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Introduction

Bioavailability is defined as the fraction of a substance that is efficiently absorbed from the
gastrointestinal tract and enters the bloodstream [1,2]. Several prestigious global organizations, such
as the World Health Organization (WHO), the Food and Drug Administration (FDA), and the
American Pharmaceutical Association (APA), have provided definitions for this commonly
encountered concept in pharmacology, nutrition, and toxicology, as it determines how effectively a
nutrient or drug can exert its effects in the body.

As pollution levels increase, people become more susceptible to illness; therefore, it is
necessary to evaluate and optimize the bioavailability of both medications and nutrients, as these
are crucial for the effectiveness of drug therapy and for ensuring adequate nutrition.

Statistics on cancer cases vary depending on the region, type of cancer, and various
demographic factors. Thus, globally, cancer is still the leading cause of mortality, with approximately
10 million deaths recorded in 2020 [3]. On the other hand, according to data presented in the 2023
European Cancer Inequalities Registry, developed by the Organization for Economic Co-operation
and Development (OECD), cancer is the second leading cause of death in Romania, with a rate
higher than the EU average. Lung, colorectal, and breast cancer are the leading types of cancer-
causing death in Romania. Although lung cancer mortality has decreased in recent years, the
incidence of breast cancer is on the rise [4]. The process of discovering and developing new drugs,
also known as "drug design," involves identifying chemical compounds that have the potential to treat
specific diseases or conditions. This process engages a series of advanced stages and techniques,
including target identification, compound design, synthesis and optimization, in vitro and in vivo
testing, clinical studies, approval, and market launch. The drug discovery process is a
multidisciplinary field that involves biology, chemistry, pharmacology, and bioinformatics, with the
goal of developing new, effective, and safe therapies for various diseases, but it is also a significant
consumer of time and financial resources.

As such, the discovery of new bioavailable substances is crucial in the fight against cancer,
as it can lead to more effective and safer treatments, reducing toxicity and improving patients' quality
of life. Additionally, this process supports continuous innovation in the field of oncology, contributing
to the development of new and personalized solutions for combating cancer. New bioavailable
substances can be tailored to meet the specific needs of each patient, based on the genetic and
biological characteristics of their tumor, thereby contributing to the advancement of personalized
medicine.

The identification and characterization of bioavailable substances necessitate the
optimization and integration of advanced technologies in industrial engineering, especially in the
development process of drugs and other synthetic substances. Molecular docking employs advanced
computational tools, thereby contributing to the reduction of physical experiments required to identify
and optimize potential compounds, ultimately conserving material and human resources. By utilizing
these techniques, more efficient processes can be designed, risks associated with the development
of new drugs are minimized, and drugs can be produced in large quantities with controlled costs and
high-quality standards.
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ﬁ Introduction

Summary and structure of scientific work

The PhD thesis, entitled "Automation Methods for Characterization and Detection of
Bioavailable Substances", is structured into three chapters, which are accompanied by an
introduction related to the studied topic, and followed by general conclusions and future research
directions.

The introduction provides a brief overview of the evolution of the main causes of mortality
globally and nationally, along with cancer prevention strategies. Chapter 1 presents the general
characterization of the bioavailable substances studied, highlighting the two categories examined:
cannabinoids and flavonoids. Chapter 2 describes characterization and identification methods that
have proven to be highly effective for the analyzed bioavailable substances, respectively
identification methods using the principles of IR spectrometry, characterization methods such as
DFT, and molecular docking. Chapter 3 outlines the author’s own scientific achievements about the
inhibitory efficacy of resokaempferol and tectochrysin on PI3Ka and H1047R. PI3Ka contributes to
cell proliferation while H1047R is an oncogenic mutation associated with increased enzymatic activity
and, consequently, with uncontrolled growth of tumor cells. In this chapter, the electronic parameters
of the two compounds were evaluated, their physico-chemical profiles were presented, and
molecular interactions were analyzed through molecular docking. In this chapter, the electronic
parameters for four flavonoids were evaluated, their physico-chemical profiles were presented, and
the molecular interactions were analyzed through molecular docking for three compounds.
Regarding the compounds belonging to the class of cannabinoids, they were characterized in terms
of bioavailability. Several methods that can be used for their identification using ATR-FTIR spectra
were also presented.

The conclusions and future directions section highlights the innovative character of the
obtained results and outlines the main research directions. The PhD thesis concludes with a list of
scientific papers presented at national or international conferences, as well as those published in
scientific journals.

Motivation of choosing the research theme

The contemporary world faces a range of significant health issues, reflecting the complexity
and diversity of global challenges, including emerging infectious diseases (pandemics), chronic non-
communicable diseases (cardiovascular diseases, diabetes, cancer), mental health issues, health
problems related to climate change, nutrition and lifestyle (obesity and unhealthy diets), as well as
public health policies whose correct implementation can contribute to disease prevention and health
promotion.

Studying the properties of bioavailable substances, both synthetic and natural compounds, is
essential to assure the efficacy, safety and accessibility of pharmaceutical treatments, contributing
to the overall improvement of public health. Identification of natural compounds allows the inclusion
of various fruits and vegetables in daily consumption, serving as adjuncts in the treatment of various
conditions.

Among the positive effects of discovering new bioavailable substances are: maximizing the
therapeutic effect by determining the proportion and rate at which an anticancer drug reaches tumor
cells; personalizing the treatment by adapting dosages and administration forms to the individual

VI



Cristina NEDELCU (Paraschiv) Automation methods for the characterization and detection of bioavailable substances

needs of patients; developing targeted therapies by identifying substances that specifically attack
cancer cells; and accelerating the approval and commercialization process by using chemometric
techniques to analyze inhibitory potential, which aids in their evaluation in clinical studies.

From my perspective as an educator, it is essential to promote a healthy lifestyle among
young people, as well as to raise their awareness about the need for developing healthy eating
habits. Students who learn about nutrition in school can bring this knowledge home, positively
influencing their families' eating habits and contributing to a culture of health in their communities.
Identifying, especially natural bioavailable compounds, would add value to our daily diet by including
specific fruits and vegetables tailored to our health conditions.

The use of advanced computational techniques contributes to the rapid identification of
compounds with high therapeutic potential, thereby reducing the time and costs required for
experimental testing and streamlining industrial processes for the production and development of
new drugs.

Pursued research objectives

The main scientific research objectives pursued during the elaboration of this PhD thesis
were:

» Conducting a literature review on:

types of bioavailable substances, especially cannabinoids and flavonoids;

proteins responsible for the multiplication of cancer cells;

IR spectra;

spectral methods for characterization and identification of bioavailable compounds;
methods for characterization of bioavailable compounds;

algorithms for molecular docking;

» methods for automating the detection of cannabinoids.
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» Exploring the inhibitory efficacy of resokaempferol and tectochrysin on PI3Ka and H1047R

+» calculation of electronic parameters;

% the description of physico-chemical and pharmaco-kinetic profiles;

% analysis of the molecular interactions between ligands (bioavailable compounds) and
the PI3Ka protein, as well as the oncogenic mutant form of H1047R;

+« molecular docking validation and MolProbity analysis, which provides a rigorous and
detailed evaluation of molecular structures and ensures that the models are of high
quality and exact.

» Exploring the inhibitory efficacy of kaempferol on PI3Ka

+» calculation of electronic parameters;

¢ the description of physico-chemical and pharmaco-kinetic profiles;

+» analysis of molecular interactions ligands (bioavailable compounds) and the PI3Ka
protein;

+« molecular docking validation in comparison with the standard compound, alpelisib,
which is a drug already used in cancer therapy.

» Methods for automating the detection of cannabinoids based on ATR-FTIR spectra.
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Chapter 1. Theoretical aspects of bioavailable compounds

1.1 Bioavailable compounds: general notions

Bioavailable substances are those substances that, after being administered in various
forms, are absorbed by the circulatory system to be used by the body. Among the types of
bioavailable substances, the following can be mentioned: essential nutrients (vitamins, minerals),
amino acids, fatty acids, phytonutrients (polyphenols, flavonoids, carotenoids), probiotics and
prebiotics, enzymes, medications.

The classification of bioavailable substances can be made based on several factors, such
as water solubility and permeability through biological membranes. One of the most widely used
classifications is the Biopharmaceutics Classification System (BCS), which was developed in
1995 and has become a standard in the regulation of bioequivalence for oral pharmaceutical
forms [7,8].

1.2 Presentation of the studied bioavailable substances

1.2.1 Cannabinoids

Cannabinoids are chemical compounds that interact with cannabinoid receptors in the
body. There are several types of cannabinoids, including endogenous cannabinoids (produced
by the human body), phyto-cannabinoids (found in plants, especially in cannabis), and synthetic
cannabinoids (created in a laboratory) [11].

Endogenous cannabinoids, known as endocannabinoids, are naturally produced by the
human body and play an essential role in regulating physiological functions by interacting with
cannabinoid receptors (CB1 and CB2). Two main groups have been identified: amides of
arachidonic acid, which include anandamide, and esters of arachidonic acid with glycerol, which
include 2-arachidonoylglycerol, whose chemical structures are presented in figure 1.1.[11-15].

—OH

o] OH 0 !

| /\/ !

m,\\/—m—« (z\\f/,ﬂ/ﬁ”“ O—t,\l
—0OH

(L S Vo W \ AT F R Nt
a) anandamide b) 2- arachidonoylglycerol
Figure 0.1. Main types of endocannabinoids [12,15].

Natural cannabinoids are terpenophenolic compounds found in the resin secreted by the
flowers and leaves of the cannabis plant. These compounds have been found in small amounts
in the stem, but are absent from the seeds. To date, over 100 phyto-cannabinoids have been
discovered, the most psychoactive being A®° THC [16].

Synthetic cannabinoids have psychoactive effects similar to those of natural
cannabinoids. The effects of cannabinoids on the human body are due to the stimulation of a
membrane protein called a receptor. So far, two receptors have been fully discovered and
characterized: CB1 (a receptor with implications for memory, perception, and mobility) and CB2
(located in the spleen, tonsils, and immune system cells) [12].
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While cannabinoids have palliative effects on cancer patients by preventing nausea,
vomiting, or pain, and by stimulating the appetite, they also inhibit the growth of tumor cells in
cultures and animal models by modulating essential cellular signaling pathways. [11]. Research
conducted on cannabinoids has shown that they have anticancer effects. For example, it has
been proved that THC is useful in the treatment of breast cancer, liver carcinoma, prostate cancer,
lung cancer, and glioblastoma. The synthetic cannabinoid JWH-015 is useful in treating prostate
cancer, while WIN 55,212-2 has been successfully used in cases of glioblastoma and prostate
cancer [11,12].

1.2.2 Flavonoids

Flavonoids are a distinct class of natural phenolic compounds that are widespread in the
plant kingdom. They are known for their contribution to the color, aroma, and taste of fruits,
vegetables, and other plants, and are also found in cereals, bark, roots, stems, flowers, tea, and
wine. These bioactive compounds, with varied chemical structures, are essential in the human
diet due to their antioxidant, anti-inflammatory, anticancer, and cardioprotective effects. They are
present in fruits (apples, citrus fruits, berries), vegetables (onions, peppers), teas (green, black),
and red wine [2,20-24].

Flavonoids have a basic structure (see figure 1.2) of the flavan type, which includes a
skeleton of 15 carbon atoms organized in a model of 2 benzene rings ((A), (B)) linked by a pyranic
heterocycle (C). This basic structure is divided into several subgroups, each having variations in
the attached functional groups, such as hydroxyl, methoxy, or carbonyl groups [25].

Figure 0.2. The fundamental chemical structure of flavonoids [21].

Flavonoids are classified into six groups, based on the involved heterocycle: flavonols,
flavones, isoflavones, flavanones, anthocyanidins, and flavanols (catechins and
proanthocyanidins) [21,23]. The correspondence between the types of flavonoids and the colors
of fruits and vegetables is displayed in figure 1.3.

avons Flavanones
green and yello
{ fruits and
vegetahles

ins Isoflavones
soybeans, chickpeads,

citrus olives, pistachios

4
- 4

Figure 0.3. Different colors of polyphenols and the corresponding fruits and vegetables [26].
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Chapter 2. Methods for the characterization and identification of bioavailable compounds

2.1 Spectral methods for characterization and identification of bioavailable compounds

Spectroscopic methods provide precise and versatile tools for identifying bioavailable
substances. Each technique has specific advantages and can be used complementarily to
achieve a complete characterization of the substances of interest. Depending on the nature of the
samples and the required information, the choice of the appropriate spectroscopic method is
essential for accurate and efficient analysis. Among the most common spectroscopic methods
are Infrared spectroscopy (IR), Nuclear Magnetic Resonance spectroscopy (NMR), the
combination of Gas Chromatography (GC) with Fourier-Transform Infrared spectroscopy
(GC/FTIR) and Mass spectrometry (MS)[46].

