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The 2019 pandemic of coronavirus disease (COVID-19) caused by SARS-CoV-2 led to millions of
deaths worldwide since its emergence. The viral genomic material can code structural and non-
structural proteins including the main protease or 3CLP™, a cysteine protease that cleavages the

viral polyprotein generating 11 proteins that participate in viral pre-replication. Thus, 3CLP™is a
promising therapeutic target for SARS-CoV-2 inhibition by new drugs or drug repositioning because
3CLP is dissimilar to human proteases. We conducted in vitro assays demonstrating the modulation
activity of ambenonium, a drug already used in Myasthenia gravis that acts by inhibiting the action

of acetylcholinesterase, and had its potential inhibitory activity against viral replication pointed out
in a previous in silico study. In concentrations of 100 pM, 50 uM, 25 pM, 10 pM, and 1 pM there was
no inhibition in the formation of lysis plates, with a slight increase in the genome copy number at

the higher concentrations evaluated. However, in the concentrations of 0,1 pM and 0,01 pM, there
was a reduction in the number of lysis plates. This behavior suggests that the ambenonium acts as

a modulator of viral activity in vitro. To investigate potential conformational changes in the protein
between dimeric and monomeric forms in the presence of the compound, a local docking analysis was
performed. Results indicated this conformational shift is possible, though further studies are needed to
confirm these findings.
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In 2019, in the city of Wuhan!, a novel virus emerged and was identified as severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) through metagenomic analysis of samples obtained from bronchoalveolar lavage
fluid from patients with severe pneumonia® In accordance with the World Health Organization (WHO), over
700 million cases of the disease have been registered worldwide since the beginning of the pandemic, with over
seven million deaths recorded?. In other words, the disease, while largely contained, continues to impact the
population.

SARS-CoV-2 is the causative agent of the COVID-19 pandemic* and is a positive-sense, single-stranded,
enveloped RNA virus belonging to the Coronaviridae family. The Coronaviridaefamily is characterized by high
rates of recombination and mutation, resulting in an ecological diversity®, being able to infect from birds to whales.
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Coronaviruses are included in the Orthocoronavirinae subfamily, which has four genera: Alphacoronavirus,
Betacoronavirus, Deltacoronavirus, and Gammacoronavirus. SARS-CoV-2 belongs to the Betacoronavirus,and
this genus has a unique feature in its structure: a solar corona form caused by spike proteins on the virus surface®.

The spike (S) protein is one of the four structural proteins in coronaviruses; the others are the M (membrane)
protein, the E (envelope) protein, and the N (nucleocapsid) protein. The E and M proteins are responsible for the
virus assembly, the N protein forms the capsid in which the genome is sheltered, and the S protein is responsible
for the host cell recognition and entry. This entry, mediated by S protein, happens because the virus protein
can bind to the angiotensin-converting enzyme 2 (ACE2) receptor that is present in the host cells surface,
including lung’. In addition to the four structural proteins, the virus has non-structural proteins as the main
protease (MP™), also termed 3-chymotrypsin-like protease (3CLP™), which is a cysteine hydrolase responsible
for polyprotein (UniProt ID: PODTC1) cleavage and a promising target to the development of anti-CoV agents®.

However, despite the improvements in drug discovery, cost efficiency still needs to improve®. The drug
discovery process is, in practice, a chain of challenges in the pathway from a possible therapeutic candidate to in
vivo administration because there are issues, biological and chemical, that are expensive and time-consuming to
address!?. Usually, this process takes 10 to 15 years and can cost US$2.8 billion, on average, and a high proportion
of candidate molecules, as 80% to 90%, will fail in the clinical trial phase“.

Drug repurposing is using a drug already approved by regulatory agencies, such as the FDA, for a new
indication!?. This process has been used for a variety of diseases and also in the search for a COVID-19
treatment!3-1>. The primary purpose of drug discovery is to determine the safety, pharmacokinetics, and potency,
defined as the amount of a drug necessary to produce a specific effect!®.

Drug design is the inventive process of developing new drugs, and methods like Computer-aided drug design
(CADD) have a huge potential because they combine computational chemistry, molecular design, and molecular
modeling. Having access to massive data is not equal to applicable predictive models; it is necessary to evaluate
side effects and therapeutic efficacy, and the techniques must be able to deal with a high volume of data, sparse
data sources, and multidimensional data’.

Structure-based drug design (SBDD) is a CADD technique that focuses on analyzing the three-dimensional
structures of target proteins and characterizing their binding site cavities. This method has emerged as an
effective approach for optimizing and generating ligands in the pharmaceutical industry. The fundamental steps
involved in SBDD include preparing the target, identifying the binding site cavity, conducting virtual screening,
performing molecular docking, and carrying out molecular dynamics (MD)'®. In a previous study conducted
by our research group!®, we developed an in-house machine learning strategy that was integrated with docking,
MM-PBSA, and metadynamics to identify a potential inhibitor for the SARS-CoV-2 main protease.

There are specific antiviral drugs available for COVID-192*-22. However, the treatment did not have the
adherence expected, primarily due to the lack of accessibility and cost-effectiveness?®. Consequently, it remains
essential to pursue research into novel effective and affordable therapeutic agents against SARS-CoV-2. The
treatment and inhibition of the COVID-19 virus can incur high costs. In 2020, in China, expenditures related
to COVID-19 exceeded $0.62 billion?*, with many patients requiring mechanical ventilation and extracorporeal
oxygenation. Furthermore, various pharmaceutical interventions were employed to mitigate disease
complications, including hydroxychloroquine, albeit with limited efficacy?.

Another crucial aspect of treatment effectiveness lies in observing and identifying potential therapeutic
targets, which may influence biased outcomes. The virus is highly contagious, and variants with high transmission
potential have been identified. Furthermore, there is evidence suggesting the ineffectiveness of some existing
vaccines?®?’. Scientific efforts are still being conducted worldwide; however, they have resulted in only a few
clinically approved vaccines. Moreover, the nature of the virus and its ability to mutate present new challenges?.

