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ABSTRACT 

 

Depression has been the number one disease, causing a high motility rate in 

the world, marking the need for new highly effective antidepressants that can  

alleviate the situation. Unfortunately, the price of carrying out experimentally the 

whole process of drug discovery and design costs an endeavor billion of money. Yet, 

computer-aided drug design is a cost-effective way of obtaining new potential drugs 

within a short period of time.  

A study helpful in designing potent drug candidate as an antidepressant with 

increased efficacy was carried out. The Density Functional Theory (DFT) method 

with B3LYP 6-311G++(d,p) basis set were employed using Gaussian 09 software to 

find the minimum energy configuration of the studied molecules (new derivatives of 

trazodone). Afterward, a molecular docking simulation of the studied molecules 

within the ligand pocket of the Human serotonin transporter as an antidepressant tar-

get followed. The molecular docking simulation was done using AutoDock Vina 1.1.2 

software together with AutoDock tool 1.5.6 and PyMOL 1.7.4.5 software for the 

preparation of the docking molecules and the analysis of the results,  

respectively. 

From the analyzed molecular docking simulation results, it was demonstrated 

that all the proposed trazodone derivatives were revealed to be potential drug candi-

dates with enhanced efficacy than the parent trazodone drug except for  

derivative ligand T2. Despite that from the analyzed DFT calculation results, the lig-

and T5, T7, T8, and T10 expressed significant chemical reactivity and  

thermodynamic properties in comparison with the trazodone. A further study on these 

derivatives as the potent antidepressant candidate is recommended. 
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CHAPTER ONE 

1.0 INTRODUCTION 
 

1.1 General Introduction 

 

According to the World Health Organization (2020), about 264 million  

people of all ages suffer from depression, and approximately 800,000 suicide cases 

each year arise from depression. It is also globally the leading cause of disabilities and 

non-fatal diseases. According to Sharma (2017) and WHO (2017), depression is a psy-

choneurotic disorder or the mental disorder symptomized by the feeling of  

dejection, feeling of sadness, feeling of tiredness, feeling of low self-worth, feelings 

of anxiety, phobia, guilt, loss of appetite, insomnia, poor concentration, loss of  

interest, loss of pleasure, the thought of committing suicide and suicide trials.  

Biologically depression occurs as the result of unbalanced chemicals in the brain 

known as serotonin (5-hydroxytryptamine). Thus, depression occurs when there is a  

depletion of serotonin in the synaptic cleft a condition that results into a depression 

disorder. The world health organization (2017), categorized depressive disorders into 

two groups; 

 A persistent depressive disorder characterized by long term mild depression. 

 A major depressive disorder characterized by a decrease in energy, having a 

depressed mood, and loss of interest. 

To overcome depression antidepressants are used. An antidepressant is the 

drugs used to overcome the symptoms of depression by either altering the chemical 

imbalances of neurotransmitter (serotonin) in the brain (Felman, 2018; Sharma, 2017) 

or by acting on the serotonin transporter through inhibiting it from transporting sero-

tonin from the synaptic cleft back into the pre-synaptic neuron (Gabrielsen & Ravna, 

2011). 

Sharma, (2017) categorized antidepressants into five groups; 

Selective serotonin reuptake inhibitor 

Selective serotonin reuptake inhibitors are characterized by affecting only the 

serotonin transporter. They work by increasing the level of serotonin in the brain 
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through blocking the reabsorption of serotonin into the pre-synaptic membrane. Thus 

making serotonin available in the synaptic cleft for improving the transmission of im-

pulses between the neurons (Ilgin et al., 2018; Mayoclinic, 2019b, paras. 2–3). 

Tricyclic antidepressant 

Tricyclic antidepressants are made up of three cyclic rings hence their name is 

after their chemical structure. They do not only have an effect on the serotonin but also 

to other neurotransmitters. They work by blocking the reabsorption of serotonin and 

norepinephrine neurotransmitters leading to their optimum concentration in the brain 

(Mayoclinic, 2019c, paras. 1–4). 

Monoamine oxidase inhibitor 

These were the first developed antidepressant. They work by affecting mono-

amine oxidase enzymes responsible for removing the serotonin, norepinephrine, and 

dopamine neurotransmitters from the brain. They also affect the digestive system’s 

neurotransmitters (Mayoclinic, 2019a, paras. 1–5). 

Non-tricyclic antidepressant 

These are the type of antidepressants named after their structure. They do not 

possess tricyclic molecules in their structure. 

Serotonin antagonist and reuptake inhibitor 

They have multiple actions; thus, they inhibit the reuptake of serotonin and 

also induce an antagonistic action on the receptors through inhibiting serotonin  

present in the synaptic cleft from binding to the receptors in the post-synaptic  

membrane. 
 

1.1.1 Trazodone 

 

Trazodone (figure 1-1) with the brand name Desyrel and IUPAC name  

2-[3-[4-(3-chlorophenyl)piperazin-1-yl]propyl]-[1,2,4]triazolo[4,3-a]pyridin-3-one, it 

is one of the known antidepressant approved for use by U.S Food and Drug  

Administration in 1981 (FDA, 2017; Patent No. 4,338,317, 2001). Trazodone  

belongs to the non-tricyclic antidepressant due to its structure. Like other antidepres-

sants, it works by altering the concentration of serotonin (5-hydroxytryptamine) in the 
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brain leading to the overcoming of depression. It is used off-label for the  

treatment of insomnia although it is licensed for the treatment of a major depressive 

disorder. Thus, normally its use depends on the dose.  At a low dose, it is used for  

insomnia, but at a higher dose, it is used against depression (Settimo & Taylor, 2018; 

Stahl, 2009). 

 

Figure 4-1: Chemical structure of trazodone 

Trazodone is used for the treatment of major depressive disorders belonging to 

the SARI (Serotonin Antagonist Reuptake Inhibitor) class of antidepressants. It can 

inhibit the action of serotonin transporter found on the pre-synaptic membrane and 

also have an antagonistic action on the serotonin receptor (5-HT2A and 5-HT2C) located 

on the post-synaptic membrane. This ability to have effects on both the  

serotonin transporters and receptors makes it a multifunctional drug.  

At a relatively higher dose, it can act on transporters and receptors, while at a 

low dose it induces an antagonism action on the 5HT2A, Alpha-1-adrenergic receptors, 

and histamine receptors only (Stahl, 2009). Unlike other antidepressants trazodone as 

an antidepressant works by inhibiting serotonin transporter and by inducing an antag-

onistic action on a serotonin receptor (5-HT2A and 5-HT2C) simultaneously. Other an-

tidepressants like selective serotonin reuptake inhibitor, works through blocking the 

serotonin transporters only (Fagiolini, Comandini, Dell’Osso, & Kasper, 2012; Ilgin 

et al., 2018; Jolanta Ja´skowska, Przemysław Zar˛eba, Paweł ´Sliwa & Pindelska, 

2019; Odagaki, Toyoshima, & Yamauchi, 2005). 

  Trazodone is one of the drugs with the least efficacy and has the highest drop-

out rates among the antidepressant group of drugs (Cipriani et al., 2018; Odagaki et 

N
N N

N Cl

O

N

Molecular Formula:  C
19

H
22

ClN
5
O

Formula Weight:  371.86388
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al., 2005; Schalkwijk, Undurraga, Tondo, & Baldessarini, 2014). Its treatment comes 

with some side effects such as hyposalivation, priapism, hypotension (Settimo & 

Taylor, 2018) drowsiness, dizziness, headache, and generation of suicide thoughts, 

cardiac arrhythmia, and male dysfunction (Fagiolini et al., 2012; Ilgin et al., 2018). 

The binding of trazodone to a specific receptor at the therapeutic dose describes the 

peculiar side effects experienced by people using a trazodone  

antidepressant and its efficacious level (Settimo & Taylor, 2018). 

Studies on the molecular interaction between the drug and its binding site are 

essential for the development of drugs. This study is meant to employ computational 

chemistry through geometric optimization of modified new derivatives of trazodone 

to get proper parameterization of the ligand and then to perform their docking studies 

to investigate their appropriate binding conformation between the ligand and the  

ligand pocket of the target protein. 

1.1.2 Molecular modeling 
 

        Molecular modeling is the same as saying computational chemistry, referring to 

 the set of techniques required for investigating chemical problems based on  

computers. Quantum chemistry can be appreciated for the studies involving systems 

that are very complicated to deal with experimentally, where modeling and  

simulation methods are also employed when obtaining details of molecules at the sub-

atomic level. Based on the quantum theory, the computational calculations have a good 

chance of representing reality leading to the increase in reliability of molecular  

modeling and an opportunity for the complementation of experimental  

measurements (Höltje & Höltje, 2003). 

In line with Lewars (2003), the following set of information can be obtained  

computationally;  

 Chemical reactivity; that can aid in knowing the possibility of the reaction to 

occur and the direction of the reaction. 

 Energies of molecules and transition states; providing the information about 

the rate of the reaction and favorable isomers to be formed at equilibrium. 
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 Molecular geometry; providing the knowledge about the shape of the  

molecule, dihedral angle, bond angle, and bond length. 

 If the structure of the molecule is known, then its infrared radiation,  

ultraviolet, and nuclear magnetic resonance spectra can be acquired. 

The levels of computational chemistry that a computational chemist may use in  

tackling problems are; 

 Ab initio calculations such as Hartree Fock (HF) method and Density  

Functional Theory (DFT)  

 Semi-empirical methods 

 Molecular mechanics  

         Lewars (2003) claimed that studies concerning molecules with unusual  

structures are studied with ab initio calculations (such as HF and DFT) for better  

parameterizations, and calculations in exploring the energy of molecules can be done 

by employing either ab initio, semi-empirical or molecular mechanics depending on 

the particular problem. The reactivity of molecules dramatically relies on the  

distribution of electrons, yet it can be investigated with ab initio or semi-empirical 

quantum mechanical methods additionally studies concerning large biological  

molecules like DNA employs molecular mechanics (molecular dynamics in case of 

studying their movements) and also docking studies which involve investigations on 

the interactions between the ligand (substrate). The active site on the enzyme can  

also be studied by using molecular dynamics. Still, the ligand pockets (active site) on 

the protein can be explored by ab initio or semi-empirical methods. Lastly, useful re-

sults of spectra can be obtained with a semi-empirical approach, although  

molecular mechanics, ab initio, and density functional methods can be applied 

(Lewars, 2003; Stewart, Császár, & Pulay, 1982). 

However, molecular modeling can be used for the prediction of the binding 

mode between the ligand and the protein (Duan, Zhang, Zhang, Wang, & Lei, 2015; 

Trott & Olson, 2009). Molecular modeling is a cost-free, easy, and safe tool to be used 

in interpretation, investigation, identification, and explanation of the molecular prop-

erties of the compounds through 3-dimensional of the compound’s structure.  



6 

Also, computational molecular modeling helps chemists in building dynamic models 

of compounds that can be used to visualize the molecular geometry of a compound 

and then demonstrate the chemical principles of that compound. 

After all, advanced methods such as the simulation of chemical reactions, cal-

culations of free energies, and the database for designing new molecules, can be ap-

preciated through the use of molecular modeling (Leach, 1997). 

1.1.3 Computer-aided drug design 
 

        In pharmaceutical industries, computational chemistry is used in docking  

studies employed for investigating the interaction between the drug candidates on the 

ligand pocket of the target protein, observations on how the ligand fits into a ligand 

pocket or simply into the active site of the target protein is the better approach in drug 

designing ( Lewars, 2003; Stewart et al., 1982). 

       The use of computational methods gives out accurate results as it lays out  

insight into the reaction mechanism, and experimental findings also enable  

exploration of massive data, enhancing an increase in accuracy of results and reduces 

time. The discovery of drugs is all about drug designing and development, in which 

the whole of the processes included in the discovery of one new drug is an expensive 

endeavor costing around $2.6 billion up to market approval, consuming about 12 years, 

high level of complexity and risk procedures. Recently the use of  

computer-aided drug design has led to the reduction of duration, risk, and cost of drug 

designing as many laboratory experimental procedures have been replaced by novel 

software for example instead of using rats for testing the drug’s efficacy,  

absorption, distribution, metabolism, excretion, and toxicity (ADMET), different soft-

ware like arguslab, maestro, AutoDock, and gastroplus are used, and they give out 

accurate predictions (Jamkhande, Ghante, & Ajgunde, 2017). 

