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RESUMEN 
Las uniones proteína-ligando corresponden a un proceso dinámico, 

que permite que los residuos que se encuentran en los bolsillos puedan 

interactuar con una variedad de ligandos de forma, tamaño y 

composición diferente a los ligandos naturales. Dado que la teoría 

convencional "una molécula, un blanco, una enfermedad" es limitado y 

poco común en la naturaleza, la estrategia de análisis de la interacción 

entre redes de ligandos y proteínas diana surge como un método 

sistemático para sondear los mecanismos moleculares en eventos 

complejos, que son difíciles de predecir a través de los enfoques in vitro o 

in vivo. 

Los estudios de cribado virtual se han convertido en una parte 

importante de la investigación en toxicología y farmacología dirigida al 

descubrimiento de nuevos blancos proteicos y fármacos, 

respectivamente. Una de las estrategias utilizadas consiste en evaluar las 

diferentes vías metabólicas involucradas y seleccionar el objetivo 

biológico potencial. Para esto, existen dos enfoques fundamentales: el 

primero basado en ligando, cuya finalidad consiste en la identificación de 

aquellas estructuras que tienen más probabilidades de unirse a una 

molécula diana; y el segundo basado en la estructura 3D de proteínas, de 

tal forma que sea posible seleccionar compuestos candidatos que puedan 

interactuar favorablemente con los residuos que hacen parte del sitio 

activo de la proteína, o sitios alostéricos.  

En el presente documento se exploran ambas aproximaciones: Las 

dioxinas son un grupo de moléculas altamente tóxicas, que ejercen su 

toxicidad a través de la activación del receptor de hidrocarburos 

aromáticos (Ahr). Su agonista más importante corresponde a 2,3,7,8-

tetraclorodibenzo-p-dioxina (TCDD). Aunque la mayoría de los efectos 

relacionados con la exposición a TCDD se han relacionado con la 

activación de Ahr, el uso de herramientas de cribado virtual permitió la 

identificación de nuevas dianas farmacológicas. Los resultados 

mostraron la presencia de sitios con alta afinidad por TCDD en diversas 

proteínas, tales como metalopeptidasas 8 y 3, oxidoescualeno ciclasa, y 

mieloperoxidasa. Algunas de estas proteínas son bien conocidas por su 

papel bioquímico en algunos efectos patológicos de la exposición a 

dioxinas, incluyendo endometriosis, diabetes, inflamación y daño en el 
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hígado. Estos resultados sugieren que TCDD también podría interactuar 

con dianas celulares en vías Ahr-independientes.  

En el campo de la farmacología, hasta el momento, no se tiene un 

tratamiento eficaz contra la enfermedad del dengue. El complejo proteasa 

NS2B/NS3 del virus dengue (DENV) corresponde a un blanco para el 

diseño de antivirales específicos debido a su importancia durante la 

replicación viral y su alto grado de conservación entre los serotipos. La 

información estructural del complejo proteasa NS2B/NS3 se empleó para 

encontrar moléculas pequeñas capaces de inhibir la actividad del 

complejo enzimático. Dicha actividad inhibitoria se evaluó mediante 

ensayos in vitro, utilizando un sustrato fluorescente y el complejo 

NS2B/NS3 obtenido por técnicas de ADN recombinante. Además, se 

utilizaron células HepG2 infectadas con virus dengue serotipo 2, para 

probar la actividad contra la replicación del virus del dengue. Un total de 

210,903 moléculas pequeñas almacenadas en PubChem fueron acopladas 

in silico a la estructura NS2B/NS3 (PDB: 2FOM) para encontrar moléculas 

capaces de inhibir este complejo proteico. Cinco de los mejores 500 

compuestos (valores de afinidad entre -11,6 y -13,5 kcal/mol) fueron 

utilizados para evaluar la actividad inhibidora de proteasa en ensayos con 

la proteína recombinante y ensayos antivirales. Los productos químicos 

C35H27NO9 (CID54681617), C30H25NO5 (CID54692801) y C34H23NO7S2 

(CID54715399) se mostraron como inhibidores potentes de NS2B/NS3, 

con valores de IC50 (µM) y porcentajes de reducción de títulos virales de 

19.9, 79.9%; 17.5, 69.8%; y el 9.1, el 73.9%, respectivamente. Métodos 

multivariantes aplicados a los descriptores moleculares mostraron dos 

compuestos estructuralmente diferentes de otros inhibidores de DENV. 

Este descubrimiento abre nuevas posibilidades para la obtención de 

candidatos a fármacos contra el virus del dengue. 
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ABSTRACT 
Protein-ligand binding corresponds to a dynamic process, which 

allows that residues in the binding pocket can interact with a variety of 

ligands with shapes, sizes and composition different from those of their 

natural ligands. Given that the conventional theory "a molecule, a target, 

a disease" is limited and unusual in nature, the analysis of interactions 

between networks of ligands and target proteins arises as a systematic 

method for probing molecular mechanisms in complex events, which are 

difficult to predict through in vitro or in vivo approaches. 

Virtual screening studies have become an important part of 

toxicology and pharmacology research aimed at discovering of new 

protein targets and drugs, respectively. One of the strategies used 

consists in evaluating the different metabolic pathways involved, 

selecting the potential biological target. For this, there are two 

fundamental approaches: the first one is based on ligand, whose purpose 

is to identify those protein structures that are more likely to bind to a 

target molecule; and the second based on the 3D structure of proteins, 

selecting candidate compounds that may interact favorably with residues 

that are part of the active site of the protein, or allosteric sites.  

In this document both approaches are explored: dioxins are a group 

of highly toxic molecules that exert their toxicity through the activation 

of the aryl hydrocarbon receptor (AhR). The most important agonist of 

the AhR corresponds to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). 

Although most of the effects related to TCDD exposure have been linked 

to the activation of AhR, the use of bioinformatic approaches allowed the 

identification of new targets for TCDD. The results showed the presence 

of binding sites with high affinity for TCDD in diverse proteins, such as 

metallopeptidases 8 and 3, oxidosqualene cyclase, and myeloperoxidase. 

Some of these proteins are well known for their biochemical role in some 

pathological effects of dioxin exposure, including endometriosis, 

diabetes, inflammation and liver damage. These results suggest that 

TCDD could also be interacting with cellular targets through AhR-

independent pathways.   

In the field of pharmacology, so far, there is no effective treatment 

against dengue disease. The dengue virus (DENV) NS2B/NS3 protease 
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complex is a target for designing of specific antivirals due to its 

importance in viral replication and its high degree of conservation. 

NS2B/NS3 protease complex structural information was employed to 

find small molecules that are capable of inhibiting the activity of the 

enzyme complex. This inhibitory activity was probed with in vitro assays 

using a fluorescent substrate and the complex NS2B/NS3 obtained by 

recombinant DNA techniques, for testing the activity against dengue virus 

replication. In addition, HepG2 cells infected with dengue virus serotype 

2 were used to test the activity against dengue virus replication. A total of 

210,903 small molecules from PubChem were docked in silico to the 

NS2B/NS3 structure (PDB: 2FOM) to find molecules that were capable of 

inhibiting this protein complex. Five of the best 500 leading compounds, 

according to their affinity values (-11.6 and -13.5 kcal/mol), were used to 

test the inhibitory protease activity on the recombinant protein and 

antiviral assays. Chemicals C35H27NO9 (CID54681617), C30H25NO5 

(CID54692801) y C34H23NO7S2 (CID54715399) were strong inhibitors of 

NS2B/NS3, with IC50 values (µM) and percentages of viral titer reductions 

of 19.9, 79.9%; 17.5, 69.8%; and 9.1, 73.9 %, respectively. Multivariate 

methods applied to the molecular descriptors showed two compounds 

structurally different from other DENV inhibitors. This discovery opens 

new possibilities for obtaining drug candidates against dengue virus. 
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Virtual screening methods are widely used in the field of toxicology 

and pharmacology to elucidate new mechanisms of action of 

environmental pollutants and molecules with antiviral activity. The main 

purpose of this project was the scanning of alternative pathways of TCDD 

toxicity and the identification of dengue virus antiproteases through data 

mining. In this chapter, the rationale, hypothesis, pertinence, objectives 

and structure of this thesis will be discussed. The introduction to protein-

ligand binding is presented in Chapter 2. This describes the use of the 

three-dimensional structure of a protein and functional characteristics 

derived from it, to predict potential interactions between biological 

molecules, as well as a general description of some of the computational 

methods used for the study of protein-ligand couplings. In Chapter 3 is 

showed the use of virtual screening to detect new posible targets for 

TCDD, discussing the possible responses induced by aryl hydrocarbon 

receptor-independent pathways. Chapter 4 presents the search for 

molecules that interfere with the proteolytic activity of the DENV 

NS2B/NS3 protease by using bioinformatics tools and verifying the 

results obtained from these methods through in vitro assays. Finally, the 

main contributions of this thesis project are presented in Chapter 6, 

entitled as conclusions and final remarks. Published articles are 

presented in the annexes. 

1.1. Rationale 
For several decades, there has been an interest to increase the 

knowledge on the dynamics and physiological activity of endogenous and 

exogenous compounds on cell signaling. A widely used approach in this 

field consists of simulating interactions between molecules and their 

targets of interest, both available in data bases, in order to understand 

their mode of action. The advantage of using this strategy lies on saving 

time and money by identifying candidates, both, putative ligands and 

targets, more efficiently compared to high-throughput screening (HTS) 

procedures.  Computational-based coupling methods allow to performe 

protein-ligand interaction simulations from two initiatives: from the 

ligand, for which binding potencies are known; and from the 3D structure 

of the protein of interest, in particular information generated by 

experimental techniques such as crystallography (X-ray methods) or 

nuclear magnetic resonance (NMR).  
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In this document, both strategies were used to address two health 

problems with major consequences in human populations: the 

physiological dynamics of dioxins in organisms, and the search for 

inhibitors of the dengue virus life cycle (Figure 1.1).  In the first case, it is 

well known that most TCDD effects are mediated through the AhR, 

altering a variety of biochemicals processes such as chloracne (Feeley, 

1995), thymus atrophy (Schuurman et al., 1991), liver damage (Czepiel et 
al., 2010), epidermal changes (Puhvel et al., 1989), immunotoxicity 

(Chastain and Pazdernik, 1985), birth defects (Mastroiacovo et al., 1988), 

fertility reduction (Bruner-Tran and Osteen, 2011), endometriosis 

(Cummings et al., 1999) and cancer (Boffetta et al., 2011). However, there 

is a growing number of studies suggesting that the toxicity of TCDD is not 

exclusively dependent on its binding to AhR (EPA, 2010), as in the case of 

some effects after in utero exposure to TCDD in AhR-null mice (Peters et 
al., 1999); dose-dependent reduction of liver phosphoenolpyruvate 

carboxykinase activity, probably not mediated by AhR (Stahl et al., 1993); 

or pericardial edema induction in Oryzias latipes fish embryos, without 

induction of CYP1A, which is AhR-dependent (Dong et al., 2010). These 

processes lead to multiple secondary effects by this organochlorine 

chemical, although the triggering targets are unknown. Thus, it is 

necessary to use structural data from protein databases in order to 

extract useful information to build mechanistic escenarios for the new 

actions of TCDD.  

On the other hand, despite of multiple efforts to combat dengue 

disease, which is considered one of the mosquito-borne disease with the 

most rapid growth in the world, there are still many challenges to control 

this disease; even when the pharmaceutical company Sanofi Pasteur 

completed dengue vaccine Phase III evaluation, showing a 60.8% 

reduction (50.3%, 42.3%, 74.0%, and 77.7% protection against serotypes 

1, 2, 3, and 4, respectively) (Wilder-Smith and Yoon, 2016) after three 

doses for Latin American trial (Pasteur, 2014). Additionally, the 

mechanism of action of the vaccine is still not well understood, so the 

risks of vaccination are still uncertain (Vannice et al., 2016). Furthermore, 

dengue virus develops a process known as antibody-dependent 

enhancement (ADE), wherein non-neutralising antibodies facilitate virus 

entry into host cells, produced severe forms of the disease after infection 

with a different serotype (Flipse et al., 2013), being able to exacerbate the 

reaction to subsequent infections. Given these disadvantages, the search 
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for inhibitors against viral proteins emerges as an useful alternative. 

Inhibitors have been developed against dengue viral proteins of 

envelope, capsid, NS4B, protease, helicase, methyltransferase, and 

polymerase (Lim et al., 2013); however, NS3 and NS5 constitute 

important drug targets for antivirals since they are well-characterized, 

conserved for all serotypes, and with multifunctional activities in the 

virus life cycle, such as polyprotein processing and genome replication 

(Oliveira et al., 2014). Despite the existence of good inhibitors for dengue 

virus protease with activity  at very low concentrations (de Sousa et al., 
2015; Wu et al., 2015; Yang et al., 2011), the disease  continues to 

challenge their efficacy or clinical usefulness, making the discovery of 

new alternatives a necessary achievement.  

 

Figure 1.1. Data mining based on ligand and macromolecular structures as 

a source of targets of environmental pollutants and therapeutic agents in drug 

design. 

Based on these premises, this thesis intends to provide insights about 

interference of protein function induced by ligand binding in two major 

public health problems, such as exposure to dioxins and dengue disease. 

The main contributions obtained were the identification of potential new 
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protein targets for TCDD in AhR-independent pathways, as well as small 

molecules with inhibitory capacity for protease activity of dengue virus 

that could be used in the treatment of dengue. Virtual screening methods 

allowed predicting the possibilities for different ligand conformations 

and the binding affinity of the protein and the ligand during coupling. 

Besides, particularly for the dengue study, in vitro assays, including 

fluorimetric enzyme activity assay and cell-based assays, permitted to 

validate the protease viral inhibitory effect. 

1.2. Hypotheses 
x Protein-ligand interactions present in the structures of Protein 

databases reveal new targets for TCDD, aiming to explain its non-AhR 

dependent secondary effects. 

x PubChem is a source of new scaffolds for potent therapeutic agents 

acting as dengue virus protease inhibitors. 

1.3. Pertinence 
The use of traditional methods for the elucidation of the physiological 

activity of external agents, as well as the process of drug discovery and 

development, are time and money consuming. Advances developed so far 

in computational techniques have permitted the implementation of in 
silico methods, which are useful in the recognition of such processes. As a 

result, in recent years there has been an increasing utilization of these 

protocols to understand the various phenomena linked to molecular 

recognition that may occur between macromolecule(s) and ligand 

candidate(s). Given the advantages provided by these techniques, this 

thesis describes their application in the investigation of two public health 

problems: dioxin poisoning and dengue disease. 

Dioxins are compounds with potent hormone blocking activity and 

ubiquitous global distribution. Therefore, we all have a basal level of 

concentration in our body, called body burden. Due to the 

aforementioned and its high half-life in the organisms, the interest to 

identify a possible interaction with other proteins besides the AhR arises, 

to give an explanation of the extent of toxic effects. 