In this work, we evaluated the ambenonium, a molecule used in the treatment of Myasthenia gmvz’szg, asa
potential inhibitor for the main protease of SARS-CoV-2, as this molecule, to the best of our knowledge, is not
described in the scientific literature for this purpose. It is important to highlight here that this molecule is an
inhibitor for the human enzyme acetylcholinesterase, not an inhibitor for the main protease of the virus. Its
potential inhibition for the viral enzyme was proposed by an early study of our group!'*?°.

We conducted experiments to verify the action of ambenonium in vitro, following in silico experiments. The
first test analyzed enzyme activity in the presence of different ambenonium concentrations. Subsequently, cell
culture tests were performed to assess cell viability in the presence of the compound, enzyme response to the
compound, and viral fitness.

Materials and methods

Mammalian cells

Vero CCL-81 cells (ATCC CCL-81) and HEK-293 cells (ATCC CRL-1573) were maintained in Dulbecco’s
Modified Eagle Medium, DMEM (GIBCO, Massachusetts, USA) supplemented with 5% fetal bovine serum
(GIBCO, Massachusetts, USA) and 1% pen-strep solution (Sigma, MO, USA), pH 7.2 at 37°C in a humid
atmosphere containing 5% CO,. The Vero CCL-81 cells were purchased from the BCR]J (Rio de Janeiro Cell
Bank, Brazil), and the HEK-293 cells used were obtained from the Centro de Tecnologia de Vacinas (CT Vacinas)
stock.

Compounds

The ambenonium used in the assays was purchased from LGC Standards (Luckenwalde, Germany). The
compound was prepared as stock solutions at 5 mM concentration in 100% Dimethyl sulfoxide (DMSO,
Neon Comercial Reagentes Analiticos Ltda, SP, Brazil). The DMSO was diluted during the preparation of the
compound using a buffer with a final DTT concentration of 1 mM. Serial dilutions were then performed ata 1:10
ratio to achieve a final compound concentration ranging from 100 uM to 0.01 pM.
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Ambenonium effect on 3CLP™
The steady-state kinetic parameters assay was performed in a 96-well plate using the 3CL Protease MBP-tag
Assay Kit (BPS Bioscience, San Diego, CA) and the manufacturer’s recommendations were followed.

The concentration of ambenonium used in the assays was between 0.01 M and 100 uM, obtained after a
ten-fold serial dilution. The inhibition control (GC376, included in the Assay kit, a broad-spectrum antiviral
compound) was serially diluted exactly as the test compound. The positive control contained only protease and
diluent solution (no inhibitor) and the blank contained only assay buffer and diluent solution. The 96-well plate
was prepared at room temperature without agitation, and the fluorescence was measured for 12 h at 460 nm in
a microplate reader. From the data obtained, the V, __and K were calculated for each concentration using well
established equations. The positive and negative controls, as well as the blank, were prepared using the same
buffer solution (final concentration: 5 ng/pL) containing the 3CL protease.

Cytotoxicity to mammalian cells

The cytotoxicity of the ambenonium was performed in Vero CCL-81 cells and HEK-293 cells. Briefly, cells were
incubated with different concentrations of the ambenonium between 0.01 uM and 100 uM, for 24, 48, and 72 h.
The experiments were conducted with biological duplicates and seven technical replicates, and the graph was
constructed based on the average value obtained from the number of genomic copies. Triton-X and DMSO were
used as cellular death controls, at concentrations of 25% and 50%, respectively. After the incubation period,
the cytotoxicity was assessed by the Alamar Blue (Thermo-Fisher) method. This reagent is a resazurin-based
solution. Resazurin is a sodium salt, and in its oxidized form is a blue dye. In the presence of cellular metabolic
activity, it is reduced to resorufin that has a pink color, which can be measured by a colorimetric or fluorometric
reading®”.

Anti-SARS-CoV-2 activity assay

The assays were performed in 24-well plates. 2x 10° cells/mL of Vero CCL-81 were seeded and plates were
incubated at 37°C in a humid atmosphere containing 5% CO,for 24 h. After this period, the medium containing
the SARS-CoV-2 virus was removed, and 30 PFU/mL were added to new 24-well plates in duplicate, containing
different concentrations of ambenonium. The plates were then incubated at 37 °C for 1 h with periodic
homogenization to enable the interaction between the ambenonium, the virus, and the cellular receptor. After
the incubation period, the supernatant was removed and the cellular monolayer was covered with semisolid
medium (carboxymethylcellulose (CMC) at 1% in DMEM with 5% SFB) and the lysis plates were counted after
72 h. For visualization and count, the plates were fixed using formaldehyde 8% and violet crystal. For this study,
the SARS-CoV-2 Wuhan-Hu-1, isolated SP02/BRA variant was used?!.

For this essay, in our understanding, the most assertive controls were the virus control and the cell control.
Similar to this study, other published works do not consider DMSO as a control because the stock of the
compound undergoes serial dilutions with DMEM at 0% FBS*2. To access the antiviral potential against SARS-
CoV-2 of the ambenonium, qRT-PCR was applied to quantify the genomic copies of the SARS-CoV-2 genome.