       The essential criteria in evaluating the efficacy of newly designed molecules by 

the computational methods are the study of their molecular docking, non-bonding in-

teraction also their physiochemical properties (Moniruzzaman, Johoku, Hamamatsu, 

2019). Molecular docking is used for the evaluation of the affinity and binding mode 

of the ligand within the binding pocket of the target protein (Wang et al., 2016). In 
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designing potent drug candidates one must consider the following things; identifica-

tion of small molecules with therapeutic effects, as not all proteins can be targets as 

not all small molecules can be drug candidates, high throughput of molecular docking 

as a key in hit identification correlates identification of the  

structure of target protein with the binding ligand pocket on protein, and the small 

molecules drug candidates must have to enable properties of binding into the ligand 

pocket as binding tightly into the ligand pocket defines the good  (ligand) drug  

candidate (Bissantz, Kuhn, & Stahl, 2010; Jamsheer, 2018).  

1.2 Statement of the Problem 
 

       Globally, the number of people who suffer from depression disorder is  

increasing every day. From the year 1990 to 2017, the number of major depressive 

disorder patients increased by 49.86% (Liu et al., 2020).WHO projects that by 2030 

major depression disorder will be the leading cause of the global burden of diseases 

(Lépine, Lariboisière, & Widal, 2014). So, the need for effective and reliable  

antidepressants also increase. Trazodone is one of the non-tricyclic group of  

antidepressant drugs that are used for the treatment of major depressive disorders with 

an ability to inhibit serotonin transporter and induce an antagonistic action on seroto-

nin receptors simultaneously making it also belong to the SARI (Serotonin  

Antagonistic and Reuptake Inhibitor) class of antidepressants. Currently, trazodone is 

facing high dropout rates due to its low efficacy in treating depressive disorders. The 

experimental studies on how to enhance the efficacy of trazodone are expensive and 

takes a lot of time due to failed experiments in trial and error. The computational stud-

ies have proved to be of more significant concern in drug discovery and  

development as it is the best approach to obtain reliable results within a short period 

and at a low price. The computational studies on how the efficacy of trazodone can be 

enhanced by simple modifications on its chemical structure through adding or chang-

ing groups to obtain new derivatives from its structure have never been done. This 

study intends to explore computational knowledge on studying the efficacy of new 

derivatives of trazodone as antidepressants.  
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1.3 Objectives 

1.3.1 General Objective 

 

To assess the efficacy of new derivatives of trazodone as antidepressants by using 

computational methods. 

1.3.2 Specific Objectives 

 

1. To determine the global chemical reactivity descriptors of new derivatives of 

trazodone. 

2. To determine the thermodynamic properties of new derivatives of trazodone. 

3. To investigate the binding affinity of new derivatives of trazodone into the lig-

and pocket of the human serotonin transporter (target protein). 

1.4 Hypothesis 

 

 

1. The new derivatives of trazodone can have greater stability and low chemical 

reactivity in comparison with trazodone (the parent molecule) as expressed by 

their global chemical reactivity descriptor’s values. 

2. The new derivatives of trazodone can have good thermodynamic properties 

describing enhanced drug efficacious level. 

3. There can be enhanced interaction between the new derivatives of trazodone 

with the ligand pocket amino acid residues of the human serotonin  

transporter in comparison with that of trazodone (the parent molecule). 
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1.5 Significance of the Study 

 

The knowledge obtained in this study can further be used to explore other 

potential drug candidates during drug design and discovery as quoted from James 

Black, who said that, “the most fruitful basis for the discovery of a new drug is to start 

with an old drug” (Raju, 2000, p. 1022).  

Despite that, this study gave out new derivatives of trazodone as antidepres-

sants with enhanced efficacy. Thus, these approaches can be used to pave the way on 

how the efficiency of trazodone can be enhanced, thus leading to a decrease in its high 

dropout rates and side effects.  

The computational approach in enhancing the efficacy of trazodone is cost-

effective as it saves funds that were to be used in buying chemicals, equipment, and 

apparatuses for experimental studies additionally it is environmentally friendly as it 

saves a lot of solvents that were to be used in trial and errors experiments from being 

deposited into the environment. 

Moreover, pharmaceutical industries can adopt these computational methods 

in the earlier stages of drug discovery and development (from lead identification to  

pre-clinical trials). This will reduce the expenses of drug discovery and development 

processes, also create employment opportunities for computational chemists dealing 

with drug design, discovery, and development. 
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2. CHAPTER TWO 

2.0 LITERATURE REVIEW 

 

2.1 Human serotonin transporter 

 

Nowadays, the drug discovery focuses on the understanding of the disease 

mechanism, identification of the target (ligand pocket on the protein) followed by the 

identification of the lead molecule, meaning the bio-active small molecule (Campillos, 

2016; Katsila, Spyroulias, Patrinos, & Matsoukas, 2016). The main  

target widely used by antidepressant agents is the human serotonin transporter (Celik 

et al., 2008; Gabrielsen & Ravna, 2011; Kaufmann et al., 2008; Rudnick, 2006; 

Tavoulari, Forrest, & Rudnick, 2009). Human  Serotonin transporter is the  

extracellular type of serotonin neurotransmitter transporter that reuptakes serotonin 

from the pre-synaptic cleft back to the synaptic vesicles via the pre-synaptic  

membrane thus that it selectively reuptakes only 5-hydroxytryptamine (serotonin) 

back into the presynaptic knob (Celik et al., 2008; Gabrielsen & Ravna, 2011; 

Rudnick, 2006; Tavoulari et al., 2009). 

Serotonin is one among various neurotransmitters (chemicals responsible for 

the transmission of signals or impulses across the synapses) found in the brain with  

influences on the behavior, mood, pain appreciation, movement, appetite, sexual  

activity, endocrine secretion, sleep-wake upcycles, and cardiac function (Blows, 

2018). 

The mechanism on how serotonin acts as a neurotransmitter is as follows. 

When an impulse is being transmitted between the neurons (figure 2-1) there is a set 

of action potentials on the pre-synaptic knob. That triggers an influx of Ca2+ ions from 

the synaptic cleft to the pre-synaptic membrane causing the diffusion of the synaptic 

vesicles with the presynaptic membrane releasing the neurotransmitter  

(serotonin) contained in them into the synaptic cleft. Whereby serotonin in the  

synaptic cleft binds to the receptors in the post-synaptic membrane making the  

channels on the post-synaptic membrane to open and set up an action potential in the 

post-synaptic knob and further transmission of an impulse. After an impulse  

transmission, the serotonin transporter in the pre-synaptic membrane transports  
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serotonin back into the pre-synaptic vesicles, ready for the transmission of another 

impulse. The diagram below (figure 2-1) shows how serotonin neurotransmitter aids 

the communication of the impulse. 

 

Figure 2-1: Transmission of an impulse across the synapse. 

When a person is depressed, there is depletion of this serotonin neurotransmit-

ter in the synaptic cleft leading to the psychoneurotic disorder which is also known as 

depression disorders of the body accompanied by some symptoms such as loss of ap-

petite, insomnia, sexual dysfunction, suicide thoughts, and trials,  

aggressiveness, feeling of anxiety, feeling of sadness, disappointment, loss of hope 

and pleasure (Blows, 2018; Sharma, 2017). 

A low level of serotonin leads to the occurrence of brain and psychiatric  

disorders, mainly known as depression or psychoneurotic disorder. Lack of serotonin 

is associated with the appearance of some kinds of migraine headaches, and also some 

of the epilepsy forms are related to serotonin’s low levels (Blows, 2018). 

In order to design a drug with good binding activity towards various receptors, 

prior knowledge about these receptors is needed. Thus, the drug can either cause an  

agonistic action (imitation) or the antagonistic action (blocking) on the receptors. For 

the case of serotonin as stated by Blows (2018), there are about seven classes of  

serotonin receptors; 
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 Class 5HT2 (5HT2A and 5HT2C subtypes) works as the receptors on the post-

synaptic and activator of the secondary messenger. 

 Class 5HT1 (5HT1A and 5HT1F subtypes) functions as the activators of the sec-

ondary messenger and cyclic adenosine monophosphate. 

 Class 5HT1A works as a receptor on the post-synaptic membrane by inhibiting 

the adenylcylase activity and also acts as an autoreceptor on the neuronal cell 

body. 

 Class 5HT2B and 5HT2D, have similar inhibition functions on the adenylcylase 

and a receptor in autoreceptor as well as receptors in the post-synaptic  

membrane. 

 Class 5HT2 and subclass 5HT1C, these have their action on the phospholipase 

C. 

 Class 5HT3 functions as a post-synaptic receptor and an activator for opening 

the calcium ions channels. 

 Class 5HT4, 5HT5, 5HT6, and 5HT7 are the post-synaptic receptors with the 

ability to stimulate the cellular enzymes by activating the secondary  

messenger. 

 Class 5HT5 is said to be a post-synaptic receptor whose function is not yet been 

understood. 

 Some antidepressant works by inhibiting the action of serotonin transporter 

through binding avidly to serotonin transporter thereby increasing the concentration of 

serotonin in the synaptic cleft. Hence improving the transmission of impulses  

between the neurons in the brain and overcoming the depression disorder.  

An important focus in designing a new potent antidepressant is the investigation on 

the information about the molecular mechanism on how the ligand (drug) binds to the 

serotonin transporter and its transportation generally this is very significant for the 

development of an antidepressant (Blows, 2018; Tavoulari et al., 2009). 
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2.2 Interaction of high efficacious antidepressants with the human serotonin 

transporter’s ligand pocket. 

 

       Among the effective and reliable antidepressants are the S-citalopram and  

fluvoxamine that belongs to the SSRI (Selective Serotonin Reuptake Inhibitor) class 

of antidepressant that works by inhibiting the reuptake of serotonin from the synaptic 

cleft back to the pre-synaptic knob. Figure 2-6 and Figure 2-10 describe the  

interaction of these antidepressants within the binding pocket of the human serotonin 

transporter, which is the antidepressant’s target. 

2.2.1 Interaction of human serotonin transporter with S-citalopram 

 

S-citalopram is one among the very effective antidepressant drugs belonging 

to the selective serotonin transporter inhibitors used for the treatment of the major de-

pressive disorder (Coleman, Green, & Gouaux, 2016b) with interaction on the  

ligand pocket of the human serotonin transporter described in Figure 2-2, Figure 2-3, 

Figure 2-4, Figure 2-5 and Figure 2-6 below. 

 

 

Figure 2-2: Protein-ligand complex retrieved from the PDB database with code 

5i75, showing the interaction of S-citalopram with the human  

serotonin transporter, the target protein. 

S-citalopram into the ligand 

pocket of human serotonin trans-

porter 
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Figure 2-3: The protein-ligand complex interaction of S-citalopram within the 

human serotonin transporter’s ligand pocket. 

 

Figure 2-4: Shows the polar interaction of S-citalopram in the ligand pocket of 

the human serotonin transporter 
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Figure 2-5: The chemical structure of S-citalopram 
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Figure 2-6: The interaction of the S-citalopram with the amino acid residues in 

the central ligand pocket of the human serotonin transporter. 

The table below shows the existing possible interaction of S-citalopram drug 

within the ligand pocket of the human serotonin transporter generated based on  

Figure 2-5, and Figure 2-6 by using PyMOL software 1.7.4.5 (Schrödinger, 2015). 
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Table 2-1: Interaction S-citalopram within the ligand pocket 

Amino acid residues 
Neighboring  

S-citalopram atom 

Distance between at-

oms (Å) 

ALA 173 F-01 3.5 

ILE 172 O-02 3.5 

PHE 335 N-03 3.0 

TYR 95 N-04 3.3 polar interaction 

ILE 172 C-05 4.4 

TYR 95 C-06 4.5 

ILE 172 C-07 3.8 

ILE 172 C-08 3.7 

ASP 98 C-09 4.0 

ILE172 C-10 3.6 

TYR 95 C-11 3.7 

TYR 95 C-12 4.4 

ILE 172 C-13 3.4 

VAL501 C-14 4.1 

SER 438 C-15 3.8 

PHE 341 C-16 3.4 

ILE 172 C-17 3.5 

ILE 172 C-18 3.5 

ILE 172 C-19 3.7 

LEU 443 C-20 3.6 

LEU 443 C-21 3.7 

PHE 335 C-22 
3.3 dipole-induced di-

pole interaction 

ASP 98 C-23 
3.3 dipole-induced di-

pole interaction 

VAL 501 C-24 3.4 
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2.2.2 Interaction of human serotonin transporter with fluvoxamine 

 

The fluvoxamine antidepressant also belongs to the selective serotonin  

transporter inhibitor group of antidepressant drugs showing interaction within the cen-

tral active site of the human serotonin transporter shown in Figure 2-7 below. 