Dengue disease has been identified as a global public health problem 

of the latter part of the 20th century and the early 21st century. Due to its 

role in post-transcriptional processing of the viral polyprotein, the role of 
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NS2B/NS3 protease in dengue virus life cycle and replication mechanism 

is evident. Besides, it is sufficiently conserved within the four serotypes 

to allow the design of active compounds against all dengue viral strains 

and related flavivirus. Therefore, it is expected that inhibition of this 

enzyme may interfere with viral replication in human host cells. 

1.4. Objectives 
x To discover new putative targets for TCDD that could explain some 

AhR-independent effects. 

x To find new molecules capable of inhibiting dengue virus proteases. 

x To assess the experimental activity of discovered dengue virus 

protease inhibitors.  
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Introduction to protein-ligand binding  
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2.1. Introduction 
Proteins are important molecular components of biological systems, 

responsible for structural support, storage, movement and defense 

against foreign substances, among other cellular functions (Saada and 

Pearson, 2011). This process depends on protein residues and the 

interactions that their side chains (group R) can form. Any molecule that 

can bind to a protein is known as ligand, which may include other 

proteins or peptides, nucleic acids, membrane components, small 

compounds, and solvent molecules. Understanding the three-

dimensional structure of a protein and functional characteristics derived 

from it, is a significant finding for different scientific fields, such as 

toxicology and pharmacology. In toxicology, it allows to identify the main 

effect generated by a toxic agent, in order to detect the affected organs 

and prevent irreversible consequences or debilitating diseases. In 

pharmacology, especially in drug design, it can strengthen the 

interactions between drugs and proteins, ensuring its effectiveness. One 

of the most important characteristics in the process of drug development 

is the identification of the active site, which can be recognized through 

the study of features in the structural surface properties (Wasserman et 
al., 2012). 

Although low molecular weight compounds may interact with 

macromolecules by means of covalent interactions, a broad spectrum of 

molecules interact through non-covalent protein-ligand interactions to 

modulate cell behavior (Böhm and Klebe, 1996). In chemistry and 

biology, molecular recognition refers to the process in which two or more 

biological molecules form a complex through complementary non-

covalent bonding, such as, hydrogen bond, metal coordination, van der 

Waals forces, and π−π, hydrophobic, or electrostatic interactions 
(Cleaves, 2011). These kinds of interactions may occur specifically to one 

or few molecules, or may be promiscuous with many partners; 

nevertheless, for molecular recognition interactions, the specificity is the 

first defining characteristic of the process, and it must exist a threshold 

affinity between molecules involved. In the same way, for this interaction 

to occur, it is necessary that molecules implicated are near one another 

and at concentrations that promote interaction, which corresponds to the 

second prerequisite for molecular recognition (Schreiber and Keating, 

2011).  
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The binding between two molecules comprises changes in the 

structure and dynamics of the involved parts, which are related to their 

enthalpic and entropic components. As in any spontaneous processes, the 

search for a more stable state implies the decrease of the free energy of 

the system to a minimum, because when a system exists in two alternate 

states, spontaneity will occur moving toward lower energy. Changes in 

structure can be subtle or on a large scale, including alterations in folding, 

conformation, size, shape, spatial distribution, charge distribution and 

hydration and protonation, likewise, changes in the accessibility of the 

surface, polarity, and intra- and intermolecular entropy factors 

(Chowdhry and Harding, 2001). As a result, the free binding energy (G) 

corresponds to the difference between protein (P) and ligand (L) energy 

when they are in complex and separated (Kessel, 2010), in other words, 

∆𝐺𝑏𝑖𝑛𝑑 =  𝐺𝑃𝐿  −  (𝐺𝑃 +  𝐺𝐿) 

Therefore, since the final state of the system has a lower free energy 

(𝐺𝑃𝐿) compared to the initial state, when the ligand and protein are 

separated, the change of standard free energy accompanying the process 

(ΔG) will be negative. 

ΔG could also be described as the sum between the enthalpy and 

entropy of a system (Bronowska, 2011). The following equation is used 

to calculate it: 

∆𝐺 =  ∆𝐻 − 𝑇∆𝑆 

∆G is the free energy (kcal/mol), ∆H is the enthalpy of the system 

(kcal/mol), indicating changes in the free energy from non-covalent 

bonding, ΔS its entropy (cal/mol*K) and T (K), temperature.  

In this case, the enthalpy reflects the internal energy change of the 

system after the formation of the protein-ligand complex, that is, those 

energy changes produced by forming or breaking of covalent bonds, Van 

der Waals interactions, atom movement induced by heat, as well as the 

loss of non-covalent bonds between protein-solvent and ligand-solvent, 

called desolvation. The enthalpy changes are due to modifications in the 

type of non-covalent interactions (Kessel, 2010). Entropy, meanwhile, 

allows measuring the dynamics of the overall system; so it can be 
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understood as a measure of disorder or freedom of movement for a given 

atom. Variations in system entropy reflect the lost motion caused by 

changes in degrees of freedom of translation and rotation (Du et al., 
2016). So, ∆G determines the stability and binding affinity present in a 

protein-ligand complex. Consequently, in this process is observed a 

favorable enthalpy change and an unfavorable entropy decrease (Kessel, 

2010).  

It is important to note that both the ligand and the binding sites of 

the protein are completely solvated prior to complex formation; their 

polar groups form hydrogen bonds with the solvent. Therefore, it is clear 

that the process of ligand binding leads to an important reorganization of 

solvent on both surfaces, which contributes significantly to the free 

energy of binding. This results in the loss of part of the solvent layer 

surrounding both surfaces, involving numerous hydrogen bond breaks 

formed with water molecules of the first solvating layer (Ramos et al., 
2001). 

Of these water molecules, some are mobile and easily removed, and 

others are strongly bound to the protein or ligand. These solvent 

molecules can play an important role in its biological activity, so it can be 

considered part of its structure. Its mode of action may be direct, 

participating in specific interactions, or indirect, influencing the dynamic 

behavior of the environment. However, the effect of their presence could 

not be easily predicted, because, in the case of proteins, depends on the 

characteristics of the binding site. Under those circumstances, among 

other reasons, it is possible to obtain substantial errors in ΔG values 

predictions; likewise, in experimental tests with inhibitors (Bronowska, 

2011). 

Equally important is the flexibility of the molecules involved in the 

binding process, since the ligands often have several rotational degrees 

of freedom in them, resulting in a large number of low energy 

conformations in their free state, which are lost when joining with the 

acceptor given the steric constraints of the binding site. In addition, this 

flexibility allows the ligand to fit in different protein targets, and thus, be 

promiscuous (Haupt et al., 2013). On the other hand, proteins are also 

flexible and their free state conformation may differ significantly from the 

complexed state, or joined to the ligand, with a consequent loss in some 
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degrees of internal flexibility. Thus, it allows residues to fit the shape of 

the ligand, optimizing geometric complementarities. As expected, both 

effects consequently bring an entropic cost associated with joining 

processes (Böhm and Klebe, 1996; Ramos et al., 2001). 

2.2. Binding models between proteins and ligands 
Molecular diffusion allows collisions between proteins and ligands, 

which promote their union. This process is driven by entropy, and can 

result from kinetic energy of the solute molecules or thermal energy. 

Before the collision, the water molecules are surrounding the surface of 

the solute, allowing a negative enthalpy change due to hydrogen bonds 

and van der Waals interactions between protein and solvent, as well as a 

decrease in entropy for the loss of degrees of freedom of the water 

molecules. After the collision, non-covalent bonds are lost, interrupting 

the water molecules network on the surface (Du et al., 2016).  

Protein binding sites correspond to pockets, grooves or cavities, 

generally hydrophobic, where residues can form chemical bonds with 

ligands (Henrich et al., 2010). Generally, not all residues on the surface 

are involved in these interactions, but are confined to defined areas, as 

the active sites, formed by a few amino acids (Nisius et al., 2012). Three 

models have been described to explain such binding mechanisms: lock 

and key, induced fit and conformational selection model. The first model 

was proposed in the 19th century by Emil Fischer. This theory states that 

both molecules are rigids and their surfaces have a geometric perfect 

matching. However, evidence suggests that molecules containing no 

complementary surfaces can be coupled as a result of conformational 

changes occurring in the binding site of the protein. The second one, 

induced fit model, was proposed by Daniel Koshland in 1959, and 

assumed that the binding site is flexible in the protein during binding to 

ligand. In this model only the ligand binding pocket is considered flexible, 

and the rest of the protein is assumed rigid. In the conformational model 

selection, the native state of a protein is assumed as a set of substates that 

coexist in equilibrium even in the absence of ligand (Bronowska, 2011). 

Given that the three models have been experimentally observed, the 

three mechanisms can be found simultaneously or sequentially (Du et al., 
2016). 
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In the lock and key model, after the initial collision, the complete 

displacement of water molecules surrounding the surfaces is induced, 

producing an increase in entropy. Because of this, it is said that the lock 

and key model is a process dominated by entropy. Since there is no 

perfect complementarity in the induced fit model, it is necessary that 

multiple collisions take place so that proper coupling is given. For new 

interactions to occur, it is necessary that the initial interactions present 

in the binding site are interrupted. Breaks of the original interactions 

generate positive change in enthalpy and entropy negative variation. Due 

to this, it is said that the induced fit model corresponds to a process 

dominated by enthalpy. Finally, in the conformational selection model, it 

is difficult to differentiate whether enthalpy or entropy contribute more 

to reducing the free energy of the system. The population distribution of 

the different protein conformational substates allow the ligand to bind 

with that substate whose shape facilitates better mating between them. 

Thus, it can not induce conformational change, and similar to lock-key 

model, dominated by entropy of the solvent. However, the 

conformational flexibility of the protein allows conformational changes 

to facilitate strong non-covalent intermolecular interactions, similar to 

that described in the induced fit model and as such, this process is 

dominated by a decrease in enthalpy (Du et al., 2016). A general 

description of these protein-ligand binding models is presented in Figure 

2.1.  

Nevertheless, complementarity between ligands and protein binding 

sites is due not only to the geometry of both, but also for their 

electrostatic characteristics (Henrich et al., 2010). That is, there is not any 

specific protein structural motif responsible for binding to the ligands 

(Kessel, 2010). 

2.3. Protein-ligand interactions 
The protein binding sites are modules that interact with other 

macromolecules, and small ligands. These interactions are responsible of 

the protein complex formation and regulation of biological pathways. 

Usually, the nature of the binding sites is partly hydrophobic, with a 

larger number of these kinds of residues exposed on the surface and large 

but variable extensions of apolar surface area (Halperin et al., 2003). 

Likewise, although the amino acid composition in the binding sites differs 

between proteins, amino acids such as arginine, histidine, tryptophan and 
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tyrosine are most common in binding pockets than in other regions of 

them (Cohen, 1996). 

 

Figure 2.1. Protein-ligand binding models schematization. A Lock-and-

key. B. Induced fit. C. Conformational selection. Modified from (Du et al., 
2016). 

The structural stability of binding sites varies from very low to very 

high, showing a dual character. This difference is due to the type of 

interactions that can form residues found in them. In stable regions, their 

residues allow certain types of interactions corresponding to well-

defined stereochemical arrangements, while flexible regions permit 

binding of different ligands, because they admit that proteins change 
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their shape for a better coupling with ligands of different chemical 

structures. Therefore, for binding to occur, it is necessary to ensure shape 

complementarity as well as the physicochemical characteristics (Nisius 
et al., 2012). Figure 2.2, displays the residues in glycerol binding pockets 

of the crystal structure of NS2B/NS3 (PDB ID: 2FOM) protein complex. 

The size and shape of the binding sites vary greatly between proteins, 

enabling them to interact with molecules of different structures. Some 

forms found are deep and large clefts, as in enzymes, or flat and 

unstructured as in the regions of protein-protein interactions 

Furthermore, they may have more than one active site, large proteins 

specially (Halperin et al., 2003). For example, the catalytic domain of 

neutrophil collagenase (MMP-8) is a hydrophobic pocket, of intermediate 

size (Gupta, 2012), consisting of two regions: a groove for the catalytic 

ion zinc and subsites S3-S1 (158-163), and S1'-S3' (214-220) (Figure 2.3). 

Strong interactions involve chelation of Zn, hydrogen bonding and van 

der Waals interactions (Kontogiorgis et al., 2005). For all dengue virus 

serotypes, the protease has a flat pocket, although with sufficient 

plasticity in their sub-pockets (S1 - S4). Some possible interactions are 

hydrogen bonds with Gly133 and Gly153 residues, and in less conserved 

positions, Ser135, Gly151 and Thr134; furthermore, the presence of 

aromatic residues such as His51 and Tyr161 allow the formation of π 

interactions (de Almeida et al., 2013). 

As previously stated, the main interactions between proteins and 

ligands correspond to non-covalent interactions such as electrostatic 

interactions and van der Waals forces. Although Van der Waals force is 

very weak in relation to other forces, the large number of such 

interactions occurring in large protein molecules makes them an 

important part for the protein-ligand bindings (Pace et al., 1996). From 

electrostatic interactions, the major protein-ligand contributions are 

usually given by numerous hydrogen bonds (Figure 2.4), which confer 

stability and selectivity between protein and ligand (Williams and 

Daviter, 2013). In addition to hydrogen bonds, oppositely charged 

functional groups are paired in the protein-ligand complex forming salt 

bridges (Figure 2.5.A).  



Ph.D. Program in Biomedical Sciences 

34 
 

 

Figure 2.2. Tridimensional view of glycerol binding pockets in the crystal 

structure of NS2B/NS3 (PDB ID: 2FOM) protein complex. A. Full view of 

dengue protease complex. B-C. Enlarged view of pocket 1 and 2, 

respectively. The segment of NS2B is represented in red ribbon, NS3 

segment in blue ribbon, and glycerol binding pockets in smooth 

transparent mesh, colored by binding property: white, neutral surface; 

green, hydrophobic surface; red, hydrogen bonding acceptor potential; 

blue, hydrogen bond donor potential. Labeled residues in black 

corresponds to interacting ones.  

Lipophilic groups of the ligand could be located in the hydrophobic 

pockets of the protein formed by nonpolar side chains of amino acids. The 

presence of these residues, such as aliphatic and aromatic amino acids, 

exclude water molecules and other polar groups, attracting nonpolar 

ligand groups (Figure 2.5.B). Most of the time, aromatic residues in 

binding sites form aryl-aryl interactions (Figure 2.5.C). 
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Figure 2.3. Tridimensional view of catalytic domain of neutrophil 

collagenase (MMP-8), showing the location of residues forming subsites S3-S1, 

and S1'-S3'. 

 
Figure 2.4. Neutrophil Collagenase MMP-8 (PDB: 1I76), showing hydrogen 

bonds with the crystal structure ligand (2-(biphenyl-4-sulfonyl)-1,2,3,4-

tetrahydro-isoquinoline-3-carboxylic acid). Residues surrounding the ligand are 

labeled in black. 
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Figure 2.5. Types of protein-ligand interactions between Neutrophil 

Collagenase MMP-8 (PDB: 1I76), and 2-(biphenyl-4-sulfonyl)-1,2,3,4-

tetrahydro-isoquinoline-3-carboxylic acid. A. Salt bridges. B. Hydrophobic 

interactions. C. Aryl-aryl interactions. 

