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Resumen

La creciente resistencia que desarrollan las bacterias a los antibidticos es un problema que
afecta atodos los estratos sociales. Por tanto, el desarrollo de componentes antibacterianos
nuevos y eficaces es de vital importancia para nuestra sociedad. Las Lactonas
sesquiterpénicas (STL) son un grupo de metabolitos secundarios aislados de plantas que
han mostrado un amplio espectro de actividades bioldgicas, especialmente actividad
antibacteriana  contra  Staphylococcus aureus resistente a la  meticilina.
Desafortunadamente, los métodos experimentales para estudiar la efectividad de los
antibidticos a base de plantas son costosos y requieren mucho tiempo. Para sobrepasar
estas limitaciones, se pueden aplicar estudios computacionales para acelerar el desarrollo
de antibidticos mas eficientes. En este estudio, se realizaron calculos de estructura
electréonica en 21 STL para desarrollar un modelo capaz de predecir la actividad
antibacteriana de nuevas moléculas de STL. Mediante el uso de una combinacién éptima
del método de funcional de densidad y tight-binding (DFTB) y cdlculos de la teoria funcional
de densidad ab initio (DFT), pudimos calcular los conférmeros mas favorables
energéticamente, su estructura atdmica y propiedades fisico-quimicas. Los valores
calculados usando mecdnica cudntica se combinaron utilizando modelos Quantitative
Structure-Activity Relationship (QSAR) considerando la actividad antibacteriana obtenida
experimentalmente. El modelo QSAR desarrollado utilizé diferentes combinaciones de dos
descriptores. Los resultados preliminares sugieren que los modelos que incluyen el HOMO
y la energia electrénica correlacionan mejor la actividad antibacteriana. Estos resultados
podrian permitir una prediccién confiable de la actividad antibacteriana para nuevos
compuestos que pertenecen a la familia STL basandose en las propiedades calculadas por
DFT.

Palabras Clave:

Conformeros, DFT, DFTB, Staphylococcus aureus resistente a la meticilina, xTB, CREST,
ORCA, Descriptores.



Abstract

The growing resistance developed by bacteria to antibiotics is a problem that involves every
social stratum. Therefore, the development of new and effective anti-bacterial components
is of vital importance for our society. Sesquiterpene Lactones (STL) are a group of secondary
metabolites isolated from plants that have shown a wide spectrum of biological activities
especially antibacterial activity against methicillin-resistant staphylococcus aureus (MRSA).
Unfortunately, the experimental methods to study the effectiveness of plant-based
antibiotics are expensive and time-consuming. In order to tackle these limitations in silico
studies can be applied to accelerate the development of more efficient antibiotics. In this
study, electronic structure calculations on 21 STL were performed to develop a model
capable to predicting the antibacterial activity of new STL molecules. By using an optimal
combination of density-functional tight-binding (DFTB) method and ab initio density-
functional theory (DFT) calculations, we were able to calculate the most energetically
favorable conformers, their atomic structure and physical-chemical properties. The
guantum mechanically computed values were them combined using Quantitative
Structure-Activity Relationship models considering experimental antibacterial activity. The
developed QSAR model used different combinations of two descriptors. Preliminary results
suggest that models that includes the HOMO and electronic energy correlates better the
antibacterial activity. These results could allow reliable prediction of antibacterial activity
for new compounds that belong to the STL family based on the DFT computed properties.

Keywords:
Conformers, DFT, DFTB, Methicillin-Resistant Staphylococcus Aureus, xTB, CREST, ORCA,
Descriptors.
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Chapter 1

Introduction

Antibiotic resistance has been a latent problem that has grown and evolved in the past decades affecting all human
kind; therefore, the development of new and effective antibacterial components is of vital importance for our society.
S esquiterpene Lactones (STL) are a group of secondary metabolites isolated from plants belonging to the Asteraceae
(Compositae) family . These organic molecules are of great interest in the scientific community since they have a
wide variety of chemical structures and have shown a wide spectrum of biological activities including antimicrobial,
anti-fungal, anti-inflammatory, anticancer, among others. Despite these novel properties, it is also known that some
STL are toxic to both human and animal parasites, which undoubtedly raises their scientific interest?. It should be
noted that the Asteraceae family is one of the most widely distributed and abundant plant families. This means
that there are various specimens from which STL are obtained. Being synthesized from different sources, it is to
be expected that a single chemical structure will not be obtained. In other words, their structures are as varied
as their biological diversity. Thanks to these differences, extracts that contain these molecules have been used for
different purposes (without knowing their structure) in ancient medicine and in the modern pharmaceutical industry.
Currently it has been possible to know the structure of several of these molecules and in the Dictionary of Natural
Products (DNP), there are at least 5000 different structures for STL3.

The structural diversity of STL is a little unusual because among all the structures, 87% are formed by only 7 of
the more than 100 types of STL. To get a general idea of how the main groups are structured a summary—without
going into detail about the possible functional groups—is provided in Figure 1.1. But it is expected that the naturally
formed structures that can be found in plant extracts are more complex and with many more extra elements than the

structures previously described.

In Figure 1.1 the basic structure for STL is sketched based on the bond-line notation, here every carbon atom
is located in each corner or terminal, oxygen atoms are represented by "O", single lines represent single bonds,
double lines represent double bonds, finally all the incomplete bonds are filled with Hydrogen atoms which are

suppressed for simplicity. This notation is use through the entire thesis. In recent decades, STL have been the object
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Figure 1.1: General classification of STL. A: Germacranolides, B: Heliangolides, C+D: Guaianolides, E: Pseu-

doguaianolides, F: Hypocretenolides, G: Eudesmanolides

of great attention thanks to the fact that they have presented a wide variety of properties that can be used mainly in
medicine, agriculture, and nutraseuticals. Those properties that can have an impact on medicine are the ones that
get the most attention. Some STL can inhibit the growth of cancer cells and therefore have anti-tumor and cytotoxic
activity. Others can inhibit microbial growth, better known as antibiotics. STL can also work as insect feeding
deterrents for specific types of plagues. Phytotoxins or plant-growth inhibitors are other properties of STL, growth
of plants or seed germination regulation*. STL is not only useful for humans but also plants where it is used as
chemoprophylaxis in schistosomiases. Not all the properties of STL are good for humans, some of them can cause
allergic reactions depending on the quantity that gets in contact with skin. Some other properties are the anti-fungal
and anti-inflammatory activity?>.

Although STL have shown a wide spectrum of biological activities including antimicrobial; unfortunately, the
experimental methods to study the effectiveness of plant-based antibiotics are expensive and time-consuming. An
alternative to tackle these limitations and accelerating the research on these compounds is performing in silico studies
of these molecules to predict their antibacterial activity.

Importance of modeling

The importance of in silico research (or computational modeling) lies in the versatility of this type of studies that can
be easily applied in various research areas. It allows us to test hypothesis and explore a wide range of possibilities
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(computational experiments) before carrying out an actual experiment. Appropriate computational experiments
allow us to corroborate results and could provide important guidelines on what we can expect from an experiment.
Computational modeling allows us to manipulate variables that are not manipulable in experiments since many of
these are abstract mathematical expressions based on physical concepts. Currently, given the great development
that exists in terms of the computing power, it is easy to recognize that an intelligent combination of computer
modelling with targeted experiments could be reflected on lowering the total expenses involved in research and more
importantly, it can save time making the research area more efficient. One advantage of simulations is that we can
build a model based on already reported experimental results.

On the other hand, when carrying out this type of in silico studies we can place molecules in any medium and
in practically any condition, as well as vary these conditions in the course of the simulation and see how our system
develops. As we can arbitrarily vary these parameters, we will be able to determine what type of conditions will be
optimal to achieve the best performance.

To the best of our knowledge there are scarce in silico studies that have been developed on these STL molecules
and the information that is currently available is mostly obtained from experiments with STL. Despite the little
computational information that exists, it can be said that the results obtained from the different investigations are
of relevance since they have established relationships between the type of structure and the biological activity that
the molecule presents, as well as determining active groups. There is a common denominator in how STL studies
are carried out. These generally first present an experimental phase in which they characterize STL to later go to a
computational stage. The results obtained in this phase will strongly depend on the results obtained experimentally.
This dependence may limit the level at which structural relationships are established since it depends on how the
molecule was synthesized or what database is used for computational data. A great advantage of STL is that the main
skeleton-type has been well studied. By knowing its main structure, arrangements can be made either by adding
or removing different secondary functional groups that STL may have. By achieving this we help make the system
under study easier to calculate.

Sesquiterpene Lactones and Docking studies

Docking method allows us to determine what will be the dominant link mode between ligand and the protein of
interest’. By knowing the 3D structure of the target molecule and especially the structure responsible for the biolog-
ical interaction (such as antibacterial activity). It is possible to identify what type of compound can be joined using
computational modeling techniques®. This method is widely used mainly in computational physics and chemistry for
the different advantages it presents when determining structures and possible operating mechanisms. The docking
studies on STL are not excluded, some studies theoretically propose an interaction mechanism that has helped to
increase the knowledge about STL. Generally, in silico studies on the biological activity of organic molecules cannot
establish theories that cover all molecules. Since they are so varied, we are going to find different morphological
and structural characteristics that would change their mechanisms of action, interaction, and function. This is why
these studies focus on groups of not very large molecules that share similar characteristics, either structural or of the



target molecule.

A study that exemplifies this was carried out by Aliyu et al. in 20167. They isolated STL from Vernonia
blumeoides and carried out docking studies to determine the Quorum inhibitory potential. They were able to estab-
lish that these STL had different cognate sites which bind to the target proteins. This meant that these molecules had
the potential to reduce virulence and pathogenicity of drug-resistant bacteria in vivo. For the Docking model part,
they used the 3D coordinates available in the Protein Data Bank (PDB)® of the target molecules and the STL. Later
they found the most favorable energetic conformer and optimized it to the level of density-functional theory. By
taking these relaxations into account we ensure that the results obtained will be within a range of possible energies

so that the processes occur naturally.

The relaxation of the molecules is an important process when calculating the total energy of the system. By
knowing the energy of the system and knowing that its values are within "normal" or expected ranges, we can have
a first control point for our study. This relaxation process of the compounds is generally carried out at the beginning
of the in silico studies to ensure that the structures are consistent with their energy. Hegazy et al. in 2015° carried
out a docking and pharmacophore study to determine the inhibitory power that STL from Cyara cornigera has on
Acetylcholinesterase. They use the 3D structure of each component and perform an energy minimization to each
one of them and a protonation process at 300 K and pH to 7 was applied to the protein structure before starting
the docking study. The calculation of the electrostatic interactions between two atoms was needed to determine the
active site of the protein. Many considerations have to be taken into account when working with molecules, not only
the structure and the energy is important, other factors will affect the dynamics of the molecule.

