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Summary 

 

Title: Drug discovery for infectious diseases: target-based and ligand-based approaches 

 

Introduction 

Infectious diseases are caused by pathogenic microorganisms, including bacteria, viruses, 

parasites or fungi being able to infect a host organism. Despite decades of substantial progress in 

their prevention and treatment, infectious diseases remain a significant burden on global 

economies and public health. They constitute a major cause of illness and death, being responsible 

for worsening the living conditions of many millions of people around the world. Furthermore, 

due to the clinical use of the chemotherapy, microbes have developed the ability to elude the 

action of the antimicrobials with numerous survival strategies to counterattack the drugs. In fact, 

nowadays, one of the main challenges for the infectious chemotherapy is the upcoming of 

resistances that occurs at an alarming rate among all classes of mammalian pathogens. In this 

sense, there is an urgent need to discover and develop innovative treatments. 

Drug development is a time-consuming and expensive process that includes several steps 

such as identification and validation of a target, hit identification, lead optimization, preclinical 

assays or clinical trials. It is estimated that its average cost is US$2.6 billion in 15-20 years. For 

this reason, during the last decades, attrition rate in drug development has been a critical 

challenge for the pharmaceutical industry. There are multiple causes that explain the high failure 

rates in the different stages of the drug discovery process such as lack of efficacy, poor 

pharmacokinetic profile, toxicity issues, clinical safety or commercial issues. In this sense, 

controlling the physico-chemical properties of molecules, such as polarity, molecular weight or 

lipophilicity, is critical. 

Nowadays, there are mainly two approaches in drug discovery: a reverse and a forward 

chemical genetic strategy. In the reverse chemical genetic strategy, molecules are screened against 

a target that was previously validated, to identify a hit that deserves further studies in cell and/or 

animals to confirm the induced phenotype. In contrast, the forward genetic approach is based on 

the identification of small molecules able to induce a phenotype of interest in a cell or an animal-

based model and followed by the identification of the gene responsible for the phenotype.
 
Taking 

these strategies into account and with the aim of reducing attrition rate, computer-aided drug 

discovery (CADD) methods have made key contributions to different stages of the drug discovery 

process, playing a pivotal role in the development of therapeutically small molecules. These 

methods allow delivering novel drug candidates more quickly and efficiently saving an important 

amount of money, time and resources. 
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The application of computational techniques can be classified into two major categories: 

structure-based drug discovery (SBDD) and ligand-based drug discovery (LBDD). Nowadays, 

there is an extremely broad range of tools in both areas focused on techniques such as target 

druggability, ligand docking, molecular dynamics, virtual screening, drug-like properties 

prediction, quantitative structure-property relationship (QSPR) or pharmacophore modeling.  

 Objectives  

The main objective of this PhD thesis has been the discovery of novel compounds as 

potential agents for the treatment of several infectious diseases by using different target-based and 

ligand-based approaches. With this objective in mind, several computational and experimental 

approaches have been used for the identification and optimization of novel drug candidates as 

well as the study of their potential mechanism of action.  

Considering all the above mentioned, the PhD thesis has three chapters: 

1.- Analysis and characterization of our in-house chemical library to be further used in 

medicinal chemistry programs as source of novel hits. 

2.- Target-based approaches focused on protein kinases (PKs) and phosphodiesterases 

(PDEs) as drug targets for different parasitic diseases and in the arginine biosynthesis 

pathway for tuberculosis. 

3.- Ligand-based approaches focused on the optimization of naphtoquinone derivatives as 

leishmanicidal agents and the study of the antischistosomal potential of quinazoline 

derivatives. 

Chapter 1 Analysis and characterization of the MBC chemical library 

Our Medicinal and Biological Chemistry (MBC) group has developed an in-house 

chemical library, named MBC, containing more than 1,000 compounds, primarily focused on 

neurological diseases. With the aim of shortening the drug discovery process, it is necessary to 

produce high-quality drug-like compounds. In this sense and with the objective of using our 

chemical library as starting point of the following medicinal chemistry programs to identify hits, 

the MBC chemical library was analyzed. The analysis was based on computational studies 

applying different tools to assess its drug-like properties and diversity followed by a comparison 

with public-available chemical libraries. The results showed that this collection of compounds is 

of high quality in terms of diversity and drug-like properties. Most of the compounds meet the 

requirements traditionally used to identify drug-like compounds being the database suitable for 

producing starting points to drug discovery programs. Also, their main pharmaceutical properties 
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were compared with widely-used chemical libraries in computational-aided drug discovery. It was 

possible to observe the similar profile in terms of dispersion of the pharmaceutical properties of 

the compounds comparing with the public-available databases. Moreover, it is a unique collection 

of molecules and present novelty both at the level of the molecule and scaffold. 

Chapter 2 Target-based approaches in infectious diseases drug discovery 

Reported findings identified GskA and GSK-3 as potential targets in Aspergillus spp. and 

Leishmania spp. respectively. This fact together with our experience in the development of 

hGSK-3β inhibitors prompted us to explore these targets as an innovative approach in the search 

of novel treatments for these infectious diseases. In order to find potential drugs, several 

compounds previously described as hGSK-3β inhibitors by our group were tested in phenotypic 

assays to observe whether these compounds showed phenotypic effect in the infectious agent. 

Additional studies using druggable pocket detection were performed for identifying novel cavities 

in the enzymes. In the case of Leishmania GSK-3, an additional strategy was applied using the 

Leishbox, a collection of leishmanicidal compounds obtained by the screening of 1.8 million 

molecules from GlaxoSmithKline chemical library, considering leishmanicidal and cytotoxic 

activities. From both projects, several PK inhibitors chemically diverse with activity against the 

infectious agents were identified and their binding mode proposed using computational tools. 

Also, it is possible to affirm that the number and diversity of pharmacological scaffolds for the 

development of kinase inhibitors have been extended in both agents.  

On the other hand, it has been reported that many infectious agents, mainly protozoan, 

display PDEs in their genome. These PDEs are at different stages of the validation process as 

drug targets. One of the targets that has been validated from a biological and pharmacological 

perspective is the PDE from T. brucei, inducing trypanosome cell lysis, both in vitro and in vivo 

and being essential for virulence. For these reasons, together with our experience in the PDE field, 

other PDEs from different infectious agents such as Leishmania, T. cruzi, Schistosoma and 

Acanthamoeba were explored as innovative targets in the treatment of the corresponding diseases. 

With this objective in mind, the repurposing of our previously described hPDE inhibitors was 

selected as a starting point in these medicinal chemistry programs. Computational techniques, 

such as homology modeling, virtual screening or molecular dynamics, together with experimental 

techniques, such as phenotypic assays, mechanism of action studies or in vivo models were 

employed. Also, synthetic organic chemistry procedures were applied for the optimization of a 

novel family of derivatives effective in trypanosomatids. According to the results, novel 

candidates for the treatment of the described diseases were identified to be further optimized and 

the mechanism of action was also envisaged.  
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It has been previously described the critical impact of inactivating the arginine 

biosynthetical pathway both on M. tuberculosis function and survival. This fact allowed the 

identification of a promising new drug target for tuberculosis: ornithine carbamoyl transferase 

(ArgF). For this reason, as a third approach in the target-based projects developed here, the 

biosynthesis of arginine pathway in tuberculosis was explored. As a first strategy, a fragment-

based approach allowed us to obtain crystal structures and gain more insight into the binding 

mode of ligands in the protein based on structural biology and cheminformatics studies. Virtual 

screening of both in-house and commercial libraries allowed us to identify additional hits using 

biophysics and structural biology techniques to be further optimized. 

Chapter 3 Ligand-based approaches in infectious diseases drug discovery 

Considering a ligand-based perspective, two different projects were performed. On the 

one hand, compounds containing a naphtoquinone scaffold, identified in a previous phenotypic 

screening campaign, were explored as promising hits for the treatment of leishmaniasis. Different 

chemical modifications were designed and synthesized with the main objective of improving the 

selectivity of these compounds towards the parasite. After the biological evaluation of the new 

derivatives, several molecules showed antiparasitic effect with an improvement of the selectivity 

index. Additional biological studies revealed the effect of this class of compounds in the 

bioenergetic collapse of the parasite. 

On the other hand, a family of quinazolines was identified in our research group as in 

vitro and in vivo hits for schistosomiasis. However, the main issue in this chemical family was 

related to their metabolic stability. For this reason, computational studies were applied to identify 

the main sites susceptible to suffer metabolism in the molecule with the objective of designing 

novel derivatives metabolically stable. Moreover, a computational target prediction analysis led to 

the identification of a potential enzyme that might be responsible for the antiparasitic action of 

these compounds. 

Conclusions 

Several approaches based on both structure-based and ligand-based drug design (SBDD 

and LBDD) lead to the identification of novel hits that can be developed as future treatments in 

infectious diseases after a hit optimization process. Moreover, novel targets were successfully 

explored as alternative strategies to overcome the global threat of antimicrobial resistance. These 

approaches lead to the identification of novel alternative strategies that deserves further attention 

for drug discovery projects. 
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Resumen  

 

Título: Descubrimiento de fármacos para enfermedades infecciosas: aproximaciones basadas en 

la diana y en el ligando 

 

Introducción 

Las enfermedades infecciosas están causadas por microorganismos patógenos entre los 

que se encuentran bacterias, virus, parásitos y hongos, capaces de infectar a un organismo 

huésped. A pesar de décadas de avances trascendentales en su prevención y tratamiento, a día de 

hoy, las enfermedades infecciosas continúan teniendo un gran impacto tanto en la economía 

mundial como en la salud pública. Estas enfermedades constituyen una causa importante de 

enfermedad y muerte, siendo responsables del empeoramiento de las condiciones de vida de 

muchos millones de personas en todo el mundo. Además, debido al uso clínico de la 

quimioterapia, los microorganismos han desarrollado distintas estrategias de supervivencia para 

eludir la acción de los antimicrobianos. De hecho, la aparición de resistencias crece a un ritmo 

alarmante entre los patógenos de mamíferos y se ha convertido a día de hoy en uno de los 

principales desafíos para la quimioterapia antiinfecciosa. Es por ello que existe una necesidad 

urgente de descubrir y desarrollar nuevos fármacos innovadores para tratar las enfermedades 

infecciosas.  

El proceso de desarrollo de fármacos es un proceso largo y costoso que incluye varias 

etapas como identificación y validación de una diana, identificación de moléculas candidatas a 

fármaco, optimización del cabeza de serie o ensayos preclínicos y clínicos. Se estima que su coste 

medio es de 2.6 billones de dólares americanos y que tiene una duración media de entre 15-20 

años. Por esta razón, durante las últimas décadas, la alta tasa de fracaso de fármacos que no llegan 

a ser comercializados, ha supuesto un desafío crítico para la industria farmacéutica. Existen 

múltiples causas que explican la baja tasa de éxito en las diferentes etapas del proceso de 

descubrimiento de fármacos, como la falta de eficacia, el bajo perfil farmacocinético, los 

problemas de toxicidad, la seguridad clínica o los problemas comerciales. En este sentido, el 

control de las propiedades fisicoquímicas de las moléculas como la polaridad, el peso molecular o 

la lipofilia es fundamental.  

Actualmente, existen principalmente dos aproximaciones para abordar el descubrimiento 

de fármacos basadas en la química genética directa o en la inversa. En la estrategia de química 

genética inversa, las moléculas se ensayan frente a una diana que haya sido validada previamente 

para identificar una molécula candidata a fármaco, con la que se realizarán estudios adicionales en 

células o animales para confirmar el fenotipo inducido. Por el contrario, en la química genética 
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directa, distintos compuestos se ensayan directamente en células o modelos animales 

seleccionando aquellos que produzcan el fenotipo deseado y estudiando posteriormente qué genes 

o dianas son los responsables de inducir el fenotipo. Teniendo en cuenta estas estrategias y con el 

objetivo de reducir la tasa de fracaso, los métodos de descubrimiento de fármacos asistidos por 

ordenador han supuesto una contribución clave en las diferentes etapas de este proceso, 

desempeñando un papel fundamental en el desarrollo de moléculas pequeñas con importancia 

terapéutica. Estos métodos permiten identificar nuevos candidatos a fármaco de forma más 

eficiente y rápida, ahorrando una importante cantidad de dinero, tiempo y recursos.  

La aplicación de técnicas computacionales se puede clasificar en dos categorías 

principales: descubrimiento de fármacos basado en la estructura de la diana (SBDD) y 

descubrimiento de fármacos basado en el ligando (LBDD). A día de hoy, existe una amplia gama 

de herramientas en ambas áreas centradas entre otros en estudios de la capacidad de la diana de 

unir molécula pequeña, estudios de docking de ligando, dinámica molecular, cribado virtual, 

predicción de propiedades tipo fármaco, relación de estructura-propiedad (QSPR) o modelado por 

farmacóforo.  

Objetivos generales  

El principal objetivo de esta tesis se ha centrado en el descubrimiento de nuevas 

moléculas como potenciales agentes para el tratamiento de diversas enfermedades infecciosas. 

Para ello se han utilizado diversas aproximaciones basadas en la diana o en el ligando. Con este 

objetivo en mente, diferentes estrategias computacionales y experimentales se han aplicado para 

la identificación y optimización de nuevos candidatos a fármacos, así como para el estudio de su 

posible mecanismo de acción.  

Considerando lo mencionado anteriormente, la tesis de doctorado presenta tres capítulos:  

1.- Análisis y caracterización de nuestra propia colección química de compuestos para ser 

utilizada en programas de química médica como fuente de nuevos candidatos a fármaco.  

2.- Estrategias basadas en la diana centradas en las proteínas quinasas y fosfodiesterasas 

como dianas farmacológicas para diferentes enfermedades parasitarias y en la ruta de 

biosíntesis de la arginina para la tuberculosis. 

3.- Estrategias basadas en el ligando centradas en la optimización de derivados de 

naftoquinona como agentes leishmanicidas y en el estudio del potencial de los derivados 

de quinazolina como potencial tratamiento de la esquistosomiasis.  
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Capítulo 1 Análisis y caracterización de la quimioteca MBC  

Nuestro grupo de Química Médica y Biológica (MBC) ha desarrollado una colección de 

compuestos químicos, denominada MBC, con más de 1.000 moléculas, centrada principalmente 

en enfermedades neurológicas. Con el objetivo de acortar el proceso de descubrimiento de 

fármacos, es necesario producir compuestos de alta calidad que presenten propiedades tipo 

fármaco. En este sentido, se realizó un análisis de la quimioteca MBC con el objetivo de utilizar 

nuestra quimioteca como punto de partida para identificar moléculas candidatas a fármacos en 

programas de química médica. El análisis se basó en estudios computacionales aplicando distintas 

herramientas para evaluar sus propiedades tipo fármaco y su diversidad, seguido de una 

comparación con bases de datos de compuestos químicos ampliamente utilizadas en 

descubrimiento de fármacos. Los resultados mostraron que nuestra colección de compuestos es de 

alta calidad en términos de diversidad y propiedades tipo fármaco. La mayoría de los compuestos 

cumplen con los requisitos que tradicionalmente se usan para identificar compuestos tipo 

fármaco, siendo la base de datos adecuada para ser utilizada como punto de partida en programas 

de química médica. Además, sus principales propiedades farmacéuticas fueron comparadas con 

las colecciones químicas públicas que más se utilizan en descubrimiento de fármacos asistido por 

ordenador. Se pudo observar un perfil similar en términos de dispersión de las propiedades 

farmacéuticas de los compuestos en comparación con estas bases de datos. Por último, es una 

colección única de moléculas y presenta novedad tanto a nivel de la molécula como de la 

estructura química básica.  

Capítulo 2 Estrategias basadas en la diana en descubrimiento de fármacos para 

enfermedades infecciosas. 

Estudios descritos han identificado GskA and GSK-3 como potenciales dianas en 

Aspergillus spp. y en Leishmania spp. respectivamente. Este hecho junto con nuestra experiencia 

en el desarrollo de inhibidores frente a hGSK-3β, nos llevó a explorar estas dianas como una 

estrategia innovadora en la búsqueda de nuevos tratamientos para estas enfermedades infecciosas. 

Con el fin de encontrar posibles fármacos, distintos compuestos descritos previamente como 

inhibidores de hGSK-3β por nuestro grupo fueron probados en un ensayo fenotípico para 

determinar si mostraban un efecto fenotípico en el agente infeccioso. Estudios adicionales se 

llevaron a cabo con el objetivo de identificar bolsillos en la diana capaces de interaccionar con 

molécula pequeña. En el caso de Leishmania GSK-3, se aplicó una estrategia adicional utilizando 

la Leishbox, una colección de compuestos leishmanicidas obtenidos de un cribado de 1.8 millones 

de moléculas de la base de datos de GlaxoSmithKline considerando actividades leishmanicidas y 

citotóxicas. A partir de ambos proyectos, distintos inhibidores de proteínas quinasas 

químicamente diversos y con actividad frente al agente infeccioso fueron identificados. Su modo 
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de unión se propuso utilizando técnicas computacionales. Además, es posible afirmar que tanto el 

número como la diversidad de la estructura química básica para el desarrollo de inhibidores de 

quinasa se han ampliado en ambos agentes infecciosos. 

Por otro lado, se ha descrito que varios agentes infecciosos, principalmente protozoos, 

presentan PDEs en su genoma. Estas PDEs se encuentran en diferentes etapas en el proceso de 

validación como dianas terapéuticas. Así, la PDE de T. brucei induce la lisis del tripanosomátido 

tanto in vitro como in vivo siendo además esencial para su virulencia y validándose como diana 

tanto desde una perspectiva biológica como farmacológica. Por esta razón, junto con nuestra 

experiencia en el campo de las PDE, otras PDEs de distintos agentes infecciosos como 

Leishmania, T. cruzi, Schistosoma y Acanthamoeba han sido exploradas como dianas innovadoras 

en el tratamiento de las respectivas enfermedades que producen. Con este objetivo en mente, el 

reposicionamiento de nuestros inhibidores de hPDE descritos previamente se estudió como punto 

de partida en los programas de química médica. Para ello, se utilizaron técnicas computacionales, 

ensayos fenotípicos, estudios de mecanismos de acción o modelos in vivo. Además, se aplicaron 

procedimientos de química orgánica sintética para la optimización de una nueva familia de 

derivados eficaces en tripanosomátidos. De acuerdo con los resultados, se identificaron nuevos 

candidatos para el tratamiento de las enfermedades descritas que deberán ser posteriormente 

optimizados y para los cuales se estudió su mecanismo de acción. 

El impacto crítico previamente descrito que tiene la inactivación de la ruta de la arginina 

tanto en la función como en la supervivencia de M. tuberculosis ha permitido la identificación de 

una nueva y prometedora diana en tuberculosis: la ornitina carbamoil transferasa (ArgF). Por esta 

razón, se estudió esta ruta como tercera aproximación de los proyectos basados en la diana 

desarrollados en la tesis. Como primera estrategia, una aproximación basada en fragmentos y en 

técnicas quimioinformáticas y de biología estructural nos permitió obtener estructuras 

cristalográficas de los complejos y más información sobre el modo de unión de los ligandos a la 

proteína. Además, se realizó un cribado virtual tanto de la quimioteca propia, como de bases de 

datos comerciales permitiéndonos identificar moléculas candidatas a fármaco adicionales para ser 

posteriormente optimizadas, utilizando además técnicas biofísicas y de biología estructural. 

Capítulo 3 Estrategias basadas en el ligando en descubrimiento de fármacos para 

enfermedades infecciosas.  

Desde un enfoque basado en el ligando, dos proyectos diferentes se llevaron a cabo. Por 

un lado, compuestos que contenían una estructura química básica de naftoquinona identificados 

previamente en un ensayo fenotípico, fueron estudiados como prometedoras moléculas candidatas 

a fármaco para el tratamiento de la leishmaniasis. Distintas modificaciones químicas fueron 

diseñadas y sintetizadas con el objetivo principal de mejorar la selectividad de estos compuestos 
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frente el parásito. Tras la evaluación biológica de los nuevos derivados, se observó que distintas 

moléculas mostraban tanto efecto antiparasitario, como un mejor índice de selectividad. Estudios 

biológicos adicionales destacaron el efecto de esta clase de compuestos en el colapso 

bioenergético del parásito.  

Por otro lado, una familia de quinazolinas fue identificada tanto in vitro como in vivo en 

nuestro grupo de investigación como moléculas candidatas a fármacos para la esquistosomiasis. 

Sin embargo, el principal problema de esta familia química estaba relacionado con la estabilidad 

metabólica que presentaban las moléculas. Por esta razón, se aplicaron estudios computacionales 

para identificar los principales sitios en los que la molécula era más susceptible de ser 

metabolizada para así poder sintetizar nuevos derivados metabólicamente estables. Además, tras 

llevar a cabo un análisis computacional de predicción de la diana, se identificó una potencial 

enzima que podría ser responsable de la acción antiparasitaria de estos compuestos.  

Conclusiones  

Distintas estrategias de diseño de fármacos basadas tanto en la diana como en el ligando 

han llevado a la identificación de nuevas moléculas candidatas a fármacos que pueden ser 

desarrolladas como futuros tratamientos en enfermedades infecciosas tras un proceso de 

optimización. Además, nuevas dianas han sido estudiadas de forma exitosa como estrategias 

alternativas para superar la amenaza global que supone la aparición de resistencias en 

enfermedades infecciosas. Estas estrategias han permitido identificar nuevas aproximaciones que 

merecen una atención más exhaustiva en proyectos de descubrimiento de fármacos. 
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1 Infectious diseases 

 

 

Infectious diseases, also known as contagious diseases or transmissible diseases, are caused 

by pathogenic microorganisms, including bacteria, viruses, parasites or fungi and infect a host 

organism. Infectious diseases can be spread, both directly in a human-human contact such as 

vertical, sexual or air-droplet transmission, or indirectly, when they are transmitted by a vector or 

by contaminated food or water. 

  

1.1 Historical perspective and current state 

 

Human history has been profoundly affected by the impact that infectious diseases have 

had on populations and migrations from ancient times. As a first evidence of smallpox, traces of 

smallpox pustules were found on the head of a 3,000-year-old mummy of the Egyptian pharaoh 

Ramses V that showed the distinct markings of the smallpox rash. Prior to knowing the etiology 

of the diseases, Hippocrates was a pioneer writing about their transmission by different ways such 

as air or water, making an association between climate, diet and living conditions.
1
 Also, in the 

ancient world, infectious diseases changed the balance of power between Athens and Sparta; the 

plague of Athens, which was believed to be caused by a typhoid fever from Salmonella typhi, 

ended the golden age of Athens and its predominance in the ancient world.
2
 

In the medieval times, the bubonic plague, also known as the ‘Black Death‘, spread across 

Europe from east to west during the 14th century as one of the worst epidemics in the history.
3
 

The Yersinia pestis bacterium was the responsible for the epidemic and rats were the transmission 

vehicle for the disease to reach the human population.
4
 In the 16th century, Fracastoro discussed 

the germ theory stating that microorganisms cause many diseases, proposing three routes of 

http://listverse.com/2017/06/25/10-factors-that-made-the-black-death-so-deadly/
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contagion: direct contact, fomites and contagion from distance (airborne). Epidemics of leprosy, 

plague, syphilis, smallpox, cholera, yellow fever, typhoid fever, and other infectious diseases 

were very common during the following centuries.  

In the second half of the 19th century, Louis Pasteur and Robert Koch made key 

contributions to the field. Pasteur demonstrated that the fermentation and the growth of 

microorganisms did not process by spontaneous generation, making the more formal experiments 

on the relationship between germ and disease.
5 
Koch developed four basic criteria to demonstrate 

scientifically, that a disease is caused by a particular organism, these criteria are known as the 

Koch’s postulates.
6
 Also during this period, the first vaccine against smallpox was developed by 

Edward Jenner.  

Infectious diseases constituted the most serious health issue in the world until the beginning 

of the 20th century. One of the worst disease outbreaks was the flu pandemic that took place 

during World War I. It is estimated that around 500 million people became infected with the 

virus, one-third of the world’s population and the number of deaths was estimated to be at least 50 

million worldwide.
7
 The discovery of penicillin by Alexander Fleming in 1928 was one of the 

greatest advances in therapeutics changing the course of medicine. It was the first effective 

treatment for diseases such as pneumonia, gonorrhea, rheumatic fever or syphilis. Also during the 

past century and mainly after the World War II, hundreds of chemotherapeutic agents such as 

cephalosporines or tetracyclines were developed.
8,9

 The vast majority of them was potent and safe 

and included drugs effective not only against bacteria, but also against parasites, viruses and 

fungi. During this period and due to the considerable progress in infectious diseases control, it 

was generalized among health professionals that chemotherapy and vaccines would soon 

eliminate these threats from most developed countries.  

One of the main achievements in the 20th century was the eradication of smallpox. Prior to 

its eradication in 1980, smallpox was a global threat and presented a mortality rate up to 90%.
10

 In 

this sense, important efforts were made in the fight against other diseases achieving the 

eradication of rinderpest at the beginning of the 21st century and the global eradication is 

underway for poliomyelitis, dracunculiasis or yaws. An important reduction of the incidence of 

poliomyelitis in industrialized countries followed the development of the vaccine in the 1950s. 

Nowadays and due to the massive distribution of medicines for lymphatic filariasis and 

onchocerciasis, regional elimination of those diseases is also underway.
11

 A historical overview of 

some of the most important achievements is shown in Figure 1. 

https://en.wikipedia.org/wiki/Incidence_(epidemiology)
https://en.wikipedia.org/wiki/Poliomyelitis
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Figure 1. Historical overview of some of the most important events and advances in the field of infectious diseases. 
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Despite decades of substantial progress in their prevention and treatment, infectious 

diseases remain a significant burden on global economies and public health.
12

 They constitute a 

major cause of illness, debility and death, and are responsible for worsening the living conditions 

of many millions of people around the world. Also and due to the use of the chemotherapy in 

clinics, microbes have developed the ability to elude the action of the antimicrobials with 

numerous survival strategies to counterattack the drugs.
13

  

Nowadays, one of the main challenges for the antimicrobial chemotherapy is the upcoming 

of antimicrobial resistances that occurs at an alarming rate among all classes of mammalian 

pathogens. The proportions of nosocomial methicillin-resistant Staphylococcus aureus (MRSA), 

penicillin-resistant Streptococcus pneumoniae and multidrug resistant Enterococcus including 

vancomycin-resistant (VRE) strains, is continually increasing.
14

 Furthermore, even 

Staphylococcus aureus strains resistant to vancomycin have appeared. For this reason, 

community-acquired MRSA (cMRSA) is now an everyday reality all around the world and also, 

multiresistant Pseudomonas and Acinetobacter are global challenges.
15

 The scenarios caused by 

such pathogens present real clinical problems in managing infections that were easily treatable 

just a few years ago.
16

 This global health concern should be tackled using innovative 

multidisciplinary approaches.
17

 

Furthermore, infectious agents are not only the etiology of infectious diseases, but also play 

an important part in diseases once believed to be non-infectious. In the last decades, the role of 

these agents in some non-infectious diseases has been increasingly recognized. Nowadays, for 

example, it is widely-established that Helicobacter pylori is the causative agent of peptic ulcer 

disease
18

 and is related to MALT lymphoma, a gastric malignancy involving the mucosa-

associated lymphoid tissue.
19

 Human papillomavirus is the most important cause of invasive 

cervical cancer, and plays a role in other types of cancers including cancer of the vulva, vagina, 

penis, anus or back of the throat.
20

 Also, Epstein-Barr virus is a cause of certain lymphomas and is 

related with the genesis of Hodgkin’s disease.
21

 In this sense, it is also possible that other diseases 

of unknown cause, such as Crohn’s disease,
22

 rheumatoid arthritis
23

 or sarcoidosis,
24

 are related to 

infectious etiologies.  

An important group of infectious diseases is neglected tropical diseases (NTDs). According 

to the World Health Organization (WHO), NTDs are a diverse group of communicable diseases 

that prevail in tropical and subtropical conditions in 149 countries affecting more than one billion 

people - one sixth of the world population - and cost developing economies billions of dollars 

every year.
25

 The etiological agents that cause NTDs are bacteria, parasites or viruses. Populations 

living in poverty, without adequate sanitation and in close contact with infectious vectors and 

domestic animals and livestock are those worst affected.
26

 Low-income countries are affected by 

https://en.wikipedia.org/wiki/Lymphoma
https://en.wikipedia.org/wiki/Mucosa-associated_lymphoid_tissue
https://en.wikipedia.org/wiki/Mucosa-associated_lymphoid_tissue
https://www.cdc.gov/cancer/hpv/
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at least five NTDs simultaneously; individuals living in these poorest countries often suffer from 

one or more NTDs. 

In addition to causing disability, disfiguring, slowing physical and mental development and 

sometimes-early death, NTDs interfere with daily life reducing the ability of working and limiting 

productivity of individuals. They keep children out of school, and prevent families, areas and 

whole countries from prospering. Social stigma is a major consequence of NTDs.
27 

As a result, 

NTDs have a disruptive impact on productivity and already unstable economies,
28

 although during 

the last decades important efforts have been dedicated to advance in the fight against NTDs.
29

  

In spite of the fact that treatments for some NTDs are currently available, most of them do 

not present an effective and safe chemotherapy profile. Moreover, the main problems in the 

chemotherapy are the toxicity of the treatments, the severe side effects and the upcoming of 

resistances. In this sense, there is an urgent need to discover and develop innovative treatments. 

In this thesis, we are going to focus on different pathogens that cause several infectious 

diseases such as tuberculosis, aspergillosis, amoebiasis, leishmaniasis, Chagas disease or 

schistosomiasis. 

 

1.2 Bacterial diseases 

 

1.2.1 Tuberculosis 

 

The etiological agent that causes tuberculosis (TB) is Mycobacterium tuberculosis. 

Mycobacterium is a genus of Actinobacteria, including over 190 different species. This genus 

includes pathogens known to cause serious diseases in mammals, including tuberculosis (M. 

tuberculosis) and leprosy (M. leprae).  

The distinguishing characteristic of all Mycobacterium spp. is that the cell wall is lipid-rich 

and thicker than in many other bacteria, being hydrophobic and rich in mycolic acids/mycolates. 

The cell wall consists of the hydrophobic mycolate layer, long-chain cross-linked fatty acids and a 

peptidoglycan layer held together by a polysaccharide, arabinogalactan.
30

 The specific cell wall is 

responsible for many of the characteristic properties of Mycobacterium such as the slow growth 

and acidfastness features. These components are common antibacterial agents, responsible for the 

resistance of the bacteria to detergents and the host immune response antigenicity. Due to the 

specificity of the components in the cell wall, its biosynthetic pathways are potential targets for 

drug discovery programs. M. tuberculosis is an intracellular pathogen that is able to establish 

lifelong infections. However, the bacteria can establish a persistent infection without progression 

https://en.wikipedia.org/wiki/Genus
https://en.wikipedia.org/wiki/Actinobacteria
https://en.wikipedia.org/wiki/Hydrophobic
https://en.wikipedia.org/wiki/Mycolic_acids
https://en.wikipedia.org/wiki/Peptidoglycan
https://en.wikipedia.org/wiki/Arabinogalactan
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to disease; this process is the result of a delicate balance between the immunological state of the 

patient and the growth of the bacteria.  

In spite of the fact that M. tuberculosis can be established in primates and other animals, 

humans are the only natural reservoir. Transmission occurs through the airborne spread of nuclei 

produced by patients with the infection and by a directly close contact person-to-person.
31

 Once 

M. tuberculosis enters to the respiratory tract, a small fraction of bacteria might reach and 

penetrate the alveoli where they are phagocytized by the macrophages. The bacteria present 

several mechanisms to survive in the macrophages. It is able to evade innate immunity
32

 

preventing fusion of the phagosome with lysosomes by altering the phagosome membrane
33

 and 

also avoiding the killing mediated by reactive nitrogen intermediates neutralizing the oxidants that 

are generated.
34

 The risk of developing the disease depends mainly on the host factors such as the 

individual’s innate immunologic and non-immunologic defenses and functionality of cell-

mediated immunity, being the risk much higher in people infected with the human 

immunodeficiency virus (HIV).
35

 Common symptoms of active lung tuberculosis are cough with 

mainly sputum and blood, chest pains, weakness, weight loss, fever and night sweats. Primary 

disease is usually restricted to the lower respiratory tract. However, it can be spread in 

extrapulmonary sites such as the pleura, lymph nodes, genitourinary tract, bones and joints, 

peritoneum, meninges and pericardium.
36

  

Worldwide, tuberculosis is a major cause of death, being one of the top 10 causes of death 

and the leading cause from a single infectious agent above HIV/AIDS (human immunodeficiency 

virus/acquired immune deficiency syndrome). Tuberculosis is also the leading cause of death in 

HIV-infected patients. Furthermore, about one-quarter of the world's population has latent TB. 

According to the WHO, in 2017, 10 million people became ill with TB, and around 1.6 million 

died because of the disease from which 230,000 were children.
37

 

Tuberculosis can be treated by taking several long-term drugs during 6 or 9 months. There 

are 10 drugs currently approved by the U.S. Food and Drug Administration (FDA) for treating 

TB. Drug-susceptible TB disease is usually treated with a standard 6 month course of 4 

antimicrobial drugs: isoniazid, rifampicin, ethambutol, pyrazinamide that are the first-line anti-TB 

agents forming the core of treatment regimens (Figure 2).
38 In this sense, one of the critical 

problems in the treatment of tuberculosis is the complexity and long-term duration of therapy 

required to cure the disease that leads in non-adherence to treatment. Also, it is important to 

remark that adverse effects are common in response to anti-TB drugs. Finally, the increasing 

incidence of multidrug-resistant (MDR), which means that TB does not respond to at least the 2 

most powerful drugs, isoniazid and rifampicin, and extensively drug-resistant (XDR), MDR plus 

resistance to a fluoroquinolone and at least one of the three injectable aminoglycosides second-
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line drugs, is a serious concern.
39

 Second-line drugs for drug-resistant TB need parenteral 

administration and are not available everywhere. They are less effective, more toxic and require 

longer use than first-line drugs. 

Regarding the mechanism of action, some drugs inhibit the cell wall synthesis such as 

ethambutol. Isoniazid inhibits the synthesis of mycolic acids and increases the oxidative stress.
40

 

An important number of drugs block the synthesis of key macromolecules in the cell, such as 

rifampicin, that inhibits deoxyribonucleic acid (DNA)-dependent ribonucleic acid (RNA) 

polymerase, suppressing the initiation of RNA synthesis. Fluoroquinolones inhibit DNA girase 

and aminoglycosides block protein synthesis. Bedaquiline inhibits the proton pump of ATP 

synthase.
41

 In the case of pyrazinamide the target is unclear but disrupts energy metabolism and 

plasma membrane. 

For all these reasons, there is an urgent need to shorten the treatment regimens and fight the 

upcoming of resistances.
42

 

 

 

Figure 2. Most commonly used drugs for the treatment of tuberculosis. 
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1.3 Fungal diseases 

 

1.3.1 Aspergillosis 

  

Aspergillus spp. is an air-borne opportunistic pathogen, being the state of the host of 

primary importance the pathogenicity. They are usually benign colonizers and only cause serious 

infection when there is a reduction in the host’s defenses.
43

 There are approximately 180 species 

of Aspergillus, but less than 40 species are known to cause infections in humans. 

The primary route of infection in aspergillosis is by inhalation of aerosolized conidia that 

settle in lungs, nasopharynx, or sinuses. The conidia bind to human fibrinogen as well as to 

laminin in the alveolar basement membrane. This step allows the fungus to establish residence in 

host tissues. Also, the hyphal forms that are not killed by the neutrophils may invade the 

pulmonary tissue of the host with the help of enzymes, such as proteases and toxins secreted by 

the fungus.
44

 

Aspergillosis is the most common invasive mold infection worldwide. There are different 

types of aspergillosis such as allergic bronchopulmonary aspergillosis (ABPA) that provokes 

similar symptoms to asthma, allergic aspergillus sinusitis, aspergilloma, chronic pulmonary 

aspergillosis and invasive aspergillosis.
45

 Among them, invasive aspergillosis (IA), mainly caused 

by Aspergillus fumigatus in neutropenic patients, is one of the most severe forms of fungi 

infections, being a leading cause of mortality among immunocompromised populations. Mortality 

rate caused by IA is very high, due to the difficulty in early diagnostics and reduced antifungal 

treatment options.  

For the treatment of the allergic forms of aspergillosis such as ABPA or allergic 

Aspergillus sinusitis, the drug of choice is itraconazole. Usually, IA needs to be treated with 

voriconazole. Other antifungal medications used to treat aspergillosis include lipid amphotericin 

B formulations, posaconazole, itraconazole, isavuconazole, caspofungin, and micafungin (Figure 

3). Regarding the mechanism of action of these drugs, all azole derivatives such as itraconazole, 

voriconazole, posaconazole or isavuconazole, inhibit 14-α demethylase, a cytochrome P-450 

enzyme necessary to convert lanosterol to ergosterol, an essential component of the fungal cell 

membrane.
46

 Micafungin and caspofungin inhibit the synthesis of β-1,3-D-glucan, another crucial 

constituent of fungal cell walls which is not present in mammalian cells. The mechanism of action 

of amphotericin B is focused on the binding to sterols (ergosterol) in the cell membrane, creating 

a membrane channel and disrupting cell permeability.
47 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/invasive-aspergillosis
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/aspergillus-fumigatus
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/fungus
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/mortality-rate
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/mortality-rate


Introduction 

 

21 

 

Nowadays, the treatment of IA is at risk due to the global emergence of azole resistance, 

the main chemotherapy agents for clinical use.
48

 

 

Figure 3. Most commonly used drugs for the treatment of aspergillosis. 

 

1.4 Parasitic diseases 

 

Parasites are eukaryotic organisms that require intimate and prolonged contact with a host 

organism causing harm and obtaining their nutrition from or at the expense of their host. There 

are three main classes of parasites that are able to cause diseases in humans: protozoa, helminths, 

and ectoparasites. 

 

1.4.1 Protozoan infections 

 

The word protozoa come from Greek and means ‘first animal’. Protozoa are simple 

microorganisms that range in size from 2 to 100 μm being a morphologically diverse group of 

one-celled organisms with over 50,000 species. Protozoa are found in most habitats, being free-

living, commensal or parasitic in nature and have evolved to a wide range of variations. Unlike 

the great majority of parasitic helminth species, protozoan parasites are able to replicate within 

the host, which contributes to their survival.
49

 This fact allows the development of serious 

Posaconazole 

Itraconazole 

Amphotericin B 

Voriconazole 



Infectious Diseases 

 

22 

 

infections from only a single-cell organism. Protozoa present a wide range of organs for motility 

purposes that vary from simple cytoplasmic extrusions or pseudopods to more complex structures 

such as flagella or cilia that aid them in the movement.
50

 This is one of the main features used to 

classify the protozoans. Also, one of the most characteristic structural features of protozoans is the 

contractile vacuole, critical for the survival. It also presents the role of pumping out the excess 

amount of water that enter the cell by osmosis.
51

 Most protozoans have a heterotrophic mode of 

nutrition, typically ingesting particulate food such as bacteria, and digesting them in phagocytic 

vacuoles. Regarding metabolic pathways vary from group to group, with both anaerobic and 

aerobic energy metabolisms. 

Transmission of protozoa is diverse; among others it can involve oral, sexual or inhalation 

routes. Transmission is also possible by direct contact or through the bites of bloodsucking 

vectors depending on the part of the host that they are parasitizing. The transmission of protozoa 

that live in the human’s intestine, such as Giardia lambia, typically occurs through a fecal-oral 

route, via person-to-person contact or contaminated food or water. Protozoa that live in the blood 

or tissue of humans, such as Trypanosoma brucei, are transmitted to other humans by an 

arthropod vector. 

 

1.4.1.1 Amoebiasis  

 

Most amoebas are free-living and are present mainly in aquatic environments. Their mode 

of movement and feeding makes them well adapted to life on the bottom of ponds and lakes. One 

of the most important parasites in this group is Entamoeba histolytica, a non-free-living amoeba, 

which causes amoebic dysentery in humans affecting around 50 million people and provoking 

50,000-100,000 deaths worldwide every year.
52

 They are characterized by the presence of 

pseudopodia or false feet, temporary projections of plasma membrane formed by actin 

microfilaments pushing out the cytoplasm that surrounds the cell. Pseudopodia are also used for 

nutrition purposes by phagocytosis and endocytosis, forming a vacuole around the food. In this 

process, digestive enzymes are released from lysosomes and the food particle dissolved. Amoebas 

are continually changing their body shape and the position of their internal organelles. Regarding 

the reproduction in the amoebas, it is carried out by simple binary fission. 

Acanthamoeba spp. is an opportunistic free-living amoeba and among the most prevalent 

protozoa found in the environment. They have been found and isolated in most aquatic 

environments such as sewage, swimming-pool, soil, fresh, brackish and sea water; medical 

devices like contact lens equipment, medicinal pools, dental treatment units or dialysis machines. 

https://en.wikipedia.org/wiki/Actin
https://en.wikipedia.org/wiki/Microfilaments
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Also, they are found in air systems such as heating, ventilating and air conditioning, mammalian 

cell cultures; vegetables, human nostrils and throats and human and animal tissues and skin.
53

 

Acanthamoeba spp. is capable of causing keratitis, an infection of the eye that typically 

occurs in healthy persons producing pain and redness that can lead to permanent visual 

impairment or blindness. Also, they cause granulomatous amoebic encephalitis (GAE) in 

individuals with compromised immune systems, a serious infection of the brain and spinal cord. 

The disease can also be disseminated affecting different organs.
54

  

 

 

Figure 4. Life cycle in Acanthamoeba spp.
55

 

 

Acanthamoeba presents a simple life cycle with two different life forms, cysts (1) and 

trophozoites (2) being both of them no flagellated life stages (Figure 4). The trophozoites are the 

replicative forms and in this stage the mitosis division is carried out (3). Although both the 

trophozoites and cysts are able to enter into the human body using different ways, the trophozoites 

are the only infective forms (4). Entry can occur through the eye (5), the respiratory tract (6), or 

damaged skin either ulcerated or broken (7). When Acanthamoeba spp. enters into the eye it can 

cause severe keratitis in healthy individuals, being particularly frequent in contact lens users. 

When it enters in the respiratory system or through the skin, it can invade the central nervous 
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system (CNS) by hematogenous dissemination, causing GAE disseminated disease, or skin 

lesions in individuals that present immunocompromised systems.
56

  

Neither good diagnoses methods nor treatments are now available. For this reason, 

Acanthamoeba is often misdiagnosed with other bacterial or virus infections leading to erroneous 

treatment. When there is a proper diagnosis, various antimicrobial agents are used to treat 

Acanthamoeba infection, including pentamidine, amphotericin, rifampicin, trimethoprim-

sulfamethoxazole, and fluconazole.
57

 The treatment of Acanthamoeba keratitis involves 

biguanides or chlorhexidine in combination with neomycine and diamidines (Figure 5).
58

 

Furthermore, these available treatments are lengthy and not fully effective against all strains being 

some of the infection forms uniformly fatal. Novel approaches need to be exploited for drug 

discovery purposes.
59

 

 

 

Figure 5. Most commonly used drugs for the treatment of amoebiasis. 

 

Regarding the mechanism of action of these drugs, amphotericin and azole derivatives are 

able to inhibit the synthesis of ergosterol, an essential component present in fungi and protists. 

While sulfamethoxazole interferes in the tetrahydrofolic acid (THF) synthesis, trimethoprim 
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inhibits dihydrofolate reductase, another step in THF synthesis acting synergistically.
60

 

Pentamidine mechanism of action is not fully understood, it is thought that interferes the synthesis 

of DNA, RNA, phospholipids, and proteins. Chlorhexidine is positively charged while the plasma 

membrane of the parasite is negatively charged, resulting in structural and permeability 

disruptions. Finally, biguanide compounds are known to interact with membrane phospholipids, 

affecting membrane fluidity. 

 

1.4.1.2 Trypanosomatid infections 

 

Also they are commonly grouped in the phylum Euglenozoa or flagellates. They are a 

heterogeneous group of single-celled protozoans characterized by the presence of one or more 

long flagella in at least one phase of the life cycle. This group includes protozoans that cause 

diseases of major importance such as Leishmania spp. or Trypanosoma spp. 

 

Leishmaniasis 

Leishmania infections in humans are caused by more than 20 species, depending on the 

geographical area. The different species are morphologically indistinguishable, but they can be 

differentiated by isoenzyme analysis, molecular methods, or monoclonal antibodies. There are 

two forms of the parasite: the amastigote, the intracellular form in the vertebrate host and the 

promastigote, the extracellular form in the sand fly vector. Regarding the arthropods vector, sand 

flies, there are mainly two genera transmitting the parasite; Phlebotomous spp. and Lutzomyia 

spp., the former are mainly vectors of Old World leishmaniasis, the latter transmit leishmaniasis 

mainly throughout America.
61

 These species causes 3 main forms of leishmaniasis: cutaneous (the 

most common), visceral (also known as kala-azar and the most serious form of the disease) and 

mucocutaneous. Leishmaniasis affects not only the poorest people on earth, being associated with 

malnutrition, lack of economic resources and urbanization, but also it is endemic in the 

Mediterranean region.
62

 Cutaneous leishmaniasis causes skin sores that may end up in ulcers and 

serious disability. In mucocutaneous leishmaniasis, lesions can lead to destruction, partial or even 

total, of the mucous membranes mainly in the nose, mouth and throat cavities and surrounding 

tissues. Visceral leishmaniasis affects internal organs such as spleen, liver, and bone marrow 

being life-threatening. Some of the clinical symptoms include fever, weight loss, enlargement of 

the spleen and liver and anemia, leukopenia and thrombocytopenia, being fatal if left untreated in 

over 95% of cases. According to the WHO, it is estimated that between 700,000 and 1 million of 

new cases and 20,000 to 30,000 deaths occur annually, being more than 1 billion susceptible to 

infection. 
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The life cycle of all the Leishmania spp. is quite similar. In all the cases the parasites are 

transmitted by the bite of infected female phlebotomine sandflies (Figure 6). During blood meals, 

the infected sandflies regurgitate and inject the parasite’s flagellated promastigotes, the infective 

stage, into the host’s skin from their proboscis (1). These blood meals are more frequent at night 

and the experimental infection is promoted by the sandfly salivary components with 

immunomodulating effects. Promastigotes are introduced into the subcutaneous tissue, attached to 

extracellular matrix and then they are phagocytized by macrophages and other mononuclear cells 

(2). Promastigotes transform into the amastigote stage, the tissue form of the parasite, in these 

cells and begin to replicate (3) by simple division and proceed to infect other mononuclear 

phagocytic cells (4). At this stage, infection progresses mainly at the site of the bite. Parasite, 

host, and other factors affect whether the infection becomes symptomatic and whether cutaneous 

or visceral leishmaniasis results. Sandflies become infected by ingesting amastigotes from 

infected organisms during blood meals (5-6). In sandflies, amastigotes transform into 

promastigotes, which multiplies by binary fission in the fly midgut (7). After development, this 

stage migrates to the proboscis (8).
63  

 

 

Figure 6. Life cycle in Leishmania spp.
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Despite the importance of leishmaniasis in terms of people affected by the disease all 

around the globe, current treatments are inadequate due to the high toxicity, adverse effects in 

humans, the upcoming of resistances and accessibility problems. Until recently, the first-line 

therapies for all forms of leishmaniasis were the pentavalent antimonial compounds, mainly 

sodium stibogluconate. In spite of the considerable toxicity of pentavalents antimonials, they have 

been the traditional mainstays for treating leishmaniasis since the 1940s. Moreover, in the past 

years, ubiquitous use of sodium stibogluconate has been threatened by the development of drug 

resistance.
65

 In the last 15 years, liposomal amphotericin B, paromomycin and miltefosine have 

been available for use. In this sense and due to the lack of true antileishmanial treatments, few 

drugs like amphotericin B, fluconazole (antifungal), pentamidine (antimicrobial) or miltefosine 

(antitumoral) are currently being used although these are associated with serious side effects and 

resistances.
66

 Furthermore, drug treatment can be complicated by the dissimilarity in 

pharmacokinetics, the different susceptibility of Leishmania spp. to drugs and variation in drug-

host immune response interaction. For all these reasons, there is an urgent need to develop novel 

alternative and effective treatments to fight the disease.
67

 

 

 

Figure 7. Most commonly used drugs for the treatment of leishmaniasis. 
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For cutaneous leishmaniasis, standard therapy is based on injections of antimonial 

compounds either parenteral or directly into the lesion. Alternative therapeutic agents include 

fluconazole and miltefosine that showed to be effective. Also, other agents such as amphotericin 

B, pentamidine and different formulations of paromomycin are used in clinical practice. 