2.4. Computational methods used for the study of 
protein-ligand couplings  

The functional characterization of proteins is a challenge for 

biochemical, medical and computer science. Computer simulation 

techniques to model biomolecular bindings are a promising tool to extend 

our understanding of biological systems. Historically, the search for 

compounds with biological activity in design drugs, have been performed 

using high throughput screening made (HTS), however, despite advances 

in its automation techniques, this approach is still very laborious, time-

consuming and expensive (Cavasotto and Phatak, 2009). Therefore, 

virtual screenings of databases are an increasingly important factor in the 

search for new active compounds (Lengauer et al., 2004). The knowledge 
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of protein structure gives an idea of the function of the protein (Lengauer 
et al., 2004), as well as their contributions to changes in enthalpy, entropy 

and free energy, being often the starting point for drug design. Thus, the 

function of a protein can be predicted by computational methods, which 

can extract even more information than the experimental methods (Pierri 
et al., 2010). In this way, the process drastically reduces the number of 

compounds to be synthesized, which is necessary for the optimization of 

a potential drug (Breitenlechner et al., 2005). 

Since protein-ligand docking approaches are one of the most 

extensively used methods to predict biomolecule interactions, such as 

macromolecules with small molecules (Forli et al., 2016), it has become 

an important tool in research. Consequently, the number of softwares 

available is increasing (Sousa et al., 2013). Such approaches allow 

accurately predict the binding affinity between a protein and its ligand, 

identify the most favorable binding pose between them, and therefore the 

type of interactions involved (Wang and Lin, 2013). 

Protein-ligand docking studies can be divided into two strategies: 

The first one is the technique based on the ligand. It consists on 

identifying protein similarities to the properties of the ligand of interest. 

For this, a pharmacophore is used, which is built from functional groups 

that are necessary to participate in bindings with macromolecules 

(Hawkins, 2006). A pharmacophore is defined as the abstract 

representation of the steric and electronic features in the ligand 

structure, that are necessary to allow binding with proteins, either 

activating them or inhibiting them (Koes and Camacho, 2012). Among the 

properties that are considered in the construction of a pharmacophore 

are hydrogen bond acceptors and donors groups, ionizable groups, 

hydrophobic regions and aromatic rings, among others (Wieder et al., 
2016).The second approach is based on the structure of a target protein, 

whose normal function is to be altered, blocked in many cases, by binding 

the pharmacologically active molecule to it. Once the protein is identified, 

the next step is the selection of a suitable drug to adhere to the protein, it 

must be easy to synthesize, bio-accessible and have no adverse or toxic 

effects (Kang et al., 2008). However, it is not necessary to have 

information on the protein. Indirect information on the protein could be 

can be taken from reference proteins with known activity to create the 
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structural model of the protein of interest using a criterion of molecular 

similarity activity (Lengauer et al., 2004). 

Methods of molecular dynamics simulation provide information 

related to changes in the conformations of proteins and other 

macromolecules of biological interest, in complex or separated. It is 

extremely useful to know the change of conformational entropy upon 

binding; as well as kinetics and thermodynamics information of 

processes. There are two main advantages of protein-ligand docking 

simulation: to rapidly predict the best binding pose of the complex, and 

to score the binding affinity (Grant et al., 2010). 

In general, docking methods help to elucidate each one of the ligand 

orientations inside of a protein pocket, estimating the corresponding 

binding affinity, classify it according to its value, and identify the more 

favorable binding mode. Theoretically, the search for the best pose 

involves analysis of all possible configurations of the protein and ligand 

separately, and then, all possible conformations of the ligand within each 

of the possible states of the protein. However, these analyses are very 

inefficient because of the thoroughness required to consider each of the 

possibilities. On the other hand, they do not take into account a large 

number of these degrees of freedom, producing unreliable results. 

Because of this, the search for the best conformation methods have 

evolved between rigid, flexible-ligand, and flexible ligand-flexible protein 

(Du et al., 2016). 

The critical essential component of protein-ligand docking protocols 

is the free binding energy calculation, a mathematical approach that 

measures the strength of non-covalent interactions between protein and 

ligand. Although for the accuracy, many physical interactions should be 

considered, involving each one of them would increase the computational 

complexity, such that, to facilitate the calculation, certain simplifications 

are made, which reduces the accuracy of the results (Du et al., 2016). 

2.4.1. Identification of protein binding sites  
Predicting active sites in proteins is important for understanding the 

biology of their functions (Kalidas and Chandra, 2008). For the detection 

of these regions, different methods such as geometric, energetic, and 

structure-sequence comparison are used. The geometric identification 
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consists of measuring the volume of the cavity by placing different 

figures. For this, all atoms must be localized and classified as part of the 

protein or the solvent. The distances allowed between atom and atom 

depend on the method, grids, spheres or triangles can be placed between 

each pair of atoms, with an allowed distance of 3 Å; 1 and 4 Å (radii); or 

8 Å, respectively (Henrich et al., 2010). Generally, the region that brings 

together the largest cluster of geometric figures corresponds to the 

binding site (Brooijmans, 2009). For an energetic approach, no binding 

pockets are identified as such, but regions in which the protein is highly 

likely to interact with different ligands (Henrich et al., 2010). Figure 2.6, 

shows the predicted binding pockets for NS2B/NS3 (PDB ID: 2FOM) 

protein complex, the identification was determined using a grid potential 

map of van der Waals interaction of the receptor and construction of 

equipotential surfaces along the maps (MolSoft, 2000). This method 

recognized three different pockets with volumes between 109.7 and 

395.6 Å3, hydrophobicity ranged 0.34 and 0.55, and buriedness higher 

than 0.5 for all of them. 

Binding site similarity is another method used in identifying binding 

pockets. It is based on the search for similar regions in terms of shape and 

physicochemical properties on different proteins. Two proteins are 

considered different if they show a percentage of sequence identity lower 

than 95%. The detection of such binding sites between different proteins 

can be done in two ways. In the first one, the binding sites of the protein 

to assess are matched without involving the ligands, and in the second 

one, the different positions adopted by the ligand bound to each 

evaluated protein are compared. The root mean squared deviation 

(RMSD) values <3 Å are considered corresponding to similar binding 

sites (Haupt et al., 2013). This value corresponds to the average distance 

between atoms of overlapping proteins.  

Some of the softwares widely used to predict protein binding sites 

are: MED-SUMO, distributed by MEDIT, detects similar surfaces between 

macromolecules from 3D databases (Doppelt-Azeroual et al., 2009); 

FINDSITE provided by Skolnick, identifies ligand binding sites between 

evolutionarily related protein (Srinivasan et al., 2014); LIGSITE 

recognizes pockets on protein surfaces, using the calculation of depth and 

superficialness of protein regions, as well as probes of different sizes 
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(Kawabata, 2010); ICM-PocketFinder, provided by Molsoft, calculates the 

probability of drug binding (MolSoft, 2000). 

 

Figure 2.6. Tridimensional view of predicted binding pockets for 

NS2B/NS3 (PDB ID: 2FOM) protein complex. (A) Full view of dengue protease 

complex. (B) Enlarged view of pocket 1, (C) pocket 2, and (D) pocket 3. 

Contact residues of each pocket are shown. The segment of NS2B is 

represented in red ribbon and NS3 segment in blue ribbon. 
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3.1. Introduction 
Polychlorinated aromatic hydrocarbons are ubiquitous environmental 

pollutants that affect human health, resulting in a diversity of systemic 

and tissue-specific pathological changes. The term dioxin includes about 

hundreds of chemicals that are highly persistent in the environment, such 

as certain polychlorinated dibenzofurans (PCDF), polychlorinated 

biphenyls (PCBs), polychlorinated diphenyl ethers and polychlorinated 

naphthalenes, among others; of which 2,3,7,8-tetrachlorodibenzo-p-

dioxin (TCDD) (Figure 3.1) is the most toxic. Dioxins are formed naturally 

during volcanic eruptions and forest fires, and as an intermediate product 

of fossil fuels, pesticides manufacturing, metal recycling, waste 

incineration, polyvinylchloride plastic production, and chlorine bleaching 

in paper production, among others (Hutz, 1999). It has also been found in 

automobile emissions, cigarette smoke and coal burning (Navratil and 

Minarik, 2011).  

 

Figure 3.1. Tridimensional structure of 2,3,7,8-Tetrachlorodibenzo-p-

dioxin (CID: 15625). 

Dioxins are fat soluble and bioaccumulate in most animals, with an 

average half-life between 7 and 11 years in humans, remaining and 

biomagnifying along the food chain. From the environment, TCDD is 

taken through ingestion or respiration, however, the main source of 

exposure is food, such as meat, dairy products, fish and shellfish. Once in 

the organism, it acts as a hormone, so it is able to interfere in different 

signaling pathways (Figure 3.2), including celular differentiation, 

regulation and development (Schecter and Gasiewicz, 2003).  
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Figure 3.2. Data mining to alteration of gene expression and type of cells 

related to TCDD toxicity. 

Some of its effects on organisms are shown in Figure 3.3. TCDD exposure 

results in weightloss, damage to various organs such as liver, lung, 

thymus, pancreas, adrenal glands, and central nervous system 

(Pohjanvirta and Tuomisto, 1994), carcinogenicity in humans (Chan et al., 
2004; Knerr and Schrenk, 2006), reproductive toxicity (Jin et al., 2008a,b; 

Arima et al., 2009; Porpora et al., 2009), immunosuppression (Gogal and 

Holladay, 2008; Smialowicz et al., 2008), neurological dysfunction (Urban 

et al., 2007; Akahoshi et al., 2009), hepatotoxicity (Boutros et al., 2008; 

Nukaya et al., 2009), and teratogenicity in laboratory animals (Bryant et 
al., 2001; Thackaberry et al., 2005), skeletal deformities, kidney defects 

and a possible association with sarcomas, lymphomas and carcinomas 

(ATSDR, 1998). The proper disposal of this type of compounds requires 

to be treated as a hazardous waste, and be incinerated at temperatures 

higher than 850 °C (WHO, 2014). 

3.1.1. Physiological dynamic of TCDD 
TCDD have a relatively extraordinary potency of action due to its planar 

shape, high stability and accumulation in fatty tissues. It is well known 

that once inside the body (Figure 3.4), TCDD toxicity effects are mediated 

by a ligand-dependent transcription factor, the aryl hydrocarbon 

receptor (AhR)(Burcham, 2014), which displays a high binding affinity 

for it (Mimura and Fujii-Kuriyama, 2003). Studies using AhR-null mutant 

mice have confirmed the critical role that AhR plays on the toxic effects of 

TCDD (Fernandez-Salguero et al., 1996; Mimura et al., 1997). 
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Figure 3.3. Adverse health effects of TCDD. 

AhR is located in the cytoplasm, associated with a heat shock protein 90 

(HSP90) dimer and the co-chaperone protein X-associated protein 2 

(XAP2 or AIP1). Once binding with dioxin, the nuclear localization signal 

(NLS) in AhR is exposed, allowing the complex to pass into the nucleus of 

the cell, after being recognized by alpha karyopherin α (Schecter and 

Gasiewicz, 2003). There, HSP90-XAP2 complex is released, and AhR is 

heterodimerizated with AhRNT (AhR nuclear translocator), creating a 

ligand–receptor–translocator complex (Swanson and Bradfield, 1993). 

When activated by TCDD, the expression of several target genes regulated 

by the receptor is altered (Sato et al., 2008), inducing cytochrome P450 

enzymes (CYP450) transcription, by binding to dioxin-responsive 

elements (DRE) in its upstream region (enhancers). These enzymes 

metabolize and activate carcinogens (Murray et al., 2014).  

Some of CYP450 enzymes induced are CYPIA1, CYPIA2, and CYPIB1. The 

main function of these enzymes is to oxidize xenobiotics, which are 

generally lipophilic. Thus, hydrophilic groups could be added to increase 

their water solubility, increasing their excretion by the kidneys, and in 

consequence, reducing their potential toxic effects (Shimada, 2006). 

However, in the case of dioxins, halogens in its structure prevent 

oxidation by induced CYP450 enzymes, decreasing the removal rate. 

Because of this, the half-life time in the body, and therefore the effects 
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produced, increase (Schecter and Gasiewicz, 2003). According to 

microarray studies, AhR participates in the regulation of various genes 

involved in various biochemical pathways, such as cholesterol synthesis, 

energy metabolism, lipid and xenobiotic, cell cycle, cell migration and 

immune function (Murray et al., 2014).  

 

Figure 3.4. AhR activation and signaling after TCDD exposure. Modified 

from Bersten et al. (2013). 

Alternative pathways have been identified. Some studies reveal that the 

TCDD–AhR complex activates cytosolic protein kinase in nuclear-free 

subcellular homogenates (Enan and Matsumura, 1995). In vitro studies 

have raised the possibility that TCDD could affect cellular pathways in 

AhR-independent pathways. For instance, it has been shown that TCDD 

is able to induce Ca2+/Calmodulin signals that regulate apoptosis in EL-4 

cells (Kobayashi et al., 2009), activate the mitogen activated protein 

kinase (MAPK) pathway in RAW 264.7 murine macrophages (Park et al., 
2005), and induce immunotoxic effects in EL-4 cells through a 
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mechanism mediated by insulin-like growth factor-binding protein-6 

(IGFBP- 6) (Park et al., 2003), among other AhR-independent effects. 

Although these apparently receptor-independent processes are not clear 

yet, it is possible that some of the toxicologic and pathologic effects were 

caused by targets different from AhR. 

TCDD, as well as any ligand, alters the functions of target proteins acting 

as agonist or antagonist. Testing individual molecules to find specific 

protein targets is a time-consuming and expensive process. An approach 

that could help the discovery of new targets for toxic compounds is 

virtual screening. Screening for ligand conformations can be performed 

using a ligand-based approach (Lyne, 2002; Stahura and Bajorath, 2005), 

wich is established on the assumption that structurally similar 

compounds are likely to exhibit similar biological activities (Stockwell, 

2000). Its design includes pharmacophore searches (Khedkar et al., 
2007) using the structure of a ligand or series of ligands that are active 

against the target to determine ligand–protein interactions. This 

technique categorizes ligands that bind to the protein of interest and 

allows making predictions about activation or inhibition of the protein 

(Lewis et al., 2009). Ligand-based screening methods have been 

conventionally used in the early stages of a variety of drug discovery 

projects to mine chemical databases with the aim of identifying new hit 

compounds or optimizing leads (Agrawal et al., 2007; Kumar et al., 2009; 

Pérez-Nueno et al., 2009). Target Fishing Dock (TarFisDock) is a web 

server that docks small molecules with protein structures in the potential 

drug target database (PDTD), in an effort to discover new drug targets (Li 
et al., 2006). It works performing reverse molecular docking. This process 

allows docking a particular compound into known protein binding 

pockets found in the potential drug target database (PDTD). This server 

has been used to predict binding sites for multiple target proteins, such 

as vitamin E and 4H-tamoxifen, with predictions that were nearly 50% 

correct, after experimental verification, indicating the relative reliability 

of this server tool (Li et al., 2006).  