In some cases, to assure that the results are reliable, it is necessary to apply more than one method that takes into
account different parameters of the system. There are cases where if we just have the coordinates of the molecules,
this will not enough to achieve accurate results. We might need also to calculate the electronic structure, or to
perform Quantitative Structure-Activity Relationship (QSAR) models. Luo et al. in 2011 '° uses a combination of
the density functional theory (DFT) method to calculate the electronic structure of STL, and a QSAR method to
then employ a Docking model to simulate how STL will interact with human aromatase. They took the IC50 values
for the STL from previous studies and optimized the geometries of the molecules using DFT. From this, they took
some relevant data called descriptors such as the total energy, highest occupied molecular orbital (HOMO), lowest
unoccupied molecular orbital (LUMO), bandgap energy, dipole moment, etc to generate a QSAR model. Then they
perform the molecular docking to determine the pharmacophore analysis. After all these considerations they found
that modifying an external double bond of one of the compounds they can eliminate the cytotoxicity of the molecule.
Looking at this study we can say with certainty that combining different models is a reliable methodology to secure
results and to have a better understanding of the system dynamics. It is important to mention that to the best of our

knowledge there are no studies at the quantum mechanical level that includes Van der Waals interactions.
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Sesquiterpene Lactones and Quantitative Structure-Activity Relationship Studies

Thanks to the utility that these molecules have in different biological fields, it is important to be able to understand
not only their operating mechanisms but also how their atomic and electronic structure is related to their biological
activity. This relationship might be described by the development of appropriate mathematical model. Currently,
there are some reports on the Structure-Activity Relationship (SAR) and a few studies on the Quantitative Structure-
Activity Relationship (QSAR). However, these models have some limitations, i.e., you cannot make a single model
that describes everything at the same time. For this reason the desired model is developed to describe a specific
function of a set of molecules of interest. It should be noted that with the development of this type of study it will
be possible to understand and improve the different uses that can be given to STL.

In 1971 Kupchan et al. ! carried out the first study to establish the relationship between structures and anti-tumor
activity. They were able to demonstrate that STL enhanced their biological activity by increasing lipophilicity and
with the presence of extra a, b-unsaturated carbonyl groups. They also established that the presence of a-methylene-

g-lactone is essential for cytotoxicity.

Another study carried out by Schmidt in 2006* concluded that the study of the dependency between structure
and activity is of great importance for the development of future fields of research. In his research, he determined
that, although STL do not have the structure of a drug, they can be quite similar in their physico-chemical properties
and that we can take advantage of this similarity to use them as distributors of a specific drug that works as an
antitumor, anti-inflammatory or anti-protozoal. Thanks to the QSAR studies, Schmidt was able to determine that the
cytotoxicity of STL depends largely on the amount of alkylant structure elements.

Reyes et al. in 2007 '? used the 3D-QSAR / Comparative molecular similarity indices analysis (COMSIA) model
to characterize the elements of the STL structures responsible for inhibiting P-glycoprotein (Pgp). In particular,
this type of model can only be used in molecules that bind to the same type of receptor and that also has a similar
mechanism. Reyes was able to determine that the most important groups are the carbonyl in Carbon number two
(c-2), Carbon number three (c-3) and Carbon number eight (c-8) that function as H-bond receptors.

STL can also be used to fight diseases for which there is still no cure, such as cancer. Schomburg et al. in
2013 '3 found that some STL can interrupt or interfere with C-Myb transcription. Excessive expression of c-Myb (a
proto-oncogene) causes tumors in humans, as well as leukemia and colon cancer. The QSAR method used as main
descriptors a model of pharmacophores, the alignment of the molecules, and other secondary or derived descriptors.
By implementing a QSAR model, they were able to obtain a multiple linear regression equation. Which allowed
them to directly interpret the results, making it possible to describe 83% of the different biological activities predict
others, despite the little information on the activities of the molecules used. Finally, they found that two of its most
active molecules shared similarities in their structures, which allowed them to bind to a specific binding site which
is still unknown.



6 1.1. PROBLEM STATEMENT

If we take a look at the different structures that have been studied, we will notice that most large structures are the
ones that play a role in the biological activity of STL. Double bonds and small functional groups such as hydroxyls are
also relevant since their position within the larger structure (10-carbon rings) will also affect the recorded biological
activity !

The QSAR method has great advantages for researchers since it allows them to corroborate their results and draw
robust conclusions. It is of great important to know what information we should put in our model because that is
the basis from which all our possible outcomes originate. This is why it is important to emphasize that in all QSAR
studies it is necessary that the test subjects have similar qualities, whether they are structural, physical-chemical, or
biological. The model will also depend on the molecules we use (if they belong to the same base structure or if
they vary) and what will be the purpose of the model (what relationship we seek to establish between structures).
In other words, our model will depend on the selected descriptors. QSAR models provide an equation with specific
parameters. These parameters or descriptors are those who best describe the system'. This equation is the one that

will allow researchers to establish relationships and to predict possible biological activity values.

In this thesis, our computational studies combine quantum mechanical calculations at both the level of semiem-
pirical tight binding and ab initio density-functional theory (DFT) with appropriate hybrid functionals that includes
van der Waals dispersions to predicting the most energetically favorable conformers, their atomic and electronic
structure, and physical chemical properties. These computed values are processed in quantitative structure-activity
relationship models of antibacterial activity. The results obtained on the training set of the Sesquiterpene lactones
molecules will allow us to propose and find more effective anti-bacterial Sesquiterpene lactones-based compounds.

1.1 Problem Statement

Staphylococcus aureus methicillin-resistant is a bacteria that has developed a great resistance to the medicines
available to treat staphylococcus. This bacteria can be acquired in the most common health care places, generating
a problem that involves every level of society. Some compounds isolated from plants show a wide spectrum of
biological activities and plant-based antibiotics can be developed. Unfortunately, not all plant-based antibiotics
present a considerable antibacterial activity against staphylococcus aureus. Moreover, it is difficult to select only the
optimal antibiotic because the experimental methods to study the effectiveness of these antibiotics are expensive and
time-consuming. Also, with experimental studies is not possible to fully determine which structure has the greater
biological activity, generating a problem when structure-activity relationships are established. In silico studies allow
us to explore all the possible structures of a molecule that combined with statistical methods help us to predict the
possible relationships between structure and activity. This method could allows the whole research process to be
much faster, cheaper and, in addition, it could potentially reduce the number of necessary experiments. In other
words, we can optimize the process of designing and studying new effective antibacterial compounds.
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1.2 General and Specific Objectives

1.2.1 General Objective

Develop a Quantitative Structure-Activity Relationship model based on a methodology that employs density-
functional theory and tight binding calculations to predict the antibacterial activity of Sesquiterpene Lactones

against Methicillin-Resistant Staphylococcus Aureus.

1.2.2 Specific Objectives

* Determine the DFT methodology which properly describes the electronic properties of STL.
 Estimate the possible biological activity of untested STL using the developed QSAR model.

* Identify the relationship between biological activity and electronic structure.






Chapter 2

Theoretical Background

2.1 Quantum mechanics

Newton’s laws are a powerful tool used to describe and predict nature. For example, it is used to calculate the motion
of a body in time, to see what forces are implied in a system. These equations have a huge range of applications
since they can correctly be used with objects with the size of a simple fly or as big as a planet. This enormous range
of applicability gives to this work the wrong idea that it was universally applicable. It was found that for very small
objects such as atoms or molecules these laws do not explain correctly the phenomena. Therefore, a new theory was

needed, the quantum mechanics theory '#

2.1.1 Principles of quantum mechanics

The main equation in quantum mechanics is the Schrédinger equation, that in 1D is expressed as '

oP(x,1) K 0*W(x, 1)
a  2m  Ox?
where W(x, t) is the wave function that depends on x and ¢, m is the mass, 7 is Planck’s constant divided by 27

ih + V(ix, )¥(x, 1), 2.1

and V(x, 1) is the potential.
This equation aims to determine the wave function of a determined particle that will depend on the position and time.

This equation is analogous to Newton’s second law equation which says that F' = ma and determines the position for

all future times '°.

*x ov
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To get any information from the Schrodinger equation it is imperative to solve it. Considering that V is indepen-
dent of time (#) we can solve Eq. 2.1 by the separation of variables method and obtain the wave function ¥:

Y(x, 1) = ¥(x) ¢(1) (2.3)

where i depends on x, and ¢ depends on ¢. Therefore, the Schrodinger equation can be rewritten as:

2 92
Y vy -k, (2.4)

2m 0x2

which is called the time-independent Schrodinger equation. Or using operator notation Hy = Ey, where H is the

&
2m Ox* "

equation for a one body system, but for a many-body system is not simple and the larger the system gets the more

so-called Hamiltonian and it is equal to — It is relatively easy to solve the time-independent Schrodinger

complicated the wave function becomes.

2.1.2 Electronic structure problem

Consider a non-relativistic time independent system, with K nuclei and N electrons. The Schrodinger equation will
be written as:

H YRy, Ry, ....Rk, 11, T2y Ty 07) = EW(R, Ra,..s Ry, 11, F2yees Ty, O7) - (2.5)

Now the wave function is function of all spatial coordinates of the nuclei Ry, electrons r; and also of the spin o (up
or down) of a given electron i'6. E is the energy of the eigenstate. The Hamiltonian is a sum of all the possible
interactions between electrons and nuclei, and includes potential. It is expressed in atomic units (reduced Planck
constant = elementary charge = Bohr radius = electron mass = 1). The units of energy are then Hartree, Eh (i.e., 1
Eh=27.211396 eV). The Hamiltonian is then written as

R N VIZ K VZ N N 1 K K 7.7 N K 7
DI DIE AN s ADIDIY ey m DIy TS
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here A and B runs over all K nuclei, while i and j runs over all N electrons. Also, M, is the mass of atom A,
Z, is the atomic number of nucleus A. The first two terms of the equation represent the kinetic energy of electrons
and nuclei, respectively, and the third and fourth terms represent the Coulomb repulsion between electron and
nuclei, respectively. The last term represent the attractive Coulomb interaction between electrons and nuclei. This
many-body problem has no analytical solution for a system of more than three particles. A way to overcome this

problem was to develop approximations that allow researchers to get accurate results.

2.1.3 Born-Oppenheimer approximation

The Born-Oppenheimer approximation assumption states that the wave function can be decoupled into two parts, the
electronic part, and the nuclear part '. This assumption is based on the fact that the nuclei are much heavier than the
electron and therefore the timescale of electron motion is a few orders of magnitude greater than the timescale for
nuclei motion. In other words, due to the small mass of the electron, it is possible for them to almost instantaneously
respond to any motion of the nuclei allowing electrons to rapidly get into their ground state configuration!®!”.
With this in mind, it is easy to imagine that for electrons the nucleus is apparently stationary and can be treated as
classical particles. This allows us to decouple the Hamiltonian into the electronic and nuclear parts and solve the

time-independent Schrodinger equation.

As a result of these considerations Eq. 2.6 can be manipulated, the second term of Eq. 2.6 can be neglected or
My = oo for practical purposes; the fourth term became a constant for a fixed configuration of nuclei. Finally, we
get the electronic Hamiltonian en Hartree units expressed as

R N VIZ N N 1 N K ZA
He:_ZTJrZZ . ._Zzlr,-—RAl’ 2.7)

or using operator notation
H =T + We + Ve, (2.8)

where T is the kinetic operator for electron, W is the operator for coulomb interaction between electrons and V is

the operator for coulomb interaction between electron and nucleus '8 1920,

The Schrodinger equation using the electronic Hamiltonian becomes:

He(rlv 72, ues VN)l,be(Xh X2, "'st) =E lpﬁ(xl? X2 eees .XN), (29)

or
Hoy(xi) = E ¢ (x), (2.10)
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here E, is the associated energy and x; = (7, 07;) is a variable that results from the combination of the spatial coordi-
nates (r; € R®) and the spin (o = T or |), X; is named space-spin coordinates 18 Since we have a fixed configuration
of nuclei, we can suppers their spatial coordinates R4 '°.

Now the total energy of the system will include the electronic part and also the nuclear repulsion part, leading to
Eior = Ee + Epye. (2.11)

Even though some considerations and modifications have been made to the Schrodinger equation it is still difficult
to solve analytically, just keep in mind that the system depends on the spatial coordinates of N electrons, a total of
3N variables. Such a system may not be easy to handle. Knowing this limitation, some approximation methods have
been developed. In the next section we will see some of these methods and how density-functional theory (DFT)

was developed.

