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Abstract

Virtual screening can be a helpful approach to propose treatments for CO-
VID-19 by developing inhibitors for blocking the attachment of the virus to
human cells. This study uses molecular docking, recovery time and dynamics
to analyze if potential inhibitors of main protease (M) of SARS-CoV-2 can
interfere in the attachment of nanobodies, specifically Nb20, in the receptor
binding domain (RBD) of SARS-CoV-2. The potential inhibitors are four
compounds previously identified in a fluorescence resonance energy transfer
(FRET)-based enzymatic assay for the SARS-CoV-2 MP™: Boceprevir, Calpain
Inhibitor II, Calpain Inhibitor XII, and GC376. The findings reveal that Bo-
ceprevir has the higher affinity with the RBD/Nb20 complex, followed by
Calpain Inhibitor XII, GC376 and Calpain Inhibitor II. The recovery time in-
dicates that the RBD/Nb20 complex needs a relatively short time to return to
what it was before the presence of the ligands. For the RMSD the Boceprevir
and Calpain Inhibitor II have the shortest interaction times, while Calpain
Inhibitor XII shows slightly more interaction, but with significant pose fluc-
tuations. On the other hand, GC376 remains stably bound for a longer dura-
tion compared to the other compounds, suggesting that they can potentially
interfere with the neutralization process of Nb20.
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1. Introduction

Global efforts have focused on developing vaccines and antiviral drugs to com-
bat the COVID-19 disease caused by the SARS-CoV-2 coronavirus, which reached
the pandemic in March 2020 [1]-[6]. As of June 2023, the virus has infected over
767 million individuals and caused over 6.9 million deaths worldwide [7] [8].
Recent successes have resulted in the production of vaccines being administered
[9] [10] [11] [12]. However, despite the initiation of vaccination programs, no
effective treatment for individuals already infected with the virus has been un-
iversally agreed upon.

Nanobodies, which are small antibodies found in camelids like llamas and
camels, possess unique characteristics that make them highly effective in binding
to specific antigens, including proteins of the SARS-CoV-2 virus [6] [13] [14].
These nanobodies have garnered considerable attention as a promising thera-
peutic approach against COVID-19. They can be engineered to target various
virus proteins, such as the spike protein found in the receptor binding domain
(RBD), the main protease, and other viral proteins. By doing so, they inhibit the
function of these proteins and hinder viral entry into host cells and replication
[15] [16].

Compared to traditional antibodies, nanobodies offer several potential advan-
tages. They have a compact size, which facilitates large-scale production and en-
hances stability. Moreover, they can be precisely designed to bind to specific re-
gions of viral proteins, reducing the risk of mutations that could undermine the
treatment’s effectiveness [17] [18].

At the same time, numerous drugs have been extensively studied and pro-
posed to combat SARS-CoV-2, employing diverse mechanisms, whether acting
on the RBD of SARS-CoV-2 or on the main protease (M) that participates in
the viral replication process [19] [20] [21] [22]. These drugs can potentially in-
terfere with the function of nanobodies or work synergistically to enhance treat-
ment outcomes. Given these features, we selected four compounds: Boceprevir,
Calpain Inhibitor II, Calpain Inhibitor XII, and GC376. These compounds were
previously identified in a fluorescence resonance energy transfer (FRET)-based
enzymatic assay targeting the SARS-CoV-2 the MP* [23] [24]. They have dem-
onstrated potent activity, with IC, values ranging from single-digit to submi-
cromolar concentrations in the enzymatic assay [23].

In this study, we conducted molecular docking and dynamics analyses to in-
vestigate the potential interactions of the four previously mentioned compounds,
which are known to interact with MP°. We aimed to estimate whether these com-
pounds could interfere with the neutralization process of RBD of SARS-CoV-2 by
the human nanobody Nb20 or potentially act synergistically to improve the treat-
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ment against SARS-CoV-2.

2. Materials and Methods

2.1. Protein Preparation

Figure 1 presents the critical proteins involved in the RBD/Nb20 interaction
obtained from Protein Data Bank, ID 7JVB [17]. In Figure 1(a), the Nb20 pro-
tein is blue, while the Sars-CoV-2 RBD is red. We highlighted the inhibition re-
gion between these proteins with a black square in Figure 1(b). The GLN493,
ARG31, TYR104, GLU484, and ARGY7 are the residues that interact via hydro-
gen bonds within the RBD/Nb20 interface. Table 1 shows the residues partici-
pating in the Nb20/SARS-Cov-2 interactions and respective distances for the
hydrogen bonds. Figure 1(c) illustrates the binding site surface using the fol-
lowing color code: grey, red, blue, and white for carbon, oxygen, nitrogen, and
hydrogen atoms, respectively. The protein resolution is 2.45 A, and no pKa pre-
diction was performed. We have considered all the crucial residues in the

RDB/Nb20 interface and only metal ions in the docking study.