In this report, we used virtual screening to detect new posible targets for 

TCDD, and discuss the possible implications in human health. 
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3. 2. Methods 
A three-step approach has been used to find new protein targets for 

TCDD. This includes TCDD optimization, virtual screening of new targets 

and validation. First, the TCDD structure has been optimized using DFT 

at the B3LYP/6-31G level. Calculations were carried out with Gaussian 03 

package program (Frisch et al., 2003). The resultant geometry was 

translated to Mol2 format with Open Babel (Guha et al., 2006), and the 

Gasteiger partial charge were calculated. The optimized structure was 

submitted to TarFisDock (Li et al., 2006) to detect proteins with tri-

dimensional structures having theoretical binding sites to TCDD. The 

search started using the ‘‘targets in all categories” option, and ligand 
docking was performed on all proteins (1207 proteins available) present 

in the potential drug target database (PDTD). The output consists of the 

top 2%, 5% or 10% best hits, ranked by an energy score, providing 

binding conformations and a table with related target information. The 

25 proteins with the best binding score for TCDD, were scanned for 

pocket verification using the algorithm SiteID using the SYBYL8.1 

package. 

In order to calculate theoretical affinities, those proteins for which a 

binding pocket had been detected were docked with TCDD using 

AutoDock Vina 1.0 program. The geometrical orientation of TCDD on the 

protein generated by TarFisDock and that given by AutoDock Vina 1.0 

were compared calculating the RMSD, using the RMSD Calculator, tools 

from the SoongSil University Bioinformatics eBioLab. Interactions 

between TCDD and proteins were checked with LigandScout 2.0 (Wolber 

and Langer, 2005). This software extracts and interprets ligands and 

their macromolecular environment from a PDB file, previously prepared 

in SYBYL8.1, showing a 2D image of the interactions. 

As the main target for TCDD is the AhR, a mammal (Mus musculus) 3D 

model of this protein (PM0074603), available at the publicly accessible 

Protein Model Database (Castrignano et al., 2006), was used to perform 

docking with TCDD using AutoDock Vina 1.0. 

3. 3. Results 
The top 10% TarFisDock output identified 106 protein targets with 

binding affinities to TCDD over -28.41 kcal/mol. After testing each one 

with AutoDock Vina program, top 2% of the target list were selected 
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according to the docking score (Table 3.1), and those with a binding 

affinity over   -7.0 kcal/mol were chosen for the analyses. RMSDs values 

calculated for the ligand position in the protein as given by TarFisDock 

and AutoDock vina revealed that TCDD acquires the same position using 

both tools.  

Based on the docking score, we found that TCDD could interact in an AhR-

independent way with different enzymes such as hydrolases, isomerases, 

oxidoreductases, oxidases and other receptors such as the nuclear 

orphan receptor Lxr-beta (LXRb). As it can be seen from Table 3.1, 

proteins with the greater binding affinity were neutrophil collagenase 

(MMP8) (Figure 3.5), stromelysin-1 MMP3 (Figure 3.6), oxidosqualene 

cyclase (Figure 3.7), and myeloperoxidase (Figure 3.8). For these 

proteins, the binding sites for TCDD are embedded in a hydrophobic 

region, with interactions of both the chlorine atoms and the aromatics 

rings.  

 

Figure 3.5. Tridimensional view of TCDD docking with neutrophil 

collagenase, MMP8. (A) 3D structure of the TCDD-protein complex. The 

yellow bow shows TCDD in the binding site. (B) Interactions between 

aminoacids in the protein and TCDD. 

The AutoDock Vina-generated docking of TCDD with the available 

theoretical PM0074603 AhR model in Protein Model Database (Figure 

3.9), showed that as observed for hypothetical TCDD targets, the binding 

site is also hydrophobic with prevalence of aromatic and aliphatic 
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residues. However, the calculated affinity (-7.5 kcal/mol) is not as good 

as the ones observed for other TCDD targets predicted by TarFisDock. 

 
Figure 3.6. Tridimensional view of TCDD docking with stromelysin-1, 

MMP3. (A) 3D structure of the TCDD-protein complex, showing binding 

TCDD in the site cavity. (B) Interactions between aminoacids in the 

protein and TCDD. 

 

Figure 3.7. Tridimensional view of TCDD docking with oxidosqualene 

cyclase. (A) 3D structure of the TCDD-protein complex, showing binding TCDD 

in the site cavity. (B) Interactions between aminoacids in the protein and TCDD. 
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Table 3.1. Proteins with theoretical binding sites for TCDD. 

PDB 

ID 
Protein Name Gene Name 

Energy score (Kcalmol-1) RMSD 

(Å) 
TarFisDock AutoDockVina 

1I76 Neutrophil Collagenase, MMP8 MMP8 -35,90 -10,4 0.741 

1QIA Stromelysin-1, MMP3 
MMP3 

Synonym: STMY1 
-33.84 -9.8 0.493 

1W6K 
Oxidosqualene cyclase  

(Lanosterol synthase). 

LSS 

Synonym: OSC 
-33.52 -9.8 0.414 

1D2V Myeloperoxidase MPO -34.11 -8.9 0.688 

2JFE Cytosolic beta-Glucosidase 
GBA3 

Synonym: CBG, CBGL1 
-32.59 -8.7 0.251 

1K4W Nuclear Orphan Receptor Lxr-beta 
NR1H2 

Synonym: LXRB, NER, UNR 

-28.52 

 
-8.4 0.685 

1XOS 
cAMP-specific 3',5'-cyclic 

phosphodiesterase 4B 

PDE4B 

Synonym: DPDE4 
-31,78 -8.4 0.174 

1S2A Prostaglandin D2 11-ketoreductase 

AKR1C3 

Synonyms: DDH1, 

HSD17B5, KIAA0119, PGFS 

-34,38 -8.1 0.683 

1B41 Acetylcholinesterase ACHE -30.5 -8.2 0.358 

4QUP Monooxygenase NA -30.06 -8.1 0.255 
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PDB 

ID 
Protein Name Gene Name 

Energy score (Kcalmol-1) RMSD 

(Å) 
TarFisDock AutoDockVina 

2NZL Hydroxyacid oxidase 1 
HAO2 

Synonyms: HAOX2 
-34.91 -8.0 0.326 

1PY5 TGF-beta receptor type I TGFBR1 -28.69 -7.9 3.061 

NA.  Not available.

http://www.rcsb.org/pdb/explore.do?structureId=2NZL
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3. 4. Discussion 
The virtual screening of protein targets for TCDD has shown that 

several of them have the potential to bind this toxic compound. It is 

considered that a ligand is promiscuous when it is capable of forming 

chemical interactions with more than one protein target. Although the 

physiological and toxicological relevance of this finding is still unknown, 

it brings the opportunity to rethink new mechanisms by which TCDD 

could be interfering with many biochemical systems in the body. 

Even though in this article were taken into account only those 

proteins with the best values of affinity for the ligand of interest, 

promiscuous ligands with low binding affinities, may also show high 

efficiency (Haupt et al., 2013). The binding energy between a protein and 

a ligand varies from -22 and -2.5 kcal/mol. Evidence suggests that the 

biological purpose and strength of the bond (affinity value) between 

protein and ligand could be related. Complexes formed by interactions 

with weak binding force generally correspond to proteins involved in 

signaling networks, facilitating the partner change. Reversible and strong 

bindings, as is the case of interactions between enzymes and cofactors, 

show values between -5.5 and -9.5 kcal/mol. Finally, other proteins have 

lower affinity values indicating better binding strength, generally are 

related with metals, small anions and ligands which form covalent bonds 

(Kessel, 2010).  

 

Figure 3.8. Tridimensional view of the TCDD docking with 

myeloperoxidase. (A) 3D structure of the TCDD-protein complex, showing 
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binding TCDD in the site cavity. (B) Interactions between aminoacids in the 

protein and TCDD. 

 

Figure 3.9. Tridimensional view of the docking of TCDD with AhR. (A) 3D 

structure of the protein showing binding site cavity. (B) Interactions between 

aminoacids in the protein and TCDD. 

The highest binding score for TCDD was obtained for 

metalloproteinase 8 (MMP8), known as neutrophil collagenase. The 

binding pocket to TCDD is formed by residues between positions 280 and 

361, which correspond to an allosteric site on the protein; according to 

the associated entries in PDB with MMP8 (such as 1A85, 1ZP5 and 3DPF) 

the active site is formed by residues between positions 171 and 250 

(Kufareva et al., 2012), as shown in Figure 2.3. This protein is a member 

of the interstitial collagenase family, capable of degrading fibrillar type I, 

II, and III collagens. Its expression and activity has been associated with 

chronic inflammatory and fibrotic diseases such as cystic fibrosis, 

rheumatoid arthritis, periodontal disease, and chronic skin wounds 

(Matsuki et al., 1996; Nwomeh et al., 1999; Allport et al., 2002; Ratjen et 
al., 2002). 

Interestingly, rheumatoid arthritis (Kobayashi et al., 2008), and 

periodontal diseases (Yoshizawa et al., 2005) have been observed as a 

consequence of TCDD exposure. Similarly, TCDD can activate 

macrophage and neutrophil accumulation, resulting in neutrophilia, 

inducing an inflammatory response in certain tissues (Kerkvliet, 1995). 
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It has been demonstrated that normal melanocytes and melanoma cells 

exposed to dioxin have increased expression and activity of 

metallopeptidases, such as MMP1, MMP2 and MMP9 (Villano et al., 2006). 

Particularly in the case of MMP8, mice exposed for 6 to 12 hours to TCDD 

show an upregulated expression for this gene. So far, there is no evidence 

that this response is mediated by AhR, however, some authors suggest 

that transcriptional regulation occurs by via June or Fos (Hillegass et al., 
2006) 

Stromelysin-1 (MMP3), another metallopeptidase, also had a high 

theoretical docking affinity with TCDD. The TCDD binding pocket 

coincides with the active site identified from the PDB entries associated 

with this protein by using Pocketome software (Kufareva et al., 2012). 

This protein can promote the proteolysis of basal membrane collagen and 

induce synthesis of other matrix metalloproteinases (MMPs) such as 

MMP1 and MMP9 (Brinckerhoff et al., 2000; Van Themsche et al., 2004). 

The proper function of the normal human endometrium relies on well 

organized cell–cell interactions regulated locally by cytokines and growth 

factors under the direction of steroid hormones. In ectopic endometrium, 

MMP3 may participate in the process of invasion and tissue remodelling 

that is hypothesized to occur in the pathogenesis of endometriosis (Cox 

et al., 2001). Experimental evidence suggests that TCDD alters the 

endometrial response to estrogen, facilitating the onset of endometriosis, 

and contributing to its development by increasing the invasion of 

endometrial stromal cells in patients with endometriosis (Yu et al., 2008). 

It also affects the pathophysiology of endometriosis by modulation of 

immune and endocrine function (Pauwels et al., 2001). Although 

metalloproteinases are reported to be involved in this process, it is clear 

that at least two of the proteins belonging to this family are potential 

targets for TCDD, and this could in part, explain, some of the toxic effects 

of dioxin on endometriosis. However, the specific mechanism of dioxin-

mediated toxicity in the pathogenesis of endometriosis remains unclear 

(Pauwels et al., 2001).  

Oxidosqualene cyclase catalyzes the cyclization of squalene 2,3-

epoxide to form the tetracyclic lanosterol, the precursor to all sterols 

(Kramer, 2006). Interestingly, the TCDD binding site is the same for 

squalene, both interacting with Phe 696. Several studies have shown that 

TCDD alters cholesterol biosynthesis (Sato et al., 2008). Although this 
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process has been linked to the activation of the AhR (Tanos et al., 2012), 

it is quite intriguing to determine whether TCDD binding to this enzyme 

can also induce some changes on colesterol homeostasis. 

Myeloperoxidase (MPO) is a lysosomal enzyme that is found in white 

blood cells and neutrophils, and its primary function is to mediate a 

defense response against invading pathogens (Shetty et al., 2006). MPO 

uses hydrogen peroxide and chloride to produce hypochlorous acid 

(HOCl), a potent oxidant that reacts with proteins, DNA, and lipids to 

cause cellular injury. However, MPO has also been shown to metabolize 

chlorophenols such as 2,4,5-tri-, 2,3,4,6-tetra and pentachlorophenol, 

into dibenzo-p-dioxins and dibenzofurans (PCDD/F) (Wittsiepe et al., 
2000). This metabolic pathway not only could increase the body burden 

of TCDD, but also could explain the binding affinity of this compound by 

MPO. 

Virtual screening also showed that transforming growth factor beta 

type I (TGFb1) can also be a potential target for TCDD. This protein 

belongs to a superfamily of paracrine-acting peptides, known to elicit a 

variety of biological activities in many cell types, including effects on cell 

proliferation, cell differentiation, cell adhesion, cell migration, and 

regulation of extracellular matrix components. Gene expression studies 

have showed that TCDD down regulated TGFb1 (Sahlberg et al., 2007). In 

mice, TCDD induces oxidative stress on testes, related to an increase of 

TGFb1 activity, triggering TGF-beta1-Smad pathway (Jin et al., 2008a). 

Another protein found to be a possible target for TCDD is the nuclear 

orphan receptor Lxr-beta (LXRb), a ligand-activated transcription factor 

that belongs to the nuclear receptor superfamily (Apfel et al., 1994). It is 

an isoform of the liver X receptors (LXRs), classified as orphan nuclear 

receptors because their natural ligands are unknown. LXRb is expressed 

in almost all the organism tissues (Cortés et al., 2005). 

There are other interesting proteins that also were predicted to have 

binding sites for TCDD: cAMP cyclic phosphodiesterase 4 (PDE4) has four 

isoforms (A–D) (Lugnier, 2006). PDE4B is predominantly expressed in a 

variety of inflammatory and structural lung cells (Torphy, 1998), and it 

has been shown to modulate inflammatory responses (Jin et al., 2005). 

Prostaglandin D2 11-ketoreductase (AKR1C3) is a member of the aldo–
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keto reductase (AKR) gene superfamily that can act on a variety of 

substrates including hormones, prostaglandins and PAHs (Palackal et al., 
2002). It has been related to carcinogenesis due to its implication with 

PAH activation (Penning and Drury, 2007). Cytosolic beta-glucosidase 

(hCBG), is present in the liver, kidney, intestine and spleen of humans but 

primarily in enterocytes (Daniels et al., 1981). This enzyme hydrolyses 

many common dietary xenobiotics, including glycosides of 

phytoestrogens, flavonoids, simple phenolics and cyanogens (Berrin et 
al., 2002).  

Finally, acetylcholinesterase (AChE) is the enzyme involved in the 

deactivation of acetylcholine at nerve endings, preventing continuous 

nerve firings. It is vital for normal functioning of sensory and 

neuromuscular systems (Murphy, 1986). Although it is a common 

molecular target for organophosphate and carbammate pesticides, its 

binding capacity to TCDD is surprising weak. 

As it was observed for proteins TCDD targets predicted by 

TarFisDock, the docking of TCDD with an available mouse model of AhR, 

the known receptor for this compound, also showed that the protein 

binding site for the chlorinated xenobiotic is predominantly hydrophobic, 

as published by Pandini et al. (2009), for which several interacting 

residues are the same as those depicted in our working model (Figure 

3.9).  