Docking and molecular dynamics simulations

After the in vitro assays, we conducted a local docking with focus on the binding site: H41, S46, M49, Y54,
F140, L141, N142, G143, C145, H164, M165, E166, L167, P168, H172, A173, F185, D187, Q189, T190, A191,
and Q192. This experiment was conducted using AutoDock Vina** to perform the docking using both the
monomeric and dimeric forms of the main protease, with the ambenonium. For the monomer, the grid box was
designed to include the catalytic dyad residues, with HIS41 selected as the central reference point, as it is more
centrally positioned than CYS145. In contrast, for the dimer, the grid box must not only capture the catalytic
dyad residues but also GLU166, which interacts with the N-finger. For both forms, the grid box was set in the
following dimensions: 24, 24, 24 A, coordinates (17.953, —35.477, 1.686). This interaction is essential for dimer
stabilization and plays a critical role in the protease enzymatic activity. There were three simulations replicas and
we set the tool to generate ten poses for each form in each replica.

Following the docking simulations, we conducted MD simulations of 100 ns to evaluate the interaction
between ambenonium and the 3CLP™in the apo form of the dimer, the dimer and the monomer. The best
docking poses for the dimer and the monomer were selected for these simulations. The NAMD?*software was
used to perform the simulations, employing the CHARMM36>>force field for protein topology preparation.
Additionally, the ligand molecules topology was prepared using the CHARMM force field through the General
Force Field (CGenFF) server®. A cubic box with boundary conditions of 10 A was used to solvate the systems,
and ions were added to neutralize the system. The systems were initially subjected to equilibration processes
under NVT and NPT conditions for 1000 ps with a time step of 2 fs. Subsequently, the systems proceeded to the
production stage of the MD simulations of 100 ns.

The MD analysis between the protein and ambenonium was conducted to understand the structural and
energetic aspects of the complex. Structural fluctuations were evaluated using Root Mean Square Deviation
(RMSD) and Root Mean Square Fluctuation (RMSF), while changes in the solvent-accessible surface area were
analyzed with SASA (Solvent-Accessible Surface Area)*’. Hydrogen bonds were monitored over time to identify
critical contacts between the protein and the ligand. Finally, binding free energy calculations such as MM-PBSA
(Molecular Mechanics Poisson-Boltzmann Surface Area) and MM-GBSA (Molecular Mechanics Generalized
Born Surface Area) revealed the affinity of ambenonium for the active site, complementing the structural
analysis®.
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Statistical analysis
Statistical analyses were carried out using GraphPad Prism versions 5.03 e 8.0 (GraphPad Software Incorporated,
CA, USA). When p <0.05, the results were considered statistically significant and were identified by an asterisk

).

Results and discussion

Ambenonium effect on 3CLP™

Enzymes have long been recognized as excellent drug targets. Almost half of all clinically used oral drugs target
an enzyme®, and many drugs in big pharma companies’ portfolios target an enzyme. An enzyme is a dynamic
system because it can bind to many targets, form intermediates and final products in the catalytic cycle®.

In the case of the novel coronavirus, the main protease is one of the most well-defined drug targets. The
SARS-CoV-2 3CLP™is an essential enzyme for the virus, responsible for processing polypeptides and acting as
a cysteine protease that cleaves peptide bonds to produce 11 non-structural viral proteins, including its own N-
and C-terminal boundaries?!. This activity is crucial for viral replication*?. Figure 1 displays the 3D structure of
3CLP™, highlighting the active site. It is anticipated that, once bound to the main protease, ambenonium would
inhibit the activity of the enzyme and block viral replication’.

The domain IIT of the 3CLP™was identified as being of huge importance for dimerization and formation of
the active enzyme. The active site of the protease is the interface between domains I and II, with the catalytic
dyad formed by Cys-His, and a water molecule at the binding site playing the role of the third residue. This
biochemical characterization of the main protease is essential for optimal conditions to be used in enzymatic
assay, as the one conducted in the present work®.

In physiological conditions, the protease exists as a homodimer, with two monomers placed in a perpendicular
orientation regarding each other positions. There is a contact interface of, approximately, 1,3 A between domain
IT of the chain A and the NH,-terminal residues (N-finger) of the chain B. The dimerization of the enzyme

Domain |
Active site
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Domain ITI

Fig. 1. Chain A of crystal structure of SARS-CoV-2 main protease. (A): Cartoon representation of 3CLP™
(PDB ID: 7KFI) with domain I (residues 8-101) shown in pink, domain II (residues 102-184) shown in green,
and domain III (residues 201-301) shown in gold. (B): Active site of 3CLP*The catalytic dyad, HIS41 in
domain I and CYS145 in domain II, are shown in red. The substrate is shown in stick representation in gray.
This figure was prepared using PyMol** (Schrodinger LLC).
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is crucial to the catalytic activity, with the N-finger of one monomer interacting with GLU166 of the other
monomer helping in the formation of the S1 subpocket of the substrate binding site*.

Despite the dimer configuration in physiological conditions, the representation of the monomer is usual,
and in a study conducted by Weng and colleagues, they discovered that there was no increase in the stability, or
the affinity to the ligand, of the dimer complexes tested when compared with the monomer complexes®®°. Is
important to note that each chain monomer of the enzyme has an active site consisting of the catalytic dyad, and
as observed, the monomer can fold into a tertiary structure, but mutational analysis showed that in this form,
the catalytic activity is very low or nonexistent?’.

In a previous work conducted by our research group'?, six compounds were indicated as potential inhibitors
to the main protease, and one compound, ambenonium, in particular, was not yet described in the literature with
this purpose. In Fig. 2, it is possible to see the protein-ligand complex formed between the main protease and
ambenonium. In this work the monomer structure was used to represent the main protease.

Ambenonium is a drug already approved by the FDA for treating myasthenia gravis. This autoimmune disease
causes muscle weakness due to the production of antibodies against proteins at the neuromuscular junction. The
mechanism of action of ambenonium consists of its interaction with the acetylcholinesterase in the anionic site,
preventing the cleavage of the neurotransmitter acetylcholine by the enzyme*®.