Regarding no chemotherapeutical treatments, heat, cryotherapy and surgical excision are used. In 

the case of mucocutaneous leishmaniasis, stibogluconate remains the drug of choice, being 

amphotericin B the alternative treatment. Regarding visceral leishmaniasis and besides the 

pentavalent antimonials, other potential therapies have been used such as oral miltefosine, 

amphotericin B liposome formulation, and a parenteral formulation of paromomycin. Despite the 

remarkable efficacy of miltefosine and being the only orally active drug, an increasing relapse 

rate in patients treated indicates the presence of drug-resistant strains.
68

 In addition, it is important 

to remark the teratogenic effect of miltefosine and the parenteral administration of the rest of the 

drugs. In this sense, strategies must be developed to overcome resistance and avoid toxicity 

(Figure 7). 

Finally, the mechanism of action of pentavalent antimonials such as sodium stibogluconate 

and meglumine antimoniate remains unclear. It is thought that they inhibit DNA topoisomerase I 

leading to inhibition of both DNA replication and transcription and causing also oxidative 

stress.
69,70

 Pentavalent antimonials present pitfalls such as severe side effects, the need for daily 

parenteral administration and drug resistance. Paromomycin inhibits protein synthesis by binding 

to ribosomal RNA.
71

 For the oral bioavailable miltefosine, several mechanisms of action have 

been proposed, such as the blockage of the synthesis of phosphatidylcholine, the inhibition of the 

cytochrome c oxidase and disruption of parasite Ca
2+

 homeostasis.
72

 

 

Chagas disease 

Trypanosomes are unicellular parasitic protozoa belonging to Trypanosoma, a genus of 

kinetoplastids of the Trypanosomatidae class. Their main characteristic is the possession of a 

unique organelle called the kinetoplast, closed to the nucleus. The kinetoplast appears as a dense 

structure and contains its own DNA. It is found in a specialized portion within the cell’s single, 

large, tubular mitochondrion. The flagellum is present during all stages of development being 

essential for parasite motility, viability, transmission and pathogenesis.
73

 It extends back to form 

the edge of a long, undulating membrane that gives Trypanosoma its characteristic locomotion. 

The genus contains many species of protozoa, but only a few members cause disease in humans, 

depending on the species, they cause two forms of the disease. Trypanosoma cruzi is the causative 

agent of Chagas disease in the Americas, and the other two trypanosome subspecies T. brucei 
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gambiense and T. brucei rhodesiense cause human African trypanosomiasis, also known as 

sleeping sickness.  

Chagas disease presents an acute and a chronic phase that untreated could be lifelong. 

Acute Chagas disease occurs immediately after infection, being sometimes asymptomatic, and 

parasites may be found in the circulating blood. Romaña’s sign might appear as a clinical sign due 

to either the bite or the feces of the vector. Some patients enter in the chronic phase, while many 

patients remain asymptomatic; around 30% develop debilitating and sometimes life-threatening 

medical problems such as cardiomegaly, heart rhythm abnormalities or a dilated esophagus or 

colon.
74

 According to the WHO, it is estimated that 8 million people are infected with 

Trypanosoma cruzi worldwide, mainly in Latin America producing over 10,000 deaths every 

year. In Latin America Chagas disease remains one of the biggest public health problems, causing 

incapacity in infected individuals. In the past decades, infection has been increasingly detected in 

countries where Chagas disease is non-endemic mainly due to migration.
75

  

 

 

Figure 8. Life cycle in Trypanosoma cruzi.
76

 

 

T. cruzi is transmitted among the mammalian hosts by hematophagous triatomine insects 

(or ‘kissing’ bugs), often also called reduviid bugs, belonging to the genera Triatoma, Rhodnius, 
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and Panstrongylus (Figure 8).
77

 During blood meals, infected triatomines release metacyclic 

trypomastigotes in its feces near the site of the wound. Infection occurs when trypomastigotes 

enter the host through the wound in the skin or through intact mucous membranes such as 

conjunctivae (1). T. cruzi can also be transmitted by blood transfusion by infected people, by 

organ transplantation, from mother to fetus or in laboratory accidents. Inside the host, the 

trypomastigotes invade cells in the site of inoculation, where they differentiate into intracellular 

amastigotes (2). The amastigotes multiply by binary fission eventually destroying the host cell 

(3). They are liberated to enter new host tissue as intracellular amastigotes or to become 

circulating bloodstream trypomastigotes (4) infective for feeding reduviid bugs. This form, a non-

replicative stage of the parasite, migrates, infects cells from a variety of tissues (such as cardiac 

muscle or liver) and finally transforms into intracellular amastigotes in new infection sites. The 

insects become infected by sucking blood containing circulating trypomastigotes from animals or 

humans (5). Ingested organisms multiply in the gut of the triatomines and differentiate into 

epimastigotes in the vector’s midgut (6). The epimastigotes multiply by longitudinal binary 

fission (7). Finally, the parasites migrate to the hindgut of the bug, where they differentiate into 

metacyclic trypomastigotes and then leave the bug in the feces, starting the cycle again (8).
78

  

Therapy for Chagas disease is unsatisfactory. For many years, only two drugs, nifurtimox 

and benznidazole, have been available for this purpose. Unfortunately, both drugs lack efficacy 

and often cause severe side effects. These drugs have been proven effective against the acute 

phase of disease. In some cases, eflornithine is used in combination with nifurtimox. However, 

they are associated with high toxicity and severe side effects being less effective against the 

chronic phase (Figure 9).
79

  

 

 

Figure 9. Most commonly used drugs for the treatment of Chagas’ disease. 

 

The mechanism of action of nifurtimox involves a nitro-anion radical metabolite that 

reacts with the nucleic acids of the parasite, causing damage in the DNA and oxidative stress.
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Benznidazole metabolites likely bind to proteins, lipids, DNA, and RNA resulting in damage to 

these macromolecules, being also related with death via interferon-gamma.
81

 Eradication of nests 

and bugs control are important measures for limiting the transmission. The use of 

dichlorodiphenyltrichloroethane (DDT) homes infested with bugs has demonstrated a drop in the 

transmission of malaria and Chagas disease. 

 

1.4.2 Helminth infections 

 

The helminths, a general term that means worm, are invertebrates characterized by 

elongated, flat or round bodies. They are complex and multicellular organisms considerable larger 

than protozoan being the adult stage generally macroscopic, between less than 1 mm and more 

than 1 m. Regarding their clinical importance, there are mainly two groups of helminths: the 

flatworms or platyhelminthes (platy from the Greek meaning ‘flat’) that include flukes 

(trematodes) and tapeworms (cestodes) and roundworms or nematodes (nemato from the Greek 

meaning ‘thread’). Phylum Platyhelminthes can be further divided into trematodes and cestodes, 

including over 20,000 species. 

 

1.4.2.1 Schistosomiasis 

 

Human schistosomiasis, also known as bilharziasis, is an acute and chronic parasitic 

disease caused by blood flukes (trematode worms) of the genus Schistosoma. It is caused by five 

species of the parasite: the intestinal species S. mansoni, S. japonicum, S. mekongi, and S. 

intercalatum and the urinary species S. haematobium. However, three Schistosoma species 

account for the majority of human illness and mortality: S. mansoni, S. haematobium and S. 

japonicum. In contrast to other flukes that are usually hermaphroditic, schistosomes present male 

and female sexes, incomplete digestive system and oral and ventral suckers that facilitate 

penetration. The females usually present a size between 7 and 20 mm and a cylindrical body, 

while the males are slightly shorter and have flattened bodies. Males display anteriorly curved 

edges forming the gynecophoral canal, in which mature adult females are usually held. Eggs are a 

characteristic feature among species due to the difference in their morphology.
82

 

Primarily, disease results from host immune response to eggs, their number and location. 

The main symptoms of S. mansoni and S. japonicum infections generally include: Katayama 

fever, hepatic perisinusoidal egg granulomas, periportal fibrosis, portal hypertension or 

hepatosplenomegaly. Pathology of S. haematobium infections usually include: hematuria, 

scarring, calcification, bladder cancer, and occasional ectopic egg granulomas in brain or spinal 

cord.
83
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According to the WHO, it has been estimated that in 2016 at least 206.4 million people 

required preventive treatment. Schistosomiasis transmission has been reported in 78 countries 

being a major parasitic infection in tropical areas. Out of those 78, in 52 countries schistosomiasis 

is endemic showing a moderate-to-high transmission rate. Preventive treatment, which should be 

repeated over a number of years, will reduce and prevent morbidity.  

 

 

Figure 10. Life cycle in Schistosoma spp.
84

 

 

Transmission occurs (Figure 10)
83

 when people suffering from schistosomiasis contaminate 

freshwater sources with their urine or feces containing parasite eggs (1). Under optimal conditions 

the eggs hatch in water and release miracidia (2), which swim and penetrate the appropriate snail 

intermediate hosts (3). Every miracidia in the snail develops successive generations (4) producing 

thousands of cercariae (5). Human infection is initiated by the penetration of intact skin with 

infective cercariae liberated from snails. Once in subcutaneous tissue, cercariae transform into 

schistosomula (7). This form, schistosomula, begins their migration via venous or lymphatic 

vessels, reaching the intrahepatic portal circulation (S. mansoni and S. japonicum) or vesical veins 

(S. haematobium) (8), (9). Sexually mature worms descend into the mesenteric venous system at 

various locations, depending on the species (10). In this sense, S. japonicum is more frequently 
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found in veins draining the small intestine (A) and S. mansoni in veins draining the large intestine 

(B). However, both species can occupy either location. S. haematobium most often occurs in the 

venous plexus of bladder (C). The females deposit eggs in the small venules of the portal and 

perivesical systems. Finally, the eggs are moved progressively towards the lumen of the intestine 

(S. mansoni and S. japonicum) and of the bladder and ureters (S. haematobium), starting again the 

cycle (1).  

Safe and effective medication is available for treatment of both urinary and intestinal 

schistosomiasis. Praziquantel is the drug of choice for treating all species causing schistosomiasis. 

Few side effects have been encountered and those that do develop usually do not interfere with 

completion of treatment (Figure 11). However, dependence on a single chemotherapeutic agent 

has raised the possibility of development of resistance in schistosomes. The mechanism of action 

of praziquantel is based on the disruption of Ca
2+

 channels producing severe spasms and paralysis 

of the worms and morphological alterations.
85

 

 

 

Figure 11. Most commonly used drug for the treatment of schistosomiasis. 

 

Taking into account the difficulties in the treatment of the different infectious diseases 

discussed above in terms of drug resistance, toxicity, adverse effects or administration route, it is 

critical the development of novel drugs and therapeutic approaches that will lead to more effective 

and safe treatments. 

Praziquantel 
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2 Drug discovery 
 

Drug development process is a time-consuming, expensive and hard process that includes 

the discovery and validation of a therapeutic target, the hit identification, the design and 

optimization of the lead, all the preclinical assays and the clinical trials. The development of a 

safe and effective drug is an increasingly expensive and time-consuming endeavor with an 

average cost of US$2.6 billion and takes between 15-20 years.
86

 For this reason, successful drug 

discovery requires a multidisciplinary approach. 

In 2018, FDA’s (Food and Drug Administration) CDER (Center for Drug Evaluation and 

Research) ended with a record 59 new drugs, up from 46 in 2017.
87

 The FDA’s previous approval 

record was 53 in 1996, the all-time high in FDA’s published data. FDA’s CDER has averaged 

about 33 novel drug approvals per year since 2009 (Figure 12).  

 

Figure 12. CDER’s annual novel drug approvals between 2009-2018 period.
87

 

 

Regarding infectious diseases, in 2018 several drugs were approved including the first drug 

ever to treat smallpox, tecovirimat (Tpoxx™). Despite its eradication, the development of 

smallpox drugs is due to the threat of this virus being used as a bioweapon. Also, several drugs 

were approved for HIV, including a first-in-class drug to treat patients with HIV-1 infection who 

have failed other therapy, named ibalizumab (Trogarzo™). Other drugs were approved for HIV 

such as Biktarvy™, a fixed dose combination for the treatment of HIV-1 infection, or doravirine 

(Pifeltro™) a non-nucleoside reverse transcriptase inhibitor. Two forms of a new antimalarial 

drug, tafenoquine, were approved: one is a one-dose treatment to prevent relapse of vivax malaria 

(Krintafel™), and the other one is indicated as a prophylaxis to protect people that travel to 

endemic areas from contracting the disease (Arakoda™). It was also approved a new single dose 

therapy for the treatment of influenza A and B containing baloxavir marboxil (Xofluza™) and 

https://en.wikipedia.org/wiki/Fixed_dose_combination_drug
https://en.wikipedia.org/wiki/HIV-1_infection
https://en.wikipedia.org/wiki/Non-nucleoside_reverse_transcriptase_inhibitor
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plazomicin (Zemdri™) a once-daily antibiotic for the treatment of complicated urinary tract 

infections. Xerava™ (eravacycline) was introduced in the market for complicated intra-abdominal 

infections, Nuzyra™ (omadacycline) for community-acquired bacterial pneumonia and acute skin 

infections and Aemcolo™ (rifamycin SV MMX) for traveler’s diarrhea. Finally, a new 

formulation of amikacin in a liposome inhalation suspension (Arikayce™) was approved to treat 

certain patients with non-tuberculous mycobacterial lung disease. 

Attrition rate in drug development has been a critical challenge for the pharmaceutical 

industry during the last decades.
88

 There are multiple causes that explain the high failure values in 

the different stages of the drug discovery process. According to different studies, some of the 

most important causes are the lack of efficacy, the poor pharmacokinetic profile, toxicity issues, 

clinical safety or commercial issues.
89,90

 In spite of the fact that failure due to poor ADME Tox 

(absorption, distribution, metabolism, excretion and toxicity) profile have decreased significantly 

in recent years, controlling the physico-chemical properties of molecules, such as polarity, 

molecular weight or lipophilicity, is critical in the drug discovery process.
91

 Moreover and besides 

the relation of physico-chemical properties with Lipinski rule of 5 and ADME Tox profile,
92,93

 it 

has been probed that some of these properties are related with promiscuity and in vivo 

toxicological outcomes.
94,95  

Nowadays, there are mainly two approaches for drug discovery purposes: a forward 

genetic or phenotype-based approach and a reverse chemical genetic or target-based approach 

(Figure 13). In the reverse chemical genetic strategy, molecules are screened against a target that 

had been previously validated, to identify a hit that is further study in cell and/or animals to 

confirm the induced phenotype.
96,97

 In contrast, the forward genetic approach is characterized by 

the identification of small molecules that are able to induce a phenotype of interest in a cell or an 

animal-based model and it is followed by the identification of the gene and the target responsible 

for the phenotype.
98 

Taking these strategies into account and with the aim of reducing attrition rate, computer-

aided drug design/discovery (CADD) methods have made key contributions to different stages of 

the drug discovery process, playing a pivotal role in the development of therapeutically important 

small molecules for over three decades. These methods allow delivering novel drug candidates 

more quickly and efficiently saving an important amount of money, time and resources. In this 

sense, numerous molecules that were identified and/or optimized using CADD methods have 

reached the stage of clinical trials and some have even gained US FDA approval.
99

 Nowadays, 

there is an extremely broad range of tools for target druggability, ligand docking, modulation of 

ADME Tox properties, drug-like properties prediction, QSAR (Quantitative Structure-Activity 

Relationship), fragment screening, etc. (Figure 14). 
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Figure 13. Drug discovery strategies in chemical genetics. 

 

 

Figure 14. Computational tools in drug discovery. 
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Advances in computational techniques and hardware have facilitated the application of in 

silico methods in the drug discovery process. The application of computational techniques can be 

classified into two major categories: structure-based drug discovery (SBDD) and ligand-based 

drug discovery (LBDD). 

 

2.1 Structure-Based Drug Discovery (SBDD) 

 

The determination by X-ray techniques of structures of biochemical substances in the 50’s 

made a revolution in the biochemistry field. The first solved crystal structure of a protein involved 

the myoglobin protein. For this achievement, the authors, Max Perutz and John Kendrew received 

the Chemistry Nobel Prize in 1962.
100

 Also in this period, Dorothy Hodgkin solved the structures 

of penicillin and vitamin B12 winning the Chemistry Nobel Prize in 1964. Since then, the use of 

protein crystallography has emerged as a very successful approach in structure-guided drug 

discovery.
101

 Moreover, the explosion of genomics, the sequencing of the genome of multiple 

organisms and proteomic combined with the impressive growth of structural information from X-

ray crystallography, nuclear magnetic resonance spectroscopy and more recently cryo-electron 

microscopy (cryo-EM) have provided a growing number of three-dimensional structures of 

targets and target-ligand complexes. The increasing number of targets has prompted the 

development of structure-based drug lead discovery to guide the synthesis of biologically active 

compounds that could inhibit them. 

SBDD is an iterative process consisting of multiple cycles for a drug candidate before 

entering in clinical trials. The first step includes the choice of the target that needs to be 

efficacious, safe, meet clinical and commercial needs and be ‘druggable’. Druggability means the 

likelihood of the target to be modulated by a drug, especially by a small-molecule compound and 

the possibility to be adapted to a biochemical assay. However, the most important criteria remain 

in the ability of the target to modify the disease.
102

 For this purpose, a target needs to be validated; 

validation tools range from in silico and in vitro techniques through the use of whole animal 

models and the modulation of a desired target in patients suffering from a particular disease, being 

a multivalidation approach desirable.
103,104

  

Once the target has been identified, it is necessary to obtain accurate structural information 

about the target and the druggable binding sites. Therefore, with this information, it is possible to 

select compounds that potentially bind the druggable site of a target from large chemical 

databases based on computational predictions to be further tested in biochemical assays. The 

identification of a hit, a chemical compound with a promising activity towards the target, will lead 

to the determination of the binding mode revealing sites of the compound that can be optimized to 

https://en.wiktionary.org/wiki/drug
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increase the in vitro potency. Additional cycles include hit-to-lead optimization usually by 

chemical synthesis and the testing of the new compounds to validate the design of novel 

molecules. Finally, after several successful cycles, the optimized lead shows an improvement in 

potency and selectivity with a better ADME profile and no toxicity towards human cell lines. 

  

2.1.1 Computational tools in SBDD 

 

As described above, computational drug discovery is an effective strategy for accelerating 

and economizing drug discovery and development process. In the last decades and from a SBDD 

perspective, a wide number of tools and applications have been developed to guide medicinal 

chemistry efforts in the different stages of drug identification. These tools can be applied from the 

very early drug discovery stage, target identification, until the later steps of the drug candidate 

optimization process. 

 

2.1.1.1 Target identification 

 

Target selection step is critical for the development of a drug discovery project due to the 

fact that only 10% of the human genome represents druggable targets, and only half of those are 

relevant to disease.
105

 Currently, genomic and proteomic approaches are the major tools for target 

identification, despite being laborious and time-consuming. Therefore, with the aim of 

complementing the experimental methods, computational tools, either bioinformatics or 

cheminformatics, are used and numerous applications have been developed to speed up and guide 

this process.
104

 

Nowadays, due to the significant advances that have been made in sequenced genomes of 

multiple organisms, it is possible to determine essential genes in a wide range of organisms. An 

approach for target identification is a homology search to find orthologous in the target organism 

that might be critical for its development; the search is based on the sequence of genes known to 

be essential in other organisms. For this purpose, there are open-source databases, such as the 

Database of Essential Genes (DEG),
106

 containing information about the essential genes available. 

This information can be employed to perform homology protein search using BLAST
107

 software. 

By employing this database, it is also possible to define the putative critical genes for the 

proteomes of newly sequenced genomes. 

A successfully and widely-used tool to identify a target from a known ligand is reverse 

docking.
108

 In reverse or inverse docking, a small-molecule compound, with a known biological 

activity in a cell- or animal-based bioassay, is screened into the binding sites of all the 3D 
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structures using a particular protein database and looking for its binding complementarity. The 

results usually contain a list of targets ranked according to a score based on different algorithms 

being the top-ranking targets likely to result in potential binding with the small molecule (Figure 

15). This strategy is a valuable technique for the identification of targets for a novel synthetic 

compound or for a compound with known biological activity. It is also useful for adverse effect 

prediction, drug repurposing, lead optimization or for an existing drug whose mechanism of 

action is unknown. Among these tools, INVDOCK
109

 was a pioneer software validated in the 

field. GOLD, known for regular docking, is also a widely-used tool for reverse docking due to the 

automatic docking process and the high performance on the test prediction.
110,111

 In this context, 

TarFisDock
112

 is a web-based and an open-source tool that automates the procedure of searching 

for ligand-protein interactions over a large database of protein structures called Potential Drug 

Target Database (PDTD).
113

 Other important databases for targets include sc-PDB,
114

 a 3D ligand 

binding site library, Therapeutic Target Database (TTD),
115

 Target Database (TargetDB),
116

 or 

Cambridge Structural Database (CSD).
117

 

 

 

Figure 15. A schematic overview of reverse docking technique. 

 

Additionally to the reverse docking method, pharmacophore modeling and mapping can be 

applied to identify the optimal interaction mode. A pharmacophore model is the spatial ensemble 

of features essential to ensure the optimal molecular interactions with a specific biological target. 

PharmMapper contains target pharmacophore database derived from complex crystal structures 

with corresponding protein target annotations, being the first web-based tool to use a ‘reverse’ 
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pharmacophore mapping approach to predict potential drug targets against any given small 

molecule.
118

  

 

2.1.1.2 Protein modeling 

 

Protein modeling, also known as homology modeling of proteins, is a computational 

technique that allows the prediction and construction of a three-dimensional atomic-resolution 

model of the ‘target’ protein from its amino acid sequence. It is based on the identification of 

homologous and evolutionarily related proteins that show similar sequences and own similar 

protein structure. For this purpose, it is important to obtain information of proteins and genes in 

different databases such as UniProt
119

 and Genbank
120

 allowing us to acquire comprehensive, 

high-quality protein gene sequences and functional information in freely accessible resources. In 

order to get structures of the proteins, it is possible to retrieve them from the Protein Data Bank 

(PDB)
121

 that contains information about 3D structures of proteins, nucleic acids, and complex 

assemblies.  

In general, the more identity percentage between the target and the template, the more 

precise will be the model. It is usually accepted a threshold of 30% identity to consider a protein 

as a potential template to build a confident model. However, it has been shown that related protein 

structures are evolutionarily more conserved than would be expected on the basis of sequence 

conservation alone. Also, additional factors are important in the quality of the final model such as 

the crystallization conditions, the resolution of the crystal structure, or the presence of a ligand in 

the structure.
122

  

Protein modeling is an iterative process and consists generally of four different steps (i) 

template selection; (ii) target-template alignment; (iii) model building and refinement of the loops 

and side chains; and (iv) evaluation (Figure 16). This process can be sequentially repeated until a 

satisfying model structure is achieved. For template selection, crystal structures of related proteins 

already available are potential candidates. Using multiple target-template alignment allows to 

decipher the sequence identity and similarity between the target and the potential templates. 

Among the most widely-used tools for sequence alignment it is possible to find BLAST,
107

 

Clustal
123

 or SIM.
124

 The quality of a template increases with its overall sequence similarity to the 

target and decreases with the number and length of gaps in the alignment.  

Once the template has been selected, the model building stage is carried out. Comparative 

modeling methods usually start by copying the coordinates of the structurally conserved regions 

from the template to build part of the backbone of the target model. Afterwards, loops and those 

parts of the protein that are less conserved between the target and the template are built. Finally, 
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side-chain modeling involves the process of adding and refining the lateral chains of the residues 

to the backbone built. Approaches such as Monte Carlo sampling and simulated annealing are 

usually applied to define the most probable side-chain conformation, based on the structure of the 

backbone. 

There are an important number of tools, either software or webservers, for homology 

modeling purposes. Among them, SwissModel,
125

 Modeller
126

 or Phyre2
127

 are some of the most 

widely-used software. They are able to perform the complete homology modeling process. Once 

the model is built, it is possible to refine the final structure using energetic minimizations 

protocols, for the full structure or only the side chains, or molecular dynamics simulations. 

Finally, the last step in protein modeling is validation of the model built. Over the past 

decades, an important number of tools has been developed to check model quality assessment. 

These tools are based on different approaches and use molecular mechanics energy-based 

functions geometrical and stereochemistry parameters, statistical potentials, and machine learning 

approaches to tackle the problem. Among the most widely-used tools are Ramachandran plot, that 

takes into account the torsional angles - phi (φ) and psi (ψ) - of the residues contained in the 

protein.
128,129

 Verify3D is a tool that determines the compatibility of an atomic model (3D) with 

its own amino acid sequence (1D) and compares the results to good structures.
130

 Errat analyzes 

the statistical of non-bonded interactions between different atom-types and plots the values of the 

error function calculated making a comparison with statistics from highly refined structures.
131

 

Another validation tool is Prove that calculates the volume of atoms in macromolecules and 

calculates a statistical Z-score deviation comparing with highly resolved and refined PDB 

structures.
132

 Procheck inspects the stereochemical quality of a model by analyzing residue by 

residue geometry and overall structure geometry.
133

 

Another important issue is cavity detection to identify binding pockets in the protein. In this 

sense, protein pockets play a pivotal role at the molecular level for biological functions, being 

critical for ligand binding and SBDD. Knowledge of protein-ligand binding sites and their 

chemical environment contributes to improve the hit rate in virtual screening campaigns of 

chemical libraries and guide the lead optimization process to propose new potential drugs. 

Nowadays, the growing number of medicinal chemistry programs searching for allosteric 

inhibitors make the use of cavity detection software critical. 

A huge number of tools have been developed in the last decades for cavity search based on 

many different algorithms and machine learning strategies using mainly geometric, energy-based 

or probe-mapping probes.
134

 Fpocket detects and identifies druggable pockets through the 

clustering of alpha spheres and Voronoi tessellation,
135

 scoring each pocket according to alpha 

sphere density, polarity or hydrophobic density. Among other tools, SCREEN computes a set of 

https://proteopedia.org/wiki/index.php/Psi_and_Phi_Angles
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physico-chemical, structural, and geometric attributes and applies a Random Forest approach to 

identify druggable cavities.
136

 MetaPocket 2.0 is a popular web service that predicts drug binding 

sites with a high accuracy combining four previous methods.
137

 

 

 

Figure 16. General workflow in protein modeling. 

 

2.1.1.3 Molecular docking 

 

Molecular docking has been developed at the multidisciplinary interface between 

computer science, chemistry and biology, being a successful and one of the most frequently used 

methods in SBDD.
138

 It has been widely-used ever since the early 1980s being usually applied to 

predict the interaction between a small molecule and a target macromolecule at the atomic level, 

typically a protein involved in a therapeutically relevant biochemical pathway. The main goal of a 

docking study is to predict the most likely binding mode in terms of structure and the binding 

affinity in terms of energy. This technique presents a wide range of applications, being used in hit 

identification, structure-activity relationship (SAR) studies, mechanism of action or lead 

optimization studies.  
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Due to time-consuming protocols, usually most approaches in docking consider 

macromolecules as rigid bodies and ligand as flexible entities. However, there are some docking 

methodologies that take into account the flexibility of the residues that are part of the binding site 

of the macromolecule.
139

 In this type of approach, the conformation of the protein residues is 

modified according to the correct binding conformation for a given ligand, being especially useful 

when the receptor structure changes substantially upon ligand binding. Regarding the small 

molecules, the amount of rotatable bonds in a ligand increases exponentially the size of the search 

space. 

 

Figure 17. Schematic representation of a docking and scoring process. 
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The docking process involves two basic steps that are related to sampling methods and 

scoring schemes, respectively (Figure 17). The process begins with the application of docking 

algorithms to the prediction of the ligand position, conformation and orientation in the 

macromolecule target binding site, also known as ligand pose. These algorithms are 

complemented by scoring functions that are designed to assess the binding affinity and the 

biological activity. 

Different algorithms and software tools have been developed for docking search methods 

to explore molecular flexibility. These algorithms can be grouped mainly in three different 

categories: systematic, random or stochastic and simulation methods. The different algorithms 

together with some tools implemented in each approach are classified and detailed in Table 

1.
140,141

  

 

Table 1. Docking search algorithms. 

Search algorithm Algorithm subtype Software 

Systematic 

Fragmentation methods 

Glide
142

 

DOCK
143

 

FlexX
144

 

Conformational search FRED
145

 

Database methods FLOG
146

 

Random or stochastic 

Monte Carlo 
ICM

147
 

Prodock 
148

 

Genetic Algorithms 
GOLD

149
  

Autodock
150

 

Tabu search PAS Dock
151

 

Simulation methods 

Molecular Dynamics  
Schrödinger

152
 

MOE
153

 

Energy minimization 
DOCK

143
 

ICM
147
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Firstly, systematic search algorithms try to explore all the degrees of freedom in a 

molecule and can be further divided in subgroups such as conformational search methods where 

all rotatable bonds in the ligand are systematically rotated until all combinations have been 

generated and evaluated. On the other hand, fragmentation methods grow the ligand into the 

active site by docking the different fragments and linking them. Finally, database methods use 

libraries of conformations as templates. As a second search algorithm, random or stochastic 

methods sample the conformational space by making random changes to the ligands; the 

alteration is accepted or rejected based on a probability function. They can be divided in Monte 

Carlo methods, where the acceptance criteria are based on a Boltzmann probability function, 

genetic algorithms that apply genetic operators to sample the conformational space and finally 

tabu search that impose restrictions preventing the search from already explored areas. Finally, 

simulation methods can be divided into molecular dynamics (MD) and energy minimization being 

mainly used as complementary approach for other docking algorithms. 

 

Table 2. Docking scoring functions. 

Scoring function type Scoring function Software implementation 

Force field-based 

DockScore
154

 DOCK,
143

 CScore
155

 

GoldScore
156

 GOLD,
149

 CScore
155

 

ICM SF
147

 ICM
147

 

Empirical 

FlexX SF
144

 FlexX
144

 

GlideScore
142

 Glide
142

 

Fresno
157

 Standalone 

ChemScore
158

 GOLD,
149

 FRED,
145

CScore
155

 

SCORE1
159

 LUDI
160

 

Knowledge-based 

BLEEP
161

 Standalone 

DrugScore
162

 Standalone 

SMoG
163

 SMoG
164

 

Mixed: Empirical/Force 

field 
AutoDock SF

150
 AutoDock

150
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Regarding scoring functions, they are able to evaluate and rank the ligand conformations 

predicted in the search algorithms step. This function should allow distinguishing between active 

and inactive compounds and also between the true binding modes and the other potential 

alternatives. Generally, the scoring functions in docking predict the binding free energy and can 

be classified in three major groups: force-field based, empirical and knowledge-based scoring 

functions.
165

 The force field-based quantifies the sum of the internal energy of the ligand and the 

interaction target-receptor, in some tools such as AutoDock they are combined with terms from 

empirical scoring functions like solvation and ligand entropy.
150

 The empirical scoring function is 

based on a sum of several individual parameters functions such as hydrogen bonds or 

hydrophobic effects, the coefficient of the terms are determined using experimental information. 

The knowledge-based scoring functions try to reproduce experimentally determined structures 

instead of binding energies by analyzing its distribution of ligand-protein atom-type pairs. The 

different types of scoring functions described above are grouped in Table 2 where a few examples 

of software implementation are also cited. 

 

2.1.1.4 Virtual screening 

 

The main goal of virtual screening studies consists of searching for active compounds in a 

specific target by ranking active compounds above inactive molecules. This technique is critical 

in early-stage drug discovery, mainly in the hit identification step, allowing prioritizing and 

selecting molecules from large chemical databases, saving time, money and resources comparing 

to the evaluation of complete chemical databases in high-throughput screening (HTS) 

experiments. Virtual screening tools are based on diverse searching algorithms and scoring 

algorithms described above. An example of a virtual screening workflow is depicted in Figure 18. 

Considering the large size of the chemical databases available, used for structured-based 

virtual screening purposes (consisting of millions of compounds) it is very common to apply 

filters before the docking step. Filters are usually based on parameters related to molecular or 

drug-like properties such as Lipinski’s rule of 5
92

 or substructure filters such as Pan Assay 

INterference compoundS (PAINS).
166

 PAINS filters allow the removal of compounds with a 

specified substructure that appear as promiscuous compounds in many biochemical HTS screens. 

Filters allow reducing the size of the database and improving the pharmaceutical properties of the 

molecule for further biological assays. 
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Figure 18. Virtual screening workflow. 

 

Due to the need of better scoring functions in estimating binding affinity and thus in the 

ranking of docked molecules, it is necessary the use of visual inspection techniques. In order to 

afford the inspection of thousands of molecules and with the aim of improving the hit rate in 

virtual screening, several efforts have been devoted to automating this procedure.
167

 Based on the 

assumption that active molecules should present specific interactions with the target to display 

activity, most of these techniques include the description of ligand-target contacts. Therefore, they 

allow identifying the ligands that make critical interactions with the target and can be further used 

as post-docking filters to select and prioritize compounds from large chemical databases. Among 
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these techniques, molecular interaction fingerprints (IFPs) is a useful tool guiding the docking 

post-processing. They are simple bit strings defined into a 1D binary vector that encode 3D 

information about ligand-target interactions.
168

 It was evaluated with four widely-used docking 

tools (Glide, Gold, FlexX and Surflex) in which scoring by the Tanimoto similarity of IFPs to a 

given reference outperforms conventional scoring functions. Also, it has been demonstrated the 

utility of the Automatic analysis of Poses using Self-Organizing Map (AuPosSOM) method for 

pose ranking. This tool analyzes interatomic contacts between the docked ligand and the target. It 

distinguishes active from inactive molecules using mean protein contacts’ footprints calculated 

from the multiple conformations given during the docking process.
169

  

Other tools that improve the performance in docking-based virtual screening studies 

include structural filtration and binding energy landscape analysis and discriminate true hits from 

high-scoring decoys decreasing the false positive rate.
170,171

 Recently, it is important to remark the 

development of 2 different tools: Fragment Hotspots Maps
172

 and Dynamic Undocking (DUck).
173

 

The former is a method that calculates atomic hotspots in the binding site with simple molecular 

probes to produce fragment hotspot maps. These maps specifically highlight fragment-binding 

sites and their corresponding pharmacophores. They can be used as either filters in virtual 

screening protocols for selecting compounds or in lead optimization guiding visually medicinal 

chemists in the growing of the molecule. On the other hand, DUck is a fast computational method 

based on Steered Molecular Dynamics (SMD) and evaluates structural, rather than 

thermodynamic, stability. It calculates the work necessary to reach a quasi-bound state at which 

the ligand has just broken the most important native contact, a key hydrogen bond, with the target. 

The application of this tool as a post-docking filter has successfully increased the virtual 

screening hit rate.
173

 

Regarding the validation process several methods can be applied when there is enough 

information about the target in terms of active molecules. The two most common metrics are 

enrichment rate (ER) and area under the curve (AUC) of a receiver operating characteristic 

(ROC)
174

 curve that led to the development of an improved metric Boltzmann-enhanced 

discrimination of receiver operating characteristic (BEDROC).
175

 They are able to evaluate the 

performance of the virtual screening measuring the ability to separate the active compounds from 

the remaining inactive molecules. A widely-used database for validation is the Directory of 

Useful Decoys, enhanced (DUD-E)
176

 that contains a set of active compounds and a larger set of 

decoys, similar molecules supposed to be inactive, for an important number of proteins. For those 

proteins that are not available in the database, decoys can be generated taking into account the 

structure of known active ligands. 
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2.1.1.5 Molecular dynamics 

 

In the last decade, molecular dynamics (MD) has become increasingly popular due to the 

development of hardware and software solutions and the improvement in algorithms. Pioneering 

studies used MD simulations to obtain conformations of proteins and nucleic acids, including 

early attempts to simulate spontaneously complex phenomena, such as protein folding.
177,178

 They 

are able to provide a unique framework in cell biology processes studying the interaction and 

motion of atoms and molecules according to Newton’s physics. This technique also considers 

flexibility at physiological conditions. In this sense, the macromolecules are surrounded by 

solvent and ions molecules as it is shown in Figure 19. During MD simulations, successive 

configurations of the evolving system are generated, providing trajectories that specify positions 

of the atoms over time.
179

 In drug discovery, MD simulations are usually applied to address 

protein-ligand complex stability over time through energy profile analysis.  

 

 

Figure 19. Molecular system in a MD simulation. 

 

The main limitation of this technique is the computational resources needed to run this 

type of simulations. However, due to increasing computer power, a global dynamical description 

of the protein-ligand binding process can be obtained. In the last years, pioneering studies have 
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allowed the analysis of ligand binding to a target protein by multiple replicas of microsecond-long 

MD simulations.
180,181

 This is mainly possible due to the development of graphical processor unit 

(GPU) architectures and MD software packages that are able to run on this innovative hardware 

tools. However, due to the limitations in the conventional MD methods for achieving large 

conformational changes, innovative algorithms that form the basis of ‘enhanced sampling 

methods’ have been developed. These methods are able to accelerate the rare events that take 

place in biological systems.
182

 Notable enhanced sampling methods (developed over the past two 

decades and now widely used) include metadynamics,
183

 steered MD,
184

 accelerated MD,
185

 free-

energy perturbation,
186

 umbrella sampling,
187

 and their many possible combinations. It has been 

recently demonstrated the power of these methods for studying ligand-protein binding 

processes.
188,189

 

Among the most widely-used software for MD simulations, it is important to mention the 

following ones: AMBER,
190

 Desmond,
191

 GROMACS,
192

 LAMMPS,
193

 NAMD,
194

 CHARMM
195

 

or MacroModel.
196

 

 

2.1.1.6 De novo design 

 

De novo design of hit and lead structure candidates based on computational methods has 

emerged as a complementary strategy to HTS and other computational approaches discussed 

previously. This technique involves the incremental construction of a fragment or a compound 

considering the structure of the active site in the target receptor (Figure 20). Therefore, de novo 

design produces novel molecular structures with desired molecular features and properties in 

order to inhibit a specific target.
197

 

The tools developed in this field are closely related to computational strategies for 

automated ligand-protein docking and are based on the concept of cavity-ligand complementarity. 

They try to maximize the complementarity of the ligand with the binding site of the protein in 

terms of both shape and feature properties. Therefore, they include an iterative process of ligand 

growing where the quality of proposed molecules is assessed by evaluating their potential to 

interact with key chemical features on the surface of the protein binding pocket. Compound 

construction approaches can be divided into atom- and fragment-based strategies. The former 

techniques build up new molecules atom by atom, whereas the latter strategies use molecular 

fragments as building blocks. Atom-based compound assembly is able to explore and construct 

the complete chemical universe of structures. However, the huge chemical exploration of the full 

chemical space is the main drawback. Regarding fragment-based approaches, they offer a shortcut 

to generate new ligands in a more rational way reducing dramatically the size of the search in the 
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chemical space. This fact in combination with the more synthetic accessibility of the results in the 

fragment-based approach make that tools based on the fragment strategy more popular than atom-

based approaches.
198

  

 

 

Figure 20. De novo design general workflow.   

 

The hit optimization is a multidimensional process that includes more issues than the 

improvement on binding affinity. Essential drug-like properties, such as ADME Tox, chemical 

stability, oral bioavailability and other molecular properties should be taken into account. For this 

reason, these tools require secondary constraints. In this sense, the overall score of structures 

proposed by a de novo design program is generally calculated as a weighted sum of the estimated 

binding affinity and these other terms.
199

 

Some of the tools developed in the last decades for structure-based de novo design are: 

HSITE,
200

 being the first software, LUDI,
160

 with successful application,
201

 NEWLEAD,
202
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GroupBuild,
203

 CONCEPTS,
204

 SPROUT,
205

 SYNOPSIS,
206

 MED-Hybridise,
207

 AutoGrow,
208

 

GARLig.
209

 

Additionally to structure-based de novo design, some important tools have been 

developed recently in ligand-based de novo design.
210,211 

These strategies introduce tools that are 

based on artificial intelligence for the generation of models for molecules, trained on large 

datasets of compound structures with representative medicinal chemistry space such as 

ChEMBL.
212

 

 

2.2 Ligand-Based Drug Discovery (LBDD) 

 

LBDD approaches generally follow the similarity property principle. This hypothesis is 

based on the idea that structurally similar molecules in terms of chemical structure are likely to 

have similar properties.
213,214 

Ligand-based methods can be applied in different steps of medicinal 

chemistry programs such as virtual screening of compounds for hit identification or ADME Tox 

properties optimization in hit to lead and lead optimization steps. LBDD strategies are mainly 

used being used in several approaches such as when the structure of the receptor is not known. 

This is usually due to the fact that the mechanism of action of the ligand is unclear or because the 

3D structure of the receptor is not available and there are no homologous structures. They assess 

the chemical similarity between known active molecules and chemical databases as a criterion for 

compound selection, using different algorithms in terms of similarity metrics.
215

 They are also 

used for the construction of computational models containing a dataset of compounds that allow 

predicting a biological property, generally a biological activity, from the chemical structure of the 

molecule. 

Most of the LBDD programs in hit identification include phenotypic screening, an 

approach that allow identifying compounds that directly show disease-relevant effects in different 

biological model systems (such as cells, tissues, animals, etc.) without previous knowledge of the 

target(s) affected.
216

 In this sense, they are able to capture biological complexity that it is not 

possible to study in target-based approaches. Despite this important advantage, additional 

mechanisms of action studies are required in order to improve the potency and take into account 

potential adverse effects. 

According to the review of previous studies,
217

 active compounds identified by ligand-

based virtual screening (LBVS) methods are often able to detect more potent hits than those 

identified in structure-based virtual screening (SBVS).
218,219

 Furthermore, in the first decade of 

this century, 28 approved first-in-class small molecules were identified using phenotypic 
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screening on ligand-based approaches compared with 17 discovered through a target-based 

approach.
220

  

2.2.1 Computational tools in LBDD 

 

A wide number of techniques and tools based on LBDD have been developed in the last 

decades to guide drug discovery efforts. These tools can be applied from the very early stages in 

medicinal chemistry, target identification, until the later steps of the lead optimization process. 

 

2.2.1.1 Quantitative Structure-Activity Relationship (QSAR) 

 

Quantitative Structure-Property Relationship (QSPR) techniques are quantitative methods 

that face the challenge of searching a mathematical model to predict a specific biological or 

physical property of chemical compounds by using only the chemical structure. In the QSPR 

field, the prediction of physico-chemical and ADME Tox properties of molecules is widely 

studied.
221,222

 Among QSPR applications, Quantitative Structure-Activity Relationship (QSAR) 

methods are one of the major computational tools applied in medicinal chemistry and drug 

discovery. QSAR modeling was established by Corwin Hansch almost 60 years ago as an 

extension of organic chemistry to quantify SAR.
223

 By that time, this methodology was applied to 

study small series of related compounds using simple regression methods. Since then, continuous 

improvements have been developed and nowadays the analysis of large data sets containing 

thousands or even millions of diverse chemical structures is feasible. For these purposes, a wide 

variety of statistical and machine learning techniques have been developed.
224

 

QSPR/QSAR general workflow consists of different sequential steps as it is described in 

Figure 21. The first one is based on selecting a defined collection of compounds, that present an 

experimentally defined value for a specific property or activity on a specific biological target. In 

the next step, either molecular descriptors or molecular fingerprints are calculated with the aim of 

describing the structural and physico-chemical properties of the molecules. These descriptors 

include not only basic properties of the molecules such as molecular weight, logP, rotatable bonds 

or aromaticity, but also complex molecular features related to different algorithms. The 

description of the chemical entities plays an important role in the drug discovery process.
225

 Both 

molecular descriptors and fingerprints are classified taking into account the dimensionality of the 

chemical representation from which they are computed: 1D represents only scalar properties, 2D, 

takes into account the constitution and structural patterns and connections of the molecule while 

3D additionally considers the molecular representation in terms of spatial conformation. 
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Figure 21. QSPR modeling workflow. 
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Several strategies are then used to extract the information of the calculated descriptors 

and limit the number of employed variables by removing irrelevant and redundant information 

and avoiding overfitting. This step allows improving the performance of learning algorithms as 

well as simplifying the interpretation of the constructed models. Among these strategies it is 

possible to include feature selection and feature learning approaches.
226,227

 Once best descriptors 

have been selected, diverse machine learning techniques are applied to correlate these descriptors 

and the experimental property such as decision trees (DT), random forest (RF), support vector 

machines (SVM), k-nearest neighbor (KNN) and artificial neural networks (ANN) (self-

organizing maps and multilayer perceptron) to obtain the best predictive models.
228

 After the 

model building step, best models are selected to be further used as reliable predictive tools for 

new molecular entities. Before applying these models to novel molecules, applicability domain 

(AD) calculations should be considered. AD is defined as a theoretical region that takes into 

account the chemical space and the activity range of the constructed models. It is accepted that the 

nearer the new molecule is to the AD of the QSAR model, the higher the prediction reliability.
229

 

Therefore, QSAR methods can be used as a guiding tool to optimize active compounds and 

identify compound modifications that allow improving the activity in a specific target. 

A huge number of drug discovery programs have applied QSAR methodologies in their 

works both for the prediction of a specific biological property or with the aim of performing 

ligand-based virtual screening (LBVS) studies to select compounds from large chemical databases 

to be biologically assayed.
230,231

 Among the software developed for QSAR we can include 

descriptors calculation tools such as Dragon
232

 or PaDEL,
233

 model building tools such as 

WEKA
234

 and automated QSAR workflows.
235

 

Furthermore, besides classical 0D-3D QSAR methods, novel QSAR methodologies have 

been developed in the last decades.
236

 4D QSAR, besides considering the 3D structure and atomic 

coordinates of the molecule, includes the conformational flexibility and the freedom of alignment, 

sampling the spatial features.
237

 The main advantage of this method is the bias reduction in the 

selection of a bioactive conformation, orientation or protonation state. An important number of 

successful applications of 4D QSAR methodologies are described in the literature.
238,239

 5D 

QSAR methods include a fifth dimension that considers an ensemble of different induced-fit 

models to simulate a flexible environment for ligand binding that was previously considered rigid. 

It also includes steric, electrostatic, lipophilic and hydrogen bonds potential.
240

 These 5D 

methodologies have been successfully used in drug discovery programs.
241

 A new extension of the 

QSAR concept is 6D QSAR that includes the consideration of the solvation function to the 5D 

QSAR and simulations for different solvation models are also taken into account.
242

 Finally, the 

evolution of the field led to the introduction of 7D QSAR that includes real receptor or target-

based receptor model data.
243
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2.2.1.2 Pharmacophore modeling 

  

According to the IUPAC, a pharmacophore model is ‘an ensemble of steric and electronic 

features that is necessary to ensure the optimal supramolecular interactions with a specific 

biological target and to trigger (or block) its biological response’.
244

 Pharmacophores are based on 

the analysis of the relationship between chemical structures and the activities of the molecules in 

a specific medicinal chemistry program. With this approach it is possible to identify molecular 

motifs that are associated with biological activity. 

A pharmacophore model can be used both as a ligand-based tool and as a structure-based 

approach. In the structure-based approach the aim is to detect potential interaction points between 

the ligands and the receptor target. Considering the ligand-based sense, it is focused on the 

extraction of common chemical features from 3D structures of active compounds that are 

essential for the bioactivity. For extracting these features, the ligands are usually superimposed 

without knowing further details about the target or the biological system. 

