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ARTICLE INFO ABSTRACT
Keywords: The COVID-19 pandemic has accelerated the study of drugs, most notably ivermectin and more recently Paxlovid
COVID-19 (PF-07321332) which is in phase III clinical trials with experimental data showing covalent binding to the viral

Volume fluctuation protease MP™, Theoretical developments of catalytic site-directed docking support thermodynamically feasible

X;r;[nm non-covalent binding to MP™. Here we show that Paxlovid binds non-covalently at regions other than the cat-
GNM alytic sites with energies stronger than reported and at the same binding site as the ivermectin Bla homologue,

all through theoretical methodologies, including blind docking. We volumetrically characterize the non-covalent
interaction of the ivermectin homologues (avermectins Bla and B1b) and Paxlovid with the mMP™ monomer,
through molecular dynamics and scaled particle theory (SPT). Using the fluctuation-dissipation theorem (FDT),
we estimated the electric dipole moment fluctuations at the surface of each of complex involved in this study,
with similar trends to that observed in the interaction volume. Using fluctuations of the intrinsic volume and the
number of flexible fragments of proteins using anisotropic and Gaussian elastic networks (ANM-+GNM) suggests
the complexes with ivermectin are more dynamic and flexible than the unbound monomer. In contrast, the
binding of Paxlovid to mMP"™ shows that the mMP"*-PF complex is the least structurally dynamic of all the species
measured in this investigation. The results support a differential molecular mechanism of the ivermectin and PF
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homologues in the mMP™ monomer. Finally, the results showed that Paxlovid despite beingbound in different
sites through covalent or non-covalent forms behaves similarly in terms of its structural flexibility and volumetric

behaviour.

1. Introduction

During the COVID-19 pandemic researchers sought new therapeutic
approaches to target SARS-CoV-2. A common approach was the repur-
posing of approved pharmaceutical drugs to reduce costs, risks and time
to approval/adoption in clinical settings. Computational methods with a
biophysical approach can be used to discover different interactions and
relevant drug phenomena that are not considered and are not found
during the clinical trial process, especially for existing drugs that could
offer a broader medical scope such as ivermectin (Aghdam et al., 2021;
Gonzalez-Paz et al., 2021).

Ivermectin is composed of an approximately 80:20 mixtures of two
homologues, avermectin Bla (Bla) and avermectin B1b (B1b), which
differ in the presence of a secbutyl and an isopropyl group, at the C25
position, respectively (see Fig. 1). A wide variety of computational
biophysical studies have been carried out to determine the capacity of
ivermectin to treat COVID-19 due to shown multitarget antiviral activity
against SARS-CoV-2 in vitro (Koulgi et al., 2021; Azam et al., 2020; Yuce
et al., 2021; Choudhury et al., 2021). Ivermectin has shown a higher
binding energy to different target proteins of SARS-CoV-2 compared to
other antiviral drugs and new candidates, such the alphaketoamide type
inhibitor 13b (Gonzalez-Paz et al., 2021). Many proteins have been
suggested to interact with ivermectin, such as the MP™ protease which is
responsible for most of the post-translational modifications of
SARS-CoV-2 polypeptides (Aghdam et al., 2021; Gonzalez-Paz et al.,
2021; Koulgi et al., 2021; Azam et al., 2020). Despite all the efforts made
to demonstrate the structural and energetic changes induced in MP™ by
the binding of ivermectin (Gonzdlez-Paz et al., 2021), the thermody-
namic changes that accompany this process from a volumetric
perspective still remain unknown. As some authors (Whitten et al., 2005;
Chalikian, 2016; Timasheff, 2002) have conclusively demonstrated, this
type of study provides information on the role played by hydration in
modulating protein stability and its role in ligand binding reactions. It is
important to mention that it has been shown that protein-protein and
protein-ligand interactions occur with the loss or gain of water mole-
cules around the ligand and/or protein (biological water), a phenome-
non with potential pharmacological impact because it is key to the
biological activity of these proteins (Chalikian, 2021; Alvarado et al.,
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2018, 2021; Chalikian and Filfil, 2003; Shek and Chalikian, 2013; Son
et al., 2012; Toleikis et al., 2016; Kaur et al., 2018; Sirotkin et al., 2012).
Despite the theoretical effort made and the in vitro studies of its antiviral
activity to date, there are still no experimental reports that confirm the
binding and perturbation of MP™ by ivermectin. For this reason, we
carried out a comparative study of these homologues of ivermectin with
the new clinical phase III drug called Paxlovid or PF-07321332 (from
here on we will call PF-07321332) of which there is theoretical and
experimental data that show its binding to protease MP™ in catalytic site
(Macchiagodena et al., 2022; Ahmad et al., 2021; Pavan et al., 2021;
Vandyck and Deval, 2021; Zhao et al., 2021). Theoretically using
directed Docking, a model has been proposed that this binding occurs
through a non-covalent binding of PF at the catalytic site causing the
formation of the covalently bound species at the site through the for-
mation of a thiolate-imidazolium group (Macchiagodena et al., 2022).
Interestingly this species is less thermodynamically favored than the
non-covalent complex (Zhao et al., 2021). This study, in addition to
being interesting, opens the possibility of evaluating by blind docking
the possible formation of complexes with PF-07321332 by thermody-
namically favorable non-covalent bonding at sites other than the cata-
lytic site that has been reported (Kneller et al., 2022).

In this study we focus on analyzing the volumetric changes of the
structures using the minimum binding energy resulting from blind
dockings. Blind docking represents one of the greatest challenges in the
field of molecular docking (Agrawal et al., 2019). Blind docking has
been described as an unbiased molecular docking approach as it scans
the protein structure to locate the ideal ligand binding site, representing
a probabilistic approach. However, blind docking represents one of the
greatest challenges in the field of molecular docking (Agrawal et al.,
2019). In addition, it has been suggested for the study of potential
therapeutic agents against coronaviruses (Durojaye et al., 2020).

Despite the limitations of blind docking several tools have been
produced such as DockThor which has been been optimized for ligand
docking to SARS-CoV-2 targets (Guedes et al., 2021) and has been shown
to be relatively successful in situations where the coupling box spans the
entire surface of the receiver (Jofily et al., 2021). Especially since, in a
virtual screening circumstance, this method has a great advantage: it can
determine the best binding pocket for each candidate ligand in a single
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Fig. 1. Molecular structure of the two homologues considered in this study obtained from DrugBank. A) Avermectin Bla (PubChem CID: 6321424), B) Avermectin
B1b (PubChem CID: 6321425), C) PF-07321332 (PubChem CID: 155903259). The differential chemical group of each homologues is indicated (for Bla it is secbutyl

and B1b is an isopropyl, respectively).
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docking run (Jofily et al., 2021).

It has been suggested that although some potent antivirals can bind
strongly to the active site, exploring other regions of the protein with the
blind docking approach should not be ruled out because a preference for
binding to target sites has been demonstrated (Liang et al., 2020).
Especially since promising non-covalently bound inhibitors have been
reported by applying the molecular docking strategies presented here
(Ferraz et al., 2020), and that both covalent and non-covalent binding
free energy contributions are important in the binding affinity of an
inhibitor towards its target (Awoonor-Williams and Abu-Saleh, 2021).

In addition, it has been suggested that in MP™ allosteric inhibition
could take place due to the presence of an allosteric site in the protein
structure that is not found in the active site. In fact, it is noteworthy that
residues such as P122 have been implicated as keys to interactions at the
dimer interface and contribute to MP™ dimerization (Al Khoury et al.,
2022). Interestingly, these residues are part of those involved in the
interactions with the homologue B1b and PF-07321332 (non-covalent
bonding) described in our study (see supplementary material - Table S1).
In light of these observations, we decided to apply the blind docking
approach, so as not to exclude the possible inhibition strategies sug-
gested against MP™, such as: (1) interaction with active/catalytic site
regions, (2) interaction with allosteric site regions, and (3) interaction
with interphase regions associated with enzyme dimer formation (Al
Khoury et al., 2022), the latter strategy was the most relevant to our
investigation, especially, since MP™ is known to depend on homo-
dimerization for its biological activity (Goyal and Goyal, 2020; Tekpinar
and Yildirim, 2021).

The volumetric results obtained provide further insight into the
possible mechanism by which these drugs inhibit the reaction of for-
mation of the homodimeric protease MP™. For this we build protein-
ligand complexes (MP™ + avermectin) and (MP™ + PF-07321332) on
which we have used the Voronoi model implemented in the 3Vee pro-
gram (Petrek et al., 2007; Voss and Gerstein, 2010), HullRad program
(Fleming and Fleming, 2018), the volumetric models proposed by
Chalikian et. al (Shek and Chalikian, 2013; Son et al., 2012; Chalikian
and Macgregor, 2019) and Graziano-Lee models based in scaled particle
theory (SPT) (Graziano, 2006; Lee, 1983; Graziano, 2006; Alvarado
et al., 2015). This approach can be translated to other protein-ligand
complexes to more accurately determine interactions important for
catalysis and the biological activity of these proteins.

In this manuscript we have, for the first time, reported the compu-
tational biophysics study of changes induced in the volumetric proper-
ties and the hydration of the monomer of the MP™ protease (mMP™®) and
the respective non-covalent complexes formed by binding ivermectin
homologues and PF-07321332. In the last section of this paper, a
comparative study is also carried out between the non-covalent and
covalent complexes thermodynamically more feasible between PF and
mMP™ detected using blind docking and molecular dynamics.