2.2. Ligand Preparation

The Boceprevir, Calpain Inhibitor II, Calpain Inhibitor XII, and GC376 3D
structures were extracted from PubChem [25]. The chemical structures of these
compounds are presented in Figure 2, while relevant information such as Pub-

Chem ID, molecular weight, and molecular formula is shown in Table 2.

(a) Nb20

- GLN493

ARGY7

GLU484

TYR104

RBD
SARS-CoV-2

Figure 1. Schematic representation of the (a) main proteins involved in RBD/Nb20 inte-
raction. These proteins were obtained from Protein Data Bank, ID 7JVB. (b) The GLN493,
ARG31, TYR104, GLU484, and ARGY7 are the residues that interact via hydrogen bonds
within the RBD/Nb20 interface. (c) The binding site surface has the following color
scheme: grey, red, blue, and white for carbon, oxygen, nitrogen, and hydrogen atoms, re-
spectively.
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Table 1. Residues participating in the nanobody Nb20/SARS-CoV-2 interactions and re-

spective distances for the hydrogen bonds.

Hydrogen Bonds
Nanobody Nb20 SARS-CoV-2 2*Distance
Aminoacid Residue Aminoacid Residue H-A (A)
GLN 493 SER 494 3.586
GLN 493 ALA 29 2.939
GLN 493 ARG 97 3.133
LEU 492 ARG 97 3.372
PHE 490 ARG 97 3.267
GLU 484 TYR 104 2.267
GLU 484 ARG 31 3.085
GLU 484 ARG 31 2.562
GLU 484 ARG 31 3.167
MET 55 ARG 31 2.838
MET 55 ARG 31 2.676
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Figure 2. Schematic representation of the chemical structure of (a) Boceprevir, (b) Cal-
pain Inhibitor II, (c) Calpain Inhibitor XII, and (d) GC376.
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Table 2. Extra information of Boceprevir, Calpain Inhibitor II, Calpain Inhibitor XII, and
GC376.

Compound PubChem CID Wi\i/;l)llte?;;:ol] Molecular Formula
Boceprevir 10,324,367 519.7 C,,H,;;N.O,
Calpain Inhibitor IT 20,086,354 378.5 C,,H;N,O,
Calpain Inhibitor XII 16,760,340 482.6 C,H,,N,0,
GC376 71,481,119 507.5 C,,H,,N,NaO,S

2.3. Molecular Docking Simulations

We used molecular docking simulations to analyze the non-covalent binding
between the RBD/Nb20 protein complex (see Figure 1) and four small mole-
cules presented in Figure 2. The docking simulations were conducted using the
Webina-autodock 1.0.2 server [26], which employs the Chemistry at HARvard
Macromolecular Mechanics (CHARMM) force field and a blind docking strate-
gy [27].

The Protein-Ligand Interaction Profiler (PLIP) server [28] was used to cha-
racterize the interaction between each compound and the RBD/Nb20 complex,
with a focus on the interface between the two proteins, which is crucial for
blocking coronavirus entry and replication, see Figure 1(b). The simulation box
used for ligand screening was also limited to this interface, with dimensions of
28 A x 0 A x 10 A, and a center point of (32, —36, 2) A, which corresponds to the
region of primary interest, consisting of the main interaction site between the
RBD of SARS-CoV-2 and Nb20 protein. The ligand positions and binding affini-

ties were estimated with an accuracy of +2 A, and +0.01 Kcal/mol, respectively.

2.4. Recovering Time Calculations

The recovery time (7) [29] [30] of a substance after it has adsorbed on a solid
surface can be calculated using the following equation from transition state
theory:

z':vo"leE“"/kET, (1)

were, Vv, is the attempt frequency, which is approximately 10" s™' [31], T'is the
temperature (set to 300 K), k, is Boltzmann’s constant, and £, is the de-
sorption energy. Desorption refers to releasing a substance from the interface
between a solid surface and a solution. According to the equation above, a more
negative value of E,, leads to a longer recovery time. In other words, the acti-
vation energy ( £, ) required to overcome the desorption process is directly
proportional to E_,. Thus, the recovery time can be used to estimate the time

required for a complex to return to what it was before the presence of the ligand.