Ligand-based pharmacophore modeling usually consists of several steps. First, the 

conformational space for every ligand in the training set is created to represent molecular 

flexibility of the molecules. Then, all the ligands in the training set are aligned and finally the 

essential common chemical features are determined to construct pharmacophore models. Several 

pharmacophore tools are available such as PHASE
245

 or HypoGen
246

 among others. They identify 

common spatial arrangements of functional groups that are essential to the biological activity 

maximizing the performance in virtual screening and lead optimization (Figure 22). There are 

mainly two challenges during this process: modeling of ligand flexibility and molecular alignment 

with several strategies and tools to solve these issues.
247,248 

 

 

Figure 22. Pharmacophore features in a ligand-based pharmacophore model. 
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Ligand-based pharmacophore models for an important number of programs have been 

successfully constructed and employed for virtual screening purposes.
249,250

 Therefore, 

pharmacophore modeling is a powerful tool in predicting compounds activity and setting 

priorities for compound selection in virtual screening. 

 

2.2.1.3 Target prediction 

 

During the last decades, important efforts have been dedicated to target identification 

considering the ligand structure.
251

 The prediction of the target of bioactive small molecules and 

consequently their mechanism of action is a key step towards unraveling the molecular 

mechanisms underlying their bioactivity. From a ligand-based perspective, this identification can 

be performed using the chemical structure of the ligands allowing at the same time the prediction 

of potential cross reactivity and potential side effects for a specific compound.
252

 Large datasets 

such as ChEMBL
212

 or PubChem
253

 have become available containing important information 

related to the activity of a large amount of ligands in multiple assays. For this reason, they provide 

an invaluable source of data for the development of knowledge-based approaches guided by 

computational techniques.
254

 These tools allow the identification of new targets for molecules 

with unknown mechanism of action or secondary targets for molecules with known mechanism. 

Methods based on molecular fingerprints for target prediction are an increasing approach 

for assessing ligand similarity.
255,256

 These methods are particularly versatile due to the higher 

applicability to any biological activity; the target can be either a protein or a cell line or a whole 

microorganism. However, the main drawback is based on the fact that molecular similarity and 

target prediction depends on the fingerprint used. For this reason, tools have been developed to 

combine different fingerprints and improve the reliability such as the Polypharmacology Browser 

(PPB).
257

 Among other tools, we can find the similarity ensemble approach (SEA),
258

 the CREDO 

database,
259

 or MOST.
260

 

Different target prediction techniques and tools have been applied to an important number 

of studies in medicinal chemistry programs in order to decipher the mechanism of action of 

compounds with biological activity.
261
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2.3 Drug repurposing 

 

Drug repurposing, also known as drug repositioning, is an effective approach for 

identifying new indications for existing drugs either approved or investigational that are outside 

the scope of the original medical indication.
262

 This strategy presents several advantages over the 

development of an entirely new drug resulting in lower attrition rate and less risky development. 

This translates in economic terms in lower average associated costs and more rapid return on 

investment.  

As stated above, the risk of failure is lower due to the better safety profile, since the 

repurposed drug has already been found to be sufficiently safe in preclinical models and humans. 

Due to the previous completion of the safety assessment, the preclinical testing, and even in some 

cases formulation development the time-cost during the process is importantly reduced. 

Historically, drug repurposing has been based on serendipitous more than on a systematic 

approach. Once an off-target effect or a previously unknown effect was found by chance for a 

drug, it was taken forward for commercial exploitation. Furthermore, most drug repurposing 

project successes to date have not involved a systematic approach. In this sense, one of the most 

successful examples in the drug repurposing field is the phosphodiesterase 5 inhibitor sildenafil. 

A molecule that was originally developed as a drug for angina and it was repurposed for the 

treatment of erectile dysfunction becoming a blockbuster with billions of dollars in annual 

sales.
263

 A summary containing several examples of successful repurposing cases can be found in 

Table 3.
264

 

Drug repurposing strategies are usually divided on three different steps: discovery and 

validation of a candidate molecule for a given indication (hypothesis generation); mechanistic 

assessment of the drug effect in preclinical models; and evaluation of efficacy in phase II clinical 

trials (in the case that there is enough data from phase I studies in the previous indication). From 

these steps the hypothesis generation is critical, and here is where modern approaches could be 

most useful in order to speed up the process.
264

  

Nowadays, more systematic approaches are being pursued in drug repurposing. These 

systematic approaches can be subdivided into experimental and computational strategies, being 

both of them used in combination to increase the success of the program. The computational 

approaches are usually data-driven and involve systematic analysis of different types of data such 

as chemical structure information for molecule analysis, gene expression data, genotype or 

proteomic data or electronic health records (EHRs). Among these techniques signature matching 

is widely-used and can be divided according to the type of data: transcriptomic (RNA) proteomic 
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or metabolomics data, chemical structures and adverse effects profile.
265

 Transcriptomic signature 

of a specific drug takes into account the comparison of the gene expression profile in terms of 

drug-drug or drug-disease similarity. For this purpose, large collections of data are required to 

search for connections between gene expression profiles. Among these tools, cMap
266,267

 is the 

first large public database of gene expression data associated with disease states and those 

following drug treatment with a pattern-matching method.
268

 A shared transcriptomic signature 

between two drugs could mean that they present a common therapeutic application, regardless of 

the similarity in their chemical structures. The chemical structures signature matching is based on 

the principle that similar chemical structures suggest shared biological activity. Finally, regarding 

adverse effect matching signature of drugs, it is based on the idea that two drugs that produce the 

same adverse effects may be acting on a shared pathway. 

Computational molecular docking is a widely-applied technique in drug repurposing used 

for the virtual screening of drugs against a target of interest. This approach follows the same tools 

that were described previously in the SBDD section.  

Network-based approaches or pathway mapping using genetic, protein or disease data can 

aid in the identification of drug targets or drugs that display potential in repurposing.
269

 These 

networks are constructed to integrate various levels, ranging from molecular and cellular stages to 

tissue and organismal levels and obtain information about complex diseases.
270,271

 Several studies 

have proven the applicability of these methods in finding relationships between disease-targets, 

disease-genes and disease-drugs.
272,273

  

Also, a more systematic approach for analyzing clinical data is now increasingly used.
274

 

Retrospective clinical analysis is based on the use of electronic health records (EHR) that consist 

of different types of medical data from post-marketing surveillance and clinical trials. The 

important amount of data can be utilized as a successful resource for drug repurposing
275

 using 

tools such as text-mining. 

Besides EHR research, other approaches can be also related to text-mining and semantic-

based techniques due to the challenge in extracting valuable biological knowledge from the 

dramatically increasing amount of scientific literature and identify connections between biological 

concepts. For this purpose text-mining approaches are applied in drug repurposing
276

 and different 

tools have been developed
277

 to extract scientific literature information in drug repurposing 

programs. Regarding semantic-based strategies, networks are constructed by adding the scientific 

information and mining algorithms are designed to predict novel relations in the network. Some 

tools available take into account this strategy being able to rank gene-disease associations from 

multiple data sources creating a semantically-rich integrated network for drug repositioning.
278
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Table 3. A collection of successful drug repurposing examples and the repurposing approach 

used.  

Drug Original Indication New Indication 
Repurposing approach 

used 

Allopurinol Tumor lysis syndrome Gout 
Retrospective clinical and 

pharmacological analysis 

Aspirin Analgesic, antipyretic Colorectal cancer 
Retrospective clinical and 

pharmacological analysis 

Celecoxib 

Pain and inflammation. 

Osteoarthritis and adult 

rheumatoid arthritis 

Familial 

adenomatous polyps 
Pharmacological analysis 

Duloxetine Depression 

Stress urinary 

incontinence, 

fibromyalgia 

Pharmacological analysis 

Finasteride 
Benign prostatic 

hyperplasia 
Hair loss 

Retrospective clinical and 

pharmacological analysis 

Fingolimod Transplant  rejection Multiple Sclerosis Pharmacological analysis 

Galantamine 
Polio, paralysis and 

anesthesia 
Alzheimer’s disease Network approach 

Ketoconazole Fungal infections Cushing syndrome Pharmacological analysis 

Raloxifene Osteoporosis Breast cancer 
Retrospective clinical 

analysis 

Rapamycin Immunosuppressant 
Colorectal cancer, 

lymphoma, leukemia 
Computational approach 

Riluzole 
Amyotrophic lateral 

sclerosis 

Cancer               

(Phase I and II) 
Pharmacological analysis 

Rituximab Various cancers Rheumatoid arthritis 
Retrospective clinical 

analysis 

Sildenafil Angina, hypertension Erectile dysfunction 
Retrospective clinical and 

pharmacological analysis 

Statins Myocardial infarction Cancer, leukemia Network approach 

Thalidomide 
Morning sickness 

(antiemetic) 

Erythema nodosum 

leprosum and 

multiple myeloma 

Off-label usage and 

pharmacological analysis 

Zidovudine Cancer HIV/AIDS 
In vivo screening of 

compound libraries 
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On the other hand, the experimental approaches can be divided mainly in phenotypic 

screening and binding assays. Phenotypic screening, previously described in the LBDD section, 

allows observing disease-relevant effect of approved or investigational drugs for another 

indication. In this sense, several successful drug repurposing works have been carried out using a 

phenotypic screening strategy.
279,280

 Regarding binding assays, they allow the identification of 

binding partners for drugs being used in different drug repurposing programs.
281,282  

Chemical libraries are widely-used tools available for both virtual screening and 

experimental purposes, as it will be further discussed in Chapter 1. Some of them include 

collections containing FDA approved drugs specially designed for programs involving drug 

repurposing objectives. 
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General objectives  

 

 

The main objective of this PhD thesis has been the discovery of novel compounds as 

potential agents for the treatment of several infectious diseases by using different target-based and 

ligand-based approaches. With this objective in mind, several computational and experimental 

approaches have been used for the identification and optimization of novel drug candidates as 

well as the study of their potential mechanism of action.  

Considering all the above mentioned, the PhD thesis has three chapters:  

1.- Analysis and characterization of our in-house chemical library to be further used in 

medicinal chemistry programs as source of novel hits. 

2.- Target-based approaches focused on protein kinases (PKs) and phosphodiesterases 

(PDEs) as drug targets for different parasitic diseases and in the arginine biosynthesis 

pathway for tuberculosis. 

3.- Ligand-based approaches focused on the optimization of naphtoquinone derivatives as 

leishmanicidal agents and the study of the antischistosomal potential of quinazoline 

derivatives. 
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Chapter 1 Analysis and Characterization of the MBC Chemical 

Library 
 

 

1.1 Introduction 

  

1.1.1 Chemical databases and drug-likeness in drug discovery 

 

During the last decades, chemical databases have evolved from a simple repository of a 

limited-number of synthesized compounds in a company or in a research center to a global 

research tool important to discover new hits and lead compounds.
1
 In the context of current drug 

development strategies, availability of samples for virtual or phenotypic screening is of great 

importance. Nowadays, a wide variety of chemical compounds databases are available for drug 

discovery research, being most of them public and commercially available.
2
 At the same time, the 

development of computational chemistry and the important investment on building highly 

automated high-throughput screening (HTS) facilities, being able to evaluate a large number of 

compounds, have guided the development of these large chemical databases. Also, computational 

chemistry allows the virtual screening of even millions of potential ligands based on their 

similarity to known biologically active molecules or their likelihood to bind a target.
3
 

However, during drug design process, it is important not only to know the nature of the 

interactions between ligands and targets or similarity between ligands, but also whether the 

compounds of the chemical database used, meet the requirements to become potential drugs. For 

this reason, before performing a virtual or experimental screening, either target- or cellular-based, 

there are several aspects that must be emphasized in order to obtain the most successful results. 
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The main issue includes the drug-likeness of the compounds that can be known by characterizing 

their physico-chemical properties. Several rules and metrics define “drug-like” properties based 

on the parameters that successful drugs have in common.
4
 In this sense, compounds with similar 

properties to the majority of known drugs are more likely to present a lower risk of poor 

pharmacokinetics or safety outcomes in vivo.
5
 

Computational approaches can also be helpful in this area due to the fact that a great 

number of programs and methodologies have been developed with the main aim of predicting 

ADME Tox properties of the compounds. This is of special interest due to the reduction in time 

costs and economical investments derived from organic synthesis, in vitro and in vivo assays and 

cell culture efforts. Molecules can be discarded taking into account the unsuitability of the 

physico-chemical properties and poor-drug-like profile of the compounds.
6
 

Traditionally, databases contained only chemical structures with the unique aim of 

organizing information in the companies or in the most pragmatic cases for virtual screening 

purposes. However, in the last decades the number of resources that include not only structural 

information about the compounds, but also physico-chemical parameters, critical for the success 

of a drug candidate, have importantly increased.
7
 These properties, includes key descriptors such 

as logP values, polar surface area (PSA), hydrogen bonds acceptors and donors (HBA and HBD 

respectively) among others. Nowadays, most chemical databases have recently included 

biological assay results, due to the importance of biological information of small molecules that 

can enable many types of drug discovery analysis and decision making.  

Physical properties of the molecules play a central role in drug action. In this sense, 

different parameters regarding drug-like properties must be assessed and calculated; one of the 

most relevant rules considering these parameters is the Lipinski’s rule of five (Ro5).
8
 This rule has 

achieved great success as an approach to evaluate properties that would make a compound likely 

to be an orally active drug, minimizing the rate of error. The rule of five is based on 4 

requirements that a molecule should meet: less than 5 hydrogen bond donors (a count of OH plus 

NH groups), no more than 10 hydrogen bond acceptors (a count of oxygen and nitrogen atoms), a 

molecular mass less than 500 daltons and an octanol-water partition coefficient logP not bigger 

than 5. Lipinski identified poor permeability and poor solubility as critical issues related to the 

low success of developing orally available drugs. Also, it was suggested that PSA was implicated 

in oral absorption and blood-brain barrier (BBB) penetration.
9
 More recently, analysis of ADME 

Tox profiles considering large datasets of molecules from GlaxoSmithKline, AstraZeneca and 

Pfizer have provided strong empirical reinforcement for the Ro5.
10,11

 Additionally, another 

approach has also been proposed in order to assess the oral availability of the compounds, the 

Jorgensen’s rule of three. This rule is more focused on solubility and the three rules are: QPlogS > 
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-5.7, QP PCaco > 22 nm/s and Primary Metabolites < 7. Compounds with fewer (and preferably 

no) violations of these rules are more likely to be orally available.
12

  

The oral bioavailability depends on several factors including drug permeability, aqueous 

solubility, first-pass metabolism, and susceptibility to efflux mechanisms. The most frequent 

causes of low oral bioavailability are attributed to poor solubility and low permeability. 

Therefore, aqueous solubility is essential for drug candidates because poor aqueous solubility may 

lead to erratic and incomplete absorption. This is due to the fact that only the amount of drug in 

solution will be available for permeation across the gastrointestinal membrane and absorption into 

systemic circulation. Poor solubility of drug candidates has been identified as one of the main 

causes of drug development failures.
13

 Furthermore, high concentrations of poorly soluble drugs 

in organisms may result in crystallization and acute toxicity. For this reason, the Food and Drug 

Administration (FDA) regulations concerning oral medications require more extensive 

investigation when the compounds present low solubility.  

Since over 40 years, the aqueous solubility of small molecules has been related to their 

hydrophobicity (logP).
14,15

 The partition coefficient, logP, is defined as: logP = log[(solute in n-

octanol)/(solute in water)]. Increase of aqueous solubility leads to an increase of the denominator 

of the previous equation and decrease logP values. Thus, decreasing logP of chemical compounds 

is a well-known method to improve aqueous solubility. Several strategies are applied for this 

purpose, such as the introduction of hydrophilic group(s) or the removal of aromaticity in the 

molecule.
16

 Also, other physico-chemical properties have been related to oral bioavailability such 

as PSA, HBD or HBA.
17

  

Multiple studies have identified several relationships between physico-chemical 

properties of compounds, such as size, polarity or lipophilicity and failure of drug candidates in 

drug discovery process.
11,18

 These studies have proposed evidences suggesting that better control 

of physico-chemical properties in the design process may improve overall drug development 

productivity and reduce the probability of attrition in drug candidates. They are based on the 

analyses of several datasets containing approved oral small drugs and compounds in preclinical 

and clinical studies. This consistent relationship is due to the poor ADME Tox characteristics of 

compounds with suboptimal physico-chemical properties.  

Furthermore, physico-chemical properties are not only critical for ADME Tox profile of 

the compounds, but also it has been found a correlation between these properties and drug 

promiscuity,
18,19

 or in vivo toxicology results.
20,21

 One of the most interesting findings of these 

studies carried out by the pharmaceutical company Pfizer, led to the observation of a link between 

logP, PSA and toxicology in preclinical studies. In their work, the authors found that compounds 

with a calculated logP lower than 3 and a topological surface area tPSA higher than 75 Å
2
 were 
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2.5 times more likely to be non-toxic at 10 μM. On the contrary, compounds with logP over 3 and 

PSA lower than 75 Å
2
 were found to be 2.5 times more toxic at the same concentration. 

Therefore, this study allowed the definition of the “3/75” rule.
22

 Regarding promiscuity, an 

analysis of a Roche dataset led to the identification of a relation between hydrophobicity and 

basicity of compounds and promiscuity. It was found that the promiscuity potential increased for 

compounds with logP higher than 2, and also with the gradually increase of the pKb values for 

basic compounds.
19

 

For all these reasons, the importance of using high quality chemical libraries in terms of 

drug-like properties is essential. Also, the application of predictive cheminformatic tools in the 

design of new molecules, prior to the synthesis of new molecules, is a critical point to improve 

overall compound quality and reduce synthetic efforts.
23

 

 

1.1.2 Chemical libraries for drug discovery 

 

As stated above, the concept of chemical libraries has radically evolved in the last 

decades. Nowadays, these databases collect an impressive amount of chemical, biological, 

pharmacological or clinical trials data making the information easily accessible for biochemical 

researchers and drug discovery purposes. Among these databases, the most important and widely-

used public-available ones are mentioned below (Table 1.1). 

ZINC database
24

 (acronym for Zinc Is Not Commercial) is a freely available database of 

commercially available compounds, initially developed to enable ready access to compounds for 

virtual screening. It was developed by the University of California, San Francisco (UCSF) in the 

Department of Pharmaceutical Chemistry and consists of a constantly growing number of 

structures. It has grown from about 750,000 commercially available molecules a decade ago to 

over 230 million purchasable compounds nowadays. This database has allowed the ready access 

to compounds for virtual screening ligand discovery,
25

 pharmacophore screens,
26

 benchmarking 

and force field development,
27,28

 among other purposes. 

The new version, ZINC15,
29

 contains over 230 million purchasable compounds with three 

dimensional, parameterized and dockable structures and a total number of 750 million 

purchasable compounds to search for analogs. Also, in the last version and narrowing the gap 

between biology and cheminformatics, biology associated tools have been implemented allowing 

to link compounds to their biological activity: either proteins or biological processes that they 

modulate. Each entry also includes molecular properties for every compound such as size, HBD, 

HBA, number of rotatable bonds, or calculated logP values and purchasability information. It also 

allows the users to carry out different advanced searches taking into account either chemical or 
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biological properties. Among them, it can be included the number of rings in the molecules, 

chemical patterns, similarity to interesting compounds, target focused libraries or activities by 

organism class. 

ChEMBL
30,31

 is an open source large-scale bioactivity database developed by the 

European Bioinformatics Institute (EMBL-EBI). The data is collected from the scientific 

literature and includes curation and standardization process to optimize its quality. The final aim 

of this process is using the compounds across a wide range of chemical biology and drug 

discovery research issues. ChEMBL also presents structures and annotation for FDA approved 

drugs and information from the FDA Orange Book,
32

 including dosage information or 

administration routes. Screening results and bioactivity data from other public collections such as 

PubChem Bioassay are also available. ChEMBL also contains functional and binding data for 

different targets, as well as ADME Tox information for a large number of drug-like bioactive 

compounds. Currently, the database consists of more than 15.5 million bioactivity measurements 

for around 2 million compounds and more than 12,400 protein targets as in July 2019.  

Information regarding the chemical compounds and the biological (targets, etc) or 

physico-chemical assays performed are recorded in a structured form, allowing users to address a 

broad range of drug discovery questions. Mechanism of action and efficacy target information are 

included for FDA-approved drugs. Applications of the data include the identification of suitable 

chemical tools for a target; information regarding selectivity and off-targets effects of drugs; 

construction of predictive models for proteins, bioisostere replacements or activity cliffs.
33,34 

ChEMBL also contains two additional tools, regarding two different family proteins: 

kinases and G protein-coupled receptor (GPCRs) called respectively Kinase and GPCR SARfari 

that integrate chemogenomics workbench focused on kinases and GPCRs. The system 

incorporates and links important information such as kinases and GPCRs sequence, structure, 

compounds and screening data.  

PubChem
35

 is a large chemical library that consists of chemical molecules and their 

activities in biological assays. The system is property of the National Center for Biotechnology 

Information (NCBI), which is part of the United States National Institutes of Health (NIH). The 

PubChem project contains over 5.5 million compounds, and more than 239 million bioactivities. 

PubChem involves three linked databases: PubChem Compound, PubChem Substance and 

PubChem Bioassay. PubChem Compound contains more than 97 million structures, pure and 

characterized compounds and their molecular properties such as molecular weight (MW), HBD, 

etc. PubChem Substance includes descriptions of chemical samples such as extracts, mixtures, 

complexes and in general uncharacterized substances, and links to articles, biological screening 

results available in PubChem BioAssay or protein 3D structures. PubChem BioAssay bioactivity 
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shows results from 1.1 million high-throughput screening programs with several million values. It 

is a searchable database containing bioactivity screens of chemical substances described. Also 

detailed descriptions are provided for every bioassay including screening procedural conditions 

and readouts. 

 

Table 1.1. Summary of the public and commercial databases discussed. 

Database Main characteristics 

 

Public database with over 750 million purchasable compounds. 

http://zinc15.docking.org/ 

 

Database of bioactive compounds with physico-chemical 

properties and over 15 million bioassays. 

https://www.ebi.ac.uk/chembl/ 

 

The database presents over 97 million compounds and 252 million 

substances. 

https://pubchem.ncbi.nlm.nih.gov/ 

 

Contains detailed information of over 12,000 drug entries. 

https://www.drugbank.ca/ 

 

Database with 700,000 molecules and more than 1.5 million 

binding data.  

https://www.bindingdb.org/bind/index.jsp 

 

Commercial database with screening libraries focused on different 

research areas. 

http://www.asinex.com/ 

 

Diverse chemical libraries with lead-like properties and diverse 

chemical space. 

https://enamine.net/ 

 

Database with 1.3 million lead-like and drug-like screening 

compounds. 

https://www.chembridge.com/ 

 

http://zinc15.docking.org/
http://www.ebi.ac.uk/chembl/
http://www.drugbank.ca/
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Drugbank
36,37

 is a freely available chemical database combining both bioinformatics and 

cheminformatics aspects. This library includes detailed drug information and data related to drug 

targets such as sequence, 3D structures and pharmacology or chemical vendors. The database 

contains around 12,000 drug entries of which 2,541 are FDA-approved small-molecule drugs, 

1,195 FDA-approved biotech (protein/peptide) drugs, 130 nutraceuticals and over 6,000 

experimental drugs. Additionally, over 5,000 non-redundant protein sequences are linked to these 

drug entries. Each DrugCard entry consists of more than 200 data fields with half of the 

information considering the chemical data and the other half considering biological data such as 

the drug targets or protein data. 

BindingDB
38,39

 is a web-accessible database in which binding affinities are available. It is 

mainly focused on the interactions of protein considered to be drug targets with small and 

druglike molecules. BindingDB contains more than 1.5 million binding data, for over 7,200 

protein targets and almost 700,000 small molecules. It also presents important curated information 

about patents containing more than 2,400 US patents. The data derives from a wide variety of 

measurement techniques, including enzyme inhibition and kinetics, isothermal titration 

calorimetry (ITC), nuclear magnetic resonance (NMR) or competition assays. 

Regarding other relevant and widely-used commercial databases, it is important to 

mention the following ones: 

Asinex database is a regularly updated commercial collection of compounds which 

contains to date: 600,000 screening compounds, with macrocycles, fragments and building 

blocks. Global database is divided into several subset libraries: focused and general screening 

libraries. Regarding focused libraries, several databases are found such as antibacterial, antiviral, 

GPCRs or kinase focused libraries. In screening libraries, the broadest collection is the Gold and 

Platinum collection, with almost 300,000 compounds, offering high diversity and drug-like space. 

The Elite Library includes over 100,000 compounds and over 900 scaffolds and is based on hit-to-

lead optimization and novelty of scaffolds. Also, compounds are biologically profiled to avoid 

ADME Tox problems. The BioDesign library that includes also over 100,000 compounds 

incorporates key structural features of known pharmacologically relevant natural products, such 

as alkaloyds, into synthetically feasible medicinal chemistry scaffolds. The fragment library 

includes over 22,000 compounds and a wide diversity of fragments. All the collections can be 

downloaded in structure-data file (sdf) format and could be directly purchased. 

Enamine contains diverse large commercially available chemical libraries such as the 

REAL compound libraries
40

 that provide 8.5 and 24 (the former with more restrictions in terms of 

similarity) million diverse sets that represent the REAL drug-like space without Pan Assay 

INterference compoundS (PAINS)
41

 and toxic compounds. It presents different sublibraries such 



Chapter 1 Analysis and Characterization of the MBC Chemical Library 

 

90 

 

as REAL lead-like compounds, fragments, protein-protein interactions (PPI) modulators, covalent 

modifiers or natural product-like compounds. Enamine also has a screening collection, one of the 

world’s largest collections of screening compounds for biological screening, divided in 3 different 

sublibraries.
42

 HTS Collection consists of almost 2 million diverse screening compounds and 

contains versatile chemotypes developed in decades of research being a diverse screening set. 

Advanced collection presents almost 500,000 compounds with lead-like properties after filtering 

the previous collection with in-house medchem filters. Finally, Enamine Premium Collection 

contains almost 140,000 compounds having most favorable physico-chemical properties. 

ChemBridge
43

 has a screening compound database that consists of 1.3 million leadlike 

and drug-like screening compounds available from stock. It is divided mainly in two different 

sublibraries The express pick collection stock contains over 500,000 handcrafted chemical 

compounds selected using novelty, diversity or drug-like properties analyses and offers diverse 

classes of compounds with analogs useful to initial structure activity relationship (SAR) works. 

The in-house core library stock consists of more than 730,000 compounds and it is produced from 

over 840 novel scaffolds, covering a diverse chemical space. These scaffolds are sp3-enriched to 

show the increasing importance of 3D structures. ChemBridge also presents targeted and focused 

libraries on kinases, ion channels, nuclear receptors, macrocycles, CNS, GPCR and spyrocycles. 

Based on the importance of chemical libraries for drug discovery as a potential source of 

novel hits, in this study our in-house chemical library has been analyzed, to achieve the main 

following objectives: 

1.  Characterization and analysis of the compounds that are part of our in-house 

chemical library in terms of drug-like properties and diversity. 

2.  Comparison of our in-house chemical library with public-available databases which 

are widely-used in drug discovery, in terms of properties and novelty. 

 

1.2 MBC Chemical library 

 

Our Medicinal and Biological Chemistry (MBC) laboratory has developed an in-house 

chemical library, named MBC chemical library, containing 1,096 compounds, at the moment of 

study, primarily focused on neurological diseases. This collection of chemicals, which is 

continuously being developed and growing, has been constructed through more than thirty years 

of experience in the design and discovery of new drugs for unmet diseases. Thanks to MBC 

library as source of drug like compounds, it has been possible to identify new targets and drug 

candidates using both virtual screening and structure-based drug design. Among other 
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discoveries, we can highlight the application of the chemical library in medicinal chemistry 

programs searching for treatments of several neurological diseases such as fragile X syndrome,
44

 

Parkinson disease (PD)
45

 and in protein kinases
46,47

 and phosphodiesterases
48,49

 target-based drug 

discovery programs.  

Nowadays, the MBC chemical library is the starting point of different drug discovery 

projects in our group with the aim of identifying hits with some biological activity. Once the hit is 

identified, medicinal chemistry programs are developed to optimize the structure of this hit. For 

this reason, the motivation of this study is the characterization of the compounds that are part of 

our in-house chemical library in terms of physico-chemical properties and drug-likeness as well 

as the assessment of their quality. This will assess the suitability and the application of the MBC 

chemical library in further medicinal chemistry projects in order to minimize failure rate in our 

drug development programs. Another important point relies in the quality of our chemical library 

in comparison with well-known and public-available chemical databases. In order to know more 

insights in these issues, we have performed a comparative analysis with widely-used chemical 

libraries in the drug discovery field. 

 

1.2.1 Characterization and drug-like analysis 

 

The information about the drug-like properties that are present in the MBC library was 

analyzed using the QikProp
 
module

50
 (Schrödinger Software Modules). Properties such as the size 

of the molecules, their volume, and ability to form hydrogen bonds, lipophilicity, polar surface 

area (PSA), solvent-accessible surface area (SASA), or flexibility are important to establish a 

suitable drug-like profile. In this sense, QikProp allows the calculation and prediction of a wide 

variety of pharmaceutically relevant properties with a total number of 44 properties and 

significant descriptors related mainly to ADME Tox profile of organic molecules. The 

calculations include basic molecular properties such as MW, HBA, PSA or violations in the Ro5 

and more complex predictions such as permeability in cells, human oral absorption or blood-brain 

barrier permeation. In addition to the prediction of compounds properties, it provides ranges for 

comparing the drug-likeness of a molecule by comparing a particular group of compound’s 

properties with those of 95% of known drugs. It also identifies from a computational perspective 

30 types of reactive functional groups that may cause false positives in HTS assays according to 

databases of experimental results. In this context, the compounds of the MBC chemical library 

were characterized, and the calculation of the different physico-chemical properties for further 

analyses was performed (Table 1.2). 
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Table 1.2. Physico-chemical and pharmacokinetic properties of MCB library analyzed by 

QikProp module.
a 

Lipinski’s rule of 5  Prediction of logP 

0 violations 84.5% (927)
a
  ≤ 5 77.6% (851) 

0-1 violation 98.3% (1078)  > 5 22.4% (245) 

Jorgensen’s rule of 3  Prediction of logS 

0 violations 76.7% (841)  -12.0/-7.0 6.3% (69) 

0-1 violation 99.2% (1088)  -6.9/-3.0 72.2% (791) 

Molecular weight (Da)  -2.9/2.0 21.5% (236) 

0/200 8.6% (94)  Number of heavy atoms 

201/300 37.3% (409)  0/15 15.6% (171) 

301/400 40.0% (438)  16/30 78.4% (859) 

401/500 12.1% (133)  > 30 6.0% (66) 

> 500 2.0% (22)  Number of aromatic rings 

Number of rotatable bonds  0/1 11.8% (129) 

0-5 82.5% (904)  2/3 79.4% (870) 

6-10 16.5% (181)  > 3 8.8% (96) 

> 10 1.1% (12)  Prediction of BBB pass 

Number of donor hydrogen bonds groups  -3.0/-1.0 16.4% (180) 

≤ 5 100% (1096)  -0.9/1.0 83.6% (916) 

> 5 0% (0)  
Prediction of percent of human oral 

absorption 

Number of acceptor hydrogen bonds groups  0%-50% 1.5% (17) 

≤ 10 99.0% (1085)  51%-75% 9.0% (98) 

> 10 1.0% (11)  76%-100% 89.5% (981) 

a
Numbers into brackets indicate the number of compounds. 

 

More than twenty relevant molecular descriptors calculated by QikProp were used to 

define the stars parameter. A large number of stars (that is, a number greater than five determined 
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by the stars index) suggests that a molecule does not have the characteristics required of a desired 

drug; a value less than five on the stars index indicates a molecule that is similar to the vast 

majority of drugs used in a clinical setting. Stars value is defined as the number of properties or 

descriptors that fall outside the 95% range of similar values for FDA approved drugs. The values 

of some of the most relevant parameters, such as number of HBD or HBA, logP or aromaticity of 

the molecules from the MBC library are shown in Table 1.2. Considering stars parameter, only 12 

molecules out of the 1,096 compounds in the complete database fall outside the 95% range of 

values for known drugs, which represents only 1% of the compounds in our chemical library. 

According to this data, we can affirm that 99% of the compounds that are included in the MBC 

chemical database present a very similar physico-chemical profile comparing with the drugs that 

have been approved by the FDA and are already in the market for human pharmacological 

treatments. 

Analyzing Table 1.2 in detail, it is possible to observe that the vast majority of the 

compounds in the database meets the criteria for each physico-chemical parameter. Out of the 

1,096 compounds, 84.5% of the molecules present no violations of Lipinski’s rule of five, and 

over 98% have less than two violations (that is, either zero violations or one violation). Molecules 

that present properties in these ranges are considered to have a very good drug-like profile. In the 

same sense, for Jorgensen’s rule of three, taking into account this data, over 76% have no 

violations while more than 99% present either zero or one violations. 

Using this property analysis, it is possible to represent chemical databases considering 

key parameters by a user-friendly visualization. In this sense, as it can be observed, Figure 1.1 

represents different scatter plots that allow the visualization of different properties of the 

molecules that are part of the MBC chemical library. Every dot in the plot represents a different 

compound according to the values obtained for two different physico-chemical parameters and 

colored taking into account a third property. The graphics detailed above show the dispersion of 

the compounds in the MBC library according to different physico-chemical properties (on the x- 

and y-axis) and the stars parameter index (colored). Analyses of the distribution of these 

parameters such as MW against lipophilicity (logP), rotatable bond count (RBC), or HBA and 

HBD have revealed that most of the compounds within the MCB library meet the criteria (Table 

1.2) to be drug-like compounds.  

Lipophilicity influences an important number of variables in the behavior of a specific 

drug in physiological conditions including the rate and type of metabolism that affect the drug, 

solubility and transport through cell membranes and interactions with receptor binding sites.
10,51

 

Due to this fact, logP is a key parameter for the drug discovery process, being also related to 

attrition rate and drug discovery success as discussed above. It is possible to observe in Figure 
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1.1A that the dispersion of logP against MW shows that logP values for the vast majority of 

compounds in the library is within the range of -1.0 to 6.0, being most of them between 0 and 5, 

as recommended by Lipinski’s rule of 5. 

 

  

Figure 1.1. Dispersion of the MBC chemical compounds regarding MW and stars parameter 

(coloured) and A) logP, B) rotatable bonds, C) hydrogen bonds acceptors and D) hydrogen bonds 

donors respectively. 

 

Molecular flexibility is another important property that depends on the RBC of the 

molecule. This parameter determines the number of internal degrees of freedom of the ligand and 

contains information about the conformational space. This inherent information is indirect and 

very limited, but it has been proposed that conformational behavior is important not only in 

pharmacodynamics events, such as ligand-receptor binding process, but also from an ADME Tox 

profile perspective. It has been proposed that there is a relation between high molecule flexibility 

and decrease in drug bioavailability and in the proportion of transport across cell membranes, 

which limits the amount of drug inside the cell that is able to reach its pharmacological target. 

Furthermore, it has been proposed that RBC parameter is also important for oral bioavailability of 

drugs being believed that a RBC of less than 10 in a molecule is the optimal value for a better 
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profile of oral bioavailability. Also, an increased value in the RBC, which generally means major 

molecular flexibility, presents a negative effect on the permeation rate of the compound.
17

 The 

distribution of the RBC shows the degree of conformational flexibility. Most of the molecules in 

the MBC chemical database show an RBC between 2 and 8, pointing out a good permeability 

profile of the compounds in the MBC library (Figure 1.1B). 

Regarding potential hydrogen bonds (Figure 1.1C and D), a diverse profile of dispersions 

is observed. The vast majority of compounds presents a value below 10 for HBA and all the 

molecules have less than 5 HBD. In both cases, the values for both parameters are into the 

expected range for drug-like compounds according to Lipinski’s rules. 

 

 

Figure 1.2. Dispersion of the MBC chemical compounds regarding solubility properties. A) Plot 

of MW (y-axis) and logS (x-axis) and oral absorption percentage is shown coloured. B) Plot of 

logS (y-axis) and logBB (x-axis) and oral absorption percentage is shown coloured. 

 

The aqueous solubility (logS) of a compound is one of the key factors that determine the 

oral bioavailability of a drug and influence absorption and BBB permeation, among other 

properties. Figure 1.2 shows the distribution of MBC chemical molecules considering logS and 

colored by human oral absorption, being possible to observe the distribution in terms of solubility 

for all the compounds. Most of the molecules in the chemical library present logS values between 

the recommended range: -6.5 - 0.5 for this property. Also an analysis of its influence on oral 

absorption (OA) and the brain-blood partition coefficient (logBB) was carried out. The analysis of 

these plots together with the information in Table 1.2, allow concluding that 89% of the 

compounds in MBC library show more than 76% oral absorption. Also, approximately 84% of the 

compounds are within the recommended range for the predicted logBB (−0.9 to 1.0) for drugs that 

are able to penetrate the BBB. In this sense, it can be concluded that the MBC chemical library 
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presents in general a very good solubility profile, which potentially translates into an excellent 

profile of oral absorption. Furthermore, most of the compounds are able to enter in the BBB, 

essential for the medicinal chemistry programs that involve neurodegenerative diseases and also 

important in some infectious diseases programs. 

Finally, considering the stars values, the vast majority of compounds presents an index 

lower than 3, meaning that they show similar property profile compared with drugs that have been 

already approved by the FDA. A small value of stars leads to compounds that will have more 

chances to success in drug discovery programs and clinical trials.  

 

1.2.2 Comparative study with well-known chemical databases 

 

In order to further investigate and characterize the MBC library comparing it with widely-

used chemical databases, four different databases of molecules that are often used in drug 

discovery programs were selected for comparison: ZINC, ChEMBL, PubChem, and DrugBank. 

This study was performed in collaboration with the group of Prof. Reymond at the University of 

Bern (Switzerland). 

Different methodologies were applied for comparison purposes between our in-house 

chemical library and the databases described above. One of the techniques included the MQN-

Mapplet software,
52

 a Java application that uses the chemical space via color-coded maps 

representing the structure of small molecules in large databases. The visualization of the 

properties was carried out using molecular quantum numbers (MQN) available in this software 

that has been previously used successfully in different projects.
53

 This tool was developed to 

visualize the content of large databases of molecules which represents a particular challenge and 

is based on the chemical space concept highly used in medicinal chemistry.
54

 Chemical space is a 

cheminformatic concept that considers the ensemble of all organic molecules when searching for 

new drugs. The number of known molecules is impressive, but this number alone does not 

provide any information about the compounds. To illustrate this concept, it is necessary a 

representation in form of a map to visualize the distribution of molecules and their properties. 

Chemical space is usually defined by multidimensional property space where dimensions are 

assigned to determined numerical descriptors representing the molecular structures. These 

property spaces generate a spatial distribution of compounds that can be reduced in a lower 

dimensionality space such as 2D or 3D using several computational tools such as principal 

component analysis (PCA) to obtain the most relevant dimensions and guide the visualization. 

This approach has been applied to compare collections of compounds
55,56

 such as drugs,
57

 natural 

products,
58

 etc. and in different ligand-based virtual screening projects.
59,60 
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MQN-Mapplet tool allowed us to visualize a multidimensional property space defined by 

42 MQN integer value descriptors calculated from the chemical formula for each compound of 

the database. Once the descriptors were calculated, the application of PCA analysis allows 

obtaining maps that represents projections from the MQN-property space considering the whole 

set of descriptors. These MQN descriptors count different categories considering atoms (number 

of carbons, nitrogens, etc.), polar groups (HBA, HBD, etc.), bonds (acyclic or cyclic single or 

double bonds) and topological features (number of x-membered rings, etc.) and they categorize 

molecules by size, polarity and rigidity among others.  

 

Table 1.3. List of 42 Molecular Quantum Numbers (MQN). 

Atom counts (12) Bond counts (17) 

c carbon asv acyclic monovalent nodes 

f fluorine adv acyclic divalent nodes 

cl chlorine atv acyclic trivalent nodes 

br bromine aqv acyclic tetravalent nodes 

i iodine cdv cyclic divalent nodes 

s sulfur ctv cyclic trivalent nodes 

p phosphorus cqv cyclic tretravalent nodes 

an acyclic nitrogen r3 3-membered rings 

cn cyclic nitrogen r4 4-membered rings 

ao acyclic oxygen r5 5-membered rings 

co cyclic oxygen r6 6-membered rings 

hac heavy atom count r7 7-membered rings 

 

r8 8-membered rings 

r9 9-membered rings 

rg10 ≥10-membered rings 

afr atoms shared by fused rings 

bfr bonds shared by fused rings 
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Topology counts
a
 (7) Polarity counts

b
 (6) 

asb acyclic single bonds hbam
c
 H-bond acceptor sites 

adb acyclic double bonds hbam H-bond acceptor atoms 

atb acyclic triple bonds hbdm H-bond donor sites 

csb cyclic single bonds hbdm H-bond donor atoms 

cdb cyclic double bonds neg negative charges 

ctb cyclic triple bonds pos positive charges 

rbc rotatable bond count 
 

a
 All topology counts refer to the smallest set of smallest rings. afr and bfr count atoms and bonds 

respectively shared by at least two rings. 
b
 Polarity counts consider the ionization state predicted 

for the physiological pH = 7.4. 
c
 hbam counts lone pairs on H-bond acceptor atoms, and hbdm 

counts H-atoms on H-bond donating atoms.  

 

In Table 1.3 the complete list of 42 MQN descriptors can be observed. Regarding PCA 

analysis, MQN-map of the (PC1, PC2)-plane usually covers over 60% of a chemical library 

variability providing a proper overview of the database contents with PC1 as the horizontal axis 

and PC2 as the vertical axis. Molecules are usually distributed according to size for PC1 and 

rigidity/cycles for PC2.
52

 

In this study, it is possible to observe in Figure 1.3 the results of these colors maps for the 

MBC chemical library indicating the occupancy, the heavy atom count and the number of rings of 

the compounds respectively in the MBC chemical library in terms of properties. The MQN 

chemical space representation of 7 large public-available databases was previously performed.
52

 

Comparing with the previously published maps for these databases, it can be observed the 

similarity in the dispersion of compounds and the color profiles with our MBC chemical library 

being the representation of the maps very similar. The main difference lies in the number of 

compounds between libraries due to the high number of compounds in the public-available 

databases. 
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Figure 1.3. MQN PC1-PC2 maps of MBC library. Maps are color coded according to A) 

occupancy of compounds B) heavy atom count and C) number of rings in molecules. Color 

changes from blue to cyan to green to yellow to red with the increasing property values. PC1 and 

PC2 cover 62% and 19% of variance, respectively.  

 

Analyses of physico-chemical properties in large chemical libraries were also performed 

with the objective of analyzing them and compare their profile in terms of distribution with the 

MBC database. Some of these properties calculated are of special interest in assessing the quality 

of screening chemical libraries.
61

 The data represented in Figure 1.4 shows the distribution of the 

different properties analyzed (x-axis) and the fraction of the database that presents a specified 

value (y-axis). According to the data obtained for MW in Figure 1.4B, most molecules of the 

chemical libraries that were analyzed present a MW value of less than 500 Da, which means that 

they are in the range of Lipinski’s rule of five. The graph shows that the majority of the molecules 

are between the ranges of 200-450 Da. In the same sense, and comparing to DrugBank, most 

marketed drugs also display values lower than 500 Da. Moreover, and after analyzing this 

property, it is possible to affirm that the MBC library shows a very similar profile to the other 

databases and also that it is the database that fits best with rule of 5 (Figure 1.4B). 

Considering both hydrogen bonds parameters, HBD and HBA, the vast majority of 

compounds in all the databases meets the requirements for Lipinski’s rules. According to the 

profile of the curves in both cases, they present less than 5 HBD and less than 10 HBA. The 

profile of the curve obtained for the MBC chemical library is very similar to the curves 

representing previously published databases (Figure 1.4C and D). Considering lipophilicity, 

represented by the logP parameter, it remained in the range of -2.0 to 6, as was expected for more 

than 95% of known drugs, being most of the compounds between 0 and 5, as stated by Lipinski’s 

rules. Also, in the case of MBC chemical library, the distribution of these values was almost 

identical when compared to the other databases (Figure 1.4E). Regarding RBC values and 

comparing the profile of the curves, in general the MBC database was found to present a slightly 

smaller average of RBC which might translate in better oral bioavailability profile (Figure 1.4F). 
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Figure 1.4. Histogram of molecular properties showing comparison of MBC library (black) with 

public-available chemical databases such as DrugBank (red), ChEMBL (green), ZINC (blue) and 

PubChem (purple). The labels of y-axis of all histogram are the fraction of the corresponding 

database and x-axis is A) heavy atom count (all non-hydrogen atoms in molecule), B) molecular 

weight, C) hydrogen bond donor atoms, D) hydrogen bond acceptor atoms, E) calculated logP, F) 

rotatable bond count, G) fraction of aromatic atoms in molecule (0 = no aromatic atoms, 1 = all 

atoms in molecule are aromatic), H) fraction of sp
3
-hybridized carbons in molecule. 
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Finally, the fraction of sp
3
-hybridized carbon atoms (fsp3C) and the fraction of aromatic 

carbons (fArom) were analyzed and compared. These two parameters relate to several molecular 

attributes that contribute to clinical success and important physical properties such as melting 

point and solubility. Molecules that present higher saturation rate are more complex and have the 

capacity to access greater chemical space. The 3D structure that is conferred by the saturation 

may also result in greater selectivity.
62

 Furthermore, saturation increased the likelihood of higher 

solubility and lower melting points, which are properties that should be assessed in order to obtain 

compounds that are more likely to lead to drugs with clinically successful results (Figure 1.4G 

and H). In this case, the fsp3C of the MBC library is slightly smaller than the other databases due 

to the slightly lower MW of the compounds. 

Moreover, with the objective of characterizing our MBC library in terms of diversity and 

novelty, an analysis of the different scaffolds that are contained in the MBC database was also 

carried out. The diversity of the library was assessed using Bemis-Murcko scaffold (BMS) 

analysis. BMS scaffold analysis is based on a popular method for deriving scaffolds from 

molecules that are decomposed into a molecular framework and side chains.
63

 Framework is 

defined as the union of ring systems and linker atoms connecting the ring systems. Side chains are 

the rest of the molecule excluding rings and non-linker atoms. The results of this analysis showed 

that 49 different chemical scaffolds were found in the analysis (Figure 1.5).  

 

 

Figure 1.5. Bemis-Murcko scaffold distribution in MBC library. 
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Table 1.4. Comparison of MBC with other chemical libraries. 

Database
1
 

Number of 

compounds 

Compounds 

UNQ 

Compounds 

COMMON 

MBC 1,096 0 1,096 

DrugBank 6,637 1,058 3 

ChEMBL 20 1,311,227 725 336 

ZINC 12,189,492 759 302 

PubChem 52,008,676 428 633 

Merge 65,516,032 361 700 

Database
2
 

Number of BMS 

scaffolds 
Sccaffolds UNQ 

Sccaffolds 

COMMON 

MBC 444 0 444 

DrugBank 3,153 398 46 

ChEMBL 20 368,739 178 266 

ZINC 2,198,481 185 259 

PubChem 7,257,461 84 360 

Merge 9,827,834 71 373 

1 
Based on smile code; 

2 
Based on BMS scaffolds, BMS: Bemis-Murcko Scaffold; 

UNQ: unique nº of compounds or scaffolds in MBC library in comparison with 

other databases; COMMON: nº of compounds or scaffolds present or shared by 

MBC library and other databases.  

 

Finally, the number of compounds in the MBC library that were novel with respect to 

other databases was also investigated as it is shown in Table 1.4. In this table, it can be found the 

number of compounds that were unique not only in the MBC chemical library, but also in other 

databases. It is also possible to observe the number of compounds and scaffolds that held a 

commonality between the MBC library and the other libraries (Table 1.4). This study reflected the 

novelty of the MBC in terms of structures and scaffolds. As an example of this, it can be observed 

that out of the 1,096 compounds of the MBC library, 361 compounds are unique in our library; 

this number takes into account the merge of all the compounds available in the four databases 

(65,516,032). Considering the novelty at the level of scaffolds, the MBC library presents 71 

unique scaffolds comparing to all scaffolds present in the other four databases (9,827,834). 