Different concentrations of the ambenonium were used to identify the concentration that could impact viral
replication. As depicted in Fig. 3, an inhibition of viral activity could be expected; instead, it is possible to observe
an increase in the activity of the main protease by measuring the relative fluorescence at each concentration of
ambenonium. However, at the concentration of 1 puM, the increase was not statistically significant, although it
was higher than the positive control GC376.

Substrate concentration, enzyme concentration, pH, temperature, activator, and inhibitors are known factors
that affect a chemical reaction catalyzed by an enzyme; if the enzyme concentration increases, the reaction rate
increases as well. The velocity is known as the maximum velocity (V,_ ) of the reaction catalyzed by the enzyme;
the K | 419s known as the Michaelis-Manten constant and represents the substrate concentration at half the value
of V.. ¥

Vo and K, were calculated using well established equations for each concentration of the ambenonium.

max
It was observed that when both V___and K were reduced, the ambenonium had double activity, acting as an
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Fig. 2. Ambenonium in 3CLP™ active site. This figure shows the ambenonium in the active site of the main
protease, this was done using AutoDock Vina, in an experiment conducted by De Souza Gomes et al., 2022.
The ligands (in blue) are well fitted in the 3CLP™ active site (in orange). Hydrogen bonds are represented by
green dashed lines; attractive electrostatic interactions, as orange dashed lines; orbital 7 interactions, as pink,
yellow and purple dashed lines; unfavorable interactions, as red. Residues involved in hydrophobic interactions
are represented by light green circles.
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Ambenonium 3CLP™
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Fig. 3. 3CLP™ enzymatic inhibition assay. Different concentrations of ambenonium were tested to assess
their effects on viral replication over different time intervals. The relative fluorescence units (RFUs) at 12 h
after reaction initiation were normalized to control and used to indicate the enzymatic activities. Each bar
represents the average of experiments performed in triplicate. The fluorescence values are presented as an
arbitrary unit. The data were subjected to a Kruskal-Wallis test followed by Dunn’s Test using GraphPad Prism
version 5.03. The asterisks mean statistical difference with p <0.05 in relation to control. Amb: Ambenonium.
GC376: positive control. The data are representative STD and mean.
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Fig. 4. Enzyme kinetics for each substrate concentration (ambenonium). (A): V _of the enzyme activity
for each ambenonium concentration. (B): K _ for different concentrations of ambenonium. The concentration
of 0.1 uM of ambenonium, for both V __and K indicates a high affinity of the compound for the enzyme.

V... and K_were calculated using well-established equations®*>2.

inhibitor or as an activator, depending on the ratio created between the amount of the small molecule and the
enzyme itself, as shown in Fig. 4 (A and B). K is a constant for every enzyme, does not change when the enzyme
concentration changes, and can be used to identify an enzyme in particular. The same cannot be said about V,__,
as it will change whenever the enzyme concentration changes. Lower K_values indicate that the enzyme has a
higher affinity for the substrate and vice-versa®*..

Contrary to the anticipated inhibition of viral replication, ambenonium was found to modulate viral activity.
This unexpected finding suggests that the drug can either stimulate or inhibit viral replication, depending on its
concentration. This distinctive behavior of ambenonium, acting as a modulator rather than a simple inhibitor,
is attributed to its binding to the enzyme’s active site and subsequent stabilization, thus increasing the enzyme’s
activity.

However, understanding the role of enzymes in disease and implementing strategies to modulate their activity
in therapeutics is essential in drug discovery. Although enzymology is a powerful method, it cannot provide
scientific insights into problems that can arise along the way, from target identification to proof of concept in
the clinic. Furthermore, it is imperative to continuously link enzymology with protein structural analysis and
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other biophysical methods to provide all the information necessary for drug discovery’’. In a paper for 1981%,
Sols had already discussed the multi-modulation of the enzyme activity and the possibility of some enzymes
having an accumulation of regulatory mechanisms of different types, cooperative, interconversion, allosteric
or any combination of these or the same kind of multiple allosteric effects. This might represent a paradoxical
effect: cytotoxicity of the compound, which is not applicable, as it has been shown to be non-cytotoxic, or protein
aggregation, which could result in a diminished drug effect at higher concentrations®.

In a study conducted by Silverstein®®, he demonstrated that the usual effect expected in enzyme kinetics is
this: enzyme activators lower K and/or raise V__, and on the contrary, an enzyme inhibitor raises K  and/or
lower V. But what would happen if a molecule moves both in the same direction, as shown here, in the present
work? Chen and colleagues®® demonstrated the effect of crowding agents on enzyme activity, focusing on how
these agents can influence both the K and V___of enzymatic reactions. It is demonstrated that in the presence
of crowding agents, both K_and V___can be increased, which has significant implications for the behavior of
drugs designed to act as inhibitors. When a study is conducted in vitro, it typically occurs using diluted solutions
containing a few essential solutes, ignoring the complexity of the actual situation. In a cellular environment,
proteins, lipids, ribosomes, and DNA are present, this is the concept of macromolecular crowding57. This
crowding effect can slow down the molecular collisions, alter protein stability, binding interactions and enzyme
kinetics™.

Under these conditions, the drug may bind to the enzyme, but fail to function purely as an inhibitor. Instead,
it may behave as both an inhibitor or an activator, depending on the specific dynamics of the enzyme-substrate
interaction in the crowded environment. This dual effect complicates the prediction of the overall impact of
the drug, as its inhibitory action can be attenuated or enhanced by the presence of macromolecular crowding,
influencing the efficiency and specificity of the therapeutic response®®>°.

Cytotoxicity to mammalian cells and anti-SARS-CoV-2 activity assay

Cell cytotoxicity assay is usually used for drug screening to detect if a test molecule affects cell proliferation or
will show a direct cytotoxic effect. Despite the type of cell-based assay being used, it is crucial to find out how
many cells will remain at the end of the experiment®. The presence of dead cells with membrane loss integrity
can be detected by measuring the markers that leak to the culture medium from the cytoplasm.