 

Figure 2-7: Protein-ligand complex 

Figure 2-7, is retrieved from the PDB database with code 6AWP (Coleman et 

al., 2016b), showing the protein-ligand complex of fluvoxamine and the human  

serotonin transporter, the target protein. 
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Figure 2-8: Chemical structure of fluvoxamine 

Fluvoxamine on the ligand 
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Figure 2-9: Shows the polar interaction of fluvoxamine in the ligand pocket of the 

human serotonin transporter 

 

Figure 2-10: The interaction of the fluvoxamine with the amino acid residues in 

the central ligand pocket of the human serotonin transporter. 

 

  

Polar bond  



19 

The table below shows the existing possible interaction of fluvoxamine  

antidepressant drugs within the central ligand pocket of the human serotonin  

transporter generated based on Figure 2-8 and Figure 2-10 by using PyMOL  

software. 

Table 2-2: Interaction of fluvoxamine within the ligand pocket 

Amino acid residues 
Neighboring fluvoxamine 

atom 

Distance between at-

oms(Å) 

THR 497 C-01 3.5 

PHE 335 O-02 4.1 

PHE 335 C-03 3.4 

PHE 341 C-04 4.1 

PHE 341 C-05 3.4 

PHE 341 C-06 3.4 

TYR 95 C-07 4.3 

ASP 98 N-08 3.4 

ASP 98 C-09 4.0 

TYR 95 and ASP 98 C-10 3.1 

PHE 335 C-11 3.0 

SER 336 and ALA 96 N-12 
2.8 and 2.2 polar interac-

tions 

TYR 95 C-13 4.6 

SER 438 C-14 3.6 

SER 438 C-15 3.2 

SER 438 C-16 3.9 

ILE 172 C-17 3.5 

ILE 172 C-18 3.8 

ILE 172 C-19 3.8 

GLY 442 F-20 3.8 

SER 439 F-21 3.2 

ILE 172 F-22 3.1 
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       Generally, the type of interaction mostly exhibited by these selective  

serotonin transporter inhibitors group of antidepressant drugs in the ligand pocket of 

the human serotonin transporter (target protein) are weak interactions (Van der Waal  

interactions), and the least is the formation of polar bonds. Therefore, for the  

antidepressant to have high efficacy it must exhibit these kinds of interactions as these 

selective serotonin transporter inhibitors are known to be high efficacious among the 

groups of antidepressants. They possessing different structures with  

similar pharmacophore and strong polar bond interaction described by shorter  

interaction distance with the amino acid residues in the ligand pocket of the target 

protein (table 2-1 and table 2-2). Thus, the shorter the interaction distance between 

atoms, the greater the interaction. A replacement of the nitrogen group showing a polar 

bond with the amino acid residues with an alkyl group like methyl brings about a sig-

nificant change in the corresponding antidepressant‘s pharmacological effect or effi-

cacious level (Coleman et al., 2016b). 

2.3 Mechanism of action of trazodone in overcoming major depression  

disorders. 

Among the mechanism of action of antidepressants is through binding to the  

serotonin transporter and inhibiting the reabsorption of serotonin from the synaptic 

cleft back to the pre-synaptic knob. Doing so they terminate the symptoms of the body 

associated with depression disorder as depression is said to occur as the result of defi-

ciency of serotonin in the synaptic cleft. Serotonin transporter being the type of mon-

oamine protein transporter it is said to be the part of the sodium neurotransmitter sym-

porter responsible for the transportation of serotonin from the synaptic cleft back to 

the presynaptic neuron (Coleman et al., 2016b; Gabrielsen & Ravna, 2011). 

Trazodone is a derivative of triazolopyridine molecules (Patent No. 4,338,317, 

2001) used for the treatment of major depressive disorders. However, the full  

spectrum on its mechanism is not a hundred percentage perceived. Some research on 

its mechanism has shown that it works by inhibiting the reuptake of serotonin and by 

blocking the histamine and alpha-1-adrenergic receptors. It also brings about  

significant changes in the 5-HT (serotonin) receptors adrenoreceptors. A peculiar fea-

ture of how trazodone works are its ability to inhibit the serotonin transporter and 5HT2 

receptors (5HT2A   and 5HT2C) which can be accomplished at a higher dose  
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(50-100 mg per day) that makes it be used as an antidepressant and at a low dose  

(25-50mg during bedtime). It induces an antagonism action on the 5HT2A,  

alpha-1-adrenergic receptors, and histamine receptors, making it to be used for the 

treatment of insomnia (Saadabadi & Shin, 2020; Smales et al., 2015). 

2.4 Drugs structure and activity relationship 

 

The modification of the known drug’s structure is another way of exploring 

better drug agents with an increase in efficacy, selectivity, and reduced side effects 

(Moniruzzaman, 2019; Yunta, 2017). If the structure of the drug is known, then the 

modification of the drug’s structure through deleting, adding, or changing groups from 

the original structure affects the physicochemical and the drug’s therapeutic values. 

Thus the modified drug‘s structure has got diverse efficacy from the original drug’s 

structure (Chandrasekaran & Kumar, 2016). In one of the studies carried out on the 

structure of ornidazole (an antibacterial drug), its structure was modified by the addi-

tion of fluoride forming Fluro-ornidazole, the results of the drug score showed that the 

formed Fluro-ornidazole had high drug score (81%) than the  

ornidazole (21%). Also, the in silico studies showed that Fluro-ornidazole had the in-

hibition activity required for the treatment of bacterial diseases (Chandrasekaran & 

Kumar, 2016). So simple modifications on the structure of the known drug do have a 

significant influence on the drug’s properties (Moniruzzaman, 2019). 

In consonance with Harrold and Zavod,( 2014) slight changes in the position 

of a single functional group in the drug’s chemical structure results in several drug 

benefits in the context of the drug’s therapeutic effect. Additionally, an enhancement 

of the drug’s activity can be achieved through an alternation of the functional groups 

in the drug’s chemical structure. The structure of an antivirus Acyclovir used for the 

treatment of infections from herpes simplex viruses was altered by changing the  

position of a hydroxyl group that resulted in valine ester with increased oral  

absorption in comparison with the former Acyclovir. Furthermore, terbutaline with 

brand name bricanyl used for asthmatic management, activity was enhanced with re-

spect to the movement of an aromatic ring from one carbon to another. Lovastatin and 

simvastatin are drugs used for the purpose of lowering cholesterol levels in the blood, 
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but simvastatin in contrast with Lovastatin shows enhanced efficacy as there is an ad-

ditional methyl group in its chemical structure (Harrold & Zavod, 2014).  

The antidepressant with high efficacy forms at least two weak polar bonds with the 

amino acid residues of the antidepressant’s target the human serotonin transporter 

(Coleman et al., 2016b). Every individual group of atoms present in the drug’s  

chemical structure can serve as an enhancement in the drug’s activity (Jamsheer, 

2018). In comparison to molecules, the one with higher molecular weight can have an 

excellent binding tendency than the one with low molecular weight (Harrold & Zavod, 

2014; Jamsheer, 2018). 

However, the basis for the modification of the drug (ligand) requires  

awareness of the interaction between the ligand and the target protein, providing an 

essential understanding of the contact based on the electrostatic, hydrogen bond, and 

hydrophobic interactions (Chandrasekaran & Kumar, 2016). Besides, the structure-

activity relationship between the ligand and the drug target plus other drug properties 

like pharmacokinetics, pharmacodynamics can be investigated with the aid of  

software based on methods like molecular modeling, structure-based drug design, lig-

and interaction, molecular dynamics, and structural based virtual screening 

(Jamkhande et al., 2017). 

2.5 Density Functional Theory 

 

The DFT is rooted in two theorems that an atom’s or molecule’s ground state 

properties are determined by its electron density function. In line with that, a trial elec-

tron density should display energy similar to or greater than the true energy.  

In contrast to Ab initio and semi-empirical methods that account for the use of wave 

functions the DFT method focuses on the electron probability density functional 

known as charge density (Lewars, 2010). 

The DFT enables the computational chemist to circumnavigate the many-body 

wave functions by only focusing on the electron density (Hasnip et al., 2014). The 

fundamental principle of DFT is that the total energy of the system is a unique function 

of the electron density hence it is redundant to compute the many-body wave function 

of the system (Baseden & Tye, 2014).  
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To understand the science behind drug design based on the structure of the 

ligand (drug) awareness of the thermodynamic properties of the drug, molecular  

association, stereochemistry, computational method, and structural biology is of great 

importance (Chandrasekaran & Kumar, 2016). For the case of obtaining  

accurate results, the calculations based on quantum mechanics on ligand should be 

performed during drug design (Höltje & Höltje, 2003). 

There is around 100 known software that can be used in computational  

quantum chemistry ranging from the commercial ones, academic and open, free soft-

ware. These include Gamess UK, Gamess US, Abinit, Crystal, Dirac, Empire, Freeon, 

Jaguar, Molcas, Plato, Q-chem, Scirgress Spartan, and so on. These software have their 

calculations based on quantum mechanics, including Hartree-Fork and Density func-

tional theory, classical molecular mechanics, and Semi-empirical  

quantum mechanical method (Lewars, 2010; Nakajima, 2017). Density functional the-

ory can be used to obtain the energy of highly reactive molecules and in the  

prediction of possible interactions between the drug and the active site of the target 

protein (Christensen, Kubař, Cui, & Elstner, 2016). 

2.6 Molecular docking studies 

 

Molecular docking refers to the method of computational simulation of the 

drug (ligand) into the protein’s ligand pocket (receptor). The process of docking was 

first introduced in the field of science in the early 1980s. Now it has become a very 

prominent aspect in drug discovery and development studies due to its high  

potentiality in forecasting the binding conformation of the ligand into the ligand pocket 

of the specific protein (Bikadi, Kovacs, Demko, & Hazai, 2020; Jamsheer, 2018; Mani 

et al., 2016). Moreover, molecular docking prognosticates the affinity and activity of 

the ligand (drug) into the protein’s ligand pocket (receptor).  

Furthermore, it foresees the preferable orientation of the ligand when bound to the 

protein (receptor), forming a stable ligand-protein complex (Mani et al., 2016). 

The paramount significance of running molecular docking is to forecast the 

strength corresponding to the binding affinity observed between the ligand-protein 

complex employing the scoring function, which refers to the mathematical  
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expressions used for the prediction of the binding affinity between the ligand and the 

protein after docking (Bikadi et al., 2020). The fundamental consideration before  

carrying out docking studies of the drug and docking-based virtual screening is to fore-

cast a suitable docking program and identify its limitations and advantages (Wang et 

al., 2016). 

There are several commercial and academic software used for molecular dock-

ing such as AutoDock vina, AutoDock 4, MOE-Dock, leDOck, Flex-X, surflex, 

GOLD, DOCK, and so forth (Pagadala, Syed, & Tuszynski, 2017).  Putting into  

consideration, the accuracy of the intended results. In this study, the AutoDock vina 

1.1.2 software was employed for docking studies between the human serotonin trans-

porter (target protein) with trazodone and its derivatives (ligands).  In terms of speed, 

AutoDock vina software is faster than other molecular docking programs (Trott & 

Olson, 2009). In terms of accuracy, the AutoDock vina software  

significantly gives average accurate results in comparison with other commercial pro-

grams. Additionally, it gives the top accurate, reliable results as per the test done 

against the virtual screening benchmark (Morris, 2013). 

The docking studies provide interaction between structural macromolecule 

(target protein) with the small bioactive molecules (ligand). Identification and  

optimization of lead molecules (Jamkhande et al., 2017), where the lead molecule is 

the one with biological activity, can bring a therapeutic effect (Campillos, 2016). The 

lowest free energy between the ligand-protein binding complexes can be  

obtained using the ligand docking programs (Kaufmann et al., 2008). 
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3.                      CHAPTER THREE 

3.0 METHODOLOGY 

 

3.1 Study sites 

This study was conducted in two different university laboratories; 

o Tanzania 

At the University of Dodoma, college of natural and mathematical sciences,  

department of chemistry in the computational quantum chemistry lab. 

o Egypt 

In the department of Biophysics at Cairo University, Giza Egypt. 