2.2 Density Functional Theory

The density functional theory (DFT) is a theory that instead of using the many-electron wave function it uses the
electron density of the system as the main variable to solve the electronic structure of solid, surface, defects, etc?!.
DFT shows a great versatility since, as mentioned before, DFT is implemented to solve the electronic structure of
much larger systems which presents more atoms (hundreds or thousands), this versatility is because DFT only uses
three spatial coordinates (3 variables) for the electronic density??. The importance of DFT rises from the fact that
the ground state properties of a system strongly depend on the ground state density!”?3. DFT is a method with
almost 30 years which it has been improved and nowadays it is the preferred method in condensed matter physics. It
has also been implemented in computational physics and chemistry.

For DFT the electron density is defined as:

p(r)=N f...flx//e(r, ray st doridr... dry, (2.12)

and normalizing it:

N = fp(r)dr, (2.13)

here p is the probability of finding any of the N electrons at position r. ¢ is the spin (up or down) and ¢ is the wave

function for all the N — 1 electrons which have arbitrary positions 2.

2.2.1 Thomas-Fermi Theory

Thomas and Fermi were the first to express the electronic energy in terms of the electronic density in 1927*. In
the Thomas-Fermi (TF) theory, they propose that starting from a uniform electron gas the kinetic energy of the
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electrons is a functional of the electron density, but to calculate the total energy of the system two extra terms the

nuclear-electron and the electron-electron interaction are treated classically? giving 2.14 as result.

E(p):CFfpSB(r)dr—Zf G ff lir‘)p(rrT) ridra, (2.14)
1 = n2

Where Cr = %(27r2)2/ 3 = 2.871. The second term is the nucleus-electron interaction and the third term is the
electron-electron interaction.

Thomas and Fermi treated electrons as independent particles that do not interact between them. TF method can
be used to roughly determine e.g., the electrostatic potential and the charge density 2°, but this model still has some
deficiencies and failures.

2.2.2 Hartree-Fock Approximation

The Hartree-Fock (HF) approximation is the first step towards fundamental results in approximations>’?®. The main
idea behind HF is that the ground state antisymmetric wave function of interacting N-electrons can be expressed
by a single Slater determinant. This idea rises from considering an N-electron system, the spin functions, and the
variational principle which states that any approximation of the wave functions has a energy above or equal to the
ground state energy 2’28, Therefore, the electronic wave function of the approximation must be antisymmetric and
obey the Pauli principle. This antisymmetric wave function can be obtained from the Slater determinant; here the
columns are single-electron wave functions and the rows are linear combinations of electron wave functions. These
wave functions are also called spin-orbital and come from the product of spatial orbital and spin function. The Slater
determinant looks like:

oi(x) ... on(x)

Yy = —| Do, (2.15)

§H

di(xn) ... dn(xw)

The antisymmetric property can be proved by considering two-electron system:
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U(x1,x0) = % [01(x1)2(x2) = P2 (x1)1(x2)] (2.16)

also, the electron wave functions are orthonormal, <¢,~ (xi)|¢ ] (x_,-)> = 0;;. This leads to the Schrodinger equation

and one-electronic Hamiltonian of the form:

2
Figi (x)) = &i (xi), Fi = —V? + VAE () + Vi (x), (2.17)

where € and ¢; corresponds to the eigenvalues and eigenvectors. The first term is the kinetic energy of N independent
electron and the second term is the external potential, V;“(x;), which is the Coulomb attraction on i electron due to
all the nuclei. The third and fourth terms approximately account for the many-body electron-electron interactions.

The Hartree potential is denoted by V#7(x;).

The HF approximation has a special method to be solved, this method is called the self-consistent-field (SCF).
What this method does is that with an initial guess of the spin orbitals, the Hartree potential can be calculated. Then
with VAT the eigenvalue can be calculated for new spin-orbital. This new spin-orbital is then used to repeat the
procedure until self-consistency is reached, or in other words, the spin-orbital does not change any more >728,

The main idea of HF theory is to instead of considering a many-electron system, the system is now a one-electron

problem in which electron-electron repulsion is an average effect.

2.2.3 Hohenberg-Kohn Theorem

We can say that the basis of DFT is the connection between the electron density and unique external potential that
allows expressing the Hamiltonian as functional of the density (o(r)). This idea was developed by Hohenberg and
Kohn?’. Hohenberg-Kohn theorem (HK) theorem has two key statements, the first says:

“There exist a unique external potential V,,(r) determined by the ground state electron density p(r)”.

Proof:

Let us consider two external potentials V,,(r) and V,_(r) that at the ground state gives the same electronic density
p(r). A Hamiltonian would depend on the potential meaning that there are two Hamiltonians H and H' which have

the same ground state density. But since there exist two Hamiltonians two different wave functions also exist ¢ and
', which gives Hy = Eqpy and H /' = E’Ow'. Then by applying the variational principle:

aq

Ey < (v|A]y). (2.18)
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< (w|A')+{y|A- B, (2.19)
< Ej - fp(r) [v(r) =V'(r)]dr, (2.20)
and
E) < (w[ﬁ’ :p), (2.21)
< (v|Alw) + (v|A' - Aly). (2.22)
< Ey — fp(r) [v(ir) =V (1)]dr. (2.23)

By adding equation 2.20 and equation 2.23 the following is obtained.

Ey + Ej, < E) + Eq. (2.24)

Which is a contradiction. This means that there cannot be two external potential V(r) that gives the same ground
state electronic density p(r). Thus p(r) determines V() uniquely.
Now, if we integrate p(r) it yields N, it also determines the kinetic energy, and the total energy can be rewritten as:

Elp] =T [p] + En[p] + Eee [p] = fp(r)V(r)dr + Fyk o], (2.25)

where
Fux[p] =T o] + Vee 0] (2.26)
Flp] = (w[pl|T + Vee|w [o]) (2.27)

As result we get the full Hamiltonian which is a universal functional of p(r) and therefore all the properties of the

ground state can be calculated.

The second statement says:

“By applying the variational theorem, the ground state energy can be obtained”.

This means that the lowest energy of the system (the ground state energy) is obtained if and only if the minimized
E[p] of the system has as input the real ground state density.
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Eo = min {F [p] + f Vne(r)p(r)dr}. (2.28)
P

By knowing Fpk the Schrodinger equation for DFT could be solved exactly. But, the first HK theorem does not
say anything about the form of this term, it just says that it exists2°?>. The explicit form of the kinetic term and the
electronic term is the major challenge of DFT.

2.2.4 The Kohn-Sham Equations

Since DFT theory was not a complete because there was not a full expression for the ground state energy and still
had some failures, Khon and Sham in certain way correct the equations by changing the considerations in the kinetic
energy made by Thomas and Fermi and developed a method to approximate the ground state density and therefore
it energy’. They consider a non-interacting system with the same density as the real one, and rewrite Fy.

Fuklp]l =Ts[p]l+ Eq + Ex. (2.29)

Where T is the kinetic energy of the non-interacting system and the electron-electron interaction is separated into
the classical part or Hartree energy (E.;) and the exchange-correlation energy (E,.). All the unknown non-classical

terms (the many-body quantum effects) are put into this £, term. So, the energy functional becomes:
E[p(] = fp V@) dr+Ts[pN]+Eqlp )]+ Ex[p()]. (2.30)

With equation 2.30 the Euler-Lagrange equation can be calculated and therefore an expression for the effective
potential V, ;7%

6E|;0(r)]=f6p(r){ eff(r)+ A[p( )]—s} (2.31)
where
Vo (M = V() + Vi () + f £ «) (2.32)
and
Vie(r) = ——=Ex [p()], (2.33)

5()

where V., is the exchange correlation potential and ¢ is the Lagrange multiplier to assure particle conservation

With these equations the central Kohn-Sham DFT equation can be written as

(—%W + Vops(r)—e ,) @j(r) =0, (2.34)
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with
> 2
p) =" e, (2.35)
=1
and g; are the one-electron orbital energies.
Now, the ground state energy is given as
1 J
E= Z gi+E[p(n] - fVXC Np)dr- = fwdr’. (2.36)
5 2 |r— 7|

Note that V,¢r and V. depend on the density of the system. Equations 2.32, 2.34 and 2.35 are the self-consistent
Kohn-Sham equations.

There exists a procedure that in principle will solve the KS equations. It starts with guessing the charge density
p(r), calculate the effective potential (V,s¢) and obtain the KS orbitals'®?}. But the issue here is that there is
not a full expression for E,.. So, the only solution is to approximate the exchange-correlation Energy (E,.) to
obtain an approximation of the exchange-correlation potential (V,.). Once the first approximation was made, it is
used to calculate a new form of the ground state energy (2.36) iteratively until the energy converges within some
tolerance range. With the energy it is possible to determine the electron density. In the next section the most used
approximations are discussed.

2.2.5 Exchange Correlation Functional

As mentioned in the Kohn-Sham section the exchange-correlation energy functional is the only term that remains
unknown. However, there exist some approximations that may help to get a value for E,.. These different approx-
imations can be ranked or ordered according to their accuracy, precision, and complexity; this ranking is named
Jacob’s ladder (see Figure 2.1)3!. Some models separate the E,. into correlation part E. and the exchange part E,

in that way it is easy to deal with the E ..

The selection of an approximation would be determined based on the complexity of the system under study,
this means that in some cases selecting the basics ones would be enough to get good results. Some of the most
commonly used approximations are the local density approximation (LDA), generalized gradient approximation
(GGA), meta-GGA, and Hybrid functional which are going to be discussed next.

2.2.6 Local Density Approximation

Local density approximation can be considered as the basic approximation within DFT; it is in the lower section of
Jacob’s ladder®'. In LDA the objects under study are infinitesimal volumes of a uniform electron gas, on which a
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Figure 2.1: Schematic diagram of Jacob’s Ladder of density functional approximations proposed by Perdew and
Schmidt in 2001 3!

constant external potential act and the charge density varies slowly. In these infinitesimal volumes, the exchange-

correlation energy is the same. In this approximation E,. is defined as .

EDPA = f p(r) ex(p) dr, (2.37)

where e,.(p) is the exchange-correlation energy of an infinitesimal part of the gas for a density p. Here e,.(p) is
given in atomic units?>. In practical applications of LDA, E,. is split into the exchange part e, and the correlation

part e, therefore e,.(p) = e,(p) + e.(0).
e, is given as:

ex(p) = 0'458, (2.38)

Iy

where r; is the radius of a sphere that contains one electron 25 and is defined as:

3 1/3
= (m) . (2.39)

Unfortunately, the correlation part cannot be solved analytically and Quantum Monte Carlo calculations are
needed. Such a complicated term needs to be parametrized'®. There exist two preferred parametrizations that are
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accurate enough to be used, these are the Vosko, Wilk, and Nusair (VWN) parametrization 32 and the Perdew and

Wang (PW92)3! parametrization.

2.2.7 Generalized Gradient Approximations

The LDA was a good start for DFT but it was not enough. It was realized that considering a uniform electron
gas will not work for all the different structures where the density is not uniform and vary rapidly such as in
molecules. To improve the results from such cases the solution was to consider a gradient of the electronic den-
sity. This approximation called Generalized Gradient Approximation (GGA) has a development that arise from LDA.