Therefore, it is possible to affirm that our in-house chemical library presents both novel 
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compounds and scaffolds when we compared it with the other public-available and widely-used 

chemical databases. 

After these analyses, it is possible to conclude that the MBC chemical library presents 

both diversity and an interesting profile in terms of drug-like properties meeting the requirements 

traditionally used to identify drug-like hits. Comparing with widely-used public-available 

databases, a similar profile in terms of dispersion of the pharmaceutical properties was found. 

Moreover, it shows novelty both at the level of the molecule and scaffold. Therefore, our MBC 

library is a promising source of molecules that can be further applied to identify starting points for 

drug discovery programs.
64

  

 

1.3 Experimental section  

 

Ligand Preparation. All the compounds from the MBC chemical library were exported 

into a Maestro 9.9
65

 visualizer. The preparation of the library and the 2D-to-3D conversion was 

performed using the LigPrep
66

 tool, a module of the Schrödinger software package. LigPrep 

allows different preparation steps of molecules such as the addition of hydrogen atoms, 

neutralization of charged groups, generation of ionization states, alternative chiral centers, low-

energy ring conformations, options for generating multiple states, and possible tautomers, 

followed by energy minimization using the OPLS-2005 force field.
67,68

 In order to carry out our 

studies, no possible ionized compounds were generated (as the compounds were in the most 

suitable ionization state for physiological pH conditions), all of the compounds were desalted, and 

no tautomers were generated. Moreover, one stereoisomer and one low-energy ring conformation 

were generated per ligand. The last step was to minimize the compounds.  

Ligand Characterization. All of the prepared compounds were analyzed using the 

Qikprop
50

 module of the small molecule drug discovery suite in the Schrödinger software 

package. ADME Tox and relevant pharmaceutical properties were predicted using the QikProp 

program. QikProp was able to calculate and predict a total of 44 properties that helped to filter 

compounds with clear-cut, undesirable properties for drug discovery. Examples of such properties 

included molecular weight (MW), molecular volume, number of HBDs, number of HBAs, PSA, 

QPlogPo/w (predicted octanol/water partition coefficient), and violations related to Lipinski’s rule 

of five
8
 and Jorgensen’s rule of three.

12
  

Databases. DrugBank version 4.3, ChEMBL version 20, ZINC, and PubChem databases 

were downloaded from respective Web sites in 2016. 
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Processing of Molecules. All cheminformatics calculations were performed using a 

bespoke java program developed based on the JChem chemistry library from ChemAxon Pvt. Ltd. 

(https://www.chemaxon.com/). Molecules were processed as non-stereo simplified molecular-

input line-entry systems (SMILES), counterions were removed, valence errors were checked, and 

protonation states of molecules were adjusted at pH 7.4. All duplicate molecules were removed in 

the context of each database. Molecular properties such as heavy atom count (HAC), molecular 

weight (MW), hydrogen bond donors and acceptors (HBD and HBA), octanol/water partition 

coefficient (logP), rotatable bond count (RBC), and fraction of aromatic (fAromA) and sp3 

carbons (fsp3) were calculated using various plugins, such as HBDAPlugin, 

TopologyAnalyserPlugin, and logPPlugin, from the JChem library. The number of unique and 

common molecules between different databases was calculated based on SMILES string 

comparisons. Principal component analysis (PCA) is a statistical procedure that allows 

transforming the 42 MQN descriptors of the molecular formula into principal components planes 

for visualization in a 2 dimensional map as PC1 and PC2. 

Scaffold Analysis. Bemis-Murcko scaffold (BMS) analysis was performed for MBC and 

other publicly available databases using a bespoke program that utilized the JChem chemistry 

library from ChemAxon Pvt. Ltd. For all molecules in each database, BMS scaffolds were 

calculated using the “StructuralFrameworksPlugin” from JChem and then stored in a unique 

SMILES format. Finally, the numbers of unique and common scaffolds between different 

databases were computed based on SMILES string comparisons.  
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Chapter 2 Target-Based Approaches in Infectious Diseases Drug 

Discovery 

 

 

A protein has to meet several criteria to be considered as a valid target in infectious 

diseases. First and more importantly, it should present an understood biological function, playing 

an essential role in the growth or the survival of the pathogen. In the case that the pathogen 

presents different life stages, the target should be expressed at least during a relevant one. Another 

key criterion is druggability or ability to bind a specific drug-like chemical ligand. This aspect 

requires the presence of binding pockets that allow protein-ligand complexes to modulate the 

function of the target. The third characteristic for a target in infectious diseases includes the lack 

of interference with the host organism. The inhibition of the target in the pathogen should not 

present a negative effect in the host, based on the lack of homologous proteins, differences in 

protein regulation, and idiosyncrasies in pathogen physiology.
 
Finally, the fourth criterion is based 

on the rapid onset of the drug action mainly in parasitic diseases.
1
 

Besides these four criteria, two additional aspects in infectious diseases should be 

assessed. Among these two characteristics, multidrug resistance and persistence must be 

considered. As discussed in the introduction, increasing resistance to current chemotherapy is a 

global threat and drugs with novel mechanism of action are required to face this challenge. 

Therefore, the ability of novel targets to provide resistance-breaking drugs is a major task in the 

target-identification process. Regarding persistence, most drugs are only active against non-latent 

stages, leading to long-term therapies. Therefore, potential targets should ideally be essential also 

in dormant stages of the pathogens to maintain persistence.
2
 

In this work, we are going to focus mainly on protein kinases (PKs) and 

phosphodiesterases (PDEs) as drug targets for different infectious diseases, mainly parasitic 

agents, and in the arginine biosynthesis pathway for tuberculosis. 
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2.1  Protein Kinases (PKs) 

 

2.1.1 Introduction 

 

Protein kinases (PKs) are a large family of enzymes that catalyze the transfer of a 

phosphate group from a donor molecule such as adenosine triphosphate (ATP) to their substrates, 

playing a critical role in signal transduction and other cellular processes. The total number of 

kinases represent between 2% and 4% of all genes in the genome. For this reason, the protein 

kinase family is one of the largest gene families in the genomes of eukaryotes. Nowadays, the 

druggable kinome is the largest group in pharmacology, containing the human kinome over 500 

protein kinases.
3 

 

 

Figure 2.1. General structure of protein kinases. 

 

Kinases are classified in different groups,
4
 being an important number of them either 

Ser/Thr protein kinases or Tyr-specific protein kinases. Considering the kinase structure and its 

fold, it is extremely well conserved among Ser/Thr and Tyr kinases and is separated into two 

subdomains. These subdomains consist of two lobes: a smaller N-terminal lobe (N-lobe) 

Hinge 

N-lobe 

C-lobe 
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containing mainly β-sheets and a larger C-terminal lobe (C-lobe) that contains mainly α-helixes. 

The two lobes are connected by the hinge region forming a cleft that serves as a binding site for 

ATP (Figure 2.1). The hinge region is a key recognition motive that forms hydrogen bonds to the 

adenine moiety of ATP and is targeted by many kinase inhibitors.
5
 There are two main forms: the 

inactive conformation and a catalytically competent form.
6
 

 

2.1.2 PKs as therapeutic targets 

 

Remarkably, modulation of protein kinases activity is an attractive pharmacological target 

because this class of enzymes regulates a variety of essential processes in every living organism. 

The critical role of kinases in disease pathophysiology is underestimated by the fact that 

mutations in kinases can lead to dysfunctions in cellular signalling. These mutations can lead to 

an important number of diseases such as cancer, diabetes, neurodegenerative, cardiovascular, 

developmental, immune, and behavioral disorders.
7
 For this reason, this family of enzymes has 

become one of the most important drug targets over the past two decades with the pharma 

industry dedicating important efforts to the development of inhibitors. The aim of these inhibitors 

is the correction of aberrant protein phosphorylation syndromes underlying human pathologies 

such as cancer or neurodegenerative diseases,
8,9

 among others.  

The FDA has approved 48 small-molecule protein kinase inhibitors (PKis), starting with 

the imatinib in 2001 and more than two hundred additional PKis are under clinical trials.
10

 They 

have a wide range of applications, mainly in different types of cancer, such as lymphoma, 

melanoma, thyroid cancer, non-small cell lung cancer, breast cancer or colorectal cancer among 

others. Considering other therapeutic areas, they are used in rheumatoid arthritis, ulcerative colitis 

or glaucoma. Some of the most common PKis that are approved in the market are inhibitors of the 

epidermal growth factor receptor (EGFR) or the vascular endothelial growth factor (VEGFR2) 

members of the receptor tyrosine kinase family. Achieving selective inhibition of specific protein 

kinases is challenging because the ATP binding site is quite conserved. In this sense, the approved 

drugs have varying degrees of kinome selectivity.
11

 

 

2.1.3 PKs in infectious diseases 

 

The kinome characterization of several infectious agents has revealed divergences with 

those of their mammalian host leading to a new potential source of targets for discovering new 

anti-infective drugs.
12,13

 Regarding the design of PKis, it is focused mainly in two different 

strategies, the inhibition of kinases in the pathogen that are absent in the human, such as atypical 
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kinases,
14

 or in exploiting the often subtle differences between homologue kinases of the 

infectious agents and the humans. Several factors contribute to the exploration of cell cycle 

kinases as potential targets for anti-infective drugs: divergences of the cell cycle pathways 

between parasites and the mammalian host,
15,16

 availability of comparative genetics of the 

kinetoplastid kinomes
17

 and the existence of tool compounds from homologous mammalian 

kinase targets.
18

 Among the infectious agents, parasites are the most studied organisms in terms of 

their kinome.
12

 The kinome of three species of trypanosomatids, L. major, T. brucei and T. cruzi 

have been explored and compared,
17

 and approximately 2% of the genes in the genomes of these 

parasites are kinases. For example, protein kinases are involved in a wide range of processes 

during the life cycle of Leishmania such as the inter-stage differentiation,
19-21

 intracellular survival 

in the host,
22,23

 macrophage invasion,
24

 response to the stress,
25

 or drug resistance,
26

 among others. 

Counterparts of human glycogen synthase kinase-3β (hGSK-3β) have been described in 

Leishmania major (LmjGSK-3) and Trypanosoma brucei (TbGSK-3). Inhibition of the expression 

of TbGSK-3 evidenced the importance of this enzyme in parasite viability.
27

 In this sense, GSK-

3β is an example of a mammalian target where knowledge has been used to explore its potential 

role in infectious agents. Known human kinase inhibitors were able to inhibit the TbGSK-3 and 

Leishmania donovani (LdGSK-3) homologs.
27

 Moreover, in the TbGSK-3 a diverse set of 

inhibitors displayed a good relationship between enzyme inhibition and antiparasitic activity,
27

 

also described for Leishmania. Furthermore, during the last years several studies have evidenced 

the importance of GSK-3 homologues in other organisms such as Aspergillus spp. In these 

previous studies, the homologue of the hGSK-3β in A. nidulans, namely GskA, was identified 

and, despite not being essential for the fungus, its absence severely debilitated the colonial 

growth.
28,29

 

In a similar way some studies have revealed that other kinases might be potential targets. 

Casein kinase from T. brucei (TbCK1) has been shown to be essential by RNAi
30

 and the 

inhibition of Leishmania major CK1.2 (LmjCK1.2) inhibited the parasite growth validating these 

kinases.
31

 Finally, the mitogen-activated protein kinases (MAPK) have emerged as attractive 

targets, mainly in Leishmania,
32

 showing that LmxMPK4 is critical in promastigotes and 

amastigotes.
33

 

In this work, we are going to focus on an important kinase, glycogen synthase kinase-3 

(GSK-3). hGSK-3 presents two isoforms α and β, being a Ser/Thr multitask kinase with a wide 

range of physiological functions appart from the regulation of the last step in glycogen 

biosynthesis. Some of them include receptor signalling or cell proliferation and differentiation,
34

 

accounting for its druggability in human pathologies.
35 

Moreover, as stated above, parasite and 
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fungus counterparts have shown a great potential as pharmacological targets. In this context, the 

objectives proposed are: 

1. Identification of novel compounds as potential agents in the treatment of invasive 

aspergillosis and structural study of GskA protein in Aspergillus. 

2. Identification of molecules able to inhibit LmjGSK-3 with leishmanicidal properties 

using several approaches.  

 

2.1.4 Searching for Aspergillus GSK inhibitors 

 

2.1.4.1 Introduction 

 

The impact of the different Aspergillus spp. on humans ranges from beneficial to 

harmful.
36

 Some of the Aspergillus species are of industrial interest such as A. oryzae and A. 

niger.
37

 On the other hand, species such as A. flavus, produce one of the most potent mycotoxins, 

the carcinogen aflatoxins. Importantly, A. nidulans is a saprophyte able to utilize a large variety of 

nutritional sources and to tolerate a wide range of physico-chemical conditions such as extreme 

pH values or elevated concentrations of cations. Due to these facts, the easy handling in the 

laboratory and being closely related to the rest of Aspergillus spp., A. nidulans has historically 

been widely-established as a robust model and one of the critical fungal systems in genetics and 

cell biology for the discovery of genes involved in fungal specific processes.
38

 Moreover, it can be 

also used as pharmacological tool for the search of novel antifungal drugs.
39

 

In Aspergilli, GSK homologues participate in the calcium (Ca
2+

) calcineurin signalling 

pathway as in higher eukaryotes where this protein plays an important part. GskA, the 

orthologous of GSK-3β in fungal organisms, presents an important role in colony morphology 

being required for the development of the fungi.
28,29

  

 

2.1.4.2 Preliminary studies  

 

Based on the previous reported findings that considered GskA as a potential target in 

Aspergillus spp.,
28

 combined with our experience in the development of hGSK-3β inhibitors, we 

decided to explore inhibitors of this kinase as potential therapeutic agents. Moreover, considering 

the general similarity between A. fumigatus and A. nidulans genome
40

 and the advantages of the 

latter as genetic and biologic model, it was proposed the development of effective inhibitors of 

colonial growth of A. fumigatus by using A. nidulans as an accurate model for both in silico and in 
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vivo studies. To reach this goal, we have employed different A. nidulans strains and several 

computational techniques in order to perform homology modeling studies, druggable pocket 

detection and docking studies.  

 

In order to find potential drugs against Aspergilli, several compounds previously 

described as hGSK-3β inhibitors by our group
41-45

 were tested in a phenotypical assay to observe 

whether these inhibitors were able to affect A. nidulans colony growth. For this purpose, three 

different A. nidulans strains, the wild type and 2 null mutants considering sltAΔ and crzAΔ were 

analyzed for their tolerance to increasing concentrations of a range of known in vitro inhibitors of 

the GSK-3β kinase. The selected compounds (MBC-1-5) included thiadiazolidinones (TDZDs),
41

 

thiazoles, halomethylketones (HMKs)
44

 and quinoline
43

 derivatives (Figure 2.2). They are able to 

target the enzyme through different mechanisms of action including an ATP-competitive binding 

mode such as MBC-5, an ATP-non-competitive covalent binding mode (MBC-1, MBC-2
41

 or 

MBC-4
42

) and in an allosteric manner such as MBC-3.
43

 It is important to remark that one of the 

inhibitors tested, MBC-2 (tideglusib), is currently under current clinical trials for neurological 

disorders.
46

  

 

 

Figure 2.2. Chemical structures of hGSK-3β inhibitors tested together with their values of IC50 

inhibition and binding mode to hGSK-3β. 
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Considering the aim of preventing crossed effects due to auxotrophic mutations, common 

in strains of the fungal model, prototrophs, those microorganisms that can synthesize its nutrients 

from inorganic material being able to grow on medium containing only nitrogen and carbon 

sources, were used in this study (Figure 2.3). Thus, Aspergillus synthetic minimal medium 

(AMM) was utilized to characterize and score the effect of these GSK-3β inhibitors on the 

colonial growth of Aspergilli in the group of Dr. Espeso at CIB-CSIC (Spain). The wild-type 

strain of A. nidulans (MAD4096) tolerated elevated concentrations of MBC-3 and MBC-5 while 

complete growth inhibition was detected with MBC-1 at 50 μM. On the other hand, MBC-2, a 

compound closely related in terms of structure to MBC-1, did not cause an important reduction in 

colonial growth of MAD4096 strain. The most potent compound in the wild-type strain is MBC-4 

that presents a complete reduction of the colony growth at 5 μM. 

 

 

Figure 2.3. Sensitivity of A. nidulans to inhibitors of hGSK-3β. Three prototroph A. nidulans 

strains were analyzed for their tolerance to increasing concentrations of selected in vitro inhibitors 

of the hGSK-3β kinase.  

 

Since GskA is involved in the calcineurin-mediated signalling of CrzA, the major 

transcription factor associated to calcineurin, the effect of these inhibitors was tested with the null 

crzA strain (crzAΔ, MAD4100). The crzA null mutant strain, a transcription factor of the 

calcineurin pathway, displayed a very similar tolerance profile to the set of inhibitors tested 

comparing with the wild-type strain. On the other hand, the mutant sltAΔ strain, a fungal specific 

pathway for cation stress response, (MAD4097) displayed a very similar sensitivity to MBC-4 

even at low concentrations comparing with the one observed for the wild type. Considering the 

other two active compounds, it is observed a stronger effect of MBC-1 and MBC-2 when 
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compared with the wild-type strain. Colonial diameter of sltAΔ strain was reduced to 50% using 

10 μM of MBC-1 and impaired growth was observed with 50 μM of MBC-2.  

In summary and analyzing the results in detail, it is possible to observe that MBC-3 and 

MBC-5 do not affect the colonial growth; meanwhile compounds MBC-1, MBC-2 and MBC-4 

are able to reduce severely fungi viability at different concentrations. 

Regarding the differences obtained in terms of activity of the hGSK-3β inhibitors in A. 

nidulans strains; many reasons may explain the biological response. Among these reasons, we 

might identify different physico-chemical properties of the small molecules with great influence 

not only in solubility but also in biological membranes absorption and the different mechanism of 

action of these inhibitors in the GskA enzyme. In order to decipher the binding mode of these 

inhibitors in A. nidulans GskA we performed a study using computational techniques. 

 

2.1.4.3 Homology modeling 

 

The absence of the three-dimensional structure for GskA prompted us to construct its 

structure using homology modeling. As a first step in the homology modeling process, multiple 

sequential alignments were performed. A total number of 20 Aspergillus GskA sequences were 

sequentially analyzed showing a high identity with hGSK-3β and showed even a higher identity 

between them. For this reason, hGSK-3β was considered as a potential template for the homology 

modeling. Also, due to the presence of a GskA crystal structure of the related fungus, Ustilago 

maydis, 4E7W,
47

 this organism was also taken into account. According to the alignment results 

(Figure 2.4), GskA from the ascomycete A. nidulans shares an identity of 62.8% with hGSK-3β. 

On the other hand, this identity reaches 71.6% when comparing the A. nidulans enzyme with the 

kinase homologue from the basidiomycete plant pathogen Ustilago maydis (UmGSK-3).
47

 

A detailed analysis of the alignment focused on the catalytic pocket, allowed us to 

identify a significant mutation in a residue of this binding site in U. maydis sequence (Figure 2.4). 

The change in the residue involves Cys178 in A. nidulans that is replaced by isoleucine affecting 

a key residue that plays a strategic role in the ligand binding. On the other hand, this cysteine is 

conserved in both Aspergillus spp. GskA and hGSK-3β sequences. As it has been previously 

described, the inhibition of the human enzyme by MBC-1 and MBC-2 ligands, belonging to the 

thiadiazolidinones family, is due to the formation of a covalent sulfur-sulfur bond between the 

key Cys199 located at the entrance of the ATP site of hGSK-3β.
48

 Due to this critical mutation 

and the absence of this important cysteine residue in the U. maydis kinase structure, it was 

discarded as a potential template to build the model. Consequently, human structure was further 

selected to be used as template for this process. Two models were constructed using SwissModel 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/fungus
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tool
49

 employing two different templates from hGSK-3β structures 1I09,
50

 model 1, and 1Q5K,
51

 

model 2. These two structures were selected as representatives of an apo and holo structure, with 

good resolution profile and low presence of gaps. 

 

A.nidulans        --------------MSQNRSGVFSNLRMG------------------EVV 18 

A.fumigatus       --------------MSQNRPGVFSNLRMGENITQEPVELTALLSDHTEVV 36 

U.maydis          -------------GSFTMSNAPLNGVKLN------------PLDDPNKVI 25 

Human             MSGRPRTTSFAESCKPVQQPSAFGSMKVS------------RDKDGSKVT 38 

                                  . :..:::.                  :* 

 

A.nidulans        REKVQDGL-TGETKEIQYSQCKIVGNGSFGVVFQTKMMPSGEDAAIKRVL 67 

A.fumigatus       REKVQDGL-TGETKEISYSQCKIVGNGSFGVVFQTKMMPSGEDAAIKRVL 85 

U.maydis          KVLASDGK-TGEQREIAYTNCKVIGNGSFGVVFQAKLVESDE-VAIKKVL 73 

Human             TVVATPGQGPDRPQEVSYTDTKVIGNGSFGVVYQAKLCDSGELVAIKKVL 88 

                 .  *  ... :*: *:: *::********:*:*:  *.* .***:** 

 

A.nidulans       QDKRFKNRELQIMRIVRHPNIVELKAFYYSNGERKDEVYLNLVLEYVPET 117 

A.fumigatus      QDKRFKNRELQIMRIVRHPNIVELKAFYYSNGERKDEVYLNLVLEYVPET 135 

U.maydis         QDKRFKNRELQIMRIVKHPNVVDLKAFFYSNGDKKDEVFLNLVLEYVPET 123 

Human            QDKRFKNRELQIMRKLDHCNIVRLRYFFYSSGEKKDEVYLNLVLDYVPET 138 

             ************** : * *:* *: *:**.*::****:*****:***** 

 

A.nidulans       VYRASRYFNKLKTTMPMLEVKLYIYQLFRSLAYIHSQGICHRDIKPQNLL 167 

A.fumigatus      VYRASRYFNKLKTTMPMLEVKLYIYQLFRSLAYIHSQGICHRDIKPQNLL 185 

U.maydis         VYRASRHYAKLKQTMPMLLIKLYMYQLLRSLAYIHSIGICHRDIKPQNLL 173 

Human            VYRVARHYSRAKQTLPVIYVKLYMYQLFRSLAYIHSFGICHRDIKPQNLL 188 

             ***.:*:: : * *:*:: :***:***:******** ************* 

 

A.nidulans       LDPATGILKLCDFGSAKILVENEPNVSYICSRYYRAPELIFGATNYTTKI 217 

A.fumigatus      LDPSTGILKLCDFGSAKILVENEPNVSYICSRYYRAPELIFGATNYTTKI 235 

U.maydis         LDPPSGVLKLIDFGSAKILIAGEPNVSYICSRYYRAPELIFGATNYTTNI 223 

Human            LDPDTAVLKLCDFGSAKQLVRGEPNVSYICSRYYRAPELIFGATDYTSSI 238 

             *** :.:*** ****** *: .**********************:**:.* 

 

A.nidulans       DVWSTGCVMAELMLGQPLFPGESGIDQLVEIIKVLGTPTREQIRTMNPNY 267 

A.fumigatus      DVWSTGCVMAELMLGQPLFPGESGIDQLVEIIKVLGTPTREQIRTMNPNY 285 

U.maydis         DIWSTGCVMAELMQGQPLFPGESGIDQLVEIIKVLGTPSREQIKTMNPNY 273 

Human            DVWSAGCVLAELLLGQPIFPGDSGVDQLVEIIKVLGTPTREQIREMNPNY 288 

             *:**:***:***: ***:***:**:*************:****: ***** 

 

A.nidulans       MEHKFPQIKPHPFNK-------------VFR-KAPHEAIDLISALLEYTP 303 

A.fumigatus      MEHKFPQIKPHPFNK-------------VFR-RAPHEAIDLISALLEYTP 321 

U.maydis         MEHKFPQIRPHPFSK-------------VFRPRTPPDAIDLISRLLEYTP 310 

Human            TEFKFPQIKAHPWTKDSSGTGHFTSGVRVFRPRTPPEAIALCSRLLEYTP 338 

             *.*****:.**:.*             *** ::* :** * * ****** 

 

A.nidulans       TQRLSAIEAMCHPFFDELRDPNTKLPDSRHPNGAARDLPNLFDFSRHELS 353 

A.fumigatus      TQRLSAIEAMCHPFFDELRDPNTRLPDSRHPGGAARDLPNLFDFSRHELS 371 

U.maydis         SARLTAIEALCHPFFDELRTGEARMPN-------GRELPPLFNWTKEELS 353 

Human            TARLTPLEACAHSFFDELRDPNVKLPN-------GRDTPALFNFTTQELS 381 

             : **:.:** .*.******  :.::*:       .*: * **::: .*** 

 

A.nidulans       IAPSMNSRLVPPHSRPALEARG---------LYIDDFKPLKKEEMMAHLD 394 

A.fumigatus      IAPALNSRLVPPHARAALEARG---------LDIDNFTPLTKEEMMARLD 412 

U.maydis         VRPDLISRLVPQHAEAELLSRG---------IDVHNFQPIPLESLKVTLD 394 

Human            SNPPLATILIPPHARIQAAASTPTNATAASDANTGDRGQTNNAASASASN 431 

               * : : *:* *:.    :               :             : 

 

Figure 2.4. Sequence alignment of hGSK-3β (P49841-2), and fungal homologues A. nidulans 

(Q5AYX2), A. fumigatus (Q4WDL1) and U. maydis (PDB: 4E7W). The main residues of the 

ATP binding site are highlighted in yellow and the key residue for the covalent binding is 

remarked in green. 
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The models built were further analyzed in terms of energetic and geometric parameters 

(Table 2.1). Among these studies, they were checked for psi and phi torsion angles using the 

Ramachandran plot. The results show that favourable combinations of phi-psi values for the 

residues in the model 1 are almost 92%. In the case of model 2, the one that was based on 1Q5K 

(hGSK-3β) as template, this value reaches almost 95%. The rate of outlier residues is higher for 

model 1, based on 1I09 template, with a value of almost 3% outlier residues while model 2 

presents a rate that is around 1.5%, as it is shown in Table 2.1. Regarding the results for 

Verify3D, model 2 showed a slightly better profile than model 1. Moreover, considering the Errat 

parameter, model 2 presents a considerable higher value than model 1, revealing its better profile.  

 

Table 2.1. Quality assessment parameters for the models built for GskA of A. nidulans. 

 

Template 
RMS 

(M/T) 
QMEAN4 

Ramachandran 

Verify3D Errat Z-score 

 Favoured Allowed Outlier 

Model 1          

 1I09   
305 

(91.9%) 

23 

(6.9%) 

4 

(1.2%) 

 

 
 -8.28 

  2.75 -4.90 
322  

(91.5%) 

20 

(5.7%) 

10 

(2.8%) 
78.53% 66.67% -7.64 

Model 2          

 1Q5K   
327 

(96.5%) 

9  

(2.7%) 

3 

(0.69%) 
  -8.00 

  1.78 -3.34 
323 

(94.4%) 

14 

(4.1%) 

5 

(1.5%) 
79.07% 93.52% -8.21 

 

All the information regarding quality assessment parameters such as RMSD values, 

QMEAN,
52

 Verify 3D
53

 is gathered in Table 2.1. According to the validation data, model 2 based 

on 1Q5K was the structure that presents better evaluation metrics in terms of geometry and 

energy profile. Therefore, according to these results, model 2, the one that use the holo hGSK-3β 

structure as template, is an accurate model to carry out further computational studies such as 

cavities prediction and docking studies in order to obtain the most reliable results. 
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2.1.4.4 Cavity prediction of GskA surface 

 

The main aim of this study was the identification of pocket binding sites in the A. 

nidulans GskA model and comparing them to the validated hGSK-3β druggable pockets.
45

 

Therefore, the next step included detection, comparison and analysis of potential druggable 

pockets that allow ligand binding. Fpocket
54

 program, a free-geometry detection algorithm based 

on Voronoi tessellation previously described in the introduction section, was used.  

According to the cavity detection results in which the program ranks the pockets, a total 

number of 25 potential cavities were identified by the program. However, most of the pockets 

from the middle part of the ranking presented a lower pocket score and were discarded due to the 

unlikely of these cavities to allow ligand binding. Pockets that presented a pocket score higher 

than 10, the top 7 pockets in the ranking, were further analyzed and visually inspected. Those 

pockets that are homologous to the previously described hGSK-3β were also taken into account to 

observe potential differences. In this sense, the cavities previously described in the human 

enzyme were compared to their homologous in the fungi, as it can be observed in Figure 2.5. The 

numbering of hGSK-3β pocket has been carried out according to former cavity studies in this 

protein.
45

 It is possible to observe that previous described cavities are also present in Aspergillus 

GskA in the same regions of the conserved kinase structure with an important number of 

conserved residues. In this context, cavity 1 corresponds to ATP binding site, cavity 2 is the 

substrate binding site and cavity 3 is the binding pocket for the axin peptide previously 

identified.
55

 Also, cavity 7 was described as the binding site for a family of allosteric inhibitors 

belonging to the quinoline family.
45

 

Carefully inspection of the results allowed pinpointing several facts. We are able to 

recognize most of the highly reproducible cavities described for hGSK-3β in the A. nidulans 

GskA model as it was discussed above. Moreover, the majority of the key residues in the catalytic 

site and in other allosteric binding sites are conserved as it is shown in Table 2.2. Most of the 

pockets are highly conserved between the two species as it is represented by the percentage of 

identity (%ID), being even one of them completely identical (Pocket 2). However, there are some 

pockets that present a lower identity between species such as Pocket 5. The numbering of the 

pockets in A. nidulans was based in the Fpocket studies. 

 



Chapter 2 Target-Based Approaches in Infectious Diseases Drug Discovery 

 

120 

 

 

Figure 2.5. Most relevant known pockets for hGSK-3β, numbered according to former cavity 

studies, A) front view and B) back view. Homologous pockets found in the cavity detection 

studies for GskA in A. nidulans, C) front view and D) back view. Pockets are colored considering 

hGSK-3β pockets. 

 

It is important to remark major differences between Pocket 7 in hGSK-3β and the 

homologous Pocket 3 in the fungal structure such as the change of a conserved arginine (R209) in 

the Pocket 7 of the human enzyme by a glutamic acid residue (E188) in the GskA sequence. It has 

been reported the fact that this arginine is a key residue in the binding pocket for some ligands, 

such as the allosteric inhibitor MBC-3
45

 tested in this study. This arginine is replaced by a 

glutamic acid, a residue completely different in terms of charge and properties. This fact can lead 

to variations in the interactions profile and in the activity of inhibitors of this binding pocket. Also 

another important difference, according to Fpocket data and visual inspection, is the smaller 

volume of this pocket (partly found in Pocket 3 in the fungal structure) compared to the 

corresponding binding pocket in the hGSK-3β. These two facts, the drastically change of the key 

residue and the variations in volume, may explain the lack of activity detected in experimental 

studies for MBC-3 ligand in the A. nidulans assay.  

A) B) 

C) D) 

3 

2 

5 

6 

7 
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Table 2.2. Residues comparison between the GSK enzymes. The numbering was based on the 

hGSK-3β cavities previously described. 

Pocket 1 Pocket 2 Pocket 3 Pocket 4 Pocket 5 Pocket 6 Pocket 7 

P1 p0 P2 p12 P3 p5 P4 p1- P5 - P6 - P7 p3- 

1I09 AN 1I09 AN 1I09 AN 1I09 AN 1I09 AN 1I09 AN 1I09 AN 

V70 V49 F67 F46 R223 R202 V139 V118 M26 V17 E80 E59 A170 A149 

A83 A62 K85 K64 I228 I207 Y140 Y119 V28 R19 L81 D60 H173 H152 

K85 K64 V87 V66 F229 F209 A143 S122 K36 - R111 E90 S174 S153 

E97 E76 N95 N74 S237 K216 R144 R123 T38 - R113 K92 C178 C157 

M101 M80 R96 R75 V263 I242 S147 N126 V40 - D133 E112 L207 L186 

V110 V89 E97 E76 L266 L245 R148 K127 Y56 Y35 Y134 Y113 R209 E188 

L130 L109 L98 L77 V267 V246 L153 M132 T59 C38 V135 V114 N213 N192 

L132 L111 L128 L107 Y288 Y267 D181 D160 Y71 F50 P136 P136 D233 N212 

D133 E112 L130 L109 E290 E269 K183 K162 V82 D61 L188 L167 Y234 Y213 

Y134 Y113 D200 D179 

  

P184 P163 I84 I63 D190 D169 T235 T214 

V135 V114 F201 F180 

  

Q185 Q164 K86 R65 P191 P170 S236 T215 

L188 L167 S203 S182 

  

N186 N165 F116 Y95 D192 A171 T326 T305 

C199 C178 

    

S219 S198 S118 S97 T193 T172 T330 S309 

D200 D179 

    

R220 R199 N129 N108 V195 I174 P331 A310 

F201 F180 

    

Y221 Y200 

  

K197 K176 E333 E312 

      

Y222 Y201 

    

Q365 H350 

      

E249 E228 

    

S368 S353 

      

L250 L229 

    

S369 I354 

      

P255 P234 

    

N370 A355 

93% 

 

100% 

 

78% 

 

79% 

 

29% 

 

60% 

 

58% %ID 

AN: A. nidulans 

 

2.1.4.5 Docking studies 

 

Once the model was built, docking studies were performed for the compounds tested in 

this work MBC-1, MBC-2, MBC-4 and MBC-5 using AutoDock, except for compound MBC-3 as 
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its lack of activity was explained above. First, a blind docking approach was followed to explore 

potential binding sites in the entire surface of the protein for specific molecules. Once the 

potential cavity is identified, a focused docking to optimize the conformations of the ligands is 

required. Thus, we performed a blind docking with two representative ligands such as MBC-2 and 

MBC-5. For MBC-2, the different docking poses grouped in several clusters show that the ligand 

binds in the same pocket than in the human enzyme, as it was expected due to the high degree of 

similarity. In contrast, we found that MBC-5 presents an alternative binding mode in the axine 

pocket. This binding mode was present in the most-populated and most-energetically favorable 

clusters of the docking studies, revealing a different binding site for this compound in the fungus 

enzyme. This fact might allow us to explain the different Aspergillus spp. in vivo activity for this 

compound comparing with the rest of hGSK-3β inhibitors. 

As a second approach, focused docking studies in the potential binding sites were 

performed for compounds MBC-1, MBC-2, and MBC-4. In general, regular docking for the three 

compounds showed similar results at the entrance of the ATP biding site. Regarding MBC-2, 85% 

of the total number of conformations found were classified in the three most-representative and 

best-scored clusters found. In the case of MBC-1 almost 90% of conformations were classified in 

the best two clusters while for MBC-4 two main clusters present 80% of the total conformations 

generated by the program. Moreover, a common finding was observed; visual inspection of 

docking results revealed that the potential covalent atom in the molecules is oriented towards the 

key Cys178. Table 2.3 gathers the distance between S-S atoms, in the case of MBC-1 and MBC-

2, and S-CH2 atoms for MBC-4, in the best clusters for each compound. In spite of the fact that in 

some poses the distances are longer than it should be expected for covalent bonds, a covalent 

binding mode is suggested. 

 

Table 2.3. Distances (Å) between S-S atoms in the best-scored cluster (most-populated, better-

energy) for MBC-1, MBC-2 and between S-CH2 for MBC-4. 

Cluster MBC-1  MBC-2  MBC-4  

1 5.5-6.7 3.2-6.6 4.7-5.7 

2 3.5-4.5 3.7-7.2 4.4-5.5 

3  3.2-4.4  
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Figure 2.6. Best docking solutions from covalent docking for A) MBC-1, B) MBC-2 and C) 

MBC-4.  

 

In order to further analyze this hypothesis and gain more insight about the mechanism of 

action of these compounds, covalent docking studies were developed as a second strategy in the 

focused docking. This covalent docking was performed taking into account that the three ligands 

bind the catalytic site of the GskA by a covalent bond between the Cys178 of the pocket and the 

sulfur present in the ring of both thiadiazolidinone ligands and the CH2 moiety in the HMK as 

previously described.
48,56

 In the case of MBC-2, a cluster containing the vast majority of poses 

was found with more than 95% of the total conformations and distances in the range of 1.6-2.0 Å. 

For the MBC-1, over 85% conformations were found in the same cluster and distances displayed 

1.8 Å 

Cys178 

1.8 Å 

Cys178 

A) 

C) 

B) 

1.7 Å 
Cys178 
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values between 1.8-2.0 Å. Finally for MBC-4, the distance is 1.8 Å in most of the poses. Binding 

modes and interactions are quite similar among these compounds mainly between MBC-1 and 

MBC-2, in part due to the high similarity of the structures. Best-scored conformations in covalent 

dockings for these compounds are shown in Figure 2.6. Therefore, according to these results, it is 

possible to propose a covalent binding mode as the most likely mechanism of action of these 

compounds in the enzyme. 

In summary, three out of the five hGSK-3β inhibitors used in this study, belonging to the 

TDZD and HMK family, are able to strongly reduce the colonial growth of A. nidulans, being 

their covalent binding to the fungal kinase the most likely mechanism of inhibition after the 

computational studies.  

 

2.1.4.6 Sensitivity of Aspergillus fumigatus 

 

Finally, best compounds found in the A. nidulans assay, were also tested in the pathogen 

organism. Based on the tolerance tests performed with the model A. nidulans, the effect of MBC-

1, MBC-2 and MBC-4 was analyzed in three different wild-type strains of the pathogen A. 

fumigatus (Figure 2.7). Essentially, tolerance results were comparable to those found with the 

model organism. Inhibition of colony growth was observed using 100 μM MBC-2 and a complete 

inhibition of the fungi growth was detected at 100 μM for MBC-1, showing an important effect 

with 50 μM. The results did not present remarkable differences for the three strains considered in 

the study and the results were similar between 48 and 72 h of incubation. According to these 

results, it is possible to affirm that MBC-1 is an effective inhibitor of colonial growth in Aspergilli 

and as well as MBC-4 for which tolerance may differ among strains and species. 

In conclusion, we have identified several hGSK-3β inhibitors as potent inhibitors of A. 

fumigatus, using A. nidulans as a well-established screening pharmacological tool. The strong 

sequence similarity between hGSK-3β and GskA allowed the study of structure activity 

relationships and provided new clues for future drug design and for selecting the better human 

kinase inhibitors to fight against invasive aspergillosis. Moreover, the identification in this study 

of pockets with lower similarity might lead to the design of selective inhibitors in medicinal 

chemistry programs.
57

 

Furthermore, the discovery of some hGSK-3β inhibitors as potent agents against A. 

fumigatus has important translational consequences because with the same drug, the external 

infective agent will be killed and the immune response of the host will be improved. This synergy 

will be confirmed in future studies of GSK-3β inhibitors for aspergillosis treatment. 
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Figure 2.7. Sensitivity of wild-type A. fumigatus strains CM237, AF293 and CBS144 to three 

inhibitors of GSK-3β kinase tested at different concentrations after 48 and 72 h of incubation at 

37 ºC.  

 

2.1.5 Searching for Leishmania GSK-3 inhibitors 

 

2.1.5.1 Introduction 

 

GSK-3 presents two different forms in trypanosomatids, short and long form, of which 

studies evidenced the higher importance of the short GSK-3 for parasite viability.27
 Sequence 

comparison between this form of L. major GSK-3 (LmjGSK-3) and the GSK-3β in humans 

revealed an identity of 41%.
58

 Nevertheless, these differences are reduced when only the active 

site is considered showing that only three amino acids in the 21 residue sequence are different in 

the active site. L. donovani GSK-3 (LdGSK-3) was identified as a pharmacological target by its 
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inhibition with 6-bromo-5-methylindirubin-3'-oxime, which affected the cell cycle progression, 

and induced the apoptotic death of the parasite. Moreover, these lethal effects were partially 

rescued by overexpression of the short form of LdGSK-3, validating the short form of this kinase 

both at a pharmacological and genetical level.
59

 Also, it was noticed the high degree of similarity 

of the sequence in several species such as L. donovani, L. infantum and L. major, being preserved 

in most of them.
60

 The Leishmania GSK-3 short ortholog in L. major is 98% identical in amino 

acid sequence to L. donovani and 100% identical to L. infantum. Therefore, inhibitors against one 

enzyme will become inhibitors of the other GSK-3 forms meaning that these compounds might 

potentially act in the different forms of the disease, visceral and cutaneous, enhancing their 

applicability. Furthermore, anti-inflammatory effects of hGSK-3β inhibitors may reduce the 

inflammatory pathology associated with leishmaniasis.
61

 

Considering the previous studies and our experience in hGSK-3β inhibitors, we decided 

to explore LmjGSK-3 inhibitors as potential agents in the treatment of leishmaniasis. For this 

purpose, we have analyzed the parasite enzyme together with the mechanism of action of the 

potential inhibitors. 

 

2.1.5.2 Cavity search analysis 

 

With the goal of studying the potential binding pockets of the parasite protein, surface 

analysis studies were carried out. As previously discussed, druggable cavities identification in 

therapeutic targets is essential for structure-based drug design. In this sense, it is possible to 

identify and design small-molecule ligands that bind these new binding pockets or allosteric sites 

with potential therapeutic effects in the parasite. Furthermore, allosteric sites are targeted on 

proteins for designing more selective inhibitors of enzyme activity due to the fact that these 

regions are usually less conserved.  

First of all and with the objective of preparing the protein structure for the diverse 

computational studies, the crystal structure available from LmjGSK-3, 3E3P was retrieved.
58

 

Nevertheless, the crystallized protein lacks a loop, a decapeptide at the upper part of the ATP 

binding pocket. For this reason, it was necessary to model this loop before starting this analysis, 

using the Modeller programme.
62

 

In this study, we have used a combination of different approaches to identify novel 

protein druggable sites and study potential fragment-binding sites in every pocket. We have used 

the free geometry-based algorithm Fpocket
54

 and MDpocket,
63

 a software based on Fpocket for 

multiple structures, together with the prediction of Fragment Hotspot maps
64

 to analyze the 

LmjGSK-3 surface with the goal of identifying novel allosteric sites and the key residues involved 
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in the interaction profile. First, sequence alignment studies between the human and the parasite 

enzyme were carried out and the important degree of similarity between both sequences can be 

observed (Figure 2.8). 

 

 

GSK3B_HUMAN    MSGRPRTTSFAESCKPVQQPSAFGSMKVSRDKDGSKVTTVVATPGQGPDRPQEVSYTDTK  60 

Q4QE15_LEIMA   ------------------------------------MSLNAAAAADERSRKEMDRFQVER  24 

                                                      ::  .*  .:  .* :   :   : 

 

GSK3B_HUMAN    VIGNGSFGVVYQAKLCDSGELVAIKKVLQDKRFKNRELQIMRKL---DHCNIVRLRYFFY  117 

Q4QE15_LEIMA   MAGQGTFGTVQLGKEKSTGMSVAIKKVIQDPRFRNRELQIMQDLAVLHHPNIVQLQSYFY  84 

                  : *:*:**.*  .*  .:*  ******:** **:*******:.*   .* ***:*: :** 

 

GSK3B_HUMAN    SSGEK-KDEVYLNLVLDYVPETVYRVARHYSRAKQTLPVIYVKLYMYQLFRSLAYIH--S  174 

Q4QE15_LEIMA   TLGERDRRDIYLNVVMEYVPDTLHRCCRNYYRRQVAPPPILIKVFLFQLIRSIGCLHLPS  144 

               : **: : ::***:*::***:*::* .*:* * : : * * :*::::**:**:. :*  * 

 

GSK3B_HUMAN    FGICHRDIKPQNLLLDPDTAVLKLCDFGSAKQLVRGEPNVSYICSRYYRAPELIFGATDY  234 

Q4QE15_LEIMA   VNVCHRDIKPHNVLVNEADGTLKLCDFGSAKKLSPSEPNVAYICSRYYRAPELIFGNQHY  204 

               ..:*******:*:*::   ..**********:*  .****:***************  .* 

 

GSK3B_HUMAN    TSSIDVWSAGCVLAELLLGQPIFPGDSGVDQLVEIIKVLGTPTREQIREMNPNYTEFKFP  294 

Q4QE15_LEIMA   TTAVDIWSVGCIFAEMMLGEPIFRGDNSAGQLHEIVRVLGCPSREVLRKLNPSHTDVDLY  264 

               *:::*:**.**::**::**:*** **....** **::*** *:** :*::**.:*:..:  

 

GSK3B_HUMAN    QIKAHPWTKVFRPRT---PPEAIALCSRLLEYTPTARLTPLEACAHSFFDELRDPNVKLP  351 

Q4QE15_LEIMA   NSKGIPWSNVFSDHSLKDAKEAYDLLSALLQYLPEERMKPYEALCHPYFDELHDPATKLP  324 

               : *. **:.**  ::     **  * * **:* *  *:.* ** .* :****:*  .*** 

 

GSK3B_HUMAN    NGRDTPA-LFNFTTQELSSNPPLATILIPPHARIQAAASTPTNATAASDANTGDRGQTNN  410 

Q4QE15_LEIMA   NNKDLPEDLFRFLPNEIEVMSEAQKAKLVRK-----------------------------  355 

                  *.:* *  **.*  .*:.      .  :  :                              

 

sp|P49841|GSK3B_HUMAN       AASASASNST 420 

tr|Q4QE15|Q4QE15_LEIMA      ---------- 355 

 

 

Figure 2.8. Sequence alignment of the GSK-3 structures of Leishmania major (Q4QE15) and 

Homo sapiens (P49841). In blue the most important residues of the ATP binding site (Pocket 0) 

are depicted, in red (Pocket 1), light blue (Pocket 4) and purple (Pocket 6 and 9). 

 

The initial step of this two-step protocol was carried out using the Fpocket software. 16 

pockets showing a pocket score over 5 in the ranking were found in the structure of the protein; 

all of them were visually inspected (Figure 2.9A). The results allowed pinpointing several facts, 

such as recognizing most of the highly reproducible cavities previously described for hGSK-3β
45

 

in the LmjGSK-3 protein. Also, it is important to point out that most of the residues that are part 

of the ATP binding site are conserved (Pocket 0 in Figure 2.9A), while allosteric pockets are less 

conserved comparing with the human enzyme.  
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Figure 2.9. Pockets found in LmjGSK-3 structure. A) Principal cavities found by Fpocket 

software front (left) and back view (right). B) Conserved pockets in the different GSK-3 

structures analyzed by MDpocket, front (left) and back view (right). C) Relationship in the 

numbering of MDpocket vs Fpocket. 
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Regarding ATP binding site, the identity in the pocket is high with no important 

variations in key residues such as the conserved Cys199 (Cys169 in LmjGSK-3), important for 

the binding of covalent inhibitors.
44,48

 However, it is important to mention that in the hinge region 

several mutations are observed; there is a change of Asp133 in the human into Glu101 in 

LmjGSK-3 that does not affect much the binding cavity, since its lateral chain is directed towards 

the external part of the cavity. More importantly, a mutation of Leu131 by Met100 is found in 

LmjGSK-3 and makes changes in the volume of the hinge region in the ATP binding site. The 

most important residues of the main cavities found in the analysis for the parasite kinase are 

highlighted in the sequence alignment (Figure 2.8). 

In order to analyze all the conserved pockets of the different GSK-3 structures, all the 

structures available at the moment of the study in the protein data bank (56) were retrieved. These 

structures of the different species mainly from H. sapiens were further studied using MDpocket 

analysis.
63

 This allows us to identify conserved pockets in the structures and compare them to the 

parasite enzyme in order to define potential differences (Figure 2.9B). It can be observed that, as 

expected, the most conserved pocket is the ATP binding site, Pocket 0, while there are 4 more 

pockets that are conserved in the different structures but with more differences in its volume and 

shape. Most top ranked cavities in the Fpocket analysis of LmjGSK-3 were compared with the 

pockets found in MDpocket (Figure 2.9C). All the conserved cavities in the kinase structures are 

present in the LmjGSK-3 although there are some cavities that present lower conservation rate 

that can allow exploiting these differences. 