For example, the reducing capacity of NADH can be used in the metabolism of many molecules to transform
them into their fluorescent products®!~**In the present work, this reducing power of NADH was used to convert
the substrate (resazurin or AlamarBlue) into the fluorogenic product (resorufin)®*¢46>. The reduction assay
using resazurin is almost inexpensive, and this fluorescent signal generated is one of the best ways to evaluate
the changes in cell viability across different types of cell densities and metabolic states. Besides, resazurin is non-
toxic to the cells®.

In Fig. 5, it is shown the cytotoxicity assay for two different cell lineages, Vero and HEK, in the presence of
the ambenonium, Triton and DMSO, for 24 h, 48 h, and 72 h. These cell lines are commonly used in virological
research:68,

The gray area in the graphs represents the range of cellular viability, from 80 to 100%. After 24 h, Vero
cells showed reduced viability, as the curve was out of the range of the viability previously calculated. However,
this trend improved at both the 48 h and 72 h marks, indicating that ambenonium is safe across all tested
concentrations for these cells. In contrast, HEK cells displayed different viability patterns compared with Vero
cells at every concentration and time point, with the most notable differences observed after 72 h. Specifically,
at a concentration of 1 uM, HEK cell viability at 24 h was comparable to the toxicity observed with DMSO, and
similarly, at 0.01 uM after 48 h. For all time points, cell viability in ambenonium-treated samples was statistically
higher compared to those treated with DMSO and Triton, except for the DMSO-treated HEK cells at 48 h. These
results reinforce the safety of ambenonium, consistent with its therapeutic use in myasthenia treatment®.

Figure 6 confirms that there was no inhibition in the formation of lysis plates at the concentrations 100 pM,
50 uM, 25 uM, 10 uM, and 1 uM. This fact suggests a non-inhibitory activity of ambenonium against the SARS-
CoV-2 main protease since the formation of lysis plates indicates that the virus was capable of replication leading
to cell death caused by the membrane cell rupture. However, at the concentrations of 0.1 pM and 0.01 pM, there
was a reduction in the number of lysis plates compared to the control. This result suggests that the ambenonium
does not have an inhibition activity against the 3CLP™, but can act as a modulator for its activity.

In this last assay, after the infection, the inoculum was removed and the Vero cells were incubated for 72 h.
After that, 40 pL of the supernatant containing the virus was removed for viral RNA extraction. The number of
genomic copies of the genetic material of the virus is shown in Fig. 7.

This analysis was carried out using specific primers for RT-qPCR. The results showed that the number of viral
genomic copies is more considerable in higher concentrations of ambenonium evaluated. In a work conducted
in 20147°, they proposed that some mutations in HIV improved the fitness of the mutant virus in the presence
of raltegravir, a drug used in antiretroviral therapy. However, this kind of study is difficult to perform because it
involves expensive experiments and requires a well-equipped biosafety laboratory to conduct tests involving live
viruses, not just inactivated enzymes. Still, it would be interesting to be able to further investigate the modulation
activity of ambenonium.

Docking and molecular dynamics simulations

Here, we present the results of docking performed using AutoDock Vina. Initially, the docking was carried out
with ambenonium as the ligand and the monomeric form of the main protease. Following that, docking was
performed with ambenonium and the dimer, since this is the active form of the protein. However, as shown
in previous studies, only the monomer is typically used for in vitro studies®!**>4671 with the second protomer
acting as structural support for the first chain. The Vina scores (in kcal/mol) are shown in Table 1.
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Cytotoxicity assay with Ambenonium (Alamar Blue)
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Fig. 5. Cytotoxicity assay for Vero and HEK cells using Alamar blue method. Cells were incubated for 24 h,
48 h and 72 h with ambenonium in different concentrations. The gray area in the graphics corresponds to
the cellular viability, ranging from 80 to 100%. The blue line shows the cellular viability in the presence of
ambenonium, the orange dashed line shows the viability in the presence of DMSO, and, in red, the viability
in the presence of Triton. The data are representative of at least seven internal replicates, with STD and mean.
The data were subjected to a Kruskal-Wallis test followed by Dunn’s Test using GraphPad Prism version 5.03.
The asterisks mean statistical difference with p <0.05 in relation to ambenonium. * means p <0.05, ** means
p<0.01 and *** means p <0.001.

50 —
40 —
30 —

20 —

10 —

% Inhibition of lysis plates

0 —

100 S0 25 10 1 0.1 0.01
10 UM M uM - pm UM UM UM

Fig. 6. Non-linear regression of the percentage of inhibition of lysis plates. In concentrations of 100 uM,
50 uM, 25 pM, 10 uM, and 1 uM there was no inhibition in the formation of lysis plates. However, in the
concentrations of 0.1 uM and 0.01 uM there was a reduction in the number of lysis plates compared to the
control. All results are presented in relation to the control. The data were subjected to a Kruskal-Wallis test
followed by Dunn’s Test using GraphPad Prism version 5.03.

Although ambenonium can bind to both the monomeric and dimeric forms of the protease, we observe
that the scores for the monomer are more negative (expressed in kcal/mol). In Fig. 8it is possible to observe
the quaternary structure formed by the main protease dimer. This indicates that the interaction between
ambenonium and the monomeric form of the protease is stronger than with the dimeric form, as a more negative
Vina score reflects a higher predicted binding affinity’. The stronger interaction in the monomer may result
from more favorable interactions, such as hydrogen bonding or Van der Waals forces, that contribute to a more
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Fig. 7. The viral load after quantification by RT-qPCR. Here, it is presented the number of genomic copies
after infection of the cells in the presence of different concentrations of ambenonium. The data were subjected
to a Kruskal-Wallis test followed by Dunn’s Test using GraphPad Prism version 5.03.