2.1.1 Infrared (IR) spectroscopic analysis

Infrared spectroscopy (IR) is a powerful analytical technique used to study and identify
molecules by analyzing the absorption of infrared radiation. This technique is based on the
interaction of infrared radiation with molecules, leading to characteristic vibrations of chemical
bonds. Understanding the fundamentals of IR is essential for harnessing its capabilities in
chemical analysis as a tool for obtaining detailed information about the molecular composition of
various substances, molecular vibrations, and chemical bonds [51,52]. IR spectroscopy is used
for both qualitative and quantitative analyses, although the latter is not as precise as other
techniques such as GC or liquid chromatography (LC). In quantitative analysis, the Lambert—Beer
law is used to determine the concentration of a substance.

2.1.2 Presentation of the spectra of bioavailable substances

An example of the absorption spectrum for the synthetic cannabinoid, JWH-019, is
presented in figure 2.6. It was recorded by using a diamond ATR (attenuated total reflection)
accessory (ATR 3 — diamond 3 Bounce) at 32 scans and a resolution of 4 cm™" [57].

0.9+
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06
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02 |
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cm™

Figure 0.1. ATR-FTIR spectra for JIWH-019 [57].
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Comparison of the theoretical and experimental IR spectra of resokaempferol

We are presenting in figure 2.7 the theoretical IR spectrum of flavonol in comparison with
the experimental IR spectrum obtained after structure optimization. The theoretical spectrum was
obtained from the online SpectraBase platform [58], then scaled and compared with the
experimental one. It was recorded in solid phase from 4000 to 400 cm™ using a Bio-Rad FTS
instrument equipped with an ATR-Neat (DuraSamplIR 1) technique.

Absorbance

4000 3300 3000 2500 2000 1300 1000 580
Wavenumber (cm™) @

Absorbance
&
T

4000 3300 3000 2500 2000 1300 1000 500
Wavenumber (cm™) ®)

Figure 0.2. Comparative infrared spectroscopic analysis of resokaempferol: (a) stacked and (b)
overlay views of the scaled theoretical IR-derived spectrum (red) alongside the experimental IR spectrum
(black).

Comparison of the theoretical and experimental IR spectra of tectochrysin

We are presenting in figure 2.8 the theoretical IR spectrum of natural flavonoid in
comparison with the experimental IR spectrum obtained after structure optimization. The
theoretical spectrum was sourced from the online SpectraBase platform [58], then scaled and
compared with the experimental one. It has been recorded in solid phase from 4000 to 400 cm™
using a Bio-Rad FTS instrument equipped with an ATR-Neat (DuraSamplIR Il) technique.
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Figure 0.3. Compatrative infrared spectroscopic of tectochrysin: (a) stacked and (b) overlay
presentations of the scaled theoretical IR-derived spectrum (red) with the experimental IR spectrum (black).

Comparison of the theoretical IR and experimental spectra of the flavanone 3-(N-
morpholinylcarbodithioate)-2-(4-methoxyphenyl)chroman-4-one

We are presenting in figure 2.9 the theoretical and experimental spectra of the flavanone
3-(N-morpholinylcarbodithioate)-2-(4-methoxyphenyl)chroman-4-one. It has been recorded on a
Brucker Tensor 27 FT-IR spectrometer with an ATR device (Ge-ATR crystal), in the range of
4000400 cm™, at room temperature, with a spectral resolution of 2.0 cm™ and 32 added scans

[59].

a) IR theor spectrum
for syn isomer

A

IR theor spectrum
for anti isomer
2852

|

2024
3095 v
“u

c) IR exp spectrum

Absorbance

12271024 768
v V
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Figure 0.4. Comparative infrared spectroscopic analysis of 3-(N-morpholinylcarbodithioate)-2-
(4-methoxyphenyl)chroman-4-one [59].
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2.2 Analysis of the physicochemical properties of bioavailable substances based on
molecular descriptors

QSAR (Quantitative Structure-Activity Relationship) modeling is a method used to predict
the biological activity of chemical compounds based on their structural and physico-chemical
characteristics. Adherence to standards and protocols, which impose restrictions on molecular
properties such as molecular weight, partition coefficient (logP), hydrogen bond acceptors and
donors, topological polar surface area, the number of rotatable and rigid bonds, as well as the
ratio of heteroatoms to carbon, has increased the likelihood of identifying compounds with
successful therapeutic applications [60,61].0ne of the tools used to evaluate the ADMET
(Absorption, Distribution, Metabolism, Excretion, and Toxicity) properties of the studied
compounds is the radar chart.

2.2.1 Cannabinoids

To analyze certain physico-chemical properties, five cannabinoids were compared with
THC (tetrahydrocannabinol), as it is one of the most studied and well-known compounds and is
often used as a reference standard.

o
Molacule 4ppH-307 —— —
r.'-.-.i&?.:.. UWH-019

Molecule 2)\WH-081 H—
- B 1 o
THC Molecule Moletiie 5 CP.56940 “

iDie 5 o PGP+
MoleCule B WIN 55212-2 o

Figure 0.2. Evaluation of the gastro-intestinal absorption and blood-brain barrier penetration for
the studied synthetic cannabinoids [14].

Figure 2.12 presents the radar charts that define the optimal physico-chemical space for

the oral bioavailability of the five studied synthetic cannabinoids (CP-55940, WIN 55212-2, JWH-
019, JWH-081, JWH-307).
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Figure 0.5. Evaluation of the bioavailability of the five studied synthetic cannabinoids obtained with
ADMETIab3.0 [81].

2.2.2 Flavonoids

The radar charts for resokaempferol and tectochrysin are presented in Figure 2.13. They
indicate that resokaempferol has more favorable properties linked to bioavailability than
tectochrysin.
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Figure 0.6. Evaluation of the bioavailability of resokaempferol and tectochrysin obtained with
ADMETIab3.0 [81,84].

The assessment of kaempferol presented in Figure 2.14 indicates that this flavonoid also
has properties specific to bioavailable substances.
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Figure 0.7. Evaluation of the bioavailability of kaempferol obtained with ADMETIab3.0 [81].

2.3 Application of the DFT methods and chemometric techniques in the characterization
of bioavailable substances

One of the main computational methods used in this research is Density Functional
Theory - DFT.
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2.3.1 Density Functional Theory — DFT

The functional theory of density, known as DFT (Density Functional Theory), is one of the
most widely used methods in computational chemistry and condensed matter physics for studying
the electronic properties of atoms, molecules, and solids. DFT is essential in various fields,
including materials science, quantum chemistry, and biophysics.

2.3.2 Hohenberg and Kohn theorems

The beginnings of DFT (1926) are connected to the development of quantum mechanics
and electronic structure theory. Early studies were influenced by the works of Schrédinger and
Dirac. In 1964, Pierre Hohenberg and Walter Kohn laid the theoretical foundations of DFT through
two fundamental theorems. The first is an existence theorem that presents the ground state
energy of a system as a functional of the density. The second theorem provides a variational
principle and, thus, at least in principle, a way to find the optimal density: searching for the one
that yields the lowest energy, as has been known for decades in wave function-based quantum
mechanics [86].

2.3.3 Kohn-Sham formalism

The Kohn-Sham approach involves replacing the real system of interacting electrons
(classical and non-classical interactions) with an auxiliary system of non-interacting electrons that
has the same density as the physical system and can be described by a single wave function with
N orbitals [85].

2.3.4 B3LYP- hybrid functional

Over time, there have been several attempts to approximate the total energy of a system.
The most widely used and known hybrid functional is B3LYP (Becke, 3-parameter, Lee-Yang-
Parr), which provides a relatively inexpensive yet quite accurate way to predict molecular
structures, energies and frequencies [22,142].

2.4 Molecular docking

Molecular docking is a computational technique used since the 1980s to study interactions
between molecules, particularly to predict how two molecules, usually a ligand and a target
protein, bind to each other. This method is essential in drug discovery and bioinformatics, with
significant applications in drug design and optimization. The main goal of molecular docking is to
understand and predict molecular recognition from both a structural perspective (i.e., finding
possible binding modes) and an energetic perspective (i.e., predicting binding affinity) [89].

The 3D structures of the target macromolecule and the small molecule must first be
selected, and then each structure must be prepared according to the requirements of the docking
method used.
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2.4.1. Preparing receptor and ligand

One of the objectives of this study is to investigate the inhibitory capacity of the PI3Ka
kinase and the H1047R mutation by the native ligands VYP and UE9, as well as by the new
compounds resokaempferol and tectochrysin.

In this research, the molecular docking analyses was performed by using three software
applications: AutoDock, Vina, and Glide. Preparing receptor and ligand is a step that involves
preparing the receptor and the ligand molecules as inputs for docking calculations, which predict
the orientations of a ligand within the active site of a receptor. We utilized the tools available in
Glide, and we employed its default framework, the Protein Preparation Workflow, which includes
preprocessing, optimizing H-bond assignments, and cleanup steps. For the ligands, the
preparation follows a generally simpler yet similar approach by using Glide LigPrep in conjunction
with Epik from the Maestro Suite, which included corrections, conversions, and optimizations of
the structures at. pH 7.0£2.0 [84,100-104].

2.4.2 Docking algorithms

AutoDock (AD4) uses a computational algorithm known as the Lamarckian Genetic
Algorithm (LGA) to simulate and predict how a ligand might bind to a receptor [89,90,105-111].
The Vina software employs a global optimization algorithm known as a Gradient-Based Local
Search Genetic Algorithm to predict the binding modes of small molecules to their protein targets
[90,108,112-116].

The docking methodology (developed by Schrédinger) used by the Glide XP software
incorporates a sophisticated hierarchy of filters to explore potential docking sites within the
receptor's binding region. Glide employs the Emodel scoring function to differentiate between
various protein-ligand complexes for a given ligand, and the GlideScore function to rank
compounds. This complex scoring system provides a comprehensive assessment of potential
inhibitors, highlighting those with optimal binding characteristics [96,105-107,117-120].
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Chapter 3. Personal contributions regarding characterization and identification of
flavonoids and cannabinoids

3.1 Exploring the inhibitory efficacy of resokaempferol and tectochrysin on PI3Ka and
H1047R [84]

3.1.1 Analysis of the optimized molecular configurations

The molecular geometries of potential ligands investigated in this study were sourced
from the Metabolome Database (HMDB) and the PhytoChemical Interactions Database (PCIDB)
[121,122] and are the following:

» Flavonol: 3, 7-dihydroxy-2-(4-hydroxyphenyl)chromen-4-one (resokaempferol, ID:
HMDB0034004)
» Flavone: 5-hydroxy-7-methoxy-2-phenylchromen-4-one (tectochrysin, ID: C00003795)

Figure 3.1 presents optimized structure of resokaempferol and tectochrysin. The numbers
in the 3D structure denote the specific atoms within each molecule. These numerical labels are
used to identify and differentiate between the various atoms for clarity in chemical structure
analysis. Specifically, each number corresponds to a unique position within the molecule, helping
in the precise understanding of their spatial arrangement and bonding interactions.

2D H H-0 ('\f 2D

Resokaempferol @ Tectochrysin é

Figure 0.1. 2D and 3D molecular structures of the ligands resokaempferol and tectochrysin [84].

The molecular configuration of resokaempferol, composed from 30 atoms, features 84
distinct normal modes of vibration. To effectively capture these vibrational dynamics, 84 linearly
independent internal coordinates are utilized, including 21 C-H modes (numbered 4-10, 36-42,
and 61-67). This ligand showcases a varied set of internal vibrational coordinates, consisting of
29 stretching modes (numbered 1-29), 28 bending modes (numbered 30-57), and 27 torsion
modes (numbered 58-84).
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The molecular structure of tectochrysin, comprising 32 atoms, exhibits 90 distinct
normal modes of vibration. These vibrational motions are adequately represented by 90 linearly
independent internal coordinates. Among these, 33 C-H modes (numbered 2 through 12, 36
through 46, and 63 through 73) are employed. The compound exhibits a diverse range of internal
vibrational coordinates, including 31 distinct stretching modes (numbered 1-31), 30 bending
modes (numbered 32-61), and 29 torsion modes (numbered 62-90).