3.2 The molecules of study  

 

The studied molecules (derivatives of trazodone) were obtained from the 

chemical structure of trazodone (figure 3-1). Using PyMOL 1.7.4.5 software the  

interaction of trazodone within the ligand pocket of the human serotonin transporter 

was studied to identify the groups and bonds that can be adjusted from the chemical 

structure of trazodone so as to obtain the modified new derivatives of trazodone. 

 It was observed that the trazodone antidepressant (figure 3-3), exhibited a longer  

interaction distance (table 3-1) with the amino acid residues within the ligand pocket 

of the target protein (human serotonin transporter). The interaction distance of the lig-

and with the amino acid residues within the ligand pocket has to be shorter for an 

efficacious drug. The type of interactions can either be polar interaction,  

dipole-dipole induced interaction, or Van der Waal interactions. 
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Figure 3-2: 2D-Chemical structure of trazodone  

Source: Pubchem (National Center for Biotechnology Information, 2020). 

 

 

Figure 3-3: The protein-ligand complex of trazodone within the ligand pocket of 

the human serotonin transporter 

 

The table below shows the existing possible interaction of trazodone drug 

within the ligand pocket of the human serotonin transporter generated based on  

Figure  3-2, and Figure 3-3 by using PyMol software 1.7.4.5 (Schrödinger, 2015). 

  



27 

Table 3-1: Interaction of trazodone within the ligand pocket 

Amino acid residues 

Neighboring 

Trazodone 

atom 

Distance between atoms(Å) 

ILE-172 C-01 3.6 dipole-dipole induced interaction 

PHE-335 N-02 4.3 

ILE-172 C-03 3.6 Van der Waal 

SER-438 C-04 4.0  

TYR-95 C-05 3.5 dipole-dipole induced interaction 

TYR-95 C-06 3.2  

PHE-335 C-07 3.9 

PHE-335 N-08 4.1 

ARG-104 C-09 4.2 

ARG-104 C-10 3.8 

GLU-493 C-11 3.7 Van der Waal 

GLU-493 N-12 3.3 polar interaction 

ARG-104 N-13 3.8 dipole-dipole induced interaction 

GLU-494 C-14 3.7 

PHE-556 C-15 3.1 

GLU-493 C-16 4.1 

PHE-335 and THR-497 C-17 4.2 and 4.5 

PHE-556 C-18 3.9 

PRO-561 C-19 3.9 

PHE-556 C-20 3.8 

PHE-556 C-21 3.7 

ARG-104 C-22 4.1 

GLU-494 C-23 3,4 

PRO-561 Cl-24 3.2 

ASP-98 O-25 3.3 polar interaction 

ILE N-26 4.2 

 

From the chemical structure of the studied molecule Figure 3-1, small  

changes were made. The changes made were the change in the dihedral angle,  

increase in the straight-chain by addition of methyl and ethyl group, and the change in 

position of the phenyl group plus the replacement of the chlorine in the phenyl group.  

Ten derivatives of trazodone resulted from the changes, and those derivatives were 

taken as the sample ligands or simply the study molecules (scheme) to be used for 

geometry optimization, frequency calculations, and molecular docking studies. 

 

 



28 

T0; The parent molecule (trazodone) 
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Molecular Formula:  C19 22 5
H ClN O

2-(3-(4-(3-chlorophenyl)piperazin-1-yl)propyl)-[1,2,4]triazolo[4,3-a]pyridin-3(2H)-one

 

T1; Change in the dihedral angle of C9-C10-C11-N12  

N
N N

N Cl

O

N

Molecular Formula:  C19 22 5
H ClN O

2-(3-(4-(3-chlorophenyl)piperazin-1-yl)propyl)-[1,2,4]triazolo[4,3-a]pyridin-3(2H)-one

 

 

T2; Replacement of chloride with fluoride 

N
N N

N F

O

N

Molecular Formula:  C19 22 5
H FN O

2-(3-(4-(3-fluorophenyl)piperazin-1-yl)propyl)-[1,2,4]triazolo[4,3-a]pyridin-3(2H)-one
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T3; Increase in alkyl group by -CH2- between C9 and C10 

N
N

O

N

N N

Cl

Molecular Formula:  C
20 24 5

H ClN O

2-(4-(4-(3-chlorophenyl)piperazin-1-yl)butyl)-[1,2,4]triazolo[4,3-a]pyridin-3(2H)-one

 

T4; Increase in alkyl group by -CH2CH2- between C9 and C10 

N
N

O

N

N

N Cl

2-(5-(4-(3-chlorophenyl)piperazin-1-yl)pentyl)-[1,2,4]triazolo[4,3-a]pyridin-3(2H)-one
 N

N

O

N

N

N Cl

Molecular Formula:  C
21

H
26

ClN
5
O

 

T5; Changing the position of the phenyl group from being attached to N13 to C16 

N
N N

NH

O

N

Cl

Molecular Formula:  C
19 22 5H ClN O

2-(3-(3-(3-chlorophenyl)piperazin-1-yl)propyl)-[1,2,4]triazolo[4,3-a]pyridin-3(2H)-one

 

T6; Increase in alkyl group by -CH2- between C9 and C10 and replacement of Cl  

with F 

N
N

O

N

N N

F

Molecular Formula:  C
20 24 5

H FN O

2-(4-(4-(3-fluorophenyl)piperazin-1-yl)butyl)-[1,2,4]triazolo[4,3-a]pyridin-3(2H)-one
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T7; Increase in alkyl group by -CH2 CH2- between C9 and C10 and replacement of Cl  

       with F 

N
N

O

N

N

N F

Molecular Formula:  C
21 26 5

H FN O

2-(5-(4-(3-fluorophenyl)piperazin-1-yl)pentyl)-[1,2,4]triazolo[4,3-a]pyridin-3(2H)-one

 

T8; Changing the position of the phenyl group being attached to N13 to C16 and      re-

placement of Cl with F 

N
N N

NH

O

N

F

Molecular Formula:  C
19 22 5

H FN O

2-(3-(3-(3-fluorophenyl)piperazin-1-yl)propyl)-[1,2,4]triazolo[4,3-a]pyridin-3(2H)-one

 

T9; Increase in alkyl group by -CH2CH2- between C9 and C10 and Changing the  

position of the phenyl group from being attached to N13 to C16 plus the replacement of 

Cl with F 

N
N

O

N

N

NH

F

Molecular Formula:  C
21 26 5

H FN O

2-(5-(2-(3-fluorophenyl)piperazin-1-yl)pentyl)-[1,2,4]triazolo[4,3-a]pyridin-3(2H)-one

 

T10; Increase in alkyl group by -CH2- between C9 and C10 Changing the position of 

the phenyl group from being attached to N13 to C16 

N
N

O

N

N NH

Cl

Molecular Formula:  C
20 24 5

H ClN O

2-(4-(3-(3-chlorophenyl)piperazin-1-yl)butyl)-[1,2,4]triazolo[4,3-a]pyridin-3(2H)-one

 

Scheme: New derivatives of trazodone 
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3.3 Computational calculations 

 

The computation calculations were done using the Gaussian software.  

Gaussian is the commercial software launched by John Pople with his research group 

at Carnegie University in Pennsylvania united states in 1970, since then it has been 

updated previously known as Gaussian 70 further updates came to Gaussian76, Gauss-

ian 80, Gaussian 82, Gaussian 86, Gaussian 88, Gaussian 90, Gaussian 92, Gaussian 

92/DFT, Gaussian 94, Gaussian 98, Gaussian 03, Gaussian 09 and now the current 

version is Gaussian 16 licensed by Gaussian.com. Calculations that can be done by 

Gaussian software includes molecular mechanics, semi-empirical quantum chemistry, 

self-consistent field, Moller-plessent perturbation theory, built-in density function the-

ory, quantum chemistry composite methods, quadratic configuration  

interaction, coupled-cluster, and complete active space (Pople, 1998). 

The optimization calculations of the study molecules using Gaussian 09  

software was performed using Dell Precession T3500 workstation (6-core intel  

xenon processor and 24GB RAM) in the computational laboratory of Cairo  

University. However, all the input files were prepared in the computational quantum 

chemistry laboratory at the University of Dodoma. 
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3.3.1 Preparation of Gaussian 09 input files 

 

In preparation for the Gaussian input files initially, the 2D-chemical  

structures of the ligands were drawn using Chem Draw ultra 8.0 software Figure 3-4.  

 

Figure 3-4: A display of a ligand drawn in Chem Draw ultra 8.0 software 

The 2D-chemical structures of the ligand were then copied and pasted on the 

Chem 3D ultra 8.0 software for the generation of the 3D chemical structures of the 

ligands Figure 3-5. 
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Figure 3-5: A display of a ligand’s 3D-structure presented in Chem 3D ultra 8.0 

software 

 

Instantly from the 3D-chemical structures in Chem 3D ultra 8.0 software (Fig-

ure 3-5), the ligands were saved by clicking on the “file” option and, then save as MDL 

molfile (*.mol) file Figure 3-6. This file type can further be opened by Gaussian view 

5.0.8 software. 

 

Figure 3-6: A display showing how a ligand is being saved in Chem 3D ultra 8.0 

software. 
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The saved ligand in the MDL molfile (*.mol) file type was opened by  

Gaussian view 5.0.8 for setting up the calculations (Figure 3-7). The set calculations 

can be; geometry optimization, frequency calculations, and energy of the molecule by 

employing methods like Hartree-Fock (HF), Density Functional Theory (DFT), Semi-

empirical calculations, Molecular Mechanics, and so forth. Also, a solvent can be 

added like water, DMSO, acetonitrile, methanol, ethanol, and so on; however, in this 

study, water was used as a physiological solvent. 

 

Figure 3-7: 3D chemical structure of the ligand displayed by Gaussian view 5.0.8. 

3.3.2 Procedures for optimization of the ligands 

 

The initial geometry of trazodone was retrieved from PubChem. It is an online 

chemical structure database (Figure 3-8) and a trademark of the National Library of 

Medicine (NIH). It is the World’s immense collection of chemical information such as 

molecular structure, molecular formula, biological activity, physical properties, patent, 

information about safety, and toxicity of the chemicals (Pubchem Database, 2020). 

 

Figure 3-8: A display of PubChem, an online chemical structure database with 

trazodone ligand. 
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The geometry optimization of trazodone and its new modified derivatives was 

carried out by Gaussian 09 software program in three consecutive optimization steps, 

the molecular mechanics, semi-empirical force field, and density functional theory 

(DFT) calculations. All the calculations were done in water as the physiological sol-

vent. 

o  The molecular mechanics 

At first, the ligands were drawn using Chem Draw Ultra 8.0 software. After 

that, the input files were prepared by Gaussian view 5.0.8, where the calculation 

method employed was molecular mechanics (UFF) carried out in the water. 

o Semi-empirical force field 

The output files obtained from the first calculation (molecular mechanics) were 

used for preparing the input files for semi-empirical force field calculation  

using the Gaussian view 5.0.8 software.  After running the calculation by employing 

the semi-empirical force field method, the results of the semi-empirical force field 

(PM6) calculations were obtained.  

o DFT calculations 

The input files for the calculations of (DFT) calculations were obtained from 

the output files of the semi-empirical force field calculations. The basis set employed 

for the DFT calculation was B3LYP 6-311++G [d,p]. The reason for the implication 

of that base set is due to its ability to account for the dipole moment of the atoms as 

these study molecules contained dipole moments. Thus, the use of that large base set 

contributed to the accuracy of the obtained calculation results. Additionally, DFT is 

the most cited recent computational method employed for studying biomolecular  

systems (Christensen et al., 2016; Rocha et al., 2018).  

Precisely when obtaining optimization calculations of higher molecular level, 

the best approach is to consider moving from the low level (molecular mechanics) to 

a higher level (DFT) in order to increase the accuracy of results, reduce errors and the 

time taken to obtain the results (Christensen et al., 2016). 