Finally, the 2D views of the interaction patterns for TCDD and 

TarFisDock-detected targets show that as suggested by Kortagere et al. 
(2008), halogens form mainly hydrophobic interactions with amino acids 

such as leucine, phenylalanine and hydrogen bonds with serine or 

threonine. 

In short, although it is safe to state that this virtual screening 

approach provides insight about hypothetical targets for TCDD, it is also 

worth emphasizing that currently, the use of these tools might have 

limitations, especially when considering environmental samples where 

activity depends on mixtures of TCDD-like compounds. Future 

developments must include prediction of the toxicity induced by dioxins 

and related compounds, by obtaining parameters such as the toxic 

equivalence factors (TEF) (Van den Berg et al., 1998; 2006), directly from 
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the extent of individual ligand– AhR binding interactions, detected for 

each one of the components in a sample. 
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4.1. Introduction 
Dengue is the fastest spreading viral disease that is transmitted by 

mosquitoes (Aedes aegypti, mainly) worldwide (Shroyer, 1986); with 

two-fifths of the world population at risk for becoming infected (WHO, 

2014). Otherwise, dengue fever is a viral infectious disease transmitted 

to humans through one of the five serotypes of dengue virus, members of 

genus Flavivirus, which are genetically similar but antigenically distinct 

(Mustafa et al., 2015). Its clinical manifestations range from 

asymptomatic to dengue shock syndrome, which may cause death. 

According to the World Health Organization, approximately 3.6 million 

people are living in endemic areas prone to developing the disease, and 

at least 2.4 million cases were reported annually in 2010, 2013 and 2015 

(WHO, 2016). However, estimates made by cartographic approaches 

consider that about 390 million (95% credible interval) dengue 

infections occur annually (Bhatt et al., 2013). Until now, there is no 

vaccine against infection, for this reason current prevention methods are 

based on eliminating mosquito breeding sites. Urban growth, 

globalization and lifestyle changes have contributed to increase 

populations of Ae. aegypti and its geographical distribution (Gubler, 

2014). 

In tropical and sub-tropical countries, dengue is a major public health 

problem due to multiple factors, such as reemergence and intense 

transmission, the regular occurrences (every two or three years) of the 

disease in the same geographical site, the increase in the frequency of 

severe dengue outbreaks and co-circulation of the serotypes, causing an 

increase in the number of new cases. Of those people with severe dengue, 

relatively 10% of the total cases involved dengue hemorrhagic fever, and 

about 500,000 need to be hospitalized, and (Usme-Ciro et al., 2008; WHO, 

2013). Despite its global spread, currently there is no drug that is 

available for the disease. 

Ecological studies of dengue virus in West Africa and Malaysia 

habitats have identified transmission cycles in non-human primates, with 

other species of the genus Aedes as vectors. This sylvatic cycle seems to 

be the ancestral condition: moving from non-human primates to humans 

and from arboreal species of Aedes to Ae. aegypti and Ae. albopictus, as a 

result of the increased human activity (Weaver and Barrett, 2004).  
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The first dengue viruses were isolated in 1943 during World War II, 

however, only until 1944, samples obtained from soldiers settled in India, 

New Guinea and Hawaii were assigned as members of antigenically 

similar viruses, named dengue serotype 1 (DENV-1), with Hawaiian 

strain as the prototype. Also isolated from New Guinea, an antigenically 

different strain was obtained, known as serotype 2 (DENV-2). 

Subsequently, in 1956, were obtained two serotypes in the Philippines, 

known serotypes 3 and 4 (DENV-3 y DENV-4)(Mahy and Van 

Regenmortel, 2010). Finally, in 2013, was isolated the fifth serotype in 

the forests of Sarawak Malaysia (DENV-5) (Mustafa et al., 2015). 

4.1.1. Dengue disease  
Dengue infections may be asymptomatic (especially in children 

under 15 years) or generate a series of clinical manifestations, even cause 

death. Population studies have shown an increase in the severity of the 

symptoms of dengue fever in patients proportional to age and repeated 

infections (Thai et al., 2011). DENV-2 and DENV-3 have historically been 

the most prevalent agents related to disease severity (Balmaseda et al., 
2006).  Infection with any of the DENV serotypes may affect various 

human organ systems, and can cause a wide variety of clinical 

manifestations ranging from undifferentiated febrile illness to fatal 

febrile illness (WHO, 2009). 

After a bite from an infected mosquito there is an incubation period 

of up to 2 weeks, symptoms develop would vary, but usually following 

three phases – the initial few days (3 to 7 days), known as febrile phase; 

a critical phase from about 4-5 days from the onset of fever (39 - 40 °C), 

followed by a phase of spontaneous recovery. It is associated with the 

entry of the virus into the bloodstream (viremia), along with some non-

specific symptoms such as skin rash, generalized body pain, myalgia 

(muscle pain), arthralgia and headache; anorexia, nausea and vomiting; 

petechiae and mucosal bleeding, among other less common signs. A 

positive tourniquet test and a progressive decrease in the total white 

blood cell count should alert to a high probability of dengue. The critical 

stage coincides with the plasma extravasation, often accompanied by 

hemorrhagic manifestations, organ disorders (hepatitis, encephalitis or 

myocarditis) and hematological abnormalities, being shock, the most 

severe manifestation. This latter case occurs when a critical volume of 

plasma is lost, accompanied by a decrease in temperature below normal 
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levels; and a pulse pressure ≤ 20 mmHg. As a result, hematocrit (red 

blood cells proportion of the total blood volume) rises at this stage and 

platelets that were already descending reach their lowest values. In the 

recovery stage, usually the patient improvement is evident by absorption 

of extravascular fluid. Hematocrit stabilizes and white blood cell count 

increases, followed by the rise in platelet count. In some cases, the patient 

may deteriorate with some warning signs, such as vomiting, mucosal 

bleeding, high hematocrit and low platelet count. Cases of dengue with 

warning signs can be treated with intravenous rehydration and usually 

recover. Otherwise, dengue infections will deteriorate to severe dengue. 

It is classified as severe dengue if during the course of the disease, the 

patient shows any of the following symptoms: loss of plasma causing 

shock, accumulation of fluid with or without respiratory distress, severe 

bleeding and severe deterioration of organs (WHO, 2009). 

4.1.2. Virion structure 
Viruses of the Flaviviridae family have an RNA genome size of 

approximately 11 kb in a positive sense chain, flanked by untranslated 

regions (5'-UTR and 3'-UTR). The Flavivirus genome presents a 

methylated cap type I (m7GpppAmp) at the 5' end but lacks the 

polyadenylated tail at the 3' end. Over 95% of the RNA genome consists 

of a single open reading frame (ORF) and encodes a single polyprotein 

which is processed by viral and host proteases to produce individual 

proteins (Figure 4.1). Gene products are translated in the following order 

NH3-C, prM, E, NS1, NS2A, NS2B, NS3, NS4A, NS4B, NS5-COOH, where C is 

the capsid, prM is the pre-membrane, and E is the envelope protein, while 

NS corresponds to nonstructural proteins. The genome is encapsulated 

by the capsid protein. This core-capsid is surrounded by a lipid bilayer 

containing the membrane (M) protein and envelope (E) protein 

(Lindenbach and Rice, 2003). 

The virion is a spherical particle of 48 to 50 nm in diameter with a 

core of about 30 nm, surrounded by a lipid envelope. The structural 

proteins are found on the surface of viral particles. Glycoprotein E, main 

antigenic determinant on the virus particles, is involved in binding steps 

and viral entry via membrane fusion. The M protein is a small proteolytic 

fragment of the precursor protein prM produced during maturation of 

viral particles in the secretory pathway (Zhang et al., 2003). The 
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nucleocapsid contains the capsid protein (C) interacting with the 

genomic RNA (Ma et al., 2004). 

 

 

Figure 4.1. Dengue virus polyprotein organization at the endoplasmic 

reticulum membrane and processing by cellular and viral proteases. Modified 

from Assenberg et al. (2009). 

4.1.3. Dengue virus infection 
To enter host cells, the virus undergoes endocytosis mediated by 

binding of the glycoprotein E to cellular receptors (Figure 4.2), such as 

heparan sulfate in kidney cells, DC-SIGN/L-SIGN in dendritic cells, 

mannose receptor in macrophages, among others (Hidari and Suzuki, 

2011). The low pH in endosomes, allows the rearrangement in the 

conformation of the glycoprotein, exhibiting the fusion loop and allowing 

the fusion of the virus envelope with the cell membrane. Once in the 

cytoplasm, the genome is translated by cell ribosomes. Host proteases 

and virus are responsible for splitting up each one of the 10 proteins 

(Figure 4.1). Together with it, the genome is replicated by nonstructural 

proteins to be packaged by capsid proteins and form new virions in the 

lumen of the endoplasmic reticulum (ER). When leaving the ER, a 

membrane is obtained with proteins M (immature, prM) and E, inserted. 

At this stage, viruses are in an immature form; the maturation occurs just 

before leaving the cell, when part of the prM protein is cleaved by furin, a 

cellular protein (Smit et al., 2011).  
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Figure 4.2. Cellular infection by dengue virus. The process begins with the 

Attachment of the virus to host cell receptors; the entry into the cell is mediated 

via a Receptor mediated endocytosis. Virion conformational changes due to 

vesicular acidification causes the Uncoating of viruses and the fusion of the viral 

and endocytic membrane, releasing the nucleocapsid into the cytoplasm. At the 

endoplasmic reticulum (ER), the viral RNA is translated into a polyprotein and 

processed (Translation and processing). The viral RNA is transcribed, 

amplified and packaged by capsid protein for Nucleocapsid formation. 

Subsequently, the Assembly of viral components into immature virions occurs 

in the ER. After its passage through the Golgi apparatus, Virus maturation takes 

place and it is released to extracellular environment (Virus release).  Modified 

from Screaton et al. (2015).  

The functional roles of nonstructural proteins during the viral life 

cycle are relatively well characterized and discussed below. NS1 is a 

multifunctional glycoprotein, involved in viral replication, although its 

role in this process is not known. When secreted, induces host immune 

responses (Chen et al., 2015). Studies in other flavivirus have shown that 

NS2A interacts with NS3, NS5 and 3 'UTR (Mackenzie et al., 1998), 

besides, this protein has shown an important role in downregulating the 

response of type I interferon to infection, the initial host defense against 

viruses (Liu et al., 2006). NS2B is an integral membrane protein; a 
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hydrophilic segment between residues 49-95 plays a central role as an 

essential cofactor for the NS3 serine protease activity for splitting up the 

natural polyprotein substrate (Yon et al., 2005). The multifunctional 

protein NS3 includes a catalytic triad composed of serine in the N-

terminal, which in complex with the cofactor NS2B functions as viral 

protease, required for polyprotein processing; the C-terminal region has 

helicase activity, essential during replication of the viral genome, plus a 

nucleoside triphosphatase activity (NTPase) and RNA 5'-triphosphatase 

(RTPasa) (Matusan et al., 2001), with which is believed to 

dephosphorylate the 5' end of genomic RNA prior to addition of 

m7GpppAmp (Wengler and Wengler, 1993). Thereby, NS3 is the main 

axis in the dengue viral replication process. The C-terminal hydrophobic 

region of the NS4A protein acts as a signal sequence for translocation of 

NS4B in the ER lumen (2K). The latter corresponds to an integral 

membrane protein, which may be involved in replication efficiency in 

both the mosquito and human hosts (Hanley et al., 2003). Also has been 

demonstrated its ability to block the signal transduction cascade by IFN-

α / β, interfering with induced STAT1 phosphorylation (Munoz-Jordan et 
al., 2005). Finally, the NS5, also a multifunctional protein, is involved in 

RNA replication. In the N-terminal has cap-processing activity and at the 

C-terminal, RNA-dependent RNA polymerase activity (RdRp). Its N-

terminal region shares homology with S-adenosyl methionine (SAM) 

dependent transferases and it has been shown that it transfers methyl 

groups from SAM for both methylation events (N-7 guanine and ribose 2'-

O) required for cap formation at the 5' end of RNA (Ray et al., 2006). 

Besides, it contains two NLS, importin β binding domain and a protein-

protein interacting site for NS3 (Brooks et al., 2002). Because it has been 

demonstrated that NS5 induces the secretion of IL-8 in the late infection, 

apparently nuclear translocation of NS5 can modulate transcription of 

cytokines such as IL-8 to counteract the antiviral effects of innate 

immunity (Medin et al., 2005). It has also been shown that interactions 

between proteins NS3 and NS5 improve RTPasa and NTPase activities of 

NS3 (Yon et al., 2005). 

Several authors have focused their efforts looking for inhibitors of 

viral proteins for treating dengue, blocking their biological roles (Gu et 
al., 2014; Lou et al., 2014). Even when envelope protein (Schmidt et al., 
2012), capsid (Byrd et al., 2013a), protease (Raut et al., 2015), helicase 

(Byrd et al., 2013b), methyltransferase (Luzhkov et al., 2013), and NS5 
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RNA-dependent RNA polymerase (Sampath and Padmanabhan, 2009) 

have been suggested to be therapeutic targets for specific antiviral 

searches against dengue, NS3 and NS5 have some advantageous features 

as being the most conserved in all the serotypes of dengue virus (Khan et 
al., 2008), presenting multifunctional activity and also corresponding to 

the best characterized DENV nonstructural proteins. Given the 

importance of NS3 and NS5 proteins functions, both represent an 

important target for the development of specific antiviral inhibitors 

(Oliveira et al., 2014). 

NS2B/NS3 protease has been one of the most widely used targets, as 

shown by several authors (Ezgimen et al., 2012; Kwo et al., 2010; Yang et 
al., 2014). It is clear that flavivirus proteases, including NS2B/NS3, are 

essential for viral replication and infectivity. Proof thereof is the fact that 

dengue virus infectivity decreases by 80% when infected cells were 

treated with peptide inhibitors against dengue protease (Rothan et al., 
2012). Moreover, this strategy has proved effective as treatment of other 

diseases, as in the case of protease inhibitors in HIV infection (Hughes et 
al., 2011). Similarly, two hepatitis C virus protease inhibitors, Simeprevir 

(Forns et al., 2014) and Sofosbuvir (Keating and Vaidya, 2014), which 

were recently approved for therapeutic use, have become the standard of 

care. Thus, the use of compounds that target the NS2B/NS3 protease 

becomes a prominent strategy for dengue virus therapy. 

The use of bioinformatics tools, molecular modeling programs and 

high performance computing has been leading the process of designing 

and in silico searching for therapeutically useful molecules. This same 

approach has been applied to the discovery or development of 

compounds that could target several diseases (de Rezende et al., 2013; 

Keri et al., 2013). One of the strategies at the forefront of drug discovery 

is the virtual screening of databases (Reddy et al., 2007), which can 

identify powerful new protein ligands (Ananthan et al., 2009; Tuccinardi 
et al., 2009). Using the structural information on the dengue virus 

protease and molecules published in PubChem 

(http://pubchem.ncbi.nlm.nih.gov), virtual screening was performed to 

search for low molecular weight molecules that could inhibit this 

protease and that could be potentially employed in the treatment of 

dengue infection, verifying their ability to inhibit the NS2B/NS3 protease 

activity of the dengue virus through in vitro assays. The discovery of 
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molecules that interfere with the proteolytic activity of the DENV 

NS2B/NS3 protease could become a potential alternative for the 

treatment and control of the disease.  

