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A computer-aided drug design of new derivatives of nirmatrelvir, an orally active inhibitor of the main-protease (M)
of the severe acute respiratory syndrome Coronavirus 2 (SARS-CoV-2), was performed to identify its analogs with a
higher antiviral potency. The following workflow was used: first, an evolutionary library composed of 1,866 analogs
was generated starting from a parent nirmatrelvir scaffold and going through small mutation, fitness scoring, ranking,
and selection. Second, the generated library was preprocessed and filtered against a 3-D pharmacophore model of
nirmatrelvir built from its X-ray structure in a co-crystalized complex with the MP™ enzyme, allowing us to reduce
the chemical space to 32 active analogs. Third, structure-based molecular docking against two different enzyme
structures further ranked these active candidates, so that up to eight better-binding analogs were identified. The
selected hit-analogs target the MP™ enzymes of SARS-CoV-2 with a higher binding affinity than a parent nirmatrelvir.
The main structural modifications that increase the overall inhibitory affinity are identified at the azabicyclo[3.1.0]
hexane and 2-oxopyrrolidine fragments. A characteristic structural feature of the inhibitor binding with the Mr™
active center is the similar location of the trifluoroacetylamino fragment, which is observed for most hit-analogs.
The suggested workflow of the computer-aided rational design of new antiviral noncovalent inhibitors based on the
scaffold of approved drugs is a promising, extremely low-cost, and time-efficient approach for the development of
new potential pharmaceutical ingredients for the treatment of Coronavirus Disease 2019.

INTRODUCTION

remdesivir, molnupiravir, and nirmatrelvir have been authorized

Coronavirus disease 2019 (COVID-19) is a
multisystem infection caused by the Severe Acute Respiratory
Syndrome Coronavirus 2 (SARS-CoV-2) [1]. The COVID-19
pandemic has resulted in an unprecedented response from the
scientific community, offering some urgent treatment based on
traditional pharmacological chemistry, drug repurposing, and
computational screening approaches [2,3]. Drug repurposing
of small-molecule antivirals for COVID-19 treatment has been
undertaken to identify potential new therapeutics to treat SARS-
CoV-2 [4]. Despite the considerable amount of computational and
experimental data available for the treatment of COVID-19, only
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by the U.S. Food and Drug Administration (FDA) as drugs for
the treatment of COVID-19 [5-7]. Paxlovid is one of the first
approved antiviral drugs for treating COVID-19, developed by
Pfizer in 2021 [8—11]. Nirmatrelvir (PF-07321332) is the main
ingredient of Paxlovid and inhibits the main protease (M) of
virus SARS-CoV-2 (Fig. 1). It is an orally bioavailable drug
against SARS-CoV-2 [5,12-15], which also shows antiviral
potency against other human coronaviruses [8,16,17].
Nirmatrelvir has a peptide-like structure (Fig. 1),
and its co-crystalized complex with the MP® protease opened
up the opportunities for developing a broad family of tri- or
tetrapeptide mimetics containing an electrophile capable of
interacting with the catalytic cysteine [5,7]. Therefore, the
structure of nirmatrelvir is a promising scaffold for the rational
design of new, more effective antiviral drugs. Considering its
complex multistep synthesis, we utilize an alternative approach
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based on a computer-aided drug design and prediction of the
relationship between the structure of nirmatrelvir derivatives
and their binding affinity (BA) for the active site of the MP™
enzyme of SARS-CoV-2.

METHODOLOGY OF RESEARCH

Computer-aided drug discovery has become a
powerful tool for streamlining structure-based virtual screening
of large chemical databases and offering new opportunities for
the cost-effective development of new drug-like ligands [18].
However, this approach is known to be crucially dependent on
used chemical spaces. There are several approaches to creating
a virtual chemical library of new molecules that are structurally
similar to a target structure, such as generating combinatorial
libraries from approved drugs and natural products. Another
approach is building an evolutionary library starting from
a parent scaffold and going through small mutation, fitness
scoring, ranking, and selection toward drug-like molecules [19].

