
inhibitor of the malaria parasite enzyme (PfIspD)’ contains
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Fig. 1. Molecular model of the BZT—FNP compound.

a BZT group. Docking of this inhibitor into the MP™
catalytic site showed that, unlike binding to PfIspD, no
covalent interaction with the catalytic cysteine to form
a disulfide bond takes place in this case. Instead, the BZT
group binds to the MP™ pocket adjoining the active site.
In this study, the attention was focused to the FNP
part of the molecule, which can actively interact with the
Cysl145 catalytic residue of the MP™ cysteine protease.
After all-atom three-dimensional model was constructed
for MP™ in the apo form by the molecular docking tech-
nique, the position of the ligand (i.e., BZT—FNP mole-
cule) on the protein surface near the enzyme active site
was tentatively determined. An important factor is that
the position of the BZT moiety almost did not change in
comparison with the results of docking of the PfIspD in-
hibitor, while the FNP moiety was located in the close
vicinity of the catalytic residues. Then the QM/MM cal-
culations were used to determine more accurately the

atomic coordinates of the whole protein—ligand system
in solvation shells. This system configuration will be re-
ferred to as reactants.

The left-hand part of Fig. 2 shows the general view of
the protein, clearly demonstrating the Cys145—His41
catalytic dyad and the ligand molecule; the right-hand
part shows the positions of the reactants in the active
site of the enzyme. Configuration of the Cys145—His41
catalytic dyad is convenient for bringing the system to
the reactive state via proton transfer from the cysteine
residue to histidine: the distance between the cysteine
sulfur atom and the N, nitrogen atom in histidine is
3.26 A. The S(Cys145)—C(5)(FNP) distance is used in
this study as the reaction coordinate for nucleophilic
attack; at the starting point, this distance is 3.79 A.
An important role in the reaction is performed by the
oxyanion hole, including the N—H groups of the Gly143—
Cysl145 peptide chain.

- His41

Gly143

oz

Fig. 2. On the left: general view of the enzyme with the Cys145—His41 catalytic dyad and the BZT—FNP ligand on the protein
surface. On the right: structure of the active site before the reaction starts. Here and in Figs 3 and 5, the distances between heavy

atoms are given in Angstroms.
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Fig. 3. Reactive state of the system (Cys"—His") (@) and reaction products ().

An actively debated issue is the state of the catalytic
dyad and the relationship of configurations with a pair of
neutral Cys—His amino acid residues and a Cys——His™
ion pair in the cysteine protease catalysis: whether the ion
pair is formed in the apo form of the enzyme or only after
binding of the substrate.2 It is also known form published
computational data that the barrier for proton transfer
between Cys and His does not exceed!3 2 kcal mol~!.

In our case, QM/MM calculations show that both
systems (Cys—His and Cys"—His™) correspond to the
minima in the potential energy surface, with the energy
of the ion pair system being 4 kcal mol~! higher. The
Cys——His" configuration is, in some cases, referred to as
the pre-reaction complex.% We will use the term "reactive
state" of the system.

Figure 3 illustrates the arrangement of molecular
groups in the enzyme active site in the reactive state of the
reactants and in the products formed upon the covalent
addition of the BZT—FNP molecule.

As can be seen from Fig. 3, a, the S—C(5) distance for
the nucleophilic attack of cysteine has decreased to 3.64 A
in comparison with the configuration of the neutral dyad
system (see Fig. 2). A further consecutive decrease in this
distance accompanied by optimization of all geometric
parameters of the system makes it possible to calculate the
minimum energy profile along the reaction path (shown
in Fig. 4) and to identify the stationary points in the po-
tential energy surface, which correspond to minima and
transition states (TS1 and TS2).

The structure of the enzyme active site at the final point
of the reaction (see Fig. 3, b) indicates that BZT—FNP
is covalently bound to the side chain of Cysl145: the
S—C(5) distance (1.76 A) implies a covalent bond. The
F~ anion (leaving group) is fully separated from the start-
ing compound and well incorporated into the oxyanion
hole, with the distances to the nitrogen atoms of the pep-

tide chain and the oxygen atom of the water molecule
(Wat) being 2.5—2.6 A. The energy of the products is
21 kcal mol~! lower than the reactant energy. The energy
barriers of the elementary steps do not exceed 9 kcal mol~!.
Thus, the computation results indicate that the enzyme
can be irreversibly inhibited by BZT—FNP.

The results of this study also illustrate the mechanism
of aromatic nucleophilic substitution SyAr taking place
in a protein environment. The mechanistic details of this
reaction in solution, important for organic chemistry, are
actively discussed in the literature.15:16 In particular, re-
searchers are interested in the nature of the Meisenheimer
complex: whether it is an intermediate or a transition state.
Fragments of intermediate structures (at the center) and
the transition states separating this intermediate from the
reactant (T'S1) and product (TS2) sides are shown in Fig. 5.
According to our results, the Meisenheimer complex cor-
responds to a fairly stable minimum in the energy surface,
separated by a high barrier (more than 22 kcal mol~!) from

E/kcal mol~!
10} 9
0F
Reactants
—10 F
Meisenheimer
complex
20 F
Products
Reaction path

Fig. 4. QM /MM -calculated energy profile of the formation of
covalent adduct in the reaction between BZT—FNP and MP™,
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Fig. 5. Molecular structures corresponding to the intermediate of the nucleophilic aromatic substitution in the reaction of BZT—FNP
with MP™ (in the middle) and to the TS1 and TS2 transition states separating the intermediate.

the reactants and by a lower (5 kcal mol~!) from the nucleophilic substitution reaction in the aromatic system.
products. Figure 6 shows the Laplacian of electron density maps in

It is pertinent to analyze the topological properties of the plane through the C(5)—F—S atoms, calculated for
electron density in the region directly involved in the SyAr the geometric configurations of reactants, TS1, and the

c

1 2 3 4  R/A
Fig. 6. Maps of the Laplacian of electron density V2p(r) in the plane though the C(5)—F—S atoms for geometric configurations of
reactants (a), TS1 (b), and the intermediate Meisenheimer complex (c). The contour lines correspond to +(2; 4; 8) » 10” au values.
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intermediate. The bordered contour lines enclose the
electron density concentration areas. It can be seen that
the C(5)—F chemical bond with the leaving group (here
the fluoride anion) is retained up to the TS1 transition
state without any signs of binding of the nucleophile to
the ligand. In the Meisenheimer complex, reorganization
has taken place: the C(5)—F bond has cleaved and the
C(5)—S bond has formed.

The computer simulation results described in this study
and reported in the literature?7+28 could be useful for the
development of drugs against the SARS-CoV-2 virus.

Thus, the supercomputer molecular modeling of the
reaction of the BZT—FNP compound proposed in this
study with the SARS-CoV-2 main protease MP™ provides
the conclusion that this reaction with the limiting energy
barrier of not more than 9 kcal mol~! is possible and that
the resulting covalent adduct can irreversibly block func-
tioning of the enzyme and, hence, the virus. The reaction
follows the nucleophilic aromatic substitution mechanism
SNAr giving a Meisenheimer complex as a stable interme-
diate. Structure and electron density analysis for the region
of the intermediate complex indicates that the bond to the
leaving group in this complex has cleaved and the covalent
bond between the reactants has formed. These results,
which give the idea of the molecular mechanism of inhibi-
tion of the SARS-CoV-2 main protease, can serve as the
basis for the design of new cysteine protease inhibitors,
particularly MP™ inhibitors, an important component
suppressing the virus.
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