3.4 Simulation of the global chemical reactivity descriptors 
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Towards the prediction of global reactivity descriptors, which are the  

mathematical expressions that are used to understand the stability and reactivity of 

molecular structures, the frontier molecular orbital values HOMO (highest occupied 

molecular orbital) and LUMO (lowest unoccupied molecular orbital) must be known. 

Through geometry optimization of the study molecules in Gaussian 09  

software employing  DFT method with  B3LYP 6-311++G(d,p) basis set, which is the 

most recently computational method used for the prediction of the global  

chemical reactivity descriptors, the HOMO-LUMO energy values were obtained  

enabling the prediction of the parameters defining the molecular structure’s  

reactivity and stabilities as one of the main aims of theoretical chemistry (Babu & 

Jayaprakash, 2015; Mendoza-huizar, Química, Autónoma, Km, & De, 2015; 

Vijayaraj, Subramanian, & Chattaraj, 2009). In this study, about ten global reactivity  

descriptors which are the ionization potential (IP), electron affinity (EA), chemical 

potential (µ), hardness (η), softness (S), electrophilicity index (ω), electronegativity 

(χ), electronic charges (max), electrofungality (e) and nucleofungality (En), were 

identified and used for predicting the stability and reactivity of the study  

molecules. 

 By using the computed frontier molecular orbital energy values, there are sev-

eral formulas used for predicting the global reactivity descriptors, expressed from  

equation (1) to equation (9) (Babu & Jayaprakash, 2015; Katundu, 2017; Roy, 

Krishnamurti, Geerlings, & Pal, 1998).  

Electron affinity (EA) and Ionization potential (IP) 
 

These two descriptors expressed by the formula below can be defined as the  

eigenvalues of LUMO and HOMO energies with a negative sign in accordance with 

Koopman’s theorem (Babu & Jayaprakash, 2015). 

Thus,   

EA= -ELUMO                        and                           IP= -EHOMO                        (1) 

  Where; ELUMO is the LUMO energy 

   EHOMO   is the HOMO energy                       
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Electronegativity (χ) = 
ELUMO+EHOMO 

2
                                                      (2) 

Chemical hardness (η) = 
ELUMO−EHOMO 

2
                                                   (3) 

Chemical potential (µ) = - ( 
ELUMO+EHOMO 

2
)                                             (4) 

Softness (S) = 
1

η
      (inverse of chemical hardness)                                   (5) 

Electrophilicity index (ω) = 
µ2

2η
                                                                   (6) 

Charge transfer (max) = 
−µ

η
                                                                      (7) 

Electrofungality (e) =
(µ−η)

2η

2
                                                                    (8) 

Nucleofungality (En) = =
(µ+η)

2η

2
                                                               (9) 

The simulated global reactivity descriptors were tabulated and analyzed. 

3.5 Frequency calculations 

 

A better understanding of the molecular association, stereochemistry,  

computational method, structural biology, plus thermodynamic properties of the drug 

are of great importance in structure-based drug design (Chandrasekaran & Kumar, 

2016).  So as to achieve accurate molecular docking results, the calculation based on 

quantum mechanics on drugs should be performed during drug design (Höltje & 

Höltje, 2003). 

Soon after optimization calculations, the output files of density functional  

optimization calculations (B3LYP) were used as input files for the calculation of  

frequencies of the ligands, whereby all the settings in the output file remained to be 

the same except for “Job Type”. This option was selected, followed by a selection of 

“frequency” and removal of “optimization” option and then submission of the  

calculation followed (Figure 3-9), after several hours it gave out the calculated  

optimization-frequency results. 
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Figure 3-9: A display of frequency calculation setup on Gaussian view 5.0.8 

The obtained results were analyzed using Gaussian view 5.0.8 software and 

used for the prediction of the following thermodynamic properties; dipole moment, 

electronic energy, enthalpy, Gibbs free energy, equilibrium constant, and the relative 

energy of trazodone and its new derivatives. However, the relative energy was  

calculated from the electronic energy, by taking the difference between the least  

electronic energy minus each corresponding electronic energy value and adopting the 

equilibrium constant formula (equation 10) the equilibrium constant was calculated. 

K = 𝑒−∆𝐺/𝑅𝑇                                                                         (10) 

Where; K is the equilibrium constant   

 R   = molar gas constant = 8.314 J/mol k-1 

  ∆𝐺  = change in Gibbs free energy    

 T    = temperature = 298.15 K 

 
 

  The significance of having calculations from the Gibbs free energy,  

equilibrium constant, enthalpy values, dipole moment, electronic energy, entropy, and 
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relative energy can influence the prediction of the stability, the spontaneity of the re-

action, and also the binding properties of the ligands (Moniruzzaman, Johoku, 

Hamamatsu, 2019). The obtained results were tabulated and discussed. 

3.6 Molecular docking simulation 

 

The molecular docking calculation was performed using AutoDock vina 1.1.2 

software that runs through the command prompt. Yet the preparation of the docking 

protein was carried using AutoDock tool 1.5.6 with PyMOL 1.7.4.5  

software, while in the case of ligands, their preparation was carried out using Auto-

Dock tool with Gaussian view 5.0.8 software. The AutoDock vina gives its output 

results based on the binding affinity that is calculated based on scoring functions, 

which are the mathematical method used for the prediction of the binding affinity or 

simply intermolecular interactions between the protein to the ligand after docking. The 

scoring function efficiently ranks the calculated protein-ligand complex  

conformations and differentiates the predicted valid binding mode from the invalid 

binding mode as the experimental molecular docking may produce thousands of  

protein-ligand complex conformations (Sliwoski, Kothiwale, Meiler, & Lowe, 2014). 

 

 

 

 

Procedures followed in running molecular docking.  
 

There are mainly four procedures to be followed in docking studies using Auto Dock 

vina software. 

 Preparation of the protein 

 Preparation of flexible residue file 

 Preparation of the ligand 

 Commanding the docking simulation 
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3.6.1 Preparation of the protein 

 

The protein was retrieved from the protein data bank (PDB) website 

 (Figure 3-10) with PDB identity code number 5I6Z, this is the structure of the  

human serotonin transporter, which is the drug’s target of many antidepressant drugs 

(Coleman, Green, & Gouaux, 2016a). 

 

Figure 3-10: A display of the PDB website showing the human serotonin trans-

porter ready to be downloaded. 

Then the structure of the protein was saved in PDB format, followed by  

submission into the AutoDock tool software. AutoDock vina calculations require files 

in PDBQT format, so the main purpose of submitting the protein molecule in Auto-

Dock tool software was to convert the protein’s structure file from PDB file format to 

PDBQT file format, the readable file format by the AutoDock vina  

software that contains information about the charge distribution. 
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Figure 3-11: The display of the Auto Dock tool before submission of the protein 

molecule 

 

Figure 3-12: The display of the Auto Dock tool after submission of the protein 

molecule (human serotonin transporter) 

Then after submission of the protein molecule into the AutoDock tool, in the 

“Edit” option, the water molecules were deleted, and hydrogen polar atoms were added 

plus the charges (Kollman charges).  The grounds of doing that is owing to the fact 

that if water molecules are not removed from the protein’s structure before  

docking, they will interfere with the binding of the ligand into the ligand pocket of the 

protein. Thus, the ligand will not bind properly to the protein’s active site region or 

ligand pocket. So, the accuracy of the docked results could have interfered if  

water molecules were not deleted from the protein’s structure before docking. For the 
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case of adding polar hydrogens and charges, it is to the factuality that in  

molecular docking, we are trying to generate and observe an in-vivo condition for the  

ligand-protein complex. But PDB files lack charges and hydrogen atoms, and in  

consideration of the animal’s body macromolecules (proteins), they exist with all the 

atoms and their charges present. So, in order to provide a better environment for proper 

optimization, the missing charges and hydrogen were added besides the  

establishment of the hydrogen bond between the protein and the ligand to be tested can 

be enhanced by the addition of polar hydrogen atoms in the protein.  

Furthermore, AutoDock vina software requires hydrogen atoms and charges to be in 

place when running the docking simulations.  

Then from the submitted protein macromolecule after deleting water  

molecules, adding charges, and polar hydrogens, the option “file” on the upward left 

side of the AutoDock tool window was clicked. Followed by choosing the option 

“save”, then the option “write PDBQT” and pressing “OK”. This was followed by 

clicking on the option “Grid” then “macromolecule” then after option “choose” then 

selecting the protein. Afterward pressing “OK” and saving the protein in a specific 

folder in PDBQT file format (figure 3-13) followed. 

 

Figure 3-13: The display of the Auto Dock tool with the protein (human serotonin 

transporter) ready to be saved in PDBQT file format  

Afterward, the selection of the active site amino acids took place, followed by 

the process of defining the grid box for docking. Where the “Grid” option was clicked 
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then selection of the option “Grid box”, that displayed the grid box  

dimensional bar (figure 3-14) for the adjustment of the dimension where the  

adjustment made was as follows; 

Center x     36.148                                         size x      78 

Center y      185.186                                      size y     62 

Center z       143.109                                     size z       66 

 

Figure 3-14: A display of Auto Dock tool showing the grid box dimensional bar. 

From the grid box dimension bar, which defines the area for docking  

calculations, the option “file” was clicked after adjustment, then the option “output 

dimension” was clicked, and the grid was saved. That marked the end of protein prep-

aration for docking simulations. 

3.6.2 Preparation of flexible residue file 

 

The flexible residue file is the file that defines the flexible amino acid  

residues to be considered when running docking calculations. Thus, it represents the 

amino acids that can freely rotate to find the best conformation for the ligand to bind 

during docking calculations. In real life, protein tends to change conformation when 

approached by various molecules in order to attain their biological functions.  

       However active site amino acid residues alter their conformations so as to achieve 

stability when binding to the ligand (Chen, Kurgan, & Ruan, 2007; Grisci & Dorn, 
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2017; Senthil, Usha, & Saravanan, 2019; Zhao, Sanner, Scripps, Rd, & Jolla, 2016). 

In order to increase the higher success rates of determining the protein-ligand  

binding affinity in molecular docking, the active site amino acids must be kept as flex-

ible residues, however choosing the whole target protein (receptor protein) as flexible 

is an expensive endeavor as large degrees of freedom will be needed during the search 

also the chances of errors will be high (Ravindranath, Forli, Goodsell, Olson, & 

Sanner, 2015). The selected flexible amino acid residues that represent the binding site 

amino acid residues from the structure of human Serotonin transporter  were as follows 

tyrosine 95, alanine 96, aspartic acid 98, Arginine 104, isoleucine 172,  alanine173, 

tyrosine 175, phenylalanine 335, serine 336, phenylalanine 341,  serine 438, serine 

439, glycerine 442, leucine 443, Glutamic acid 493, threonine 497,  and valine 501. 

These binding site amino acid residues were obtained from the study of the interaction 

of the selective serotonin reuptake inhibitors group of  

antidepressant drugs that gives good efficacious results (Cipriani et al., 2018; Coleman 

et al., 2016a). 

Using the AutoDock tool, the process of preparing the flexible file residues 

started by clicking on the option “flexible Residues” from the Auto Dock tool  

window, followed by selecting the option “input” and chose the protein file in PDBQT 

file format. Then after choosing the mentioned binding site amino acids as flexible 

residues followed by clicking on the option “flexible residue” and selecting “choose 

torsions in currently selected residues” that displayed a small pop up  

window showing the torsions (figure 3-15), and lastly again the option “flexible  

residues” was clicked followed by a selection of an “output” option and a save of a 

flexible file followed by a save of a rigid file.      
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Figure 3-15: A display showing the torsions of flexible amino acid residues 

3.6.3 Preparation of the ligand 

As stated earlier, the trazodone molecule as the parent study ligand was  

retrieved (figure 3-16) from the online chemical structure database PubChem 

(National Center for Biotechnology Information, 2020).  

 

Figure 3-16: A display of the pub chem website 
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The retrieved trazodone molecule was in the SDF file format. This SDF file 

format cannot be read by the AutoDock tool, so it was converted to PDB file format 

using the PyMOL software, whereby after opening the PyMOL software, the  

retrieved trazodone molecule in SDF file format (figure 3- 17) was imported and  

afterward followed by the addition of hydrogens and being saved in PDB file format  

(figure 3-18). 

 

Figure 3-17: A display showing the import of trazodone in SDF file format into 

the PyMOL software. 