In order to improve approximations, the first and logical step was to add a gradient portion to LDA, this was done
by adding an external potential that slowly varies, and then expand the E,, with respect to the gradient density, this
was named gradient-expansion approximation (GEA). But the low-order gradient corrections (Vp and V?p) did not

work and in some cases made even worse approximations than LDA 33,

This failure helps to understand that the solution was not to use a power series expansion but to use more general
functions. That is how GGA was developed and has a generic form:

ES [p] = f F9% (o (r), Vp () dr, (2.40)

where f is some function.

GGA are also called “semi-local” approximations because of the density gradient. Notice that as new considera-
tions are taking into account, the new approximations get placed higher in the Jacob’s ladder. There exists numerous
GGA that differ in f, some of them includes spin-density dependent, and even some functions take into account the
gradient of the spin density.

There exist several GGA but some of them are used more often such is the case of the Becke 88 (B88)3,
Lee-Yang-Parr (LYP)*, the Perdew-Wang 91 (PW91)3°, and the most used GGA functional is the Perdew-Burke-
Ernzerhof (PBE)?7. These techniques are still used today and work is being done to improve them3®. The use of

GGA reduce the LDA errors of atomization energies, by a factor of 3-5 for small molecules?.

2.2.8 Meta-Generalized Gradient Approximations

The meta-generalized-gradient approximation belongs to the third generation or third stair of the Jacob’s ladder and
it takes into account the second derivative of the gradient or the Laplacian of the density, and/or the kinetic energy

gradient 7(r).

E’ p] = f £ (o (), Vo (), Vi (r), T()dr, (2.41)
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and,

| =

N
2

() =5 > |ve, 0, (2.42)

i=1

where ¢; are the Kohn-Sham orbitals. For meta-GGA we can also take into account the spin and equation 2.41

becomes a bit more complicated.

2.2.9 Hybrid functional

In 1993 Becke®® proposed an adiabatic-connection formalism which propose to combine a Hartree-Fock (HF)
exchange energy Eyr, and a GGA functional, here HF is an exact exchange functional**. One common formula for
the adiabatic formalism is:

1
E, = f Ulda, (2.43)
0

where A is an interelectronic coupling strength parameter that switches on the m Coulomb repulsion between
electrons and UZ. is the potential energy of exchange with a coupling strength A. This equation connects the
non-interactive Kohn-Sham system A4 = 0 with a real interactive system A = 1, all with the same density p(r).
Given that at this point a combination of functionals takes place, it is expected that it gives better results for the

exchange-correlation functional than GGA or LDA alone.

There exists different hybrid functional that differs on the number of parameters they have. It is known that the
most widely used hybrid functional is the Becke, 3-parameter, Lee—Yang—Par (B3LYP), this method use three pa-
rameters ap = 0.20, a; = 0.72, a, = 0.81 and LYP is the correlation functional and B88 is the exchange functional *!.
B3LYP has the following form:

Ey = EEPA + ay(EFF — EEPAY 4 0, ESO4 + a3 ECOA. (2.44)

The parameters obtained by Stephens in 19944! can also be calculated with fitting the experiment data. By varying
equation 2.44 we can obtain other approximations, for example, instead of three parameters only one parameter and
one GGA functional are considered.

2.3 Basis Sets

Mathematically talking, a basis set is a collection of vectors that spans and define a space on which a problem is
solved, for example i, j, k defines the Cartesian space. A basis set in quantum computation can be seen as the one-
particle function used to build molecular orbitals. Basis set are used to calculate the ¢ of the electronic Schrédinger
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equation. Generally, the unknown ¢ is expanded in terms of known basis functions. The expansion cannot be done
infinitely, it is necessary to have a finite set of functions, these basis functions can be any function or family of
functions, but it needs to fulfill some requirements:

* For an isolated atom or molecule, they should decay when the distance between electrons and nuclei is large
just like it happens in reality.

* The computational cost has to be low and the calculations need to be accurate enough.

Basis set is also called the linear combination of atomic orbitals theory (LCAO). It is important to mention that an
unknown molecular orbital can only be completely represented by an infinite number of functions, but for practical
calculations this is impossible*>. There exists different type of basis functions such as:

Slater type orbitals

Slater-type orbital (STO) are used to calculate electronics structures. The STO have the following form:
Xenmi(r,0,¢) = NY1(8,0) "™, (2.45)

where N is a normalization constant, Y, are the spherical harmonic functions and £, n, m and [ are the radius of
the orbit and quantum numbers: principal, angular momentum and magnetic, respectively. These types of functions
have an exponential decay as the distance to the nuclei increase. This dependence on distance is what allows STO to
perfectly describe the hydrogen-like atoms“?. Also due to the exponential dependence it has a rapid convergence if the
number of functions increase, but contrary to this advantage, the calculations of three- and four-center two-electron
integrals has no analytical solution and the computational time increase rapidly. This is why STO are essentially

used for one-atom or two-atom systems.

Gaussian type orbitals

Gaussian type orbital (GTO) present a better calculation time than STO. For this simple reason GTO are the preferred
function in quantum chemistry *>. GTO has the following form:

X{,lx,/y,lz(x’ Y, Z) = lexylyzl:e_(rl' (246)

In this case we do not have the quantum numbers, instead [y, /,, and [, are the new parameters. These parameters
have the particularity that when they are added, L = [, + [, + [, L is the angular momentum for atoms and determines
the type of orbital e.g. s-orbitals (L = 0), p-orbitals (L = 1), d-orbitals (L = 2) and f-orbitals (L = 3). GTO are
very efficient in terms of computational cost. However, GTO has two specific disadvantages, it does not work near
the nucleus (r = 0) where it has zero slope and very far from it where it falls off rapidly. This is because of the 2
exponent-dependence of GTO compared to the r exponential-dependence of STO makes GTO poorly describe the
system with the same amount of functions. By adding more functions, the accuracy of GTO is increased and roughly
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talking three times more GTO’s than STO’s are needed to achieve the same accuracy level of STO*?. One might
think that with three times more GTO’s the efficiency will decrease, but the required integrals can be easily solved
and therefore the computational efficiency does not exceed the time needed for STO.

Equation 2.46 is also called primitive Gaussian and as mentioned before several primitive Gaussian’s are group

into one big Gaussian known as contracted GTO’s which is a linear combination of Gaussian’s equation 2.47.

g(©) = > aig(p), (2.47)

1

where ¢ and p designate contracted and primitive.

It is important to determine the number of functions to be used, this will depend on the type of basis function
(STO/GTO) and the element of the periodic table which is being studied. In theory, just the minimum or single-zeta
(SZ) basis set is needed to describe an occupied orbital of a neutral atom. However, this statement is not applicable
in practical problems. Normally it is needed to use more than one basis set (SZ), generally two basis set which is
called double zeta (DZ) or triple zeta (TZ). The number of basis sets can grow and continue to higher numbers 1642,
In some cases, it is important to also take into account higher angular momentum functions called polarization

functions.

Def2 basis set

Def2 is a family of Gaussian basis set that were included in the computational program called TURBOMOLE®*.
These family of basis set has almost the same level of accuracy for all the elements of the periodic table**. The
characteristic of this family is that they can implement different functions for polarization and valance electrons.
This is the case of the def2-TZVPP which is a Gaussian function with a triple zeta valance (TZV) basis function and
a large polarization function (PP)*>#443 These functions are optimized to be use at the HF level 46, The def2/J is

an auxiliary basis set used to fit the Coulomb interaction.

2.4 Tight Binding

The free electron model was good enough to deal with single atoms or systems that are not so complicated. But
if the atoms start to get close to each other and form solids or crystals this model is no longer appropriate. The
tight binding model aims to describe the electronic structure of crystals or big molecules. The general idea is that
when atoms get close to each other their wave function overlap. With this in mind tow cases can happen; the wave
functions of atom A and B are added or subtracted, leading to two energy levels. For a system with N atoms, N
orbitals are formed for each orbital in the atom*’. Because of the coulomb interaction between atoms in a crystal
the energy levels are split into bands and the width of the bands is proportional to the overlapping of near neighbor
atoms. Degenerate energy states will form different bands. Tight binding method is also called Linear Combination
of Atomic Orbital (LCAO)*"*8.
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2.5 RIJCOSX Algorithm

The RIJCOSX approximation is an algorithm used to speed up the calculations of the Hartree-Fock and Hybrid
Density Functional Theory*®. It is basically a combination of two algorithms the split RI-J and the COSX that
aims to deal with Coulomb and exchange parts of the Hartree approximation. The split RI-J3° approximation
uses Gaussian basis functions and it is used to describe the Coulomb interactions specially in the near-field part.
The Chain-Of-Spheres exchange (COSX) is an algorithm that implements semi-numerical approximation for the
exchange matrix>’#°. The RIJCOSX algorithm has been proved and shows that the self-consistent calculations are

highly accurate and efficient*.

2.6 Dispersion correction

In DFT some important interactions that are not properly treated because they are small in magnitude or occurs at
far distance from the local vicinity of the atom. Some of these interactions are the van der Waals interaction and
among them is the long-range London interaction. It is well known that these interactions play an important role
on chemical and physical accuracy®'. To make DFT and HF approximation more accurate it is necessary to take
into account the van der Waals interaction. There exist various approximations but the ones used in this thesis is the

Becke-Johnson>? and the damped DFT proposed by Grimme>'-33.

The Becke-Johnson model provides an excellent treatment to the van der Waal interactions because it considers
bigger intermolecular dispersion coefficients. In concrete this method adds to the HF model a dynamical correlation

energy terms and a dispersion term of the form2.

Evoal = Enr + EZR + Egisp, (2.48)

where E2R is the dynamical correlation energy term>*.

The damping DFT (DFT-D3) method simply adds an atom-pairwise specific dispersion coefficient to the result
in Kohn-Sham DFT>!-33,

Eprr-p3 = Exs — Eisp, (2.49)

where Egg is the self-consistent energy obtained from KS model and E;,, is the dispersion correction for two- or
three- body.

2.7 Ab Initio Method

Ab Initio methods aims to study the electronic structure of solids, surfaces, etc, with a good computational accuracy-
time ratio. They use the same idea behind the Born-Oppenheimer adiabatic approximation> and the self-consistent
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Hartree-Fock approximation®. Here the wave function can be rewrite as a linear combination of Slater determinants.
Ab Initio method allows to generate accurate results but when dealing with larger system or condense-phase systems
the computational time becomes enormous and the computational effort way to expensive. For these reason the
methods are used as complementary, for example to calculate small regions of a system?>’.

2.8 Sesquiterpene Lactones

S esquiterpene Lactones (STL) are a group of secondary metabolites isolated from plants belonging to the Asteraceae
(Compositae) family !. These organic molecules have a wide variety of chemical structures and have shown a wide
spectrum of biological activities, which is “the capacity of a specific molecular entity to achieve a defined biological
effect” on a target®®. The biological activity is measured in terms of the needed concentration to generate the specific
effect>® that can include antimicrobial, anti-fungal, anti-inflammatory, anticancer, among others?. Tt is also well
known that some STL are toxic to human and animal parasites“, because of these two characteristic STL are of
great interest in this thesis. These molecules have been used mainly in the pharmaceutical industry and in ancient
medicine.

Asteraceae family is one of the most widely distributes and abundant family of plants, this had allowed them to
evolve and develop different chemical structures which is one of the reasons why they present different biological
activities. Currently, it has been possible to identify the structure of several of these molecules and in the Dictionary
of Natural Products (DNP), there are at least 5000 different structures for STL3.