2. Methodological details

2.1. Building of complexes with docking and molecular dynamics (MD)
simulations

The crystal structure of the main protease of SARS-CoV-2 (PDB:
6LU7) was used as it is a key enzyme of coronaviruses and has a
fundamental role in mediating viral replication and translation, making
it an attractive target for drugs (Panikar et al., 2021; Chhetri et al.,
2021). All structures were obtained in PDB format from the RCSB Pro-
tein Data Bank (https://www.rcsb.org/). Since the X-ray structure of the
PF-07321332-MP™ complex is currently available in the Protein Data
Bank, and since a covalent bond has already been described, it was
considered to study the non-covalent bond as it is a very likely ther-
modynamic bond. A comparative analysis was performed applying two
sampling algorithms (DockThor and AutoDock) for the prediction of
compound affinity by detection of covalent and non-covalent binding as
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suggested for multiple targets including those associated with
SARS-CoV-2 (Ferraz et al., 2020; Xavier Senra and Fonseca, 2021). The
reported covalent docking was predicted from the AutoDock algorithm’s
covalent docking approach, which has been validated with various
biological systems (Blake and Soliman, 2014; Morris et al., 2009). For
this, the enzyme was loaded in the PDB format and the compound of
interest was loaded separately as a mol2 file. Subsequently, the binding
center was assigned to the frame corresponding to residue Cys145. In
addition, the docking calculations were performed following the rec-
ommendations of the sampling region of the tests experimentally (Zhao
et al., 2021). Predictions of the relative covalent and non-covalent
binding energies were made from the sampling algorithm and scoring
function offered by AutoDock, and using Molegro Molecular predictions,
in order to calculate the contributions of the molecular interactions
offered by the tool, such as hydrogen bonds, hydrophobic bonds, elec-
trostatic bonds, and also covalent bonds at the binding site as suggested
(Gupta et al., 2015; Mahdian et al., 2021) (see Supplementary material -
Table S1). In addition, the non-covalent union was compared with the
covalent one after the construction of the covalent model as suggested
(Macchiagodena et al., 2022). The X-ray frame of an alpha-ketoamide
inhibitor covalently linked to MP™ and strictly related (PDB: 7BPR)
was used as suggested for the construction of the complex and the
comparison between covalent and non-covalent binding of
PF-07321332 (Macchiagodena et al., 2022). The homologue structures
of avermectin Bla (Bla, CID_6321424) and avermectin B1b (B1b,
CID_6321425) that make up ivermectin, as well as the drug
PF-07321332 (CID: 155903259) used as a control because it is a re-
ported compound with affinity and inhibitory activity for mMP™, were
obtained from PubChem (https://pubchem.ncbi.nlm.nih.gov/) in SDF
format and converted to a PDB format using the OpenBabel-3.0 con-
verter (O’Boyle et al., 2011).

The complexes were built in the DockThor-VS web server (https://d
ockthor.lncc.br/v2/) optimized for the design and reuse of drugs
focused on SARS-CoV-2 (see Fig. 2, Fig. 3, Fig. 4, Fig. 5). The DockThor-
VS platform utilizes a topology file for the ligand and a specific input file
for the protein containing the atom types and partial charges from the
MMFF94S force field, and both are generated using the in-house tools
MMFF Ligand and PdbThorBox. The file of the ligand is generated by the
MMFF Ligand program, which utilizes the facilities of the Open Babel
chemical toolbox for deriving partial charges and atom types with the
MMFF94S force field, defining the rotatable bonds and the terminal
hydroxyl groups, and calculating the properties necessary for computing
the intramolecular interactions. In the DockThor program, both protein
and ligand are treated with the same force field in the docking experi-
ment. The complexes were built using the flexibility algorithm and blind
docking. The affinity prediction and ranking of distinct ligands are
performed with the linear model and DockTScore GenLin scoring func-
tion. To increase accuracy 30 runs were made with 10° evaluations per
run. As is usually done, all the water molecules were removed and the
PDB files were separated into two different files, one containing the
protein and the other containing the ligand structure. All the molecular
force field parameterisations were performed automatically by the
programs cited. The remaining settings, conditions and parameters
offered by the program were used in the default mode (Guedes et al.,
2021).

For the prediction of the covalent binding complex, the enzyme
predetermined by DockThor was used for the study of MP™ and the
compound of interest was loaded separately as a PDB file. Subsequently,
the binding center was assigned to the frame corresponding to residue
Cys145, as has been suggested previously (Xavier Senra and Fonseca,
2021). Similarly, a comparative analysis was carried out between the
docking using the scoring functions included in the Molegro Molecular
package (MolDock Score, Rank Score and Plants Score). We sought to
increase the stringency of the predictions made in this study by using
more than one scoring function to determine the best coupled confir-
mation. In this sense, if most of the scoring functions predict similar
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Fig. 2. The most stable conformation of avermectin Bla (PubChem CID: 6321424) is shown in the binding pockets of mMP™. The location and orientation of the Bla
structure is indicated in a circle, the closest residues are also shown in the lower right corner. Interactions were predicted from the tool BIOVIA Discovery Stu-

dio Visualizer.

trends for the same pose and/or ligand, the energetic mean of various
scoring functions could help to optimize the prediction at the probabi-
listic level and classify the coupled complexes correctly from a set of
potential ligand binding conformations and to classify the different
conformers based on binding mode (depending on energy score values).
In fact, it has been suggested to perform molecular couplings and to
apply more than one scoring function like the ones proposed in this
study in efforts that consider covalent and non-covalent systems in order
to further improve docking accuracy (Blake and Soliman, 2014; Saikia
et al., 2014). Overall, predicting differences in covalent and
non-covalent binding free energy contributions for inhibitors could be a
plausible explanation for their in vitro differences in antiviral activity as
observed in in vitro assays. This indicates that covalent and non-covalent
binding free energy contributions are important in the binding affinity of
an inhibitor towards its target (Awoonor-Williams and Abu-Saleh,
2021). Therefore, other authors have applied more than one scoring
method for the selection of the most promising candidates during co-
valent and non-covalent bonding molecular dockings (Delre et al., 2020)
(see Supplementary material - Table S1).

It is important to note that even though the interactions presented in
the 2D diagram appear weaker than the reported relative coupling en-
ergies, non-covalent free energy contributions are important in the
binding affinity of an inhibitor towards its target as has been reported

(Awoonor-Williams and Abu-Saleh, 2021) In addition, the 2D diagrams
were made from BIOVIA Discovery Studio Visualizer and by way of
illustration they show a limited number of interactions. In this sense, to
compensate for the limitations of the visualizers in predicting the nature
of the interactions involved, a search was made for the residues and the
interactions involved using the tools BIOVIA Discovery Studio Visualizer
and Molecular Molecular Visualizer (see Supplementary material -
Table S1).

Simulations were performed for docking to sample the minimum
energy conformations and validate if there was a structural and
conformational alteration of the mMP™ complexes, as well as the sta-
bility of the ligand binding (see Fig. 6). For a protein-ligand complex, the
MD system went through three phases: the relaxation phase, the equi-
librium phase (composed of two equilibrium runs), and the production
phase for sampling the trajectories of interest as suggested previously
(Xavier Senra and Fonseca, 2021; Mahdian et al., 2021; Patel et al.,
2012; Grahl et al., 2021; Gautam et al., 2019; Madhavi et al., 2021;
Yonezawa, 2013). MD simulation of crystal structures was carried out in
an explicit water system. Specifically, the solvation of the system was
performed in an 8.0 A solvation box. Our MD system also consisted of
one copy of each protein system and one copy of the docking ligand. An
Amber99SB-ILDN force field was applied to the complex with the TIP3P
water model. Ions were added to the system proportionally both to
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Fig. 3. The most stable conformation of avermectin B1b (PubChem CID: 6321425) is shown in the binding pockets of mMP". The location and orientation of the B1b
structure is indicated in a circle, the closest residues are also shown in the lower right corner. Interactions were predicted from the tool BIOVIA Discovery Stu-

dio Visualizer.

neutralize the overall net charge and to simulate the physiological
condition of 0.15 M. Na+ ions were selected for the cationic contribu-
tion, while Cl— ions were selected for the anionic effect. Periodic
boundary conditions were applied and Berendsen’s algorithm was
adopted to perform molecular docking at constant temperature and
pressure (300 K and 1 atm).

For this, after initially applying the simulation method based on the
steepest descent (5000 steps) and then the conjugate gradient energy
minimization method (5000 steps) with position restrictions on the
atoms of the protein-ligand complex, it was carried out modeled in an
initial 100 ps simulation with the positions of the atoms in the protein-
ligand complex constrained by a force constant of 10 kcal/(mol*A2) to
allow water molecules to diffuse around the protein and reach equilib-
rium with the protein-ligand system. All water molecules in the model
were treated as rigid bodies, allowing for a simulation time step of 2 fs.
The Particle Mesh Ewald (PME) method was used to calculate the
electrostatic contribution to non-bonded interactions with a cutoff of
14.0 A and a time step of 1 fs. In protein systems, TIP3P water is suitable
for the PME. The cutoff distance of the Van der Waals interaction was
14.0 A. After applying the steepest descent algorithm to meet the energy
minimization of all systems, the canonical NVT set was applied for
100 ps balanced of all systems and thermalized at 300 K. This was fol-
lowed by a second run of 100 ps on the isothermal-isobaric NPT set to

equilibrate the system at 1 atm and 300 K and progressively drive the
equilibrium of each system. The SHAKE algorithm (used to satisfy link
geometry constraints) was applied to the system and the time step was
set to 2 fs. Finally, the production step was performed with the output of
the NPT set, which was used as the initial configuration of an MD pro-
duction series at a constant temperature of 300 K for a total simulation
time of 100 ns. Minimum energy structures in PDB format were obtained
every 10 ns as target structures extracted from a 100 ns trajectory to be
used in the following analyses. All MD simulations and additional ad-
justments were performed using cosgene/myPresto. Cosgene/myPresto
which is available at https://www.mypresto5.jp/en/ (Gonzalez-Paz
et al., 2021, 2020; Gonzalez-Paz et al., 2021, 2020; Kasahara et al.,
2020).

In this sense, we worked with each of the avermectin homologues
(Bla and B1b) and showed these molecules establish a thermodynami-
cally favorable (AG ~ —10 kcal/mol) and stable docking with mMP™
with an RMSD ~ < 4 A, noting that a minor fluctuation of the mMP™
-+ B1b complex was predicted. The relative binding energy of the PF-
07321332 control was AG =~ —8 kcal/mol showing stable binding with
mMpro as expected (RMSD =~ < 4 10\) (see Fig. 6).
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Fig. 4. The most stable conformation of PF-07321332 (PubChem CID: 155903259) is shown in the binding pockets of mMP*°. The location and orientation of PF-
07321332 structure is indicated in a circle; the closest residues are also shown in the lower right corner. Interactions were predicted from the tool BIOVIA Discovery

Studio Visualizer.

chain A

B1b

B1a/PF-07321332
chain B

Fig. 5. The most stable conformation of the avermectins and PF-07321332 is
shown in the binding pockets of the dimeric MP™ protein (dMP™). The location
and orientation of each structure is indicated in a circle.