 

2.1.5.3 Hotspots analysis 

 

Once the surface of the protein and all the cavities were analyzed and clustered in the 

search of potential allosteric pockets, Hotspots maps
64

 studies were carried out with the objective 

of identifying key interactions that might drive ligand-protein binding in structure-based drug 

discovery. This method reports maps that include areas, represented by different colors, in which 

H-bond acceptor, donor, and non-polar/aromatic interactions could be established. According to 

these results, it was observed that the main area of hotspots maps is the ATP binding site. 

However, additional areas, mainly related to the pockets found in the cavity search analysis, were 

also identified by the chemical probes as potential sites for ligand binding (Figure 2.10). 

Considering all the methods that have been employed in this cavity detection study, it is important 

to remark that in all the cases the ATP binding site was the main pocket found. Also, the substrate 

binding pocket was present and additional smaller pockets were found. Moreover, it is important 

to remark for Pocket 4, considering Fpocket numbering, that in spite of the fact that no defined 

hydrophobic area is found taking into account the most restrictive cutoff for hotspot, 17, polar 
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hotspots are found for this pocket as well as 14 hydrophobic hotspots. This fact supports the 

Fpocket results and deserves further analysis. 

 

 

Figure 2.10. Representation of the calculated hotspots using Fragment Hotspot maps software 

using the most restrictive cutoff, 17, A) front and B) back view. 

 

2.1.5.4 Repurposing of hGSK-3β inhibitors 

 

A set of hGSK-3β heterocyclic inhibitors previously designed and synthesized in our 

group were selected to be further explored as potential LmjGSK-3 inhibitors and antileishmanial 

drugs. The selection was based considering their chemical diversity and mechanism of action in 

the hGSK-3β enzyme. These inhibitors were assayed both in enzymatic and phenotypic assays in 

order to evaluate their activity as potential hits and explore the feasible role of the enzyme. 

Regarding the target-based assay, the inhibition of the enzyme was tested in vitro in the short 

form of the LdGSK-3. Also, the molecular basis of its inhibition was assessed using molecular 

docking.  

A similar set of compounds as the one applied in the previous study was selected 

including thiadiazole, thiophene, quinoline and maleimide derivatives, able to target the enzyme 

through different mechanism of action including a reversible or irreversible ATP-competitive
44

 

binding mode, ATP-non-competitive,
41,42

 substrate competitive,
65

 and allosteric manner.
45

 

Compounds were firstly evaluated against LdGSK-3. The enzyme was expressed and 

purified as described previously
59

 and the enzymatic activity measured by luminescence 

evaluation of the remaining ATP. All these assays were carried out in the group of Dr. Rivas at 

the CIB-CSIC (Spain) (Table 2.4).  

A) B) 
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Table 2.4. In vitro enzymatic and antiparasitic activities of selected hGSK-3β inhibitors. 

Compound Chemical Structure 
LdGSK-3 

IC50 (μM) 

L. infantum 

promast. 

EC50 (μM) 

L. pifanoi 

amast. Ax 

EC50 (μM) 

PMM 

EC50 

(μM) 

SI 

(PMM/

amast.) 

MBC-1 

 

1.1  0.2 10.9  0.4 2.0  1.9 32.9  3.5 16.5 

MBC-2 

 

0.32  0.05 17.6  2.3 7.1  1.8 > 50 7.0 

MBC-3 

 

<20% > 50 3.61.3 9.9  0.9 2.8 

MBC-4  

 

1.8  0.3 4.6  0.2 2.2  0.6 6.3  1.2 2.9 

MBC-6 

H
N

O O

O

N
Me

Me  

< 20% > 50 > 25 - - 

MBC-7 

H
N

O O

O

N

Me
Br

 

1.6  0.2 > 50 6.5  2.0 > 25 3.8 

MBC-8 

 

0.174  0.001 > 25 > 50 - - 

MBC-9 
S

N

N

NN
O

2HBr

 

0.248  0.004 > 25 > 50 - - 

a
Indirubin-3'-monoxime-5-sulphonic acid was used as a reference of the assay.

58
 IC50 LdGSK3 = 

2.4  0.2 μΜ. 
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As it can be observed, all the selected compounds were able to inhibit LdGSK-3 in the 

micromolar or submicromolar range, except quinoline MBC-3 and maleimide MBC-6. Moreover, 

compounds were tested in axenic Leishmania cultures (L. infantum promastigotes and L. pifanoi 

axenic amastigotes) and their cytotoxicity was evaluated in peritoneal murine macrophages 

(PMM). Thiadiazolidinones (TDZDs), MBC-1 and MBC-2, and halomethylketones (HMKs) 

MBC-4 and MBC-7, inhibited LdGSK-3 and also showed leishmanicidal activity being higher on 

the axenic amastigotes than on the promastigotes. Surprisingly, the 5-imino-1,2,4-thiadiazoles 

(ITDZs), MBC-8 and MBC-9, showed no antiparasitic effect, despite their significant in vitro 

activity in the enzyme. 

MBC-1 and MBC-2 are well-known members of the non-ATP competitive TDZD family 

of hGSK-3β inhibitors
41

 acting as covalent inhibitors through a S-S bond with Cys199.
48

 Due to 

the similarity of the pocket and the fact that this cysteine residue is conserved at the entrance of 

the ATP binding site of LmjGSK-3 (Cys169), TDZDs are expected to bind the parasitic enzyme 

using the same mechanism of action. Moreover, in an analogous way molecules with a HMK tail 

inhibit irreversibly the human enzyme forming a covalent bond also with Cys199.
56

 Similarly, it is 

proposed that LdGSK-3 will be inhibited by the HMKs, MBC-4, and MBC-7, in the same way. 

Two substrate competitive inhibitors of hGSK-3β belonging to the ITDZ family,
65

 MBC-

8 and MBC-9, were also active against LdGSK-3. The substrate binding pocket of the enzymes is 

quite conserved, so it is inferred that the ITDZs were active in the parasite enzyme acting in the 

substrate binding cavity of the parasite enzyme. Remarkably, the two ITDZs inhibited LdGSK-3 

at submicromolar concentrations, but did not present significant leishmanicidal activities; even at 

the highest concentration tested (50 µM). Likely they were unable to build-up an intracellular 

inhibitory concentration on the parasite. Therefore, a strategy of conjugation with cell penetrating 

peptide-based (CPPs) is currently being pursued to overcome this drawback and improve the 

druggabilty of ITDZs.
66

 

With the aim of explaining the experimental results of the tested compounds and 

confirming the hypotheses described above, docking studies were performed. Once the protein 

structure was completed as described before, a minimization step was further performed. Due to 

the fact that the crystal structure available was in an apo form, induced fit docking (IFD) studies 

were carried out to mimic the holo structure. One of the most potent inhibitors previously 

described in the literature as an ATP-competitive inhibitor for this enzyme,
59

 6-bromo-5-

methylindirubin-3′-oxime (5-Me-6-BIO) was selected for the optimization step. As a first 

approach, blind docking studies were applied, one representative of each chemical family, MBC-2 

in the TDZD family and MBC-8 in the ITDZ family were selected. The blind docking results 

allowed us to propose the mechanism of action of the compounds and the binding cavity that they 



Results and Discussion 

133 

 

are able to target. We found that several clusters were obtained for MBC-2 blind docking and 

considering the best-energetic clusters of MBC-2, all the poses bind the ATP binding site. 

Regarding MBC-8, a predominant cluster was found in which all the poses bind in the substrate 

pocket. Therefore, as a result of the blind docking, in both cases the mechanism of action of both 

families of compounds was confirmed as it is shown in Figure 2.11A, in which MBC-2, depicted 

in grey, binds at the entrance of the ATP binding site while MBC-8, depicted in purple, binds the 

substrate binding site. These results allowed us to propose focused docking for each family. 

In a second approach regular docking for the different compounds of the TDZD and ITDZ 

families was performed. In agreement with the previous results, the docking was focused on the 

ATP binding site for the TDZD and in the substrate binding pocket for the ITDZ. According to 

the results, it was possible to confirm the binding mode in the substrate binding pocket for both 

MBC-8 and MBC-9 with a very similar binding mode as it is shown in Figure 2.11B. Also, it was 

found that according to the results in TDZD and HMK, covalent mode of action is likely. In an 

important number of the poses obtained we observed distances in the range of 3-4 Å for atoms 

that might potential make covalent bond with the Cys169. Considering these results and with the 

aim of assessing the possibility of a covalent binding mode for TDZD and HMK, a covalent 

docking strategy was followed for these compounds. Covalent docking results for the three 

compounds (MBC-1, MBC-2 and MBC-4) showed distances between 1.5-2.5 Å in most of the 

poses obtained, as it can be observed in Figures 2.11C and 2.11D. These findings confirmed the 

potential mode of action of these compounds being covalent inhibitors of the enzyme. 

In order to further study and explain the differences in activities of the maleimide 

compounds, docking studies were performed. Compounds MBC-6 and MBC-7, both with a high 

similarity in terms of chemical structure but with different mechanism of action in the human 

enzyme, were studied using a computational approach. Maleimide MBC-6 is a reversible ATP-

competitive inhibitor, while maleimide MBC-7 is an irreversible inhibitor of hGSK-3β due to the 

presence of a halomethylketone tail in its structure.
44

 MBC-6 did not inhibit LdGSK-3 activity 

and in agreement with docking studies the compound is not able to access the deeper part of the 

ATP binding cavity (Figure 2.12B). In the human enzyme, according to the crystal structure 

available 1Q4L,
67

 the maleimide scaffold interacts with the Asp133 through a hydrogen bond at 

the deeper part of the ATP binding cavity. This aspartic residue was replaced by Glu101 at the 

LdGSK-3. This conservative replacement did not significantly modify the structure of the binding 

site because the lateral chain of the residue pointed outwards of the enzyme, and the backbone is 

mostly responsible for the interaction with the inhibitor. In contrast, the adjacent residue of the 

human enzyme Leu132 is mutated by the bulkier Met100 in Leishmania enzyme (Figure 2.12A). 

This change precludes the access of MBC-6 into the deepest part of the cavity losing the activity 

in the enzyme.  
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Figure 2.11. Binding mode of the ITDZs, TDZDs and HMK in the LmjGSK-3 enzyme. A) Blind 

docking poses obtained in the most representative cluster for MBC-2 in the ATP binding site as 

TDZD representative and MBC-8 in the substrate binding site as member of the ITDZs. B) 

Superimposition of most representatives regular docking results of ITDZs compounds. C) 

Superimposition of the best covalent docking poses obtained for TDZDs and HMK. D) Detailed 

of the MBC-2 covalent docking. 

 

On the contrary, in the case of the irreversible inhibitor MBC-7, the compound inhibits 

the parasitic enzyme in the low micromolar range although there is a decrease in activity 

comparing with the human enzyme. In the regular free docking results, it is found that for MBC-

7, the methylene group attached to the bromine is oriented towards the SH of the Cys169 with a 

distance of 3.7 Å. The orientation of the molecule and the distance suggest an irreversible 

inhibition of the enzyme. This fact is confirmed in the covalent docking results showing a 

distance between the CH2 and the sulphur of 1.7 Å, a typical covalent-bond distance. 

A) 

C) D) 

B) 

Cys169 

Cys169 
1.7 Å 
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Figure 2.12. A) Superposition of the human (purple) and Leishmania (green) GSK-3 enzymes. 

Key mutation in the ATP binding site is depicted in sticks B) Superposition of the poses of 

maleimide MBC-6 in the human (purple) and Leishmania (green) GSK-3 enzymes. 

 

Finally, quinoline MBC-3, an allosteric inhibitor of hGSK-3β, was inactive in LdGSK-3. 

In the inhibition of the human enzyme by MBC-3, it is key the interaction between the quinoline 

ring of the inhibitor and Arg209.
45

 In LmjGSK-3, this Arg209 is replaced by proline at the 

position 178. This change not only modifies the electrostatic environment of this pocket, arginine 

is a positively charged residue whereas proline is neutral, but also modifies the rigidity of the 

pocket, since proline residue introduces a strong conformational constraint in the polypeptide 

change, in contrast to the flexibility of Arg. This important mutation causes that quinoline MBC-3 

is not able to inhibit LdGSK-3. 

 

2.1.5.5 Searching for novel inhibitors by virtual screening 

 

With the goal of searching for new active structures or allosteric modulators of the diverse 

sites selected, we performed a virtual screening using our in-house MBC chemical library.
68

  

For the virtual screening studies the pockets described above were considered for the 

identification of novel inhibitors. No ligands could be used as control for docking calculations 

since no previous experimental studies have been carried out in the allosteric pockets of this 

enzyme. Thus, the same docking conditions for the virtual screening in the different sites were 

used. In order to filter the compounds, key interactions considering hotspot maps were taken into 

account. In the case of Pocket 1, according to Fpocket numbering, hotspots filtering were based 

on Asn160, Thr165 and Lys167. For Pocket 4 hotspots related to Gln35 and Lys50 were taking 

A) B) 

Leu/Met Leu/Met 
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into account. Finally and regarding Pocket 6 and 9, hotspots corresponding to Thr205, Thr206, 

Lys303, Tyr305 and Gln348 were considered as filters for potential polar interactions. Details of 

the different pockets and their important hotspots are depicted in Figure 2.13. A total number of 

24 compounds were selected for biological evaluation from the different virtual screening results 

taking into account the Glide XP Score and the hotspots maps calculations. 

 

Figure 2.13. Hotspots maps in the full protein and detailed view of the pockets selected for virtual 

screening purposes. Apolar hotspots are hidden in the detailed pictures for visualization purposes. 

Gln35 Lys50 

Thr206 

Thr205 

Asn160 
Thr165 

Glu101 

Pocket 4 

Pocket 6 and 9 Pocket 1 
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The results of the biological assays allowed us to identify two different hits able to inhibit 

the enzyme around 50% at 10 μM, being one of them also active in the parasite assay (Table 2.5). 

This study has enabled us to identify two hits to be further optimized in order to increase their 

biological activities. 

 

Table 2.5. Virtual screening hits found in the virtual screening of the parasite enzyme. 

Compound Chemical structure 
%Inh. LdGSK-3 

@10μM 

Amastigotes 

L.pifanoi  

IC50 (μM) 

MBC-10 

 

51.1 11.2 

MBC-11 

 

45.1 > 25 

a
Indirubin-3'-monoxime-5-sulphonic acid was used as a reference of the assay.

58
 LdGSK3 = 2.4  

0.2 μΜ. 

 

2.1.5.6 Searching for potential LdGSK-3 inhibitors in the Leishbox 

 

The Leishbox is a collection of antileishmanial compounds obtained by the screening of 

1.8 million molecules from GlaxoSmithKline chemical library, considering leishmanicidal and 

cytotoxic activities. The selection of these compounds was based on leishmanicidal activity both 

on axenic and intracellular L. donovani amastigotes with a cutoff at 5 μM, and lack of cytotoxicity 

on HepG2 and THP-1 cells.
69

 In an analoguous way, there are two additional kinetoboxes, 

involving hits against other trypanosomatids, T. brucei and T. cruzi. All the sets are available as 

open resources for lead discovery programs. Moreover, several studies have been reported using 

kinetoboxes and especially Leishbox collection with the main objective of identifying the 

mechanism of action of the compounds that are part of the collections.
70-72
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Table 2.6. Structures and enzymatic activity, both on the parasite and human kinase, of the hits 

compounds obtained. 

Comp. Chemical Structures 
LdGSK-3  

IC50 (μM) 

hGSK-3β   

IC50 (μM) 

Leishbox-71 

 

0.46 1.4 

Leishbox-100 

 

6.00 0.81 

Leishbox-95 

 

0.30 0.24 

Leishbox-104 

 

1.70 1.32 

Leishbox-47 

 

3.60 1.23 

Leishbox-163 

 

9.10 1.22 

Leishbox-127 

 

2.54 0.02 

a
Indirubin-3'-monoxime-5-sulphonic acid was used as a reference of the assay.

58
 LdGSK3 = 2.4  

0.2 μΜ. 
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This set of compounds was kindly provided by GlaxoSmithKline to conduct further 

experimentation. This fact in combination with our previous experience with the GSK-3 protein 

as a validated leishmanicidal target, prompted us to search for new PKis against parasite GSK-3 

enzyme using the Leishbox set of leishmanicidal compounds from GlaxoSmithKline. Firstly, the 

inhibitory activity of the 186 compounds provided was evaluated at 10 μM (Table 2.6) using the 

previously purified recombinant LdGSK-3 in the group of Dr. Rivas at the CIB-CSIC (Spain).  

After the evaluation of the compounds, 7 molecules showed a percentage of inhibition of 

the enzyme greater that 50%, being selected for subsequent IC50 calculations. Based on their 

activities against LdGSK-3, 7 of these compounds (Leishbox-47, Leishbox-71, Leishbox-95, 

Leishbox-100, Leishbox-104, Leishbox-127 and Leishbox-163) were considered as hits. All of 

them present activities in the submicromolar and the low micromolar range with IC50 values 

between 0.27 and 9.10 M (Table 2.6). The most potent compounds described for this enzyme, as 

far as our concern, show a submicromolar IC50, in the same range than the hits described here as 

members of the Leishbox. Noteworthy, one member of the indirubin family previously described, 

is used here as reference of our assay.
59

 In order to check selectivity, the 7 hits compounds were 

also experimentally evaluated against hGSK-3β (Table 2.6). Unsurprisingly, the IC50 values on 

LdGSK-3 and hGSK-3β were very similar since they most probably act on the ATP binding site of 

the enzymes that is highly conserved. This means that the inhibitors do not seem to discriminate 

between human and leishmanial GSK-3.  

An analysis of these hits considering their chemical structure allows us to classify them in 

three different chemical families: N-phenylpyrimidine-2-amines (Leishbox-71, Leishbox-95, 

Leishbox-100 and Leishbox-104), benzoimidazoles (Leishbox-47 and Leishbox-163), and 

oxadiazoles (Leishbox-127). This last family, oxadiazoles, currently presents only one active 

member, apart from being poorly represented in the Leishbox, thus a structure-activity 

relationship is not feasible at present and it was discarded for further studies. For this reason, the 

focus was placed on the other two families. With the main objective of confirming the mechanism 

of action of these compounds and gaining insight into the binding mode of N-phenylpyrimidine-2-

amines and benzoimidazoles, molecular docking studies were carried out.  

One of the most active compounds, pyrimidine Leishbox-71 (IC50 = 0.46 μM) was 

selected to carry out induced fit docking studies with the aim of optimizing the residues in the 

active site of the protein for the ligand binding. This was necessary because the protein is in the 

apo form and needs to be readjusted to a holo state. Induced fit docking resulted in several 

interactions between the protein and compound Leishbox-71. The ligand-complex interaction 

profile showed a key hydrogen bond between Glu101 and the amino group from the indazole 
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moiety. On the other hand, the sulfone group is able to make a double hydrogen bond with both 

Phe31 and Lys49, being the latter a catalytic residue of the protein (Figure 2.14). 

 

 

Figure 2.14. Proposed binding mode for compound Leishbox-71 in LmjGSK-3. Zoom of ATP 

binding pocket showing relevant interactions with nearby residues. 

 

Afterwards, docking with the other active members of the family, Leishbox-95, Leishbox-

100 and Leishbox-104, was carried out using Autodock. The three compounds maintain the key 

interaction showed by Leishbox-71 with Glu101, a superimposition of the most representative 

docking poses is found in Figure 2.15A. Analyzing in detail the obtained poses, it was revealed 

that Leishbox-100 presents a similar interactions profile than Leishbox-71 due to the important 

similarity between both structures. In the main pose obtained from the different clusters, the 

primary amine from the thiazole ring is able to make a hydrogen bond with Glu101, while the 

sulfone group maintains the interaction with Phe31 and Lys49, as it is shown in Figure 2.15B. 

However, additional binding modes are obtained which might explain its lower activity compared 

with Leishbox-71. In the case of Leishbox-95, the presence of a tertiary amine that can be 

positively charged at physiological pH, allows this compound to form ionic interaction with the 

side chain of Glu101 negatively charged. Moreover, the primary amine at the other side of the 

molecule form a hydrogen bond interaction with Asp170, as it is shown in Figure 2.15C. Equally, 

considering the similarity of the chemical structure with Leishbox-104 the same types of 

interactions could be established. 

  

Lys49 

Phe31 Glu101 

Asp170 
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Figure 2.15. Docking results for the N-phenylpyrimidine-2-amine in complex with LmjGSK-3. A) 

Superposition of compounds Leishbox-100 (magenta), Leishbox-95 (yellow) and Leishbox-71 

(purple) on LmjGSK-3 protein with key residues labelled. B) Binding mode of compound 

Leishbox-100, main interactions found in the complex are depicted. C) Binding mode of 

compound Leishbox-95, main interactions found in the complex are shown. 

 

Regarding the benzoimidazole derivatives, the binding mode of Leishbox-47 was 

analyzed. The presence of a sulfone group allows making a hydrogen bond with Phe31, while the 

primary amine makes an additional one with Asp170 and the secondary amine from the 

benzoimidazole moiety with Ala26 as it is shown in Figure 2.16. Due to the high similarity in 

terms of chemical structure between Leishbox-47 and Leishbox-163 make reasonable to expect 

similar interactions.  
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Figure 2.16. Proposed binding mode for the active compound Leishbox-47, representative of the 

benzoimidazole derivatives.  

 

In summary, after the enzymatic evaluation of the full set of compounds of the Leishbox, 

it resulted as an interesting source for new inhibitors of LdGSK-3. New scaffolds were discovered 

as LdGSK-3 inhibitors: benzoimidazole, N-phenylpyrimidine-2-amine and oxadiazole with 

important chemical features required for inhibition. The poor specificity shown by these 

compounds with respect to hGSK-3β does not rule out a hypothetical implementation as 

leishmanicidal agents due to safety profile showed by the Leishbox components that were tested 

for cytotoxicity on human macrophages (THP1) and hepatoma (HepG2) cell lines. Finally, after 

the biological results, the binding mode of the new promising derivatives was studied considering 

their chemical structures. As a result of the computational study, key common interactions with 

the enzyme in the ATP binding site were identified in both chemical families.  

According to the biological results of the different approaches followed, the repurposing 

of human kinase inhibitors, the virtual screening and the Leishbox analysis, we can affirm that the 

number and diversity of pharmacological scaffolds for the development of new LdGSK-3 

inhibitors have been extended. Also, most of the compounds that presented inhibition in the 

enzyme in the submicromolar and micromolar range showed antiparasitic activity in the 

micromolar range.  
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2.2 Phosphodiesterases (PDEs)  

 

2.2.1 Introduction 

 

Cyclic nucleotide phosphodiesterases (PDEs) catalyze the hydrolysis of cyclic adenosine 

monophosphate (cAMP) and cyclic guanosine monophosphate (cGMP) breaking a phosphodiester 

bond. Therefore, they regulate the intracellular concentrations of these cyclic nucleotides, playing 

a central role in multiple cellular functions that are involved in their pathways and, consequently, 

countless biological responses in health and disease. The inhibition of PDEs has remained an 

active area of drug research for over forty years.
73

 Currently, several PDE inhibitors are used 

clinically in diverse disorders, being able to treat the pathophysiological dysregulation of cyclic 

nucleotides. Recent advances and increasing knowledge of the roles related to individual PDEs in 

regulating the subcellular processes of specific cyclic nucleotide signalling pathways has 

increased the academic and pharmaceutical interest in this area. This is performed by the design 

of novel specific inhibitors in structure-based projects and by the development of novel strategies 

to target individual PDE isoforms. 

Human PDE superfamily (hPDEs) consists of 11 structurally related but functionally 

distinct gene families (PDE1 to PDE11) that are subdivided in 21 PDE isoforms. They differ in 

their substrate affinity and specifity (cAMP or cGMP), regulatory mechanism, tissue distribution, 

cellular functions, primary structures, catalytic properties and responses to specific activators, 

inhibitors and effectors. The majority of the PDE families (PDE1, 2, 3, 10 and 11) are dual-

substrate and can hydrolyze both cAMP and cGMP although at different rates. On the contrary, 

PDE4, 7 and 8 are cAMP specific while PDE5, 6, and 9 only catalyze the hydrolysis of cGMP.
74

  

Most cells contain members of more than one PDE family, but in different amounts, 

proportions and subcellular locations. The cAMP- and cGMP-signalling systems regulate a vast 

number of physiological processes, including cell proliferation and differentiation, inflammation, 

visual transduction, gene expression, apoptosis and metabolic pathways such as steroidogenesis, 

insulin secretion, glycogenesis and glycogenolysis, lipogenesis and lipolysis.
75,76

 

Mammals PDEs share a great number of functional and structural characteristics. All of 

them present a lengthy N-terminus that may contain one or more structured domains, an 

unstructured C-terminus and a catalytic domain near to the C-terminus. The catalytic domain is 

quite conserved and present around 270 amino acids.
77

 The first crystal structure available was 

PDE4B in 2000.
78

 Nowadays, there are almost 100 PDE crystal structures available in the PDB 

containing not only human proteins, but also structures from different infectious agents such as 
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Vibrio cholerae,
79

 T. brucei
80

 or L. major.
81

 All PDE inhibitors that have been crystallized to date 

bind to the substrate binding pocket of the PDE catalytic domain. 

 

2.2.2 PDEs as therapeutic targets 

 

As discussed above, the ability of PDEs to regulate biochemical specific pathways 

throughout the body has allowed the pharmacological exploitation of PDEs as drug targets 

leading to the discovery of drugs with selective action against specific PDE isoforms. However, 

the first pharmacological investigations of phosphodiesterase (PDE) inhibitors were developed 

with non-selective PDE inhibitors belonging to the xanthine family isolated from coffee, cacao 

and tea.
82

 Xanthine derivatives, including theophylline and caffeine were clinically used for the 

treatment of asthma as bronchodilators, diuretics and inotropic agents.
83

 However, their side-

effect profile and their unfavourable benefit-risk ratio considerably blocked their therapeutic 

success. 

In the last decades, the development of selective PDE inhibitors in medicinal chemistry 

programs has allowed the approval of 13 selective PDE inhibitors for clinical use as 

pharmaceuticals agents. In this sense, the most remarkable ones include PDE3 inhibitors for 

cardiovascular disease
84

 such as cardiac failure or intermittent claudication, PDE4 inhibitors for 

respiratory indications including chronic obstructive pulmonary disease (COPD)
85

 and asthma and 

other inflammatory diseases
86

 and PDE5 inhibitors for erectile dysfunction and pulmonary 

hypertension.
87

 PDE10A inhibitors are being investigated for schizophrenia treatment.
88

 

Moreover, PDE inhibitors have also been explored as anticancer agents, antiparasitic compounds 

and for the treatment of neurodegenerative diseases.
89

 

 

2.2.3 PDEs in infectious diseases 

 

 The important amount of knowledge available on PDE structures, cellular functions and 

pharmacology has prompted the study of PDEs as potential drug targets for the treatment of 

infectious diseases, mostly in parasites.
1
 Many parasites, primarily protozoan, include one or 

several genes for PDEs in their genomes. Among these parasites, we can include Toxoplasma 

spp.,
90

 Giardia spp.,
91

 Plasmodium spp.
92

 or the kinetoplastida Trypanosoma spp.
93

 and 

Leishmania spp.
81 Comparative sequence analysis of their catalytic domains has demonstrated that 

PDEs from infectious agents are closely related to the hPDEs and higher related among them 

(Figure 2.17).
1
 

https://en.wikipedia.org/wiki/Intermittent_claudication
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Figure 2.17. Tree of different human and infectious agents PDEs according to their catalytic 

domain sequence.
1
 

 

These PDEs are at different stages of the validation process as drug targets. One of the 

targets that has been validated up to now is the PDE from Trypanosoma brucei (TbrPDEB). In 

this sense, it was demonstrated that TbrPDEB1 and TbrPDEB2 disruption increases intracellular 

cAMP and induces complete trypanosome cell lysis, both in culture and in vivo
94

 being essential 

for virulence. Also, they were pharmacologically validated as potential drug targets causing the 

inhibition of cell proliferation, and cell death.
93

 In addition, the Trypanosoma cruzi PDEC 

(TcrPDEC) has been studied as a potential drug target in Chagas disease.
95

 According to previous 

studies, it was found a correlation between inhibition of TcrPDEC activity and amastigote growth 

inhibition. Moreover, it was also found the effect of some compounds on increasing the 

intracellular concentration of cAMP in amastigotes.
96

  

Also, it has been shown in the malaria parasite P. falciparum the importance of PDEs and 

the regulation of cyclic nucleotides levels. Among other effects, disruption of PfPDEɗ gene and 

increased levels of cGMP cause aberrant phenotype during sexual development gametogenesis 

severely reducing the ability to undergo this process.
97

 Moreover, the increase of cGMP levels in 

a PDE expressed in the merozoite stage of the parasite by a specific PDE inhibitor led to the 
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premature egress of merozoites, thus disrupting the continuous cycles of reinvasion and 

multiplication.
98

 Furthermore, genetic deletion of PDEγ in P. yoelii, the rodent malaria pathogen, 

blocked sporozoite motility, an essential stage in parasite transmission.
99

 

Regarding Giardia lamblia, PDEs could also play a vital role in the development of this 

parasite.
91

 Some studies suggest an important role of cyclic nucleotide levels in trophozoite 

motility and the cellular activation of excystation
100

 as well as implications in the development of 

the encystment process.
101

 

Despite the high similarity of the PDEs catalytic domains between the parasites and the 

host, structural information shows interesting pathogens-specific features that could be exploited 

for the design of specific compounds for the pathogen. In this sense, medicinal chemistry 

programs combined with these characteristics have successfully allowed the development of 

chemical series of pathogen-specific PDEs inhibitors targeting these specific features.
102

 In this 

context, there is a structural attribute, the so-called parasite-specific pocket (p-pocket) that might 

lead to selectivity. This subpocket is considered as an expansion of the catalytic site and is absent 

in hPDEs. For this reason, it presents a great interest for the development of parasite-selective 

inhibitors.
1
 This pocket was first described in Leishmania major PDEB1 (LmjPDEB1) crystal 

structure (2R8Q)
80

 and subsequently observed in TcrPDEC (3V93, 3V94)
95

 and TbrPDEB1 

(4I15)
80

 structures, showing methionine and glycine or glycine and serine as gating residues in the 

structure. However, this pocket, as commented above, is inaccessible in hPDEs due to the 

presence of different gating residues that make the distance between the gating residues shorter. 

In spite of the fact that the catalytic domains of hPDEs present a high degree of structural 

similarity among them, the drugs that are used in clinical practice are highly selective towards one 

family. This fact demonstrates that the development of highly selective inhibitors of their 

respective target PDE has been possible using different medicinal chemistry approaches. In this 

context the main objectives regarding PDEs in infectious agents are: 

1. Identification of molecules that present antileishmanial activity and exert its action 

through a PDE mediated mechanism.  

2. Exploration of PDEs in S. mansoni as a novel approach for the treatment of 

schistosomiasis. 

3. Study of PDE RegA in A. castellanii as a potential drug target for the identification 

of novel antiamoebic drugs. 
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2.2.4 Searching for Leishmania PDE inhibitors 

 

2.2.4.1 Introduction 

 

In a similar way to other kinetoplastids, the L. major genome encodes five PDEs: 

LmjPDEA, LmjPDEB1, LmjPDEB2, LmjPDEC and LmjPDED.
103

 It was shown that LmjPDEA, 

LmjPDEB1, LmjPDEB2 were able to complement the PDE-defective S. cerevisiae strain being 

LmjPDEB1 and LmjPDEB2 cAMP-specific. However, the activity of LmjPDEA was lower, 

prioritizing the LmjPDEB1 and LmjPDEB2 enzymes as potential drug targets.
104

 Moreover, a 

preliminary target validation was performed; in this study it was revealed that promastigote 

proliferation and infection of macrophages were blocked by high concentrations of non-selective 

PDE inhibitor dipyridamole.
105

 Also, modulation of intracellular cAMP resulted in the blockage 

of cell cycle progression and induction of resistance against oxidative damage. Therefore, the 

importance of cAMP response in the life cycle and infectivity of the Leishmania parasite was 

revealed.
106

  

Moreover, three commercial PDE inhibitors, dipyridamole, a non-specific PDE inhibitor, 

etazolate, PDE4 specific inhibitor, and trequinsin, a highly potent PDE3 inhibitor,
104

 were able to 

present a moderate activity in the enzymes LmjPDEB1 and LmjPDEB2. They were further tested 

to assess their effect in vitro inhibiting the macrophage infection and the proliferation of L. major 

promastigotes in the culture in the micromolar range. Very similar EC50 values were also obtained 

when the same compounds were used with L. infantum amastigotes, indicating that both life cycle 

stages are similarly sensitive to these inhibitors. In combination, these results suggest the fact that 

the PDEs in this pathogen organism are essential enzymes. However, due to the omission of direct 

demonstration of a cellular cAMP response,
104

 and the high inhibitor concentrations needed to 

show this effect, the ultimate validation as drug targets is still necessary.  

On the other hand, the catalytic domain of the LmjPDEB1 was characterized and its X-

ray crystal structure became available as a complex with the non-selective PDE inhibitor 3‐

isobutyl‐1‐methylxanthine (IBMX).
81

 The crystal structure is a dimer formed by two molecules of 

LmjPDEB1 and revealed a high degree of similarity with the catalytic site of hPDEs. However, a 

unique sub-pocket next to the active site was found. In the hPDEs this subpocket presents a lower 

volume being isolated from the active site by two gating residues, blocking the entrance to the 

inhibitors. In LmjPDEB1, this domain is between residues Met874 and Gly886, which act as 

gating residues of the parasite-specific pocket (p-pocket) and presents a wide separation between 

Cα of both residues, leaving the subpocket widely open and fully accessible. Due to the absence 

of this subpocket in the hPDEs, targeting this pocket may lead to the design of parasite-selective 

inhibitors. 
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In the present study, we have selected hPDE inhibitors as pharmacological tools to be 

evaluated and subsequently validate leishmanial PDEs as potential drug targets. 

 

2.2.4.2 In vitro activity 

 

Initially, a small focused library containing 30 chemically diverse human cAMP PDE 

known inhibitors, specifically PDE7A and PDE10A inhibitors, from our in-house chemical 

library
68

 was selected aiming at the identification of novel scaffolds for inhibition of protozoan 

PDEs. They were tested in a primary screening for in vitro activity being evaluated 

phenotypically against a panel of three pathogenic trypanosomatids: T. brucei, T. cruzi and L. 

infantum in the group of Prof. Maes at LMPH in the University of Antwerp (Belgium). 

Cytotoxicity evaluation was carried out in mammalian cell lines, being assessed on human lung 

fibroblasts (MRC-5) and primary peritoneal mouse macrophages (PMM). The evaluation of the 

first selection included different heterocyclic compounds with low MW and several scaffolds such 

as quinazolines,
107

 furans,
108

 iminothiadiazoles,
109

 sulfides
110

 and imidazoles
111

 (Figure 2.18).
  

From this first selection, most of the compounds were not toxic against human MRC-5 

cells. Regarding their antiprotozoal activity, the quinazolines, furans, iminothiadiazoles and 

sulfides families did not show promising activity as antiprotozoal agents. On the other hand, the 

compounds that present the imidazole scaffold showed some inhibitory potential as antiprotozoal 

agents with reasonably good selectivity profile considering their toxicity in human MRC-5 cells, 

being some of them not toxic (Table 2.7). The finding that molecules containing an imidazole 

scaffold with several phenyl substitutions such as compounds MBC-12, MBC-13 or MBC-14, 

showed inhibition of trypanosomatid growth led us to further explore this chemical family and 

validate this core as an interesting scaffold in this program. For this purpose, a larger imidazole-

focused library containing 62 related imidazole compounds from our MBC library was selected 

and evaluated in the same phenotypic panel in a second step (Table 2.8). Reference compounds 

for L. infantum and T cruzi, miltefosine and benznidazole respectively present an IC50 activity of 

around 7 μM and 3 μM, as it is shown in Table 2.7. On the other hand, the reference compound 

for T. brucei was suramine with an IC50 of 30 nM. 
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Figure 2.18. Chemical structures of the different hPDE inhibitors initially tested in the in vitro 

antiparasitic assay. 
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Table 2.7. In vitro antiparasitic activities of imidazole-like hPDE10A inhibitors. 

 

   IC50 (µM) 

Compd. R
1
 R

2
 R

3
 R

4
 MRC-5 T. cruzi L. Inf T. brucei PMM 

MBC-12 3,4-diCF3-Ph 4-OMe-Ph H H 15.38 6.15 32.22 2.01 - 

MBC-13  2-Cl-Ph 4-Br-Ph 4-Br-Ph H > 64.00 2.25 50.80 2.17 - 

MBC-14  2-Br-Ph 4-OMe-Ph 4-OMe-Ph H > 64.00 7.27 14.31 7.50 32.00 

MBC-15  4-Cl-Ph 4-OMe-Ph H H 19.85 17.78 26.39 29.58 32.00 

MBC-16  H 4-Br-Ph 4-Br-Ph H 42.55 > 64.00 32.46 > 64.00 32.00 

MBC-17  2-Br-Ph 4-Br-Ph 4-Br-Ph H > 64.00 17.99 > 64.00 8.12 > 64.00 

MBC-18  Ph Ph Ph Me 50.63 8.17 20.59 20.24 > 64.00 

Benznidazol - - - - - 2.98 - - - 

Miltefosine - - - - - - 7.13 - - 

Suramine        0.03  
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Table 2.8. In vitro antiparasitic activities of imidazole derivatives from MBC library. 

   
 

     IC50 (µM) 

Compd. R
1
 R

2
 R

3
 R

4
 MRC-5 T. cruzi L. Inf T.brucei PMM 

MBC-19  2-OMe-Ph 4-Br-Ph 4-Br-Ph H > 64.00 > 64.00 48.23 > 64.00 48.00 

MBC-20  3-Cl-Ph 4-Br-Ph 4-Br-Ph H 45.79 > 64.00 7.46 2.03 8.00 

MBC-21  4-Cl-Ph 4-Br-Ph 4-Br-Ph H > 64.00 > 64.00 20.28 > 64.00 20.00 

MBC-22  Ph 4-Br-Ph 4-Br-Ph H > 64.00 > 64.00 48.23 > 64.00 48.00 

MBC-23  2,4-diOMe-Ph 4-Br-Ph 4-Br-Ph H > 64.00 7.65 5.17 11.73 > 64.00 

MBC-24  2,5-diOMe-Ph 4-Br-Ph 4-Br-Ph H > 64.00 17.82 15.05 14.06 > 64.00 

MBC-25  2-OMe-Ph 4-Br-Ph 4-Br-Ph Bn > 64.00 6.82 6.68 8.08 48.00 

MBC-26  2-Cl-Ph 4-Br-Ph 4-Br-Ph Bn > 64.00 14.25 9.44 8.08 36.00 

MBC-27  2,4-diOMe-Ph 4-Br-Ph 4-Br-Ph Me 36.41 51.31 18.76 8.20 32.00 

MBC-28  2,5-diOMe-Ph 4-Br-Ph 4-Br-Ph Et > 64.00 18.72 16.47 32.46 48.00 

MBC-29  2-Cl-Ph 4-OMe-Ph 4-OMe-Ph H > 64.00 7.88 16.51 7.05 32.00 

MBC-30  2-OMe-Ph 4-OMe-Ph 4-OMe-Ph H > 64.00 > 64.00 48.23 > 64.00 48.00 
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     IC50 (µM) 

Compd. R
1
 R

2
 R

3
 R

4
 MRC-5 T. cruzi L. Inf T.brucei PMM 

MBC-31  Ph 4-OMe-Ph 4-OMe-Ph H 6.33 8.14 5.91 6.63 48.00 

MBC-32  2-OMe-Ph 4-OMe-Ph 4-OMe-Ph Bn > 64.00 4.61 6.69 7.82 36.00 

MBC-33  2-Cl-Ph 4-OMe-Ph 4-OMe-Ph Bn > 64.00 5.12 5.15 8.08 48.00 

MBC-34  Ph Ph Ph H 52.53 > 64.00 > 64.00 > 64.00 > 64.00 

MBC-35  Ph Ph Ph Et 31.23 47.44 42.12 48.34 > 64.00 

MBC-36  Ph Ph H H 55.13 47.86 > 64.00 > 64.00 > 64.00 

MBC-37  2,4,5-triOMe-Ph Ph H H 19.35 39.20 29.86 25.27 32.00 

MBC-38  2,4-diOMe-Ph Ph H H 16.60 49.45 35.25 31.00 48.00 

MBC-39  2,5-diOMe-Ph Ph H H 28.92 33.26 48.23 27.63 48.00 

MBC-40  2-OMe-Ph Ph H H 30.71 50.64 32.82 58.91 48.00 

MBC-41  3-Me-Ph Ph H H 30.36 29.50 20.32 27.34 32.00 

MBC-42  4-F-Ph Ph H H 21.89 48.34 32.46 25.62 32.00 

MBC-43  4-Me-Ph Ph H H 10.57 28.84 29.86 24.97 32.00 

MBC-44  2-Cl-Ph Ph H H 37.24 49.15 48.23 > 64.00 48.00 

MBC-45  3-Me-Ph Ph H Bn > 64.00 20.29 26.71 29.56 > 64.00 

MBC-46  4-Me-Ph Ph H Bn 49.34 7.04 20.38 8.20 32.00 

MBC-47  2,4,5-triOMe-Ph Ph H Bn 29.04 18.62 12.03 32.46 48.00 
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     IC50 (µM) 

Compd. R
1
 R

2
 R

3
 R

4
 MRC-5 T. cruzi L. Inf T.brucei PMM 

MBC-48  2-Cl-Ph Ph H Bn 28.53 7.84 53.53 8.34 > 64.00 

MBC-49  Ph 2-naphtyl H H 35.26 54.94 36.05 > 64.00 36.00 

MBC-50 Ph 4-OMe-Ph H H 13.94 31.82 48.23 37.48 48.00 

MBC-51  
 

4-OMe-Ph H H 4.93 11.49 20.28 25.00 20.00 

MBC-52  
 

4-Br-Ph H H 7.16 7.95 20.28 8.07 20.00 

MBC-53  Ph 4-Br-Ph H H 5.47 8.54 48.23 26.51 48.00 

MBC-54  2-Pyr 4-Br-Ph H H > 64.00 4.68 14.61 14.85 48.00 

MBC-55  3,5-diCF3-Ph 4-Br-Ph H H 3.52 5.46 2.05 1.99 5.00 

MBC-56  4-Cl-Ph 4-Cl-Ph H H 10.15 8.72 20.32 9.42 32.00 

MBC-57  4-Cl-Ph 4-Cl-Ph H Bn > 64.00 9.13 20.28 9.78 48.00 

MBC-58  Ph 4-Cl-Ph H Bn 61.58 7.69 16.51 8.08 32.00 

MBC-59  3,5-diCF3-Ph 3-Pyr H H > 64.00 > 64.00 48.23 2.05 48.00 

MBC-60  H 4-OMe-Ph 4-OMe-Ph H 5.90 46.34 > 64.00 > 64.00 > 64.00 

MBC-61  H Me Ph H > 64.00 > 64.00 > 64.00 > 64.00 > 64.00 

MBC-62  H Ph Ph H > 64.00 > 64.00 > 64.00 > 64.00 > 64.00 

MBC-63  H Ph Ph Me > 64.00 48.73 35.56 > 64.00 48.00 
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     IC50 (µM) 

Compd. R
1
 R

2
 R

3
 R

4
 MRC-5 T. cruzi L. Inf T.brucei PMM 

MBC-64  H Ph Ph Et 25.83 46.49 32.46 > 64.00 32.00 

MBC-65  H Ph Ph Bu 32.34 22.87 23.70 32.45 48.00 

MBC-66  H Ph Ph CH2-4-Cl-Ph > 64.00 4.46 48.00 8.11 > 64.00 

MBC-67  H Ph Ph CH2-4-CF3-Ph > 64.00 15.68 42.16 9.04 48.00 

MBC-68  H Ph Ph CH2-2-Cl-Ph 14.07 18.16 > 64.00 26.95 > 64.00 

MBC-69  H Ph Ph Bn 12.62 19.59 38.35 23.24 > 64.00 

MBC-70  H Ph Ph CH2-biPh 6.74 7.87 36.05 20.75 36.00 

MBC-71  H Ph Ph CH2-4-Pyr 44.43 47.38 48.23 32.72 48.00 

MBC-72  H Ph Ph CH2-3-Cl-Ph 8.03 20.45 42.16 8.17 48.00 

MBC-73  H Ph Ph CH2-4-SMe-Ph > 64.00 > 64.00 > 64.00 > 64.00 > 64.00 

MBC-74  H Ph Ph CO-Ph > 64.00 > 64.00 48.23 > 64.00 48.00 

MBC-75  H Ph Ph CH2-3,4-diCF3-Ph 6.17 4.99 8.65 8.05 20.00 

MBC-76  H 4-Br-Ph H H > 64.00 47.02 > 64.00 > 64.00 > 64.00 

MBC-77  H 4-Br-Ph H Bn > 64.00 47.83 49.28 32.57 > 64.00 

MBC-78  H 4-Br-Ph H CH2-3,4-diCF3-Ph > 64.00 > 64.00 > 64.00 8.67 > 64.00 

MBC-79  H Ph H Bn 48.85 48.75 48.23 58.43 48.00 

MBC-80  H 4-F-Ph H Bn 19.99 48.17 45.63 32.34 48.00 
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After the biological evaluation of the complete focused library, four imidazole-based 

compounds MBC-23, MBC-33, MBC-54, MBC-66, were identified as promising hits because of 

their antiprotozoal activity. They presented potent in vitro activity against L. infantum 

intracellular amastigotes or T. cruzi and all of them were non-toxic to MRC-5 human cells (IC50 > 

64 µM) showing a selectivity index > 12 (Figure 2.19). Compounds MBC-54 and MBC-66 

showed an IC50 value in the same range than benznidazole (IC50 = 3.18 µM)
112

 against T. cruzi, 

while MBC-23 and MBC-33 confirmed its activity against L. infantum with IC50 values below the 

one displayed by the reference drug miltefosine (IC50 = 7.56 µM).
112

  

 

 

Figure 2.19. Hits obtained from the evaluation of the different hPDE inhibitors. 

 

2.2.4.3 Metabolic stability 

 

Metabolic stability of compounds is a critical issue in early development drug discovery. 

Assessing metabolic stability will allow prioritization of molecules for progression into the drug 

discovery process
113

 and directly support further in vivo experiments in animal models. In this 

project and in order to evaluate the suitability of the hits for further in vivo evaluation, the in vitro 

metabolic stability was assessed using mouse S9 microsomal fraction at the University of 

Antwerp (Belgium). The promising imidazole derivatives identified in the phenotypic assay were 

exposed to mouse S9 microsomal fractions to investigate their metabolic stability through Phase-I 

metabolism and Phase-II metabolism (Table 2.9).  

Regarding T. cruzi hits MBC-54 and MBC-66, they are both extensively metabolized 

through Phase-I metabolism with 5% and 24% of drug remaining respectively after 15 min. 

Phase-II metabolism was less extensive with 82% and 66% remaining after 15 min and around 

50% after 60 min. Thus, they are metabolically unstable in the presence of mouse S9 microsomal 

fractions. Therefore, these compounds are not suitable for in vivo follow-up in the T. cruzi mouse 
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model. Taking into account the L. infantum hits MBC-23 and MBC-33, no extensive Phase-I nor 

Phase-II metabolism could be demonstrated, indicating satisfactory metabolic stability hence they 

are suitable for in vivo follow up in the L. infantum mouse model. A reference drug was used in 

the study, diclofenac, showing extensive Phase-I and -II metabolism, confirming that the assay 

functioned properly.  