For the two ligands, a comparative vibrational analysis of the functional groups was
conducted, as presented in Figures 3.4 and 3.5. The upper panels (a) display the experimental
IR spectra, obtained from laboratory measurements. The red line represents the observed
absorbance, reflecting the actual vibrational behavior of the ligands as they interact with IR
radiation. The green areas overlaid on the experimental data indicate the spectral windows in
which the same functional group regions were identified in the theoretical spectra, in order to
allow a direct visual comparison. Conversely, the lower panels (b) showcase the theoretical IR
spectra, where the red lines indicate the calculated absorbance values across the wavenumber
range. The green shaded regions denote the vibrational contributions from various functional
groups within the ligands, as predicted by quantum chemical calculations. These theoretical
spectra provide insights into the expected vibrational transitions based on molecular simulations.

@
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Figure 0.2. Comparative vibrational analysis of functional groups (green) present in the spectra of
resokaempferol (red): (a) experimental IR spectrum and (b) scaled theoretical IR spectrum.
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Figure 0.3. Comparative vibrational analysis of functional groups (green) present in the spectra of
tectochrysin (red): (a) experimental IR spectrum and (b) scaled theoretical IR spectrum.

From the analysis of the vibrational modes of the different functional groups present in the
molecular structure of the two studied compounds, we can infer observations regarding the
relationship between specific functional groups and their potential as ligands for inhibiting cancer-
related proteins.

Resokaempferol features ether groups (Ph-O-C), while tectochrysin displays unique
alkane and alkene groups. These groups contribute different chemical properties, such as polarity
and flexibility, which might affect the overall binding dynamics. Ethers present in resokaempferol
might enhance molecular solubility, affecting the drug-like properties and possibly improving
interaction with the hydrophilic regions of receptors. Conversely, the alkane and alkene groups
present in tectochrysin could influence the ligand's ability to penetrate deeper into hydrophobic
pockets of the proteins.

The potential of these two molecules as inhibitors rests significantly on these functional
groups and their capacity to interact favorably with the protein structure. A deeper understanding
of these interactions, ideally supplemented by molecular docking studies and experimental
binding assays, would further elucidate their potential effectiveness in targeting PI3K alpha in
cancer therapies.

3.1.2 Quantitative evaluation of quantum chemical parameters

Electronic parameters play an important role in predicting the biological properties of
molecules. Flavonoids, such as resokaempferol and tectochrysin, have been evaluated through
theoretical chemical analyses to assess their potential as drugs. By using the B3LYP/6-
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311G++(d,p) method, we have obtained the values of the energies of the frontier molecular
orbitals Exomo and ELumo, as well as the dipole moment (DM) [127].

The results presented in Table 3.9 provide a quantification of the molecular orbital
energies, specifically the energies of the highest occupied molecular orbital (HOMO) and the

lowest unoccupied molecular orbital (LUMO), as well as the energy gaps (AE) between them,
calculated for both ligands.

Table 0.1. Molecular orbital energies and energy gaps for the resokaempferol and tectochrysin
ligands [84].

Enomo ELumo Ecap

el (hartree/eV) (hartree/eV) (hartree/eV)’
Resokaempferol - 0,22/- 5,96 -0,08/- 2,17 0,14/3,79
Tectochrysin -0,23/- 6,38 - 0,08/- 2,26 0,15/4,13

"1 Hartree = 27,21 eV/ 219474,63 cm™/ 627,51 kcal/mol

The graphical representation presented in Figure 3.6 is associated with Table 3.9 and

provides a comparative analysis of the molecular energy range for resokaempferol and
tectochrysin [84].

Isovalue = 0.002 positive . negative Isovalue = 0.002 positive 8 negative
HOMO: Enono on = - 021886 hartree /- 5.955486150446 ¢V HOMO: B om = - hartree /- eV

<

5

e
ENERCGY GAP: AE » 013925 hartree / 1789186906925 ¢V )
Fd

ENERGY GAP: AL = 015166 hartree / 4126880332526 OV\/
rd

LUMO: Evono 0w = « 007961 hartree /- 2166299243521 ¢V LUMO: Biovo 0w = = 008297 hartree /- 2257729534417 eV
(a) (b)

Figure 0.4 Comparative analysis of the molecular energy gaps for: (a) resokaempferol and (b)
tectochrysin [84].

The energy gap between the HOMO and LUMO for tectochrysin (4,1269 eV) is larger than
that for resokaempferol (3,7892 eV). This signifies that tectochrysin has a greater chemical
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stability and lower reactivity than resokaempferol, as a larger amount of energy is required to
excite an electron from the HOMO to LUMO.

Table 3.10 outlines the dipole moment and polarizability of each ligand. These properties
are pivotal for understanding the ligands' interactions with their environment, be it within a solvent
or a biological system. The dipole moment of tectochrysin (6,69 debye) is larger than the dipole
moment of resokaempferol (3,47 debye). This suggests a more asymmetric distribution of
electronic charge within the molecule of tectochrysin, which can enhance interactions with other
polar substances. Both ligands exhibit similar values of polarizability, which indicates that they
have comparable abilities to deform their electron clouds under external electric fields, suggesting
similar susceptibilities to van der Waals interactions [84].

Table 0.2. Dipole moment and the polarizability for the analyzed ligands [84].

Dipole moment Polarizability
Ligand
(Debye) (A?)
Resokaempferol 3,47 32,44
Tectochrysin 6,69 32,21

The data obtained for the Exomo, ELumo and Egap energies facilitated the determination of
other chemical parameters (ionization potential (IP), electron affinity (EA), chemical hardness (n),
chemical softness (o), electronegativity (x), electrophilicity index (w)). The results are presented
in Table 3.11. They indicate that tectochrysin generally displays higher values across most
quantum chemical properties, indicative of a molecule with a better chemical stability and a
stronger ability to attract and retain electrons. These attributes suggest that tectochrysin might
exhibit lower reactivity but higher potential for interacting with other chemical entities in a
controlled manner, making it potentially more suitable for applications where stability is crucial.
Conversely, the relatively higher softness and lower stability of resokaempferol might make it
more reactive, which could be advantageous in dynamic chemical environments. [84].

Table 0.3. Molecular descriptors of resokaempferol and tectochrysin [84].

Quantum Chemical Resokaempferol Tectochrysin

Propertles (ev) (ev)

IP 5,96 6,38

EA 217 2,26

n 1,89 2,06

o) 0,53 0,48

X 4,06 4,32

W 4,35 4,52

The molecular electrostatic potential (MEP) map obtained for each compound individually
enhance these findings, in order to predict the interactions of these ligands with ions, proteins,
and nucleic acids. In these maps, presented in figure 3.7, the color gradient illustrates the
electrostatic potential from positive (blue) to negative (red). The red zones around the oxygen
atoms denote areas of high electron density, indicative of negative electrostatic potential where
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electrophilic attack is favorable. Conversely, the positive regions are concentrated around all the
hydrogen atoms, which are the most likely sites for nucleophilic attack.

The maps indicate that both flavonoids exhibit regions with variable electrostatic potential,
which may influence how they interact with other molecules, particularly in binding to target
proteins in biological systems. In addition to understanding intermolecular interactions (ligand-
receptor), the MEP map also provides a visual explanation of biological properties. For example,
regions with negative potential (blue) are often associated with antioxidant properties due to their
ability to donate electrons to free radicals [84].

Molecular Electrostatic Potential (MEP)

RESOKAEMPFEROL

Figure 0.5. Molecular electrostatic potential on electron density (MEP) of the studied ligands [84].

3.1.3 The physico-chemical and pharmacokinetic profiles

The analysis of the physico-chemical and pharmacokinetic profiles of the two ligands
(resokaempferol and tectochrysin) is another step in identifying them as potential inhibitors of the
PI13Ka protein and its mutation, which are targets in cancer therapy. The radar charts (figure 2.13)
presented in chapter 2, are supplemented by the data listed in table 3.13. The molecular weight
values of the two compounds (resokaempferol: 270,240 g/mol and tectochrysin: 268.260 g/mol)
show that the ligands meet one of the criteria for good absorption and permeability.

Table 0.4. Physico-chemical properties of resokaempferol and tectochrysin.

Physico-chemical

Property Resokaempferol Tectochrysin
Molecular Weight 270,240 268,260
Van der Waals volume 265,186 273,692
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In summary, resokaempferol seems to have more favorable properties for bioavailability,
i.e., a higher number of hydrogen bond acceptors and donors, a higher TPSA, and a better
hydrophilic factor. Tectochrysin, while slightly less favorable in these aspects, may have better
membrane permeability due to its higher LogD7.4 value. In addition, its increased flexibility could
allow a better adaptation to the protein target’s active site. The physico-chemical profiles of both
compounds suggest that they have the potential to be good PI3Ka inhibitors, but their efficacy
would ultimately need to be validated through biological assays and clinical trials. A series of
chemical ADMET properties and their associated molecular descriptors for resokaempferol and
tectochrysin were evaluated and empirically interpreted based on specific assumptions, as

detailed in Ta

ble 3.14 [84].

Table 0.5. ADMET properties and molecular descriptors of resokaempferol and tectochrysin.[84].

ADMET Resokaempferol Tectochrysin
Property Mole_cular*

Descriptor Predicted Empirical Predicted Empirical
Value/Probability Decision Value/Probability Decision
Caco-2 -5,62 poor -4,78 excellent

Pgp-inhibitor 0,14 (--) excellent 0,96 (+++) poor
Pgp-substrat 0,27 (--) excellent 0,07 (---) excellent
Absorption HIA 0,03 (---) excellent 0,01 (---) excellent
F20% 0,32 (-) medium 0,05 (---) excellent
F3o0% 0,78 (++) poor 0,45 (-) medium
MDCK -4,85 poor -4,68 excellent

PPB 96,66 poor 98,51 poor
Distribution VDss . 0,20 excellent 0,77 excellent
BBB Penetration 0,01 (---) excellent 0,2 (--) excellent

Fu 3,33 poor 0,81 poor

Metabolism CYP1A2 inhibitor 0,75 (++) poor 1,00 (+++) poor
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ADMET Resokaempferol Tectochrysin
Property Mole.cular*
Descriptor Predicted Empirical Predicted Empirical
Value/Probability Decision Value/Probability Decision
CYP1A2
substrate 0,12 (--) excellent 0,79 (++) poor
CYP2C19
inhibitor 0,25 (--) excellent 0,98 (+++) poor
CYP2C19 0,001 (---) excellent 0,02 (---) excellent
substrate
CYP2C9 inhibitor 0,89 (++) poor 0,038 (---) excellent
CYP2C9 .
substrate 0,32 (-) medium 0,98 (+++) poor
CYP2D6 inhibitor 0,01 (---) excellent 0,81 (++) poor
CYP2D6
substrate 0,75 (++) poor 0,98 (+++) poor
CYP3A4 inhibitor 0,92 (+++) poor 0,98 (+++) poor
CYP3A4 0,01 (---) excellent 0,01 (---) excellent
substrate
Excretion CLplasma 7,14 medium 5,28 medium
T2 1,49 medium 0,75 poor
hERG Blockers 0,11 excellent 0,13 excellent
H-HT 0,40 medium 0,46 medium
DILI 0,67 medium 0,94 poor
AMES - 0,55 medium 0,64 medium
Mutagenicity
Toxicit FDAMDD 0,74 poor 0,73 poor
y Skin Sensitization 0,63 medium 0,42 medium
Carcinogenicity 0,79 poor 0,81 poor
Eye Corrosion 0,77 poor 0,32 medium
Eye Irritation 0,99 poor 0,99 poor
Respiratory 0,64 medium 0,77 poor

Toxicity

The ADMET evaluation for resokaempferol shows that, although certain descriptors

indicate poor absorption, others suggest favorable properties. Additionally, its probability of
human intestinal absorption (HIA) is 0.03 (---), which classifies it as excellent, further suggesting
a favorable absorption potential. The results presented in Table 3.14 underline the complexity of
the interactions among the factors affecting absorption and highlight the need for a
comprehensive assessment beyond individual molecular descriptors. Additional experimental
validation will help clarify and resolve the evident discrepancies [84].

In silico prediction of the HERG channel blocking potential by the compounds
resokaempferol and tectochrysin suggests that these flavonoids may exhibit cardiotoxic activity.
This prediction requires detailed analysis and interpretation, considering several essential factors.
Therefore, the next steps in evaluating these compounds should include in vitro
electrophysiological tests on cardiac cells to verify their potential for blocking HERG channels
under real physiological conditions [84].