3. Theory

The partial molar volume of protein V,, by definition (Alvarado et al.,
2018, 2015; Chalikian and Filfil, 2003; Graziano, 2006) is considered to
be constituted of two volumetric contributions, a molecular or geo-
metric contribution V,, (volume of van der Waals V,, and volume of
internal voids V,) and a non-intrinsic contribution(®)]; (volumetric
contribution from repulsive vy and attractive interactions Viy):

Vp=Vu+(©)n+ BIRT 1)
Vo= Vy+V, and (©)"= Vr+ Vi 2
Vo, =V +V,+ V4 Vi 3

V,, is the van der Waals volumes of all the protein constitutive atoms of
protein and V, is volume of cavities within the protein from imperfect
atomic packing, dependent of temperature, proportional to molar mass
M), and equal to the geometric volume of protein impenetrable to sur-
rounding solvent molecules (Chalikian and Filfil, 2003; Shek and Cha-
likian, 2013; Son et al., 2012; Toleikis et al., 2016; Kaur et al., 2018;
Alvarado et al., 2021; Chalikian and Macgregor, 2019; Chhetri et al.,
2021). While the thermal volume V' (by definition is a quantity positive,
i,e, > 0) is the empty volume around of protein which is due to the
mutual protein-solvent vibrations, intermolecular packing or steric ef-
fect, and the interaction volume Vi, (by definition is a quantity negative,
i,e, <0) represents reduction of the solvent volume under the in-
fluence of direct specific and non-specific solute-water interactions
(attractive interactions) (Alvarado et al., 2018, 2015; Chalikian and
Filfil, 2003; Shek and Chalikian, 2013; Son et al., 2012; Chalikian and
Macgregor, 2019; Voloshin et al., 2015). The last term in the Eq. 1 is the
ideal volumetric contribution and generally is neglected due their low
magnitude (B}RT = 1cm®/mol) in comparison with the magnitude of V,
of proteins.

Alternatively, the scaled particle theory (SPT) defines partial molar
volume of a solute as:

Vp, =Ve+ Vin ()]

Where V¢ is the cavity volume that hosts the solute and by definition is
Ve = Vp, +Vr Chalikian and Macgregor (2019); Patel et al. (2012);
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Fig. 6. The Root Mean Square Deviations (RMSD) of Ca relative to the starting frame during 100 ns MD simulation. mMP™ is shown in the presence and absence of
each homologue (Bla and B1b), and PF-07321332. The trajectories represent the mean of two simulation cycles at 100 ns for each case.

Mejia-Tamayo et al. (2018); Kharakoz (1992). In the SPT model pro-
posed by Lee-Graziano (Graziano, 2006; Lee, 1983; Graziano, 2006;
Alvarado et al., 2015), the cavity volume V¢ of solute in a binary
mixture of hard spheres can be estimated as

VO
Ve = (y' +3Ay* +3A%y + A’B) (Fw) 5)

Where y = ™, 1, is the hard sphere radious of molecule protein (Patel
etal.,2012)andr, = 1.4 A is the hard sphere radious of solvent water

molecule, A = {135, B = 078, C = (1+3A+3A%+BA?), £ = 0.380

is the volume packing density of solvent (water) at 298 K, and V9 is
molar volume of water as solvent. This equation can be translated into a
simpler expression

Ve= Vu+Vr (6a)

Vi = ‘;—nkmNri (6b)

Here N is avogradros number. According to this theory the repulsive
component Vy depends on the molecular size of solute and solvent, and
packing density of water as proposed by Lee (Lee, 1983), Graziano
(Graziano, 2006; Graziano, 2006) and by us (Alvarado et al., 2015)
through calculations in aqueous medium. It is important to mention that
this geometric model for small nonpolar molecular systems gives values
very close to the Pierotti-Kharakoz thermodynamic model for Vg
Alvarado et al. (2015); Kharakoz (1992).

4
Vp = 4nk, N2 A, + 4k, Nr, A2 + ?kaA; )

Here A, = Ar, is the thickness of a layer of empty volume sur-
rounding the solute molecule (protein). In this model (Egs. 6 and 7) the
constant k, =k, =1 for small nonpolar systems (Voss and Gerstein,
2010; O’Boyle et al., 2011) as was originally proposed by Lee and
Graziano. For proteins we have found that k,, = 1.7 and k, = 2.4 for
proteins (see supplementary material Table S2 and S3). There is another
approximate expression for V; proposed by Chalikian and Mcgregor
(Chalikian and Macgregor, 2019).

Vr =844, ®

Where Sy is solvent accessible surface area of protein and A, as defined
in the Eq. 7.

It is important to mention that this model although descriptive, has
limitations due to the difficulty of exactly separating the border between
the surface of the protein and the solvent (interfacial region). This model
has been very useful to understand important processes such as hydra-
tion/dehydration of proteins involved in protein-ligand binding,
protein-protein binding and chemical-induced unfolding (Alvarado
et al., 2018; Shek and Chalikian, 2013; Son et al., 2012; Chalikian and
Macgregor, 2019; Voloshin et al., 2015; Mejia-Tamayo et al., 2018;
Aggarwal and Biswas, 2020).

In computational biophysics studies, the molecular volume in a fluid
is determined using the Voronoi-Delaunay model and this amount is
15% larger than the molecular volume V,, previously defined in Eq. 1
and 2 (Filfil et al., 2004). This thermodynamic quantity is equivalent to
the volume of a cavity dry or anhydrous (know as Voronoi volume)
(Voloshin et al., 2015) in solution where the protein molecule has been
placed (Chalikian and Macgregor, 2019; Voloshin et al., 2015; Filfil
et al., 2004). This anhydrous volume will be defined herein after as Vgh
of protein, which strictly and by definition, is equal to

Vil =V, + V™ + Vi 9

where Vy™ is the internal void volume of protein and VY is the part of
boundary empty space assigned to the solute (Voloshin et al., 2015). If
we assume that the protein-water interface division is the same in both
models, then the three first components of the volumetric Eq. 3, and
geometric equation 6 based in molecular dynamics can be empirically
approximated as

Vit =V, + V™ + Vi = V4V, +Vp =V + Vp = Ve 10

And the partial molar volume of a protein can then be written as [see
Egs. (3) and (9)]

Vo = Vi + Vi an
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The volume of interaction V;, is the only term of (®).; that contains
information about the redistribution of water molecules between the
hydration shell and bulk phase (Son et al., 2012; Chalikian et al., 1996).
On the other hand, in molecular dynamics (Voloshin et al., 2015;
Voloshin et al., 2015) the contribution V,, is defined as the difference
between the volume of the hydration shell around of solute V4 and the
occupied volume ™ in the bulk by the same number of water molecules

Po
(Voloshin et al., 2015; Voloshin et al., 2015; Brovchenko et al., 2010).

Vint = Viya — Dnyd 12)
Po

Or alternatively
Vi =V, = V3! 13

If in the Voronoi-Delaunay approach, the border is defined as the
Voronoi surface of the solute molecule, the Egs. 12 and 13 are equiva-
lent. Also, the fact that in volumetric studies the term V;, has an analog
definition to Eq. 12 is very interesting.

Vine = 0 (V5, = V) 14

Where the number of water molecules around of protein is ny, V3, is
the partial molar volumes of hydration and bulk water, respectively (Son
et al., 2012; Chalikian and Macgregor, 2019). Therefore, the empirical
Eq. 11 is a good approximation. In fact, recent studies have shown that
(©)™ and VM +-AV are equal (Voloshin et al., 2015).

In the high dilution regime the thermodynamic theory leads to the
following expression for the partial molecular volume of proteins
(Richards, 1993)

V, = Vi + M8y (vi, — 7)) (15)

Where V,;, is the dry volume of protein (here it is approximated to the
Voronoi volume (V;,‘h)), M, is the dry molar mass of protein, Vi is the
specific volume of bound water to the protein molecule and v? is the
specific volume of nearby water. Chalikian and co-workers (Kaur et al.,
2018) have proposed that vi —v% = —0.09 %, while 8, is the amount of
grams of water associated with the protein per gram of protein, it is a
measure of the degree of hydration of protein and it does not depend on
temperature and concentration of solute (Richards, 1993; Monkos,
2013, 2004).

A comparison of Egs. 11 and 15 shows that the second term in both
equations is:

Vine = M8y (vh —v0) (16)

In hydrodynamic studies (Richards, 1993; Monkos, 2013, 2004) the
volume of a particle in solution is called hydrodynamic volume V, and
contains two components, one corresponding to the partial molar vol-
ume of the dry protein (also defined here as Vgh to maintain the same
nomenclature) and the other due to volume of the hydration layer V*"
Richards (1993); Monkos (2013).

Vo= VI'4 VO a7
VI =M, 5, V" 18)
Eq. 15 is very useful for theoretically estimating §, if V}, and V;‘h are
known.
(v - W)
o =—F——= 19

h
M, vy,

Then, evaluating the change induced in each of the contributions to
the components V,, and (8)!} of apparent molar volume in the protein-
ligand binding reactions provides important information on the struc-
tural and hydration changes that the protein undergoes in biological

Computational Biology and Chemistry 99 (2022) 107692

processes.

The proteins are dynamic molecules (Lindow et al., 2013; Marchi,
2003), and at thermal equilibrium, the intrinsic volume Vgh (geometric
component) and the hydration or interaction volume V;, are constantly
fluctuacting around their mean values <Vgh> and (Vi) Lindow et al.

(2013); Marchi (2003); Dadarlat and Post (2001); Kharakoz and Sar-
vazyan (1993); Pfeiffer et al. (2008); Mori et al. (2006); Persson and
Halle (2018). The structural dynamic is very important for biological
function of protein and stability (Marchi, 2003; Persson and Halle, 2018;
Paul et al.,, 2017; Reid et al., 2021; Tang and Dill, 1998; Tang and
Kaneko, 2020; Kapoor and Winter, 2016; Rother et al., 2003; Jiang et al.,
2014; Cooper, 1984). The intrinsic protein flexibility is relevant to
interaction with ligand and can contribute to the binding process (Mori
et al., 2006; Persson and Halle, 2018; Luong et al., 2015; Gekko and
Hasegawa, 1986; Zhang et al., 2015; Barletta et al., 2019; Barletta and
Fernandez-Alberti, 2018). The internal cavities play an important role
on structural flexibility of protein (Mori et al., 2006; Rother et al., 2003;
Jiang et al., 2014; Barletta et al., 2019; Barletta and Fernandez-Alberti,
2018; Pereira et al., 2006; Stank et al., 2016). Studies support that
protein binding processes occur with important changes in the fluctua-
tion of the volume of the internal cavities and surface hydration of
protein (Lindow et al., 2013; Marchi, 2003; Dadarlat and Post, 2001;
Kharakoz and Sarvazyan, 1993; Pfeiffer et al., 2008; Mori et al., 2006;
Persson and Halle, 2018; Reid et al., 2021; Kapoor and Winter, 2016;
Gekko and Hasegawa, 1986). Statistical thermodynamic theory states
that if Vl';h and Vj, fluctuate independently of each other then the
intrinsic volume fluctuaction is possibly related thermodynamically
with intrinsic compressibility (Mori et al., 2006; Cooper, 1984) as:
L (8vi)

BT = KTV, (20)

Where (§VZ) is the mean square intrinsic volume fluctuaction, V is the
intrinsic volume of protein, K is the Boltzmann contant, T the absolute
temperature, and B\, the isothermal intrinsic compressibility coefficient.
The mean square intrinsic volume fluctuaction can be statistically esti-
mated from V;(; values and mean value of V; obtained from dynamic
molecular simulation as:

(8V3) = 5 3 (Vi — (vi))? 1)

=1

Then (8V7) is a quantitative measure of protein dynamics. However,
in many studies the amount used for comparative studies is:

(V) =[5 D0 (Vi = (V) 22

=1

On the other hand, Fornés proposed an attractive phenomenological
model based on the Fluctuation-Dissipation Theorem (FDT) that allows
estimating the thermal fluctuations of the electric dipole moment in
units of the water molecule dipole moment 8. on the surface of the
protein from the hydrodynamic molecular volume V}' Fornés (2008).