47 

 

Figure 3-18: A display showing trazodone molecule being saved in the 

PDB file format in PyMOL software 

Then after that, the trazodone molecule was submitted into the AutoDock tool 

software (figure 3-19) by clicking on the option “ligand” then open, followed by 

choosing the ligand whose file is in PDB. Afterward, the option “ligand” was clicked 

followed by the option “torsion tree”, and subsequently the option “detect root” was 

clicked. Lastly, the option “ligand” was clicked, followed by the “output” option and 

save. After that, the ligand file was saved in the PDBQT file format ready for  

docking. After all that, the Auto Dock tool was closed. 



48 

 

Figure 3-19: A display of ligand present in Auto Dock tool software. 

NB:  For the case of other ligands (the derivatives of trazodone) before submission 

into the Auto Dock tool for the generation of PDBQT file format, the output 

Gaussian file format was unable to be read by the AutoDock tool, so the  

ligands output file formats were converted using Gaussian view 5.0.8 (Figure 

3-20) into the PDB file format capable to be read by Auto Dock tool. 

 

Figure 3-20: A display of ligand conversion file format to PDB file format by 

Gaussian view. 
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3.6.4 Commanding the docking 

 

Primitively a configuration file (Figure 3-21) was prepared in the computer’s  

notepad and saved as “config.txt”. 

 

Figure 3-21:A display of a configuration file. 

  From the computer’s start menu, the word “command prompt” was written and 

the command prompt window opened (figure 3-22). 

 

Figure 3-22: Display of a command prompt. 
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Then the folder where the following had been saved, the ligand, protein,  

flexible and rigid file plus the configuration text, were opened and the link of that 

folder was copied, then after into the command prompt window (figure 3-23) the  

letters “cd” was written followed by a click on the space bar to leave a space and the 

link was pasted in the command prompt and “enter” was pressed. 

 

Figure 3-23 

          Then in the computer’s local disk C, where the program files are stored in the 

computer, the folder named “The Scripps Research Institute” was opened, followed by 

opening the folder named “Vina”, then copying the link and pasting it into the com-

mand prompt window but before pasting the quotation mark (“) was written,  

followed pasting that link (figure 3-24). 

 

Figure 3-24: A display of the command prompt with the commands. 
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Finally, in the command prompt window in front of the pasted link (figure 3-24), the 

commands below were written. 

“C:\program files (x86) \The Scripps Research Institute\vina\vina.exe” --config  

config.txt --log log.txt 

 

Figure 3-25: A display of the command prompt with the commands. 

   Then after writing the commands in the command prompt (figure 3-25), the 

“enter bar” was pressed, and the docking simulation started that lasted for several 

minutes (figure 3-26). The docking simulation ended by giving out the range of  

binding affinities in (kcal/mol), ranking them from the best one to the least one. 

 

Figure 3-26: A display of completed docking calculations by Auto Dock vina. 



52 

The obtained first binding affinity representing the best binding conformation 

between ligand to protein for each corresponding docking simulation was analyzed 

using PyMol to predict the possible interactions between the ligand-protein complex. 

The results were tabulated and discussed. 

3.7 Authentication of docking results 

 

The effectiveness of molecular docking simulation is docking into the ligand 

pocket of the target protein. After running a molecular docking simulation of the stud-

ied molecules, the satisfaction of the obtained results is a crucial thing. The  

figures below from figure 3-27 to figure 3-37 presents the ligand-protein complex. 

They display the complex of the studied molecules within the human serotonin trans-

porter (5HT2A) the antidepressant’s target. In the presented docked molecules, all the 

ligands are existing on the ligand pocket of the target protein with the  

important ligand pocket’s amino acid residues (presented on page 43) around them. 

This signifies the veracious of a molecular docking simulation. 

 

Figure 3-27: Protein-ligand complex of T0 
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Figure 3-28: Protein-ligand complex of T1 

 

 

Figure 3-29: Protein-ligand complex of T2 
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Figure 3-30: Protein-ligand complex of T3 

 

 

Figure 3-31: Protein-ligand complex of T4 
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Figure 3-32: Protein-ligand complex of T5 

 

Figure 3-33: Protein-ligand complex of T6 
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Figure 3-34: Protein-ligand complex of T7 

 

Figure 3-35: Protein-ligand complex of T8 
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Figure 3-36: Protein-ligand complex of T9 

 

Figure 3-37: Protein-ligand complex of T10 
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3.8 Molecular visualization  

 

In the year 2000, Warren Lyford Delano developed a molecular visualization 

software named as PyMOL and launched it as open-source molecular visualization 

software. After his death in 2009, the Schrödinger Company adopted the software, and 

up to now, this software is being distributed and maintained by Schrödinger  

Company. This molecular visualization software provides highly quality pictures of 

molecular structures and also offers special three-dimensional viewing functions to be 

used for publications (Fitzkee, 2000; Schrödinger, 2015). PyMol 1.7.4.5 software was 

used for the molecular visualization and analysis of the docked results from  

AutoDock vina software.  
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4.       CHAPTER FOUR 

4.0 FINDINGS AND DISCUSSION 

 

4.1 Geometry optimization 

 

In studying the structure and the reactivity of molecules using the  

computational chemistry method, the key to their understanding is the use of  

geometry optimization (Schlegel, 2011). Geometry optimization is essential before 

carrying out docking studies as it enables us to get better docking results (Elfiky et al., 

2015; Höltje & Höltje, 2003). The molecular docking calculations are very  

sensitive to the starting geometries of the ligand. Thus, the better binding poses may 

be acquired if the new ligand to be docked into the target protein has similar starting 

geometries as that of the native ligand’s binding structure (Wang et al., 2016). In the 

study carried out by Chandrasekaran and Thilak (2016) concerning molecular  

properties prediction, docking studies, and anti-microbial screening of ornidazole and 

its derivatives using density functional theory, an initial geometry optimization was 

used to find out the lowest energy conformation of the compound before  

docking, as this procedure tends to predict the minimum energy configuration of the 

molecule. 

The geometry optimization of the studied molecules was performed using 

Gaussian 09 software in the DFT method calculations, employing the B3LYP  

6-311G++(d,p) basis set. The optimized structures of the studied molecules are given 

below in figure 4-1 and their corresponding bond length and angles are summarized 

in table 4-1 and table 4-2 below. 
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Figure 4-1: Geometry optimized structures of trazodone and its new derivatives 

in water as a solvent. Where; Blue color represents a nitrogen atom, 

Red color represents an oxygen atom, Mint color represents a  

fluorine atom, and Green color represents a chlorine atom. 
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Table 4-1: The computed bond length of trazodone (T0) and its four new derivatives (T1-T4) 

T0 T1 T2 T3 T4 

C1-N2 1.3944 C1-N2 1.3944 C1-N2 1.3944 C1-N2 1.3944 C1-N2 1.3944 

C1-C3 1.4242 C1-C3 1.4241 C1-C3 1.4242 C1-C3 1.4242 C1-C3 1.4242 

C1-N26 1.3135 C1-N26 1.3134 C1-N26 1.3136 C1-N10 1.3134 C1-N10 1.3135 

N2-C4 1.3774 N2-C4 1.3777 N2-C4 1.3774 N2-C4 1.3775 N2-C4 1.3775 

N2-C7 1.4056 N2-C7 1.4057 N2-C7 1.4056 N2-C7 1.4058 N2-C7 1.4057 

C3-C5 1.3642 C3-C5 1.3641 C3-C5 1.3642 C3-C5 1.3642 C3-C5 1.3642 

C3-H27 1.0818 C3-H27 1.0818 C3-H27 1.0818 C3-H28 1.0818 C3-H29 1.0818 

C4-C6 1.3562 C4-C6 1.3562 C4-C6 1.3562 C4-C6 1.3562 C4-C6 1.3562 

C4-H28 1.0808 C4-H28 1.0808 C4-H28 1.0808 C4-H29 1.0808 C4-H30 1.0808 

C5-C6 1.4362 C5-C6 1.4363 C5-C6 1.4363 C5-C6 1.4363 C5-C6 1.4363 

C5-H29 1.0831 C5-H29 1.0831 C5-H29 1.0831 C5-H30 1.0831 C5-H31 1.0831 

C6-H30 1.0811 C6-H30 1.0811 C6-H30 1.0811 C6-H31 1.0811 6C-H32 1.0811 

C7-N8 1.3651 C7-N8 1.3651 C7-N8 1.365 C7-N8 1.365 C7-N8 1.3648 

C7-O25 1.2285 C7-O25 1.2283 C7-O25 1.2286 C7-O9 1.2285 C7-O9 1.2286 

N8-C9 1.4559 N8-C9 1.4558 N8-C9 1.456 N8-N10 1.3834 N8-N10 1.3834 

N8-N26 1.3834 N8-N26 1.3835 N8-N26 1.3834 N8-C11 1.4563 N8-C11 1.4566 

C9-C10 1.5316 C9-C10 1.5324 C9-C10 1.5317 C11.C12 1.5318 C11-C12 1.532 

C9-H31 1.0915 C9-H31 1.0914 C9-H31 1.0916 C11-H32 1.0912 C11-H33 1.0914 
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C9-H32 1.0927 C9-H32 1.0923 C9-H32 1.0924 C11-H33 1.0926 C11-H34 1.0924 

C10-C11 1.5433 C10.C11 1.5317 C10.C11 1.5434 C12-C13 1.5324 C12-C13 1.5324 

C10-H33 1.093 C10-H33 1.0931 C10-H33 1.0931 C12-H34 1.0947 C12-H35 1.0949 

C10-H34 1.0945 C10-H34 1.0945 C10-H34 1.0945 C12-H35 1.0955 C2-H36 1.0955 

C11-N12 1.4608 C11-N12 1.4654 C11-N12 1.4608 C13-C14 1.5316 C13-C14 1.5331 

C11-H35 1.0956          C11-H35 1.0938 C11-H35 1.0956 C13-H36 1.096 C13-H37 1.0974          

C11-H36 1.0962          C11-H36 1.1065 C11-H36 1.0962 C13-H37 1.0951 C13-H38 1.0972          

N12-C16 1.4746          N12-C16 1.4718 N12-C16 1.4746 C14-N15 1.4666 C14-C15 1.5418          

N12-C17 1.4609          N12-C17 1.4751 N12-C17 1.4613 C14-H38 1.1065 C14-H39 1.0953          

N13-C14 1.464           N13-C14 1.4644 N13-C14 1.464 C14-H39 1.0936 C14-H40 1.0961          

N13-C15 1.4661          N13-C15 1.4648 N13-C15 1.4658 N15-C19 1.475 C15-N16 1.4639          

N13-C18 1.3756          N13-C18 1.3752 N13-C18 1.3754 N15-C20 1.4725 C15-H41 1.096           

C14-C16 1.5318          C14-C16 1.5258 C14-C16 1.5317 N16-C17 1.4656 C15-H42 1.0965          

C14-H37 1.091           C14-H37 1.099 C14-H37 1.091 N16-C18 1.464 N16-C20 1.4729          

C14-H38 1.0984          C14-H38 1.0911 C14-H38 1.0984 N16-C21 1.375 N16-C21 1.4622          

C15-C17 1.5245          C15-C17 1.5313 C15-C17 1.5245 C17-C19 1.5311 N17-C18 1.4647          

C15-H39 1.0932          C15-H39 1.0989 C15-H39 1.0931 C17-H40 1.0929 N17-C19 1.4659          

C15-H40 1.0991          C15-H40 1.0929 C15-H40 1.0991 C17-H41 1.0989 N17-C22 1.3752          

C16-H41 1.093           C16-H41 1.1041 C16-H41 1.0929 C18-C20 1.5261 C18-C20 1.5317          

C16-H42 1.0973          C16-H42 1.093 C16-H42 1.0972 C18-H42 1.0913 C18-H43 1.092           
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C17-H43 1.0943          C17-H43 1.0956 C17-H43 1.0943 C18-H43 1.0991 C18-H44 1.0986          