2.5. Molecular Dynamics Simulations

Additionally, we performed a molecular dynamics (MD) simulation with a time
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on the order of the smallest value obtained for the recovery time, using the
NAMD computational package [32] and CHARMM?36 [33] force field, to esti-
mate if the ligands can quickly escape the chosen binding site and, thus, not in-
terfere with the RBD/Nb20 interactions. If the ligands are not stable in the re-
gion of RBD/Nb20 interaction, they are expected to not compete with Nb20. The
number of molecules, pressure, and temperature were kept constant using Lan-
gevin dynamics in the NPT ensemble at 300 K and 1 atm, respectively. We
computed the system’s temporal evolution to calculate the Root Mean Square
Deviation (RMSD). The MD snapshots, trajectories, and RMSD calculations

were obtained using the visualization and analysis software (VMD) [34].

3. Results and Discussion

We begin our discussion by presenting the molecular docking results. The ligand
poses with the lowest binding energy affinity (AG free energy) were selected
based on their docking scores, corresponding to the most likely and stable bind-
ing modes [35].

The results of the docking simulations are presented in Table 3, and they
indicate that all four ligands have significant binding affinities for the target
proteins. Among them, Boceprevir shows the highest binding affinity for the
RBD/Nb20 proteins, with a value of approximately —7.3 Kcal/mol, while Cal-
pain02 exhibited the lowest binding affinity of about —5.4 Kcal/mol. We ob-
served that the ligands with a higher molecular weight tended to have more sta-
ble docking results, evident when contrasting information in Table 2 and Table
3.

In previous studies, similar binding affinity results for other ligand species
were reported for the interaction of RBD with the human angiotensin-converting
enzyme 2 (ACE-2) protein, with docking scores ranging from —-3.2 to —9.8
kcal/mol [36] [37]. In Table 3, the docking affinities of the ligands are compara-
ble to the ones for
(S,S)-2-1-carboxy-2-[3-(3,5-dichlorobenzyl)-3H-imidazol4-yl] -ethylamino-4-me
thylpentanoic acid (MLN-4760). This potent inhibitor alters the conformation of
ACE-2 and prevents the binding of SARS-CoV-2 and ACE-2 [38]. The docking
score of MLN-4760 was —7.28 kcal/mol, similar to Boceprevir’s docking score in

this study.

Table 3. Lowest binding affinities AG (in Kcal/mol) obtained for the ligands studied here,
when interacting with RBD/Nb20 proteins.

Compound AG [Kcal/mol]
Boceprevir -7.3
Calpain Inhibitor IT -54
Calpain Inhibitor XII -6.2
GC376 -6.0
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In Figure 3, the binding site surfaces (BSS) are presented for the ligand con-
formations with the RBD/Nb20 proteins, showing the best results in molecular
docking simulations. Only the region of interest displayed in Figure 1(b) is de-
picted. The color code used to represent the different atoms is grey, red, blue,
and white, indicating carbon, oxygen, nitrogen, and hydrogen, respectively. The
ball-and-stick representation uses cyan, red, and white to show carbon, oxygen,
and hydrogen atoms. Overall, the ligands fit nicely inside the cavity, which is the
core pocket region of the RBD/Nb20 proteins, shown in Figure 1(a). Boceprevir,
Calpain Inhibitor II, Calpain Inhibitor XII, and GC376 exhibited adsorption re-
gions in the interaction with the RBD/Nb20 complex and tended to interact with
oxygen and nitrogen atoms.

The interactions between amino acid residues of RBD/Nb20 proteins and li-
gands are depicted in Figure 4, generated using PLIP. The ligands are represented
as sticks, with carbon and oxygen atoms in orange and red, respectively. The
color code highlights hydrophobic interactions in red, hydrogen bonds in green,
n-stacking in blue, and salt bridges in purple. Figure 4 illustrates that Boceprevir
(Figure 4(a)), Calpain Inhibitor II (Figure 4(b)), Calpain Inhibitor XII (Figure
4(c)), and GC376 (Figure 4(d)) interact with RBD/Nb20 proteins mainly
through 2, 4, 1, and 3 hydrogen bonds and 6, 3, 5, and 3 hydrophobic interac-
tions with distinct amino acid residues in both RBD and Nb20 proteins. Addi-
tionally, Figure 4(c) shows an 7-stacking interaction between RBD/Nb20 and
Calpain Inhibitor XII, while a salt bridge interaction with GC376 is visible in
Figure 4(d).