The chemical structure of STL is very particular, it is characterized by a ring of carbons (typically from 6 to 10
atoms) ®. The y-lactone ring containing an a-methylene group is a common feature that most of the STL shares in
their structures?, but it is not always observed. There exist many other features that can vary from one group of STL
to other and this is because, as mentioned before, the Asteraceae family is one of the most widely distributed and
abundant plant families. In simple word their structures are as varied as their biological diversity.

Sesquiterpene lactones can be classified by their structure, the most important groups are the Germacranes,
Eudesmanes, Elemanes, Eremophilanes, Guaianes, Xanthanes and Pseudoguaianes®. To get a general idea of how
the main groups are structured, we can describe them in a general way and without going into detail about the
possible functional groups, since if we do that, we would have a very large number of possibilities, not to say infinite.
Germacranes are generally formed by a central ring of 10 carbons; the Edudesmannes and Eremphilanes are made
up of a 6- carbon bicyclic ring, only one ethyl group changing position; Guaianes and pseudoquaianes have a 5/7
carbon bicyclic ring; for the Elemans the structure is made up of a ring of 6 and several methyls and ethyl groups;
just like for the Xanthanes we have a single central ring of 7 carbons and a butyl group®. But it is to be expected
that the naturally formed structures that can be found in plant extracts are more complex and with many more extra
elements than the structures previously described. In this research, we will focus on studying those STL that have
shown great antibacterial activity and for which there is a record of their toxicity.
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2.9 Cytotoxicity

Cytotoxicity often used in biology, medicine or chemistry. It is defined as “the toxicity caused due to the action

» 61

of chemotherapeutic agents on living cells”®". For practical purposes cytotoxicity is an “in vitro test to determine

whether the medical device will cause any cell death due to leaching of toxic substances or from direct contact” 2.
Determining the cytotoxicity of a molecule is of importance since the possible applications of it might depend on
how much of this agent. There exist different cytotoxic methods the common ones are when a cell destroys the cell

membrane of a target cell, or when it prevents protein synthesis, or when it binds to receptors, etc®.

2.10 Methicillin-resistant Staphylococcus aureus

Methicillin is a semi-synthetic penicillin® (antibiotic) used to treat bacterial infections. Staphylococcus aureus
is a bacteria member of the Micrococcaceae family that cause infections of skin, soft-tissue, respiratory among
others®. Staphylococcus Aureus methicillin-resistant (MRSA) is a pathogen that emerged in the earliest 1960
that developed resistance to methicillin. The Minimum inhibitory concentration (MIC) is defined as the lowest
concentration of antimicrobial at which microorganism visible stop growing®’. The effectiveness of new antibiotics
against bacteria usually is measured or reported in MIC in units of mass over volume [mass/vol].

2.11 Quantitative Structure-Activity Relationship

Quantitative Structure-Activity Relationship (QSAR) is an in silico statistical method uses to establish relationships
between the molecular structure of compounds (organic and inorganic)®® and the physical or biological activity.
This method aims to construct a model to describe the above, describe relationships and to predict the possible
physico-chemical and biological activity of a group of (untested, new) compounds® at the early stage of design
(before synthesis). In results designer may save time and reduce cost of whole process as well as reduced number of

)70 1,3,11-13,71-74
9

animal testing (if needed) "*. QSAR models have been used in different areas of research such as biology

chemistry and even for nanoparticles in physics 3707376,

The general process to build a QSAR model can be summarized in the following way ’-’8:

1. Determination and selection of the data set

2. Molecular modeling and generation of the structural data
3. Development and calculation of structural descriptors

4. Model development based on the selected descriptor

5. Analysis and interpretation of the model

6. Estimation of the validity and predictability of the model.
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The starting point for a QSAR model is generally based on the available information about the molecule and the
physicochemical or biological activity. It is important to mention that all the data points have to came from the
same procedure, they have to be homogeneous. This means that they have to follow the same process in order to be
used in the same model. Different data points obtained from different procedures can lower the quality of the model 7°.
The generation of the descriptors is a critical step in the development of QSAR model. The structure itself
cannot be used for QSAR model because it does not explicitly contain the information related to the activity, it has
to be extracted from it. Also, because most methods use uniform numerical vectors as inputs for all molecules, and
molecular structures have diverse size, shape, orientation and forms, so they do not fit in the models 69 Mathematically

QSAR can be seen as’®:
Pi = f (Dy), (2.50)

where P; is the specific activity or property of a compound D;, f(D;) is a function that depends on D;. Generally, a
linear function is not sufficient to generate a good QSAR model, instead a multiple linear regression is preferred.

P = £ (Dy, D>, Ds..D,). (2.51)

For our purposes P would be take as the biological activity and Dy, D, D3, ...D,, are the structural properties
(descriptors). The relation between P and D; could be linear or not.

2.11.1 Descriptors

Actually, what is used to build a QSAR model are called descriptors. A descriptor is a parameter of the system which
varies with a desired property of the system. It describes qualitatively the expected value of the desired property.
In other words it is a mathematical representation of a molecule, obtained as an output of a well-specific algorithm
which is applied to a specific and defined molecular representation’®. Descriptor can be theoretical calculations or

experimental physico-chemical properties of molecules.

Descriptor are obtained by applying different theories such as quantum mechanics, DFT, graph theory. As

mentioned, descriptors encode specific information about the molecule, information such as toxicology, pharma-

ceutical, physical, electronic, etc’%%0

which they are derived (0D, 1D, 2D, 3D) 79.81.82  The 0D —descriptors are obtained directly from the formula (e.g.,

number of atoms of an element); the 1D —descriptors are structural fragments’®; 2D —descriptors are topological or

geometrical properties of the molecule ®3?; 3D-descriptors takes into account distances, angles, size, volume and

69,79,81

. Descriptors can be classified by the dimensionality of the structure from

other geometrical parameters

Contrary to what might seem intuitively when performing a QSAR model, the numbers of descriptors is not the
same as the number of compounds. In fact, there exist a “rule” which suggest that for every 6 to 10 data points just
one descriptor is needed®’. We follow this rule in our study to obtain accurate results. The next step is to select
the more representative descriptors and develop a function that links the values of the descriptors and the analyzed
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activity %

2.11.2 Endpoint

Endpoint is defined as the measurement of any activity for chemical made under specific conditions (following
the same experimental protocols)®*. Endpoints are a crucial part of QSAR models since they are the observable
expression of a specific phenomena that the model will predict. For QSAR model, it is ideal to have all endpoints
obtained following the same procedure (homogeneous data set), but it is common to mix different data sets from
different protocols. To decrease the impact of mix data set a "defined endpoint" can be use, it is referred to
any physicochemical (boiling, melting point, etc), biological (antibacterial, anti-inflammatory activity, etc) or
environmental effect related to chemical structures shows that can be measured and modelled ®*.

2.11.3 Statistical variables

To have a tangible idea of how good a QSAR model is, an external and internal validation is needed. There exist three
specific statistical variables that can be calculated for each model based on the data on which the are build to that will
gives information about the model quality. These variables are the determination coefficient in the training set R?, the
leave-oneout cross-validation determination coefficient Q%V and the determination coefficient for the validation set
Q%xr 85 These variables give information about the goodness-of-calibration, robustness and predictability capacity.

They are defined as:

n obs _ \pred 2
R=1- 25 L ) (2.52)

(yabs _ y()bs)

y()bg _ vared
Qt, =1- ( ) (2.53)

(ynbs _ y{)h v)

nval obs _ pred
Opu=1- 1) )2 , (2.54)
r;vcil (yabs _ )—)obs)

and the errors for equations 2.52, 2.53 and 2.54 are respectively defined as:

n obs __ ()red 2
RMSEC =\ i 01 - ) , (2.55)

n qbs _ Qrpred 2
RMSECV = \| == b — ) (2.56)




28 2.11. QUANTITATIVE STRUCTURE-ACTIVITY RELATIONSHIP

sl (v = el
RMSEP = L l’ , (2.57)
nva

here yiobs is the observable endpoint of compound i-th, yf’ 7ed i the predicted or calculated value of the endpoint for
cvpred

i-th compound, 7°%* is the mean values for all observable y,

. is the predicted observable value for compound

i-th using a model calibrated without using i-th compound (this i-th compound is not taken into account temporarily
for the model calibration), n is the number of compounds in the training set, and nval is the number of compounds
in the validation set. Ideally a good QSAR model will have values for R?, Qév and Qéxl close to 1 and errors closer

to 0 as possible.
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Methodology

3.1 Computational Methods

3.1.1 Conformer-Rotamer Ensemble Sampling Tool

Conformer-Rotamer Ensemble Sampling Tool (CREST) is a semiempirical tight-binding computational method. It
is specialized in obtaining proper thermodynamic conformers of STL (and in general of any organic or inorganic
molecules) at a quantum chemical level. A conformer is an ensemble of low-energy structure, from a chemical
point of view conformers are stereoisomers of a molecule with different spatial conformation. Conformers are a
specific molecular conformation that carry information about the properties of the molecule at a specific temperature,
and can be differentiated by the potential energy minimum?®. A graphical description of how conformers can be
differentiated is showed in Figure 3.1.

CREST is a software specialized on finding and determining the possible conformers of a molecule. Since this
code implements semi-empirical methods the computational cost is low when working with molecules that has hun-
dreds of atoms. CREST has implemented two different conformational search procedures MF-MD-GC (combination
of mode following, molecular dynamics sampling, and genetic z-matrix crossing) and iMTD-GC (metadynamics
combiend with an CG step). The difference between them is that MF-MD-GC implements a molecular dynamics

sampling, and iMTD-GC implements an extensive metadynamics sampling 6.

The general procedure of CREST starts with quantum-chemical method that optimize the structure and then a
Conformer Rotamer Ensemble (CRE) is calculated within a certain energy window, the smaller the energy window
the greater accuracy is obtained. These calculations use meta-dynamics simulation and the root-mean-square de-
viation (RMSD) combined with energetic for structure comparison. For the code, conformers are those structures
that either differ on the potential energy surface (PES) or RMSD and rotational constant (B,). In the meta-dynamics
part, a history-dependent biasing potential is applied, and previous structures are used as collective variables. By

29
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Structure

Free Energy

Conformer 1

Rotamers

Conformational Coordinates

Figure 3.1: Graphical description of conformers and the difference in energy between possible conformations. Here
the oscillations represents how the energy fluctuates and allows the molecule to adapt an specific conformation within

that specific range of energy.

using this type of potential that only grows, is possible to explore huge regions of the PES and prevent calculations
in regions that were already explored3®.

It is difficult to determine the “true” conformation of any molecule without experiments to confirm. But even
with experiments the “true” conformation is hard to identify since it will depend on the experimental conditions,
meaning that it changes. That is why it is important to use theoretical calculations. With theory the "experimental
conditions" can be fixed and the real conformation at that specific conditions will appear. CREST also allow us to
protonate molecules, in our case the STL structures. Protonation is the process were we add a hydrogen atom [H™]
to the structure®’, so we generate a new structure. In general we use protonation procedure to destroying a double

bond in the original structure and add the [H*] atom.

3.1.2 ORCA

ORCA is an ab initio quantum-chemistry program package developed in 1999 by the group of Frank Neese, which
implements many electronic structure methods such as semiempirical, DFT and others®. In this thesis ORCA is
used to compute accurately the electronic properties of the STL. For this purpose, the level calculation used hybrid
functional B3LYP within the RIJCOSX approximation with def2-TZVPP basis set, def2/J auxiliary basis set and D3

for atom-pairwise dispersion correction
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3.2 Computational procedure

This thesis aims to establish a reasonable relationship between the structure of Sesquiterpene lactones and it is bio-
logical activity (against the methicillin resistance staphylococcus aureus). To achieve this goal, a general overview
of the thesis procedure and methodology is outlined in Figure 3.2. Each step will be developed with more detail in
the next section.