C17-H44 1.1027          C17-H44 1.0913 C17-H44 1.1026 C19-H44 1.0913 C19-C21 1.5254          

C18-C22 1.4169          C18-C22 1.4169 C18-C22 1.4181 C19-H45 1.0957 C19-H45 1.0922          

C18-C23 1.4169          C18-C23 1.4167 C18-C23 1.4163 C20-H46 1.0931 C19-H46 1.0991          

C19-C20 1.3966          C19-C20 1.3965 C19-C20 1.3973 C20-H47 1.104 C20-H47 1.0924          

C19-C21 1.3895          C19-C21 1.3897 C19-C21 1.3844 C21-C25 1.4169 C20-H48 1.0974          

C19-H45 1.0813          C19-H45 1.0813 C19-H45 1.0818 C21-C26 1.4168 C21-H49 1.0948          

C20-C22 1.3887          C20-C22 1.3888 C20-C22 1.3893 C22-C23 1.3965 C21-H50 1.1025          

C20-H46 1.0845          C20-H46 1.0845 C20-H46 1.0843 C22-C24 1.3897 C22-C26 1.4169          

C21-C23 1.3867          C21-C23 1.3867 C21-C23 1.3817 C22-H48 1.0813 C22-C27 1.417           

C21-Cl24 1.7737          C21.Cl24 1.7736 C21-F24 1.3692 C23-C25 1.3887 C23-C24 1.3964          

C22-H47 1.0809          C22-H47 1.081 C22-H47 1.0808 C23-H49 1.0845 C23-C25 1.3897          

C23-H48 1.0798          C23-H48 1.0799 C23-H48 1.0805 C24-C26 1.3867 C23-H51 1.0813          

      C24.Cl27 1.7737 C24-C26 1.3888          

      C25-H50 1.081 C24-H52 1.0845          

      C26-H51 1.0799 C25-C27 1.3866          

        C25-Cl28 1.7738          

        C26-H53 1.0809          

        C27-H54 1.0799          
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Table 4-2: The computed bond length of six new derivatives (T5-T10) 

T5 T6 T7 T8 T9 T10 

C1-N2 1.3944 C1-N2 1.3944 1-2 1.3944 C1-N2 1.3944 C1-N2 1.3944 C1-N2 1.3944 

C1-C3 1.4241 C1-C3 1.4242 1-3 1.4243 C1-C3 1.4241 C1-C3 1.4241 C1-C3 1.4241 

C1-N19 1.3134 C1-N10 1.3134 1-10 1.3135 C1-N19 1.3134 C1-N10 1.3134 C1-N10 1.3133 

N2-C4 1.3776 N2-C4 1.3775 2-4 1.3774 N2-C4 1.3776 N2-C4 1.3776 N2-C4 1.3776 

N2-C7 1.4058 N2-C7 1.4057 2-7 1.4057 N2-C7 1.4058 N2-C7 1.4058 N2-C7 1.4059 

C3-C5 1.3642 C3-C5 1.3642 3-5 1.3642 C3-C5 1.3642 C3-C5 1.3641 C3-C5 1.3641 

C3-H27 1.0818 C3-H29 1.0818 3-29 1.0818 C3-H27 1.0818 C3-H29 1.0818 C3-H28 1.0818 

C4-C6 1.3562 C4-C6 1.3561 4-6 1.3562 C4-C6 1.3562 C4-C6 1.3562 C4-C6 1.3562 

C4-H28 1.0807 C4-H30 1.0808 4-30 1.0808 C4-H28 1.0807 C4-H30 1.0808 C4-H29 1.0808 

C5-C6 1.4362 C5-C6 1.4363 5-6 1.4363 C5-C6 1.4362 C5-C6 1.4363 C5-C6 1.4363 

C5-H29 1.0831 C5-H31 1.0831 5-31 1.0831 C5-H29 1.0831 C5-H31 1.0831 C5-H30 1.0831 

C6-H30 1.0811 6C-H32 1.0811 6-32 1.0811 C6-H30 1.0811 C6-H32 1.0811 C6-H31 1.0811 

C7-N8 1.3652 C7-N8 1.365 7-8 1.3648 C7-N8 1.3652 C7-N8 1.3649 C7-N8 1.365 

C7-O18 1.2285 C7-O9 1.2285 7-9 1.2286 C7-O18 1.2285 C7-O9 1.2287 C7-O9 1.2285 

N8-C9 1.4557 N8-N10 1.3834 8-10 1.3834 N8-C9 1.4558 N8-N10 1.3833 N8-N10 1.3835 

N8-N19 1.3833 N8-C11 1.4564 8-11 1.4566 N8-N19 1.3833 N8-C11 1.4566 N8-C11 1.4564 

C9-C10 1.5324 C11-C12 1.5318 11.12 1.532 C9-C10 1.5323 C11.C12 1.5318 C11-C12 1.5317 

C9-H31 1.0914 C11-H33 1.0912 11-33 1.0914 C9-H31 1.0914 C11-H33 1.0913 C11-H32 1.0912 
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C9-H32 1.0927 C11-H34 1.0925 11-34 1.0924 C9-H32 1.0928 C11-H34 1.0926 C11.H33 1.0925 

C10-C11 1.543 C12-C13 1.5324 12-13 1.5322 C10.C11 1.5432 C12-C13 1.5322 C12-C13 1.5326 

C10-H33 1.0935 C12-H35 1.0947 12-35 1.0949 C10-H33 1.0935 C12-H35 1.0948 C12-H34 1.0947 

C10-H34 1.0938 C2-H36 1.0955 12-36 1.0955 C10-H34 1.0939 C12-H36 1.0955 C12-H35 1.0955 

C11-N12 1.4577 C13-C14 1.5316 13-14 1.5331 C11-N12 1.4576 C13-C14 1.5335 C13-C14 1.5315 

C11-H35 1.0962 C13-H37 1.096 13-37 1.0974 C11-H35 1.0961 C13-H37 1.097 C13-H36 1.0956 

C11-H36 1.0962 C13-H38 1.0952 13-38 1.0972 C11-H36 1.0963 C13-H38 1.0972 C13-H37 1.0947 

N12-C16 1.4585 C14-C15 1.4665 14-15 1.5417 N12-C16 1.4582 C14-C15 1.5318 C14-N15 1.4678 

N12-C17 1.4694 C14-H39 1.1066 14-39 1.0953 N12-C17 1.4693 C14-H39 1.0958 C14-H38 1.1059 

N13-C14 1.4792 C14-H40 1.0937 14-40 1.0962 N13-C14 1.4792 C14-H40 1.0947 C14-H39 1.0944 

N13-C15 1.4714 C15-N16 1.4752 15-16 1.464 N13-C15 1.4718 C15-N16 1.4725 N15-N19 1.4668 

N13-H37 1.0145 C15-H41 1.4725 15-41 1.096 N13-H37 1.0144 C15-H41 1.1057 N15-C20 1.4658 

C14-C16 1.5537 C15-H42 1.4654 15-42 1.0965 C14-C16 1.5532 C15-H42 1.0917 C16-C17 1.4701 

C14-H38 1.0969 N16-C20 1.4638 16-20 1.4733 C14-H38 1.097 N16-C20 1.4718 C16-C18 1.4763 

C14-H39 1.0919 N16-C21 1.3747 16-21 1.4623 C14-H39 1.0919 N16-C21 1.4773 C16-H40 1.0174 

C15-C17 1.5547 N17-C18 1.5311 17-18 1.4646 C15-C17 1.5551 N17-C18 1.4639 C17-N19 1.5294 

C15-C20 1.5173 N17-C19 1.0927 17-19 1.4658 C15-C20 1.5173 N17-C19 1.4609 C17-H41 1.0955 

C15-H40 1.0939 N17-C22 1.0989 17-22 1.3751 C15-H40 1.0938 N17-H43 1.0147 C17-H42 1.0927 

C16-H41 1.0925 C18-C20 1.5259 18-20 1.5316 C16-H41 1.0926 C18-C20 1.522 C18-C20 1.543 

C16-H42 1.0969 C18-H43 1.0914 18-43 1.0918 C16-H42 1.097 C18-H44 1.0928 C18-C21 1.5171 



68 

C17-H43 1.1006 C18-H44 1.0992 18-44 1.0986 C17-H43 1.1007 C18-H45 1.103 C18-H43 1.0949 

C17-H44 1.0951 C19-C21 1.0913 19-21 1.5251 C17-H44 1.0948 C19-C21 1.5418 N19-H44 1.1073 

C20-C23 1.4007 C19-H45 1.0957 19-45 1.0924 C20-C23 1.4016 C19-H46 1.1026 N19-H45 1.0938 

C20-C25 1.3985 C19-H46 1.0931 19-46 1.0992 C20-C25 1.3987 C19-H47 1.0925 C20-H46 1.0918 

C21-C22 1.3952 C20-H47 1.1041 20-47 1.0925 C21-C22 1.3957 C20-H48 1.0911 C20-H47 1.1066 

C21-C23 1.3926 C20-H48 1.4181 20-48 1.0974 C21-C23 1.3932 C20-H49 1.1057 C21-C22 1.4009 

C21-H45 1.0839 C21-H49 1.4162 21-49 1.0947 C21-H45 1.0837 C21-C22 1.5212 C21-C25 1.3984 

C22-C24 1.389 C21-H50 1.3972 21-50 1.1025 C22-C24 1.3835 C21-H50 1.1046 C22-C23 1.39 

C22-H46 1.0823 C22-C26 1.3845 22-26 1.4182 C22-H46 1.0827 C22-C23 1.3982 C22-H48 1.0828 

C23-H47 1.084 C22-C27 1.0818 22-27 1.4163 C23-H47 1.0838 C22-C26 1.4009 C23-C24 1.3907 

C24-C25 1.3914 C23-C24 1.3894 23-24 1.3972 C24-C25 1.386 C23-C24 1.3858 C23-Cl27 1.7679 

C24-Cl26 1.7679 C23-C25 1.0843 23-25 1.3845 C24-F26 1.3649 C23-H51 1.0839 C24-C26 1.3935 

C25-H48 1.0833 C23-H51 1.3817 23-51 1.0818 C25-H48 1.0838 C24-C25 1.3838 C24-H49 1.0823 

  C24-C26 1.3693 24-26 1.3894   C24-F28 1.3657 C25-C26 1.3941 

  C24-H52 1.0809 24-52 1.0843   C25-C27 1.3961 C25-H50 1.0843 

  C25-C27 1.0806 25-27 1.3816   C25-H52 1.0828 C26-H51 1.0838 

  C25-F28  25-28 1.3693   C26-C27 1.3933   

  C26-H53  26-53 1.0808   C26-H53 1.0829   

  C27-H54  27-54 1.0806   C27-H54 1.0839   
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4.2 Global reactivity descriptors 

 

 The global reactivity descriptors; ionization potential (IP), electron affinity 

(EA), chemical potential (µ), hardness (η), softness (S), electrophilicity index (ω), 

electronegativity (χ), electronic charges (max), eletrofungality (e) and  

nucleofungality (En) for all the new derivatives of trazodone and the trazodone  

itself were calculated from the values of molecular orbital energy obtained after  

geometrical optimization of the studied molecules and their results were summarized 

in table 4-3 and table 4-4 below. The derivatives T9 and T10 expressed high stability 

and low reactivity. In contrast, T8 and T5 expressed low stability and high chemical 

reactivity, the other derivatives T1, T2, T3, T6, and T7 expressed parameters of  

reactivity descriptors similarly close to that of T0, the parent molecule trazodone drug.  

Table 4-3: The theoretical global reactivity descriptors; hardness (η), softness (S), 

and chemical potential (µ) and the HOMO-LUMO energy  

values of trazodone and its new derivatives. 