 

Table 2.9. Metabolic stability results of hit compounds. 

 % Parent compound remaining 

Phase 

I/II 

Time 

(min) 

MBC-23    

(n = 3) 

MBC-33    

(n = 3) 

MBC-54   

(n = 3) 

MBC-66    

(n = 3) 

Diclofenac 

(n = 3) 

Avg SD Avg SD Avg SD Avg SD Avg SD 

CYP450-  

NADPH 

(Phase I 

metab) 

0 

15 

30 

60 

100 

103 

100 

81 

- 

3.6 

0.5 

2.0 

100 

128 

109 

168 

- 

24.6 

25.8 

79.5 

100 

5 

2 

2 

- 

0.8 

0.2 

0.2 

100 

24 

4 

2 

- 

11.5 

2.8 

1.5 

100 

83 

68 

61 

- 

22.7 

20.5 

20.4 

 

UGT  

Enzymes 

(Phase II 

metab) 

0 

15 

30 

60 

100 

102 

99 

104 

- 

9.4 

9.4 

10.8 

100 

90 

76 

62 

- 

9.2 

25.6 

19.3 

100 

82 

64 

53 

- 

3.0 

9.3 

9.9 

100 

66 

59 

50 

- 

20.8 

26.9 

28.7 

100 

35 

38 

51 

- 

5.9 

2.1 

27.8 

 

2.2.4.4 Computational studies 

 

Once compounds MBC-23 and MBC-33 were selected as antileishmanial hits with a good 

metabolic stability profile, computational studies were performed to study their binding mode in 

the enzyme. First, taking into account that the only structure available is the LmjPDEB1 and due 

to the fact that the in vitro experiments were performed in L. infantum, we analyzed both 

sequences using sequence alignment. In order to assess whether homology modeling studies were 

necessary, the sequence similarity between both enzymes was studied. As it is shown in Figure 

2.20, the catalytic domains of both sequences are almost identical and present more than 97% 

identity, being the most important residues conserved. In this context, all the residues in the p-

pocket are conserved, as it is highlighted in green in Figure 2.20. Also, the most important 

described residues for the ligand binding in the catalytic site are also conserved and highlighted in 

cyan such as the catalytic glutamine and two important phenylalanines.
75,77

 Furthermore, most of 
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the mutations that are observed in these sequences involve residues that are very similar between 

them, such as changes of a glutamic acid instead of an aspartic acid. With these results in mind, it 

is possible to conclude that homology modeling studies are not necessary, validating at the same 

time the use of LmjPDEB1 for the computational studies.  

 

A4HWN7|LEIIN  TPEEREAVMSIDFGDAYDFTSPDFNLFEVREKYSEPMDAAAGVVYNLLWSSGLPEKFGCR 660 

Q6S996|LEIMA  TPEEREAVMSIDFGGAYDFTSPGFNLFEVREKYSEPMDAAAGVVYNLLWNSGLPEKFGCR 660 

              **************.*******.**************************.********** 

 

A4HWN7|LEIIN  EQTLLNFILQCRRRYRRVPYHNFYHVVDVCQTLHTYLYTGKASELLTELECYVLLVTALV 720 

Q6S996|LEIMA  EQTLLNFILQCRRRYRRVPYHNFYHVVDVCQTLHTYLYTGKASELLTELECYVLLVTALV 720 

              ************************************************************ 

 

A4HWN7|LEIIN  HDLDHMGVNNSFYLKTDSPLGILSSASGNNSVLEVHHCSLAIEILSDPAADVFEGLSGQD 780 

Q6S996|LEIMA  HDLDHMGVNNSFYLKTDSPLGILSSASGNNSVLEVHHCSLAIEILSDPAADVFEGLSGQD 780 

              ************************************************************ 

 

A4HWN7|LEIIN  VAYAYRALIDCVLATDMAKHADALSRFTELATSGFDKENEAHRRMVMETLIKAGDVSNVT 840 

Q6S996|LEIMA  VAYAYRALIDCVLATDMAKHADALSRFTELATSGFEKDNDTHRRLVMETLIKAGDVSNVT 840 

              ***********************************:*:*::***:*************** 

 

A4HWN7|LEIIN  KPFETSRMWAMAVTEEFYRQGDMEKEKGVEVLPMFDRSKNNELARGQIGFIDFVAGKFFR 900 

Q6S996|LEIMA  KPFETSRMWAMAVTEEFYRQGDMEKEKGVEVLPMFDRSKNNELARGQIGFIDFVAGKFFR 900 

              ************************************************************ 

 

A4HWN7|LEIIN  DIVGNLFHGMQWCVDTVNSNRAKWQEILDGRRDSTRSSIV 940 

Q6S996|LEIMA  DIVGNLFHGMQWCVDTVNSNRAKWQEILDGRRDSIRSSIV 940 

              ********************************** ***** 

 

Figure 2.20. Sequence alignment between PDEs from L. major and L. infantum. In green it is 

highlighted the p-pocket region and in cyan key residues for the ligand binding in the catalytic 

pocket are remarked. 

 

In order to study whether these compounds are able to bind the PDE of Leishmania and 

the potential binding mode of the imidazoles MBC-23 and MBC-33 in the LmjPDEB1, docking 

studies were carried out. The docking studies were centered at the active site of the catalytic 

domain, specifically on the key invariant Gln887 of the catalytic site in order to assess the most 

likely mechanism of action for these compounds. According to docking results, it is obtained a 

clearly defined clustering of the ligand conformations for compound MBC-23. More than 90% of 

the binding poses are grouped in 2 different clusters with a very good binding energy profile 

presenting both of them energies lower than -9.0 kcal/mol, and even lower than -10.0 kcal/mol for 

the best cluster. For this reason, the best pose in terms of binding energy of cluster 1 was selected 

for further studies. In the case of compound MBC-33, a more fragmented clustering is obtained. 

However, two clearly defined clusters are the most populated ones and present the best binding 

poses in terms of energy, having both of them binding energies lower than -9.0 kcal/mol and even 

the best cluster values lower than -9.5 kcal/mol. For compound MBC-33, cluster 1 was also 

selected as the most representative one, since it was the most populated and the one that presented 
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the best poses in terms of binding energy. For both compounds, the best conformations bind the 

catalytic site of the enzyme, making key interactions with residues of the cavity such as Gln887, 

Phe857 and Phe890 that allow the formation of a stable protein-ligand complex. The high 

hydrophobicity in the pocket mainly due to the presence of aromatic residues, combined with the 

high number of phenyl rings in the molecules, makes aromatic interactions critical for the ligand-

protein binding process.  

Compound MBC-23 is able to make a hydrogen bond interaction between the NH of the 

imidazole ring and the carbonyl moiety of the Gln887 side chain. Also, both compounds that 

present several phenyl substituents are able to make critical aromatic interactions with two 

residues of phenylalanine that are present in the catalytic site. Furthermore, the best docking 

results in both complexes analyzed, for imidazoles MBC-23, MBC-33, suggest that these 

compounds are able to target the parasite-specific pocket. The entrance to this pocket is accessible 

between the gating residues Met874 and Gly886 for both compounds, allowing the interaction. 

The docking studies show that the methoxyphenyl substituent of both imidazole derivatives is 

able to enter in the p-pocket, as it is shown in Figure 2.21. 

In order to confirm the binding mode found in the docking studies and with the aim of 

investigating the stability of the complex in a dynamic and physiologic environment, molecular 

dynamics were performed (Figure 2.22). Also, the possibility of targeting the specific p-pocket in 

the enzyme was further evaluated. As starting point for the molecular dynamics studies the best-

ranked conformation of MBC-23 in the docking studies shown in Figure 2.21 was selected, since 

both compounds are similar and MBC-23 present a higher activity. The interactions were 

monitored during the complete simulation time to analyze the binding mode in detail, revealing 

this data the stability of the complex in physiological conditions. Most of the key interactions 

found in the docking pose were maintained throughout the run time, confirming that the hydrogen 

bond with Gln887 and the aromatic interactions with Phe857 and Phe890 are critical for providing 

the stability of the complex. During this simulation process, it was also possible to identify some 

interactions with hydrophobic residues from the hydrophobic clamp. It is important to remark that 

the p-methoxy phenyl substituent is maintained inside the p-pocket during the simulation. 

Furthermore, the methoxy group during the simulation is able to make a hydrogen bond with the 

lateral chain of a residue inside the p-pocket, Asn881. This interaction is reached as early as 

nanosecond 5 of the simulation, and is maintained during the rest of the simulation process being 

able to make the complex more stable.  
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Figure 2.21. Superposition of best poses for both imidazole hits, compound MBC-23 is depicted 

in blue and compound MBC-33 is depicted in yellow. A zoom shows in detailed the binding 

mode of both imidazole-based compounds. The circle highlights the p-pocket region.  

 

We observe in Figure 2.22A that the interaction with the Asn881 is present during around 

the 80% of the simulation time. In this sense, it is possible to conclude that the compounds are 

able to target the LmjPDEB1, making stable complexes through critical interactions validated by 

molecular dynamics studies. Moreover, it is proposed that compounds are also able to target the 

parasite specific pocket. These interactions with the p-pocket might be crucial for specificity over 

hPDEs opening new avenues for the specific design and synthesis of PDE parasitic inhibitors. On 

the other hand, analyzing the number of contacts between the ligand and the different residues in 

the active site (Figure 2.22B), it is possible to observe the evolution of the interactions during the 

simulation. From this data, we can establish that the most important residues are the aromatic 

Tyr680, Phe857 and Phe890 and the residues that mediate hydrogen bond interactions Gln887 and 

Asn881. 
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Figure 2.22. A) Interactions fraction found during the molecular dynamics simulations of the 

complex between LmjPDEB1 and best pose obtained for compound MBC-23 in the docking 

studies. B) Number of the different contacts found during the simulation. 

 

 

B) 

A) 
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2.2.4.5 cAMP studies 

 

In order to experimentally verify whether the effect of the imidazole derivatives was 

indeed the result of PDE inhibition in the parasite, the cellular cAMP levels were further 

investigated in the group of Prof. de Koning at the University of Glasgow (United Kingdom). For 

that purpose, intracellular cAMP levels in L. infantum promastigotes were measured to observe if 

the presence of the imidazole derivatives induced any changes. cAMP response was tested at a 

concentration corresponding to 2× and 5× its IC50 value. The experiment was performed on 

promastigotes due to the fact that it is not possible to measure cAMP levels from intracellular 

amastigotes. In amastigotes, cAMP content can be either masked by that of the host cells, or it is 

impossible to obtain enough number of amastigotes from the infected animals without some host 

cell contamination. The chosen concentrations had no effect on promastigote viability over the 3 h 

of the experiment. Phtalazinone derivative NPD0001, a potent known inhibitor of TbrPDEB1 and 

TbrPDEB2
93,114

 was used in the assay as positive control for a strong cAMP response. Consistent 

with the expectation, the imidazole derivative induced a significant and dose-dependent increase 

in cellular cAMP levels in the promastigotes (Figure 2.23). Moreover, the cAMP concentration 

with compound MBC-23 reached a similar level comparing with the potent reference inhibitor 

NPD0001. These results are coherent with inhibition of one or more PDEs in the same 

concentration range as its antileishmanial effects.  

 

 

Figure 2.23. Intracellular cAMP in L. infantum promastigotes after 3 h of incubation (n = 3). 

Imidazole compound MBC-23 was used at 2x and at 5x the IC50 concentration of 5.17 µM. 
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2.2.4.6 In vivo studies 

 

Based on the in vitro data, both phenotypic and metabolic stability studies, and their 

possible interaction with LmjPDEB1, according to the computational studies, compounds MBC-

23 and MBC-33 were selected for a proof-of-concept in vivo assessment. Metabolically stable 

imidazoles were advanced to the L. infantum-infected mouse model. Both compounds were 

administered orally in the L. infantum Balb/c mouse model at 50 mg/kg b.i.d. for 5 days, which 

can be considered optimal to assure maximal drug exposure. Amastigote burdens in the target 

organs liver and spleen were determined on day 16-17 of the experiment as it can be observed in 

Table 2.10. These experiments were carried out in the group of Prof. Maes at the University of 

Antwerp (Belgium). 

 

Table 2.10. In vivo activity of the imidazoles MBC-23 and MBC-33 in the L. infantum Balb/c 

mouse model (organ burdens and percentage of efficacy). 

Dosing group 

Liver amastigote burden Spleen amastigote burden 

Mean  SD LDU %Reduction Mean  SD LDU %Reduction 

G1                      

Vehicle: PEG 400 
618  30 - 16  3 - 

G2                      

Miltefosine                  

at 40 mg/Kg s.i.d. PO 

for 5 days 

7  2 98.9 1  0 96.1 

G3                           

Comp. MBC-33            

at 50 mg/Kg b.i.d. PO 

for 5 days 

418  56 32.4 10  2 38.9 

G4                         

Comp. MBC-23             

at 50 mg/Kg b.i.d. PO 

for 5 days 

393  28 36.4 7  1 57.0 

 

The results are expressed as Leishman Donovani Units (LDU = mean number of 

amastigotes per liver/spleen cell per milligram of liver/spleen). The vehicle-treated controls 

showed high amastigote burdens in the liver (LDU = 618  30) and lower burdens in the spleen 

(LDU = 16  3) due to the fact that the infection is primarily established in the liver around day 

14 post-infection. Oral miltefosine (40 mg/kg s.i.d. for 5 days) was used as reference compound 

and displayed excellent activity, parasite burdens in liver and spleen were reduced by 98.9% and 
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96.1% respectively. Upon oral dosing at 50 mg/kg b.i.d. for 5 days, parasite burdens in liver and 

spleen were reduced by 36.4% and 57.0% for MBC-23 and by 32.4% and 38.9% for MBC-33. 

Therefore, the in vitro hits present a moderate effect compared to miltefosine on the in vivo 

model, being slightly higher the activity profile of compound MBC-23. 

As a conclusion, this is the first time that a PDE inhibitor with confirmed correlation 

between in vitro antileishmanial activity and cAMP content shows to exhibit in vivo activity. 

Therefore, this fact constitutes an important step towards establishing Leishmania PDEs as drug 

targets.
115

 Furthermore, the moderate in vivo activity of the compounds might be a consequence of 

high lipophilicity of the compounds, mainly of compound MBC-33, that could lead to lower oral 

bioavailability. These results encourage further efforts towards optimization of the hit 

compounds. In this sense, imidazole derivatives can be regarded as promising hits to be further 

optimized in a hit-to-lead program to obtain new drug candidates for leishmaniasis with a known 

mechanism of action. For this reason and in order to improve drug-like properties, the 

pharmaceutical profile of the compounds enhance oral bioavailability, rational medicinal 

chemistry efforts are needed.  

 

2.2.4.7 Optimization of imidazole derivatives  

 

Considering the previous results, our aim here was to optimize the chemical family that 

contains an imidazole moiety, by the development of a medicinal chemistry program. The priority 

was to improve the pharmaceutical profile of the compounds to explore this chemical scaffold and 

develop molecules with better drug-like properties. In order to improve aqueous solubility, it was 

decided to increase the polarity of the molecules, designing a new series of related compounds 

containing a five-membered ring. The main aim was to reduce the number of aromatic rings in 

order to display a lower lipophilicity than the multiple phenyl substituents previously found in the 

molecules as substituents on the heterocyclic core. Also a polar group was introduced that will 

allow to connect the five-membered ring with the tail of the designed molecules.  

In this context, the medicinal chemistry strategy was based on retaining the five-

membered ring core, using either imidazole or thiazole with different substituents, mainly a 

phenyl derivative as substituent in position 4 and either no substituent or methyl group in position 

5. On the other hand, a polar 2-urea bridge was introduced with the objective of increasing the 

polarity and connecting the aromatic five-member ring with the other part of the molecule, which 

contains either aromatic or aliphatic tails with different substituents. With this aim in mind, a 

series of 11 new molecules, closely related to the original hit were obtained.  
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Scheme 2.1. Synthesis of substituted N-(thiazole-2-yl)urea 1-5 and N-(1H-imidazol-2-yl)urea 

derivatives 6-11. 
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These molecules were synthesized following a one-step procedure (Scheme 2.1). The 

synthetic approach to obtain these newly designed compounds used different substituted 

aminothiazole and aminoimidazole derivatives as starting material, together with diverse 

isocyanates. In this context, the corresponding urea derivatives (1-11) were easily synthesized in 

one step under microwave irradiation at 110-120 ºC using tetrahydrofuran (THF) as a solvent with 

low to moderate yields (Scheme 1). The thiazole derivatives were prepared at 120 ºC and 2 h. 

while imidazole derivatives reacted during 30 min at 110 ºC. As a result of this medicinal 

chemistry program, molecules containing a thiazole (1-5) or an imidazole (6-11) moiety as a five-

membered ring scaffold with diverse substituents were obtained. In position 2 of the 5-membered 

ring scaffold, it was always present a urea moiety that improved solubility profile and 

pharmaceutical properties, showing also fewer aromatic carbons in the structure. In the phenyl 

ring R
2
 substituent, either a halogen group, such as fluoride, chlorine and triflouromethoxy, or 

methyl substituent was present in p-position. On the other part of the molecule, connected by the 

urea with the five-member ring, there is usually a cycle, either aliphatic or aromatic with different 

substitutions, such as methoxy, fluoride, methyl or nitro mainly in p-position. All the compounds 

here prepared (1-11) were identified and characterized using analytical and spectroscopical data 

collected in the experimental section. 

 The activity of the five-membered ring compounds 1-11 was evaluated in an antiparasitic 

panel against T. brucei, T. cruzi and L. infantum parasites and their cytotoxicity assesses on 

human lung fibroblast (MRC-5) and primary cultures of peritoneal mouse macrophages (PMM) as 

it is shown in Table 2.11 in collaboration with the group of Prof. Maes at University of Antwerp 

(Belgium).  

 Among the newly synthesized compounds, thiazole derivatives 1-5 were not active against 

none of the parasites in the cellular assays. On the other hand, it was observed that the most 

interesting compound among the new derivatives is imidazole derivative 11 with an IC50 against 

intracellular β-galactosidase-transfected T. cruzi (Tulahuen- strain, DTU VI) of 7.08 μM. This 

compound also showed an interesting antiparasitic activity against L. infantum and T brucei with 

IC50 values of 11.73 μM and 6.78 μM respectively, being non-toxic for the human cells. Also 

other imidazole compounds 6, 8 and 9 showed some biological activity with values around 20 μM 

for L. infantum and T. cruzi. Remarkably, fluoride substituents seemed to be favorable for the 

biological activity against T. cruzi, such as in the most active derivative, 11, that presents a 

trifluoromethoxy substituent at position 4 of phenyl derivative R
2
 and a fluorine substituent at 

position 4 of the phenyl substituents in R
3
. Moreover, the activity of this compound was specific 

towards T. cruzi, displaying no toxicity against the mammalian cell lines. 
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Table 2.11. In vitro antiparasitic activities (IC50 values, µM) of new imidazole derivatives. 

Compd. MRC-5 T. cruzi L. infantum T. brucei PMM 

1  > 64.00 50.56 53.53 > 64.00 > 64.00 

2  > 64.00 > 64.00 57.40 > 64.00 > 64.00 

3  > 64.00 > 64.00 49.66 > 64.00 > 64.00 

4  > 64.00 > 64.00 48.23 > 64.00 48.00 

5  > 64.00 > 64.00 36.05 > 64.00 36.00 

6  19.48 24.48 32.34 32.34 48.00 

7  > 64.00 > 64.00 37.76 > 64.00 48.00 

8  20.86 25.97 19.89 8.17 48.00 

9  12.78 26.48 26.51 > 64.00 > 64.00 

10 > 64.00 > 64.00 32.46 > 64.00 32.00 

11  > 64.0 7.08 11.73 6.78 > 64.00 

 

From these results, it is possible to conclude that the replacement of the imidazole by a 

thiazole moiety leads to the absence of activity. On the other hand, the introduction of the polar 

urea group was well tolerated against T. cruzi activity. This fact together with the activity found in 

the fluorine related substituents is very encouraging for further exploring this chemical features 

using the imidazole scaffold to obtain additional compounds with an improvement in the drug-

like profile.
116

 In this sense, it will be possible to obtain lead compounds with activity against both 

trypanosomatids, L. infantum and T. cruzi.  

 

2.2.5 Searching for Schistosoma PDE inhibitors 

 

2.2.5.1 Introduction 

 

As discussed above, PDE inhibitors have been proposed as antiparasitic agents for an 

important range of protozoan infections due to the role of increased cAMP levels caused by the 

inhibition of the corresponding PDE.
1
 However, less is known about the cyclic-nucleotid 

signalling in helminths, although novel therapeutic approaches have been opened since the 
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identification of the full genome in S. mansoni.
117 

 It was reported the characterization of key 

proteins from this pathway in schistosomes.
118

 Several studies have described the important role 

of cAMP signalling in the parasite, such as the vital role of cAMP-dependent protein kinase A 

(PKA) in adult S. mansoni motor activity.
118

 In this sense, evidence for involvement of cAMP in 

ciliary function of snail-infective miracidial stage was found, and a cAMP-dependent protein 

kinase has been chemically shown to control ciliary motion.
119

 Also, the treatment of miracidia 

with adenylate cyclase (AC) modulators
120,121

 inhibited the transformation of miracidia to mother 

sporocysts. Furthermore, exposure of miracidia to the non-specific PDE inhibitor, IBMX, delayed 

transformation.
121

 

With the previous background in mind, in this study the approach was focused on the 

PDEs of S. mansoni (SmPDE). There are 10 main SmPDE enzymes (Smp_134140, Smp_141980, 

Smp_129270, Smp_134500, Smp_197150, Smp_146120, Smp_124250, Smp_135500, 

Smp_044060 and Smp_179590); all of them are expressed in several developmental stages of S. 

mansoni relevant to infection in humans (cercariae, schistosomules, and adult female and/or male 

worms). The enzyme SmPDE4A has been recently proposed as a potential druggable target for S. 

mansoni.
122

 In the same work, a family of benzoxaboroles was identified as potent inhibitors of 

SmPDE4A and the most potent ones also displayed a better bioactive profile against the 

schistosomules and adults stages of the parasite. It was confirmed SmPDE4A’s contribution to 

modulate worm motility and its relevance as molecular target which encouraged us to search new 

inhibitors of this enzyme. We followed a target-based strategy with the aim of discovering 

inhibitors of a cyclic nucleotide PDE of the helminth that can be useful as potential new drugs for 

schistosomiasis. In order to do this, the first objective was to generate homology models of this 

PDE that were subsequently used to virtually screen our in-house chemical library.
68

  

 

2.2.5.2 Homology modeling 

 

As no crystal structure of any of the known SmPDEs was available at the beginning of 

this work, homology modeling studies were carried out. They were developed with the aim of 

generating reliable SmPDE4A structural models and develop a confident three-dimensional 

structure using comparative modeling for further studies. The proteins selected for this 

comparison were hPDE4D2 (Q08499_HUMAN code), as it is the most closely related hPDE and 

PDEs from parasites that present crystal structure available in the PDB, LmjPDEB1 

(Q6S996_LEIMA code), TbrPDEB1 (Q8WQX9_9TRYP code) and TcrPDEC (Q53I60_TRYCR 

code). All these sequences were retrieved from Uniprot
123

 database with the previous mentioned 

accession codes. 
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The target protein sequence of SmPDE4A was also retrieved from UniProt, designated ID 

G4VPI6_SCHMA (GeneDB genomic sequence Gene ID: Smp_134140, http://www.genedb.org), 

which presents a total of 626 amino acids in its full-length sequence. This SmPDE isoform was 

selected since it was the closest to hPDE4 with greater similarity sequence and domain 

organization. Also, this isoform was the PDE that displayed a major relative abundance in the 

diffent stages of the parasite. Moreover, the choice of SmPDE4A was reinforced by its recent 

identification as a relevant target due to its role in parasite motility and degeneracy.
122

 In 

summary, as explained above, SmPDE4A was selected since it had been identified by chemical, 

biological and genetic approaches as a potential drug target for treating human schistosomiasis. 

The first step in the generation of the SmPDE4A homology model was the sequence 

alignment of the catalytic PDE domain of SmPDE4A (G4VPI6) with the catalytic domains of the 

potential templates: hPDE4D2, LmjPDEB1, TbrPDEB1 and TcrPDEC (Figure 2.24). The 

sequence alignment was performed with the aim of prioritizing those templates that present better 

characteristics for the homology modeling process. This multiple alignment step allowed us to 

further study the identity between the different enzymes and to identify important features such as 

potential mutations in critical residues that are present in the catalytic site. As a result of the 

catalytic domain sequence alignment analysis, hPDE4D2 was identified among the four PDEs, as 

the one that showed a higher similarity to SmPDE4A, with an amino acid identity between the 

two sequences of over 60%. On the contrary, the percentage sequence identity with the selected 

protozoan sequences was only approximately 30%. Furthermore, the binding site is quite 

conserved among all the sequences, particularly key residues such as catalytic invariant Gln553, 

(according to the numbering in SmPDE4A), Phe556 and metal binding residues such as His348, 

His384, Asp385 or Asp502 are maintained in all sequences (Figure 2.24). 

Another important feature that was further analyzed is related to the existence of the p-

pocket in the helminth PDE that is present in protozoan PDEs as previously discussed. Different 

PDEs, either human or protozoal PDEs, were considered for the study in order to assess the 

presence of the potential p-pocket.
79

 However, the p-pocket in TcrPDEC is displaced compared to 

the other protozoan structures because of the shorter length of the region between gating 

residues.
80,95

 For this reason, TcrPDEC was discarded as a template for the homology modeling 

process. Regarding SmPDE4A, it was observed that although a hypothetical p-pocket could be 

localized in the same area as L. major and T. brucei some key residues are not conserved in the 

helminthic PDE. For example, the presence of a serine residue instead of a glycine one is found at 

the gatekeeper position 552, as it is shown in Figure 2.24. In order to consider both hypotheses 

about the p-pocket, three models of SmPDE4A based on the alignment of the 3D structures of 

hPDE4D2, LmjPDEB1 and TbrPDEB1 were constructed, using SwissModel tool.
49

 The models 

http://www.uniprot.org/uniprot/G4VPI6
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were named according to the template that was used for the model building, model 1 was based 

on hPDE4D, model 2 in LmjPDEB1 and model 3 was based on TbrPDEB1. 

 

 

 

tr|G4VPI6|G4VPI6_SCHMA      ---------------GVETPNDNELEER--FSLCLDEWGVDIFEIDRLSNG--HALT---  

sp|Q08499|PDE4D_HUMAN       ---------------GVKTEQEDVLAKE---LEDVNKWGLHVFRIAELSGN--RPLT---  

tr|Q6S996|Q6S996_LEIMA      -------------IAVTPEEREAVMSIDFGGAYDFTSPGFNLFEVREKYSEPMDAAA---  

tr|Q8WQX9|Q8WQX9_9TRYP      -------------TAITKVEREAVLVCEL-PSFDVTDVEFDLFRARESTDKPLDVAA---  

tr|Q53I60|Q53I60_TRYCR      TRRLPPSIVQDTILAVVPPKS----CAAIGTDVDLRDWGFDTFEVASRVPSVLQSVAMHV  

                                           .                 . .  .. *.            :    

 

 

 

 

tr|G4VPI6|G4VPI6_SCHMA      TVAYRIFQKRDLLKTFCIDPHVFVRYLLRVESTYHADVPYHNSMHAADVLQTAHFLLQA-  

sp|Q08499|PDE4D_HUMAN       VIMHTIFQERDLLKTFKIPVDTLITYLMTLEDHYHADVAYHNNIHAADVVQSTHVLLST-  

tr|Q6S996|Q6S996_LEIMA      GVVYNLLWNSGLPEKFGCREQTLLNFILQCRRRYR-RVPYHNFYHVVDVCQTLHTYLYT-  

tr|Q8WQX9|Q8WQX9_9TRYP      AIAYRLLLGSGLPQKFGCSDEVLLNFILQCRKKYR-NVPYHNFYHVVDVCQTIHTFLYR-  

tr|Q53I60|Q53I60_TRYCR      ALAWDFFASQEEAQKW-------AFLVAAVENNYR-PNPYHNAIHAADVLQGTFSLVSAA  

                             :   ::      :.:          :   .  *:    ***  *..** *  .  :    

 

 

 

 

tr|G4VPI6|G4VPI6_SCHMA      EALDDVFSDLEILAVLFAAAIHDVDHPGVTNQFLINTGHELALQY---NDASVLENHHLY  

sp|Q08499|PDE4D_HUMAN       PALEAVFTDLEILAAIFASAIHDVDHPGVSNQFLINTNSELALMY---NDSSVLENHHLA  

tr|Q6S996|Q6S996_LEIMA      GKASELLTELECYVLLVTALVHDLDHMGVNNSFYLKTDSPLGILSSASGNNSVLEVHHCS  

tr|Q8WQX9|Q8WQX9_9TRYP      GNVYEKLTELECFVLLITALVHDLDHMGLNNSFYLKTESPLGILSSASGNTSVLEVHHCN  

tr|Q53I60|Q53I60_TRYCR      KPLMEHLTPLECKAAAFAALTHDVCHPGRTNAFLAAVQDPVSFKFSG---KGTLEQLHTA  

                                  :: **  .  .::  **: * * .* *   .   :.:        ..**  *   

 

 

 

 

tr|G4VPI6|G4VPI6_SCHMA      MAFKILTEKDCDIFANLGGKKRQTLRRMVIELVLATDMSKHMSLLADLRTMVETKKVSGS  

sp|Q08499|PDE4D_HUMAN       VGFKLLQEENCDIFQNLTKKQRQSLRKMVIDIVLATDMSKHMNLLADLKTMVETKKVTSS  

tr|Q6S996|Q6S996_LEIMA      LAIEILSDPAADVFEGLSGQDVAYAYRALIDCVLATDMAKHADALSRFTELAT-------  

tr|Q8WQX9|Q8WQX9_9TRYP      LAVEILSDPESDVFDGLEGAERTLAFRSMIDCVLATDMAKHGSALEAFLASAA-------  

tr|Q53I60|Q53I60_TRYCR      TAFELLNVTEFDFTSSMDNASFLEFKNIVSHLIGHTDMSLHSETVAKHGA------KLSA  

                             ..::*     *.  .:   .     . : . :  ***: * . :                

 

 

 

 

tr|G4VPI6|G4VPI6_SCHMA      GMLNLDNYADRIQILQNMIHCADLSNPAKPLRLYRKWTGRLIEEFFRQGDKERELSLEIS  

sp|Q08499|PDE4D_HUMAN       GVLLLDNYSDRIQVLQNMVHCADLSNPTKPLQLYRQWTDRIMEEFFRQGDRERERGMEIS  

tr|Q6S996|Q6S996_LEIMA      SGFEKDNDTHRRLVMETLIKAGDVSNVTKPFETSRMWAMAVTEEFYRQGDMEKEKGVEVL  

tr|Q8WQX9|Q8WQX9_9TRYP      DQ-SSDEAAFHRMTMEIILKAGDISNVTKPFDISRQWAMAVTEEFYRQGDMEKERGVEVL  

tr|Q53I60|Q53I60_TRYCR      GGFDCTCKEDRLEALSLLLHAADIGASSRGVAIARKWLV-ILQEFADQAEDERRRGLPVT  

                            .         :   :. :::..*:.  :: .   * *   : :**  *.: *:. .: :  

 

 

 

 

tr|G4VPI6|G4VPI6_SCHMA      PMCDRE-SVEVEKSQVSFIDFVCHPLWETWCDLVHPCAQLILDTLEDNRDWYECHIKES  

sp|Q08499|PDE4D_HUMAN       PMCDKH-NASVEKSQVGFIDYIVHPLWETWADLVHPDAQDILDTLEDNREWYQSTIP--  

tr|Q6S996|Q6S996_LEIMA      PMFDRSKNNELARGQIGFIDFVAGKFFRDIVGNLFHGMQWCVDTVNSNRAKWQEILDGR  

tr|Q8WQX9|Q8WQX9_9TRYP      PMFDRSKNMELAKGQIGFIDFVAAPFFQKIVDACLQGMQWTVDRIKSNRAQWERVLETR  

tr|Q53I60|Q53I60_TRYCR      PGFETP-- -QLFPSIEEPLHNLRKLRELYAAKAGVT  SSVEKSQIPFLDFFVIPTFDLLH

                            *  :     .: :.*: *:*:.    :           :  :. :.. *  :        

 

Figure 2.24. Sequence alignment of the catalytic domains of the potential templates for modeling 

SmPDE4A (G4VPI6_SCHMA, SmPDE4A; PDE4D_HUMAN, hPDE4D; Q6S996_LEIMA, 

LmjPDEB1; Q8WQX9_9TRYP, TbrPDEB1; Q53I60_TRYCR, TcrPDEC). The potential p-

pocket region is highlighted in green and key residues in the catalytic site are represented in cyan.  
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Once the models were built, an evaluation process and comparative analysis of the three 

novel three-dimensional structures was followed using different evaluation metrics and quality 

assessment parameters, as summarized in Table 2.12. The analysis of the different energetic and 

geometric parameters revealed that all the models had good evaluation metrics. Among these 

models, model 1 showed the best values considering Ramachandran plot with almost 98% of 

residues in favourable regions and Errat parameter with a value over 90%. On the other hand, 

model 3, built using TbrPDEB1 as template, was discarded due to both the similarity with model 

2 and the lower well-fitting values obtained from the Ramachandran plot analysis and Errat 

results among others. It presents an Errat value of 72.7% compared to the 79.8% of model 2. 

Regarding Ramachandran values, model 3 presents a slightly lower value of 94.7% compared to 

94.9% of model 2. Model 1 and model 2 were subsequently selected to carry out further 

computational studies. 

 

Table 2.12. Homology modeling summary: evaluation parameters and quality assessment 

analysis. 

Template 
Model 1 Model 2 Model 3 

3SL4 

(hPDE4D2) 

2R8Q 

(LmjPDEB1) 

4I15 

(TbrPDEC1) 

Identity (SM) 60.11% 31.87% 33.85% 

RMS(M/T) 0.12 2.03 3.76 

QMEAN 4 -2.06 -4.04 -8.92 

Ramachandran 

Favoured 97.9% 94.9% 94.7% 

Allowed 1.8% 3.7% 3.4% 

Outlier 0.3% 1.5% 1.9% 

Verify 3D 
Min 0.06 0.1 -0.07 

Max 0.66 0.59 0.63 

Z-score -8.32 -7.06 -6.3 

Errat 90.85% 79.78% 72.69% 

 

Three-dimensional alignment comparison between model 1 (template hPDE4D2) and 

model 2 (template LmjPDEB1) revealed a RMSD value of 1.07 between both structures 

indicating that both proteins are structurally very similar. A visual inspection also showed a very 
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similar topological folding and correspondence of the helixes (Figure 2.25). Moreover, the 

characteristic hydrophobicity of the catalytic pocket of the PDEs is conserved and consists of an 

important cluster of both hydrophobic and aromatic residues (Tyr343, His344, His348, His384, 

Met457, Tyr513, Leu520, Phe524, Phe525, Met541 and Phe556). The main difference between 

both structures lies in slightly dissimilarities in distances between gating residues (Met541 and 

Ser552) of the potential p-pocket in the range of 2 Å. These results in model 2, suggest the 

existence of the characteristic p-pocket, slightly smaller than in LmjPDEB1. On the contrary, in 

model 1 the subpocket is almost as inaccessible as it is in the hPDE4 structure. Full details 

regarding distances between gating residues in the p-pocket can be found in the Table 2.13. 

 

Table 2.13. Distance between gating residues in the p-pocket in the crystals used as templates and 

the models. 

Protein 
3SL4 

(hPDE4D2) 

Model 1 

(SmPDE4A) 

Model 2 

(SmPDE4A) 

2R8Q 

(LmjPDEB1) 

dCα-Cα (Å) 
Met357-Ser368 

7.0 

Met541-Ser552 

7.1 

Met541-Ser552 

7.5 

Met874-Gly886 

7.5 

dCα-O (OH) (Å) 
Met357-Ser368 

4.7 

Met541-Ser552 

4.9 

Met541-Ser552 

7.6 

-                           

- 

dSD-Cα (Å) 
Met357-Ser368 

4.7 

Met541-Ser552 

4.7 

Met541-Ser552 

6.9 

Met874-Gly886 

7.0 

dSD-O (OH) (Å) 
Met357-Ser368 

3.8 

Met541-Ser552 

3.8 

Met541-Ser552 

7.2 

-                           

- 

dCα-O (OC) (Å) 
Met357-Ser368 

7.9 

Met541-Ser552 

8.4 

Met541-Ser552 

8.5 

Met874-Gly886 

8.5 

dSD-O (OC) (Å) 
Met357-Ser368 

5.1 

Met541-Ser552 

5.0 

Met541-Ser552 

6.6 

Met874-Gly886 

6.7 

 

Based on the idea of conserving both hypotheses and that there is not enough data to 

choose which of the two models (model 1 and model 2) is better to be used as a proper 3D 

structure, it was decided to perform the virtual screening studies employing both models. This 

will allow gaining experimental evidence to determine their comparative validity in the 

identification of novel inhibitors by virtual screening. 
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Figure 2.25. Structural superposition of models 1 and 2 built in this work and selected to carry out 

further studies. In the zoom, view of the p-pocket. Model 1 is depicted in green and model 2 in 

purple. 

 

2.2.5.3 Virtual screening 

 

In order to identify novel inhibitors as hits of this enzyme, two virtual screening studies 

were performed using our MBC chemical library.
68

 As 3D structures, both models (model 1 and 

model 2) were subsequently used for the studies. With the objective of validating our virtual 

screening protocol, different molecules recently described as SmPDE4A inhibitors were used as 

reference compounds. Among these compounds, seven benzoxaborole derivatives (BOB1-7) and 

also the well-known hPDE4 inhibitor roflumilast were included due to their reported activity in 

SmPDE4A.
122

 

After carrying out the virtual screening protocol using both models, the position of the 

reference compounds in the ranking was analyzed (Table 2.14). For model 1, 4 out of 8 positive 

controls are ranked in the first 35 positions of the screening, with all 8 positive controls in the best 

10% ranking of the total number of poses. For model 2, 6 out of 8 reference compounds presented 

docking score values in the best 9% of the complete ranking poses and 7 out of 8 in the best 13%. 

These results allowed us to validate our virtual screening protocol and to confidently select the 

top-ranked compounds from the MBC library as potential hits to be tested in vitro.  
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Table 2.14. Chemical structures and docking score of the control compounds (BOB 1-7 and 

roflumilast) used in the study as reference for protocol validation, in both virtual screening 

studies. 

Compound Structure 
Docking score 

(model 1) 

Docking score 

(model 2) 

BOB-1 

 

-7.661 -6.342 

BOB-2 

 

-7.752 -6.952 

BOB-3 

 

-6.713 -8.847 

BOB-4 

 

-6.065 -5.814 

BOB-5 

 

-7.574 -6.035 

BOB-6 

 

-6.301 -5.603 

BOB-7 

 

-6.544 -6.627 

Roflumilast 

 

-7.356  -4.917 
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Table 2.15. 25 top-ranked compounds selected to be biologically evaluated and experimentally 

assayed for its activity against SmPDE4A full-length. 

Comp. Chemical class 
Docking 

score 

(model) 

Comp. Chemical class 

Docking 

score  

(model) 

MBC-81  Purine 
-7.942     

(2) 
MBC-93  Quinazoline 

-7.373     

(2) 

MBC-82  Benzothiazol 
-7.965     

(1) 
MBC-94  Thiadiazolidinone 

-7.362     

(1) 

MBC-83  Iminothiadiazole 
-7.913     

(1) 
MBC-95  Indolinone 

-7.357     

(2) 

 

MBC-84  

 

Indolinone 

 

-7.842   

(1&2) 

 

MBC-96  

 

Thiadiazolidinone 

 

-7.346     

(1) 

MBC-85  Quinazoline 
-7.749     

(2) 
MBC-97  Quinazoline 

-7.337     

(2) 

MBC-86  Benzothiazole 
-7.656      

(1) 
MBC-11  Thiourea 

-7.261      

(1) 

MBC-87  Quinazoline 
-7.636      

(2) 
MBC-98  Indolinone 

-7.214      

(2) 

MBC-88  Thiadiazine 
-7.567 

(1) 
MBC-99  Indolinone 

-7.210     

(2) 

MBC-70  Imidazole 
-7.550      

(1) 
MBC-100  Indolinone 

-7.145      

(2) 

MBC-89  Iminothiadiazole 
-7.540      

(2) 
MBC-101  Benzothiazole 

-7.080      

(2) 

MBC-90  Thiourea 
-7.482     

(1) 
MBC-102  Thiophene 

-6.967   

(1&2) 

MBC-91  Thiazole 
-7.404     

(1) 
MBC-103  Thiadiazolopyridine 

-6.543     

(2) 

MBC-92  Indolinone 
-7.397      

(2) 
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The selection of the hits was based on the docking score ranking followed by visually 

inspection of the ligand poses. Analysis of the scaffolds corresponding to molecules with the best 

docking poses revealed that they could be grouped in 5 main chemical classes, namely thiazole, 

thiadiazole, indolinone, quinazoline and thiourea derivatives (Table 2.15). Moreover, the binding 

site of all of them was located in the catalytic site, showing interaction with the conserved Gln553 

and Phe556 and other aromatic residues (Figure 2.26). A group of 25 compounds was prioritized 

and tested in a biochemical in vitro assay as potential SmPDE4A inhibitors. 

 

 

Figure 2.26. Structural superposition of some of the best binding poses found in the virtual 

screening studies are depicted in yellow. In the zoom, view key residues that interact with the best 

poses of the virtual screening hits are shown, such as Phe524, Gln553 and Phe556. Model 1 is 

depicted in green and model 2 in purple. 

 

2.2.5.4 Biological studies 

 

A total number of 25 virtual screening hits containing different chemical scaffolds (Table 

2.15) were selected to be evaluated as inhibitors against full-length enzyme SmPDE4A. The 

evaluation assay was carried out at the Vrije University of Amsterdam (The Netherlands). 

Initially, all prioritized compounds were tested at a single concentration of 10 μM as inhibitor of 

SmPDE4A-mediated breakdown of cAMP. The single point determination assay indicated that 

from the virtual screening hits, three compounds, MBC-83, MBC-89 and MBC-103, were able to 

inhibit the activity of the enzyme over 85%, whereas two other hits, MBC-11 and MBC-101 
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displayed a moderate activity as SmPDE4A inhibitors with an inhibitory activity around 40 – 50% 

(Figure 2.27A). All compounds that showed more than 50% inhibition of SmPDE4A activity 

were subsequently tested at different concentrations in order to determine their potencies as 

SmPDE4A inhibitors. The three virtual screening hits inhibit SmPDE4A activity in a 

concentration-dependent manner with MBC-83 > MBC-89 > MBC-103 with pKi values of 7.0  

0.1, 5.8  0.1 and 5.7  0.1, respectively (n = 3 for each compound) (Figure 2.27B).
109

  

 

 

Figure 2.27. A) Single point determination of the top 25 virtual screening hits as inhibitors of 

SmPDE4A. Compounds were tested at 10 µM concentration. NPD-0001,
102

 a promiscuous PDE4-

type inhibitor is included as positive reference. B) Concentration dependent inhibition of 

SmPDE4A activity by the selected virtual screening hits.  

 

2.2.5.5 Molecular dynamics 

 

With the objective of gaining more insight about both models and choosing the most 

reliable one, the structures were further validated using molecular dynamics simulations. Also, for 

analyzing the binding mode and interactions of two of the most active compounds identified in 
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this work, MBC-83 and MBC-89, molecular dynamic studies were performed. Firstly, to probe 

the stability of both models, molecular dynamic simulations of the apo-structure were performed. 

The apo structure of model 1 was stable and no remarkable changes were observed during the 

simulations. In Figure 2.28A different frames are superimposed showing the minimal changes that 

the protein suffered during the simulations related to the stability of the model. The frames 

represent the initial point of the simulation (after carrying out the minimization and the relaxation 

protocols), a frame in the middle stage (10 ns) and also a frame in the final steps (20 ns) of the 

molecular dynamics period. Moreover, the stability and the movements of the protein during the 

simulation is assessed by the root mean square fluctuation (RMSF) metric as it is shown in the 

plot (Figure 2.28B). Most of the residues in the protein showed an RMSF value below 1.5 Å. 

Furthermore, in the p-pocket region RMSF values are below 1 Å, showing the stability of this part 

of the protein, and the inaccessibility of the p-pocket region during the simulation.  

For model 2, the same protocol was followed for the molecular dynamic studies and more 

significant changes than in model 1 were observed (Figure 2.29A). After the minimization and 

relaxation protocols and before the starting of the simulation step, a significant rearrangement was 

observed. The rearrangement consisted of a reduction in the distances between both gating 

residues of the potential p-pocket that made the subpocket inaccessible for a potential ligand. 

Furthermore, during the simulation the distance between the gating residues of this subpocket 

were maintained resulting in an almost close conformation of the pocket. As a result, RMSF 

values during the molecular dynamics studies of model 2 were higher than RMSF values in model 

1 (Figure 2.29B). In this case, most of the residues showed an RMSF value over 1 and the 

potential p-pocket region especially showed higher values compared to those observed with 

model 1. While in the first model an RMSF in the range of 0.6-0.8 Å was found in this region, in 

the second one these values increased to 1.2-1.8 Å.  

According to the molecular dynamic studies of both models with the apo structure, it was 

concluded that model 1 is very stable and during the simulation the p-pocket remained 

inaccessible from the catalytic site. In contrast, a significant rearrangement involving the p-pocket 

region was observed in model 2, as a result of the rearrangement, the walls of the loop approached 

each other, making the subpocket inaccessible.  
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Figure 2.28. Molecular dynamics studies in the apo structure of model 1. P-pocket is highlighted 

in the structure. A) Frames at different stages of the simulation are superimposed. Initial pose at 0 

ns after minimization stage is depicted in green, the structure at the middle point of the simulation 

(10 ns) is depicted in gray and a frame from the final stage (20 ns) is shown in orange. B) RMSF 

plot of all the residues in the molecular dynamics simulation in model 1. 

A) 

B) 
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Figure 2.29. Molecular dynamic studies in the apo structure of model 2. P-pocket is highlighted in 

the structure. A) Frames at different stages of the simulation are superimposed. Initial pose at 0 ns 

after minimization stage is depicted in purple, the structure at the middle point of the simulation 

(10 ns) is depicted in gray and a frame from the final stage (20 ns) is shown in orange. B) RMSF 

plot of all the residues in the molecular dynamics simulation in model 2. 

A) 

B) 
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In order to decipher the binding mode of the iminothiadiazole hits and identify any 

important differences between both models, holo simulations were performed. For this purpose, 

MBC-83 and MBC-89, were studied. As a starting point for the molecular dynamics protocol the 

virtual screening poses were used. Moreover, a superposition of both binding modes for 

compounds MBC-83 and MBC-89 during the simulation showed that the binding modes for the 

two models were very similar as it can be observed in Figure 2.30. The main interactions found 

are hydrophobic, mainly with aromatic residues through π-π interactions, both face to face and 

face to edge. However, ligand MBC-83 is situated in a deeper part of the catalytic pocket in 

model 2, due to the rearrangement in the p-pocket region discussed above (Figure 2.30). A 

detailed analysis of the main interactions found during the simulation processes with key residues 

of the catalytic pocket is depicted in Figure 2.31.  

 

 

Figure 2.30. Binding mode superposition for A) Compound MBC-83 and B) MBC-89 in both 

models at the middle point of the MD simulation (15 ns). Model 1 is depicted in grey and model 2 

in white. Ligands in model 1 are depicted in green and ligands in model 2 in purple. 