. (sw2) /- 1KT
ST 184

(23)

Where V' =Y, v > 2.5 is the Simha factor and p,, = 1.84 D is the water
molecule permanent electrical dipole moment. Fornés observed that the
electric dipole moment fluctuations &y, as a function of the molecular
weight ranged from 15 to 115, increasing with the size of the protein
molecule.

As the hydrodynamic volume Vj, Simha factor v and anhydrous
volume Vgh (Voronoi volume) can be estimated using different meth-
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odologies such as HullRad (Fleming and Fleming, 2018) and 3Vee pro-
grams (Petrek et al., 2007; Voss and Gerstein, 2010), all parameters
described here in this section can be calculated for the monomer of the
MP™ protease (mMP™) and their respectives non-covalent complexes
formed by binding ivermectin homologues and PF-07321332 in physi-
ological medium. HullRad (https://hullrad.wordpress.com/) is an open
source algorithm to calculate hydrodynamic parameters of bio-
molecules. It works for folded proteins, intrinsically disordered proteins
and protein complexes. This method uses a convex hull model to esti-
mate the hydrodynamic volume of the molecule and is orders of
magnitude faster than common methods (Fleming and Fleming, 2018).
3Vee, can automatically extract and comprehensively analyze all the
internal volumes from protein structures. It rapidly finds internal vol-
umes by taking the difference between two rolling-probe sol-
vent-excluded surfaces, one with as large as possible a probe radius and
the other with a solvent radius (typically 1.5 A for water) (Petiek et al.,
2007; Voss and Gerstein, 2010).

For comparison purposes only, graphs of the spatial envelope simu-
lated with the WAXSIS server (http://waxsis.uni-goettingen.de/) of the
monomer MP™ in the presence and absence of each of the homologues
were incorporated. WAXSIiS runs a short explicit-solvent MD simulation
using YASARA. After the simulation has finished, a spatial envelope is
constructed that includes the biomolecule and its solvation shell at a
distance of 7 A from the biomolecule atoms. The excluded-solvent
scattering is computed based on a pure-water simulation that was con-
ducted previously. The WAXSiS model allows to detect changes in global
protein parameters, such as the radius of gyration, the multimeric state,
aggregation or changes in the solvation shell from a molecular dynamics
simulation in solution. This makes it possible to trace the conformational
transitions of the complexes on a small scale and allows accurate mea-
surements at wider angles due to the effect of the ligands, and their
effect even at the level of the solvation shell. For more details of the
WAXSiS method we recommend reviewing (Knight and Hub, 2015;
Chen and Hub, 2014).

For the prediction of the number of flexible fragments (Ny), HingeProt
was used, a web server to predict rigid protein parts and the flexible
hinge regions that connect them in the native protein chain topology
using elastic network models (EN). HingeProt uses Gaussian lattice
models (GNM) and anisotropic lattice models (ANM) (http://bioinfo3d.
cs.tau.ac.il/HingeProt/) (Gonzalez-Paz et al., 2021; Emekli et al., 2008).

4. Results and Discussion

4.1. Comparative analysis between volumetric properties of monomeric
MP™ (mMP"™) and their non-covalent complexes formed by binding of
homologues of ivermectin homologues and PF-07321332 in physiological
medium

From a volumetric point of view the formation of complex by protein
binding a ligand can be analyzed from the change in partial molar vol-
ume of protein AV, according to:

AV, = AV 4+ AV, (24)

Table 1
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Where AV, = V,(complex) —V,(monomer) is the difference in V, be-
tween the mMP™-ligand complex and the ligand-free MP™ monomer.
The ligands studied are the homologues of ivermectin (Bla and B1b) and
PF-07321332. The term AV;h is the change in the Voronoi volume of
proteins and AVy, is the change in the interaction volume. In the
following sections, we will analyze the volumetric changes obtained in
each of the contributions AV;h and AV;, as well as of each of their
components to the partial molar volume of protein.

4.1.1. Changes induced in Voronoi volume Vgh by non-covalent binding of
ivermectin and PF-07321332 to the MP™ monomer (mMP™®)

Table 1 shows the values of Voronoi Volume obtained by molecular
dynamic (MD) simulations. A simple inspection reveals that the anhy-
drous volume V‘;h is higher in magnitude when the monomer is in
complex with the B1b homologue (from here forward called mMP™-B1b)
in comparison to the ligand-free monomer (mMP™), the monomeric
complex mMpro-PF and mMP™-Bla. This gives the order obtained as
mMP-B1b > mMP™ > mMP™-PF ~ mMP"-Bla. The difference AV}"

between mMP™-B1b and mMP™ was + 93.35 cm®/mol, — 136.70 cm®/
mol between the complex mMP™-Bla and mMP™, and — 133.08 cm®/
mol for the complex mMP™-PF. Although these amounts may seem small,
they are indeed significant. Volumetric changes involved in folding or
unfolding induced in proteins by ligand binding are very modest (Cha-
likian and Filfil, 2003; Shek and Chalikian, 2013; Son et al., 2012, 2014;
Alvarado et al., 2021; Filfil et al., 2004; Son and Chalikian, 2016; Cha-
likian and Breslauer, 1996; Kaur et al., 2021). According to Eq. (10) the
change in the Voronoi volume can be calculated as:

Avgh = AV, +AV, +AVy (25)

If the change in the van der Waals volume is considered negligible A
V, =0 (Son et al, 2014), then the difference in AV}" is due to
binding-induced changes in the volume of the internal cavities AV, of
the mMP™ and the contribution of volume that comes from the repulsive
protein-water interactions AVy [see Egs. (6-8) and (25)]. It is important
to mention that the AVgh values are excellently reproduced by Eqs. 6 and
7 of the Lee-Graziano SPT model. In fact, the difference AV between
mMP™-B1b and mMP™ was + 115.19 cm®/mol, — 120.68 cm®/mol be-
tween the complex mMP™-Bla and mMP™ and — 84.50 cm®/mol be-
tween the complex mMP™-F and mMP™® Which establishes that V¢ is
close to Vgh and maintains that the approximations involved in this
work are adequate.

With this in mind, we can suggest that AV;“ ~ AV, + AVy, and
making use of the values obtained for Vt from SPT model (see Table 1
and Eqs.7 or 8) we find that AVy = —11.29 cm®/mol for the difference
between the mMP™®-Blb complex and the mMP™, a value of
AVy =-27.39 cm®/mol for the difference between the mMP™-Bla
complex and mMP™ and AVt =—56.54 cm®/mol for the difference be-
tween the mMP™-PF complex and mMP™. The negative value of AVy in
all cases reflects the decrease of surface areas within the ligand-protein
interfaces Chalikian and Filfil, 2003. As the complex mMP™-PF exhibits

Volumetric properties obtained from the minimum energy structures at 100 ns of the MP™ monomer (mMP™) and the mMP™-Bla, mMP™-B1b and mMP*- PF non-
covalent complexes formed by the union of the ivermectin homologues (Bla and B1b) and PF-07321332.

Vgh Vi Vi Vr Vint (©)n Vo Vy Sy
mMP™ 26960.49 44431.81 23929.08 3031.41 -1727.93 1303.48 25232.56 4443.09 0.57
mMP™*-Bla 26823.79 43762.61 23819.77 3004.02 -1675.27 1328.75 25148.53 4333.78 0.55
mMP™-B1b 27053.84 47025.24 24033.62 3020.22 -1975.19 1045.03 25078.64 4547.63 0.65
mMP°-PF 26827.41 44139.10 23852.54 2974.87 -1712.15 1262.72 25115.26 4366.55 0.56

Volume quantities expressed in cm®/mol; &, in Zwater/ protein; Van der Waals volume of mMP™ (V,,): 19485.99 cm®/mol estimated with 3Vee model using probe test of

04.
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the largest decrease in surface it becomes clear that the magnitude of A
Vgh is dominated by the change in the volumetric component AV,. This
result is very interesting because it allows us to suggest that the value of
AVB}‘ comes from changes in the size distribution of the internal cavities
of the monomer induced by binding of homologues of ivermectin and
PF-07321332 due to the small magnitude of AV in comparison with
AV,. It is important to note that this change in the volumetric compo-
nent V, in the mMP™ monomer is different in the complexes with Bla
and PF-07321332 (dVv < O in both cases) instead of Blb and
PF-07321332 (dVv < 0 in both cases). It is important to mention that the
magnitude of V, depends on the conformational state of the protein
(Chalikian and Filfil, 2003). These volumetric results at 100 ns are in
agreement with the results obtained by molecular simulations using
Anisotropic Network models (ANM) and Gaussian Network Model
(GNM) (Gonzalez-Paz et al., 2021; Emekli et al., 2008). In the ANM and
GNM, if the number of flexible fragments Ny of a protein-ligand com-
plex is higher than in the respective uncomplexed protein in its native
state, it is interpreted that an unfolding induced by the ligand occurred,
otherwise, if they decrease in protein-ligand complex in relation to the
protein without ligand binding, compaction or refolding is said to have
occurred (Gonzalez-Paz et al., 2021; Emekli et al., 2008). In Fig. 7, a
similar trend is observed but with a number of flexible fragments that
differs between the complexes at the end of 100 ns. The number of
flexible fragments Ny  of complexes suggest the differential behavior of
the threes ligands (Bla, B1b and PF-07321332) when they bind to the
mMP™. Interestingly, the homologue B1b induced unfolding while ho-
mologue Bla and PF-07321332 induced structural compaction in the
mMP™ (see Fig. 7).