LIG-

AND 

HOMO  

energy(eV) 

LUMO  

en-

ergy(eV) 

H-L gap ɳ S µ 

T0 -5.55594 -1.77470 3.78124 1.89062 0.52893 -3.66532 

T1 -5.57199 -1.77688 3.79512 1.89756 0.52699 -3.67444 

T2 -5.53798 -1.77443 3.76355 1.88178 0.53141 -3.65621 

T3 -5.56628 -1.77225 3.79403 1.89702 0.52714 -3.66927 

T4 -5.54968 -1.76953 3.78015 1.89008 0.52908 -3.65961 

T5 -5.44437 -1.77525 3.66913 1.83457 0.54509 -3.60981 

T6 -5.54615 -1.77198 3.77417 1.88708 0.52991 -3.65906 

T7 -5.53009 -1.76926 3.76083 1.88042 0.53179 -3.64968 

T8 -5.43730 -1.77497 3.66233 1.83116 0.54610 -3.60614 

T9 -5.89689 -1.76871 4.12818 2.06409 0.48448 -3.83281 

T10 -5.90234 -1.77198 4.13036 2.06518 0.48422 -3.83716 
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Table 4-4:  The theoretical global reactivity descriptors ionization potential (IP), 

electron affinity (EA), electrophilicity index (ω), electro 

negativity (χ), electronic charges (max), eletrofungality (e) and  

nucleofungality (En) 

LIG-

AND 
EA IP ω χ max n e 

T0 1.77470 5.55594 12.69985 3.66532 1.93869 0.83294 8.16359 

T1 1.77470 5.55594 12.69985 3.66532 1.93869 0.83194 8.18081 

T2 1.77442 5.53798 12.57765 3.65621 1.94295 0.83660 8.14902 

T3 1.77225 5.56628 12.77025 3.66927 1.93423 0.82785 8.16638 

T4 1.76953 5.54968 12.65664 3.65961 1.93622 0.82834 8.14755 

T5 1.77525 5.44438 11.95287 3.60981 1.96767 0.85892 8.07854 

T6 1.77198 5.54615 12.63283 3.65906 1.93901 0.83195 8.15008 

T7 1.76926 5.53009 12.52369 3.64968 1.94089 0.83234 8.13169 

T8 1.77497 5.43730 11.90644 3.60614 1.96931 0.86025 8.07253 

T9 1.76872 5.89689 15.16115 3.83281 1.85689 0.75780 8.42342 

T10 1.77198 5.90234 15.20363 3.83716 1.85803 0.76020 8.43452 

 

From the tables above expressing the calculated global reactivity descriptors 

of the study molecules, the derivatives T9 and T10 had a high HOMO-LUMO  

energy gap, ionization potential, chemical hardness, electronegativity values  

meaning that they are chemically stable and less reactive as claimed by Babu and 

Jayaprakash, (2015); Mendoza-huizar et al., (2015); Ramirez-balderrama, Orrantia-

borunda, and Flores-holguin, (2017). The large HOMO-LUMO energy gap signifies a 

low tendency of electrons to jump from HOMO to LUMO, thus leading the  

molecule to be less reactive hence more stable. A molecule with a high chemical hard-

ness value is less reactive with increased stability as it tends to resist a change in the 

electronic distribution of the system. Stability increases with an increase in  

ionization potential, yet reactivity decreases with an increase in ionization potential. 

High electronegativity values mean that the electrons are held tightly hence less  

reactivity and more stability (Sahu, Sharma, & Kumar, 2014). Additionally, the  

derivatives T5 and T8 expressed the high value of softness, which is expressed as an 

inverse of chemical hardness in concert with lower HOMO-LUMO energy gap,  
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ionization potential, chemical hardness, and electronegativity values meaning that they 

are more reactive and less stable. According to Babu and Jayaprakash (2015), the 

reactivity of the molecule increases as the chemical potential of the molecule increases 

even though the stability decrease so from the table 4.3 above the derivatives T5 and 

T8 with high chemical potential values are highly reactive and less stable in contrast 

to T9 and T10. The derivatives T5 and T8 had a large value of charge transfer that 

describes the maximum number of charges or electrons an electrophile may accept 

from the surrounding environment without an increase in energy (Sahu et al.,2014). 

Consequently, the derivatives T9 and T10 were featured as being good electrophiles 

from the concept that high electrophilicity index value  

signifies the good electrophilic property of a molecule along with nucleofungality and 

electrofungality values that appraises the nucleophilic and electrophilic  

potentiality of a molecule (Babu & Jayaprakash, 2015). 

4.3. Thermodynamic properties 

 

From the analyzed Gaussian 09 frequency output calculation file, the  

following thermodynamic properties were obtained; Gibbs free energy, enthalpy  

values, dipole moment, electronic energy, and entropy and tabulated (table 4-5). These 

calculations are inconsonance with the formulas below (Pearson, 1963). 

H = E + RT and G =H-TS. 

Where; H = Enthalpy 

  E = Thermal energy 

  S = Entropy 

  T = Temperature 

  G = Gibbs free energy 

   R = Molar gas constant 

The ligand T2, T6, T7, T8, and T9 shows low values of relative energy  

signifying high chemical reactivity and instability of those ligands compared to  

trazodone , The ligands  T3, T4 and, T10 with high relative energy have low  

chemical reactivity but they are very stable in comparison to trazodone, and the other 

derivatives have the relative energy approximately similar to the parent study  
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molecule the trazodone. This is due to the basics that,  the high relative energy  

values favors stable conformation, yet low chemical reactivity of molecules (Moniruz-

zaman, 2019).The ligands T3 and T6 displayed a  

remarkable increase in dipole moment compared to trazodone ligand (table 4-5).  

Besides, an increase in dipole moment accounts for the improvement in binding prop-

erties of the ligand to the protein (Moniruzzaman, 2019). Therefore, these ligands have 

increased binding properties compared to trazodone. From Moniruzzaman (2019), a 

stable configuration of the ligand is favored with high negative free energy values 

based on that the ligands T3 and T6 with the high value of free energy presented stable 

configurations. 
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Table 4-5: Thermodynamic properties of the study molecules 
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T0 7.0321 171.39 -1546.3377 -1546.7544 360.3580444 226124.6729 -1546.4192 
2.62381E-16 

T1 6.923 168.985 -1546.3393 -1546.7560 360.3595944 226125.6455 -1546.4196 
2.62381E-16 

T2 6.8112 168.995 -1185.9833 -1186.4009 0.00449494 2.82057485 -1186.0636 
2.0124E-16 

T3 7.8051 176.488 -1585.6346 -1586.0810 399.6846206 250802.0994 -1585.718 
2.69049E-16 

T4 6.7668 185.097 -1624.9279 -1625.4039 439.0075506 275477.238 -1625.0159 
2.75717E-16 

T5 5.5356 171.418 -1546.3329 -1546.7501 360.3537268 226121.9636 -1546.4143 
2.6238E-16 

T6 7.5939 173.811 -1225.2802 -1225.7275 39.3310993 24680.26481 -1225.3628 
2.07908E-16 

T7 6.6037 181.072 -1264.5735 -1265.0504 78.65399365 49355.38102 -1264.6595 
2.14575E-16 

T8 5.3235 165.961 -1185.9780 -1186.3964 0 0 -1186.0569 
2.01239E-16 

T9 5.9403 180.864 -1264.5849 -1265.062 78.66578278 49362.77869 -1264.6708 
2.14577E-16 

T10 4.825 176.188 -1585.6455 -1586.092 399.6960334 250809.261 -1585.7292 
2.69051E-16 
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4.4 Molecular docking results  

 

Except for the ligand T2, which did not express any polar bond interaction, all 

the ligands expressed good binding affinity and polar bond interaction within a small 

distance (measured in Angiostrom) presented in table 4-6 below with  

approximated enhanced efficacy in comparison with the parent trazodone drug, but in 

terms of ranking T8 (figure 4-9), expressed the best polar interaction. From the com-

puted binding energy, the inhibition constant using equation (11) was calculated and 

tabulated in table 4-6 below. From the formula, the dissociation constant is equal to 

the inhibition constant; thus, getting the inhibition constant is getting the  

dissociation constant. 

Ki = kd = exp (∆G/RT)                                        (11) 

Where;  R = ideal gas constant = 1.986 cal/mol K-1 

     T = 298.15 K                                           

        ∆G = binding energy (cal/mol)                      

  ki = inhibition constant 

  kd = dissociation constant 

Table 4-6: Docking simulation results 

Ligand 

Polar bond interac-

tion distance (Å ) Corresponding residues 

Binding Affinity 

(cal/mol) 

Ki 

𝜇𝑀 

T0 3.3 and 3.3 ASP 98 and GLU 493 8000 13.51064 

T1 2.2 and 3.4 ARG 104 and GLU 493 9700 16.38165 

T2 Not observed 
 

9500 16.04389 

T3 2.4 and 2.8 ARG 104  8800 14.8617 

T4 2.8 and 2.7 ARG 104 9500 16.04389 

T5 3 TYR 175 12800 21.61702 

T6 3.2 and 3.5  GLU 193 and GLU 194 11300 19.08378 

T7 2.9 GLU 194 10000 16.8883 

T8 2.1 TYR 175 11400 19.25266 

T9 2.4 and 3.4 GLU 193 11000 18.57713 

T10 2.7 and 3.2 GLU 194 and GLN 562 8900 15.03059 
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 It has been forecasted that ligand binds to the ligand pocket of the target  

protein through forming chemical bonds between the ligand and the amino acid  

residues in the ligand pocket of the target protein. Thus resulting in non-covalent  

interactions such as ionic interactions and hydrogen bonds that are also known as  

polar bond interactions playing enormous interaction on biological systems  

subscribing to hydrophilic interactions another thing when two groups let’s say atom 

in the ligand and amino acid residues in the ligand pocket of amino acid residues in 

the protein are separated by 2.7 Å to 3.0 Å from one another they tend to form strong 

ionic interactions although there is a thing known as charge assisted hydrogen bonds 

meaning overlapping ionic and polar bond interaction occurring in numerous  

protein-ligand complexes (Artese et al., 2013; Bissantz et al., 2010; Klebe, 2013; 

Yunta, 2017). The lipophilic part of the ligand is contributed by other parts of the 

ligands (aromatic carbons, aliphatic groups, and halogens) that do not form polar  

interactions tending to forms the hydrophobic interactions within the ligand pocket of 

the target protein. Also, it had been manifested that large hydrophobic interaction ac-

counted by ligands with immense lipophilic groups contributes to significant  

binding energy (Klebe, 2013). 

The figure 4-2 to figure 4-11 below displays the docked structure results of 

trazodone and its derivatives with significant polar interactions that describe the bind-

ing of a ligand to the amino acid residues within the ligand pocket of the human sero-

tonin transporter (target of antidepressants). 
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Figure 4-2: Protein-ligand complex of T0 

 

Figure 4-3: Protein-ligand complex of T1 
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Figure 4-4: Protein-ligand complex of T3 

 

Figure 4-5: Protein-ligand complex of T4 
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Figure 4-6: Protein-ligand complex of T5 

 

 

Figure 4-7: Protein-ligand complex of T6 
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Figure 4-8: Protein-ligand complex of T7 

 

Figure 4-9: Protein-ligand complex of T8 
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Figure 4-10: Protein-ligand complex of T9 

 

Figure 4-11: Protein-ligand complex of T10 
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     CHAPTER FIVE 

5.0 CONCLUSION AND RECOMMENDATIONS 

 

5.1 Conclusion 

 

The geometry optimization of trazodone’s new derivatives was successfully 

carried out using Gaussian 09 software employing the DFT method B3LYP with  

6-3G11++(d,p) as the basis set and analyzed by Gaussian view 5.0.8. The analyzed 

results gave out the molecular orbital values that were used for determining the  

global chemical reactivity descriptors. Moreover, the frequency calculations  

analyzed by Gaussian view 5.0.8 gave out the thermodynamic properties of the  

studied molecules. The analysis of the global chemical reactivity descriptors and the 

thermodynamic properties of the studied molecules revealed that the new derivatives 

of trazodone, ligand T5, T7, T8, and T10 displayed significant therapeutic activity in 

comparison with the trazodone drug. 

However, the molecular docking simulations carried out by AutoDock vina 

revealed that, except for ligand T2, all the ligands expressed an excellent interaction 

within the ligand pocket or the active site of the target protein, signifying a potential  

therapeutic effect, with good polar interaction presented from figure 4-2  to  

figure 4-11 and binding affinities in table 4.6 signifying many good binding  

affinities in comparison with the in-market trazodone antidepressants. 

5.2 Recommendations 

 

Further studies on the trazodone’s new derivatives ligand T5, T7, T8, and T10 

should be carried out. The molecular dynamics studies about the solvent effect on the 

binding of these derivatives to the ligand pocket of human serotonin  

transporter and computational studies about their absorption, distribution,  

metabolism, excretion, and toxicity (ADMET) properties are recommended.  

Last but not least, learning about the use of computational chemistry,  

biology, and physics on the discovering and development of drugs should be empha-

sized among scientists to save the globe on the expensive endeavor facing the whole  

process of drug development and discoveries. 
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