A general overview of the benchmark around Sesquiterpene lactones is necessary to generate a clear idea of
the state-of-the-art of the topics involving these organic molecules. First, the general in silico studies around STL
was essential to elucidate that STL has been studied for a long time, but essentially the study of their structure and
the establishment of relations between biological activity and structure started in 1971 by Kupchan'!. Afterward, a
small review of different approaches including docking, DFT, and previous QSAR models, was carried out. Having
studied the previous work done over STL, we were able to determine that not many works involve the antibacterial
activity of STL neither Staphylococcus aureus resistant to methicillin and in silico studies. It was also evident that
there is not much information available about the different biological activities of STL, this is due to that experimental
procedures are needed to determine this kind of information. Experiments are time and resource consuming which
cause a lack of information about STL biological activity. From this point, we determine that the study will involve
STL that presents effective antibacterial activity against MRSA and that an effective in silico study was needed to
generate a model able to predict the antibacterial activity.

Conformers structure
of each STL

* Selection of the 20 STL
with their strucutre
and sketch of the
general structure using
free software scifinder

Structure of each STL

o Full relaxation of the
conformers and
calculations of the
electronic structure
properties using DFT
code (ORCA)

Electronical
properties

QSAR model equation

¢ Matrix of high quality
descriptor (x} and
measurred biological
activity (y) for QSAR

model development

* Development of QSAR
model using multiple
linear regression
method.

¢ Pre-relaxation of the
strucutre and
calculation of the most
energetically favorable
conformers using tight

binding code (CREST)

Model able to predict
the biological activity
of STL to MRSA

Figure 3.2: Schematic diagram of the process followed to obtain a QSAR model able to predict the the biological
activity of Sesquiterpene lactones to MRSA

The next step needs an extensive bibliography review about reported STL with effective antibacterial activity
against MRSA. Due to the nature of the QSAR model is important to have experimental information. After a full
revision of the STL benchmark, 21 STL were selected based on the available structure reported with the respective

antibacterial activity. It is of importance to have the 2D or 3D information about the molecule structure and their
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biological activity since they are related, and using different activities from different STL will give false results. The

structure has to be already determined, reported, and available in the literature.

With the structural information, we built a 3D model of each selected STL using Scifinder software (see Figure
3.3)39%. Once the molecules were sketched, hydrogen atoms were used to fill the free bonds that the molecules
have. Finally, a .mol file was generated with the structure of each STL. An important feature in the generation of
these files and the construction of the molecule itself, is that it is important to conserve the same stereochemistry
of the molecule. As mentioned before the form or distribution of the atoms in the space will determine the future
calculations over the molecule.

:::::::::: =
Prlave n earB|aw
o1

DENCEESOENE B

Figure 3.3: Scifinder user interface to graph molecules. The sketched molecules is Calaxin structure, it belongs to
the Sesquiterpene lactones group used in this thesis.

Before starting with the calculations with Conformer-Rotamer Ensemble Sampling Tool (CREST) we transform
the format of the .mol files to .pdb files. This is made because these types of files are the preferred ones when
conformational calculations are performed. This action is made by CREST before the process begins. A small
overview of this code was given before, but for a more detailed information see Ref.%.

All the possible conformers for each molecule were calculated using CREST. This code generates different files
that contains different information, for our purposes we only use the file that contains the statistical information about
the conformers (.out file) and the file that contains the structure of each conformer (.xyz file). For a single STL
many different conformations can exist, but just the energetically stable are reported (which still are various possible
structures in some cases). To illustrate the idea of how conformers can differ from the original structure, in Figure
3.4 a STL after a pre-relaxation with CREST and their respective conformer is showed.

We apply a criteria selection based on the statistical wight of each conformer, we need to achieve a 50% of the total
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A)

Figure 3.4: Sesquiterpene lactones 6-O-angeloylplenolin. A) Structure of the calculated conformer; B) Reported
structure after a pre-relaxation using CREST. In these figures, the gray, red and white circles represent carbon,
oxygen and hydrogen atoms, respectively.

possibilities of conformers with a few structures. This means that for a determined STL if one conformer structure
has more than 50%, just that conformer will be selected for that particular molecule. If the sum of statistical weights
of two or three conformers achieve 50%, then the two or three structures can be selected as the most representative
conformations of that STL. The conformer(s) files for each molecule were saved in .xyz format.

For the calculation of electronic properties of each structure a small but effective code was built in ORCA
based on specific requirements. First, it is important that the molecular structure of each conformer pass through
a relaxation process, to then be used to calculate the properties. With these full relaxation ORCA can start the
appropriated process to determine the properties.

This code implements ab-initio DFT with a level calculation that use hybrid functional B3LYP within the
RIJCOSX approximation with def2-TZVPP basis set, def2/J auxiliary basis set and a combination of the atom-
pairwise dispersion but with a damping function developed by Becke and Johnson. An overview of the main input
file is sketched in Figure 3.5.

ORCA generates a file were all the information is contained, this is a .out file and a . xyz file with the structure
of the relaxed conformer. In the .out file the information about all the iterations that ORCA made is detailed.
From this file we need to extract the relevant information that we will use for the QSAR model. The selected
information is the total energy (Er), the electronic energy (E,), the core—core repulsion energy (E._.), the energy of
the highest occupied molecular orbital (HOMO), the energy of the lowest unoccupied molecular orbital (LUMO),
the HOMO-LUMO energy gap (E,). The band gap energy is the difference in energy between the lowest point of the
conduction band and the highest point of the valence band; when temperature increase electrons can travel from the
valance band to the conduction band creating electron-hole pairs which are directly linked to electrical conductivity.
Other properties that were selected are the dipole moment (p), the quadrupole moment (Q) and the polarizability
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request tight use dispersion  RI-J auxiliary frequency
allel convergence correction basis set calculation

MPI processes numerical integration print basis

structure
re\axanon functional baS|s set [for the exchange’integrals / "in output

comment Ilne

ate DFT rx fﬁlowe by fr & elejtronic propgalcu
start a keyWOl’d |In8 —»! LB Opt TightSCF B3LYP D3 def2-TZVPP def2/J RIJCOSX Fredq Printbasis

tfreq
apprommaﬂon fOr..yr{Hess2ElFlags 1,2,2,1

frequency calculationl end
/-r%maxcore 2000 # Giving 2000 MB of memory per core.
toutput
setup 2GB memory print[p mos] 1

end #output
print molecular

orbitals telprop Dipole true
Quadrupole True
Polar 1

compute dlpole end
qua rup ole an
po arlzab\llty tensor * xyzfile 0 1 struc-file.xyz

\—4 structure is found in

use xyz coordinates total charge is zero and multiplicit this file .xyz
(25+1) is 1 (no unpaired electrons

Figure 3.5: A production input file used in ORCA to compute the electronic properties of STL molecules in this
work.

(@). This information is related to most of the electronic characteristics of the structure. Also, another important
feature of the structure is the radius of gyration which is defined as the root-mean-square average of the distance of
all scattering elements from the center of mass of the molecule®"

3.3 Quantitative structure-activity relationship model development

The QSAR model used in this thesis is programmed in MATLAB°? language and it is a multiple linear regression
(MLR) fitting process prepared for logarithmic values of MRSA. The general equation for an MLR model is given
by:

y=b0+bIX1 + boxy + b3xz + ... + byx,, (3.1

here the molecular descriptors are used as independent variables (x;) and the model parameters (b1, by, b3, ..., b,).
To have a good model is necessary to sort molecules by their log(MRSA) (endpoint) from lowest to highest, and
split them into two sets: calibration or training set, and validation set. The calibration set is normally the 70~75%
of the total set of molecules. The validation set will be the other 25~30% of the molecules. It is important to use
molecules with known MRSA values for both sets. The model parameters (b;) are determined in the calibration
phase, using the training set of molecules. Generally a QSAR model has to be internally and externally validated.
For internal validation two statistical variables are be calculated , the R? and Q%v which gives information about
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the goodness-of-calibration and robustness. External validation is developed based on the validation set and can

2
Ext

validation set is divided into 1:2 (see table 3.1).

be measured by Q7 , which gives information about the predictability capacity. For our purposes the training and

3.3.1 Endpoint

The endpoint was measured based on MRSA concentration expressed in pyg/mL. The final model was developed
based on logarithmic value expressed as the log(MRSA).

Table 3.1: Structure label, value of the descriptors electronic energy E. and HOMO energy, observed log(MRSA),
set (validation V and calibration C) .

Structure E. HOMO log(MRSA) Set

7C1 -2039.5609 -0.2244 0.2900 C

7C2 -2038.5950 -0.2253 0.2900 C

6C1 -2088.2698  -0.2488 1.1931 v

IC1 -2226.8852  -0.2503 1.3979 C

2C1 -2141.5073  -0.2440 1.6902 C

21C1 -3998.0506  -0.2580 1.6990 v

9C1 -2479.0666 -0.2587 2.0000 C

19C1 -4455.5364 -0.2562 2.3010 C

3C1 -2178.0091  -0.2429 2.3909 A%

4Cl1 -1992.0913  -0.2356 2.3979 C

17C1 -3723.6660 -0.2781 2.3979 C

17C2 -3732.3715  -0.2788 2.3979 v

5C1 -3473.8755 -0.2514 24771 C

14C1 -3414.9182  -0.2572 24771 C
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10C1 -3582.9435  -0.2559 2.6021 v

10C2 -3570.3207  -0.2550 2.6021 C

18C1 -4034.5419  -0.2530 2.6021 C

20C1 -4071.2748  -0.2584 2.6021 A%

20C2 -4066.3747 -0.2611 2.6021 C

16C1 -3884.1986  -0.2632 2.6990 C

16C2 -3881.4599  -0.2633 2.6990 v

15C1 -3600.2516  -0.2564 2.7782 C

8C1 -2820.0698 -0.2644 2.9542 C

12C1 -2413.8204 -0.2540 3.1761 v

13C1 -2406.9504 -0.2566 3.1761 C

13C2 -2395.5465 -0.2564 3.1761 C

11C1 -4824.9528 -0.2668 5.0000 v

11C2 -4824.4102  -0.2686 5.0000 C

3.3.2 Descriptors

The different numerical vectors obtained from ORCA and the radius of gyration are now called descriptors, and are
going to be used in QSAR model. Due to the amount of data obtained, it is important to select only 1 or 2 descriptors.
Since it is not possible to determine a priori which combination of descriptors will be the most accurate for the
calibration set we develop several combinations of them and generate a QSAR model equation for each combination.
All the different models use the antibacterial activity of each molecules and the selected descriptors. Finally, the

selected model will depend on the relationship between descriptors and toxicity.



CHAPTER 3. METHODOLOGY 37

3.3.3 Prediction

Once all b; parameters are determined, the model is able to predict the endpoint of new molecules based only on
descriptors. In other words QSAR model is then used calculate the log(MRSA) and therefore the MRSA concentration
of each STL which were not used in any set of the model, these are STL with no experimental value of MRSA.
Modified structures were also included into the prediction set, these molecules are protonated molecules obtained
from previous STL structures.

For the addition of two H atoms to the structure, three structures were selected from the calibration and validation
set (structure 2, 6 and 21). The addition process is implemented to see if some significant changes are showed in the
biological activity when two hydrogen atoms are added to the original structure of STL. With the relaxed structure of
the conformers obtained from ORCA we can start the addition process using CREST. This process is implemented
automatically by the software, and generates a . xyz file with the manipulated structure. The files obtained from the
most stable manipulated molecules follows the same procedure as the original STL. Once the electronic properties
are calculated, the HOMO energy and the electronic energy descriptors are used to predict their possible biological
activity.