It should be mentioned that homologues of ivermectin interact to the
mMP™ at different sites as shown in Fig. 2, Fig. 3, Fig. 4 and Fig. 5. While
the ligand PF-07321332 bind in the same site that the homologue Bla in
the MP™ monomer (see Fig. 5).

This previous analysis was possible due to the knowledge of the
Voronoi volume Vgh and the thermal volume Vr for each protein
involved in this analysis. While in the case of the second term AV, of
Eq. (24), we must first determine the hydration volume V*" and AV*h
from the hydrodynamic volume V, and Voronoi volume of each species.
Once V*" is known, it is possible to determine &, and then estimate both
Vine and AV, in each case.

Computational Biology and Chemistry 99 (2022) 107692

4.1.2. Changes induced in the hydrodynamic volume Vy, and the volume of
the hydration layer v*" by non-covalent binding of ivermectin and PF-
07321332 in MP™ monomer (mMP™)

The values obtained for the hydrodynamic volume are shown in
Table 1. The same pattern as that observed for the Voronoi volume is
observed i.e. mMP™-B1b > mMP™ > mMP-PF > mMP™-Bla. The dif-
ference in V, between mMP™°-B1b, mMP"*-Bla and mMP™-PF complex
with mMP™ were AV, = + 2593.43, — 669.20 cm®/mol, and —
292.71 cm®/mol, respectively. A look at Eq. 17 shows that AVj, =

AV]‘:h + AV*", and so |AV5h|>>‘AV;h‘ is true for the homoloques of

ivermectin, in contrast, in the case of mMP™-PF the value of AV*" is only
slightly larger than AVI’,’h. After this, the change in the volume of the
monomer hydration layer dominates. This result is very interesting
because it establishes that the volume of the hydration layer V*" is very
different in the three complexes in relation to the native monomer, ful
filling that V®(mMP™-Blb) 19971.40cm®/mol >  V*'(mMP™)
17471.32cm®/mol > V" (mMP™-Bla) 17311.69cm?®/mol > V*h(mMP"-
Bla) 16938.62cm®/mol . Therefore, AV'(mMP™-B1b - MP™®) = +
2500.08 cm®/mol, AV*"(mMP™-Bla - Mpro) = — 532.70 cm®/mol and
AV (mMP™-PF - Mpro) = — 159.63 cm®/mol. That is, the hydration
layer in the monomer is thicker when it binds to the B1b homologue
than when it binds to the Bla homologue or PF-07321332, while this
layer is thinnest in the monomer when it binds to the homologue Bla.
These results suggest that the ivermectin homologues and PF-07321332
affect the monomer’s dimerization reaction to form the dimeric MP™
(dMP™), a process which is important for viral replication (Goyal and
Goyal, 2020; Marchi, 2003; Macchiagodena et al., 2022; Ahmad et al.,
2021; Pavan et al., 2021; Vandyck and Deval, 2021; Zhao et al., 2021). It
is very interesting to see that PF-07321332 and Bla dehydrate mMP™ as
The hydration layer of the proteins known as biological water has been
associated as a fundamental part of the protein and which plays an
important role in the biological function of proteins (Ball, 2017; Laage
et al., 2017; Adhikari et al., 2020).

Additional information about the changes induced in the hydration
of the proteins was obtained from the degree of hydration measured as
grams of water per gram of monomer §,, which was calculated with Eq.
19 and the values of the hydrodynamic volume V; and Voronoi volume
Vgh (see Table 1). The results obtained are shown in Table 1. The mMP™

is more hydrated compared to the native mMP™ when bound to the B1b
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Fig. 7. Comparison between the fluctuation of the number of flexible fragments <8N?> of non-covalent complexes using Anisotropic Network models (ANM) and

Gaussian Network Model (GNM). The predictions correspond to the minimum energy structures at 100 ns MD simulation.

10



Y.J. Alvarado et al.

homologue. In comparison, the monomer is less hydrated compared to
the mMpro-Bla complex, mMpro-PF complex and the native mMP™
from a hydrodynamic point of view. That is, the Bla homologue and PF-
07321332 induced loss of water molecules in the mMP™ upon being
bound. These &), values are interesting as they provide information on
the degree of hydration in the monomer and its change during complex
formation by ligand binding. However, the information on the
contraction of the hydration layer mediated by attractive interactions
that come from the water-surface interactions of the protein is obtained
through the V;,, volumetric component.

Another relevant aspect to highlight from these &, results is that the
hydration obtained for the mMP™ (§, = 0.57) is equal to the value
reported for lysozyme (8, = 0.57) and close to porcine elastase (5, =

0.53) using other proteases models (Fornés, 2008). In fact, this degree
of hydration is high and any change in this can significantly affect the
molecular recognition events for this protease, since it is known that for
this type of biochemical reaction in proteins, hydration is an extremely
important driving force (Chalikian, 2021). It is very important to note
there are no reports of this type of data for proteases associated with
SARS-CoV-2 and in particular for MP™,

4.1.3. Changes induced in the interaction volume Viy by non-covalent
binding of homologues of ivermectin and PF-07321332 in MP"® monomer
(mMP")

The interaction from the specific and non-specific van der Waals
forces of water as a solvent with the polar, non-polar and charged sur-
face residues of the protein is quantified in the attractive volumetric
contribution Vj, (see Eqs. 14 and 16) to the partial or apparent molar
volume V. This volumetric quantity V;, therefore is a measure of the
contraction of the volume of water as a solvent in the proximity of the
charged, and polar groups of the protein (Son et al., 2012; Chalikian and
Macgregor, 2019; Alvarado et al., 2015; Aggarwal and Biswas, 2020).
Hence its importance to evaluate the induced changes in protein hy-
dration due to ligand binding. Table 1 shows the values obtained for this
volumetric  property, demonstrating the following trend
Vi MMP™©-B1b) > Vi (mMP™) ~ Vi, (mMP™°-PF) > V;,(mMP™°-Bla).

The difference AV, between mMP™-B1b and mMP™ is — 247.26
cm®/mol, + 52.66 cm®/mol between mMP™-Bla and mMP™ and + 15.78
cm®/mol between mMP™-PF and mMP™ These results suggest that the
binding of ivermectin B1b to mMP™ induces a redistribution of the
charged and polar surface groups, favoring the exposure and the pop-
ulation of these to the solvent. While in the case of the complex mMP™-
Bla and PF-07321332, the exposure of these surface amino acid residues
is disfavored and the exposure of the nonpolar ones could be favored,
which possibly affects the solubility of the protein as occurs with hy-
drophobic solutes that tend to aggregate in water (Graziano, 2016,
2017). It is important to see the consistency of these results by
remembering that Bla and PF-07321332 bind at the same site within the
protein mMP™. In any case, the little water that surrounds the protein or
the site where Bla or PF-07321332 are bound should be dispersed or
poorly structured. Thus affecting the degree of local hydration could be
important. It has been proposed that water plays an important role in the
catalytic site in MP™ (Macchiagodena et al., 2022). These results are also
important since depending on which region this hydration or dehydra-
tion occurs in the protein, the flexibility, stability and mechanisms of
recognition of the protein can be significantly affected (Voloshin et al.,
2015; Marchi, 2003; Persson and Halle, 2018; Tang and Dill, 1998; Tang
and Kaneko, 2020). The homodimerization of this monomer to form the
biologically active species could also be affected (Goyal and Goyal,
2020). In this direction, the results obtained are interesting as the
negative value of AV;, observed for the formation of the mMP™-B1b
complex is associated with a high hydration which suggests lower ag-
gregation tendency, diminution in hydrophobicity and higher charge
surface in proteins (Aggarwal and Biswas, 2020). In contrast, in the case
of homologue Bla and PF-07321332, the formation of the mMP™-Bla

11

Computational Biology and Chemistry 99 (2022) 107692

complex leads to a positive value of AV;, which is associated with low
hydration and as consequence a higher aggregation tendency or an
increased tendency to form aggregates or disordered clusters (an in-
crease in hydrophobicity and lower charge in surface of proteins)
(Aggarwal and Biswas, 2020). In any case, the results suggest the
negative effect on the homodimerization reaction. It is very important to
mention that these results support the reports of the inhibition of the
dimerization reaction of mMP™ by binding of the PF-07321332 drug
(Macchiagodena et al., 2022; Ahmad et al., 2021; Pavan et al., 2021;
Vandyck and Deval, 2021; Zhao et al., 2021). Therefore, as
PF-07321332 and Bla bind at the same site, it is possible to propose that
this ivermectin homologue has a similar effect.

It is very interesting that the trend observed for V;,, was similar to
obtained for the electric dipole moment fluctuations on the surface (see
Eq.23) of the protein mMP™-B1b (8p, = 55.7) >mMP™® (8p, = 54.2)
= mMP-PF (8), = 54.2) > mMP™-Bla (5p, = 54.1), suggesting
that this electrical property plays an important role on the contraction of
the first hydration layer, perhaps by affecting the water-water dipole
interactions at the protein-water interface (Seyedi and Matyushov,
2018). It should also be noted that the values obtained for &y, are in the
expected order for a protein with a mass of 33.4 kDa (Fornés, 2008).

The value of the mMP™-Bla complex is 0.18% lower than that ob-
tained for mMP™ and mMP™-PF complex while it is 2.87% lower when
compared to the mMP™-Blb complex. Although these percentages
appear to be very small, there are no other reports of comparative
studies between protein-ligand complexes and free protein that allow an
analysis of this situation. It is clear that more studies on this topic are
necessary. However, these small differences between &y, makes sense if
it is thought to be related to changes in the populations of exposed polar
amino acid residues on the surface of the protein by binding to iver-
mectin homologues and PF-07321332, and it is expected that these polar
residue populations change by only a small fraction during global
conformational changes.

These results, together with those obtained for &, and Vi, suggest
that each protein-ligand complex must have a difference both in the
thickness of the hydration layer and in the distribution of the water
molecules on the protein. Figs. 8 and 9 demonstrate the differences in
the layers of hydration, particularly in the distribution of the water
molecules in the surface cavities of each species. In the case of Fig. 8, the
3Vee model allows estimation of the radius of the hydration layer
(thickness of water layer) from the surface of the protein, estimating the
distance to be 10 4 as Ar,, = r;," - rgh, where r;” is the radius from the
center of the protein to its surface plus a distance of 10 4 from this
surface and rgh is the intrinsic or Voronoi radius of protein, both
amounts. ry and rgh have been estimated from the respective volumes.