For this purpose, after determining the best leading compounds, the 

complex NS2B/NS3 was obtained using recombinant DNA techniques. 

The inhibitory capacity against the proteolytic activity of the isolated 

complex was determined using the synthetic peptide Boc-Gly-Arg-Arg-

AMC as a fluorescent substrate. Finally, the inhibitory effect of these 

compounds was investigated in vitro, using HepG2 cells that were 

infected with dengue virus serotype 2.  

4.2. Materials and Methods 
The methodology used in this study comprised the steps detailed 

below: 

4.2.1.  In silico studies 
The dengue virus NS2B/NS3 protease crystal structure was obtained 

from the Protein Data Bank (PDB: 2FOM). This crystallographic structure 

has been used recently by several authors for in silico molecular docking 

approaches (Lai et al., 2013; Noble and Shi, 2012; Pambudi et al., 2013). 

The 3D structure of the protein was prepared using the SYBYL 8.1 

software package (Tripos, 2008) by removing all the water molecules and 

substructures that were present. Furthermore, the side chain amide 

groups were fixed for each amino acid. The resulting structure was 

minimized using the Powell method of molecular mechanics, with the 

combined force fields Kollman united/Kollman All Atom, applying Amber 

charges and a gradient convergence criterion of 0.005 kcal/mol. The final 

structure was saved in PDB format. The program MGLTools 1.5.0 (Sanner 
et al., 1996) was utilized to convert the PDB file to the PDBQT format, 

adding polar hydrogens for all of the docking calculations.  

Three-dimensional structures of ligands that were uploaded into the 

NCBI PubChem Database from March/2005 to December/2011, were 

downloaded from this database (http://pubchem.ncbi.nlm.nih.gov/) in 

SDF format. Structures were optimized with the SYBYL 8.1.1 package 

(Tripos, 2008) with molecular mechanics methods, employing a Tripos 

force field, Gasteiger charges, gradient convergence of 0.01 kcal/mol and 

a maximum number of optimization iterations set to 1000. Optimized 
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structures were saved in MOL2 format, and converted to PDBQT files 

with MGLTools 1.5.0 (Sanner, 1999) for molecular docking procedures.  

The AutoDock Vina 1.1 program (Trott and Olson, 2010) was 

employed for all of the fittings that were required for the virtual 

screening. The protein was maintained rigid throughout the docking 

process, while the ligands were allowed to be flexible. The molecular 

parameters used were the following: a grid spacing of 1.000 Å; box size 

dimensions of 22 × 30 × 32 (x, y, z); coordinates of x = 9.790 Å, y = 10.355 

Å, and z = 11.150 Å at the center of the box; number of modes = 20; energy 

range = 1.5; and exhaustiveness = 20. The substrate-based inhibitor 

binding pocket shown in the crystallographic structure (PDB: 2FOM) was 

chosen for placing the grid box to cover the entire enzyme binding site 

and accommodate ligands to move freely. The interactions between the 

molecules and dengue virus protease were checked with LigandScout 2.0 

(Wolber and Langer, 2005). This software extracts and interprets ligands 

and their macromolecular environment from a PDB file, displaying 

tridimensional and 2D images of the interactions.  

Docking validation with biological data.  
The docking protocol was validated using a test set of 40 molecules, 

including active and inactive reported inhibitors against dengue virus, as 

well as reported inhibitors for proteases from other viruses, for 

comparative purposes (Maldonado-Rojas et al., 2015). For dengue 

inhibitors, molecules with IC50 values less than 15 µM were chosen. For 

some molecules, the three-dimensional structures were downloaded 

from the NCBI PubChem Database, and their processing was similar to 

that described above. Such is the case of the compounds CID_3010818, 

CID_53487990, CID_10324367, CID_35370, CID_5362440, CID_60825, 

CID_441243, CID_54682461, CID_44246257, CID_4101471, 

CID_60194816, and CID_23350827. For remaining ligands, 3D structure 

was drawn and optimized using DFT at the B3LYP/6-31G level. 

Calculations were carried out with Gaussian 09 package program (Frisch 
et al., 2009). SYBYL 8.1.1 package was used to convert files to MOL2 

format and MGLTools 1.5.0 to PDBQT format.  

Molecules with the best binding affinities were compared to other 

chemicals that were published as active and inactive inhibitors of dengue 

protease. This comparison was based on their molecular characteristics 

using hierarchical agglomerative clustering. Cluster analysis was 
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performed using the Tanimoto coefficient method with a measure of 

similarity and an average linkage (Backman et al., 2011).  

The web-based software tool FAFDrugs3 (Lagorce et al., 2011), 

which is hosted on the public domain of The Ressource Parisienne en 

Bioinformatique Structurale (http://fafdrugs2.mti.univ-paris-

diderot.fr/references.html), was used to filter for Pan Assay Interference 

Compounds (PAINS). The canonical Simplified Molecular Input Line 

Entry System (SMILES) strings were used as Input data, which were 

obtained from the PubChem database.  

4.2.2.  In vitro studies 
Protein expression 
A soluble His-tagged recombinant DENV-2 NS2B/NS3 protease was 

constructed according to the sequence published by Yang et al. (2011). In 

this study, the vector pET28c was used for the inducible expression of the 

hexahistidine-tagged recombinant protein. The DENV-2 NS2B/NS3 

protease sequence was inserted between the NdeI and XhoI restriction 

sites with a flexible linker (Gly4) between NS2B and NS3. The vector was 

then transformed into the Escherichia coli strain BL21 star (DE3) for 

protein expression. Cultures of this E. coli strain were grown in 5 L of LB 

medium that contained 30 μg/mL kanamycin at 37 °C until the 

absorbance at 600 nm (A600) reached 0.6. The cells were induced for 

expression by the addition of isopropyl-β-D-thiogalactopyranose to a 

final concentration of 0.4 mM and were incubated for additional 4 h at 

37°C. The cells were then harvested by centrifugation (8900 rpm, 20 min, 

4 °C), and the pellets were stored at −80 °C until used. For protein 
purification, the cells were thawed and re-suspended in BugBuster® 

Protein Extraction Reagent. The re-suspended cells were stirred at 300 

rpm for 20 minutes at room temperature. Then, they were centrifuged 30 

min at 5,000 g and 4 °C. The supernatant was purified immediately by 

passage through a Ni+2 column and pre-equilibrated with 50 mM Na2HPO4 

and 300 mM NaCl, pH 7.0. The column was extensively washed with 

buffer that contained 10 mM and 150 mM imidazole, and protein was 

then eluted from the column in buffer that contained 300 mM imidazole. 

Finally, the elution buffer was changed for storage buffer (Tris 125 mM, 

pH 7.5, NaCl 0,6 M, glycerol 25%). The elution fractions were analyzed by 

12% SDS-PAGE. Samples of pre- and post-induced cells as well as soluble 
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and insoluble fractions following lysis were collected and also analyzed 

by 12% SDS-PAGE.  

Fluorimetric enzyme activity assay 
The bioassay used here is a modification of that reported by 

Tomlinson and Watowich (2011). The molecules used were those 

commercially available, with the best binding affinities obtained with the 

in silico studies: C29H25N3O4S (PubChem ID: 54710332, STK841825, 

Purity > 90%), C25H14O6 (PubChem ID: 54692153, STK523898, Purity > 

90%), C35H27NO9 (PubChem ID: 54681617, STK530661, Purity > 90%), 

C30H25NO5 (PubChem ID: 54692801, STK332077, Purity > 90%), and 

C34H23NO7S2 (PubChem ID: 54715399, STK529754, Purity 95%), as well 

as aprotinin, a competitive serine protease inhibitor. The assay was 

performed in 96-well plates, with a final volume of 100 μL. The NS2B/NS3 

dengue virus protease (0.1 μM) was pre-incubated in storage buffer (200 

mM Tris, pH 9.5, 20% glycerol) at room temperature for 30 min. Small 

molecules were tested at 1, 2 and 10 μM. The reaction was initiated by 

the addition of the substrate Boc-Gly-Arg-Arg-AMC at 100 μM. The 

reaction progress was monitored continuously for 60 minutes. 

Fluorescence readings were recorded at 355 nm excitation and 460 nm 

emission. Triplicate measurements were conducted for each data point. 

The data are reported as the means ± S.E. The 50% inhibitory 

concentration (IC50) values were estimated graphically from the plots of 

percent inhibition versus inhibitor concentration (Fabrick et al., 2002). 

IC50 was defined as the inhibitor concentration at which 50% of the 

control protease activity was inhibited. All of the protease inhibitor 

assays were performed in triplicate. 

Cell and Virus 
The human hepatocellular liver carcinoma cell line, HepG-2 (from 

American Type Culture Collection [ATCC] HB-8065), was grown in 

DMEM/F-12 medium (GIBCO® Dulbecco's Modified Eagle Medium: 

Nutrient Mixture F-12) supplemented with 10% (v/v) fetal calf serum 

and maintained in a humidified 5% (v/v) CO2 incubator at 37 °C. The 

DENV-2 New Guinea C strain (NGC) provided by the Center for Disease 

Control (CDC, Fort Collins, CO) was used in this study. Stock virus was 

prepared in Ae. albopictus (C6/36) cells, and the virus titer was 

determined by the conventional Reed & Muench method (Reed and 

Muench, 1938).  
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Cell proliferation assay 
A MTT [3-(4, 5-dimethylthiazol-2-yl)-2, 5-di-phenyl tetrazolium 

bromide] cell proliferation assay was performed to estimate the potential 

cytotoxicity of the compounds on HepG-2 cells using the protocol 

described by Meneses et al. (2009). Cells were seeded into 96-well plates 

at 1x104 cells per well and incubated for 24 h at 37°C; then, the culture 

medium was removed, and fresh medium with each compound at final 

concentrations of 200, 100, 50, 25 and 12.5 µM was added. After 72 h of 

incubation at 37°C, MTT solution (20 μL, 5 mg/mL, Sigma Co.) was added, 

and the cells were incubated for additional 4 h. The reduction of MTT to 

a formazan product was quantified by measuring the optical density (OD) 

at 580 nm using a microplate reader (Thermo Scientific). Data are 

expressed as the concentration of compound that reduces the OD580 of the 

treated cells to 50% compared to the untreated cells (50% Cytotoxic 

Concentration, CC50).  

Virus yield reduction assay 
Viral protein NS1 reduction assays were performed to examine the 

antiviral activity of the tested compounds. Secreted NS1 in the culture 

medium of virus-infected cells correlates with viral replication (Ludert et 
al., 2008). Approximately 1x104 HepG-2 cells per well were seeded in a 

96-well plate, and after incubating for 24 h at 37°C, these cells were 

infected with DENV-2 at a multiplicity of infection (MOI) of 11.0. One hour 

after virus adsorption, the cells were washed and replenished with 

medium that contained concentrations of the compound below the 

Maximum Non-Toxic Concentration (MNTC). Samples of culture medium 

were collected at 72 h post infection, stored at -20°C, and later tested for 

the presence of DENV-2/NS1 protein. Assays were performed in 

duplicate in at least two independent experiments. Virus-infected cells, 

non-drug treated or treated with ribavirin, were run in parallel as 

negative and positive controls, respectively. The differences in the NS1 

levels between the treated and untreated cells were tested for 

significance by Student’s t-test. The IC50 and selectivity index (SI = 

CC50/CI50) were calculated. 

NS1 protein capture assay 
The Panbio® Dengue Early kit (PanBio Diagnostic Brisbane, 

Australia) is a sandwich format microplate enzyme immunoassay for the 

quantitative detection of dengue NS1 protein. Samples of culture medium 
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from DENV-2-infected cells treated and untreated with compound or 

ribavirin were tested according to the instructions of manufacturer. The 

presence of NS1 was demonstrated by a color development. The optical 

density (OD) reading was taken at 450 nm, and the amount of NS1 was 

determined by comparing the OD of the sample with the OD of the cut-off 

control cell medium. The results are expressed as ‘‘Panbio units: PbU,’’ 
with 11.0 defined as the minimum concentration that was detected 

(Shrivastava et al., 2011).  

Data Analysis 
Mean comparisons between groups were performed using the 

Kruskal-Wallis test. Statistical analyses were performed using GraphPad 

Prism version 5.01 (GraphPad Software, San Diego, CA). The p-value that 

was considered to be significant is indicated in each Figure. Error bars 

are expressed as ± SD. 

4.3. Results  
This report describes the discovery of compounds that can inhibit 

NS2B/NS3 dengue virus protease, an essential enzyme for viral 

replication, which could provide pharmacological benefits for the 

medical treatment of this disease. It has been found that this enzyme has 

an essential role in dengue virus replication through the cleavage of viral 

polyprotein (Geiss et al., 2009). Therefore, disturbing the activity of 

dengue protease will contribute to blocking the viral replication in host 

cells. The NS2B/NS3 two-component protease of dengue virus is 

currently being investigated with the purpose of discovering small 

molecule inhibitors that are suitable as treatment options for the disease 

with the same name (Raut et al., 2015).  

4.3.1.  Screening with the PubChem Database 
The use of the dengue virus protease structural information for in 

silico approaches allowed the identification of different compounds with 

good inhibitory activity for this protein. From the PubChem Database, 

210,903 compounds were docked into the DENV protease model (PDB: 

2FOM). The scoring of the in silico binding affinities ranged from -15.1 to 

165.0 kcal/mol. Theoretically, a lower Gibbs free energy of a protein–
ligand complex indicates more stability, and in addition, binding requires 

a negative Gibbs free energy, which is similar to any other spontaneous 

process (Bronowska, 2011). Of the total number of examined molecules, 
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113,849 showed equal or better binding affinity values than the average 

(-7.4 kcal/mol); these are molecules that are less than 2000 Da, and most 

have more H bond acceptors than donors. 

4.3.2. Selecting the inhibitors 
Among the molecules with the best docking scores, five were 

commercially available, purchased, and tested in vitro as dengue protease 

inhibitors (Table 4.1). All of them have molecular weights between 

410.38 and 621.68 Da. For these molecules, the potential drug-like 

properties were calculated using the OSIRIS property calculator 

(http://www.organic-chemistry.org/prog/peo). This software suggests 

that except for C30H25NO5 (CID 54692801), these small molecules do not 

contain the pharmacophores that are associated with increased risk of 

adverse mutagenic, tumorigenic or irritant effects. For C30H25NO5 (CID 

54692801), naphtalen-1-amine is considered to be a high risk fragment 

that indicates tumorigenicity and mutagenicity. 

According to Bael and Holloway (2010), PAINS appear as frequent 

hits in high throughput screening (HTS). Some of the molecules with the 

best docking scores obtained from this type of assay involve false 

positives as a result of their high protein reactivity. The substructural 

features identified in promiscuous inhibitors were searched by 

FAFDRUGS3 (Lagorce et al., 2011) (http://fafdrugs2.mti.univ-paris-

diderot.fr/mobyle.html). None of the five hits reported in this report 

were described as PAINS, which corroborates that these compounds are 

promising starting points for further exploration in current dengue 

research.  