Monomer | Dimer
-6.6 5.4
-6.5 -5.4
—-6.5 =53
—-6.4 5.3

Table 1. Vina scores calculated with AutoDock Vina to both main protease forms, monomer and dimer. The
results are shown in kcal/mol, and the best scores pointed out that the interaction between the monomer and
the ambenonium is the most favorable in comparison to the dimer.

Fig. 8. The subunits of the homodimer (PDB ID: 7KFI). The domain I (residues 8-101) is shown in magenta,
the domain II (residues 102-184) is shown in blue, and domain III (residues 201-301) is shown in yellow. Each
monomer comprises a catalytic dyad formed by the residues His41 and CYS145 and they are shown in red
spheres. This figure was prepared using PyMol (Schrodinger LLC).

stable ligand-receptor complex. While the electronic properties of ambenonium, including its potential for
forming interactions with polar or charged residues, may contribute to this stronger binding, it is important to
note that Vina scores also account for factors like hydrophobic interactions and ligand flexibility**.

Whereas the active form of the enzyme is the dimer, ambenonium interacts with the main protease in both
forms. However, in the dimeric form, the interaction may not be strong enough to completely inhibit the enzyme,
as it binds to one monomer while the other monomer remains free to continue enzymatic activity, though at a
lower?’.

The development of inhibitors for cysteine proteases presents a challenge, whether due to toxicity or lack
of specificity caused by covalent modifications to untagged cysteine residues’”. But, for complete enzyme
inhibition, a two-step mechanism of action is often employed, particularly in the case of covalent inhibitors,
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LEU-27

such as GC3767*. In this mechanism, the inhibitor can bind competitively to the substrate-binding cavity of the
main protease, a cysteine protease, bringing it into proximity with the cysteine residue in the catalytic dyad.
Subsequently, a covalent bond forms between the inhibitor and the target cysteine (the catalytic dyad cysteine),
resulting in irreversible inhibition’>”°. As shown in Fig. 9, the hydrogen bonds formed after molecular docking
can be observed in both the monomeric and dimeric forms. The key residues involved, including HIS41 and
CYS145, were previously highlighted in Fig. 2, which presents the docking analysis conducted by De Souza
Gomes and colleagues'®.

Hydrogen bonds are considered a crucial element in molecular recognition and play a key role in host-guest
complex formation, DNA base pairing, and enzymatic catalysis. They are also responsible for the stabilization
of the 3D structures of drug targets, such as DNA and proteins’®. Hydrogen bonds are not as strong as
covalent bonds, but are stronger than noncovalent interactions such as van der Waals forces. Additionally, the
directionality of hydrogen bonds influences how molecules arrange in space””. In Fig. 10, the hydrogen bonds
formed between ambenonium and the monomeric form of the main protease during MD simulations can be
observed, along with the key residues involved in protein-ligand complex formation and stabilization. Similarly,
Fig. 11 illustrates the hydrogen bonds formed during the MD simulation between the dimeric form of the main
protease and ambenonium, as well as the key residues contributing to protein-ligand complex formation and
stabilization.

However, a reversible inhibitor can form a covalent bond with the main protease, but this bond can be disrupted
in certain circumstances, allowing the enzyme to regain its function. The chemical structure of ambenonium
consists of a quaternary ammonium with two chlorobenzyl groups attached to nitrogen atoms’®. Therefore, to
achieve complete inhibition of the main protease as observed in the in silico study, chemical modifications in this
molecule may be necessary, or as suggested by Chen and collegues’, the addition of reducing agents that could
be used in conjunction with ambenonium. The use of enzyme inhibitors in combination with other molecules is
already documented and used in clinical practice, like the peptidomimetic inhibitors for HIV protease®®and the
small molecule inhibitors applied for HCV protease’”.

The binding of small molecules to the main protease induces structural changes that can impact enzymatic
activity®®. Based on the MD simulations conducted, ambenonium establishes hydrogen bond interactions
with key residues in both the monomeric and dimeric forms of the main protease. Analysis of hydrogen bond
interactions over 1,000 frames (100 ns) reveals that in the monomeric state, ambenonium primarily interacts
with residues CYS145, SER144, VAL42 and LEU27 suggesting a stabilization effect within the active site. These
interactions are consistent with previous crystallographic data®, indicating the involvement of these residues in
ligand binding and enzymatic function. The persistence of interactions with CYS145, a catalytic residue, further
supports its role in ligand recognition.

In dimeric state, the ligand exhibits interactions with a slightly different set of residues, including CYS145,
HIS41, and THR25. CYS145 and HIS41 constitute the catalytic dyad, implying that ambenonium may influence
enzymatic activity through direct binding to these key residues. Additionally, THR25 and VAL42 contribute to
binding stabilization, which could play a role in modulating dimerization and overall protein function. These
findings align with the structural insights provided by Fornasier and colleagues (2024)3! reinforcing the idea that
ligand binding induces conformational adjustments that affect both active site architecture and dimer interface
stability.

The MD analysis between the protein and ambenonium revealed significant differences in structural stability,
flexibility, and active site accessibility across different forms (apo, dimer, and monomer). The RMSD plot

CYS-145

CYs-145

B

Fig. 9. Hydrogen bonds after molecular docking between the 3CLP*™ and ambenonium. The carbon atoms
are represented in magenta, oxygen atoms in red, nitrogen atoms in blue, and ambenonium in white. The
yellow dashed lines indicate the hydrogen bonds formed between ambenonium and the protein. (A) Hydrogen
bonds formed between the monomeric form of 3CLP™ and ambenonium after docking analysis. (B) Hydrogen
bonds formed between the chain B of 3CLP™ dimeric form and ambenonium after docking analysis. The
figures highlight the involvement of the catalytic dyad (HIS41 and CYS145) in the interaction, along with other
key residues present as sticks. These visualizations were generated using PyMOL (Schrédinger LLC).
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Ambenonium Interactions with Monomer Residues Over Time
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Fig. 10. Hydrogen bonds observed during MD simulations between the monomer and ambenonium. The

plot illustrates the hydrogen bond interactions between the ligand ambenonium and the residues of the
monomer over time during a molecular MD simulation. The x-axis represents the simulation frames, while the
y-axis denotes the amino acid residues involved in hydrogen bonds. Each black dot corresponds to a detected
hydrogen bond at a specific frame, highlighting the temporal persistence and variability of these interactions.
Notably, residues CYS145, SER144, VAL42 and LEU27 exhibit frequent interactions, suggesting their potential
role in ligand stabilization within the active site of the protein.