3.3.4 Molecular orbitals and Structure activity relationship

Using the output files obtained from ORCA, a 3D graphic of the HOMO of each STL is visualized using the Gabedit*3
software. Here all the information about the orbital (filled and empty) is used to create an approximated image of

the orbitals and where are they located is generated. Finally, this information is saved in a .png file.






Chapter 4

Results & Discussion

4.1 Structures modeling and electronic properties calculation

A set of 21 Sesquiterpene Lactones were selected based on the antibacterial activity (MRSA) and the reported
structure (see Table 4.1). STL can be classified into the groups mentioned in chapter 2 that differ in the skeleton
or basic structure. With these molecules and based on the graphical representation of their structure, a 3D model
of each one was constructed as mentioned in chapter 2. The 2D representation of these molecules can be found in
Table 4.5.

Table 4.1: Selected Sesquiterpene lactones with their MRSA concentration in ug/mL and the log(MRS A) value

Number Name MRSA log(MRS A)
1 Parthenolide ** 25.00 1.39
2 Dehydroleucodine * 49.00 1.69
3 Leucodine? 246.00 2.39
4 Costunolide* 100.00-400.00 2.39
5 Arnicolide C%7 300.00 2.47
6 Xanthatin®® 7.80-15.60 1.19

Continued on next page

39
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Table 4.1 — Continued from previous page

Number Name MRSA log(MRS A)
7 Ketolactone *"+%° 1.95 0.29
8 Artemisinin *+!1% 900.00 2.95
9 Parthenin *+10! 100.00 2.00
10 Calaxin '* 400.00 2.60
11 Acanthospermal B '%3 100x10° 5.00
12 Armexifolin ' 1500.00 3.17
13 Armexifolin (alternative) %+ 1500.00 3.17
14 6-0-methylacrylylplenolin ** 300.00 247
15 6-O-angeloylplenolin** 600.00 2.77
16 Vernolide '% 500.00 2.69
17 Vernodaline '%° 250.00 2.39
18 8B-(epoxyangeloyloxy)- 14-hydroxy-tithifolin % 400.00 2.60
19 8B-(epoxyangeloyloxy)- 14-acetoxy-eupatolide '%° 200.00 2.30
20 Niveusin-C 1% 400.00 2.60
21 Budlein-A 1% 50.00 1.69

Considering Table 4.1, CREST calculations were carried out for each structure. These calculations were made
with the default parameters of CREST, and the specific structure for each of the possible conformers were calculated.
A total of 28 structures were finally obtained and selected as conformers for the 21 original S esquiterpene Lactones
(STL) (the first number in the labeling refers to each STL, "C" is a shortening for Conformer, and the second number
refers to the first or second conformer). A different file is generated for each structure by CREST, then these files
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were used to compute the electronic properties of the conformers using ORCA. After a full relaxation, the electronic
structure was computed and the total energy, the electronic energy, the core—core repulsion energy, the energy of
the highest occupied molecular orbital (HOMO), the energy of the lowest unoccupied molecular orbital (LUMO),
the HOMO-LUMO energy gap or band gap energy (E,), the dipole moment (p), the quadrupole moment (Q) and
the polarizability a. All calculated values are tabulated in Table 4.2. Finally, since ORCA generates a new .xyz file
for each of the fully-relaxed conformers, we also calculated the radius of gyration (R,) and the total mass of each
conformer.

Table 4.2: DFT-B3LYP computed properties for selected conformers of studied molecules: total energy Et, dipole moment p, quadrupole
moment Q, polarizability «, electronic energy E., core—core repulsion energy Ec.., HOMO, LUMO, and HOMO-LUMO energy gap Eg, total
mass M;, and radius of Gyration R,. In this table, p, O and a are in a.u., energies in Eh, total mass in u and R, in A.

Mol Et p 0 a E. E.. HOMO LUMO Ey M; R,

1C1 -809.149  2.641 -84.428 176.933  -2226.885 1417.818  -0.250 -0.057  0.194 248322  8.502

2C1 -806.784 1.545  -83.991 180.642  -2141.507 1334797  -0.244 -0.069  0.175 244290  8.860

3C1 -808.014 1.473 -85.507 179.631  -2178.009  1370.072  -0.243 -0.066  0.176  246.306 8.948

4C1 -733.942  2.231 -80.747 178.478  -1992.091 1258230  -0.236 -0.052  0.183 232323  8.590

5C1 -1115.691  1.717  -111.641 222,651 -3473.875 2358299  -0.251 -0.061  0.191 334412  10.156

6C1 -807.976 1.013  -88.878 194.548  -2088.270  1280.367  -0.249 -0.080  0.168 246306  13.333

7C1 -804.394 1.759  -82.466 216220 -2039.561  1235.233  -0.224 -0.111  0.113  240.258  9.790

7C2 -804.393 1.739  -82.523  216.273  -2038.595  1234.268  -0.225 -0.111  0.114  240.258  9.808

8Cl1 -960.795  2.271 -91.429 181.086  -2820.070  1859.368  -0.264 -0.002 0263 282336  7.771

9Cl1 -883.203 1.208  -86.377 174.527  -2479.067  1595.951 -0.259 -0.069  0.189 262305  7.342

10C1  -1187.252 1.830 -111.393  230.787  -3582.943 2395796  -0.256 -0.066  0.190 344363  10.140

10C2  -1187.252 1.683  -111.932  229.132  -3570.321  2383.172  -0.255 -0.065  0.190 344.363  10.393

11C1  -1456.847 2.445 -137.867 273.109 -4824.953 3368.243  -0.267 -0.089  0.178  420.458 11.762

11C2  -1456.846 2497  -137.775 272713  -4824.410 3367.701 -0.269 -0.089  0.180 420.458 11.713

12C1 -883.217 2415  -88.628 182.558  -2413.820 1530.686  -0.254 -0.066  0.188  262.305  9.145

13C1 -883.219  0.885  -90.904 182.392  -2406.950  1523.813  -0.257 -0.069  0.188 262305  9.138

13C2 -883.217 2150  -90.647 183.797  -2395.546  1512.411 -0.256 -0.067  0.189 262305  9.476
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13.321
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To the best of our knowledge, not many studies combine DFT with Tight Binding, here we apply these meth-

ods that ensure the calculated descriptors are of high quality and correctly describe the characteristics of the structure.

4.2 Quantitative structure-activity relationship model

The matrix of calculated descriptors and measured endpoints was then used to start the construction of the QSAR

models. At this point, the descriptors were combined in all the possible ways (without repeating the pair), and used

alone. Just the most significant models were selected. In table 4.3 the combinations and the resulting correlation

coefficient of each developed model is presented.

The selected models were developed based on MLR method using one and two descriptors. These descriptors

represents the electronic energy E. and the energy of the highest occupied molecular orbital (HOMO) both in Hartree

units. The equations that describes each model are:
Model 2

Model 8

log(MRS A) = -9.9184 — 0.0003 E, —45.3675 HOMO.

log(MRS A) = —11.9959 - 56.7318 HOMO.

4.1

(4.2)

For internal and external validation different statistical variables were calculated. These variables gives infor-

mation about goodness-of-calibration (R?), robustness (Qév), and predictability (Q% p) of the model. The obtained
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Table 4.3: Different combination of descriptors with their goodness-of-calibration R?

Model Descriptor 1 Descriptor 2 R?
1 Core-core repulsion energy [Eh] HOMO [Eh] 0.5787
2 Electronic energy [Eh] HOMO [Eh] 0.5732
3 Quadrupole moment [a.u.] HOMO [Eh] 0.5686
4 HOMO [Eh] Total mass 0.5644
5 Polarizability [a.u.] HOMO [Eh] 0.552
6 dipole moment [a.u.] HOMO [Eh] 0.5457
7 HOMO [Eh] Radius of Giration 0.5456
8 HOMO [Eh] 0.5441
9 Quadrupole moment [a.u.] HOMO-LUMO energy gap [Eh] 0.5285

10 Core-core repulsion energy [Eh] HOMO-LUMO energy gap [Eh] 0.5171

results for both models are presented in Table 4.4 with their respective errors.

The computed values displayed in Table 4.4 are not good from a scientific point of view because they are not
close enough to an acceptable value of prediction. However, even though the obtained values for R> are far from
the ideal value of 1, not all information is enclosed in the correlation coefficient, in fact most information can be
obtained analysing the relationships that can exist between the used descriptors and the biological activity. This is
because we do not only look for a good R?, which gives information about how far our point are from the function,
but also the physical meaning behind the equations and variables. For this reason Models 2 and 8 were selected.
In Figure 4.1, the graphics obtained using the selected models are displayed where the predicted and experimental
values of log(MRS A) are compared, in this figure, the line indicates exact prediction.

The descriptors used here were the Electronic energy and the HOMO energy, both of them are characteristic
values of a specific conformation and are strictly related to the electronic structure. It is possible that a toxic
mechanism that involves the electric structure takes place, and influence the biological activity.

It is clear that biological activity is tied to structural components such as functional groups, double bonds, or other
type of structures>’!. But what is not straightforward to notice is that the electronic properties of a molecule are also
involved in the toxic mechanism and biological activity ’"'%7. In both models a common descriptor is implemented,
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Table 4.4: Statistical variables obtained from Equations 4.1 and 4.2

Model ~ R? 0%, 2, RMSEC RMSECV RMSEP
2 0.5732  0.3046 0.1992  0.6570 0.8386 0.9132
8 0.5441 0.3626 0.1231  0.6790 0.8028 0.9577
5 ' 7 5
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Figure 4.1: QSAR models graphics displaying the predicted value of log(MRSA) for calibration and validation test

the Highest Occupied Molecular Orbital energy. This descriptor usually appears in QSAR studies %112 and it
is related to different biological activities. What these results suggest, is the existence of a relationship between
HOMO energy and the biological activity, specifically antibacterial activity against MRSA, through some toxicity
mechanism of actions. Since HOMO energy is related to how easily an electron can be detached from the last orbital,
the greater the HOMO energy value the easier is to detach one electron from the molecule, this electron could migrate
inside the bacteria producing free radicals that can damage and eventually contribute to kill the bacteria, leading to
an increase in antibacterial activity.

Several studies indicate that the relationship between HOMO, band gap energy and cytotoxicity exist and it
depends also to where the molecule is going to be attached''®. The electronegativity of a molecule and even the
atoms can affect the potential biological activity that STL can have'. Taking into account that not all molecules
follows the same experimental protocol, and their antibacterial activity is reported by different research groups in
different times, it is interesting that just with the HOMO energy more than half of MRSA activity of molecules could
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potentially be predicted. In fact, in Figure 4.1 most molecules are concentrated near the center, except those whose
values differ greatly from the mean. These results from QSAR model suggest the important role that electronic
structure plays in molecules properties.

It is mentioned that there exist different types of descriptors, HOMO energy can be considered as a basic
descriptor. Our preliminary QSAR model can be enhance by using more complex descriptors such as topological
ones, standardizing the used data (obtained following the same protocol), and selecting specific family of structures
STL. Many improvements can be done by refining the base data.

Table 4.5: Summary of results displaying the experimental value of log(MRS A) within parenthesis and the predicted
values according to model 2 (M2) and model 8 (MS8), respectively. It is also displayed the 2D structure and the the
B3LYP computed HOMO.