Building of virtual evolutionary library

First, we generated a virtual library of nirmatrelvir
analogs utilizing an evolutionary algorithm that mimics nature’s
evolution of drug-like compounds using DataWarrior software
[20]. The procedure was as follows: the algorithm starts with a
parent nirmatrelvir (1) (Fig. 1) called the first generation. Next,
a series of similar derivatives were built by applying a minor
random structural modification of a parent structure. Each new
structural modification is then evaluated regarding how much
it fits within up to seven customizable fitness criteria, such as
molecular weight (M), cLogP, polar surface area (PSA) [21],
molecular shape and flexibility, and so on (Table 1).

The molecular weight of a drug-like molecule is a
crucial parameter that helps to correlate its biological activity
with its chemical and physical properties. According to
Lipinski’s rule of five [22], for drugs to be orally bioavailable,
M_ should be less than 500 g/mol. Nirmatrelvir has M, =499 g/
mol, so the corresponding fitness criterion was set to be within
490-515 g/mol (see Table 1).

The calculated logarithm of the partition coefficient
of a compound between n-octanol and water log(C /C ),
referred to as cLogP, is one of the critical fitness criteria. It is
a well-established measure of the drug’s hydrophilicity. Low
hydrophilicity and, hence, high cLogP leads to poor absorption
or permeation. For nirmatrelvir, cLogP equals 0.98, so the
corresponding fitness criterion was targeted to be within 0.8—
1.2 (Table 1).

The PSA defines the surface sum over all polar atoms,
such as oxygen, nitrogen, sulfur, and phosphorus, including
attached hydrogens. PSA is a commonly used medicinal
chemistry criterion for estimating cell permeability. Drug-like
molecules with PSA >140 A2 are typically poorly permeable
into cell membranes. In addition, to penetrate the blood-brain
barrier, PSA should be less than 60 A2 Nirmatrelvir has a PSA
of 131 A2, so this fitness criterion was fixed to be 110—150 A2.

In addition to the above criteria, to assess the shape
and 3-D conformational similarity of multiple conformers of the
candidate molecules, two following algorithms were applied:
(7) Pharmacophore Enhanced Shape Alignment “PheSA” and

(i) OrgFunctions Descriptor. These tools allow us to check
whether any two molecules may have a compatible protein
binding behavior in terms of shape, size, and flexibility (see
Table 1).

Structural mutations that best fit these criteria are
assigned a higher probability during the generation of new
chemical space. The new analogs within the current generation
are ranked according to these criteria so that the highest-ranking
molecules from this generation are selected to survive and form
the parent molecules for the next generation. Following this
evolutionary algorithm, up to hundred generations were created
with a total number of 1,866 virtual analogs.

Figure 2 shows the 2-D distribution of M versus
cLogP in the generated library, which reveals a symmetric
distribution around a central red point corresponding to a parent
nirmatrelvir.

3-D pharmacophore screening

The generated evolutionary library is too large for
conventional molecular docking against the MP® enzyme.
Therefore, it was subject to further preprocessing and filtering
to match a five-point 3-D pharmacophore model of nirmatrelvir
generated using its first available crystal structure in a complex
with MPe (PDB: 7VHS) [23] using LigandScout software
developed by Wolber and Langer [24]. A 3-D pharmacophore
model is a chemical fingerprint, which takes into account certain
chemical features of a ligand, such as hydrogen bond donors,
acceptors, lipophilic areas, and positively and negatively
ionizable chemical groups, that describe its interaction with
the surrounding binding site of a protein. Figure 3 shows
the five-point pharmacophore model for nirmatrelvir, which
identifies two key pharmacophoric points, such as peripheral
trifluoroacetyl group and 6,6-dimethyl-3-azobicyclo[3.1.0]
hexane moiety. Such a five-point 3-D pharmacophore has
been used to characterize key interactions within the complex
nirmatrelvir-MP® [25]. Finally, applying the pharmacophore-
guided screening procedure allowed us to reduce the chemical
space of the evolutionary library from 1,866 to 32 active
candidates.