The results give the following trend Ar,(mMpro) 14.76 4 =~
Ary,(mMpro-B1b) 14.75 4) > Ar,,(mMpro-PF) 13.30 4 > Ar,(mMpro-
Bla) 12.98 4. It is clear that the mMpro-Bla complex is the least hy-
drated of all the proteins, while the mMpro-B1b complex has a hydration
close to or equal to the native protein.

4.1.4. Changes induced in the non-intrinsic volume contribution to partial
molar volume V,, of non-covalent complexes in physiological medium
Graziano reported that the non-intrinsic volumetric contribution
(@) at infinite dilution in water for mixture of hard spheres is always a
small and positive quantity (Graziano, 2006). We have recently
confirmed this for model globular proteins (Alvarado et al., 2018, 2015).
This is because this contribution to V,, is the result of a balance between
the repulsive volumetric component V and the attractive component
Vin [see Eq. 2], and always dominates Vr. In this study the values ob-
tained for (®)}; using the data of Vr and V;, are shown in Table 1, giving
the following trend (®);(mMP°-Blb) < (@) (mMP°-PF) < (@)
(mMP™) < (@) (mMP™-B1a). This is most easily seen in numerical form
like A(®)™ (mMP™-B1b - mMP™) = - 238.82 cm?/mol, A(®)™ (mMP™-PF
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Fig. 8. Comparison between the volume of solvent extracted from mMP™ in the presence and absence of each homologue and PF-07321332 using the 3vee Solvent
Extraction Module (http://3vee.molmovdb.org/solventExtract.php).
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Fig. 9. Comparison between the simulated spatial envelope with WAXSIS server of mMP"™ in the presence and absence of each homologue (http://waxsis.uni-goett
ingen.de/). A, mMP™ free; B, mMP™ + Avermectin Bla (Bla); C, mMP™ + Avermectin B1b (B1b); D, mMP™ + PF-07321332. The predictions correspond to the
minimum energy structure at 100 ns MD simulation. The simulated spatial envelope includes the biomolecule and its solvation layer at a distance of 7 A from the
atoms of the biomolecule.
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- mMpro) = - 40.76 cm®/mol and A(@®)} (mMP™-Bla - mMP™) = + 40.29
cm®/mol. The difference in the sign of this parameter is due to the fact
that in the two firsts cases where A(®)i< 0, the repulsive volumetric
component water-protein Vy dominates in the unbound monomer, while
in the last case this repulsive component dominates in the complex,
which reflects that the mechanism involved in the volume change for the
formation of the complexes is different in each case. It is interesting to
note that although data suggest the Bla homologue and PF-07321332
bind in the same site in mMP™ (see Fig. 5), the property A(®)y; has a
similar magnitude but a different sign.

4.1.5. Changes induced in the partial molar volume V,
complexes in physiological medium
Based on Eq. 11 and using the data for Voronoi volume Vgh and

of non-covalent

interaction volume V;,, of Table 1, we have determined the partial molar
volume in physiological medium of mMP™, the mMP"°-Bla, mMP™-B1b
and mMP"°-PF complexes. In the same table the values obtained for this
property are shown following the trend, ie. V, (mMP™) > V, (mMP™-
Bla) > V, (mMP™-PF) > V,, (mMP"-B1b). The homologues of ivermectin
and PF-07321332 induced a decrease in apparent molar volume V, of
mMP™ with AV, (mMP™-B1b - mMP™) = - 153.91 cm® /mol, AV, (mMP™-
PF - mMP™) =- 117.30 cm®/mol and AV, (mMP™-Bla - mMpro) = -
84.03 cm®/mol. It is important to note that although in all cases AV, has
negative sign, the mechanism involved in the partial molar volume V,
change is different in each case. For the mMP™-B1b complex, the change
in volume AV, is dominated by the attractive component AVj,. That
is, the attractive interaction of the charged and polar groups on the
surface of the protein with the water molecules (hydration layer). While
in the case of the mMP™-Bla and mMP™*-PF complex, the change in AV,
is dominated by the AV;h component, which is dominated by changes in
the distribution of size of the internal cavities of the monomer AV,. Then
we can clearly see with these results with the structure of minimum
energy at 100 ns that the change in the volumetric properties of the
mMP™ induced by the ivermectin homologues proceeds by different
mechanisms. But the volumetric changes induced in mMpro by Bla and
PF-07321332 proceed by the same mechanism.

The results obtained with the structure of minimum energy at 100 ns
for the formation of the complexes involve a conformational change that
is reflected volumetrically in the AV, component and in AV, as ex-
pected theoretically and experimentally, so our results are consistent.
Although our results seem only qualitative, we can see that similar in-
formation is obtained if the analysis is made in the traditional manner
using the empirical model proposed by Chalikian and co-workers
(Chalikian and Macgregor, 2019). Additionally, the methodology here
used was achieved by estimating the thickness of the thermal volume A,

\/nh_\/m .
= ( s ) from the solvent accessible surface area S, and thermal

volume Vg = (Vgh 7Vm> as suggested by the empirical model of
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Chalikian and collaborators. Our values estimated in each case were ~
0.5 A, which is in the range reported in the literature (1-0.5 A) (Patel
et al., 2012; Kharakoz, 1992). Although lower values are also known
(Chalikian and Macgregor, 2019). Graziano has argued that the value
should be 0.5 A (Graziano, 2013).

The analysis presented here is important from a biophysical chemical
perspective to understand the changes induced in the monomeric pro-
tein MP™ by binding of ivermectin homologues and PF-07321332. The
change in volume observed is mainly attributed to the components Vi
in the case of homologue B1b, and V, in the cases of homologue Bla and
PF-07321332 drug. This suggest that for B1b binding the contraction of
solvent volume may have the greatest effect on the change in volume.
Whereas, for Bla and PF-07321332 binding the volume of cavities
within the protein may have the greatest effect on the change in volume.

4.2. Behaviour dynamic of the partial molar volume V, and Voronoi
Volume of non-covalent complexes

As previously discussed, the volumetric component contributing the
most to AV, in Bla/mMP™ and PF/mMP™ is the cavity volume or in-
ternal voids V,, whereas the interaction volume V;,  at 100 ns is the
major contribution to AV, in the case of B1b/mMP™. Moreover, the
geometric component V, is within of intrinsic volume Vgh = Vi, while
Vi contributes in V, balancing V;h.

By analyzing the data presented in Table 2 using Eq. 22 for the case of
intrinsic or Voronoi volume and protein volume, it is possible to estimate

1/2
the mean square of the volume fluctuation in each case (<6V§> or

<6V12>1/ %). The accuracy of Eq. 22 depends on several factors, one of
which is having a significantly large number of structures (snapshots) of
the protein of interest being studied by molecular dynamics. We per-
formed a comparative study between the results obtained for staphylo-
coccal nuclease (SNase) (Voloshin et al., 2015) with 5000 structures
(snapshots) at 50 ns and our methodology using 10 structures at 100 ns.
Through it, we have found to be able to reproduce the fluctuation of the

172
protein volume <6V§> and the intrinsic or Voronoi volume <6V[2>1/ 2,

If in Eq. 22 we consider a statistical correction factor of K; = 0. 57
associated to this protein, i.e:

1 n
BV =K\ |5 FZI (Vi) — (Vi))’i=Tor P (26)
with this equation we estimate the fluctuation of the intrinsic volume
using the Voronoi volume ( Vi = V;‘h,see Tablez). By considering that
this represents the geometry volume inaccessible to the solvent, then in

terms of <6V12>1/ 2, we obtained the following trend: mMP™-B1b (218.74
cm?®/mol) > mMP™-Bla (197.47 cm?/mol) > mMPr (175.11 cm?® /mol)

Table 2

Molar volume V,, and Voronoi volume Vgh values for the monomer and its non-covalent complexes with the ivermectin homologues and PF-07321332 in a time range of

10-100 ns.
Time (ns) Voronoi volume (cm3/mol) Molar volume (cm3/mol)

mMP© mMP°-Bla mMP-B1b mMP*°-PF mMP© mMP-Bla mMP°-B1b mMP™°-PF

10 26540.76 27298.93 27327.84 26911.11 24620.19 25315.27 25338.34 25186.35
20 26718.41 26742.5 26684.08 26705.76 24886.94 24807.33 24749.51 25108.24
30 26361.31 26343.24 26227.01 26357.09 24586.37 24621.61 24539.6 24567.74
40 27046.61 26949.05 27206.19 27051.43 25225.53 25172.51 25348.04 25339.7
50 26739.49 26632.3 26863.54 26770.8 24954.09 24991.07 25028.79 25076.83
60 26201.72 26274.59 26348.66 26273.38 24558.1 24662.71 24656.52 24722.66
70 27086.96 27091.77 27233.89 27013.49 25233.07 25392.32 25253.24 25304.16
80 26734.67 26782.85 26909.31 26682.88 24919.69 25110.14 25071.43 24987.2
90 26236.65 26177.63 26355.28 26246.28 24555.11 24653.62 24669.85 24683.19
100 26960.49 26823.79 27053.84 26827.41 25232.56 25148.53 25078.64 25115.26
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and > m™P™-PF (160.29 cm? /mol). This result establishes that both
complexes with ivermectin (Bla and B1b) are more dynamic and/or
flexible than the native monomer, while the mMP™-B1b complex is more
dynamic than the mMP™°-B1a complex. However, the mMP™-PF complex
is the least dynamic or flexible of all molecular species.

1/2
In the case of <6V§> the results obtained were 160.78 cm®/mol
(mMP™-B1b), 153.84 cm®/mol (mMP™), 152.95 cm®/mol (mMP™-Bla)
1/2

and 143.86 cm®/mol (mMP™-PF). The corresponding values of <6V§>

are in the 30-200 cm®/mol range previously reported (Persson and
Halle, 2018). The mMP™-Bla complex and the mMP™-PF complex are
0.6% and 7% less dynamic than the native monomer, respectively, while
the mMP™-B1b complex is 4.5% more dynamic than the native mono-

(ov3)™

mer. Thus, the fraction of volume fluctuaction v

in all cases was

around 0.6%, which is close to that reported for other smaller proteins
than mMP™ (34.5 kDa) (Mori et al., 2006; Persson and Halle, 2018).
Nonetheless, it is twice the mean value reported for a larger set of pro-
teins that includes proteins of greater mass than mMP™ (Gekko and
Hasegawa, 1986). It is very interesting to see that the complexes with

1/2
the smallest volume fluctuation (<8V§> , e.g, the mMpro-PF and

mMpro-Bla complexes, also have the lowest Vi, values.