Protein-ligand complexes for selected compounds are presented in 

Figure 4.3. Most of the interactions were hydrophobic and hydrogen 

bonding interactions, van der Waals forces, and a few aromatic ring 

interactions. Comparing the conformation adopted for these molecules in 

the binding site of the dengue protease, it is evidenced that certain 

residues interact with most of these molecules, in particular, Ile65, Trp69, 

Lys74, Leu76, Thr120, Ile123, Val154, Ala164, Ile165, sharing the same 

binding site. 
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Table 4.1. Purchased and tested compounds from the PubChem database with high in silico affinity values 

(kcal/mol) for the DENV-2 protease model (PDB: 2FOM). 

PubChem ID Structure 
Molecular 

formula 

Docking 

affinity 

scores 

(kcal/mol) 

Molecular 

weight 

(g/mol) 

log P 
H-bond 

donors 

H bond 

acceptors 

54692801 

 

C30H25NO5 -13.5 478.52 5.90 2 6 

54715399 

 

C34H23NO7

S2 
-11.4 621.68 6.78 2 8 



Ph.D. Program in Biomedical Sciences 

88 
 

PubChem ID Structure 
Molecular 

formula 

Docking 

affinity 

scores 

(kcal/mol) 

Molecular 

weight 

(g/mol) 

log P 
H-bond 

donors 

H bond 

acceptors 

54710332 

 

C29H25N3O4

S 
-11.7 511.59 5.18 2  7 

54692153 

 

C25H14O6 -11.4 410.38 3.98 1 6 

54681617 

 

C35H27NO9 -11.6 605.59 4.63 3 10 
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Given the high amino acid sequence homology between the NS3 

proteases of the Flaviviridae family (Cregar-Hernandez et al., 2011), it is 

feasible that the inhibitors reported for other viral proteases might have 

an important inhibitory activity for this enzyme in dengue virus. For this 

reason, the crystal structure of the dengue NS2B/NS3 protease (PDB: 

2FOM) was docked with some inhibitors that were reported for viral 

proteases such as, Hepatitis C (HCV), West Nile (WNV), Dengue and 

Human Immunodeficiency Virus (HIV) (Table 4.2). For dengue inhibitors, 

molecules with IC50 values of less than 15 µM were chosen. The affinity 

values obtained for these inhibitors were in the range from -10,1 

kcal/mol to -5.5 kcal/mol. From these, the best values were those 

obtained for dengue virus protease inhibitors, as expected. However, the 

binding affinity values obtained with these molecules were not as good 

as those calculated for the molecules suggested in this report. The PDB 

crystal structure 2FOM was also used for docking with some molecules 

that were reported as not being active inhibitors for dengue protease 

(Aravapalli et al., 2012; Steuer et al., 2011; Tiew et al., 2012). The 

molecular structure of inhibitors that were reported for other proteases 

(HCV, WNV, Dengue and HIV), together with the molecules that were 

reported as not active inhibitors for dengue protease were docked with 

the crystal structure of the dengue NS2B/NS3 protease (PDB: 2FOM). The 

affinity values range varied from -9,0 kcal/mol to -6,2 kcal/mol (Table 

4.2), which shows significant differences (P<0.05) from the values 

reported in inhibitors. 

Cluster analysis allowed finding similarities between the molecular 

structures in Table 4.1 and the dengue inhibitors reported and shown in 

Table 4.2 (Figure 4.4). Four of the five compounds proposed for in silico 

results as dengue protease inhibitor candidates were grouped together, 

where the last cluster encompasses two of our identified molecules 

(C34H23NO7S2, CID 54715399 and C35H27NO9, CID 54681617), which were 

the ones with the largest structure-based difference when they were 

compared to some of the reported inhibitory molecules. They both share 

the structure bis(4-hydroxy-2-oxo-2H-chromen-3-yl)(2-

methoxyphenyl)methyl. 

4.3.3.  In vitro assays  
The commercially available molecules that had a high theoretical 

binding affinity to NS2B/NS3 protease were analyzed in vitro for their 
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inhibition capacity (Figure 4.5). The percent of inhibition calculation was 

obtained by subtracting the experimental value (with inhibitor) from the 

control (without inhibitor), the resulting value is divided by the control 

and multiplied by one hundred (Umeadi et al., 2008), by the following 

equation: 

𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 (%) =
𝐶𝑜𝑛𝑡𝑟𝑜𝑙 − 𝑇𝑒𝑠𝑡

𝐶𝑜𝑛𝑡𝑟𝑜𝑙 ∗ 100 

 For all of the tested molecules, the higher the concentration, the 

higher the percentage of inhibition, this demonstrates a dose-dependent 

response (Figure 4.5). The IC50 values suggested activity against dengue 

virus protease for four of the tested compounds, with C30H25NO5 (CID: 

54692801) and C34H23NO7S2 (CID: 54715399) showing significant 

differences (P<0.05) compared to the negative control. The lowest 

activity against dengue virus protease was observed for C29H25N3O4S (CID 

54710332), which was apparently inactive, with an IC50 > 100 µM. The 

IC50 values for the others were between 9.09 µM and 19.87 µM, with 

C34H23NO7S2 (CID 54715399) having the highest inhibitory activity. 

Evaluation of antiviral activity by using cell-based assays that include 
the viral inhibitory effect and cell toxicity 

To exclude the possibility that the antiviral activities were due to 

compound-mediated cytotoxicity, uninfected HepG-2 cells were 

incubated with different concentrations of each compound for 72 h, and 

the cell viability was measured by the MTT method. Significant cell 

viability reduction was not observed at concentrations of up to 100.0, 

85.7, 19.5, 13.5 and 12.5 µM for C29H25N3O4S (CID 54710332), C35H27NO9 

(CID 54681617), C30H25NO5 (CID 54692801), C34H23NO7S2 (CID 

54715399) and C25H14O6 (CID 54692153), respectively. Thus, these 

concentrations were considered to be non-toxic to the cells. 

To verify the antiviral activity, the cells were infected with DENV-2 

and treated with compounds at non-toxic concentrations. The NS1 viral 

titer reduction assay was performed in culture medium at 72 h p.i. The 

level of NS1 in the medium from infected cells that were untreated and 

treated with ribavirin were 44.5 ± 3.2 PbU and 8.3 ± 2.5 PbU, respectively. 

Only three compounds were active (Figure 4.6), two of them with a good 

inhibitory activity against dengue protease, as it was also observed in the 
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fluorometric enzyme assay. The C30H25NO5, (CID 54692801)  compound  

reduced  NS1  by  69.8%  (13.3 ± 3.3 PbU)  at  19.5 µM and 15.5% (37.6 ± 

3.7 PbU) at 9.8 µM; C34H23NO7S2 (CID 54715399) reduced NS1 by 73.9% 

(11.6 ± 0.8 PbU) at 13.5 µM with no reduction observed at lower 

concentrations; and the C35H27NO9 (CID 54681617) compound reduced 

NS1 by 79.9% (8.9 ± 2.1 PbU) at 85.7 µM and 37.0% (28.2 ± 7.9 PbU) at 

49.2 µM. In contrast, the C25H14O6 (CID 54692153) and C29H25N3O4S (CID 

54710332) compounds did not reduce NS1 production at the highest 

non-toxic tested concentrations (12.5 µM and 100.0 µM, respectively) 

under the experimental conditions. 

The relevant activity of synthetic compounds is generally expressed 

by IC50 and SI toward the supporting host (Table 4.3). An important 

parameter for the interpretation of the antiviral of a compound tested by 

using cell-based assays is the SI, which is calculated by the following 

formula: 

 

𝑆𝐼 =  𝐶𝐶50
𝐼𝐶50

⁄  

 

The C30H25NO5 (CID 54692801) was the most active, followed by 

C34H23NO7S2 (CID 54715399), with both compounds having an IC50 value 

of less than 20 µM and an SI value of more than 3.0. The C35H27NO9 (CID 

54681617) compound was active at an IC50 of 61.5 ± 4.6 µM with an SI of 

2.6. The results suggest that C30H25NO5 (CID 54692801) and C34H23NO7S2 

(CID 54715399) are compounds that exert promising anti-dengue 

activity through significant inhibition of DENV-2 replication in vitro in 

accordance with the values of IC50 and SI. 
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Figure 4.3. Tridimensional views of docking and interacting residues in the binding site cavity of dengue virus 

protease (PDB: 2FOM) in complex with A. C30H25NO5, CID 54692801. B. C34H23NO7S2, CID 54715399. C. C29H25N3O4S, CID 

54710332. D. C25H14O6, CID 54692153. E. C35H27NO9, CID 54681617. 
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Table 4.2. Affinity binding values for viral protease inhibitors and molecules reported as not active 

dengue virus protease inhibitors, docked with the DENV-2 protease crystal structure (PDB: 2FOM). 

Code Compound Inhibited 
virus 

Replicates of docking 
affinity with DENV2 

(kcal/mol) Mean SD Reference 

R1 R2 R3 
C1 CID_3010818 HCVa -7,0 -7,0 -7,1 -7,0 0.1 

(Gottwein et al., 
2011) C2 CID_53487990 HCV -6,7 -6,7 -6,7 -6,7 0.3 

C3 CID_10324367 HCV -7,2 -7,3 -7,1 -7,2 0.1 

C4 CID_35370 HIVb -6,3 -6,3 -6,3 -6,3 0.0 
(Gulick et al., 

1997) 
C5 CID_5362440 HIV -7,8 -7,9 -8 -7,9 0.2 

C6 CID_60825 HIV -5,6 -5,6 -5,4 -5,5 0.1 

C7 CID_441243 HIV -8,1 -8,1 -8 -8,1 0.4 
(Stefanidou et al., 

2013) 

C8 CID_54682461 HIV -7,1 -7 -8,8 -7,6 0.7 
(Turner et al., 

1998) 

C9 CID_44246257 WNVc -8,2 -8,1 -7,7 -8,0 0.2 (Su et al., 2009) 

C10 

N1,N4-bis(4-(4-

methyl-4,5-

dihydro-1H-

imidazol-2-

yl)phenyl)phthala

zine-1,4-diamine 

DENV -9,4 -9,4 -9,3 -9,4 0.1 
(Bodenreider et 

al., 2009) 

C11 CID 4101471 DENV -9,1 -8,6 -9,1 -8,9 0.2 
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Code Compound Inhibited 
virus 

Replicates of docking 
affinity with DENV2 

(kcal/mol) Mean SD Reference 

R1 R2 R3 

C12 ARDP0006 DENV -8 -8 -8 -8,0 0.0 
(Tomlinson and 

Watowich, 2011) 

C14 
Chemdiv K286-

0036 
DENV -8,6 -8,6 -8,6 -8,6 0,0 

(Nguyen et al., 
2013) 

C15 CID 60194816 DENV -8,4 -7,8 -7,9 -8,0 0,3 
(Deng et al., 2012) 

C16 CID 60194819 DENV -8,9 -9,4 -8,3 -8,9 0,6 

C17 Compound 7b DENV -9,6 -9,7 -8,8 -9,4 0,5 

(Liu et al., 2014) 

C18 Compound 7c DENV -9,8 -9,8 -9,1 -9,6 0,4 

C19 Compound 7e DENV -9,6 -9,5 -8,7 -9,3 0,5 

C20 Compound 8a DENV -9,4 -9,8 -9 -9,4 0,4 

C21 Compound 8b DENV -10,2 -10,2 -9,9 -10,1 0,2 

C22 Compound 8e DENV -9,3 -9,8 -9,3 -9,5 0,3 

C23 Compound 7a 

NOT ACTIVE 

DENGUE 

VIRUS 

PROTEASE 

INHIBITORS 

-9,2 -9,0 -8,9 -9,0 0,2 (Aravapalli et al., 
2012) C24 Compound 8f -9,8 -9,9 -10 -9,9 0,1 

C25 Compound 2 

-6,3 -6,4 -6,2 -6,3 0,1 

(Steuer et al., 
2011) 

C26 Compound 4a -6,7 -6,7 -7,6 -7,0 0,5 

(Tiew et al., 2012) C27 Compound 4b -8,0 -8,7 -8,8 -8,5 0,4 

C28 Compound 4c -7,7 -8,6 -7,9 -8,1 0,5 
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Code Compound Inhibited 
virus 

Replicates of docking 
affinity with DENV2 

(kcal/mol) Mean SD Reference 

R1 R2 R3 
C29 Compound 4d -7,5 -7,5 -7,2 -7,4 0,2 

C30 Compound 4e -8,6 -8,2 -7,9 -8,2 0,4 

C31 Compound 4f -8,1 -7,9 -7,8 -7,9 0,2 

C32 Compound 4g -8,2 -7,9 -7,3 -7,8 0,5 

C33 Compound 4h -7,8 -7,8 -7,5 -7,7 0,2 

C34 Compound 4i -7,7 -7,8 -7,5 -7,7 0,2 

C35 Compound 4j -8,1 -8,4 -8,5 -8,3 0,2 

C36 Compound 4k -8,8 -7,9 -8,8 -8,5 0,5 

C37 Compound 4m -8,4 -8,4 -9,0 -8,6 0,3 

C38 Compound 4n -8,8 -8,3 -8,7 -8,6 0,3 

C39 Compound 4o -7,3 -7,5 -7,4 -7,4 0,1 

C40 Compound 4p -7,2 -7,0 -7,0 -7,1 0,1 
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Figure 4.4. Dendrogram that shows the clustering between the structures 

of the in vitro tested molecules and some of the reported dengue virus NS2B/NS3 

protease inhibitors. CIDs of the tested molecules are in blue. 

Table 4.3. Relevant antiviral activities of active compounds on 

DENV-2 replication in vitro. 

Compound CC50 (µM) IC50 (µM) SI 

C30H25NO5 (CID: 54692801) 58.6 ± 3.0 14.9 ± 2.9 3.9 

C34H23NO7S2 (CID: 54715399) 42.1 ± 1.6 11.8 ± 0.2 3.6 

C35H27NO9 (CID: 54681617) 162.4 ± 0.9 61.5 ± 4.6 2.6 
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Figure 4.5. Percentage of inhibition of dengue virus protease activity for the in vitro tested compounds.  
A. C29H25N3O4S (CID: 54710332). B. C35H27NO9 (CID: 54681617).  

* Significantly different (P<0.05) when compared to the negative control.  
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Cont. Figure 4.5. Percentage of inhibition of dengue virus protease activity for the in vitro tested compounds.  

C. C25H14O6 (CID: 54692153). D. C30H25NO5 (CID: 54692801).  

* Significantly different (P<0.05) when compared to the negative control. 
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Cont. Figure 4.5. Percentage of inhibition of dengue virus protease activity for the in vitro tested compounds.  