Structure-based molecular docking

To evaluate the BA of the 32 selected active hit
molecules, we applied structure-based molecular docking

Figure 1. Molecular structure of nirmatrelvir (PF-07321332).
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Table 1. Customizable fitness criteria and corresponding parameters
are used to build the virtual evolutionary library of nirmatrelvir's
analogs.

Customizable criteria

Number of generations 100
Number of compounds per 1,024
generation

Number of compounds that 128

survive generation

Fitness settings

Parameter Setting Weight
Molecular weight 490-515 g/mol 1.0
cLogP 0.8-1.2 1.0
Polar surface area 110-150 A> 1.0
Structural similarity Flexpore 1.0
Conformational similarity PheSA 1.0
Molecular flexibility 0.4-0.6 1.0
Molecular shape 0.3-0.5 1.0
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Figure 2. 2-D plot of distributions of M versus cLogP parameters for the
generated evolutionary library.

calculations using LigandScout software [24]. The LigandScout
software uses a built-in version of AutoDock Vina 1.1 [26].
Therefore, to validate the ligand-protease docking algorithm,
nirmatrelvir was re-docked, and its geometry was compared
with the corresponding X-ray structure of the enzyme-bound
ligand with Mr* (PDB: 7VHS), as shown in Figure 4. The
molecular docking results for the best-binding conformation
of nirmatrelvir and its experimental crystallographic structure
are in good agreement, which allows us to use this method for
the quantitative analysis of the MP© affinity of new nirmatrelvir
derivatives.

Finally, the BA of the 32 selected high-ranked
nirmatrelvir analogs was evaluated by conventional molecular
docking calculations against the two different X-ray structures

W MET165A
His4l B
- O\TX
\ F >GLU166A
X -4

Cys145 SRS

I )
; :N oo NH
1 HN | o
7 ,C%

HIS164A

MET49A §ER1MA

GLY1434

A B

Figure 3. (A) 3-D five-point pharmacophore model of nirmatrelvir derived
from its crystal structure in a complex with Mr® (PDB: 7VHS). Highlighted
residues His41 and Cys145 belong to the catalytic dyad of the active site of
Mpe. (B) Scheme of intermolecular interactions of nirmatrelvir with key
surrounding residues of M,

molecular docking

X-ray structure

Figure 4. Comparison of the results of molecular docking of nirmatrelvir with
its X-ray structure in the complex with MP*°. The geometry of nirmatrelvir
incorporation into the MP™® main protease molecule of the SARS-CoV-2 virus
(PDB: 7VHS). The catalytic amino acid residues His41 and Cys145 of the
active center of the protease are shown in blue or red. The binding mode of the
ligand estimated by the molecular docking is shown in green, whereas the X-ray
structure is given in purple.

of the MP™ enzyme. The first MP® structure corresponds to the
protein taken from its co-crystalized complex with nirmatrelvir
(PDB 7VHS8). The second Mpro structure corresponds to
the ligand-free protein measured at 310 K (PDB 7MHK)
[27]. Finally, our in silico screening procedure allowed us to
identify up to eight hits with a BA higher than that of a parent
nirmatrelvir.

COMPUTATIONAL METHODS

OSIRIS DataWarrior software, version 5.5.0., was
used to generate an evolutionary library and to calculate the
physicochemical properties of ligands [20].

MarvinSketch was used for drawing, displaying, and
characterizing chemical structures (MarvinSketch 23.1., 2023,
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Figure 5. A workflow of virtual screening of nirmatrelvir analogs.
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Figure 6. Molecular structure of nirmatrelvir (1) and its designed analogs,
revealing the higher BA. Mutated fragments are colored in wine.

ChemAxon, https://chemaxon.com/, accessed on 1 February
2023).

Molecular docking was performed for selected
inhibitors against the MP™ protease of SARS-CoV-2. The spatial
structure of the MP™ protease was taken from the Protein Data
Bank (PDB ID: 7VHS8) [23]. The ligand and water molecules
were removed. Semi-flexible molecular docking calculations
were performed using the AutoDock Vina 1.1 [26] built into
the LigandScout software (version 4.4.9) [24], in which
the receptor was kept rigid, and the ligand molecules were
conformationally flexible. For each ligand, three independent
runs were performed. The best docking mode corresponds to
the highest ligand BA. Molecular graphics and visualization
were performed using LigandScout 4.4.9 and VMD 1.9.3 [28].