Table 4 presents all the interactions between amino acid residues of
RBD/Nb20 proteins and the ligands, along with their respective distances. Thir-
teen amino acid residues of the RBD/Nb20 proteins were identified as interact-
ing with the ligands. Specifically, the RBD amino acid residues involved were
ILE294 (5), ALA224 (1), GLU295 (2), SER162 (1), and HIS225 (1), while the

(¢) Calpain Inhibitor XII (d) GC376

Figure 3. Schematic representation of the binding site surface
(BSS) for the presumed best docking target/ligand configura-
tions of (a) Boceprevir, (b) Calpain Inhibitor II, (c¢) Calpain
Inhibitor XII, and (d) GC376.
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(b) Calpain Inhibitor 11
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(c) Calpain Inhibitor XII (d) GC376

Figure 4. PLIP docked poses for the RBD/Nb20 interaction with (a) Boceprevir, (b) Cal-
pain Inhibitor II, (c) Calpain Inhibitor XII, and (d) GC376. The index A at the end of the
amino acid name represents that it belongs Human Nanobody Nb20 receptor and B the
SARS-CoV-2. The font color in red represents hydrophobic interactions, green hydrogen
bonds, blue 7-stacking, and purple salt bridges.

Nb20 amino acid residues were TYR117 (1), TYR173 (5), TYR163 (2), TYR121
(2), ARG71 (4), PHE165 (2), GLY164 (3), and ASN169 (4). Based on their higher
occurrence, the results suggest that the target amino acid residues for this set of
ligands are ARG71 and ASN169 from Nb20 and ILE294 from RBD.

Notably, Calpain Inhibitor II and Calpain Inhibitor XII exhibit higher hydro-
phobic interactions, while Boceprevir shows higher hydrogen bonds, and GC376
has quantities of hydrophobic interactions and hydrogen bonds equal. Addition-
ally, the number of times the amino acid with the highest interaction (TYR) in-
teracts with the ligands can be estimated, corresponding to ten interactions
(eight hydrogen bonds and two hydrophobic interactions). This finding suggests
that TYR is a significant amino acid in promoting attachment to RBD for this set
of ligands (see Figure 5).

Based on the docking results, we calculate the recovery time (Equation (1)) of
the proteins/ligand complexes to estimate if the ligands (Boceprevir, Calpain In-
hibitor II, Calpain Inhibitor XII, and GC376) interacted with the complex
RBD/ND20 for a short or long time. The recovery time represents the time ne-
cessary for the proteins to return to their original conformation. Table 5 presents

the complex RBD/Nb20 recovery times with each inhibitor, with Boceprevir
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Table 4. Results from PLIP docked poses for the RBD/Nb20 interaction with Boceprevir, Calpain Inhibitor II, Calpain Inhibitor
XII, and GC376. The index A refers to an amino acid of the Human Nanobody Nb20 receptor and B the ones of the SARS-CoV-2.

Boceprevir
Hydrophobic Interactions Hydrogen Bonds
Amino . Distance Amino . Distance
acid Residue (A] acid Residue HA [A]
TYR 117A 3.74 ARG 71A 3.32
TYR 173A 3.64 SER 162B 3.29
TYR 173A 3.97 GLY 164A 2.15
ILE 294B 3.84 ASN 169A 2.58
ILE 294B 3.83 - - -
ILE 294B 3.54 - - -
Calpain Inhibitor II
Hydrophobic Interactions Hydrogen Bonds
A:Cliigo Residue Dis[i;?ce A::iigo Residue Dis[t;?ce
ARG 71A 3.80 GLY 164A 3.20
TYR 163A 3.66 ASN 169A 3.11
PHE 165A 3.64 - - -
TYR 173A 3.66 - - -
ALA 224B 3.92 - - -
GLU 295B 3.75 - - -
Calpain Inhibitor XII
Hydrophobic Interactions Hydrogen Bonds 7-Stacking
A:Cliigo Residue Dis[i;?ce A::iigo Residue EI—S:TACT A:;i(r;o Residue Dis[tg?ce
ARG 71A 3.69 ASN 169A 2.10 HIS 225B 4.55
TYR 163A 3.65 - - - - - -
PHE 165A 3.68 - - - - - -
TYR 173A 3.68 - - - - - -
ILE 294B 3.52 - - - - - -
GC376
Hydrophobic Interactions Hydrogen Bonds Salt Bridges
A:Cliigo Residue Dis[i;?ce A::iigo Residue ]I?II—S:TACT A:;i(r;o Residue Dis[tg?ce
TYR 173A 3.82 TYR 121A 2.60 ARG 71A 4.98
ILE 294B 3.70 TYR 121A 2.40 - - -
GLU 295B 3.99 GLY 164A 3.07 - - -
- - - ASN 169A 1.93 - - -
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Figure 5. Counts of bonds between ligands and amino acids of a specific kind. This figure
suggests that TYR are the crucial amino acid in promoting the attachment to RDB.