 

The presence of different histidine residues, such as His344, His348 and His384 and also 

several phenylalanine residues, such as Phe524 and Phe556, in the catalytic site make the pocket 

hydrophobic, complementing the structure of the ligands: MBC-83 contains a naphtyl and a 

phenyl substituent in the iminothiadiazole core, and MBC-89 presents two phenyl substituents 

and an additional pyridine moiety. Also, additional water-mediated hydrogen bonds are found, 

depicted in blue in Figure 2.31. However, these water-mediated H-bonds are not maintained 

during all the simulations. 
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From these studies, it is possible to conclude that the binding site in both models is 

essentially very similar and the critical protein-ligand contacts are aromatic and hydrophobic 

interactions. 

 

 

Figure 2.31. A) Main protein-ligand interactions found in model 1 with MBC-83 ligand. B) 

Interactions found in the complex between MBC-83 ligand and model 2 during the molecular 

dynamics simulation studies. C) Protein-ligand interactions in model 1 with MBC-89 ligand. D) 

Interactions found in model 2 in complex with MBC-89 during the molecular dynamics 

simulation studies. In all the cases the interactions are represented by the fraction of the molecular 

dynamic in which the respective residue interacts with the ligand. 

 

2.2.5.6 X-ray structure and homology models comparison 

 

While the experimental studies of this work were in progress, the crystal structure for 

SmaPDE4A was solved (PDB code 6EZU). Considering this, a comparison between the X-ray 

structure and the homology models was performed and RMSD values were calculated. It was 

observed a high degree of similarity between the structures, mainly in the catalytic binding site. In 

fact, X-ray structure and model 1 are almost identical presenting a RMSD value of 0.449 in the 

full structure. On the other hand, when comparing the crystal with model 2, they present a higher 

RMSD value of 1.046. Superposition of the published X-ray structure and the homology models 
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(Figure 2.32) allowed us to conclude that, as predicted by the molecular dynamic simulations, the 

p-pocket is inaccessible in SmPDE4A enzyme. 

 

 

Figure 2.32. Structural comparison between the experimental crystal structure (orange) and model 

1 (green A) and model 2 (purple B).  

 

 As a conclusion, after the completion of the studies,
124

 SmPDE4A inhibitors were identified 

using virtual screening studies in the different models that were built. From the 25 compouds 

selected, three compounds, MBC-83, MBC-89 and MBC-103, showed a potent effect in the 

enzyme, while 2 additional molecules, presented a moderate activity MBC-11 and MBC-101. 

These results allowed us to validate our virtual screening studies. Also, the availability of a crystal 

structure from this protein allowed us to compare with our in-house models, showing a high 

degree of similarity between the structures and validating also the models built. 

 

2.2.6 Searching for Acanthamoeba PDE inhibitors 

 

2.2.6.1 Introduction 

 

 Encystation and sporulation are critical developmental processes for solitary and social 

amoebas, respectively. Dormant spores of social amoebas present an analogous role to the 

 

A) 
 
B) 
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dormant cysts of their ancestors, the solitary amoebozoans being mainly involved in the survival 

in response to starvation or environmental stress conditions. Although signalling pathways that 

mediate encystation in Acanthamoeba spp. are poorly understood, the analogous process of spore 

formation in social amoebas has been studied in different works. Dictyostelium discoideum is a 

social and soil-living amoeba also belonging to the phylum Amoebozoa that has been used as a 

popular genetic model system for investigating different issues in developmental biology of 

pathogenic amoebas. It has been probed that intracellular cAMP acting on cAMP-dependant 

protein kinase (PKA) plays an essential role in regulating proper development at different stages 

of their life cycle.
125

 PKA expression is induced in prespore cells at the time of spore maturation 

suggesting that activation of PKA by some means is the direct molecular trigger to rapidly 

induced spore differentiation. Moreover, PKA activation in prespore cells is critical for normal 

morphogenesis and optimal propagation of the species.
126

 

On the other hand, the osmolyte-activated adenylate cyclase (ACG), generates cAMP 

triggering prespore differentiation and blocking spore germination. Therefore, ACG plays a 

central role in spore formation.
127

 Similarly, ACG blocks excystation and triggers encystation in 

individual amoebas. An important osmolyte-induced increase in intracellular cAMP levels 

preceded the final stage of encystment, suggesting that osmolyte-induced encystation is mediated 

by ACG. In this sense, homologous roles of ACG and cAMP signalling in social amoebas 

sporulation evolved from cAMP mediated encystation in solitary amoebas due to evolutionary 

origin.
128,129

 

 cAMP PDE RegA is actually the enzyme that plays the most crucial part in controlling 

cAMP intracellular levels in Acanthamoeba spp. RegA controls PKA activity by integrating 

external stimuli that regulates its activity. Recently, it was established that RegA plays an 

essential role in encystation of A. castellanii combining knockout and pharmacological 

approaches. It was observed that trequinsin and dipyridamole, two PDE inhibitors, appeared to 

effectively inhibit RegA in A. castellanii, reducing the hydrolysis of cAMP.
130

 Moreover, 

encystation was strongly accelerated in the presence of either trequinsin or dypiridamole. These 

results allow us to validate the screening of compounds that interfere with cAMP signalling 

pathway as a novel strategy for the development of therapeutics. In this context, our main 

objective was the search of novel compounds that might act in the RegA PDE as potential 

amoebicidal compounds. 
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2.2.6.2 Homology modeling 

 

Computational studies, homology modeling as a first approach, were carried out with the 

objective of obtaining a reliable tridimensional structure to perform further studies. The target 

protein sequence was retrieved from Uniprot
123

 database with the accession code 

L7WMY9_ACACA. This target sequence from the amoeba shows a total number of 621 residues 

in its full-length form.  

 

Table 2.16. Evaluation of the different models built for A. castellanii RegA using SwissModel. 

 

Model 1 Model 2 Model 3 

Software SwissModel SwissModel SwissModel 

Template (PDB) 4Y8C
131

 6F6U
132

 4QGE
133

 

Ligands 49D CV8 35O 

Organism 
Homo sapiens 

PDE9A 

Homo sapiens 

PDE4D 

Homo sapiens 

PDE9A 

Resolution 2.7 Å 1.8 Å 2.0 Å 

Identity 38.39% 34.27% 38.39% 

QMEAN4 -1.39 -2.5 -1.66 

Ramachandran 

Favoured 

A/B 

315 (98.7%)/   

318 (98.5%) 

302 (95.9%)/   

297 (96.7%) 

310 (97.2%)/        

312 (97.8%) 

Allowed 

A/B 

4 (1.3%)/             

5 (1.5%) 

11 (3.5%)/           

9 (2.9%) 

8 (2.5%)/                   

7 (2.2%) 

Outlier A/B 
0 (0.0%)/             

0 (0.0%) 

2 (0.6%)/             

1 (0.3%) 

1 (0.3%)/                   

0 (0.0%) 

Verify 3D (%) 86.38% 84.66% 91.12% 

PROVE 145 (5.7%) 141 (5.5%) 109 (4.3%) 

Errat 

A: 96.80% A: 92.88% A: 98.08 

B: 98.42% B: 97.67% B: 97.44 

 

Once the target sequence was retrieved, a sequence search was performed to find the 

closest templates homologues of the protein in order to build an accurate model of the catalytic 

domain. Two different software tools were applied to search for analogs and build the 

https://www.rcsb.org/ligand/49D
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corresponding models: Phyre2
134

 and SwissModel.
49

 From this search, a total number of six 

homology models were built according to the best templates that were ranked by the two 

programs, three of them were built using SwissModel (Table 2.16)  and three using Phyre2 (Table 

2.17). In all the cases, the best templates ranked were crystal structures of hPDEs, mainly 

hPDE9A and two isoforms of hPDE4, hPDE4B and hPDE4D which revealed the higher similarity 

between the Acanthamoeba RegA and hPDE4 and hPDE9 compared to other hPDEs. They 

presented an identitiy with the target sequence between 34-39%, being slightly higher with 

hPDE9A. Despite the low the similarity index between the sequences, it is important to mention 

that the identity increases significantly in the catalytic site. Also, the fact that a ligand was 

crystalized or not in complex with the protein was considered for the template selection. 

 

Table 2.17. Evaluation of the different models built for A. castellanii RegA using Phyre2. 

 Model 4 Model 5 Model 6 

Software Phyre2 Phyre2 Phyre2 

Templat name (PDB) 4X0F
135

 3G45
136

 3DY8
137

 

Ligands Rolipram 988 GMP/IBMX 

Organism 
Homo sapiens 

PDE4B 

Homo sapiens 

PDE4B 

Homo sapiens 

PDE9A 

Resolution 3.2 Å 2.6 Å 2.1 Å 

Identity 29% 34% 38% 

QMEAN4 
   

Ramachandran 

Favoured 

A/B 
368 (92.5%) 292 (96.1%) 313 (97.5%) 

Allowed 

A/B 
18 (4.5%) 7 (2.3%) 7 (2.2%) 

Outlier A/B 12 (3.0%) 5 (1.6%) 1 (0.3%) 

Verify 3D (%) 70.40% 77.45% 87.31% 

PROVE 126 (9.2%) 107 (9.1%) 87 (7.2%) 

Errat 

 

A: 75.32% 79.87% 86.98% 

B: 73.46% - - 
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All models built were further evaluated in terms of their energetic and geometric profile 

considering different metrics with the aim of selecting the best structure for the studies (Tables 

2.16 and 2.17). In general, and according to the quality assessment, all the models displayed a 

good profile of values for the metrics that were evaluated, validating the models. However, some 

models outperform the others, being model 1 and 3 the ones that showed the best quality 

parameters. Both of them were built using PDE9A as template and SwissModel as software. 

According to this analysis, model 1 presented almost all the residues (over 98.5%) in 

allowed regions of the Ramachandran plot, outperforming the other models. Also, model 1 and 

model 3 presented the best Errat values in their chains, comparing with all the models. Due to the 

high similarity between model 1 and 3, both of them built using different crystals of hPDE9 as 

templates, model 1 was selected as the best model for the catalytic domain to be further used 

(Figure 2.33A).  

 

2.2.6.3 Induced fit docking and virtual screening studies 

 

 As far as our concern, three previously reported hPDE inhibitors, trequinsin, dipyridamole 

and MY-5445 were found to inhibit A. castellanii RegA at concentrations below 100 μM.
130

 From 

these compounds, the most active molecule was dipyridamole with an IC50 value of 12 μM.
130

 In 

order to refine the active site of the structure based on a known inhibitor, induced fit docking 

studies (IFD) were performed. For this purpose, dipyridamole was used to rearrange the residues 

in the catalytic site of the protein, mainly the lateral chains, to obtain an optimized structure and 

perform further computational studies such as virtual screening and hotspots analysis. The results 

from IFD studies, (Figure 2.33B), showed very good binding energy profiles for the control 

compound, showing the best pose a docking score of -11.83 kcal/mol. When analyzing more in 

detail and superimposing the poses obtained, all of them presented an analogous binding mode 

with the core of the molecule placed in the same location. The interaction profile is also very 

similar, making the ligand four different hydrogen bonds between the alcoholic lateral chains and 

the residues in the protein. For this reason, once the structure of the protein was optimized, the 

best ranked ligand-complex structure was selected as the best refined structure to carry out the 

virtual screening studies. 
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Figure 2.33. A) Best model built for PDE A. castellanii RegA according to evaluation assessment 

metrics. B) Induced fit docking results for dipyridamole in the A. castellanii RegA PDE structure. 

The dipyridamole structure is also depicted. 

 

 With the aim of identifying novel hits that are able to bind this enzyme, the validated and 

optimized model was employed to perform the virtual screening studies. Our in-house chemical 

library
68

 was used as a source of novel hits. In spite of the moderate activity described for the 

active compounds in this enzyme, trequinsin and dipyridamole were used as reference 

compounds. 

After carrying out the virtual screening protocol, the reference compounds were found at 

the top of the ranking based on the docking score. The most potent compound, dipyridamole was 

ranked between the 20 best poses of the virtual screening. On the other hand, the compound that 

presented less activity, trequinsin was in a lower part of the ranking but among the best 6% poses 

of the complete library. These results allowed us to validate our virtual screening studies and to 

confidently select the best-ranked compounds from the MBC library as potential hits to be further 

tested in vitro. The hits were selected according to their docking score ranking and the visually 

inspection of the best poses. Also, this selection process was guided by a hotspot analysis that 

showed us potential contacts that might be critical for the binding mode between the target and 

the molecules. 

Protein hotspots maps of the A. castellanii PDE RegA were visually inspected showing a 

clear and defined binding site in the catalytic area, confirming the druggability of the pocket 
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(Figure 2.34). They also suggest which type of fragments or larger ligands might fit best in the 

cavity as well as the interactions that these compounds will need to make to bind there. The 

hotspots maps were restricted to the maximum value of 17, the most restrictive threshold that 

suggests those interactions leading to fragment binding, lower threshold values lead to warmspots 

(cutoff 14), only matching additional less important interactions. According to the results, the 

yellow area shows the high scoring hydrophobic region that is located along the catalytic site. 

However, acceptor polar hotspots are not found (red) and only one small donor hotspot (blue) is 

found. These results indicate the high hydrophobicity of the cavity, parameter that will be critical 

for the compound activity driving the ligand-protein binding process. Potential additional 

interactions mediated through hydrogen bonding are also possible to grow the active scaffold 

(Figure 2.34).  

 

 

Figure 2.34. Protein hotspots maps of Acanthamoeba castellanii PDE RegA model in the full 

catalytic domain and detailed in the binding site. 

 

Best compounds obtained in the virtual screening were analyzed in terms of chemical 

scaffolds and compared with the protein hotspots maps. Different chemical scaffolds such as 

triazole, benzothiazole, imidazole, quinazoline or quinoline derivatives were found in the top of 

the ranking. Finally, a group of 20 compounds with representatives of the main scaffolds obtained 

were prioritized and selected to be further evaluated in vitro as potential antiamoebic compounds 

(Table 2.18).  
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Table 2.18. Chemical class together with the docking score of the 20 top-ranked compounds 

selected from the virtual screening. 

Comp. Chemical class 
Docking 

score 
Comp. Chemical class 

Docking 

score 

MBC-104 Imidazole -12.380 MBC-114 Benzothiazepine -11.307 

MBC-105 Thiophene -12.322 MBC-115 Pteridine -11.294 

MBC-106 Triazole -12.257 MBC-116 Triazole -11.226 

MBC-107 Imidazole -12.207 MBC-117 Triazole -11.151 

MBC-108 Benzothiazole -12.102 MBC-118 Iminothiadiazole -11.121 

MBC-109 Thiourea -11.807 MBC-119 Piperidine -11.075 

MBC-110 Piperidine -11.787 MBC-120 Iminothiadiazole -11.067 

MBC-111 Quinoline -11.658 MBC-121 Sulfide -11.045 

MBC-112 Piperidine -11.566 MBC-122 Sulfide -10.987 

MBC-113 Piperidine -11.398 MBC-123 Piperidine -10.972 

 

2.2.6.4 Biological results 

 

 The biological studies, both in vitro assay against trophozoite from A. castellanii Neff and 

their corresponding toxicity in the J774 macrophage cell line were carried out in the group of Dr. 

Lorenzo-Morales at the University of La Laguna (Spain). The biological activity in these assays 

was assessed for the 20 virtual screening hits selected (Table 2.18) The IC50 values of the 10 

compounds that did not precipitate in the assay were calculated (Table 2.19). All of them showed 

amoebostatic activity being the most interesting the ones with IC50 below 20 μg/mL (MBC-107 

and MBC-112). In this case, IC50 values for both compounds were very similar. Moreover, these 

two compounds displayed amoebicidal activity compared to the amoebostatic activity of the other 

compounds. In spite of the fact that a promising effect was found for these compounds in the 

culture due to the amoebicidal activity, the selectivity index of the hit against the macrophages 

should be improved. 
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Table 2.19. Effect of the virtual screening hits selected on A. castellanii Neff (IC50) and murine 

macrophage (LC50). 

Compound Chemical structure 
IC50           

(µg/ml) 

LC50  

(µg/ml) 

MBC-105  

 

32.56  1.23 18.16  2.11 

MBC-107  

 

15.98  1.09 11.95  2.69  

MBC-118  

 

26.84  0.16 18.04  0.59 

MBC-120  

 

32.53  0.93 > 100 

MBC-110  

 

34.52  1.50 > 100 

MBC-123  

 

30.96  0.88 > 100 

MBC-119  

 

21.05  2.85 > 100 
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Compound Chemical structure 
IC50           

(µg/ml) 

LC50  

(µg/ml) 

MBC-113  

 

20.46  2.59 > 100 

MBC-112  

 

13.42  0.88 26.49  2.74 

MBC-111  

 

42.64  4.02 > 100 

 

 Due to the promising activity profile of MBC-107 and MBC-112, they were selected for 

further biological studies against clinical strains of Acanthamoeba spp and cysts from A. 

castellanii Neff (Table 2.20). These results revealed that both molecules showed activity against 

the cysts from A. castellanii and the additional clinical strains A. polyphaga and A. griffini, 

confirming the promising activity of the compounds selected. Moreover, 2-ureaimidazole 

derivative (MBC-107) was specially promising due to the low micromolar activity found in the 

assays. The promising activity of MBC-107 in the resistant form of the amoeba can be observed 

in Figure 2.35. 

 

Table 2.20. Activity of the best hits MBC-107 and MBC-112 against clinical strains of 

Acanthamoeba spp and cysts from A. castellanii Neff. 

Comp. 

IC50                        

A. polyphaga 

(μg/ml) 

IC50                     

A. griffini    

(μg/ml) 

IC50               

A. castellanii 

Neff cysts 

(μg/ml) 

MBC-107 7.25  2.37 5.41  1.18 6.57  0.82 

MBC-112 17.13  1.1 38.53  1.18 56.26  2.72 
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Figure 2.35. Results in the biological assays of the A. castellanii cysts Neff (A) negative control 

of the cysts (B) effect of compound MBC-107. 

 

In summary, after the construction of the homology models and the virtual screening 

studies, several compounds were selected as virtual screening hits. All the compounds showed 

some antiamoebal activity identifying two compounds that were further studied in the resistant 

form of the amoeba and in additional clinical strains. The promising activity was validated in the 

assays increasing their therapeutic potential, being molecule MBC-107 of special clinical interest. 

Chemical modifications are required, maintaining the key scaffold and specific molecular 

features, with the objective of improving the selectivity index of these compounds. Based on the 

previous findings, both chemical families deserve further attention to be developed as drug 

candidates. 

 

2.3 Arginine biosynthesis pathway  

 

2.3.1 Introduction 

 

 The amino acid L-arginine is an essential component of all living organisms. The 

importance of this amino acid resides in the wide range of functions that arginine has itself, along 

with some intermediary metabolites involved in its de novo synthesis in the cell. Among these 

functions it is important to remark its critical role in the biosynthesis of proteins; arginine is an 

intermediate metabolite of the urea cycle, a nitrogen and energy storage source and a precursor of 

signalling molecules such as nitric oxide (NO).
138

 

 Considering M. tuberculosis, it has been found that arginine is also critical for its 

development. The depletion of arginine provokes the inhibition of protein synthesis and metabolic 

derangement in different pathways among other biological alterations. This disruption also 
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involves stress response such as cell envelope damage and oxidative stress and damage to DNA 

and other cellular components due to toxic metabolites such as reactive oxygen species (ROS).
139

 

 

 

Figure 2.36. Arginine biosynthesis pathway. 

 

Moreover, it has been described that mycobactericidal agents isoniazid and vitamin C are 

able to kill M. tuberculosis rapidly via a mechanism associated with the production of ROS.
140

 

Recently, it has also been discovered that up-regulation of several genes in the de novo pathway 

for L-arginine biosynthesis was a common early response feature of M. tuberculosis to both 

agents. This fact led to further investigate the role of this biosynthetic pathway that consists of 

eight different steps starting on L-glutamate, as it is shown in Figure 2.36. The impact of 

inactivating this biosynthetic pathway was critical both on bacterial function and survival,
141

 

allowing the identification of two promising new tuberculosis drug targets: acetyl glutamate 

kinase (ArgB) and ornithine carbamoyl transferase (ArgF). These enzymes catalyze the second 

and sixth steps, respectively, in the pathway for the de novo biosynthesis of the amino acid L-

arginine, from L-glutamate in M. tuberculosis. In this work, we decided to focus on ArgF enzyme 

from the M. tuberculosis (MtbArgF), a trimeric enzyme that produces citrulline from the reaction 

of carbamoyl phosphate (CBP) with ornithine (ORN), as a potential drug target for the treatment 

of tuberculosis. 

The main objectives in this work are the following: 

1.  Discover new fragments as inhibitors of the MtbArgF enzyme and identify their 

binding mode in the enzyme with the objective of gaining more insights into the binding 

site in the protein. 

2.  Prioritize fragments to be crystallized in the enzyme considering the chemical space 

occupied by the hits in order to obtain representative structural information. 
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3.  Discover new small molecules as inhibitors of the enzyme using virtual screening of 

both in-house and commercial chemical libraries to be further optimized in medicinal 

chemistry programs. 

 

2.3.2 Fragment-based screening and fragment clustering in MtbArgF 

 

Based on the fact that no inhibitors have been previously described for MtbArgF, appart 

from the natural substrate citrulline and ornithine, a fragment-based screening was performed as a 

first approach in the search of novel potential inhibitors. Fragment based drug-discovery (FBDD) 

is a powerful method involving the screening and validation of small molecules, with molecular 

weight of less than 300 Da, against the target protein, using biophysical and structural 

techniques.
142

 The power of FBDD is based on its ability to screen a vast chemical space using a 

small library of fragments with good physico-chemical properties.
143

 Also, the hit-rate of fragment 

screening is usually high and their optimized hits have a higher atom-binding efficiency. The hits 

obtained usually bind weakly to the target but form good quality interactions that can then be 

optimized into lead compounds using fragment growing techniques improving their potency by 

structure-guided optimization.  

Previously to the beginning of this project, a fragment library containing 960 fragments, 

from Astex was screened against the MtbArgF target in the group of Prof. Sir Tom L. Blundell at 

University of Cambridge (United Kingdom). In this context, differential scanning fluorimetry 

(DSF) technique was selected to perform the screening of the complete fragment library. This 

assay is based on the concept that the binding of a ligand to a protein can increase or decrease the 

thermal stability of the protein. This change in thermal stability can be measured by a 

fluorescence-based denaturation assay such as a thermal shift assay. From the full collection of 

chemical entities, 106 fragments showed some activity in the DSF assay (ΔTm > 3 ºC at 5 mM 

ligand concentration) and the best ones were further selected to carry out crystallization assays. 

Finally, 8 fragments, which chemical structure is represented in Figure 2.37, were crystallized in 

complex with the enzyme to decipher their binding site and the potential interactions.  

According to the experimental crystal structures solved, it was found that all the 

fragments bind at the interface between the different protomers that forms the characteristic 

trimeric structure of MtbArgF. The main scaffold of these fragments is located between the 

helixes of the chains that represent the interface of the different protomers. This fact allows 

describing the main fragment binding site to be further explored. It is also important to remark the 

presence in most of the complexes of a π-cation interaction between the arginine located at the 

interface of both monomers and the aromatic ring of the corresponding fragment. The 
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superposition of all the experimental structures solved can be observed in Figure 2.38 with special 

detail in the catalytic binding site. From these, Astx-4 showed the highest affinity to ArgF as 

measured by ITC and ArgF:Astx-4 binary complex was therefore selected as a reference for 

further computational studies. 

 

 

Figure 2.37. Structures of the fragments that were crystallized in complex with the enzyme. 

 

 

Figure 2.38. Superposition of the 8 crystal structures solved in which some of the best fragments 

are crystallized with the MtbArgF enzyme. The zoom view details the binding pose of the 

fragments in the binding site. 

 

 Once the crystal structures of the enzyme were obtained in complex with some of the best 

potential hits, further analyses to prioritize more chemical fragments were carried out. The main 

aim of the study involved the analysis of the chemical space and the chemical diversity of the 106 

Astx-1 Astx-2 Astx-3 Astx-4 

Astx-8 Astx-7 Astx-6 Astx-5 
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hits identified in the DSF assay out of the 960 fragments in the initial library. In this context, the 

properties of these compounds were explored with the objective of selecting additional structures 

for crystallization assays. For this purpose, different molecular and physico-chemical properties 

were calculated for the hits using Qikprop tool.
144

 Among these properties we included basic ones 

such as MW or logP values and other predictions such as cellular permeability or blood-brain 

barrier permeability. Analyzing this data, we observed that the dataset shows an important range 

of diversity considering the different properties. In this sense, the dispersion of the compounds 

can be observed in Figure 2.39 considering properties such as MW, logP and PSA values. 

Regarding MW, a wide range of values is obtained between 100 Da and 300 Da, the maximum 

value to be considered as fragments. Also, with logP parameters, an important variety of values 

are present; in this database we found values from around -2 up to almost 5, being values between 

0 and 3 the most common, as expected for fragments. Finally, regarding PSA parameter, different 

values are obtained between 15 and around 130. Therefore, it is possible to conclude that the hits 

dataset is quite diverse and present valuable parameters in terms of physico-chemical properties. 

 

 

Figure 2.39. Dispersion of the 106 fragments contained in the fragment library hits considering 

MW, and logP values and colored by PSA value. 

 

 In order to select additional diverse fragments to be further crystallized, a clustering 

analysis was carried out using Canvas.
145

 Hierarchical clustering analysis uses molecular 

fingerprints to classify the compounds in different groups taking into account their chemical 

structure and chemical similarity. In this work, we calculated ECFP4 fingerprints for the 
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fragments. Similar compounds are grouped in the same cluster which allows exploring chemical 

similarity and selecting diverse compounds to be prioritized for crystallization studies.  

Therefore, a dendrogram was obtained using Buser similarity metrics with a total number 

of 13 clusters from the 106 initial fragments (Figure 2.40). Also, the centroid of each cluster was 

identified as a potential representative for every group. These clustering results were compared 

with the biological results in terms of DSF values (ΔTm) and the crystal structures already 

available from the fragments, (Table 2.21). It was possible to observe that in some cases, the 

centroid of the cluster is the same than the fragment that present the best biological value, mainly 

in the less populated clusters that consists of a reduced number of fragments. 

 

Table 2.21. Summary of the number of fragments that contains every cluster, its centroid and the 

fragment that present the best biological value for each hit.  

Cluster No. 
Structures Solved 

in Cluster 

No. of Fragments 

in Cluster 

Centroid of 

the cluster 

Fragment 

with best TS 
ΔTm 

1 0 2 Astx-9 Astx-9 2.00 

2 0 1 Astx-10 Astx-10 2.00 

3 0 6 Astx-11 Astx-12 3.00 

    
Astx-13 3.00 

4 0 3 Astx-14 Astx-15 1.50 

5 4 18 Astx-16 Astx-7 3.63 

6 1 4 Astx-17 Astx-6 3.50 

7 2 35 Astx-18 Astx-4 4.50 

8 2 32 Astx-19 Astx-3 4.13 

9 0 1 Astx-20 Astx-20 2.00 

10 0 1 Astx-21 Astx-21 1.25 

11 0 1 Astx-22 Astx-22 1.38 

12 0 1 Astx-23 Astx-23 1.25 

13 0 1 Astx-24 Astx-24 1.90 

 
9 106 
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Figure 2.40. Schematic representation of the dendrogram obtained in the hierarchical clustering 

analysis. 

 

 

Figure 2.41. Chemical structures of the fragments selected from the hierarchical clustering 

analysis to be further crystallized. 

 

After this analysis, additional compounds were prioritized to be crystallized. The 

selection was based on the clustering prioritizing the centroid of each cluster in those cases that 
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they present a promising activity. The fragments that were at the same time the centroid and the 

most active derivative in the cluster were directly selected. A total number of 15 fragments, which 

structures are shown in Figure 2.41, were selected to obtain additional crystal structures. In this 

context, two additional crystals were obtained for fragments Astx-19 and Astx-25, showing that 

these structures are crystallized in the same area that the previous ones. Additional structures are 

being solved in complex with the enzyme MtbArgF to obtain a representative pool from the 

fragment library. 

 

2.3.3 Hotspots analysis 

 

 Once the binding site of the fragments was identified at the interface of the monomers 

thanks to the crystal structures solved with the fragments, two objectives were addressed. First, 

this binding site was explored properly and more in detail, deciphering the highest scoring 

regions, its quality and key interactions for a proper ligand-protein complex. On the other hand, 

the discovery of alternative binding sites that might allow the binding of different ligands was 

also explored. For these purposes, hotspots maps methodology was applied that samples simple 

molecular probes to produce fragment hotspot maps. These maps specifically highlight fragment-

binding sites and their corresponding pharmacophores to guide structure-based drug discovery. 

Hotspots maps produced by the program are shown in Figure 2.42, in which it is possible to 

observe several regions where the hotspots areas are found. The crystal structure containing the 

most promising fragment hit Astx-4 was used for this study. The main hotspots found correspond 

to the interface between the different protomers, the area in which the previous fragments were 

crystalized. Interestingly, it is possible to observe that using a cutoff of 14, this hotspot is able to 

extend from the interface between the helixes up to the carbamoyl phosphate (CBP) binding site, 

as it can be seen at the top part of the protein in Figure 2.42. This fact will allow either the 

growing of the fragments towards this complementary binding site or the search of compounds 

that are able to interact in both sites. Additionally, another hotspot is found at the central part of 

the protein at cutoff 14, however it is not conserved using the cutoff at 17, a more restrictive 

cutoff. Therefore, after this analysis, it is possible to conclude that the main hotspot found is 

located at the interface of the protomers and consists of an important hydrophobic area combined 

with a few polar hotspots.  
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Figure 2.42. Fragment hotspots maps of the MtbArgF protein. A) Protein hotspots using a cutoff 

of 14. The catalytic and the CBP binding site are included in the circle, B) Proper hotspots with 

17 cutoff can be observed. 

 

2.3.4 MBC library: virtual screening and biological results 

 

After identifying the protein hotspots and analyzing the binding site, virtual screening 

studies were conducted using our in-house MBC chemical library
68

 to discover novel compounds 

able to bind the target. First and with the objective of validating the docking protocol in our 

virtual screening, the most potent fragment described here (Astex-4) was used as a reference 

compound. The docking protocol was able to reproduce the pose of this fragment in a very similar 

manner to the one found in the experimental crystallization assays. Once the protocol was 

validated, our library was virtually screened at the interface area between the protomers of the 

MtbArgF target. In order to select the virtual screening hits, two filters were applied according to 

the previous crystals and the hotspots maps. It was found that most of the fragments that were 

crystallized presented a π-cation interaction with Arg52 of the protomer C that was also found in 

the hotspot analysis, thus the presence of an aromatic ring nearby this arginine is favorable for the 

interaction. Therefore, interaction with Arg52 was applied as virtual screening filter. On the other 

hand, polar hotspots were considered as a second filter. In this sense, compounds selected had to 

present an aromatic interaction with the Arg52 and a hydrogen bond contact with any of the 

residues that are involved in the polar hotspots maps to meet the requirements of the virtual 

screening filters. 
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Figure 2.43. Superposition of the binding modes corresponding to best virtual screening hits after 

applying the filters. 

 

After filtering the virtual screening results, the binding mode of the best hits was visually 

inspected. According to their binding mode, several differences can be found, the best virtual 

screening poses, in terms of docking score after filtering, can be observed in Figure 2.43. It is 

important to remark that most of the compounds bind MtbArgF enzyme between the two helixes 

of the different protomers and an important part of them extend its conformation towards the CBP 

binding site. In this sense, all the compounds were classified in four different groups considering 

their binding pose: compounds that extend its binding mode towards the CBP binding site in front 

of the Arg52 or behind the Arg52, compounds that do not reach the CBP binding site and a 

reduced number of compounds that bind in the CBP binding site. Considering the ranking of the 

compounds, the different groups based on the binding mode and the visual inspection, a final 

selection of 25 compounds was made. These compounds were selected to be further tested in vitro 

in the DSF assay. 

The hits selected were tested in the DSF assay at 1 mM previously defined. As it can be 

observed in Figure 2.44, eight compounds showed a variation in the melting point compared to 

the control of the assay, the protein itself without any inhibitor. All the compounds that showed an 

increase in the melting point of ≥ 1 ºC were considered to be further evaluated in the isothermal 

titration calorimetry (ITC) assay. Table 2.22 gathers the information about the chemical structure 



Chapter 2 Target-Based Approaches in Infectious Diseases Drug Discovery 

 

202 

 

of the hits identified in the primary DSF biological assay together with the variation in the melting 

point. 

 

 

Figure 2.44. DSF results of the compounds that showed more than 1 ºC deviation of the melting 

temperature of the protein. In black the control of the assay is displayed. 

 

Table 2.22. Chemical structures identified as hits in the DSF assay. 

Comp. Chemical structure 
ΔTm 

(DSF assay) 

MBC-124  

 

2.5 

MBC-125  

 

1.5 

MBC-126  

 

 

1.0 
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Comp. Chemical structure 
ΔTm 

(DSF assay) 

MBC-127  

 

2.0 

MBC-128  

 

1.0 

MBC-129  

 

1.5 

MBC-130  

 

1.0 

MBC-131  

 

1.0 

  

Once eight potential hits were identified in the DSF assay, ITC experiments were 

conducted to further characterize their binding to MtbArgF. ITC is a biophysical technique that 

allows the characterization of molecular interactions between the ligand and the target by 

measuring the enthalpy of binding of these two substances. ITC experiments confirmed that 

MBC-129 is the best virtual screening hit and binds the MtbArgF protein with a Kd value of 122 
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μM, being one of the best inhibitors described in this enzyme as far as our concern. Also, the Kd 

of the reference compound, the substrate of the protein (CBP) was calculated by ITC, presenting a 

value of 889 μM (Figure 2.45). 

 

 

Figure 2.45. ITC results in MtbArgF for A) control compound CBP and B) virtual screening hit 

MBC-129.  

 

Structural information on protein-ligand interactions is the ultimate confirmation of 

fragment or ligand binding. This information is also essential to the  successful design better 

inhibitors using SBDD. For this reason, after characterizing MBC-129 using ITC, crystallization 

assays were carried out to confirm its binding mode in the MtbArgF protein previously proposed 

in the virtual screening. Protein crystals appeared within 3-5 days as it is shown in Figure 2.46, 

using sitting drop and vapor diffusion techniques. Afterwards, ligands were soaked into the 

existing protein crystals to obtain the complex crystals. Finally, X-ray diffraction dataset at a 

resolution of 1.7 Å was collected at Diamond Light Source synchrotron.  
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Figure 2.46. Crystals obtained for protein MtbArgF in complex with MBC-129. 

 

After the collection of the diffraction dataset, it was possible to solve the structure by 

molecular replacement. MBC-129 was crystallized in complex with MtbArgF as it was expected. 

Three molecules of the ligand were found in the characteristic trimeric structure of MtbArgF. All 

of them were crystallized at the interface between the different protomers, as it was previously 

found for the fragments that were crystallized. In Figure 2.47A it is possible to observe the 

trimeric structure of the novel crystal MtbArgF solved while the detailed binding mode of MBC-

129 in the protein is shown in Figure 2.47B. In this sense, it was found the importance of the 

aromatic interactions in the ligand-protein binding, making the phenylthiazole scaffold key 

interactions with Arg52 and Phe55. Also, a hydrogen bond acceptor was found between the 

oxygen of the carbamate and the NH of the Arg52 backbone. Moreover, after making a 

comparison between the crystal structure of MBC-129 and its virtual screening binding mode, it is 

possible to observe in the superposition the high degree of similarity between both binding poses 

(Figure 2.47C). Therefore, the virtual screening prediction was validated in the crystal structure, 

remarking its accuracy.  

In order to explore this novel phenylthiazole scaffold as MtbArgF inhibitor, a similarity 

search considering this chemical scaffold was performed in a large chemical database such as 

Pubchem
146

 that is the largest collection of freely accessible chemical information. From this 

chemical search, a collection of 40 phenylthiazole derivatives were selected and purchased from 

different commercial sources to be further tested in vitro in the MtbArgF enzyme, using the DSF 

as a primary assay. The main criterion used to select the compounds was based on maintaining the 

phenylthiazole scaffold and explore different modifications. 
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Figure 2.47. A) Novel crystal structure obtained of MtbArgF in complex with MBC-129 at a 

resolution of 1.7 Å. Binding sites of the ligand are highlighted in the protein. B) Detail of the 

experimental binding mode of MBC-129 (light green). C) Superposition of the virtual screening 

pose depicted in dark blue and the experimental binding mode obtained in the crystal structure 

shown in light green. 

 

40 compounds were selected and evaluated following the protocol described above and 

the best phenylthiazole derivatives identified as DSF hits were studied in ITC assays. Finally, it 

was identified a novel derivative, Pubchem-1, that showed a very promising activity. The Kd was 

calculated by ITC, presenting a value of 37 μM (Figure 2.48), the best compound described for 

this enzyme as far as our concern. Finally, structural biology studies were carried out for this 

derivative and successful results were obtained in which the compound was crystallized in 
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complex with the enzyme. According to the experimental structure the derivative is able to make 

key aromatic interactions with Phe55 and π-cation interactions with Arg52. The presence of the 

indole moiety, a bigger aromatic substituent compared with the phenyl ring, from MBC-129 

might explain the increase in terms of activity due to the importance of the aromatic-based 

interactions. 

 

 

Figure 2.48. A) ITC results for the hit compound Pubchem-1. B) Binding pose of Pubchem-1 in 

the crystal structure obtained with MtbArgF. 

 

2.3.5 Enamine library: virtual screening 

 

In this study, a subcollection from the Enamine library, the Enamine advanced collection, 

was used as source of virtual screening hits. Enamine advanced collection contains 531,582 

diverse screening compounds extracted from the HTS enamine database that consists of around 

2,000,000 molecules. The compounds that are part of this advanced collection, display lead-like 

properties in terms of MW, lipophilicity and/or valuable pharmacophore properties including 

different chemical features. This part of Enamine’s screening collection has been used as an 

important source of compounds for targeted library design. The presence in this collection of 

compounds with multiple functional groups and lead-like properties make that potential hits that 
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emerge from this database are ultimate tools for lead discovery. All compounds are checked with 

their in-house medchem filters. 

 

 

Figure 2.49. Virtual screening workflow applied for the discovery of novel hits active in the 

MtbArgF enzyme. 

 

Due to the important amount of compounds present in the Enamine advanced collection 

and its lead-like properties, this database was selected as a source of potential hits to discover 

novel MtbArgF inhibitors. With the objective of screening the full library, a virtual screening 

workflow protocol was developed (Figure 2.49). In the first step, all the compounds were virtually 

screened using a standard precision (SP) mode of the Glide module
147,148

 with no constrains. The 

results were ranked according to the docking score of the compounds and the top 5% virtual 

screening hits were selected to be further docked using an extra precision (XP) mode,
147

 a more 

powerful and discriminating procedure that is able to perform a more exhaustive search. After this 

two-step virtual screening protocol, the compounds were ranked according to their docking score 

and post-docking filters were applied considering the protein hotspots maps and the fragment 
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crystal structures previously obtained. In this sense, filters were based on aromatic interactions 

with Arg52 and H-bonds with any of the polar hotspots identified; compounds that met these 

criteria were visually inspected.  

The binding mode of the top 150 virtual screening hits that met the criteria was visually 

inspected. Compounds were selected taking into account mainly their binding mode and diversity 

in terms of chemical scaffold. Also, the possibility of chemically modifying the structure of the 

molecule in case of hit compound are identified was also considered. According to these criteria, 

a total number of 30 molecules were finally selected to be further tested in the biological DSF 

assay with the MtbArgF enzyme. These compounds were purchased from the commercial 

database source and are being evaluated in the enzyme using DSF assay. 

 

2.4 Experimental section 

 

2.4.1 Computational studies 

 

Homology modeling. For model building the corresponding templates were selected and 

the alignments between the template and the target were used for generating the tridimensional 

structure for the target sequence using ProMod-II, a module in the SwissModel
49,149

 workspace or 

Phyre2.
134

 These programs ranked the results and according to the evaluation parameters, as 

indicated in each case final models were selected. The sequences were retrieved from Uniprot
123

 

database and were used as starting point for template search and homology modeling process. The 

specific accession codes are indicated in each case. 

Once the models were built, the estimation of the protein model accuracy is required. For 

that purpose, model quality is assessed with different metrics, as follows. The local composite 

scoring function QMEAN (Qualitative Model Energy Analysis) allows discriminating good from 

bad models assessing geometrical aspects of the protein structure using several statistical 

descriptors. After building the models, energetic and geometric quality assessment of the 

tridimensional models generated was performed. A widely-used tool is ProSA,
150

 that analyzes 3D 

models of protein structures for potential errors; being able to recognize errors and calculating an 

overall quality score for the protein structure. The Z-score value of the models was obtained using 

this application that calculates the standard deviation between the native fold of the protein and an 

ensemble of misfolds in terms of energy. In order to check the stereochemical quality of a protein 

structure, PROCHECK
151

 has been applied analyzing residue-by-residue geometry. The 

Ramachandran plot shows energetically allowed regions for the backbone dihedral angles of all 

the residues, validating the stereochemical quality of the model. Finally, the models were 
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analyzed by the software Verify3D.
53

 This tool tests the accuracy of the 3D protein model in 

terms of energy. Also, the Errat value
152

 was considered, value that analyzes the statistics of the 

non-bonded interactions and compared with high quality structures.  

A. nidulans GskA model. Sequences were retrieved from Uniprot with the following 

accession codes: hGSK-3β (P49841-2), fungal A. nidulans (Q5AYX2), A. fumigatus (Q4WDL1) 

and U. maydis (PDB: 4E7W). In order to perform the most accurate model, three structures 

retrieved from the PDB,
153

 1I09,
50

 1Q5K
51

 and 4E7W,
47

 were selected. The first two were hGSK-

3β structures and the last one is Ustilago maydis GskA. The sequential alignment was performed 

using the sequence alignment program CLUSTAL
154

 and for the homology modeling, 

SwissModel was used. Finally, after the evaluation results, the final model selected to carry out 

further studies was based on 1Q5K crystal structure. 

LmjGSK3 loop refinement model. The 3D structure with the PDB code 3E3P
58

 

crystallized was refined in order to model a lacking loop. This protein lacks a loop, a decapeptide 

at the upper part of the ATP binding pocket. For this reason, it was necessary to model this loop 

before starting this analysis, using the Modeller programme.
62

 

SmaPDE4A model. The proteins selected for this comparison were hPDE4D2 

(Q08499_HUMAN code), as it is the most closely related hPDE and PDEs from parasites that 

present crystal structure available in the PDB, LmjPDEB1 (Q6S996_LEIMA code), TbrPDEB1 

(Q8WQX9_9TRYP code) and TcrPDEC (Q53I60_TRYCR code). All these sequences were 

retrieved from Uniprot database with the previous mentioned accession codes. The target protein 

sequence of SmPDE4A was also retrieved from UniProt, designated ID G4VPI6_SCHMA. 

Different structures were retrieved from the PDB to build the SmaPDE4A model, including 

parasite PDEs 4I15,
80

 2R8Q,
81

 3V93
95

 from T. brucei, L. major and T. cruzi respectively and 

hPDE4D 3SL4.
155

 In the next step, the sequential alignment of the selected sequences from the 

different pathogens was carried out with the different templates. The alignment results showed 

that the T. cruzi structure was inadequate for use as template; consequently, three further models 

for SmPDE4A were built using the three remaining PDEs templates as SwissModel as software.  

A. castellanii RegA PDE model. The target protein sequence was retrieved from Uniprot 

database with the accession code L7WMY9_ACACA. Different human PDE4 and PDE9 

structures were considered as templates according to the the SwissModel and the Phyre2 software 

results. According to the ranking obtained, several models were built using the following 

structures as templates 4Y8C
131

 6F6U,
132

 4QGE,
133

 4X0F,
135

 3G45
136

 and 3DY8.
137

 The models 

were evaluated in terms of quality and finally the best model was selected to carry out further 

studies.  
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Ligand preparation. The preparation of the library and the 2D-to-3D conversion was 

carried out using the LigPrep
156

 tool a module of the Schrödinger software package. This tool 

allows the preparation of molecules including different steps such as the addition of hydrogen 

atoms, the calculation of the ionization state of the molecules at a pH range; generation of 

possible tautomers; also low-energy ring conformations and a final energy minimization using the 

OPLS-2005 force field was applied.
157,158

 In order to perform the studies, physiological pH 

conditions were used to prepare the molecules, all of them were desalted and in the last step the 

compounds were minimized as default.  

Protein preparation. The structures of the proteins were preprocessed and refined 

carrying out H-bond assignment and calculation of the protonation state of the residues at 

physiological pH with a final restraint minimization, using the Protein Preparation Wizard 

tool
159,160

 implemented on Maestro.
161

  

Induced Fit Docking. This study is carried out by fitting the ligand to the protein and 

permitting changes in the active site geometry.
162,163

 This was done by docking the compound to 

the protein on the Glide program
147,148

 and generating several poses in the active site. Then, 

Prime
164

 predicts the active site structure using the pose of the corresponding ligand and 

rearranging nearby side chains of the protein and minimizing the overall energy of the 

protein.
147,165

 Finally, each ligand is re-docked into its corresponding low energy protein 

structures and the resulting complexes are ranked according to docking score. No constraints were 

set, XP (extra precision) mode was used in a standard protocol, the induced fit was optimized to 

5.0 Å of the ligand poses and the rest of the parameters were set to default. 

Docking studies. Automated docking was used to assess the appropriate binding 

orientations and conformations of the ligand. A Lamarckian genetic algorithm
166

 method 

implemented in the program AutoDock 4.2
167

 was applied. For docking calculations, Gasteiger 

charges were added, rotatable bonds were set by AutoDock tools (ADT) and all torsions were 

allowed to rotate for the ligand. In the focused docking studies, we used grid maps with a grid box 

size of 60x60x60 Å
3
 points and a grid-point spacing of 0.375 Å, using as centroid of the grid the 

selected site. For the blind docking protocol, the box size included the complete structure of the 

protein, with a grid-point spacing of 0.375 Å, using as centroid of the grid the center of the 

protein. The docking protocol consisted of 100 independent Genetic Algorithm (GA) runs, 

population size of 150, maximum number of evaluation 250,000, while the other parameters were 

default. Final best docked clusters, within the default 2.0 Å RMSD, according to the binding 

energies and relative population provided by Autodock, were analyzed by visual inspection.  

Cavity detection analysis. In order to determine different cavities on the different 

enzymes, the Fpocket software,
54

 a highly scalable and free open source pocket detection 
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package, was used. FPocket is based on Voronoi tessellation and alpha spheres built, Voronoi 

tessellation is performed using the qhull package and more precisely the program qvorono. The 

Fpocket program could be summarized with three major steps. During the first step the whole 

ensemble of alpha spheres is determined from the protein structure. Fpocket returns a pre-filtered 

collection of spheres. The second step consists in identifying clusters of spheres close together, to 

identify pockets, and to remove clusters of poor interest. The final step calculates properties from 

the atoms of the pocket, in order to score each pocket. 

As input Fpocket software uses an edited PDB file, without water molecules, ligands or 

metal ions. After the structure was studied, the pockets of the protein were organized in a table 

taking into account the scores giving by the program. Further analyses were carried out, 

inspecting visually best ranked pockets. MDpocket
63

 was used to detect cavities for a set of PDB 

structures. This software allows analyzing different structures and identifying conserved cavities 

between the structures. In the case of LmjGSK3, all the GSK-3 structures available at the moment 

of the study were retrieved and used for the analysis. 

Hotspots maps. The Fragment Hotspot maps software
64

 identifies the location and 

environment of binding sites on the protein by first calculating atomic hotspots and then 

producing Fragment Hotspot maps using simple molecular probes. These maps specifically 

highlight fragment-binding sites and their corresponding pharmacophores. H-bond acceptor, 

donor, and apolar/aromatic interactions, identified by this tool, can assist medicinal chemists in 

the search of interesting interactions in order to bind or improve the binding affinities for different 

ligands, and suggest modifications to the molecules. These maps complement existing virtual 

screening methods because they can be visually inspected to generate docking constraints or 

structure-based pharmacophores. With the most important interactions identified by the tool, 

existing pharmacophore methods can be used to screen for molecules capable of making these 

essential interactions.  