Both compounds show mixed results in toxicity endpoints. Tectochrysin, however, tends
to exhibit higher toxicity across several parameters including DILI (Drug-Induced Liver Injury),
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carcinogenicity, and respiratory toxicity, which could limit its use due to safety concerns. Both
compounds show potential eye irritation and are poor in eye corrosion assessments, indicating a
risk in these specific toxicological areas. Overall, tectochrysin, despite its better absorption and
distribution profiles, presents significant challenges in metabolism and toxicity that could impede
its development as a safe therapeutic agent. Resokaempferol, with a more favorable metabolic
profile and lower levels of certain toxicities, might offer a safer alternative, though its absorption
characteristics are less ideal [84].

Another comparative analysis of the two compounds (resokaempferol and tectochrysin)
pertains to the description of specific medicinal chemistry characteristics to highlight their potential
as ligands. The results of this analysis have been consolidated in the table 3.15.

Table 0.6. Comparative analysis of medicinal chemistry attributes and toxicophore rules for
resokaempferol and tectochrysin [84].

Resokaempferol Tectochrysin
Medicinal
Chemistry Predicted Empirical Predicted Empirical
Value decision Value decision
Drug-likeness 0,63 poor 0,78 excellent
SAscore 3,08 excellent 3,01 excellent
Fsp3 0 poor 0,06 poor
MCE-18 17 poor 16 poor
NPscore 1,04 medium 0,95 medium
Lipinski Rule 0 excellent 0 excellent
Pfizer Rule 0 excellent 2 poor
excellent (2
GSK Rule 0 0 conditions
satisfied)?
Golden Triangle 0 excellent 0 excellent
PAINS 0 excellent 0 excellent
BMS 0 excellent 0 excellent
NonBiodegradable 0 excellent 0 excellent
SureChEMBL Rule 0 excellent 0 excellent

1: 2 fulfilled conditions: logP> 3; TPSA < 75;

Overall, while tectochrysin shows slightly better drug-likeness and potentially meets more
medicinal chemistry criteria favorably, it may face challenges due to its pharmacokinetic profile,
as indicated by Pfizer’s rule. Resokaempferol, although having a lower drug-likeness score, does
not exhibit these pharmacokinetic concerns, possibly making it more advantageous in early-
phase drug development. Both compounds, however, would benefit from further optimization to
enhance their profiles as potential therapeutic agents targeting cancer proteins and their mutants
[84].

3.1.4 Molecular docking of native structures and ligands of interest on receptors
PI3Ka and H1047R

For our research, we utilized the crystal structures sourced from the RCSB PDB online
database) to conduct re-docking and cross-docking studies. Re-docking, also known as self-
docking involved reproducing the co-crystallized binding geometry and orientation of the ligands
within the context of rigid macromolecular frameworks. Cross-docking was applied to examine
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the interactions of the targeted flavonoid ligands, resokaempferol and tectochrysin, with the rigid
structures of both the wild type and the H1047R mutant of the PI3Ka protein.

The self-docking study was conducted to delve into the interaction dynamics and binding
affinities of native molecular pairs. Using the crystalline structures 7K71 and 8TS9 obtained from
the RCSB PDB online database [129], we initially isolated the wild-type variant of the catalytic
alpha subunit of phosphatidylinositol 4,5-bisphosphate 3-kinase and its H1047R mutation using
the Chimera X software, as illustrated in figure 3.10 We further isolated the native inhibitors from
these X-ray structures, specifically the VYP ligand 5-(2-morpholin-4-ylpyrimidin-4-yl)pyrimidin-2-
amine, from the 7K71 complex and UE9 ligand 5-[3-fluoro-5-(trifluoromethyl)benzamido]-N-
methyl-6-(2-methylanilino)pyridine-3-carboxamide, from the 8TS9 complex, by using their name,
synonyms or sequence entry number [84].

@) (®)

VYP 844 native ligand UE9 1277 native ligand

(Mutant H1047R) PI3Ka receptor

(Wild Type) PI3Ka receptor

Figure 0.6. Comparative visualization of PI3Ka receptor-native ligand pairs: (a) wild-type with 2-
(morpholin-4-yl)[4,5"-bipyrimidin]-2'-amine and (b) H1047R mutant with 5-[3-fluoro-5-
(trifluoromethyl)benzamido]-N-methyl-6-(2-methylanilino)pyridine-3-carboxamide [84].

The first isolated ligand VYP from the 7K71 complex, classified as a non-polymer,
comprises 33 atoms, 35 bonds, 12 of which are aromatic, with a formal charge of 0 and no chiral
atoms, and characterized by the chemical formula C12H14NsO, with a molecular weight of 258.279
g/mol. The second isolated inhibitor UE9, classified as a non-polymer the chemical formula:
C22H18F4N4O2 and a molecular weight of 446.398 g/mol. It comprises 50 atoms, 52 bonds, 18 of
which are aromatic, with a formal charge of 0 and no chiral atoms [130].

The phosphatidylinositol 4,5-bisphosphate 3-kinase catalytic subunit alpha isoform,
(7K71- PDB entry), is an essential component in cellular signaling and enzymatic processes,
encapsulating key structural and functional attributes. This protein, in its wild-type form without
any mutations, consists of 843 amino acid residues and encompasses a total of 5886 atoms. It is
classified as a signaling protein and a transferase, originating from the Homo sapiens organism
[84].

The other biological target, the H1047R mutation belonging to the same protein family,
identified in the crystalline structure 8TS9, exhibits a functionally modified structure. This mutant
contains 1004 amino acid residues and a total of 16435 atoms. Similar to PI3Ka — wild type, this
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variant is derived from Homo sapiens and shares the same family and domain. However, as
opposed to PI3Ka, it has a unique protein chain, designated as chain A, which highlights its
distinct structure [84].

Files obtained from the PDB often require corrections before being used in molecular
docking, due to missing atoms or the presence of water molecules—issues that can significantly
affect the accuracy of docking simulations. The procedure for preparing receptors for docking was
presented in Chapter 2. In the next step, the two ligands were prepared using the LigPrep tools
along with Epik from the Maestro Suite, including corrections, conversions, and optimizations of
the structures at pH 7.0£2.0. A structure-based drug design approach was used to identify binding
sites on the target proteins, with the aim of effectively inhibiting cellular progression. These
binding sites were obtained from the crystalline structures using manual correlation techniques
through the PyMol software [100-102,131,132].

In the next step, the two ligands were prepared using the LigPrep tools along with Epik
from the Maestro Suite, including corrections, conversions, and optimizations of the structures at
pH 7.0£2.0. A structure-based drug design approach was used to identify binding sites on the
target proteins, with the aim of effectively inhibiting cellular progression. These binding sites were
obtained from the crystalline structures using manual correlation techniques through the PyMol
software [84].

The two molecular structures of PI3Ka protein and their native and new potential inhibitors
were subjected to virtual screening through re-docking and cross-docking using three
computational programs: AutoDock, Vina, and Glide. A comparative analysis of the molecular re-
docking, which included binding energy metrics for the PI3Ka receptor variants, was presented in
tables 3.17 to 3.19. This analysis provided critical insights into the interaction dynamics and
efficacy of the inhibitors across different receptor configurations.

The comparative analysis (table 3.17) emphasizes not only the differing efficacies of each
ligand but also the distinct interactions within the protein environments. Starting with VYP, the
analysis reveals that this ligand exhibits strong affinity for the wild type protein as indicated by a
free energy of binding of -8,44 kcal/mol. This suggests a highly stable complex formation.

Resokaempferol presents an intriguing case with its evaluation against both protein
variants. It shows a stronger binding to the mutant (-9.22 kcal/mol) than to the wild type (-8.73
kcal/mol), coupled with a substantially lower inhibition constant in the mutant (175.41 nM),
highlighting its enhanced potency and stronger interactions with the mutant variant. The
comparable ligand efficiency and intermolecular energy between the two forms suggest
consistent interaction dynamics, despite the significant structural deviations as indicated by high
RMSD values, particularly in the mutant form.

Tectochrysin, studied in both protein forms, exhibits the weakest binding energies among
the analyzed ligands but presents the lowest inhibition constant for the wild type (18.60 nM),
suggesting exceptional potency in this context. The energy metrics such as intermolecular,
torsional free, and unbound system's energy remain consistent between the variants, reflecting
stable binding characteristics, albeit with notable structural deviations as shown by RMSD
measurements.
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Table 0.7. Comparative analysis of molecular docking obtained by using AutoDock: binding energy
metrics for receptor variants [84].

. Best Receptor
HEEme Docking Conformation ARl H1047R
wild type
Free Energy of Binding (kcal/mol) -8,44 -
Inhibition Constant, Ki (nM) 653,08 -
Ligand Efficiency (docking energy) 044 )
(kcal/mol) ’
Intermolecular energy (kcal/mol) -9,33 -
VYP Total Internal Energy (kcal/mol) -0,77 -
Electrostatic Energy (kcal/mol) 0,00 -
van der Waals + Hydrogen bonds + 933 )
Desolations. Energy (kcal/mol) ’
Torsional Free Energy (kcal/mol) 0,89 -
Unbound System’s Energy (kcal/mol) -0,77 -
RMSD from reference structure (A) 0,631 -
Free Energy of Binding (kcal/mol) - -8,34
Inhibition Constant, Ki (nM) - 772,54
Ligand Efficiency (docking energy) 026
(kcal/mol) ) o
Intermolecular energy (kcal/mol) - -10,13
UE9 Total Internal Energy (kcal/mol) - -1,82
Electrostatic Energy (kcal/mol) - -0,15
van der Waals + Hydrogen bonds + DE 997
solvation. Energy (kcal/mol) ) >
Torsional Free Energy (kcal/mol) - 1,79
Unbound System’s Energy (kcal/mol) - -1,82
RMSD from reference structure (A) - 12,96
Free Energy of Binding (kcal/mol) -8,73 -9,22
Inhibition Constant, Ki (nM) 395,76 175,41
Ligand Efficiency (docking energy) 0,44 -0,46
(kcal/mol)
Intermolecular energy (kcal/mol) -9,93 -10,41
Resokaempferol Total Internal Energy (kcal/mol) -1,11 -1,09
Electrostatic Energy (kcal/mol) 0,00 0,00
van der Waals + Hydrogen bonds +
desolations. Energy (kcal/mol) -9,93 -10.41
Torsional Free Energy (kcal/mol) 1,19 1,19
Unbound System’s Energy (kcal/mol) -1,11 -1,09
RMSD from reference structure (A) 31,39 33,29
Free Energy of Binding (kcal/mol) -6,45 -6,16
Inhibition Constant, Ki (nM) 18,60 30,48
Ligand Efficiency (docking energy) -0,32 -0,31
(kcal/mol)
Intermolecular energy (kcal/mol) -7,35 -7,06
Tectochrysin Total Internal Energy (kcal/mol) -1,03 -1,03
Electrostatic Energy (kcal/mol) -0,1 -0,06
van d(_ar Waals + Hydrogen bonds + DE 7.25 6,99
solvation. Energy (kcal/mol)
Torsional Free Energy (kcal/mol) 0,89 0,89
Unbound System’s Energy (kcal/mol) -1,03 -1,03
RMSD from reference structure (A) 32,38 34,39

The comparative analysis of molecular docking results presented in Table 3.18, which
were obtained with the Vina program [113,116], provides insightful details into the binding energy
31



ﬁ References

metrics. VYP demonstrates a strong affinity for the wild-type receptor with a binding energy of -
8,0 kcal/mol, suggesting a robust and stable interaction. In contrast, UE9 shows a remarkably
strong affinity for the H1047R mutant, recorded at -11,05 kcal/mol. This notably lower energy
value indicates an exceptionally stable binding conformation, highlighting the ligand’s enhanced
potency and specificity towards the mutant receptor, H1047R. Resokaempferol, evaluated
against both types of receptors, shows a slightly stronger binding with the wild-type protein
(-8,227 kcal/mol) compared to the mutant (-8,045 kcal/mol). The small difference in binding
energy suggests that resokaempferol maintains a consistent interaction with the PI3Ka receptor,
regardless of its mutational state, offering a versatile therapeutic profile that could be effective
across a wider range of PI3Ka-related pathologies. Tectochrysin exhibits a similar tendency, with
a marginally stronger interaction with the wild-type protein (-8,254 kcal/mol) than the mutant
variant (-7,844 kcal/mol). The relatively close binding energy values between the two forms
indicate that tectochrysin, like resokaempferol, could also be suitable for targeting both the normal
forms and the mutations of the receptor, although with a slight preference for the wild type.

Table 0.8. Comparative analysis of molecular docking using Vina: binding energy metrics for PI3Ka
receptor variants [84].