Name log(MRSA) Structure 3D HOMO

Parthenolide ** (1.398)
M2: 2.008
M8: 2.205

Dehydroleucodine * (1.690)
M2: 1.698
MS: 1.845

Leucodine (2.391)
M2: 1.658
M8: 1.783
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Costunolide (2.398)
M2: 1.280
M8: 1.370
3 o
Arnicolide C?”7 (2.477) 7Y
M2: 2.379 £ z
;
MS: 2.269 C’;/C’
Xanthatin 8 (1.193)
M2: 1.905
M8: 2.120
Ketolactone *7%° (0.290)
M2: 0.787

M8: 0.737
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Artemisinin *%1%0 (2.954)
M2: 2.801
MB8: 3.006

Parthenin*+1%! (2.000)
M2: 2.455
MS: 2.683

Calaxin '0% (2.602)
M2: 2.609
MB8: 2.522

Acanthospermal B '%3 (5.000)
M2: 3.420
MBS8: 3.139
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Armexifolin 14
M2
M8
Armexifolin-
(alternative) ' M2
M8
6-0O-
methylacrylylplenolin®* M2
M8
6-O-angeloylplenolin **
M2:

MB8:

(3.176)
: 2221
: 2412

(3.176)
12339
1 2.562

(2.477)
: 2,626
: 2,597

(2.778)
2.634
2.548

1
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Vernolide % (2.699)
M2: 3.019
M8: 2.939
Vernodaline '% (2.398)
M2: 3.651
M8: 3.780
8B-(epoxyangeloyloxy)- (2.602)
14-hydroxy-tithifolin 1% M2: 2.591
M8: 2.354
8B-(epoxyangeloyloxy)- (2.301)
14-acetoxy- M2: 2.847

eupatolide 1% MS: 2.540
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Niveusin-C 00 (2.602)
M2: 2.849
MB8: 2.665

Budlein-A 06 (1.699)
M2: 2.809
M8: 2.640

Apart from the relationship between descriptors (HOMO and electronic energy) and biological activity, QSAR
model can establish relations with the specific parts of the structure. For this, the molecular orbitals of each structure

were sketched using Gabedit®?

software generating a 3D image. These images give information about where the
electrons are more likely to be placed, in other words where the electron density is concentrated. These places where
more electrons are located are the active places where the toxicity mechanism can take place. This idea implies that
if the structure is modified in such a way that the HOMO energy (molecular orbitals) change, the biological activity
can be enhanced or reduced. Since the biological activity is related to structural components and by identifying
the common places where the HOMO energy is mostly concentrated in each structure, active places for biological
activity could be determined.

The plot of HOMO for each of the 21 structures are displayed in Table (4.5). Molecules were classified
according to their skeletons (see Figure 1.1), as result 8 molecules (Parthenolide, Calaxin, Acanthospermal B,
Vernolide, 8B-(epoxyangeloyloxy)-14-hydroxy-tithifolin, 8B-(epoxyangeloyloxy)-14-acetoxy-eupatolide, Niveusin
C and Budlein A ) belong to Germacranolides group (G1), Costunolide belongs to the Heliangolides group (G2), 3
molecules (Dehydroleucodine, Leucodine, Ketolactone) are part of the Guaianolides group (G3), 4 STL (Arnicolide
C, Parthenin, 6-O-methylacrylylplenolin and 6-O-angeloylplenolin) belong to the Pseudoguaianolides group (G4),
and 3 molecules (Vernodaline and both Armexifolin) are part of Eudesmanolides group (G5). Xanthantin and
Artemisinin were not classified into any of these groups because they have different skeletons. It is clear that among
all molecules, there exist two predominant parts on which molecular orbitals are concentrated, double bond to an
oxygen atom (p-orbitals) and double bond between carbon atoms (7-orbitals) inside or outside the principal ring of
STL.
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In G1 Parthenolide, which has a high antibacterial activity mainly has the HOMO located at a double bond
between carbon 1 and 2, Niveusin-C and Budlein-A are interesting because both structures are similar but Budlein-A
has much higher antibacteial activity and has MO concentrated in the p-orbitals in oxygen 1, but Niveusin-C has the
HOMO concentrated in a w-orbital (carbon 2 and 3) inside the principal ring. The other 5 molecules have also have
a m-orbital, but these molecules presents less biological activity that could be attributed to the "tail" that is part of
their structure. In G2, Costunolide has a medium antibacterial activity and the HOMO distribution is concentrated
at two mr-orbital (carbon 1-2 and 5-6) in the principal rings. From G3 group Dehydroleucodine and Leucodine have
almost the same HOMO distribution in p-orbitals (oxygen 1), but Ketolactone which is a rigid molecule has several
active sites in it (7 and p-orbitals) suggesting that for this reason this molecule is the most active one. G4 molecules
have similar HONO distribution around p-orbitals (O=R), but only Parthenin has no "tail", which in fact seems to
affect the antibacterial activity of the other molecules in this group. For G5, Armexifolin and its alternative structure
have a concentration of HOMO in oxygen 1 with double bond to a 6 carbon ring but their activity is way to low.
Vernodaline presents better biological activity that could be attributed to the MO distribution which is composed by
a contribution of m-orbital in carbon 1-2 and p-orbitals in oxygen 4, despite it has a tail. Artemisinin has a unique
HOMO distribution, they are concentrated in a single bond between carbon 3 and 4, and also at a p-orbital in oxygen
1 which has a double bond. For Xanthantin the MO distribution is mainly concentrated in two m-orbitals (C=C) and
a double bond with oxygen 6 (p-orbital), this molecules is the second most active and it could be due to the presence
of various active points in the molecule.

The presence of these particular features (O=R and C=C) in the structure seems to affect in certain way the
possible antibacterial activity that STL can have. Also the quantity and position of the bonds could be a determinant
when performing antibacterial test.

4.2.1 Minimum inhibitory concentration prediction

Different structures were used to test the model apart from the first 21 STL, such as Arglabin''*, Dehydrocostus
lactone*, and Helenalin®*, but for these molecules there is not a MRSA value reported in the review literature. The
protonation of the molecules (Dehydroleucodine, Xanthatin, and Budlein-A) were performed successfully giving as
a result three structures that were added to the training set. For this prediction set molecules, MRSA activity has not
been reported yet.

The electronic properties of these training set molecules were calculated, and equations 4.1 and 4.2 were used
to calculate their possible log(MRS A). The results of the calculations are shown in table 4.6 with their respective
HOMO and band gap energy.
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Table 4.6: Training set molecules used to predicted their MRSA concentration value using equations 4.1 and 4.2.
Here DWN and UP refers to the position of extra Hydrogen atom (down and up respectively), and the numbers are

used to identify which conformer it is.

Name E. HOMO Model2 Model 8

Arglabin -2224.9962 -0.2467  1.8420 1.9978
Dehydrocostus L -1845,1131  -0.2490  1.8485 2.12717
Helenalin -2460.7882  -0.2564  2.3448 2.5510
2C1-DWN1 -2176.4804 -0.2464  1.8169 1.9819
6C1-DWNI1 -2126.7680 -0.2310  1.1040 1.1064

21C1-UPI -4056.3024 -0.2415  2.0765 1.7045




Chapter 5

Conclusions & Outlook

The relationship between molecular structure and biological activity of Sesquiterpene lactones have been studied
over the pass 50 years giving positive results for computational models. We are conscious that this is not the first in
silico studied involving STL and QSAR methods, but so far with the reviewed literature we can say that we are the
first that combines semi-empirical tight binding and DFT to obtain appropriate molecular structures (conformers)
and electronic properties to then be used in QSAR models. With this type of combinations we can assure that the
calculated structures and results are accurate.

We were able to calculate and select the specific conformers of each STL. The selection of conformers were
carried out based on statistical and energetically favorable criteria. With this, the calculated properties are specific

8 We were able to built a code that

for each structure which is stable within a pertinent range of temperature
implements different functions of ORCA. Knowing that these functions includes corrections for van der Waal forces
the results are precise and correctly represents the electronic properties of the real molecules. The results tabulated
in Table 4.2 were used as descriptors to develop the multiple linear regression models which establish a relation
between the electronic structure properties and the biological activity.

Several QSAR models were developed, giving equations 4.1 and 4.2 as best models which presents correlation
coefficient 0,57 and 0.54. These models were used to estimated the possible antibacterial activity of STL against
MRSA. Even though the R? value for this first model is not close enough to 1, it allows us to first determine that
the structures and properties are well calculated. This is because there exist a relationship between the descriptors
(HOMO energy value and Electronic energy) and the biological activity of molecules, the relationship between
descriptors and cytotoxicity has been reported in previous works ®8. These results suggest a relation between Highest
Occupied Molecular Orbital energy and the mechanism of toxic actions: the greater the HOMO energy the easier to
ionize the molecule by detaching one electron from the molecule that could migrate inside the bacteria producing
free radicals that can damage and eventually contribute to kill the bacteria. Also, the presence and the quantity of
structural features such as double bonds with oxygen atoms and double bonds between carbon atoms in the main
skeleton of STL apparently intervene in the biological activity performance of molecules.

The development of more effective descriptors to better describe the toxicity of Sesquiterpene lactones is needed;

53
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we are aware that more extensive exploration of parameters and molecules are needed to find the best correlation
with the observed toxicity, this work is underway.

We can recommend that once the specific group of molecules to be studied has been defined, insilico studies
can be implemented in an early stage before the experimental synthesis of each compound. Knowing in advance
the possible performance and effectiveness of the components can save time and resources in not studying those
compounds that computationally do not present the specific biological activity. Later the experimental results would
be compared with the insilico ones to corroborate the information and improve the quality of the models.
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c¢-2 Carbon number two 5

¢-3 Carbon number three 5

¢-8 Carbon number eight 5

CoMSIA Comparative molecular similarity indices analysis 5

COSX Chain-Of-Spheres exchange 23

CRE Conformer Rotamer Ensemble 29

CREST Conformer-Rotamer Ensemble Sampling Tool iii, 29, 30, 32, 33

DFT density functional theory iii, 4, 6, 7, 12, 14, 16, 19, 23, 26, 30, 31, 33
DFT-D3 damping DFT 23

DNP Dictionary of Natural Products 1, 24

DZ double zeta 22

GEA gradient-expansion approximation 19
GGA generalized gradient approximation 17, 19, 20
GTO Gaussian type orbital 21, 22

HF Hartree-Fock 13, 20
HK Hohenberg-Kohn theorem 14, 16
HOMO highest occupied molecular orbital iii, 4

LCAQO linear combination of atomic orbitals theory 21, 22
LDA local density approximation 17-20

LUMO lowest unoccupied molecular orbital 4

LYP Lee-Yang-Parr 19, 20

MLR multiple linear regression 34
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MRSA S taphylococcus Aureus methicillin-resistant iii, 25, 31, 34, 35, 37

PBE Perdew-Burke-Ernzerhof 19
PDB Protein Data Bank 4

PES potential energy surface 29, 30
Pgp P-glycoprotein 5

PP polarization function 22

PW91 Perdew-Wang 91 19

PW92 Perdew and Wang 19

QSAR Quantitative Structure-Activity Relationship iii, 4-7, 25-27, 31, 33, 34, 36
RMSD root-mean-square deviation 29

SAR Structure-Activity Relationship 5

SCF self-consistent-field 14

STL S esquiterpene Lactones iii, 1-7, 24, 29-33, 37, 40
STO Slater-type orbital 21, 22

SZ single-zeta 22

TF Thomas-Fermi 12, 13
TZ triple zeta 22
TZV triple zeta valance 22

VWN Vosko, Wilk, and Nusair 19
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