E. C34H23NO7S2, (CID 54715399).  

* Significantly different (P<0.05) when compared to the negative control. 
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Figure 4.6. Inhibition of DENV-2 and cytotoxicity of the compounds. A. NS1 protein secretion monitoring 

(%PbU) from virus-infected HepG-2 cells, 72 h after non-toxic concentrations of compounds. The values 

indicate the percentages of PbU from the compound-treated virus-infected compared with those from 

untreated infected-cells. *,**. Significantly different P < 0.01 and P < 0.05, respectively, when compared to non-

exposure. B. Compound-mediated cytotoxicity (cell viability percentage) derived from the compound-treated 

cells compared with that from the untreated cells. 
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4.4. Discussion  
To date, several efforts have been made to find non-peptidic 

inhibitors for dengue virus protease. However, most of them do not 

possess the desired properties for drug candidate or the antiviral activity 

required. Until now, some of the potent known dengue protease 

inhibitors reported in literature (listed in Table 4.2) include some 

compounds with specific mode of inhibition for different dengue 

serotypes like C10 (Bodenreider et al., 2009); others, that interact with 

conserved residues of the catalytic triad and the active site, decreasing 

the likelihood of drug-resistant mutations, like CID 4101471 and 

ARDP0006 (Tomlinson and Watowich, 2011) or Chemdiv K286-0036 

(Nguyen et al., 2013); or forming hydrogen bonds with the P4 region, a 

specificity determinant of dengue virus NS3 protease (Niyomrattanakit 
et al., 2006), like CID 60194816 and CID 60194819 (Deng et al., 2012) or 

finally compounds 7b, 7c, 7e, 8a, 8b and 8e with inhibitory rates over 75% 

and IC50 values lower than 5 µM (Liu et al., 2014). 

The results obtained in this work showed that the molecules have 

promising antiviral features against dengue. On the one hand, these 

molecules exhibited a range of values close to the required standards for 

the physicochemical parameters according to the rule of 5 (RO5) for 

drug-like compounds: molecular weight ≤ 500, logarithm of partition 
coefficient (log P) ≤ 5, H-bond donors ≤ 5, and H bond acceptors ≤ 10 
(Lipinski, 2004). Their molecular weights are low, between 410.38 and 

621.68, the range of log P is between 3,98 and 6,78, H-bond donors ≤ 3, 

and H bond acceptors ≤ 10 (Table 4.1). On the other hand, they do not 

have a risk of causing adverse effects, at least in theory for four of them, 

as shown by the OSIRIS calculator. Even for C30H25NO5 (CID 54692801), 

because naphtalen-1-amine, which was the only fragment described as a 

non-drug-like molecular fragment because of its high toxicity risks of 

undesired effects, such as tumorigenicity and mutagenicity, could be 

replaced for drug-like molecular groups.  

None of the examined compounds has any report as a dengue 

antiviral. Of these molecules, C25H14O6 (CID 54692153) was reported by 

Nolan et al. (Nolan et al., 2007) as a human NAD(P)H quinone 

oxidoreductase-1 (NQO1) inhibitor that was useful for cancer 

therapeutics. However, no biological information was found for the other 

four compounds. 
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As shown for the protein-ligand complexes (Figure 4.3), these 

molecules do not interact directly with residues of the catalytic triad 

(His51, Asp75, Ser135), their interactions are at positions close to them 

and also near to the residues that are reported as being located inside of 

the S1, S2 and S3 pockets (Noble et al., 2012). Asn152 (identified as an 

interacting residue for C34H23NO7S2, CID 54715399 and C29H25N3O4S, CID 

54710332; Figure 4.1) and Ile165 were also reported by Salaemae et al. 
(2010) as determinants of binding with the substrate in the active site of 

the dengue virus NS3 protease, as it was also noted by other authors 

(Qamar et al., 2014; Tomlinson and Watowich, 2011; Tomlinson et al., 
2009). In addition, some of the interacting residues between dengue virus 

protease and these molecules, such as Lys 74, Gly 87, Leu 149, Asn 152, 

Ala 164, and Asn 167, were described by Senthilvel et al. 
(2013)(Senthilvel et al., 2013) as key residues for the binding affinity of 

the flavonoid quercetin. This compound is one of the seven phenolic 

molecules that are found in the leaves of Carica papaya, which have 

inhibitory activity on NS2B/NS3 protease. 

When comparing the affinity values obtained between the 

Flaviviridae family protease inhibitors and dengue virus protease, none 

showed significant inhibitory activity for this enzyme. The low affinity 

registered for the docking between the dengue protease structure and the 

protease inhibitors reported for other viruses could be explained by the 

altered specificity relative to other trypsin-like serine proteases. One of 

the reasons for this behavior could be related to the flatness of the dengue 

virus protease active site (Yang et al., 2011). This flatness substantially 

hampers drug development against this target because conformational 

changes are required to allow the protein-ligand interaction.  

The obtained results when comparing affinity binding values from 

molecules reported as dengue protease inhibitors (Bodenreider et al., 
2009; Deng et al., 2012; Liu et al., 2014; Nguyen et al., 2013; Tomlinson 

and Watowich, 2011) and for those reported as not active inhibitors, 

validate the parameters used in the in silico experiments, which is 

supported by the statistically significant differences that are found 

between these groups of molecules.  

Cluster analysis grouped four of the five compounds that were 

proposed for in silico results as dengue protease inhibitor candidates, 



Ph.D. Program in Biomedical Sciences 

103 
 

with C34H23NO7S2 (CID 54715399) and C35H27NO9 (CID 54681617) as the 

compounds that had the largest structure-based differences when they 

were compared with some of the reported inhibitory molecules. They 

both share the structure bis(4-hydroxy-2-oxo-2H-chromen-3-yl)(2-

methoxyphenyl)methyl. This molecule is an analogue of bis-coumarine, 

which is a known inhibitor of urease (Khan et al., 2004; Zaheer ul et al., 
2008), as well as nucleotide pyrophosphatase phosphodiesterase-1 

(Choudhary et al., 2006). As proteases, ureases and pyrophosphatases are 

hydrolase enzymes. Ureases act on carbon-nitrogen bonds, but in linear 

amides other than peptide bonds that are involved in the nitrogen cycle 

(Avellaneda-Torres et al., 2013). Pyrophosphatase hydrolyses and 

inorganic pyrophosphate is produced in a very large number of 

biochemical reactions in the cell, such as in DNA or protein biosynthesis 

(Oksanen, 2009). 

A dose-dependent response was shown by all of the tested molecules, 

which was demonstrated by an increase in the percentage of inhibition as 

the concentration increases. The inhibitory activity of the compound 

C34H23NO7S2 should be noted, which at the highest tested concentration 

(10 µM) showed an inhibition of more than 50% of the dengue virus 

protease. These IC50 values are better than those reported for other 

inhibitors (Rothan et al., 2012; Yang et al., 2011), which is evidence that 

the proposed methodology is useful for the identification of compounds 

that have dengue virus protease inhibitory activity. 

Using concentrations that are non-toxic to the cells of each tested 

molecule, three compounds showed inhibitory activity. The relevant 

antiviral activity of the active compounds was defined according to the 

IC50 and SI, as shown in Table 4.3. SI enables to distinguish between the 

antiviral activity of the compounds evaluated and the possible toxic 

effects on the cells (Vieira-Barros et al., 2012). With respect to this 

consideration, the inhibitory activity is related to its ability to induce cell 

death (FDA, 2006). According to the SI value, it is established if the 

antiviral activity is not a consequence of the cytotoxic effect on the cells, 

which indicates the selectivity of the tested compounds on the cell lines 

assessed (Vieira-Barros et al., 2012). According to Senthil Kumar et al. 
(2014), SI values greater than 3.0 are considered to indicate high 

selectivity of samples to the cell lines tested. Moreover, very well-known 

antiviral molecules have SI values lower than 5. For instance, Amantadine 
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against influenza A(H1N1)pdm09 virus (SI = 4) (Sokolova et al., 2015) 

and Ribavirin against DENV2 (SI = 4.7) (Tseng et al., 2014). However, in 

order to avoid false positives, being that for most scientists, promising 

antiviral compounds should have SI values greater than 10; we consider 

that the two higher SI values obtained represent a modest anti-dengue 

protease activity.  Additionally, it is also established that the antiviral 

activity is relevant when the IC50 values are below 100 mg/mL (Cos et al., 
2006). Taken together, the C30H25NO5 (CID: 54692801) and C34H23NO7S2 

(CID: 54715399) compounds present a moderate anti-DENV-2 activity, 

which affects the functional activity of the NS2B/NS3 protease complex. 

C35H27NO9 (CID: 54681617) was active, but it does not appear to be a 

promising chemical in accordance with the IC50 (61.5 µM) and IS (2.6) 

values. C25H14O6 (CID: 54692153) appears to be very toxic to human 

hepatocytes since maximum non-toxic concentration obtained was 12.5 

µM. In contrast, C29H25N3O4S (CID: 54710332) exhibited low cytotoxic 

effects, although at a high concentration (100 µM), it was inactive. 

Studies demonstrate that in vitro cytotoxicity is commonly cell-type 

specific and that cytotoxicity in one cell does not necessarily suggest 

cytotoxicity in another (Xia et al., 2008). In addition, the inability of 

compounds to inhibit dengue can depend on the type of cell, and 

discrepancies could be attributed to differences in the membrane 

permeability or the molecule uptake into the host cell. In this study, 

hepatic cells were used because they are target cells for virus infection in 

dengue patients, which contributes to the reliability of the assay. On the 

other hand, the primary screening that uses DENV-2 could lead to an 

inaccurate assessment of the anti-dengue activity due to the possibility 

that compounds that do not inhibit this serotype could exhibit activity of 

varying degrees against other infections.  
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The mining of protein-ligand coupling interactions performed in this 

thesis allowed the exploration of alternative ways by which TCDD may be 

affecting cellular targets through AhR-independent pathways, as well as 

the identification of new antidengue protease structures for therapeutic 

strategies. Results suggest that several proteins, some linked to effects of 

TCDD exposure, may, in one way or another, work as direct molecular 

targets for binding this chlorinated compound. Although different reports 

have shown AhR-independent activities of TCDD, the cellular targets 

involved in these cases are still unknown. This thesis presented some 

data showing that several proteins can, at least theoretically, have 

suitable binding sites for TCDD, and these direct effects should also be 

considered when studying its toxicity mechanisms. On the other hand, a 

similar protein-ligand interaction approach was employed to discover 

anti-dengue molecules with potential to inhibit the enzymatic activity of 

NS2B/NS3 dengue serine protease. The moiety bis (4-hydroxy-2-oxo-2H-

chromen-3-yl) (2-methoxyphenyl) methyl, could be used as a starting 

point for developing new drug candidates with advantageous properties 

as a dengue virus protease inhibitor. Therefore, the data generated in this 

work could be a useful guide for in vitro and in vivo screening processes 

with a view to clarify the role of endogenous and exogenous compounds 

on cell dynamics and physiology. 

Summarizing, the following contributions were made during this 

work: 

x Mine activity based on ligand and macromolecular structures is an 

effective way to identify targets of environmental pollutants, as a first 

step to elucidate their biochemical pathways; as well as to work as a 

source of new scaffolds for therapeutic agents in drug design. 

 

x Several protein targets have the potential to bind TCDD, evidencing 

the possible existence of AhR-independent mechanisms that affect 

numerous processes in the body. 

x Rheumatoid arthritis, periodontal diseases and endometrosis have 

been observed as a consequence of TCDD exposure. These illnesses 

are associated with the expression of metallopeptidases, which 

showed the highest binding score for TCDD. 

x Other proteins likely targets for TCDD are oxidosqualene cyclase, and 

transforming growth factor beta type I, which have a well known role 

in some pathological effects of dioxin exposure, including changes on 



Ph.D. Program in Biomedical Sciences 

120 
 

colesterol homeostasis and effects on cell proliferation, cell 

differentiation, cell adhesion, cell migration, and regulation of 

extracellular matrix components. 

 

x PubChem is a notorious source of inhibitors against dengue virus 

protease. 

x Compounds C35H27NO9 (CID 54681617), C30H25NO5 (CID 54692801), 

and C34H23NO7S2 (CID 54715399) presented good inhibitory 

properties for NS2B/NS3 DENV2, in addition to had drug-like 

characteristics.  

x C35H27NO9 (CID 54681617), C30H25NO5 (CID 54692801) have 

molecular features that have not been previously reported as moieties 

for the DENV protease.    

x C35H27NO9 and C34H23NO7S2 did not show theoretical risk of causing 

adverse effects. 

x The discovery of molecules that interfere with the proteolytic activity 

of the DENV NS2B/NS3 protease is a potential alternative for the 

treatment and control of dengue disease. 
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ABBREVIATIONS 
AhR Aryl hydrocarbon Receptor 

AKR1A1 Aldo-keto reductase family 1, member A1 (aldehyde 

reductase) 

Aldr2 Aldehyde reductase 2 

APC  Adenomatous polyposis coli.     

Syn: protein phosphatase 1 

ARNT  Aryl hydrocarbon receptor nuclear translocator 

BAX  BCL2-associated X protein 

BCL2  B-cell CLL/Lymphoma 2 

CASP14  Caspase 14 

CCL3 Chemokine (C-C motif) ligand 3 

CID PubChem Compound Identifier 

CYP1A1  Cytochrome P450, family1, subfamily A, polypeptide 1 

CYP1A2  Cytochrome P450, family1, subfamily A, polypeptide 2 

CYP1B1  Cytochrome P450, family1, subfamily B, polypeptide 1 

CYP3A4  Cytochrome P450, family3, subfamily A, polypeptide 4 

CYP4X1  Cytochrome P450, family4, subfamily X, polypeptide 1 

Cyp9b2  Cytochrome P450-9b2 

DENV Dengue Virus 
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EP300  E1A binding protein p300 

ESR1  Estrogen Receptor 1 

ESR2  Estrogen Receptor 2 

GABPA GA binding protein transcription factor, alpha subunit 

60kDa  

GIIIspla2 CG1583 gene product from transcript CG1583-RA 

HMOX1  Heme oxygenase (decycling) 1 

HPSE  Heparanase 

HTS High Throughput Screening 

IC50  Half maximal inhibitory concentration 

IL17A  Interleukin 17A 

IL22  Interleukin 22 

IL6  Interleukin 6 

IPTG Isopropyl 1-thio-β-d-galactopyranoside 

IRF6  Interferon regulatory factor 6 

MMP2  Matrix metallopeptidase 2 

NAT  N-acetyltransferase  

NFKB1  Nuclear factor of kappa light polypeptide gene 

enhancer in B-cells 1 

NQO1 NAD(P)H dehydrogenase, quinone 1 PAX3  
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NR1I2 Nuclear receptor subfamily 1, group I, member 2 

PDB Protein Data Bank 

PLA2G12A  Phospholipase A2, group XIIA 

PROC  Protein C 

PTGS2  Prostaglandin-endoperoxide synthase 2 

RELA  V-rel reticuloendotheliosis viral oncogene homolog A 

(avian) 

RMSD Root Mean Square Deviation 

SEC14L5 SEC14-like 5 

SMILES Simplified Molecular Input Line Entry Specification 

TCDD 2,3,7,8-tetraclorodibenzo-p-dioxina  

TP53 Tumor protein p53 

WHO World Health Organization 

 

 

  