Since Vi, is a measure of the shrinkage of the hydration layer due to
the attractive interactions of the protein surface groups with water
molecules, and since the major contribution comes from the presence of
charged groups exposed on the protein surface to the solvent (Shek and
Chalikian, 2013; Son et al., 2012), then the fraction of charged groups in
these complexes should be low compared to the monomer. Therefore,
the interfacial tension y,,, between the protein and water, must be high
relative to the native monomer. The opposite is true for the mMP™°-B1b
complex, which exhibits the highest structural dynamics and the highest
Vine value of all species, suggesting a high fraction of charged surface
groups exposed to water. Accordingly, we can expect a lower
protein-water interfacial tension of all values. It should be noted that a
low value of y,,, is associated with a high degree of protein hydration
and vice versa, being in agreement with the adhesive-cohesive model for
protein compressibility, in which the attractive forces of water compete
with the intraprotein interactions favoring folding proposed by Dadarlat
and Post (Dadarlat and Post, 2001).

To support this idea, we estimate the interfacial tension y,,, using the

1/2
value of <6V§> and the average radius of the protein (r,) (see
Table 1) and the model proposed by Lee(Lee, 1983).

KT

Tow =5

(27)

P
()
following trend for }/Pw(cal/mof1 1477, mMP°-PF(y,, = 26.7) >
mMP-Bla(y,, = 25.1) > mMP® (y,, = 24.9) > mMP-Blb(y,, =
23.8), which supports what was previously discussed.

<6v2>1,/2 3VP

x> the results obtained showed the

Here, w =

and (r,) =y,

1/2
Therefore, the results obtained in this work showed that <6V§> s

Vints Ypw and &y, are correlated and agree with the Dadarlat-Post model
(Dadarlat and Post, 2001). This model suggests also that high
compressibility, resulting from large fluctuations in the molecular vol-
ume of the protein, corresponds to an enthalpically less stable protein
(Dadarlat and Post, 2001). Another possible connection may come from
the inverse relationship between protein flexibility and stability (Tang
and Dill, 1998; Kamerzell and Middaugh, 2008). Moreover, it has been
reported that the hydration of a protein is favored as its rigidity in-
creases (Remsing et al., 2018). Based on these arguments, we propose
that the mMP™-Bla and mMP™-PF complexes are more enthalpically
stable than the unbound monomer, whereas the mMP™ -B1b complex, is

14

Computational Biology and Chemistry 99 (2022) 107692

enthalpically unstable with respect to the native monomer.

The values of <6V12>1/ %are of higher magnitude and have a different

1/2
trend than the values of <6V§> revealing the important contribution

that the fluctuation of the hydration layer has in V, and does not
contribute in Vgh. An interesting result was obtained by estimating the
number of flexible Ny fragments of each biomolecule between 0 and

100 ns (see Fig. 9) using ANM+GNM methods (Gonzalez-Paz et al.,
2021; Emekli et al., 2008). The values obtained for the fluctuation of the

1/2
number of flexible fragments <6N,2~> with these data had the same

trend [mMP™-Blb (1.42) > mMP™-Bla (1.27) > mMP™ (1.23)
> mMP™-PF (0.84)] as that obtained for the fluctuation of the Voronoi

volume <6V12>1/ ?_That s, the order in the structural flexibility correlates
with the order in the structural dynamics.

We propose that the increase or decrease in monomer structural
dynamics induced by PF-07321332 or ivermectin binding has some
inhibitory effect on homodimer formation (Macchiagodena et al., 2022;
Ahmad et al., 2021; Pavan et al., 2021; Vandyck and Deval, 2021; Zhao
et al., 2021). As demonstrated, complex formation involves a change in
volume fluctuation. It is also observed that this change correlates with
changes in hydration, internal cavity distribution, interfacial tension
and enthalpy stability, since some of these factors play an important role
in relevant biological processes such as biological recognition. It is
interesting to consider that these volumetric and thermodynamic
properties depend on the binding site in the monomer. For example, the
similarity in mechanism between PF-07321332 and the Bla homologue
that bind at the same site, compared to the different mechanism evi-
denced for B1b that binds at a different site in the monomer. If one
further considers that due to the binding site, all the ligands involved
here may sterically block protein-protein binding to form the homodi-
meric protein based on the dimeric structure displayed in PDB: 6LU7. So,
given the evidence of inhibitory effect on MP™ by PF-07321332, our
results suggest that ivermectin derivatives should also have some effect.

4.3. Comparative study of the covalent and non-covalent complex of PF-
07321332 with mMP™: dynamic behavior of the Voronoi volume V" and
the number of flexible fragments Ny

PF-07321332 ligand is known to bind covalently at the catalytic site
of MP™ (Zhao et al., 2021), theoretical studies using directed docking
suggest that this occurs by a two-stage process. The first involves the
formation of a non-covalent complex at the same site and followed by an
electrophilic coupling between the thiol group of a cysteine at the cat-
alytic site and the nitrile group from the PF-07321332 a forming a
thio-imidazolium bond giving stability to the covalent complex (Mac-
chiagodena et al., 2022). Although the covalently linked species is
thermodynamically less stable than the non-covalent complex, this co-
valent complex is the only species detected so far (Zhao et al., 2021).
This covalent complex indicates that the blocking of the catalytic site is
its main disturbing action on the MP™ protease (Macchiagodena et al.,
2022; Ahmad et al., 2021; Pavan et al., 2021; Vandyck and Deval, 2021;
Zhao et al., 2021). However, in this study we have found through the use
of blind docking that PF-07321332 can bind more strongly through
non-covalent interactions in another distant region in the monomer
mMpro, which in turn is the same site where the ivermectin Bla ho-
mologue also binds. An interesting result is that all the theoretical
methods used suggest that this bonding is thermodynamically more
feasible at that site in a non-covalent way than the covalent complex in
the catalytic region (see supplementary material - Table S1). There is no
report that has considered the effect of this on volumetric properties and
its possible effect on dimerization of monomer. We have found from a
thermodynamic point of view through these volumetric results that this
non-covalent complex of the PF-07321332 with the monomer can
significantly affect the dimerization reaction, but its comparison with
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- 0.6 Fig. 10. Comparison between the difference ANy = Nj° —
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the covalent complex is not possible due to lack of data.

To overcome this difficulty, we performed a comparative volumetric
study between the Voronoi volume of non-covalent complex V;‘h(nc) at
the B1 homologue site of ivermectin and the covalently bound complex
Vl’,'h(c) at the catalytic site in the monomer. Interestingly, it was found
that the Voronoi volumes between both species is very similar
throughout the dynamic regime evaluated up to 100 ns. For clarity in

Fig. 10 the percentage of difference in volume of voronoi AV% =

100 (Vgh(;f))li(’ngh(c)) in cm®/ mol is presented suggesting a difference be-
P

tween - 0.3%and + 0.5%. This result suggests that both species have the

same volumetric behavior and that they should therefore induce a

similar effect on the monomer too.

The dynamic behavior of the number of flexible fragments Ny be-
tween the non-covalent complex Nj° and covalent complex N; was also
analyzed and we estimated their difference ANy at each time (t). Despite
the difference in the mode of attachment and the binding site in the
monomer, the structural flexibility of the monomer in each complex is
similarly small (Fig. 10). In fact, with the exception of the values ANy at
50 and 70 ns, the values of ANy are between — 1, 0 and + 1.

The PF-07321332 binding region different from those evaluated here
is described (see Supplementary material - Table S1). It is important to
highlight that the interactions of the PF-07321332 in the site covalently
linked with the aminoacid residues coincide very well with that previ-
ously reported (Macchiagodena et al., 2022; Ahmad et al., 2021; Pavan
et al., 2021; Vandyck and Deval, 2021; Zhao et al., 2021).

Despite the predictions made in this study about a potential theo-
retical effect at the volumetric level of ivermectin similar to that of PF-
07321332 on MP™, it is important to point out that the usefulness of
ivermectin in the treatment of COVID-19 is a subject of controversy
(Reardon, 2021). Additionally, data from the I-Tech randomized clinical
trial do not support the use of ivermectin for COVID-19 (Lim et al.,
2022). While there are studies showing binding of ivermectin to MP™,
most of them are in silico coupling-based or in vitro fluorescence-based
assays that are prone to false-positive results (especially given the size
of this drug molecule). A recent study also suggested that this drug does
not show any significant activity in human airway-derived cell models
(Dinesh Kumar et al., 2021).

On the other hand, the controversy increases because ivermectin has
been included in clinical trials that have shown promising results
(Carvallo and Hirsch, 2020) (https://clinicaltrials.gov/ct2/show/NC
T04425863 - ClinicalTrials.gov Identifier: NCT04425863) and in col-
lective reviews of multiple efforts that have suggested that ivermectin

15

may have a prophylactic effect and would be a strong candidate for
clinical trials to treat SARS-CoV-2 (Low et al., 2022), as also observed in
systematic reviews and meta-analyses of randomized clinical trial
studies (Hariyanto et al., 2022). In addition, general descriptions of the
possible mechanisms of action have been provided based on experi-
mental and computational studies that have suggested a multi-target
mechanism of ivermectin against SARS-CoV-2 (Patil et al., 2022; Jef-
freys et al., 2022). Physiological models have even been recently
developed to reproduce SARS-CoV-2 infection using cell suspensions
directly from primary human lung tissues (HLT) and have shown both
promising (Grau-Exposito et al.,, 2022) and contradictory (Per-
alta-Garcia et al., 2021) results for ivermectin. This type of inconsistency
in in vitro assays has even led to the study of various cell types from
experimental data to offer physiological models with a reproducible
propensity for infection, depending on the expression levels and type of
receptors associated with infection SARS-CoV — 2, especially when
seeking to evaluate the antiviral activity of drugs (Gonzdlez-Paz et al.,
2022). Our team is currently working in this direction.

In this sense, multiple authors have suggested continuing studies of
ivermectin and its interactions with the various targets of SARS-CoV-2 in
order to use it as a model to guide efforts towards the development of
new compounds and treatment strategies (Patil et al., 2022; Jeffreys
et al., 2022; Delandre et al., 2022) as has already been done (Rabie,
2021). In fact, ivermectin is currently being investigated in the UK as
part of the Platform Randomized Trial of Treatments in the Community
for Epidemic and Pandemic Illnesses (PRINCIPLE), the world’s largest
clinical trial of possible COVID-19 treatments for recovery at home and
in other non-hospital settings. This trial is supported by UKRI/DHSC (UK
Research and Innovation (UKRI)- Department of Health and Social Care
(DHSQ)) (https://www.principletrial.org/).