Table 5. Recovering time for the complex in the presence of the ligands studied here.

Ligand 7[s]
Boceprevir 2.08 x 1077
Calpain Inhibitor II 8.59 x 107°
Calpain Inhibitor XII 3.29x 1078
GC376 2.35x 1078

demonstrating the highest time in order of 107 s. The recovery time range in
order from 10 s to 1077 s. This order of value indicates that the complex
RBD/Nb20 needs a relatively short time to return to what it was before the
presence of the inhibitors.

Based on the results of the recovery time, we conducted an MD simulation
with a time on the order of the smallest value obtained for the recovery time to
investigate whether the ligands can remain unstable or stable at the binding site
of the RBD/Nb20 complex within this time frame. This is done using RMSD, the
results are illustrated in Figure 6. The results show that Boceprevir interacts
with the RBD/Nb20 for at least 600 ps, unlinking from the interaction site after
this time, as can be seen by the high fluctuations of the RMSD after 600 ps. Cal-
pain Inhibitor II rapidly moves out of the RBD/Nb20 interaction region, which
justifies it is having the lowest recovery time value. This can be visualized in the
RMSD, which presented high fluctuation in less than 100 ps. The Calpain Inhi-
bitor XII has more time of interaction, with high fluctuation of the RMSD just in
about 300 ps, the moment that the ligand moves out for the region of interac-
tion. In about 390 ps, these ligands re-interact with the proteins in one different

location, but with high changes of poses along the time, indicating that is not a
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Figure 6. RMSD as a function of the simulation time for the ligands Boceprevir (red line),
Calpain Inhibitor II (cyan line), Calpain Inhibitor XII (blue line), and GC376 (green line).

(a) Calpain Inhibitor XII (b) GC376
Figure 7. Final pose (at 1000 ps) of RDB/Nb20 proteins with Calpain In-

hibitor XII and GC376.

strong interaction. The GC376 presented the more stable interaction, and the
RMSD indicates some fluctuations (in about 100 - 200 ps and 360 - 430 ps), but
this ligand follows the change in RBD/Nb20 proteins. This trend can be evi-
denced in the RMSD, which shows little fluctuations over time. The final pose, at
1000 ps, of Calpain Inhibitor XII and GC376 is presented in Figure 7.

4. Conclusions

In this study, we used molecular docking and dynamics simulations to examine
how Boceprevir, Calpain Inhibitor II, Calpain Inhibitor XII, and GC376 interact
with the RBD/Nb20 proteins. Nanobodies, such as Nb20, have shown promise in
targeting the RBD of SARS-CoV-2 based on experimental studies. Our analysis

of the binding site surface revealed pocket-like regions on the protein complex
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that primarily engage in hydrogen bond interactions with the compounds’ ami-
no acid residues.

Our findings indicate that the affinity of the interactions ranges from —6.0
Kcal/mol to —7.2 Kcal/mol, with Boceprevir presenting the higher affinity and
the Calpain Inhibitor II the minor. Additionally, the recovery time results indi-
cate that the complex RBD/Nb20 can return to what it was before the presence
of the inhibitors in a relatively short time, in the order of 107 s to 10 s. The
MD simulations indicate that Boceprevir exhibits the highest binding affinity but
does not fully occupy the binding site, similar to Calpain Inhibitor II. On the
other hand, Calpain Inhibitor XII and GC376 interact more extensively with the
RBD/Nb20 interface. However, Calpain Inhibitor XII displays high fluctuations
and changes in binding poses, whereas GC376 remains stably bound for at least
1000 ps.

Therefore, our results suggest that GC376, in particular, may interfere with
the neutralization process of the RBD of SARS-CoV-2 by the human nanobody
Nb20. In contrast, the Boceprevir, Calpain Inhibitor II, and Calpain Inhibitor
XII can be used simultaneously acting synergistically with the nanobody Nb20 in
the process of treatment against SARS-CoV-2.
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