Ambenonium Interactions with Dimer Residues Over Time
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Fig. 11. Hydrogen bonds observed during MD simulations between the dimer and ambenonium. This

plot illustrates the temporal evolution of hydrogen bond interactions between the ligand ambenonium and
dimeric residues throughout a MD simulation. The x-axis denotes the simulation frames, while the y-axis
lists the amino acid residues forming hydrogen bonds with the ligand. Each black dot represents an observed
interaction at a given frame, highlighting fluctuations in binding dynamics. Notably, CYS145, HIS41, and
THR25 emerge as key interacting residues, potentially influencing ligand stabilization and dimer stability.

depicted in Fig. 12 showed that the apo form of the dimer exhibited greater structural stability, with smaller
variations throughout the simulation. In contrast, the dimer combined with ambenonium displayed moderate
fluctuations, suggesting conformational rearrangements induced by the presence of the ligand. The combined
monomer, however, exhibited a significant increase in RMSD after 700 ps, indicating structural instability or
more pronounced conformational adjustments.
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Comparative RMSD Analysis: Apo Form vs Combined Forms
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Fig. 12. A comparative Root Mean Square Deviation (RMSD) analysis over time for the apo form, the

dimer, and the monomer of the main protease and ambenonium. The x-axis represents time in picoseconds
(ps), while the y-axis denotes RMSD in Angstroms, which quantifies structural deviation from the initial
conformation. Blue line (apo form: dimer) represents the RMSD of the dimer in its unbound state, exhibiting
relatively stable fluctuations around 4-5 A and 100 ps. Orange line (combined: dimer + ambenonium)

depicts the RMSD of the dimer complexed with ambenonium, showing a slightly higher deviation than the
Apo Form, particularly after 200 ps, suggesting ligand-induced structural variations. Green line (combined:
monomer + ambenonium) represents the monomer complexed with ambenonium. Initially, it shows the lowest
RMSD values, indicating structural stability. However, around 800 ps, a sharp increase suggests significant
conformational changes.

The RMSF analysis, in Fig. 13, highlighted local residual fluctuations, revealing greater rigidity in the apo
form, in both chains. The introduction of ambenonium increased the flexibility of specific regions, with the
most notable impact observed in chain B under monomeric conditions, particularly after residue 200. This
suggests that the ligand influences the local dynamics of the protein, especially in less stable conditions, such as
the monomeric form.

The SASA, shown in Figs. 14 and 15, complemented these observations, showing that the apo form of chain
B reaches stability in the solvent after the first 400 frames. Comparing the dimeric and monomeric forms in
the presence of ambenonium, the dimer displayed lower SASA (~ 1000 A?), indicating greater protection of the
active site, while the monomer exhibited higher exposure (~ 1300 A?), suggesting increased solvent accessibility.
This reinforces the idea that the dimeric form keeps the active site more closed and protected, whereas the
monomeric form provides greater accessibility, potentially facilitating interactions with the ligand.

Based on the analysis of the data collected, ambenonium may have more flexibility to form hydrogen bonds
with the monomer, leading to a gradual increase in interactions throughout the simulation. In the dimer,
however, steric barriers or conformational changes could restrict hydrogen bonding, keeping the number stable
over time. The monomer may allow a more dynamic fit for ambenonium, promoting transient interactions. In
the dimer, the presence of another chain could restrict these movements, limiting the flexibility of ambenonium.

These results highlight that ambenonium distinctly influences the structural dynamics of the protein in its
different forms. The dimer demonstrates greater overall stability and reduced active site exposure, whereas the
monomer, although more flexible and less stable, forms stronger interactions with the ligand. These characteristics
are crucial for understanding the behavior of the protein-ambenonium complex and can guide future studies on
its functionality and potential biological applications.

The binding free energy values (AG) calculated using the MM-GBSA and MM-PBSA methods provide
crucial insights into the strength of interactions between ambenonium and chain B of the protein in its different
forms (monomeric and dimeric). The MM-PBSA and MM-GBSA methods are computational techniques widely
used in drug discovery to estimate binding free energies between ligands and proteins. While both combine
molecular mechanics with implicit solvation models, MM-PBSA relies on the Poisson-Boltzmann model for
polar solvation, and MM-GBSA uses the Generalized Born approximation. These methods offer a balance of
speed and efficiency but may lack precision in capturing entropic effects explicitly®?. Table 2 presents the results
of these free energy calculations.

In the monomeric form, the AG values are negative, indicating that the interaction between ambenonium and
chain B is thermodynamically favorable. The MM-GBSA calculation yields a more negative value, suggesting that
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Fig. 13. The Root Mean Square Fluctuation (RMSF) analysis. The analysis was performed to assess the
flexibility of individual residues in the protein structure. The introduction of ambenonium induced noticeable
changes in the dynamic behavior of the enzyme, even in the monomeric form, with a significant increase in
flexibility observed after residue 200. Notably, residues 201 to 301 belong to Domain III, which comprises

the C-terminal region of the enzyme. This domain plays a crucial role in stabilizing the interface between
monomers, thereby influencing the overall structural integrity and stability of the protein. The observed
fluctuations in this region suggest that ambenonium binding may alter the interactions essential for dimer
stabilization, potentially affecting the functional state of the enzyme.