Receptor
Best Ligand
Docking Conformation Wild Type H1047R
Affinity VYP -8,0 -
(kcal/mol) UE9 - -11,05
Resokaempferol -8,23 -8,05
Tectochrysin -8,25 -7,84

The information summarized in table 3.19 was obtained from the molecular docking
performed by using the Glide software [84,104]. For VYP, the XP Glide Score for the wild type
receptor is -7.520, indicating a moderately strong interaction, which is consistent with a stable
ligand-receptor complex formation. The corresponding Glide Ligand Efficiency of -0.396 further
supports the effectiveness of VYP in terms of energy per heavy atom, optimizing its design for
potent binding. UE9, on the other hand, demonstrates a significant interaction with the H1047R
mutant, reflected by an XP Glide Score of -10,02. This suggests an exceptionally strong and
stable binding, and the Glide Ligand Efficiency of -0,31 indicates a relatively efficient use of its
molecular structure for binding to the mutant receptor H1047R.

Resokaempferol shows robust binding to both the wild type and mutant receptors, with an
XP Glide Score of -9,63 for the wild type and -7,40 for the mutant. This indicates a stronger affinity
for the wild type, complemented by a higher Glide Ligand Efficiency of -0,48 compared to -0,37
for the mutant. This data suggests that Resokaempferol is a versatile ligand capable of effectively
targeting both receptor variants, although with a preference for the wild type. Tectochrysin
similarly evaluated for both receptor types, exhibits an XP Glide Score of -8,54 for the wild type
and -6,47 for the mutant The Glide Ligand Efficiency scores of -0,43 for the wild type and -0,32
for the mutant indicate a reasonable use of molecular structure for effective binding, although it
shows a better affinity and efficiency for the wild type [84].
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Table 0.9. Comparative analysis of molecular docking using Glide: binding energy metrics for
PI3Ka receptor variants [84].

S Best Receptor
Docking Conformation PI3Ka wild type  H1047R
XP Glide Score -7,52 -
VYP
Glide Ligand Efficiency -0,39 -
XP Glide Score - -10,02
UE9
Glide Ligand Efficiency - -0,31
XP Glide Score -9,63 -7,40
Resokaempferol
Glide Ligand Efficiency -0,48 -0,37
XP Glide Score -8,54 -6,47
Tectochrysin
Glide Ligand Efficiency -0,43 -0,32

The comprehensive analysis of molecular docking results highlights the differential binding
affinities exhibited by each ligand across various computational platforms, illuminating their
potential as therapeutic agents [84]:

» VYP exhibited its highest binding affinity towards the wild type receptor using AutoDock
4, closely followed by Vina, while its least effective interaction was observed with Glide.

» UE9 displayed a notable affinity for the H1047R mutant variant, achieving its strongest
binding in the Vina program, with subsequent high affinity scores in Glide and AutoDock 4. This
underlines its potential effectiveness against specific receptor mutations.

» Resokaempferol displays affinity for PI3Ka — wild type, the best score was obtained
using Glide, followed by AutoDock 4. However, its interaction with the wild type was the least
favorable in Vina. When considering the mutant variant, AutoDock 4 provided the most favorable
binding, closely followed by Vina, while Glide showed the least efficacy.

» Tectochrysin performed best with the wild type receptor in Glide, followed by a strong
showing in Vina, its least effective docking occurred with AutoDock 4. In the case of the mutant
variant H1047R, the strongest binding was obtained with Vina. Its second-best results were
obtained with Glide, while the weakest performance was obtained in AutoDock 4.

The variations in the inhibition potential indicators highlight the differences in how these
programs assess the interactions between the ligand and receptor. Despite these variations, all
three programs—AutoDock 4, AutoDock Vina, and Glide—indicate good results in re-docking and
cross-docking, emphasizing the potential of the two ligands (resokaempferol and tectochrysin) to
inhibit both the normal form and the H1047R mutation of the cancer-associated protein.
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3.1.5 Structural alignment validation and MolProbity analysis

The structural alignment validation with the native structure is critically important in the
process of in silico re-docking of native ligands and other proposed potential ligands for several
fundamental scientific and technical reasons. Ensuring the accuracy of molecular modelling is
paramount: aligning the target protein structure with its native conformation guarantees that the
molecular model used in simulations is as close as possible to the natural state, thereby yielding
precise and relevant results in molecular docking simulations. This validation also preserves the
integrity of the binding site, ensuring that the identified binding sites in the modelled protein
correspond accurately to those in the native structure. Such alignment is essential for the correct
docking of ligands, reflecting the molecular interactions that would occur in vivo [84].

Moreover, structural alignment validation enhances the comparability of results. It allows
for a direct comparison between results obtained for native and proposed ligands, eliminating
systematic errors that could arise from conformational differences between the modelled and
native structures. Additionally, this process helps identify and correct errors that may have been
introduced during the modelling process, such as distortions of side chains, improper hydrogen
bond assignments, or the presence of inappropriate residues in the active site. The
methodological reliability is significantly improved through structural alignment validation,
providing a reference standard for evaluating the robustness of in silico re-docking
methodologies. This validation step ensures that the simulation and modelling methods used are
both robust and reproducible. Furthermore, it secures the bio-logical relevance of the model;
without structural alignment, the model might fail to appropriately reflect the biological context of
the target protein. Ensuring that the modelled conformation is biologically relevant allows for a
more realistic assessment of the therapeutic potential of the studied ligands [84].

Accurately modelling the dynamic nature of protein conformations in response to ligand
binding represents a challenge in the field of protein-ligand docking. To ascertain the reliability of
the docking outcomes, we have applied structural alignment methodologies and analyzed the
configurations resulting from both self-docking and cross-docking experiments. These models
were superimposed onto native co-crystallized complexes, providing a robust framework for
validating the conformational integrity of the predicted interactions. This approach ensures that
the docking simulations faithfully represent the structural dynamics observed in biological
systems.

To this aim, we have used the Pairwise Structure Alignment by employing the online tools
available on the RCSB PDB platform [133]. Structure alignment is a computational approach that
seeks to establish correspondence between residues of two or more macromolecular structures
by optimally super-posing their shapes and three-dimensional conformations. This technique
includes options for pairwise structure alignment, where structures are compared in pairs to
ascertain their spatial and conformational similarities.

Following the Pairwise Structure Alignment, measures describing the extent of structural
similarity have been documented in tables 3.20 — 3.23. The results from aligning all referenced
structures are quantitatively characterized by several measures [84,136]:

> The root means square deviation (RMSD), expressed in angstroms (A), is calculated
between the aligned pairs of backbone C-alpha atoms in the superposed structures. A lower
RMSD indicates a better structural alignment between the pair of structures, making it a
commonly reported metric in structural comparisons. However, it is sensitive to deviations in local
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structure, and residues in loops that are not well-aligned are typically excluded from the RMSD
calculation, which is then performed only by using the residues that can be effectively aligned;

» The template modeling score (TM-score) is a useful parameter for assessing how well
the structures align globally and for effectively comparing structures of different sizes, avoiding
sensitivity to local structural differences that may influence other measures such as RMSD. This
score varies between 0 and 1, where 1 signifies a perfect match, and 0 indicates no match
between the two structures. TM-scores below 0.2 usually suggest that the proteins are unrelated,
whereas scores above 0.5 generally indicate that the proteins share the same fold, often classified
according to databases like Scop or Cath.

» The identity represents the percentage of paired residues in the alignment that are
identical in sequence.

» The equivalent residues refer to the number of residue pairs that are structurally
equivalent in the alignment (the number of amino acids that are compared between structures to
evaluate structural and functional similarity).

» The sequence length denotes the total number of polymeric residues in the deposited
sequence for a given chain.

» The modeled residues indicate the number of residues with coordinates that were used
for the structure alignment, providing insight into the extent of the model covered by the alignment.

Table 0.10. Comparative structural alignment validation of the 7K71 crystal structure with Glide,
AutoDock 4 (AD4), and Vina self-docking outputs for the Wild-type (WT) PI3Ka protein complexed with the
native VYP inhibitor [84].

Pairwise Structure 7K71 Glide AD 4 Vina
Alignment RCSB PDB Re-Docking Re-Docking Re-Docking
Chain A A A A
RMSD - 0,17 0 0
TM-score - 1 1 1
Identity - 99% 100% 67%
Aligned Residues - 843 843 843
Sequence Length 946 843 843 843
Modelled Residues 843 843 843 843

Table 0.11. Comparative structural alignment validation of the 8TS9 crystal structure with Glide,
AutoDock 4 (AD4), and Vina self-docking outputs for the mutant H1047R PI3Ka protein complexed with the
native UE9 inhibitor [84].

Pairwise Structure 8TS9 Glide AD 4 Vina
Alignment RCSB PDB _ Re-Docking Re-Docking  Re-Docking
Chain A A A A
RMSD - 0.17 0 0
TM-score - 1 1 1
Identity - 99% 100% 100%
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Aligned Residues - 1,004 1,004 1,004
Sequence Length 1,060 1,004 1,004 1,004
Modelled Residues 1,004 1,004 1,004 1,004

Table 0.12. Comparative structural alignment validation of the 7K71 crystal structure with Glide,
AutoDock 4 (AD4), and Vina cross-docking outputs for the Wild-type (WT) PI3Ka protein complexed with
the potential ligands resokaempferol and tectochrysin [84].

Pairwi.se Structure 7K71 gl:;:z 35545 c:'l‘ionsas
Alignment RCSB PDB Docking Docking Docking
Chain A A A A
RMSD - 0,29 0 0
TM-score - 1 1 1
Identity - 99% 100% 67%
Aligned Residues - 843 843 843
Sequence Length 946 843 843 843
Modelled Residues 843 843 843 843

Table 0.13. Comparative structural alignment validation of the 8TS9 crystal structure with Glide,
AutoDock 4 (AD4), and Vina cross-docking outputs for the mutant H1047R PI3Ka protein complexed with
the potential ligands resokaempferol and tectochrysin [84].

Pairw[se Structure 8TS9 c(;;rlcl)iz :rg:s c:ﬁ)nsas
Alignment e8 [Hel docking docking docking
Chain A A A A
RMSD - 0.17 0 0
TM-score - 1 1 1
Identity - 99% 100% 100%
Aligned Residues - 1,004 1,004 1,004
Sequence Length 1,060 1,004 1,004 1,004
Modelled Residues 1,004 1,004 1,004 1,004

All these findings highlight the successful alignment and identity match between the self-
docking and cross-docking pairs with their corresponding native structures. Depending on the
docking programs utilized, the identity percentages between the aligned pairs ranged
impressively from 67% to 100%. Additionally, the RMSD values were very favorable (all below 2),
indicating a high degree of structural congruence. Furthermore, the TM-scores were exceptionally
high, all reaching the maximum value of 1, underscoring the precision and effectiveness of our
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docking approaches in replicating native-like interactions. In conclusion, structural alignment
validation with the native structure is an indispensable step in the in silico re-docking process. It
ensures the accuracy, comparability, reliability, and biological relevance of the conducted
simulations and evaluations. This significantly contributes to the confidence in the obtained results
and underpins subsequent decisions in the development of new drug therapies [84].

MolProbity is a versatile web server designed for the quality validation of 3D structures,
encompassing proteins, nucleic acids, and their complexes. It offers comprehensive all-atom
contact analysis to identify and resolve any steric clashes within the molecules. Additionally, it
provides advanced diagnostics on dihedral angles and can calculate and visually represent
hydrogen bonds and van der Waals contacts across interfaces between components [137].

The analysis was conducted by evaluating several important parameters [137]:

» Clash score measures the number of steric clashes per 1000 atoms in the model, where
a steric clash is defined as an instance where atoms are closer together than allowed by their van
der Waals radii, indicating potential structural problems;

» Poor rotamers: are those amino acid side chains that do not conform to energetically
favorable rotational positions of the side chains;

» Favored rotamers: represents those conformations that are in an energetically
favorable position;

» Ramachandran outliers: are residues whose backbone dihedral angles (phi and psi)
are in regions of the Ramachandran plot that are rarely occupied in reliable structures;

» Ramachandran favored: refers to residues that fall within the most favorable regions of
the Ramachandran plot;

» Ramachandran distribution Z score is a statistical measure that represents the overall
deviation of the set of phi-psi dihedral angles from those typically found in high-quality structures,
providing a normalized assessment of backbone conformational quality;

» MolProbity score is an overall quality score derived from the analysis of all other
metrics, summarizing the model’s quality with a single number where lower scores indicate better
structural integrity;

> CB deviations greater than 0,25 A indicate where the beta carbon atoms deviate
significantly from their expected positions, which can affect the overall structural stability;

» Bad bonds: are indicators of chemical bonds in the protein that deviate significantly
from expected values, often resulting in structural distortions;

» Bad angles: are indicators of bond angles in the protein that deviate significantly from
expected values, often resulting in structural distortions;

» CaBLAM outliers represent non-ideal conformations in the protein backbone detected
by C-alpha Based Low-resolution Annotation Method, a measure used particularly for validating
low-resolution structures;

» CA Geometry outliers involve deviations in the geometry of alpha carbon atoms,
indicating potential inaccuracies in the protein backbone’s modelling.