RESULT AND DISCUSSION

Identifying novel (i.e., never-before-seen) drug-
like compounds, relying upon in silico screening of “in
stock” and “on demand” virtual libraries of compounds, is
a critical and rate-limiting step in drug discovery [29-32].
Therefore, alternative strategies have also been suggested

based on generating new chemical spaces, originating from
already approved drugs and following its consequent hit-to-
lead optimization [33,30,34,19,35-37]. Herein, we report
structure-based optimization of new noncovalent inhibitors
against the coronavirus SARS-CoV-2 MPe, starting from the
FDA-approved drug nirmatrelvir. The X-ray structure of Mrr-
bound nirmatrelvir was used as a targeting scaffold to guide
the optimization procedure. A series of structural mutations of
nirmatrelvir were suggested, accompanied by adjustments of
corresponding physicochemical properties, such as M, cLogP,
and PSA, respectively. Our virtual screening workflow and hit-
selecting protocols of the best-binding analogs of nirmatrelvir
are summarized in Figure 5.

The generated evolutionary library composed of
1,866 nirmatrelvir-like compounds was optimized by seven
physicochemical fitness criteria (Table 1). However, filtering
this library through the five-point 3-D pharmacophore model
of nirmatrelvir (Fig. 3) discarded the vast majority of generated
structures, while only an exceedingly small subset of 32 top-
scoring compounds survived for further analysis.

To evaluate the BA of these 32 active hit candidates
against MP°, we applied conventional molecular docking
calculations using LigandScout software. Our docking results
demonstrate that up to eight designed analogs revealed a BA
higher than a parent nirmatrelvir did, as summarized in Figure
6 and Table 2.

Energetic characteristics of the protease-ligand
interaction and some physicochemical properties of hit-analogs
are summarized in Table 2. The following parameters were
selected as BA criteria: (/) BA estimated by the AutoDock Vina
docking algorithm. This parameter is very common and allows
a direct comparison with the previously published BAs of a
large number of ligands revealing the inhibitory activity against
SARS-CoV-2 coronavirus proteases [38-42]. (2) Binding
enthalpy (BE) for the protein—ligand complex calculated using
the MMF94 empirical force field. This parameter is calculated
as the difference between the potential energy of the complex
and the energy of the starting substances. (3) Binding affinity
score (BAS) calculated by the LigandScout software package.
BAS takes into account both the protein-ligand BE and the
environmental effect. This parameter is considered the most
representative and was therefore chosen for the selection of hit
ligands [43].

The calculated value of the binding enthalpy for
nirmatrelvir equals —10.4 kcal/mol, which agrees well with
the experimentally determined value of isothermal titration
calorimetry —10.75 kcal/mol [44]. The experimental free
energy of nirmatrelvir binding to MP™ is —11.2 kcal/mol, which
is somewhat underestimated to be —7.2 kcal/mol by AutoDock
Vina.

Figure 7showsthetypical bindingmodes of nirmatrelvir
and its hit-analogs at the active site of the M enzyme. In
conventional docking, all the inhibitors utilized a noncovalent
mode of action. Notably, analogs 2-6 bind to the MP™ pocket by
its N-terminal trifluoroacetamide moiety. The results of Table 2
and Figure 7 indicate that minor structural modifications of the
parent nirmatrelvir 1, such as the replacement of 3-ethyl-2-
oxopyrrolidine by 3-propyl-2-oxopyrrolidine in 2, lead to an
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Table 2. Molecular docking results of nirmatrelvir and its analogs against two different X-ray structures (PDB ID: 7VHS and
7MHK) and their physicochemical parameters.