SASA Analysis of Active Site
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Fig. 14. SASA Analysis of active site, dimer and monomer forms. SASA analysis of the active site shows

that the dimer (blue) has consistently lower SASA values (~ 800-1000 A?) compared to the monomer

(orange, ~ 1200-1400 A2). This indicates reduced solvent exposure in the dimeric form, likely due to structural
compactness or intersubunit interactions, highlighting the impact of oligomerization on active site accessibility.
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Fig. 15. Conformational Dynamics and Solvent Accessibility of the Apo Form (Chain B). SASA analysis of
the apo form (dimer, chain B) shows a gradual increase in solvent exposure over time, stabilizing at ~ 9000 A2
after frame 400. This trend suggests a conformational adjustment during the simulation, potentially leading to
greater accessibility of the structure to the solvent environment.

Complex autodockvina score | MM-GBSA (AG: kcal/mol) | MM-PBSA (AG: kcal/mol)

Monomer chain B+ambenonium | —6,6 -28.15 -18.31

Dimer chain B + ambenonium —5,4 -35.21 —24.42

Table 2. Calculated binding free energy (AG) values for the 3CL"®C and ambenonium systems obtained using
MM-GBSA and MM-PBSA methods. These values provide insights into the thermodynamic stability and
affinity of ambenonium binding to 3CLP™, helping to assess the interaction strength and potential efficacy of
the complex formation.

factors such as solubility and polarity significantly contribute to the stabilization of the binding. Conversely, the
MM-PBSA calculation, with less negative values, suggests that electrostatic contributions are less pronounced
in the monomeric form.

In the dimeric form, the AG values are even more negative, indicating more stable interactions between
ambenonium and chain B. The MM-GBSA result (-35.21 kcal/mol) demonstrates that hydrophobic interactions
and the solvated environment play a crucial role in stabilizing the dimeric complex. The MM-PBSA value, while
less negative, also reflects favorable interactions but with reduced influence from electrostatic forces.

When comparing the two forms, the dimeric conformation exhibits more negative AG values in both
methods, suggesting that the dimer provides a more stable environment for ambenonium binding. This increased
stability may be associated with the protection of the active site, which facilitates more effective interactions in
the dimeric form.

Finally, the more negative values obtained by MM-GBSA in both forms indicate that this method places
greater emphasis on hydrophobic interactions and the solvated environment, whereas MM-PBSA reflects a
stronger influence from electrostatic interactions. This difference highlights the importance of considering both
methods to achieve a more comprehensive understanding of interaction stability in the studied system.

Conclusion
The main objective of this study was to investigate the potential inhibition activity of ambenonium against
the main protease of SARS-CoV-2. This activity was previously suggested in an in silico study conducted by
our research group'®. Ambenonium is already used to treat myasthenia, meaning it has been proven safe for
human use. Different compound concentrations were used, and fluorescence was measured to obtain Vo and
K|, values. In the second part, a cytotoxicity assay was performed to assess cell viability in the presence of the
compound. An assay of the compound’s potential inhibition activity against the virus was conducted, followed
by quantification of the virus’s genetic material.

The results indicated that ambenonium does not seem to possess inhibitory activity as suggested in the in
silico study, but a modulation of enzyme activity was observed. At higher concentrations of the compound, the
enzyme doubled the activity, whereas a reduction in activity could be expected for an inhibitor. Modulation of
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enzymatic activity can be a target for developing new drugs or drug repurposing. This modulation was confirmed
when the viral genetic material was quantified. If the compound had inhibitory activity, the amount of viral
RNA detected would have been very low or almost nonexistent, contrary to what was observed. The docking
simulations performed showed that the interaction between the monomer of the main protease is stronger than
the interaction between the dimer and ambenonium, which could explain the results observed in our in silico
study and this in vitro study.

Analyzing the experiments, it was possible to emphasize the importance of in vitro studies following in silico
work. Despite attempts to replicate the exact conditions of a biological system, computational simulations will
always exhibit differences when compared with a living cell. This variation arises from the intricate nature of
cellular environments, where factors like molecular crowding, stochastic processes, and dynamic interactions
with other cellular components are challenging to fully capture in silico. Computational models necessarily
simplify these complex processes, often leading to approximations rather than perfect replications of cellular
behaviors observed in real biological systems. This inherent discrepancy underscores the importance of
experimental validation to bridge the gap between computational predictions and biological outcomes.

The results of the MD indicate that ambenonium interacts more stably with chain B in the dimeric
conformation compared with the monomeric form, as evidenced by the more negative AG values. This suggests
that the dimeric conformation provides a more favorable environment for ambenonium binding, which is
relevant for understanding the structural and functional mechanisms of this interaction. The combined analysis
of the data also reveals that ambenonium significantly impacts the structural stability and interactions of the
protein. While the dimer exhibits greater overall stability and reduced active site exposure, the monomer,
despite being more flexible, establishes stronger interactions with the ligand. These findings are fundamental
for understanding the behavior of the protein-ambenonium complex and can serve as a basis for future studies
aimed at optimizing the design of molecules with higher affinity and efficacy.

The importance of this study is that we were able to demonstrate that, although in silico results suggest a
potential inhibitory activity, ambenonium, at certain concentrations, may actually increase the viral replication
rate due to its modulatory characteristics. This finding underscores the critical importance of biological assays to
validate in silico studies and highlights the potential role of ambenonium in research.

Data availability

The datasets generated and/or analyzed during the current study are publicly available in the Github repository
and can be accessed at: https://github.com/Juliana-2510/Ambenonium-main-protease/tree/main. This includes
all raw and processed data used in the study. For any additional information or clarification regarding the data-
sets, please feel free to contact the corresponding author.
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