The results obtained through docking, after evaluating the parameters, were classified into
three levels: good, caution and warning. These classifications are based on standardized
references provided in the "Key to Table Cutoffs" made available by the MolProbity platform. This
structured approach ensures that each aspect of the molecular structure is assessed according
to established benchmarks, allowing for a clear and consistent interpretation of the structural
quality and potential areas of concern within the analyzed models. The results of this complex
analysis are presented in tables 3.24 — 3.29.
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Table 0.14. MolProbity analysis of all-atom contacts and geometry for the best cognate docking
output of (Wild Type) PI3Ka protein in complex with native inhibitor VYP

Category Metrics Raw Percentage Validation’
count
All-atom Clashscore, all atoms2 0 Good: 100th percentile*
contacts (N=1784, all resolutions)
Protein Poor rotamers 9 1.18% Caution: 0.3% < Outliers <
geometry 1.5%
Favoured rotamers 738 96.72% Caution: 98% > Favoured 2=
95%
Ramachandran outliers 2 0.25% Caution: 0.05% < Outliers <
0.5%
Ramachandran 760 96.32% Caution: 98% > Favoured =
favoured 95%
Ramachandran -1.46 + 0.27 Good: abs(Z-score) < 2
distribution Z score
MolProbity score3 0.80 Good: 100th percentile*
(N=27675, 0A - 99A)
CB deviations > 0.25A 1 0.12% Caution: 0 < Outliers < 5%
Bad bonds 0/6,928 0.00% Good: Outlier bonds < 0.01%
Bad angles 66/9,335 0.71% Warning: Outlier angles =
0.5%
Low-resolution ~CaBLAM outliers 6 0.7% Good: Outliers < 1%
criteria CA Geometry outliers 5 0.62% Caution: 0.5% < Outliers < 1%

1 Key to table cutoffs: http://molprobity.biochem.duke.edu/help/validation_options/summary_table guide.html.

Table 0.15. MolProbity analysis of all-atom contacts and geometry for the best cognate docking
output of (mutant H1047R) PI3Ka protein in complex with native inhibitor UE9.

Category Metrics Raw Percentage Validation'
count
All-atom Clashscore, all atoms 1.9 Good: 99th  percentile*
contacts (N=1784, all resolutions)
Protein Poor rotamers 13 1.43% Caution: 0.3% < Outliers <
geometry 1.5%
Favoured rotamers 858 94.49% Warning: Favoured < 95%
Ramachandran outliers 1 0.10% Caution: 0.05% < Outliers <
0.5%
Ramachandran favoured 932 97.29% Caution: 98% > Favoured =
95%
Ramachandran -1.81+0.25 Good: abs(Z-score) < 2
distribution Z score
MolProbity score3 1.21 Good:  99th  percentile*
(N=27675, 0A - 99A)
CB deviations > 0.25A 4 0.42% Caution: 0 < Outliers < 5%
Bad bonds 0/8,232 0.00% Good: Outlier bonds < 0.01%
Bad angles 80/11,100 0.72% Warning: Outlier angles =
0.5%
Low-resolution ~ CaBLAM outliers 9 0.9% Good: Outliers < 1%
criteria CA Geometry outliers 4 0.41% Good: Outliers < 0.5%

1 Key to table cutoffs: http://molprobity.biochem.duke.edu/help/validation_options/summary_table guide.html.

Table 0.16. MolProbity analysis of all-atom contacts and geometry for the best cross-docking
output of (Wild Type) PI3Ka protein in complex with potential inhibitor resokaempferol
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Category Metrics Raw Percentage Validation'
count
All-atom Clashscore 2,33 Good: 99th percentile*
contacts (N=1784, all resolutions)
Protein Poor rotamers 7 0.92% Caution: 0.3% < Outliers <
geometry 1.5%
Favored rotamers 732 95.81% Caution: 98% > Favored 2
95%
Ramachandran outliers 1 0.13% Caution: Outliers > 0.5% and
Outlier count = 1
Ramachandran favored 761 96.09% Caution: 98% > Favored 2
95%
Ramachandran -1.91+£0.27 Good: abs(Z-score) < 2
distribution Z score
MolProbity score3 1.28 Good: 99th percentile*
(N=27675, 0A - 99A)
CB deviations > 0.25A 1 0.12% Caution: 0 < Outliers < 5%
Bad bonds 0/6,928 0.00% Good: Outlier bonds <
0.01%
Bad angles 67/9,339  0.72% Warning: Outlier angles =
0.5%
Low-resolution CaBLAM outliers 11 1.40% Good: Outliers < 1%
criteria CA Geometry outliers 4 0.50% Caution: Outliers < 0.5%

1 Key to table cutoffs: http://molprobity.biochem.duke.edu/help/validation_options/summary_table guide.html.

Table 0.17. MolProbity analysis of all-atom contacts and geometry for the best cross-docking
output of (mutant H1047R) PI3Ka protein in complex with potential inhibitor resokaempferol.

Category Metrics Raw Percentage Validation'
count
All-atom Clashscore, all atoms2 1.84 Good: 99th percentile*
contacts (N=1784, all resolutions)
Protein Poor rotamers 13 1.43% Caution: 0.3% < Outliers <
geometry 1.5%
Favored rotamers 858 94.49% Warning: Favored < 95%
Ramachandran outliers 1 0.10% Caution: Outliers > 0.5%
and Outlier count = 1
Ramachandran favored 932 97.29% Caution: 98% > Favored =
95%
Ramachandran -1.81+0.25 Good: abs(Z-score) < 2
distribution Z score
MolProbity score3 1.20 Good: 99th percentile*
(N=27675, 0A - 99A)
CB deviations > 0.25A 4 0.42% Caution: 0 < Outliers < 5%
Bad bonds 0/8,232 0.00% Good: Outlier bonds <
0.01%
Bad angles 80/11,100 0.72% Warning: Outlier angles 2
0.5%
Low-resolution  CaBLAM outliers 9 0.9% Good: Outliers < 1%
criteria CA Geometry outliers 4 0.41% Good: Outliers < 0.5%

1 Key to table cutoffs: http://molprobity.biochem.duke.edu/help/validation_options/summary_table_guide.html.

Table 0.18. MolProbity analysis of all-atom contacts and geometry for the best cross-docking
output of (Wild Type) PI3Ka protein in complex with potential inhibitor tectochrysin.
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Category Metrics Raw Percentage Validation'
count
All-atom Clashscore, all atoms2 2.33 Good: 99th percentile*
contacts (N=1784, all resolutions)
Protein Poor rotamers 7 0.92% Caution: 0.3% < Outliers <
geometry 1.5%
Favored rotamers 732 95.81% Warning: Favored < 95%
Ramachandran outliers 1 0.13% Caution: Outliers > 0.5% and
Outlier count = 1
Ramachandran favored 761 96.09% Caution: 98% > Favored =
95%
Ramachandran -1.91+0.27 Good: abs(Z-score) < 2
distribution Z score
MolProbity score3 1.28 Good: 99th percentile*
(N=27675, 0A - 99A)
CB deviations > 0.25A 1 0.12% Caution: 0 < Outliers < 5%
Bad bonds 0/6,928 0.00% Good: Outlier bonds <
0.01%
Bad angles 67/9,339  0.72% Warning: Outlier angles =
0.5%
Low-resolution CaBLAM ouitliers 11 1.40% Good: Outliers < 1%
criteria CA Geometry outliers 4 0.50% Good: Outliers < 0.5%

1 Key to table cutoffs: http://molprobity.biochem.duke.edu/help/validation_options/summary table guide.html.

Table 0.19. MolProbity analysis of all-atom contacts and geometry for the best cross-docking
output of (mutant H1047R) PI3Ka protein in complex with potential inhibitor tectochrysin

Category Metrics Raw Percentage Validation'
count
All-atom Clashscore, all atoms2 1.9 Good: 99th percentile®
contacts (N=1784, all resolutions)
Protein Poor rotamers 13 1.43% Caution: 0.3% < Ouitliers <
geometry 1.5%
Favored rotamers 858 94.49% Warning: Favored < 95%
Ramachandran outliers 1 0.10% Caution: Outliers > 0.5%
and Outlier count = 1
Ramachandran favored 932 97.29% Caution: 98% > Favored =
95%
Ramachandran -1.81+0.25 Good: abs(Z-score) < 2
distribution Z score
MolProbity score3 1.21 Good: 99th percentile*
(N=27675, 0A - 99A)
CB deviations > 0.25A 4 0.42% Caution: 0 < Outliers < 5%
Bad bonds 0/8,232 0.00% Good: Outlier bonds <
0.01%
Bad angles 80/11,100 0.72% Warning: Outlier angles =
0.5%
Low-resolution = CaBLAM outliers 9 0.90% Good: Outliers < 1%
criteria CA Geometry outliers 4 0.41% Good: Outliers < 0.5%

1 Key to table cutoffs: http://molprobity.biochem.duke.edu/help/validation_options/summary_table guide.html.

The analysis of the best molecular pairs, performed with the MolProbity platform, reveals
that the majority of the metrics showed good results, highlighting the structural integrity and
accuracy of the targeted modelled complexes. The MolProbity score, which reflects the overall
quality of the model, was outstanding. However, there were minor noted discrepancies in the
positioning of some beta carbons, suggesting areas for potential refinement. Regarding bond and
angle integrity, the absence of bad bonds indicated perfect covalent connectivity. However, a
small proportion of angles were flagged as outliers, necessitating a closer inspection of angle
configurations in specific areas of the protein structure to ensure structural correctness. Overall,
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the analysis validates the robustness of the structural models, with most metrics showing
excellent conformity to expected standards. The few areas flagged for caution provide valuable
insights for targeted refinements, aiming to enhance the precision of our molecular simulations.

3.1.6 Analysis of molecular interactions

Discovery Studio and PyMOL software packages were employed to analyze the
interactions between native inhibitors and potential ligands with variants of the PI3Ka protein (wild
type and mutant) [84,132,138]. These tools facilitated the detailed examination of two-
dimensional, three-dimensional, and surface annotations, providing a multifaceted view of how
these molecules interact at the molecular level. This approach not only enhanced our
understanding of ligand binding, but also highlighted key interaction points and structural features
within the protein complexes.

These molecular docking studies indicate that the docking of the ligands at the inhibition
active sites of the receptor proteins exhibit a variety of intricate interactions. These interactions
include conventional hydrogen bonds, carbon hydrogen bonds, unfavorable acceptor-acceptor
bonds, Pi-Pi stacked bonds, one Pi-Pi T-shaped bond, alkyl bonds, Pi-alkyl bonds, Pi-sulfur
interactions, halogen (fluorine) bonds, and Pi-anion interactions. Each type of interaction plays a
critical role in the molecular docking process and can influence the inhibitory activity of the ligands
either positively or negatively [84].

Graphical representations of the interactions between the PI3Ka protein (the normal form
and the mutation) and the native inhibitors are presented in figure 3.11.
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Figure 0.7. Two-dimensional interaction diagram of the native inhibitor and PI3Ka protein: VYP
with the (wild-type) PI3Ka and UE9 with the (mutant H1047R) PI3Ka [84].

The three-dimensional representation of hydrogen bonds (acceptor-donor) and
hydrophobic surfaces, with values ranging from -3 to 3, was created to assist in visualizing these
molecular interactions. These maps provide a detailed representation of the spatial distribution
and intensity of the interactions, highlighting the critical areas within the binding site (see figure
3.12).
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Figure 0.8. Three-dimensional visualization of the interactions between the native
inhibitors and PI3Ka protein: VYP with the wild-type PI3Ka and UE9 with the H1047R mutant
PI3Ka, highlighting (a) hydrogen bonding and (b) hydrophobic surfaces [84].