AutoDock Vina BA MMF94 BE LigandScout BA score PSA
Ligands (kcal/mol) (kcal/mol) Mw (g/mol) cLogP AY
7VHS8 TMHK 7VHS8 TMHK 7VHS8 TMHK
1 =72 -6.9 -10.4 -14.0 -13.6 —16.1 499 0.98 131
2 =71.5 -6.9 -11.3 -23.0 —22.3 —14.6 513 1.43 131
3 =7.8 -6.5 -13.1 —4.4 -20.1 -19.4 502 2.08 108
4 =7.8 —6.6 -15.7 —22.6 -19.1 —14.7 499 1.03 131
5 =72 —6.6 -20.9 —25.1 -17.3 —18.3 473 0.73 123
6 =7.7 -6.3 —24.3 —18.2 -15.7 -16.2 486 1.68 128
7 —8.6 —6.6 —38.9 —22.2 -15.6 —18.1 502 2.08 108
8 =7.4 —6.6 -25.5 -17.9 -14.6 —19.5 501 1.42 131
9 -8.2 —6.6 -15.6 -9.8 -13.7 -19.7 502 1.93 108
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Figure 7. Best-binding modes of nirmatrelvir (1) and its analogs at the active
site of the MP® enzyme estimated by molecular docking calculations.

increase of BE and BAS from —13.6 to —22.3, respectively. It
suggests the possibility of further modification on these sites to
increase the binding strength with M,

A characteristic structural feature of the inhibitor
binding with the active center of MP™ is the similar location
of the trifluoroacetylamino fragment, which is observed in
derivatives 1-6 presented in Figure 7. Thus, the overall BA of
these inhibitors is increased due to structural modifications
of the opposite part of the molecule. The main structural
modifications that occurred in inhibitors 2-9 are located
in two fragments of the nirmatrelvir molecule, namely, in
the azabicyclo[3.1.0]Thexane and oxopyrrolidine fragments
(Fig. 7).

Figure 8A and C show that derivatives 7 and 9
increase in BAS from —13.6 to —15.6 and —13.7 (Table 2),

Figure 8. Binding modes of some nirmatrelvir’s analogs at the active site of the
MpPe enzyme estimated by molecular docking calculations.

respectively. A characteristic structural feature of both
derivatives is the replacement of the 2-oxopyrrolidine ring
with a 2-oxopiperidine ring. However, such a modification
obviously does not contribute to increasing the antiviral effect
of nirmatrelvir derivatives.

Finally, it has been reported thata conventional docking
procedure utilizing an enzyme structure from a corresponding
co-crystalized protein-ligand complex is somewhat affected
by the structural plasticity of an enzyme and the presence of a
bulky ligand bound at the active center [45-47]. Therefore, the
selected 32 hit analogs were also re-docked against the ligand-
free room-temperature X-ray structure of M (PDB 7MHK),
as summarized in Figure S1 and Table 2. These results suggest
that the ligand binding to the MP™ structure, measured at 310 K,
is characterized by some decrease in the absolute BA. However,
our molecular docking demonstrates that, in terms of BAS, the
most identified hit analogs, except 2 and 4, revealed promising
binding parameters.

CONCLUSION

Herein, we carried out a computer-aided drug design
intending to identify new analogs of nirmatrelvir capable of a
higher antiviral potency against the coronavirus SARS-CoV-2.
First, we generated a new virtual library composed of 1,866
nirmatrelvir analogs, which was further preprocessed and filtered
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against a 3-D pharmacophore model of a parent nirmatrelvir,
reducing the chemical space to 32 active analogs. Second,
conventional structure-based molecular docking against the two
different enzyme structures allowed us to identify up to eight
nirmatrelvir analogs with high-ranked binding characteristics.
The selected hits target the MP™® enzymes of SARS-CoV-2 with
a higher BA than a parent nirmatrelvir. We found that the main
structural modifications that increase the overall inhibitory
effect of novel analogs are localized in the azabicyclo[3.1.0]
hexane and 2-oxopyrrolidine fragments. Finally, the suggested
workflow of the rational design of new antiviral noncovalent
inhibitors based on the scaffold of approved drugs is a
promising, extremely low-cost, and time-efficient approach for
developing new potential pharmaceutical ingredients for the
treatment of COVID-19.
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SUPPLEMENTARY MATERIAL

Figure S1. Best-binding modes of nirmatrelvir (1) and its analogs at the active
site of the root-temperature MP™ enzyme structure estimated by molecular docking
calculations