It is important to point out that our study did not consider the
competition between ligands, so it is recommended to carry out a
competitive binding study taking into account the inhibition kinetics of
each compound and evaluating the effect of the association and disso-
ciation mechanisms of each ligand on the sites of interest. However, this
study focused on examining the complexes formed by the drugs once
they were bound independently against the same target protein, with the
aim of once the complexes were formed, to be able to evaluate by mo-
lecular dynamics the strength of the union predicted by the dockings and
also take minimum energy structures every 10 ns and at 100 ns to
perform an analysis of the changes induced in the volumetric and hy-
drodynamic properties of the MP™ using different validated theoretical
models such as HullRad (Fleming and Fleming, 2018) and 3vee.mol
(Voss and Gerstein, 2010).

Specifically, in the case of PF-07321332, the complex was
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reproduced as reported in the literature in which it is reported that its
complex with MP™ is mediated by a covalent bond and therefore its
binding is covalent at the site (Zhao et al., 2021), at the same time
non-covalent bonds were also predicted. While in the case of ivermectin,
which is a mixture of two homologues (80:20 mixtures avermectin Bla
and avermectin B1b, which differ in the presence of a secbutyl and an
isopropyl group, at the C25 position, respectively), what is known in the
literature, including what was reported by our work, is that its binding
establishes only non-covalent bonds in the MP™ (Gonzdlez-Paz et al.,
2021; Fleming and Fleming, 2018; Gonzalez-Paz et al., 2021).

In this sense, we focus on further studying whether PF-07321332 and
ivermectin homologues, once bound to the target protein using the same
conditions and degrees of freedom in terms of blind docking, can induce
volumetric and hydrodynamic changes on the MP™ monomer, in order
to predict the possible impact on homodimerization due to the binding
effect of each of these ligands in their respective binding sites. This is
important because multiple theoretical studies have already been re-
ported that predict the non-covalent interaction of various compounds
in regions other than the active site of MP™ (Khoury et al., 2022; Unoh
et al., 2022; Sulimov et al., 2020; Osipiuk et al., 2021; Lockbaum et al.,
2021).

In terms of docking, the docking reported for PF-07321332 could be
reproduced, and a differential docking for ivermectin homologs on MP™
was predicted. It was found that compound Bla and PF-07321332,
although they bind differently at the same site, both induce changes in
volumetric properties in a similar but not identical way. While the
complex formed by the monomer and compound Blb, bound to a
different site, led to volumetric and hydrodynamic changes different
from those of Bla and PF-07321332. These observations are important
because in the literature it is known that the volumetric and hydrody-
namic study can provide information on possible mechanisms of action
of various compounds (Uversky, 2020).

In this way, driven by the controversy that exists around ivermectin,
it was sought to know if when comparing the volumetric and hydrody-
namic changes induced by its counterparts, the resulting predictions had
any difference or similarity with respect to the changes predicted for the
complex formed by PF-07321332, which is an authorized and validated
drug for the treatment of COVID-19 and is known to bind covalently and
affect homodimerization (Zhao et al., 2021; Antonopoulou et al., 2022).
Additionally, this work provides the first report of the effect of
PF-07321332 on MP™ at a volumetric and hydrodynamic level.

The importance of our predictions is based on the fact that when an
accurate thermodynamic analysis of the volumetric fluctuation is
attempted to find its relationship with the compressibility of a protein,
the greatest number of possible structures over time is usually used
without discriminating between the different energetic conformations.
However, we decided to consider for the volumetric fluctuation only the
structure of minimum energy to each group of energetic conformations
generated every 10 ns, to focus on a study with a qualitative compara-
tive approach between the ligand-protein complexes.

In this sense, one of the contributions of this study is found in the
section corresponding to the study of volumetric fluctuation, in which
we have proposed a qualitative study to observe the volumetric behavior
of the different complexes, comparing them with the predictions of the
elastic net method. Despite having considered only 10 points in order to
work only with the representative trend, we observed a clear relation-
ship between the fluctuation of the flexible fragments from elastic net-
works and the volumetric fluctuation applying a statistical
compensation in each of the measurements.

Therefore, for future studies of the volumetric fluctuation we
recommend taking a larger number of structures, to compare the sta-
tistical compensation with that in protein systems, a study in which our
group is currently working. Especially because part of the objective of
this research was to use few points of minimum energy structures for
hydrodynamic and volumetric studies, thanks to the fact that we were
able to determine with few measurements (only those of minimum
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energy) and with an empirical approximation the values reported for
protein structures diverse.

Although the previously described approach was not the central part
of this study and despite being a qualitative and empirical analysis, the
relationship observed between the volumetric fluctuation with the
number of flexible fragments predicted by elastic networks, and with the
trend regarding the thermal fluctuation of the surface electrical dipole
moments of the protein is interesting.

On the other hand, although the focus of this work was based on
analyzing the minimum energy structure based on what is suggested by
standard studies for volumetric fluctuations, in which it suggests the
possibility of working with simulations even below 100 ns (Patel et al.,
2012; Surampudi and Ashbaugh, 2014; Tarus et al., 2012), however,
structures with minimum energy at 200 ns were analyzed, and a trend
similar to that previously predicted was observed with differences in
hydrodynamic (ARg ~ 0.03), volumetric (Av ~ 3 A3) and dynamic mean
values. (ARMSD ~ 2.732 A) not very significant (see Supplementary
material).

Finally, as we focus on analyzing the monomer as has been done in
other theoretical studies (Liang et al., 2020), in order to describe the
perturbation that each of these ligands could induce on the main block of
the main protease (the monomer) of SARS-CoV-2, and how these in-
teractions can cause volumetric and hydrodynamic perturbation of
homodimerization, especially, since MP™ is known to depend on
homodimerization for its biological activity (Goyal and Goyal, 2020;
Tekpinar and Yildirim, 2021). However, as the interest of various efforts
is the inhibition of MP™ by blocking or perturbing the active site (Liang
et al., 2020), we recommend, to perform the analyzes proposed here on
the dimeric form of MP™, since the catalytic pocket of a monomer is
capped at the N-terminus of the adjacent unit, as has also been done
(Azam et al., 2021).

5. Conclusions

The results obtained in this work show that the binding of Paxlovid
(PF, PF-07321332) and the Bla homologue occur at the same site on the
monomer, while the binding of the B1b homologue occurs at a different
site on the mMP™. The results show that from a volumetric point of view,
the non-covalent binding of ivermectin Bla and Paxlovid to mMP™ oc-
curs through the same mechanism, but different from the mechanism
involved in the B1b homologue. In detail, the binding of the two iver-
mectin homologues (Bla and B1b) and PF induces changes in the vol-
ume of the MP™ monomer differently. The volume change AV, that
occurs in the formation of the mMP™-avermectin and mMP"*-PF com-
plexes have negative values regardless of the ligand bound. However, in
the case of the mMP™-B1b complex, AV, is dominated in magnitude by
the volumetric change in the interaction volume AV, (AViy < 0). In
contrast, in the case of the mMP™*-Bla and mMP™-PF complex, AV, is
also negative but is dominated by the volumetric contribution because
the volume of the internal cavities (AV, < 0).

The correlation between the obtained values of d, yy,, Sy, and
Vine suggest that the thermal fluctuation of the dipole moment at the
protein surface has an important relationship with the attractive volu-
metric component interaction, protein hydration and with the interfa-
cial tension. These results can be interpreted using the adhesive-
cohesive model of protein compressibility proposed by Dadarlat-Post
(Dadarlat and Post, 2001). These properties are related in their
behavior with the tendency observed for the fluctuation of the partial
volume of the protein, due to the role of water in the properties of the
protein.

From a hydrodynamic point of view, non-covalent binding of the PF
drug induces dehydration of mMP™ as occurs with ivermectin Bla,
whereas ivermectin B1b induces hydration of the MP™® monomer. The
mMP™-B1b complex is more hydrated than the mMP™, mMP™-PF and
mMP™-Bla complexes, unlike the mMP™*-Bla complex, which is less
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hydrated of all proteins.
The values obtained from the fluctuations of the square root of the

intrinsic volume <6V12>1/2 enhances the following trend mMP™-B1b
> mMP™-Bla > mMP™ > mMP™-PF. This trend indicates that the bind-
ing of ivermectin homologues promotes conformational changes of the
structure of mMP™ complexes compared to native mMP™, whereas the
mMP™-PF complex is the least dynamic of all proteins. The similarity of

1/2
this trend obtained by analyzing the fluctuation <6Nf> of the

number of flexible fragments (Ny) using the Anisotropic and Gaussian
elastic networks method (ANM + GNM), corroborates the relationship
between structural dynamics and flexibility of protein fragments and
also shows that ivermectin and PF affect both structural dynamics and
structural flexibility of mMP™.

The volumetric results support our previous observations from a
thermodynamic and structural perturbation point of view using various
computational tools based on molecular dynamics that each homologue
binds at different sites and disrupts the global conformation differently.
Also, the present study supports the experimental and theoretical reports
previously suggesting that PF and Bla perturb the structure of mMP™ in
a similar mechanism to each other but by a different mechanism to B1b.

To our knowledge, there are no reports in the literature where
volumetric and hydrodynamic models together with the Anisotropic and
Gaussian Elastic Network Model (ANM-+GNM) are used to provide more
information on the perturbation induced by ivermectin and the new
drug PF-07321332 on the MP™ monomer and the possible impact on its
biological action. The data obtained suggest that ivermectin homo-
logues, ivernmectin Bla and PF particularly (which bind at the same site
in the monomer), should affect the relevant biochemical reactions
involving the monomer, as volumetrically important changes occur in
the spatial conformation, hydration, flexibility and structural dynamics
of this biomolecule (mMP™) of relevance to virus infection.

Under this same study strategy, it was found that PF-07321332 can
also covalently bind to another region of the monomer (a drug multi-site
for MP™), but both complexes have similar structural flexibility and
volumetric properties. Finally, we consider that this type of study can
help to understand the mechanism by which a ligand can block the
homodimerization of this important monomer to form the dimeric
protease dMP™ and in turn help in studies of activity-structure re-
lationships for the design of new drugs.
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