In the interaction between resokaempferol and the wild-type PI3Ka protein (see figure
3.13), the ligand demonstrates a variety of binding interactions at the inhibition active sites the
ligand demonstrates a variety of binding interactions at the inhibition active sites VAL 851, GLU
849 and LYS 802, along with one carbon-hydrogen bond involving the residue VAL 850. There is
also a Pi-Sulfur bond with the residue MET 922, defined as a type of interaction where the -
electron cloud of an aromatic ring interacts with the sulfur atom of a thiol group, enhancing the
stability and binding affinity of the ligand. Furthermore, a Pi-Pi T-shaped interaction is observed
with the residue TRP 780, characterized by the perpendicular orientation of two aromatic rings
facilitating strong aromatic interactions. Additionally, there are five Pi-alkyl bonds, two of which
are with the residue ILE 800, two with the residue ILE 932, and one with the residue ILE 848,
contributing to the hydrophobic interactions that stabilize the ligand within the binding pocket [84].
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Figure 0.9. Two-dimensional interaction diagram of the potential ligand resokaempferol with the
(wild-type) PI3Ka and the (mutant H1047R) PI3Ka protein [84].

In the interaction between resokaempferol and the mutant H1047R PI3Ka protein, the
ligand forms several distinct binding interactions at the receptor’s inhibition active sites. These
include two conventional hydrogen bonds with the residues ASP 1018 and GLY 912, which are
critical for stabilizing the ligand within the binding pocket. Furthermore, the ligand engages in two
Pi-Pi stacked bonds with the residue TYR 1021, defined as interactions where two aromatic rings
are parallel to each other, enhancing the aromatic interactions that are pivotal for its binding
affinity. Additionally, two Pi-alkyl bonds with the residues LEU 911 and LEU 938 contribute to the
hydrophobic interactions, further securing the ligand in place (see figure 3.13). The associated
3D representation illustrating the hydrogen bonds and hydrophobic surfaces is shown in figure
3.14 [84].

In the molecular interaction between tectochrysin and the wild-type PI3Ka protein, the
ligand demonstrates a complex array of binding interactions at the active inhibition sites (see
figures 3.15 and 3.16). These include three conventional hydrogen bonds with the residue VAL
851, enhancing the stability of the ligand within the binding pocket. Additionally, there is one
carbon-hydrogen bond with the residue VAL 850, contributing to the overall binding conformation.
The ligand also forms two Pi-Sulphur bonds with the residue MET 922, which are interactions that
occur between the 1-electrons of an aromatic ring and a Sulphur atom. This type of bond is
significant in molecular recognition and can influence the binding affinity and specificity of
molecules, especially in biological systems [84].
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Figure 0.10. Three-dimensional visualization of the potential ligand resokaempferol interacting
with the (wild-type) PI3Ka and (mutant H1047R) PI3Ka protein highlighting (a) hydrogen bonding and (b)
hydrophobic surfaces. [84].

There is also one Pi-Pi T-shaped bond with the residue TRP 780, a type of non-covalent
interaction that occurs between the 1r-electrons of two aromatic rings, where one ring is positioned
perpendicular to the other, forming a “T” shape. This orientation allows for interactions between
the electron clouds of the rings, contributing to the overall stability and specificity of the molecular
complex. Moreover, there are six Pi-alkyl bonds, out of which two involve the residue ILE 932 and
one each with the residues ILE 800, ILE 848, TRP 780, and VAL 850, further stabilizing the ligand
through hydrophobic interactions [84].

In the interaction between tectochrysin and the mutant H1047R PI3Ka protein, the ligand
engages in various binding interactions at the active inhibition sites. This includes one
conventional hydrogen bond with the residue ASP 1018, which is important for stabilizing the
ligand within the binding pocket. Additionally, three carbon-hydrogen bonds are formed, two with
the residue GLY 912 and one with LYS 941, contributing to the structural integrity of the ligand-
receptor complex. The ligand also forms one unfavorable acceptor-acceptor bond with the residue
GLU 1012, which requires careful consideration due to its potential to destabilize the interaction.
Furthermore, there is one Pi-Pi stacked bond with the residue PHE 1002, which is a non-covalent
interaction that occurs between the 1r-electrons of adjacent aromatic rings. These interactions are
crucial in stabilizing the three-dimensional structures of biological molecules, such as DNA and
proteins, and play a significant role in molecular recognition processes. Additionally, there is one
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Pi-Pi T-shaped bond with the residue TYR 1021, which enhances the aromatic interactions
essential for the ligand affinity. The binding profile is further complemented by four alkyl and Pi-
alkyl bonds with the residues LEU 812, LEU 938, PHE 937, and LYS 941, enhancing the
hydrophobic interactions that contribute to the overall binding efficacy (see figure 3.15). Figure
3.16 shows the hydrogen bonding and the hydrophobicity surfaces [84].
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Figure 0.11. Two-dimensional interaction diagram of the potential ligand tectochrysin with the
(wild-type) PI3Ka and the (mutant H1047R) PI3Ka protein [84].

(wild type) PI3ka (mutant H1047R) PI3Ka

(a)

®)

Figure 0.12. Three-dimensional visualization of the potential ligand tectochrysin interacting with
the (wild-type) PI3Ka and (mutant H1047R) PI3Ka protein highlighting (a) hydrogen bonding and (b)
hydrophobic surfaces [84].
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3.2 Chemical potential evaluation of kaempferol based on molecular modeling [139]

The flavonoid kaempferol (3,5,7-trinydroxy-2-(4-hydroxyphenyl)chroman-4-one), whose
description was provided in Chapters 1 and 2, was analyzed from the point of view of its inhibitory
potential on the PI3Ka protein (wild type). Its molecular structure, shown in Figure 3.17, was
optimized by using the Gaussian 09 program [139,140].

The spatial orientation of kaempferol has the following characteristics: both the chroman
backbone and phenol B ring are planar; the phenol group of the B ring linked to the basic chroman
structure at the C2 position forms a torsion angle, a (c19-C8-C7-C2) that has a value of 0.04°;
between the H29 hydrogen of the —OH group (019-H29) from C3 position, as well as between
the H31 hydrogen of the -OH group (030-H31) from the C5 position that belong to the benzopyran
nucleus and the O18 oxygen of the C=0 carbonyl group (C9=018) of the pyran C ring, two
intramolecular hydrogen bonds are formed. The intramolecular bond formed between the H29
hydrogen atom and the O18 oxygen atom has a length of 1.99 A, while the intramolecular
hydrogen bond formed between the H31 hydrogen atom and the O18 oxygen atom has a length
of 1.77 A[139].

| 4
PP
o, o
Figure 0.13. Optimized molecular structure of 3,5, 7-trihydroxy-2-(4-hydroxyphenyl)chromen-4-on
(kaempferol) at B3LYP/6-311G(d,p) level [139].

Since the crystal form of the studied compound could not be obtained, we have compared
the theoretical parameters, i.e. bond lengths and angles, with the XRD parameters of the 5-
fluoropyrimidine-2,4(1H,3H)-dione  3,5,7-trihydroxy-2-(4-hydroxyphenyl)-4H-1-benzopyran- 4 -
one[141]. By using the Electronic Supplementary Publication from the Cambridge
Crystallographic Data Centre (CCDC-897918), we obtained the geometrical parameters needed
to compute the root mean square error (RMSE), which was computed as

i N2
RMSE — ZN (yth ye) (1)

i=1 N

where N is the total number of theoretical geometries, yn represents the theoretical values
obtained by the DFT method and y. are the geometrical parameters from XRD data [142].
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The theoretical and experimental values of the geometric parameters are presented in
table 3.30. To validate the method used for modelling, the theoretical values of the bond lengths
graphically represented in figure 3.18 and those of the bond angles in figure 3.19 were compared
with the corresponding experimental values obtained from X-ray structural analysis. Figure 3.18
shows that the differences between the theoretical and experimental values are very small, with
the largest difference (0.01133) recorded for the C8-C9 bond and the smallest (-0.01118) for the
C15-06 interaction. The root mean square error is 0.00618 [139].

Table 0.20. Centralization of theoretical and experimental values for kaempferol

Bond . Bond angle Experimental Theoretical
on Experimental Theoretical values values values
values B3LYP/6-311G(d,p) XRD B3LYP/6-
XRD 311G(d,p)
C2-C1 1,4 1,40665 C3-C2-C1 118 117,8033
C3-C2 1,4 1,40925 C2-C1-C6 121,4 120,8331
C4-C3 1,39 1,38368 C1-C2-C7 122,7 122,0805
C5-C4 1,39 1,39741 C3-C2-C7 119,3 120,1163
C6-C5 1,39 1,39643 C2-C3-C4 120,9 121,4345
C6-C1 1,39 1,38786 C3-C4-C5 120,1 119,9914
C5-05 1,37 1,36103 C4-C5-C6 120,1 119,4572
C2-C7 1,47 1,46284 C1-C6-C5 119,5 120,4806
C8-C7 1,37 1,36706 C2-C7-C8 129 128,5738
C8-C9 1,44 1,45133 C7-C8-C9 120,9 121,5685
C9- 1,43 1,43295 C8-C9-C10 117
C10 116,8491
C10- 1,4 1,40255 C9-C10-C11 119,5
C11 119,1801
C10- 1,42 1,42539 C9-C10-C15 122,7
C15 122,014
C11- 1,39 1,39044 C11-C10-C15 117,7
C12 118,8059
C15- 1,38 1,38559 C10-C11-C12 122,8
C14 121,8649
C12- 1,39 1,39655 C11-C12-C13 117,4
C13 117,9445
C14- 1,4 1,40065 C12-C13-C14 122,3
C13 121,9957
C7-01 1,37 1,37618 C13-C14-C15 119 119,559
C13- 1,36 1,35767 C10-C15-C14 120,8
02 119,83
C8-04 1,36 1,35535 C6-C5-05 122 122,9768
C9-03 1,26 1,25507 C4-C5-05 117,9 117,566
C11- 1,36 1,35751 C2-C7-01 1111
01 112,3772
C15- 1,35 1,33882 C8-C7-01 119,9
06 119,0489
C7-C8-04 121,4 123,8621
C9-C8-04 117,7 114,5694
C8-C9-03 120,8 118,5407
C10-C9-03 122,3 124,6103
C10-C11-01 120,4 120,6879
C12-C13-02 121,5 121,6981
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C14-C13-02 116,2 116,3062
C10-C15-06 119,9 120,2527
C14-C15-06 119,2 119,9173
C7-01-C11 122,1 122,6654
01-C11-C12 116,8 117,4471
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Figure 0.14. Theoretical and experimental bond lengths of kaempferol. [139].

The results presented in Fig. 3 indicate that in the case of bond angles, with the exception
of four angles, i.e. C7-C8-04 (2.4°), C9-C8-04 (3.13°), C8-C9-03 (2.25°) and C10-C9-03 (2.31°),
the differences between theoretical and experimental values are also quite small. The RMSE
=1.05942, which corresponds to the differences between theoretical and experimental values of
bond angles, is also acceptable [139].
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Figure 0.15. Theoretical and experimental bond angles of kaempferol [139]

After optimizing the molecular structure of kaempferol, the Gaussian 09 program proved
to be a valuable tool in calculating the electronic parameters (dipole moment (DM) and the frontier
orbital energies Enomo and ELumo) generated in a file with the .log extension. Based on the
obtained values, other electronic parameters were computed, such as ionization potential (IE),
electron affinity (EA), chemical hardness (n), chemical softness (o), electronegativity (x), and
electrophilicity index (w)[139,140,142]. The electronic parameters obtained for kaempferol are
presented in table 3.31. They indicate the distribution of electrons in the molecule and estimate
the chemical reactivity, assessing the ability of a molecule to give or accept electrons to the
frontier molecular orbitals The electrophilicity index w of kaempferol is 4.1 eV, i.e. larger than 2.0
eV suggesting the strong electrophilic character of the ligand [139].

Table 0.21. Electronic parameters of kaempferol [139].

Electronic parameter Kaempferol
G° (Hartree) -1029,06
Dipole moment (debye) 4,246
ELuwmo (eV) -2,04
Enowmo (eV) -5,84
Egap (eV) 3.8

n (eV) 1,9

o (eV) 0,26

X (eV) 3,94

u (eV) -3,94

w (eV) 4,1

IE (eV) 5,84

EA (eV) 2,04
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The highest occupied molecular orbital (HOMO) indicates the ability as a donor of
electrons, while the lowest unoccupied molecular orbital (LUMO) shows the capacity of accepting
electrons [143]. For kaempferol, the difference between the corresponding energies Enomo and
ELumo is characterized by the parameter Egqp = 3,8 eV (see figure 3.20), which indicates a good
chemical reactivity.

l.l'\'() l‘:l LMO = - 2.04 ('\'

Egep™ 3.8 ¢V

Enovo™ - 584 ¢V

HOMO

Figure 0.16. Charge distribution of HOMO and LUMO molecular orbitals in the optimized structure
of kaempferol [139].

The Avogadro software was used to generate the molecular electrostatic potential (MEP)
diagram [144,145]. The 3D MEP diagram, presented in figure 3.21, illustrates the relative polarity
of kaempferol and its active sites prone to electrophilic respectively nucleophilic attacks. More
specifically, it shows the relative polarity of kaempferol and its active sites prone to
electrophilic/nucleophilic attacks. The regions with positive potential (represented in red) are
located around the hydrogen atoms, which are the most probable active sites for nucleophilic
attack [139].

Figure 0.17. Molecular electrostatic potential (MEP) map of kaempferol [139]
Molecular docking was performed to establish the interactions between the potential

inhibitor (kaempferol) and the PI3Ka protein. By using the AutoDock Vina software, a flexible
docking was performed, in which the ligand undergoes translational, rotational, and intramolecular
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torsional movements [113,114]. This approach allows the identification of the most favorable
conformation in the active site of the PI3Ka protein, while the receptor is considered fixed [139].

Preparation of the receptor macromolecule and the ligand involved several steps using
the Gaussian 09 and AutoDock Tools programs: generating a .pdbqt file for the protein; searching
for the optimal position for the grid box, optimizing the ligand structure using the computational
method DFT/B3LYP/6-311G(d,p); creating a .pdbaqt file for the ligand; generating the conf.txt file,
which contains all the necessary information for docking; running the AutoDock Vina program,
and visualizing the results. The protein structure was obtained from the online database ,Protein
Data Bank” [88,113,139,146,147].

Following the docking of kaempferol into the active sites of PI3Ka kinase, a stable kinase-
ligand complex was formed, with a binding energy of -8.1 kcal/mol (figure 3.22). The interactions
of the ligand with neighboring amino acids in the active site of the protein are presented in figure
3.23. It can be observed that the ligand forms polar bonds (hydrogen atom with amino acids
SER854A and ASP810A), nonpolar bonds (hydrophobic interactions with ILE932A and
TRP780A), and a pi-cation interaction with LYS802.

Figure 0.18. The representation based on the polarity of the kaempferol docked in the active site

of the PI3Ka protein.
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Figure 0.19. Kaempferol in interaction with the neighboring amino-acids [139].

To evaluate the potential inhibition of the PI3Ka kinase by kaempferol, we chose (2S)-1-
N-[4-methyl-5-[2-(1,1,1-trifluoro-2-methylpropan-2-yl) pyridin-4-yl]-1,3-thiazol-2-yl]pyrrolidine -
1,2-dicarboxamide as the standard. The later, also known as alpelisib, has an IC50 = 5.0 £ 0.01
nM [148].
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The docking representation of the standard ligand alpelisib and the potential ligand
kaempferol in the active site of the PI3Ka protein is shown in figure 3.24. The results indicate that
the ligand and the standard almost overlap in the active site of the kinase [139].

Figure 0.20. Kaempferol and alpelisib are docked in the active site of PI3Ka kinase surface (green color —
kaempferol and pink color - alpelisib)[139].

Since kaempferol has a higher binding energy (-8.1 kcal/mol) than the standard ligand (-
9.1 kcal/mol), we may conclude that the studied ligand forms a less stable complex with the
protein macromolecule [139]. Alpelisib is a drug used in cancer therapy, with inhibitory activity
[139,149]. Therefore, the investigated ligand can be considered a potential inhibitor of the PI3Ka
kinase, but with moderate activity.

3.3 Experimental and computational studies of 3-(Nmorpholinylcarbodithioate)-2-(4-
methoxyphenyl) chroman-4-one, a flavanone with potential therapeutical properties [59]

The synthetic flavanone, 3-(Nmorpholinylcarbodithioate)-2-(4-methoxyphenyl)chroman-4-
one (figure 3.25), was analyzed in terms of its chemical potential and oral bioavailability to
demonstrate its strong electrophilic character, which could thus be utilized in other studies in the
field of drug design.

OCHg

Figure 0.21. Molecular structure of 3-(N-morpholinylcarbodithioate)-2-(4-methoxyphenyl)chroman-4-one
[59].

The structural and vibrational characterization of this synthetic flavanone was carried out
by performing quantum mechanical calculations in the ground state and by using several hybrid
functionals (B3LYP, PBE1PBE, CAM-B3LYP and wB97X-D) in conjunction with the same basis
set, namely 6-311G(d,p) [59]. The investigated flavanone has been obtained as a mixture of anti
(figure 3.26) and sin (figure 3.27), he major component being the anti isomer [59].
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Figure 0.22. Optimized molecular structure and atom numbering of the anti isomer of 3-(N-
morpholinylcarbodithioate)-2-(4-methoxyphenyl)chroman-4-one, at B3LYP/6-311G(d,p) level [59].

Figure 0.23. Optimized molecular structure of the syn isomer of 3-(N-morpholinylcarbodithioate)-
2-(4-methoxyphenyl)chroman-4-one, at the B3LYP/6-311G(d,p) level of theory [59].

Following the testing of the four hybrid functionals: B3LYP, PBE1PBE, CAM-B3LYP, and
wB97X-D in correlation with 6-311G(d,p), we were able to conclude that the geometric
parameters obtained with B3LYP/6-311G(d,p) are in agreement with those obtained
experimentally from the XRD structure. Also, the theoretical wavenumbers are well correlated
with the experimental ones. A detailed PED assignment of all the IR absorption bands has been
achieved. The theoretical '*C and "H chemical shifts (with respect to TMS) were compared with
the experimental ones. They show a very good agreement in the case of the WP04/6-
311++G(d,p) and PBE1PBE/6-311++G(d,p) methods for *C and in the case of theWP04/6-
311++G(d,p) for "H.

Additionally, several molecular descriptors were investigated by analyzing the descriptors
that characterize the steric, hydrophobic/hydrophilic and electronic interactions between a
compound and its biological receptor. The quantum chemical parameters determined for the
investigated flavanone indicated that it has a good stability and a low chemical reactivity. The
value of dipole moment (3,15 debye for anti isomer and 3,80 debye for syn isomer) is between 3
and 5 debye, which suggests that the studied flavanone has the ability to form non-bonded
interactions with a receptor. The electrophilicity index (3,61eV for anti isomer and 3,49 eV for syn
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isomer) underscores the strong electrophilic character of the two isomers. The charge distribution
of the frontier orbitals HOMO and LUMO for the anti isomer indicates a separation likely due to
the presence of a single bond between the carbon atoms (C2-C3) (figure 3.28) [59].

LUMO ELumo =-180eV

Egap =406 eV

Etouo = - 5.86 eV

HOMO

Figure 0.24. Charge distribution of the frontier orbitals HOMO and LUMO for the optimized
structure of the anti isomer of 3-(N-morpholinylcarbodithioate)-2-(4-methoxyphenyl)chroman-4-one [59].

The bioavailability of the studied flavanone was indicated by a radar diagram, which
represents six physico-chemical parameters. Their values (XLogP3 = 3.68, MW = 415.53 g/mol,
TPSA = 105.39 A?, log S(ESOL) = - 4.72, fraction Csp® = 0.33 and RotB = 5) indicate that the
studied flavanone has the oral bioavailability of drugs of interest, as well as suitable drug-like
properties [59].

3.4 Methods for automating cannabinoids detection [150]

The objective of this research was to develop deep convolutional neural networks (DCNN)
for the detection and identification of substances of abuse, with a focus on synthetic cannabinoids.
In this study, two artificial intelligence models were used: a pre-trained Convolutional Autoencoder
Convolutional (CAE) and a Vision Transformer (ViT-B/32). The optimization algorithms were
tested in order to improve the model performance, thereby highlighting the advantages of
innovative transfer learning methods that combine unsupervised and supervised techniques with
the preprocessing of spectroscopic data [150,151].

The ATR-FTIR spectra used in this research were obtained from the pyDETECT-FTIR
database, which contains data from public spectral libraries. Then, they were validated through
independent analytical methods. The spectra were converted into monochromatic images (in
.bmp format) to train and refine deep the DCNN. Two main spectral libraries were created: one
non-forensic, with 11,000 images, that was used for pre-training the CAE, and a forensic one,
containing 10,425 images, that was used for training the DCNN on substances of abuse. The
spectral images were divided into three classes: class 1 contains 125 images of synthetic
cannabinoids of the JWH type; class 2 contains images of other types of cannabinoids; class 3
consists of various other substances, including psychedelics, piperazines, dissociative,
empathogens, stimulants, sedatives, and prescription medications [150].

The evaluation and optimization of the models involved the analysis of loss functions, such
as cross-entropy and focal loss, as well as testing optimization techniques such as Adaptive
Moment Estimation (ADAM), Stochastic Gradient Descent (SGD), Sign Stochastic Gradient
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Descent (Sign SGD) and Root Mean Square Propagation (RMS Prop) [150]. The quantitative
assessment of the artificial intelligence architectures was carried out by using a tool offered by
the Wolfram Mathematica v.13.2 software, which was essential for calculating and visualizing the
classification indices of success. Thus, information regarding the training dynamics could be
recorded [150,152,153]. The results obtained for the developed DCNN are of particular
importance in the identification, classification, and recognition of synthetic cannabinoids, having
an important relevance in forensics.

Chapter 4. General conclusions and future directions for research and development

The research conducted as part of this doctoral thesis aimed primarily at identifying
bioavailable substances, in order to contribute to the optimization and efficiency of production
processes. Thus, the research activity was focused on two main directions:

» Utilization of advanced computational tools for processing IR spectra and the molecular
descriptors of four bioavailable substances from the class flavonoids, with the purpose of
optimizing the techniques for identifying compounds with high therapeutic potential, thereby
enhancing the drug design process;

» ldentification and classification of bioavailable substances from the class of JWH
synthetic cannabinoids through the development of DCNNSs.

The first research direction for identifying bioavailable substances from the flavonoid class
involved:

» Optimization of molecular structures obtained from public databases by comparing the
spectra of theoretical models with experimental spectra. Four computational techniques used for
optimizing molecular structures were evaluated, and the best agreements between theoretical
and experimental geometric parameters were found by using the hybrid functional B3LYP/6-
311G(d,p);

» Characterization of these substances by creating physico-chemical profiles and
determining molecular descriptors that highlight their bioavailability, classifying them as
substances that can be used as drugs. The results obtained for the four flavonoids (two natural
compounds and two synthetic compounds) support their bioavailable nature;

» Their identification as potential inhibitors of the PI3Ka protein by using molecular
docking. The studied compounds, resokaempferol and tectochrysin, yielded good results in
molecular docking, as indicated by three different programs (AutoDock, AutoDock Vina, and
Glide) for two proteins from the PI3Ka kinase family (the normal form and the H1047R mutation).
The originality and importance of the research stem from exploring these substances as potential
inhibitors of the two proteins, which can provide essential insights for developing new targeted
therapies for cancer treatment. The possible interactions of kaempferol with the PI3Ka kinase
receptor demonstrated its antioxidant potential (i.e., the ability of kaempferol to inhibit the PI3Ka
kinase, using alpelisib as a standard with an IC50 of 5.0+£0.01 nM), and thus its inhibitory potential
in cancer treatment.

The second research direction focused on:

» creating the physico-chemical profiles of five synthetic cannabinoids and comparing
them with THC, the main active compound of cannabis, to establish their bioavailability. The
results obtained indicate their oral bioavailability, as well as an increased tendency to accumulate
in lipid environments rather than in aqueous ones.

» Developing neural networks for the automated identification and characterization of
synthetic cannabinoids. The results obtained demonstrate that innovative transfer learning
methods combined with spectroscopic data preprocessing provide significant benefits in the rapid
and efficient detection of synthetic cannabinoids as prohibited substances.
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Future directions for research and development
Regarding future research and development directions, we consider the following:

» identifying other compounds from the flavonoid class, as they represent a significant
dietary resource for humans. Their diverse molecular structures, unique functionality, and rich
pharmacological profiles have made them valuable targets for drug design;

» utilizing molecular dynamics for in-depth studies of the inhibitory potential on proteins
responsible for cancer development;

» evaluating the inhibitory potential of flavonoids on other proteins, such as COX
(cyclooxygenase), which is involved in inflammatory processes;

» studying cannabinoids as potential therapeutic agents in cancer treatments;

» developing additional classification models that allow for the inclusion of other
categories of cannabinoids.
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