Molecular Dynamics (MD) studies. As a force field, optimized potentials for liquid 

simulations-2005 (OPLS-2005) force field in Desmond Molecular Dynamics System
168

 was used 

with the objective of analyzing the stability of the structures and study the behavior of the ligand-

target complex. The protein-ligand complexes obtained from the corresponding docking protocol 

were prepared using Desmond set-up wizard. When the ligand was used in the molecular 

dynamics simulations RESP charges were calculated using Jaguar software,
169

 carrying out a 

geometry optimization with the basis set HF6-311++ or CC-PVTZ++. The method applied for the 

specific ligand depended on the nature of the compound. Charges were added to the best binding 

poses from the docking studies to be further used. The system was solvated in a triclinical 

periodic box of SPC water or a TIP3P water solvation model
170

 and then neutralized using an 
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appropriate number of counter ions. Also, a physiological NaCl concentration of 0.15 M was 

added in the system builder. The simulation time depended on the specific protein structure or 

ligand-protein complex. 

The method selected for MD was NPT ensemble class (Noose-Hover chain thermostat at 

300 K, Martyna-Tobias-Klein barostat at 1.01325 bar) no constrains were applied in the MD 

protocol. Energy minimization of the prepared system was done up to a maximum of 10 steps 

using steepest descent method or until a gradient threshold (25 kcal/mol/Å) was reached. Default 

protocol of Desmond was used to equilibrate the system. Further MD simulations were carried out 

on these equilibrated systems for a time period specified in each case. Energy and trajectory 

frames were captured after every 1.2 ps and 4.8 ps respectively The quality of MD simulations 

was assessed by the Simulation Quality Analysis tools and analyzed by the Simulation Event 

Analysis tool, ligand-receptor interactions were identified using the Simulation Interaction 

Diagram tool. Energy fluctuations, RMSD and root-mean-square fluctuations (RMSF) of the 

complexes in each trajectory were analyzed with respect to simulation time. Visualization and 

analysis of the dynamics trajectories were performed using both Visual Molecular Dynamics 

(VMD)
171

 and Desmond Maestro simulation analysis tools.  

Virtual screening. It was performed employing Glide module
148

 included in the 

Schrödinger software package using the corresponding 3D target structure and our MBC library 

or other chemical library if specified.
68

 Virtual screenings were carried out applying a similar 

protocol in terms of conformational search and evaluation parameters. In all the cases, the center 

of the catalytic or the specified pocket was selected as the centroid of the grid. In the grid 

generation, a scaling factor of 1.0 in van der Waals radius scaling and a partial charge cutoff of 

0.25 were used. Either a standard precision mode (SP) or an extra precision (XP) mode was used 

in the virtual screening, the ligand sampling was flexible, epik state penalties were added and an 

energy window of 2.5 kcal/mol was used for ring sampling. In the energy minimization step, 

distance dependent dielectric constant was 4.0 with a maximum number of minimization steps of 

100,000. In the clustering, poses were considered as duplicates and discarded if both: RMS 

deviation is less than 0.5 Å and maximum atomic displacement is less than 1.3 Å. When reference 

compounds were available, they were used as control compounds for the virtual screening studies. 

SmaPDE4A. The structures used in the study were model 1 and model 2 previously built 

in this work.Seven benzoxaborole derivatives together with roflumilast were selected as reference 

compounds for virtual screening studies. These compounds were previously reported as 

SmPDE4A inhibitors.
122

 The MBC library was selected as an interesting source of new hits and 

compounds were selected based on docking score. Finally, compounds were selected considering 

docking score and binding pose. 
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A. castellanii RegA PDE. The structure used in the study was the model previously built 

in this work after an optimization step using an IFD protocol with the non-selective inhibitor 

dypiridamole. The MBC library was selected as source of new hits. Compounds were selected 

based on docking score and hotspots calculations. 

M. tuberculosis ArgF. The crystal structure obtained with the best fragment inhibitor of 

the first series (F078) was used for the virtual screening. Our MBC library
68

 in the first case and 

Enamine advanced collection in the second experiment were used as source of new hits. In the 

case of the Enamine advanced collection virtual screening, a two-step virtual screening protocol 

was followed using SP and XP modes due to the high amount of compounds. Finally, compounds 

were selected considering their docking score, their binding pose and their interactions using a 

pose filter process according to the hotspots maps of the protein calculated in this work. 

Fragment database characterization. All the prepared fragments, 106 fragments 

obtained from the Astex databases and identified as hits in the DSF assay, were analyzed using 

the Qikprop
144

 module of the small molecule drug discovery suite in the Schrödinger software 

package. ADME Tox properties were predicted using the QikProp program. QikProp was able to 

calculate and predict a total of 44 pharmaceutical relevant properties allowing also to filter 

compounds with clear-cut and undesirable properties for drug discovery. Examples of such 

properties included molecular weight (MW), molecular volume, number of HBDs, number of 

HBAs, PSA, QPlogPo/w (predicted octanol/water partition coefficient), and violations related to 

Lipinski’s rule of five
172

 and Jorgensen’s rule of three.
173

 

Fragment clustering. The 106 fragments hits were analyzed in terms of chemical 

similarity with the objective of classifying them in different clusters and prioritize additional 

compounds to be further crystallized in complex with the MtbArgF enzyme. For this purpose, 

hierarchical clustering implemented in Canvas software
145,174

 was used. Hierarchical clustering is 

a methodology based on an algorithm that groups similar objects into groups called clusters. The 

output is a set of clusters, where each cluster is distinct from the other clusters, and the objects 

within each cluster are similar to each other. With the objective of performing the clustering, 

ECFP4 (extended connectivity fingerprints) were calculated, binary radial fingerprints were 

selected with daylight invariant atom type. Once ECFP4 were calculated for the fragment 

database, hierarchical clustering was applied. Buser similarity was utilized to calculate the 

similarity distance matrix and average was selected as cluster linkage method. Finally, a 

dendrogram that is shown in the results section was obtained with 13 clusters after the analysis 

from the 106 fragments hits. 
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2.4.2 Biophysical assays and X-ray crystallograhy 

 

Differential scanning fluorimetry. The binding of a ligand with a protein can increase or 

decrease the thermal stability of the protein. This change in thermal stability can be measured by a 

fluorescence-based denaturation assay such as a thermal shift assay. Thermal unfolding of 

proteins exposes hydrophobic residues that are bound by the fluorescent dye, SYPRO Orange, 

resulting in a ∼500 fold increase in fluorescence intensity.
175

 Therefore changes in the melting 

transition point (Tm) upon the addition of ligands or fragments can be used as a first screening to 

identify hits.
176

 

The fluorescence-based thermal shift assay was used to screen the fragment library and 

the selected hits using Bio-Rad CFX equipment. Connect real-time PCR machine was used to 

identify hits. Each 25 μl reaction mixture contained 5 mM MtbArgF, 25 mM Tris-HCl (pH 8.0), 

150 mM NaCl, 2.5×SYPRO Orange dye, 5 mM test fragment or 1mM test compound and 5% 

DMSO (as solvent for compounds and fragments). The temperature of the sample was raised in 

0.5 °C increments from 25 °C to 90 °C and the fluorescence measured at each step, with 

excitation/emission wavelength’s of 490/575 nm. The data (fluorescence intensity against 

temperature) was analyzed using an in-house previously developed Microsoft Office Excel macro.  

The melting temperature (Tm) was obtained as the maximum of each curves derivative. 

The MtbArgF protein presents an average thermal unfolding value of around 63.5 °C according to 

the experiments performed. Any fragment that caused a shift in thermal stability by ≥ 3 °C at 5 

mM was considered a potential hit. 106 fragments from the complete fragment database were 

identified as hits. In the case of chemical compounds from the MBC library, hits were considered 

when the compounds were able to cause a shift in thermal stability by ≥ 1°C at 1 mM. 8 

compounds from the MBC library were identified as hits according to the experiments out of the 

25 compounds assayed. 

Isothermal titration calorimetry. ITC experiments were performed on an ITC200 

instrument at 25 °C. MtbArgF was dialysed in 50 mM HEPES pH 8.0, 200 mM NaCl before 

loading into the calorimetry cell at concentrations of 150-300 μM with the addition of 1 mM 

dithiothreitol (DTT). Ligand solutions at concentrations of 1 mM were dissolved in the same 

buffer and typically injected at between 0.5 μl and 2 μl at 150 s intervals with stirring at 750 

r.p.m. Buffer-ligand titrations were carried out as reference runs and subtracted from the protein-

ligand titration to remove the heat of dilution. Experiments were repeated at least three times and 

solved using Microcal Origin software. 

Crystallization assays. Data collection and processing screening of crystallisation 

conditions for MtbArgF was carried out using the sitting drop vapour-diffusion method with 
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MtbArgF (20 mg/ml) containing CTP (200 mM) and pantothenate (200 mM). The best crystals 

were obtained in the following conditions for MtbArgF: 0.15 M ammonium dihydrogenphosphate 

and 10 mM praseodymium acetate solution. MtbArgF seeds were prepared in: 40% PEG 400, 0.1 

M Tris pH 8.5, 200 mM LiSO4, 50% PEG 400 as an additive. Fragments (200 mM in DMSO) 

were mixed with mother liquor described above to 10 mM to make crystal soaking solutions. 

MtbArgF crystals were then placed in hanging drops of fragment/mother liquor solutions for 8 h 

with crystals being placed in fresh soaking solution every 1.5 h before overnight soaking. 

MtbArgF was crystallised using the sitting drop vapour-diffusion method in drops containing 

protein to reservoir solution. The reservoir solution contained 40% PEG 400, 0.1 M Tris pH 8.5, 

200 mM lithium sulphate, 50% PEG 400 as an additive. . Crystallisation was set up by Mosquito 

using 50 nL seed, 200 nL of mother liquor, 200 nL of 20 mg/mL ArgF, and grown for 4-5 days. 

Crystals were cryoprotected with mother liquor supplemented with 25% ethylene glycol (v/v) and 

frozen in liquid nitrogen. Data collection was carried out at Diamond Light Source (Harwell, UK) 

and at the in house source (X8 PROTEUM equipment, by Bruker AXS). Therefore, structural 

information for the majority of fragments and some compounds was obtained. 

 

2.4.3 Chemical procedures 

 

Substrates were purchased from commercial sources and used without further 

purification. Melting points were determined with a Mettler Toledo MP70 apparatus. Flash 

column chromatography was carried out at medium pressure using silica gel (E. Merck, Grade 60, 

particle size 0.040 – 0.063 mm, 230-240 mesh ASTM) with the indicated solvent as eluent. 

Compounds were detected with UV light (254 nm). 
1
H-NMR spectra were obtained on the Bruker 

AVANCE-300 spectrometer working at 300 MHz. Typical spectral parameters: spectral width 15 

ppm, pulse width 9 μs (57°), data size 32 K. 
13

C-NMR experiments were carried out on the 

Bruker AVANCE-300 spectrometer operating at 75 MHz. The acquisition parameters: spectral 

width 16 kHz, acquisition time 0.99 s, pulse width 9 μs (57°), data size 32 K. Chemical shifts (ɗ) 

are reported in values (ppm) relative to internal Me4Si and J values are reported in Hz. The 

HRMS analysis was carried out by using an Agilent 1200 Series LC system (equipped with a 

binary pump, an autosampler, and a column oven) coupled to a 6520 quadrupole-time of flight 

(QTOF) mass spectrometer. Acetonitrile:water (75:25, v:v) was used as mobile phase at 0.2 mL 

min
-1

. The ionization source was an ESI interface working in the positive-ion mode. The 

electrospray voltage was set at 4.5 kV, the fragmentor voltage at 150 V and the drying gas 

temperature at 300 °C. Nitrogen (99.5% purity) was used as nebulizer (207 kPa) and drying gas (6 

L min
−1

). Elemental analysis results of all the new compounds were recorded on Heraeus CHN-O-

rapid analyzer performed by the analytical department at CAI (UCM) and values were within  
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0.4% of the theoretical values for all compounds. The microwave assisted syntheses were carried 

out using a Biotage Initiator eight single-mode cavity instrument from Biotage. Experiments were 

performed with temperature control mode in sealed microwave process vials. The temperature 

was measured with an IR sensor on the outside of the reaction vessel. Stirring was provided by an 

in situ magnetic stirrer. 

Characterization of compounds was established by a combination of HRMS, 1H NMR, 

13
C NMR and microanalysis.  

 

General procedure for the synthesis of substituted N-(thiazole-2-yl)urea derivatives 

1-5 

The corresponding 2-aminothiazole (1 equiv.) was added to the respective isocyanate (1 

equiv.) in tetrahydrofurane (THF) (10 mL), and the reaction mixture was heated under microwave 

irradiation at 120 ºC during 2 h. The reaction was monitored by TLC. The reaction mixture was 

washed sequentially (3x15 mL) with an aqueous saturated solution of NH4Cl, brine; and then 

dried over Na2SO4 anhydrous. The desiccant was filtered and organic solvent removed under 

vacuum. The corresponding product was purified by flash column chromatography using the 

eluents mixtures that are indicated in each case.  

1-(4-(4-Chlorophenyl)thiazol-2-yl)-3-(4-

methoxybenzyl)urea (1)  

Reagents: 4-(4-chlorophenyl)thiazol-2-amine 

(0.300 g, 1.43 mmol) and 1-

(isocyanatomethyl)-4-methoxybenzene (0.204 

mL, 1.43 mmol). Purification: Hex/AcOEt 

(1:3). Yield: 441 mg, 82%. White solid. Mp: 178 – 179 ºC. 
1
H NMR (300 MHz, DMSO-d6) δ 

10.73 (s, 1H, H12), 7.97 – 7.88 (m, 2H, H7, H11), 7.58 (s, 1H, H5), 7.56 – 7.48 (m, 2H, H8, 

H10), 7.35 – 7.25 (m, 2H, H18, H22), 7.05 – 6.91 (m, 3H, H15, H19, H21), 4.34 (d, J = 5.8 Hz, 

2H, H16), 3.79 (s, 3H, H24). 
13

C NMR (75 MHz, DMSO - d6) δ 160.0 (C2), 158.3 (C20), 153.8 

(C13), 147.2 (C4), 133.2 (C9), 131.9 (C17), 131.4 (C6), 128.6 (2C, C8, C10), 128.6 (2C, C18, 

C22), 127.2 (2C, C7, C11), 113.8 (2C, C19, C21), 107.4 (C5), 55.1 (C24), 42.4 (C16). Anal. 

(C18H16ClN3O2S) Calculated: C 57.85%, H 4.44%, N 11.20%, S 8.26%. Found: C 57.83%, H 

4.31%, N 11.24%, S 8.58. 
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1-(4-(4-Chlorophenyl)thiazol-2-yl)-3-(4-

methoxyphenethyl)urea (2)  

Reagents: 4-(4-chlorophenyl)thiazol-2-amine 

(0.220 g, 1.05 mmol) and 1-(2-

isocyanatoethyl)-4-methoxybenzene (0.168 mL, 

1.05 mmol). Purification: Hex/AcOEt (1:3).  

Yield: 251 mg, 62%. White solid. Mp: 177 – 

178 ºC. 
1
H NMR (300 MHz, DMSO-d6) δ 

10.62 (s, 1H, H12), 7.93 – 7.81 (m, 2H, H7, H11), 7.53 (s, 1H, H5), 7.51 – 7.43 (m, 2H, H8, 

H10), 7.23 – 7.12 (m, 2H, H19, H23), 6.95 – 6.84 (m, 2H, H20, H22), 6.53 (s, 1H, H15), 3.74 (s, 

3H, H24), 3.41 – 3.35 (m, 2H, H16), 2.72 (t, J = 7.1 Hz, 2H, H17). 
13

C NMR (75 MHz, DMSO- 

d6) δ 160.5 (C2), 158.2 (C21), 154.2 (C13), 147.7 (C4), 133.8 (C9), 132.4 (C6), 131.4 (C18), 

130.1 (2C, C19, C23), 129.1 (2C, C8, C10), 127.7 (2C, C7, C11), 114.3 (2C, C20, C22), 107.8 

(C5), 55.4 (C24), 41.4 (C16), 35.1 (C17). Anal. (C19H18ClN3O2S) Calculated: C 58.83%, H 

4.68%, N 10.83%, S 8.27%. Found: C 58.92%, H 4.83%, N: 10.97%, S: 8.17%. 

1-(4-(4-Fluorophenyl)-5-methylthiazol-2-yl)-

3-(4-methoxybenzyl)urea (3)  

Reagents: 4-(4-fluorophenyl)-5-methylthiazol-

2-amine (0.250 g, 1.20 mmol) and of 1-

(isocyanatomethyl)-4-methoxybenzene (0.204 

mL, 1.20 mmol). Purification: Hex/AcOEt. 

(1:3). Yield: 116 mg, 27%. Beige solid. Mp: 

179 – 180 ºC. 
1
H NMR (300 MHz, DMSO-d6) δ 10.44 (s, 1H, H12), 7.72 – 7.57 (m, 2H, H7, 

H11), 7.32 – 7.18 (m, 4H, H8, H10, H18, H22), 6.96 – 6.84 (m, 3H, H19, H21, H15), 4.27 (d, J = 

5.8 Hz, 2H, H16), 3.74 (s, 3H, H24), 2.41 (s, 3H, H25) 
13

C NMR (75 MHz, DMSO-d6) δ 161.6 (d, 

JC-F = 244.2 Hz, C9), 158.8 (C20), 156.4 (C2), 154.3 (C13), 143.1 (C4), 132.1 (d, JC-F = 3.2 Hz, 

C6), 131.9 (C17), 130.2 (d, JC-F = 8.0 Hz, 2C, C7, C11), 129.1 (2C, C18, C22), 119.8 (C5), 115.6 

(d, JC-F = 21.3 Hz, 2C, C8, C10), 114.3 (2C, C19, C21), 55.5 (C24), 42.8 (C16), 12.2 (C25). Anal. 

(C19H18FN3O2S) Calculated: C 61.44%, H 4.88%, N: 11.31%, S: 8.63%. Found: C 61.28%, H 

4.80%, N 11.35%, S 8.67%. 
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1-(4-(4-Fluorophenyl)-5-methylthiazol-2-yl)-

3-(1-(2,2,2-trifluoroacetyl)piperidin-4-

yl)urea (4) 

Reagents: 4-(4-fluorophenyl)-5-methylthiazol-

2-amine (0.250 g, 1.20 mmol) and 2,2,2-

trifluoro-1-(4-isocyanatopiperidin-1-yl)ethan-1-

one (0.266 mL, 1.20 mmol). Purification: 

Hex/AcOEt. (1:4). Yield: 355 mg, 69%. Yellow 

solid. Mp: 212 – 213 ºC. 
1
H NMR (300 MHz, 

DMSO-d6) δ 10.29 (s, 1H, H12), 7.72 – 7.54 (m, 2H, H7, H11), 7.31 – 7.19 (m, 2H, H8, H10), 

6.60 (d, J = 7.7 Hz, 1H, H15), 4.17 (d, J = 12.9 Hz, 1H, H18*), 3.91 – 3.75 (m, 2H, H16, H20*), 

3.46 – 3.39 (m, 2H, H18, H20), 3.11 (t, J = 11.8 Hz, 1H, H21*), 2.40 (s, 3H, H25), 1.97 (dt, J = 

15.6, 7.4 Hz, 2H, H17, H21), 1.54 – 1.33 (m, 1H, H17*). 
13

C NMR (75 MHz, DMSO- d6) δ 161.6 

(d, JC-F = 244.2 Hz, C9), 156.2 (C2), 154.5 (q, JC-F = 34.8 Hz, C22), 153.6 (C13), 143.1 (C4), 

132.0 (d, JC-F = 3.2 Hz, C6), 130.2 (d, JC-F = 8.1 Hz, 2C, C7, C11), 119.8 (C5), 117.9 (q, JC-F = 

289.98 Hz, C24), 115.6 (d, JC-F = 21.3 Hz, 2C, C8, C10) 46.4 (C16), 44.5 (d, JC-F = 3.8 Hz, 

C18*), 42.4 (C20*), 32.5 (C21*), 31.6 (C17*), 12.2 (C25). Anal. (C18H18F4N4O2S) Calculated: C 

50.23%, H 4.22%, N: 13.02%, S 7.35%. Found: C 50.10%, H 4.33%, N 12.67%, S 6.92. 

1-(4-(4-Fluorophenyl)-5-methylthiazol-2-yl)-3-(5-

methyl-2-nitrophenyl)urea (5)  

Reagents: 4-(4-fluorophenyl)-5-methylthiazol-2-

amine (0.225 g, 1.08 mmol) and 2-isocyanato-4-

methyl-1-nitrobenzene (0.193 g, 1.08 mmol). 

Purification: Hex/AcOEt. (1:3). Yield: 53 mg, 13%. 

Yellow solid. Mp: 238 – 239 ºC. 
1
H NMR (300 

MHz, DMSO-d6) δ 11.91 (s, 1H, H12), 9.94 (s, 1H, H15), 8.21 (s, 1H, H17), 8.05 (d, J = 8.5 Hz, 

1H, H20), 7.68 (dd, J = 8.6, 5.6 Hz, 2H, H7, H11), 7.28 (t, J = 8.8 Hz, 2H, H8, H10), 7.07 (d, J = 

8.7 Hz, 1H, H19), 2.45 (s, 3H, H23), 2.41 (s, 3H, H22). 
13

C NMR (75 MHz, DMSO-d6) δ 161.6 

(d, JC-F = 244.5 Hz, C9), 155.3 (C13), 151.8 (C2), 146.8 (C21), 143.4 (C4), 135.7 (C18), 134.5 

(C16), 131.6 (C6), 130.2 (d, JC-F = 8.2 Hz, 2C, C7, C11), 125.9 (C20), 124.2 (C19), 122.7 (C17), 

120.7 (C5), 115.6 (d, JC-F = 21.3 Hz, 2C, C8, C10), 21.8 (C22), 12.2 (C23). HRMS (ESI
+
) 

Calculated (C18H15FN4O3S): 387.0921. Found [M+H]
+
: 387.0920. 
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General Procedure for the Synthesis of Substituted N-(1H-imidazol-2-yl)urea 

derivatives 6-11 

The respective 2-aminoimidazole (1 equiv.) was added to the respective isocyanate (1 

equiv.) in THF (10 mL), and the reaction mixture was heated under microwave irradiation at 110 

ºC during 30 min. The reaction was monitored by TLC. The reaction mixture was washed 

sequentially (3x15 mL) using an aqueous saturated solution of NH4Cl and brine; then dried over 

Na2SO4 anhydrous. The desiccant was filtered and organic solvent removed under vacuum. The 

residue was purified by flash column chromatography using as eluents mixtures of solvents 

(Hex/AcOEt) in the portions indicated to obtain the desired products. 

1-(4-(p-Tolyl)-1H-imidazol-2-yl)-3-(1-(2,2,2-

trifluoroacetyl)piperidin-4-yl)urea (6)  

Reagents: 4-(p-tolyl)-1H-imidazol-2-amine 

(0.150 g, 0.87 mmol) and 2,2,2-trifluoro-1-(4-

isocyanatopiperidin-1-yl)ethan-1-one (0.193 

mL, 0.87 mmol). Purification: Hex/AcOEt 

(1:4). Yield: 122 mg, 35.6%. White solid. Mp: 

209 – 210 ºC. 
1
H NMR (300 MHz, DMSO-d6) 

δ 11.06 (s, 1H, H1), 9.53 – 9.23 (m, 1H, H12), 7.56 (d, J = 7.7 Hz, 2H, H7, H11), 7.44 (s, 1H, 

H15), 7.21 – 7.04 (m, 3H, H5, H8, H10), 4.16 (d, J = 13.6 Hz, 1H, H18*), 3.96 – 3.74 (m, 2H, 

H16, H20*), 3.43 (t, J = 11.9 Hz, 1H, H18*), 3.19 (t, J = 11.9 Hz, 1H, H20*), 2.29 (s, 3H, H25), 

2.00 (s, 2H, H17*), 1.48 (d, J = 12.0 Hz, 2H, H21*). 
13

C NMR (75 MHz, DMSO- d6) δ 154.5 (q, J 

= 34.7 Hz, C22), 154.1 (C13), 143.0 (C2), 135.8 (C4), 135.3 (C9), 131.9 (C6), 129.4 (2C, C8, 

C10), 124.2 (2C, C7, C11), 116.9 (q, J = 288.4 Hz, C24), 109.5 (C5), 46.2 (C16), 44.4 (d, J = 3.9 

Hz, C18*), 42.4 (C20*), 32.6 (C17*), 31.7 (C21*), 21.2 (C25). Anal. (C18H20F3N5O2) Calculated: 

C 54.68%, H 5.10%, N: 17.77%. Found C 54.68%, H 5.19%, N 17.41%. 

1-(4-Methoxybenzyl)-3-(4-(p-tolyl)-1H-

imidazol-2-yl)urea (7) 

Reagents: 4-(p-tolyl)-1H-imidazol-2-amine 

(0.150 g, 0.87 mmol) and 1-(isocyanatomethyl)-

4-methoxybenzene (0.124 mL, 1.04 mmol). 

Purification: Hex/AcOEt. (1:3). Yield: 85 mg, 

29%. Pink solid. Mp: 177 – 178 ºC. 
1
H NMR 

(300 MHz, DMSO-d6): δ 11.12 (s, 1H, H1), 9.50 (s, 1H, H12), 7.62 (s, 1H, H15), 7.56 (d, J = 8.0 

Hz, 2H, H7, H11), 7.27 (d, J = 8.7 Hz, 2H, H18, H22), 7.17-7.08 (m, 3H, H5, H8, H10), 6.92 (d, J 

= 8.7 Hz, 2H, H19, H21), 4.32 (d, J = 5.7 Hz, 2H, H16), 3.75 (s, 3H, H24), 2.29 (s, 3H, H25). 
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13
C-NMR (75 MHz, DMSO-d6): δ 158.2 (C20), 154.3 (C13), 142.6 (C2), 135.6 (C4), 134.7 (C9), 

134.2 (C6) 131.7 (C17), 128.9 (2C, C8, C10), 128.5 (2C, C18, C22), 123.7 (2C, C7, C11), 113.7 

(2C, C19, C21), 108.1 (C5), 55.0 (C24), 42.2 (C16), 20.7 (C25). HRMS (ESI
+
) Calculated 

(C19H21N4O2): 337.1659. Found [M+H]
+
:
 
337.1657. 

1-(4-Fluorophenyl)-3-(4-(p-tolyl)-1H-imidazol-

2-yl)urea (8) 

Reagents: 4-(p-tolyl)-1H-imidazol-2-amine (0.208 

g, 1.41 mmol) and 1-fluoro-4-isocyanatobenzene 

(0.161 mL, 1.41 mmol). Purification: Hex/AcOEt. 

(1:3). Yield: 125 mg, 28%. Pink solid. Mp: 188 – 

189 ºC. 
1
H NMR (300 MHz, DMSO-d6) δ 11.32 

(s, 1H, H1), 9.97 – 9.49 (m, 2H, H12, H15), 7.62 (d, J = 7.8 Hz, 2H, H7, H11), 7.54 (dd, J = 9.0, 

5.0 Hz, 2H, H17, H21), 7.32 – 6.92 (m, 5H, H5, H8, H10, H18, H20), 2.30 (s, 3H, H22). 
13

C 

NMR (75 MHz, DMSO-d6) δ 157.6 (d, JC-F = 238.6 Hz, C19), 152.1 (C13), 142.0 (C2), 135.4 (d, 

JC-F = 2.4 Hz, C16), 135.0 (C9, C4), 131.2 (C6), 129.0 (2C, C8, C10), 123.8 (2C, C7, C11), 120.3 

(d, JC-F = 7.9 Hz, 2C, C17, C21), 115.4 (d, JC-F = 22.2 Hz, 2C, C18, C20), 109.1 (C5), 20.8 (C22). 

HRMS (ESI
+
) Calculated (C17H16FN4O): 311.1302. Found [M+H]

+
: 311.1301. 

1-(5-Methyl-2-nitrophenyl)-3-(4-(p-tolyl)-1H-

imidazol-2-yl)urea (9)  

Reagents: 4-(p-tolyl)-1H-imidazol-2-amine 

(0.225 g, 1.30 mmol) and of 2-isocyanato-4-

methyl-1-nitrobenzene (0.231 g, 1.30 mmol). 

Purification: Hex/AcOEt. (1:3). Yield: 80 mg, 

17%. Orange solid. Mp: 179 – 180 ºC. 
1
H NMR 

(300 MHz, DMSO-d6) δ 11.40 (s, 2H, H1, H12), 

8.29 (s, 1H, H21), 8.06 (d, J = 8.6 Hz, 1H, H18), 7.66 (d, J = 7.7 Hz, 2H, H7, H11), 7.25 (s, 1H, 

H5), 7.16 (d, J = 7.8 Hz, 2H, H8, H10), 7.06 (d, J = 8.3 Hz, 1H, H19), 2.41 (s, 3H, H22), 2.31 (s, 

3H, H23). 
13

C NMR (75 MHz, DMSO-d6) δ 153.0 (C13), 146.9 (C2), 146.6 (C17), 146.5 (C4), 

135.6 (C9), 135.1 (C20), 130.9 (C6), 129.4 (2C, C8, C10), 128.9 (C16), 125.8 (C18), 124.3 (2C, 

C7, C11), 123.7 (C19), 122.9 (C21), 109.7 (C5), 21.89 (C22), 21.1 (C23). HRMS (ESI
+
) 

Calculated (C18H17N5O3): 352.1404. Found [M+H]
+
: 352.1387. 
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1-(4-(tert-Butyl)phenyl)-3-(4-(p-tolyl)-1H-

imidazol-2-yl)urea (10) 

Reagents: 4-(p-tolyl)-1H-imidazol-2-amine 

(0.200 g, 1.16 mmol) and 1-(tert-butyl)-4-

isocyanatobenzene (0.205 mL, 1.16 mmol). 

Purification: Hex/AcOEt. (1:3). Yield: 90 mg, 

22%. White solid. Mp: 245 – 246 ºC. 
1
H NMR 

(300 MHz, DMSO-d6) δ 11.28 (s, 1H, H1), 9.63 

(s, 2H, H12, H15), 7.61 (d, J = 7.8 Hz, 2H, H7, 

H11), 7.43 (d, J = 8.8 Hz, 2H, H17, H21), 7.33 (d, J = 8.7 Hz, 2H, H18, H20), 7.20 (s, 1H, H5), 

7.15 (d, J = 7.9 Hz, 2H, H8, H10), 2.29 (s, 3H, H26), 1.27 (s, 9H, H23, H24, H25). 
13

C NMR (75 

MHz, DMSO-d6): δ 152.2 (C13), 145.1 (C19), 142.4 (C2), 136.8 (C16, C4), 135.3 (C9), 131.8 

(C6), 129.4 (2C, C8, C10), 125.9 (2C, C18, C20), 124.2 (2C, C7, C11), 118.7 (2C, C17, C21), 

109.1 (C5), 34.3 (C22), 31.6 (C26), 21.1 (C23, C24, C25, 3C). HRMS (ESI
+
) Calculated 

(C21H24N4O): 349.2023. Found [M+H]
+
: 349.2012. 

1-(4-Fluorophenyl)-3-(4-(4-

(trifluoromethoxy)phenyl)-1H-imidazol-2-

yl)urea (11) 

Reagents: 4-(4-(trifluoromethoxy)phenyl)-1H-

imidazol-2-amine (0.113 g 0.46 mmol) and 1-

fluoro-4-isocyanatobenzene (0.069 g, 0.51 

mmol). Purification: Hex/AcOEt. (1:3). Yield: 

27 mg, 15%. White solid. Mp: 246 – 247 ºC. 

1
H-NMR (300 MHz, DMSO-d6): δ 11.44 (s, 1H, H1), 9.74 (s, 1H, H12), 9.57 (s, 1H, H15), 7.83 

(d, J = 8.8 Hz, 2H, H7, H11), 7.56 – 7.49 (m, 2H, H17, H21), 7.37 – 7.29 (m, 3H, H5, H8, H10), 

7.16 (t, J = 8.9 Hz, 2H, H18, H20). 
13

C-NMR (75 MHz, DMSO-d6): δ 157.7 (d, JC-F = 239.8 Hz, 

C19), 151.9 (C13), 146.4 (C9), 142.2 (C4), 135.3 (d, JC-F = 2.4 Hz, C16), 133.7 (C6), 125.5 (2C, 

C7, C11), 121.2 (2C, C8, C10), 120.4 (d, JC-F = 8.4 Hz, 2C, C17, C21), 120.2 (q, JC-F = 255.2 Hz, 

C23), 115.4 (d, JC-F = 22.4 Hz, 2C, C18, C20), 110.2 (C5). HRMS (ESI
+
) Calculated 

(C17H12F4N4O2): 381.0969. Found [M+H]
+
: 381.0963. 
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Chapter 3 Ligand-Based Approaches in Infectious Diseases Drug 

Discovery 
 

 

During the last decades, two main strategies have dominated early stage drug 

development; a ligand-based approach focused on phenotypic screening and a target-based 

strategy based on the activity of a specific protein and its relevance for a particular disease. 

Recently, a large discussion has arisen in the scientific community about the most successful 

method for drug discovery. Phenotypic screening campaigns potentially lead to the identification 

of a molecule that modifies a disease phenotype by acting on an unknown or undescribed target or 

by acting at the same time on more than one target. Moreover, among the advantages of the 

phenotypic approach, the direct access to small molecules with the desired cellular activity is 

particularly attractive. On the other hand, this strategy cannot be considered as a target-agnostic 

approach. In this sense, a strategy based on phenotypic screening requires also complementary 

methods to subsequently search and identify the targets of active molecules.
1
 This fact will allow 

the optimization of the drug candidate together with the awareness of potential adverse effects and 

polypharmacology. 

As previously described in the introduction, infectious diseases are a major threat 

affecting people worldwide. Moreover, the increasing of resistances in infectious agents is a 

global challenge that leads to the urgent need to discover and develop innovative treatments using 

novel approaches. For this reason, in this chapter we have explored different chemical scaffolds in 

ligand-based programs as promising compounds for the treatment of two infectious diseases using 

a phenotypic screening strategy. In this context, the objectives proposed here are: 
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1. Optimization of new naphtoquinone derivatives as potential agents for the treatment 

of Leishmania infections. 

2. Identification and optimization of new chemical scaffolds with promising activity 

against S. mansoni and target deconvolution by using computational approaches.  

 

3.1 Design, synthesis and biological evaluation of novel quinone 

derivatives for leishmaniasis 

 

Over the last decades, many families of natural and synthetic compounds with 

leishmanicidal activity have been explored. An important part of them are natural compounds 

from different families such as alkaloids or terpens. A particularly attractive scaffold present in an 

important number of natural compounds is quinone derivatives whose oxidant and electrophilic 

properties
2,3

 provide them a potential therapeutic effect determined by the different substituents in 

the structure.  

Diverse quinone structures that include benzo and naphtoquinones differently substituted, 

previously developed in our group and collected into the MBC library,
4
 were selected for 

phenotypic screening assays in Leishmania cultures in collaboration with the group of Dr. Rivas 

at the CIB-CSIC (Spain). These phenotypic assays allowed us to identify naphtoquinone MBC-

132 with a carbamate group in position 2 and a chlorine atom in position 3 (Table 3.1) as an 

interesting hit to be further optimized in order to find leishmanicidal compounds. 

 

Table 3.1. Chemical structure of MBC-132 together with the biological activity in Leishmania 

cultures. 

 
L. donovani 

promastigotes 

EC50 (μM) 

L. pifanoi 

axenic 

amast.    

EC50 (μM) 

Peritoneal 

Macrophages 

(Balb/C) 

Selective index 

(amas./macroph) 

 

MBC-132 

1.51 0.51 2.6  5.1 
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3.1.1 Design and chemical synthesis of novel naphtoquinone derivatives 

 

The main objective here, starting from the phenotypic hit identified (quinone MBC-132) 

was the development of novel naphtoquinone derivatives, maintaining its leishmanicidal activity 

and improving the selectivity profile by reducing the cytotoxicity towards the human 

macrophages. With this goal in mind, a medicinal chemistry program was developed to explore 

the chemical space of the naphtoquinone scaffold and its influence in the antileishmanial activity, 

using MBC-132 as starting point to design and synthesize novel antileishmanial compounds. For 

that purpose, while maintaining the chlorine atom in position 3, different functional groups such 

as amines, ureas or amides apart from the carbamate will be prioritized in position 2 in order to 

observe its effect in activity and toxicity. Furthermore, a new series of naphtoquinone derivatives 

compounds without the chlorine in position 3 will be proposed to determine its influence in the 

antiparasitic activity (Figure 3.1).  

 

 

Figure 3.1. Chemical modifications proposed to explore the chemical space of the naphtoquinone 

scaffold. 

 

As a first approach, the initial goal was to conserve the main chemical features present in 

the hit structure such as the naphtoquinone scaffold, the carbamate group in position 2 and the 

chlorine atom in position 3.  
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Scheme 3.1. Synthesis of naphtoquinone derivatives 12-16 with a carbamate moiety. 

 

To obtain these compounds, a previously described procedure
5
 was followed. Carbamate 

derivatives 12-16 were synthesized starting from commercial 2,3-dichloronaphtoquinone, 

potassium cyanate and different alcohols in DMSO anhydrous at room temperature during 24 h. 

In order to explore the influence of the nature of the carbamate groups, aliphatic and aromatic 

alcohols were used. The mechanism is based on the reaction of potassium cyanate with 2,3-

dichloro-1,4-naphtoquinone affording the quinonyl isocyanate, an intermediate, which is 

generated by a Michael addition followed by KCl elimination. This is a very unstable 

intermediate, unable to be isolated and it is also easily hydrolyzed. This step in the reaction is 

followed by a nucleophilic substitution of the quinonyl isocyanate with the corresponding alcohol 

leading to the generation of the final carbamate derivatives 12-16. This step takes place very 

quickly and in some cases, the intermediate hydrolysis is minimized. However, the formation of 
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the 2-amino-3-chloro-1,4-naphtoquinone was also observed as a hydrolysis product of the 

intermediate isocyanate as previously reported.
5
 

Secondly, with the aim of studying the influence of the carbamate moiety in the biological 

activity, a new series of naphtoquinone derivatives replacing the carbamate by an amine group in 

position 2 was synthesized. In this case, 2,3-dichloro-1,4-naphtoquinone reacted with different 

aliphatic and aromatic amines in DMSO anhydrous at room temperature during 10 min. After 

cooling the reaction at 5 ºC the product precipitated and the procedure led to obtain the final 

derivatives 17-24 with good yields (Scheme 3.2). 
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Scheme 3.2. Synthesis of naphtoquinone derivatives 17-24 with an amine group. 

 

The following objective consisted on the replacement of the carbamate by a urea moiety. 

To achieve this aim, a chemical strategy similar to the one applied for the carbamate’s synthesis 
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was performed. In this sense, potassium cyanate was suspended in a mixture of DMSO anhydrous 

and the corresponding amine, then 2,3-dichoro-1,4-naphthoquinone was added (Scheme 3.3). 

Differently substituted primary amines, either aliphatic or aromatic, were used in the 

chemical reaction. However, only in the case in which tert-butylamine was added, a final urea 

derivative, compound 25 was obtained. In the other cases, the direct addition of the amine 

occurred due to the low nucleophilic properties of the potassium cyanate compared to the 

respective amine. Regarding tert-butylamine, its low nucleophile capability, due to sterically 

properties, allowed the formation of the urea derivative. The yield of compound 25 was lower 

than in the previous reaction due to the direct substitution of the amine as a secondary product 

giving rise to the compound 3-chloro-2-tert-butylamino-1,4-naphtoquinone (19) previously 

characterized (Scheme 3.3).   

 

 

Scheme 3.3. Synthesis of urea derivative 25. 

 

With the objective of obtaining more urea derivatives, alternative methodologies were 

applied changing the addition order of the reagents, using several solvents and adding a base to 

the reactive mixture without success. Moreover, a new synthetic pathway was attempted in which 

the 2-amino-3-chloro-1,4-naphtoquinone, different isocyanates (ethyl and benzyl), solvents (THF, 

DMF and DMSO) and also several bases (NaOH, NaHCO3, NaH, DBU and DIPEA) were used at 

both room temperature and reflux. Unfortunately, it was not possible to obtain the desired product 

because of the low reactivity of the 2-amino-3-chloro-1,4-naphtoquinone. Both facts, the 

conjugation of the amine with a carbonyl group and the electroacceptor effect of the chlorine 

provoke a decrease in its reactivity. 

Finally, it was decided to synthesize 1,4-naphtoquinone derivatives without the chlorine 

in position 3. The chlorine atom was removed to study its role in the biological activity of this 

chemical class of compounds. In this sense, amide and carbamate naphtoquinone derivatives were 

proposed to be synthesized. In all the cases, 2-amino-1,4-naphtoquinone was used as the starting 

material to obtain the corresponding derivatives. Moreover the reactivity of this reagent is 
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increased compared with the previously used 2-amino-3-chloro-1,4-naphtoquinone due to the 

absence of the chlorine atom, allowing this strategy to increase the reactivity of the amine.  

A two-step protocol was followed for the synthesis of both classes of derivatives. In the 

first step, following the methodology described by Yamashita et al,
6
 2-amino-1,4-naphtoquinone 

26 was obtained after the treatment of 2-bromo-1,4-naphtoquinone with aqueous ammonia 32%. 

Due to the moderate yields and the formation of secondary products, it was decided to explore 

other synthetic conditions and solvents such as THF and DMF. It was observed that using THF as 

a solvent at room temperature during 24 h, the secondary product formation was minimized 

allowing the easily purification of the desired product 26 (Scheme 3.4). 

 

 

Comp. X R Yield % 

27 O 
 

57 

28 O 
 

47 

29 - 
 

71 

30 - 
 

24 

31 - 

 

27 

Scheme 3.4. Synthesis of 2-carbamate-1,4-naphtoquinone derivatives 27-28 and 2-amide-1,4-

naphtoquinone derivatives 29-31. 

 

The second step was carried out following the methodology previously described by 

Josey et al.
7
 As an initial strategy, the synthesis of the analogue compounds to the initial hit 

MBC-132, without the chlorine atom, was carried out. 2-amino-1,4-naphtoquinone 26, obtained in 
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the previous step, reacts with different chloroformiates or acid halides to form the corresponding 

carbamates 27-28 or amide derivatives 29-31 respectively. The nucleophilic substitution was 

performed in the presence of sodium hydride, obtaining the final compounds with moderate 

yields.  

All the compounds here prepared were identified and characterized in basis to their 

analytical and spectroscopical data collected in the experimental section. 

 

3.1.2 Biological evaluation of novel naphtoquinone derivatives 

 

Once the new chemical derivatives 12-31 were synthesized, they were biologically 

evaluated in Leishmania spp. cultures (L. donovani promastigotes and L. pifanoi axenic 

amastigotes), as it is shown in Table 3.2. 

In general, according to the biological results, it is possible to observe that carbamate 

derivatives 12-16 maintain the activity in the parasite comparing with the reference hit MBC-132, 

while amine analogues 17-24 show no leishmanicidal activity. On the other hand, the derivatives 

in which the chlorine atom was removed 27-31 present a similar activity than the reference 

compound MBC-132. 

Analyzing the data more in detail, the carbamate analogues from MBC-132, compounds 

12-16, showed leishmanicidal activity in the low micromolar and submicromolar range in both 

forms of the parasite, promastigotes and amastigotes, a similar activity that the one displayed by 

the reference compound MBC-132. However, it is important to remark that compounds 12 and 

13, the ones with an aliphatic substituent in the carbamate, displayed a slightly better activity than 

compound MBC-132 in the amastigote form of the parasite. This fact together with a slightly 

lower toxicity in peritoneal macrophages increased the selectivity of these new derivatives 

between 2 and 4 times comparing to the previous compound MBC-132 (Table 3.2). In this sense, 

it is important to highlight the high selectivity index of compound 12, the carbamate with an ethyl 

substituent (SI > 20). Considering the influence of the aromatic substituents of the carbamate in 

the antiparasitic effect, several facts can be highlighted. First of all, it is observed that the 

substitution of an aromatic instead of an aliphatic carbamate maintained the leishmanicidal 

activity in the low micromolar range for promastigotes (compounds 14-16). However, the activity 

in the amastigotes for the aromatic derivatives was lower than aliphatic derivatives, decreasing 

from the submicromolar to the low micromolar range. This fact in combination with a slightly 

higher toxicity, revealed the lower selectivity index for compounds 14-16. 
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Table 3.2. Leishmanicidal activity and cytotoxicity obtained in the assays for the new 

naphtoquinone derivatives synthesized 12-31.  

Comp. 

L. donovani 

promastigotes 

EC50 (μM) 

L. pifanoi 

axenic 

amast.   

EC50 (μM) 

Peritoneal 

macrophages 

(Balb/C) 

Selective index 

(amas/macroph) 

MBC-132 1.51  0.0 0.51  0.0 2.6  0.0 5.1 

12 1.54  0.0 0.15  0.40 3.1  0.1 20.6 

13 1.47  0.0 0.4  0.2 4.51  0.3 11.2 

14 4.9  0.2 4.7  0.8 9.8  0.2 2.1 

15 2.9  0.2 3.7  1.1 7.4  0.8 2.0 

16 3.8  1.9 3.6  0.6 8.1  1.0 2.3 

18 19.1  1.2 > 25 - - 

19 16.9  0.4 > 25 - - 

20 19.8  3.6 17.8  1.1 17.0  0.3 1.0 

21 > 25 > 25 - - 

22 > 50 > 50 - - 

23 > 25 > 25 - - 

24 > 50 > 50 - - 

25 > 25 > 25 - - 

26 1.4  0.4 2.1  0.6 1.3  0.3 0.6 

27 4.1  0.8 1.7  0.2 3.8  0.3 2.2 

28 4.5  0.7 1.7  0.1 4.2  0.2 2.5 

29 4.5  0.5 1.2  0.1 4.0  0.2 3.3 

30 5.9  1.8 1.8  0.3 4.3  0.3 2.4 

31 7.1  2.1 3.2  0.1 7.5  0.6 2.3 
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On the other hand, considering the replacement of the carbamate moiety, important 

differences in activity are shown depending on the novel moiety. In this sense, when the 

carbamate group is replaced by an amine, an important decrease in the antileishmanial activity is 

found (compounds 17-24). Surprisingly, these amine derivatives showed almost no antiparasitic 

effect. In spite of the fact that several compounds 17-19, the aliphatic derivatives, displayed some 

activity against promastigotes, most of them were inactive in both forms of the Leishmania 

parasite. In contrast, the urea derivative 25, showed a very similar activity in promastigotes 

comparing to the initial hit MBC-132, although some cytotoxicity in the macrophages was found 

with poor selectivity profile.  

After analyzing these results, these findings suggest the importance of the carbonyl 

moiety for the antileishmanial effect of this class of compounds, due to the activity of carbamate 

and urea derivatives compared to amine derivatives. 

Regarding the compounds in which the chlorine atom was removed from the 1,4-

naphtoquinone scaffold 27-31, the antileishmanial activity was maintained, considering both 

carbamates and urea derivatives. The activity of these compounds was slightly higher in 

amastigotes than promastigotes, both in the low micromolar range. These molecules show 

selectivity towards Leishmania in the range of 2.2-3.3 times.  

Taking into account the selectivity index, these results allow us to identify compound 12 

as the candidate molecule of these series of naphtoquinone derivatives being the one that presents 

the best selectivity profile. According to the described results, it is also important to remark that 

the carbamate moiety seems to play a critical role in the antileishmanial activity of the 

naphtoquinone derivatives; meanwhile the chlorine in position 3 appears to be less significant, 

due to the fact that the activity was maintained when the chlorine was absent. 

Once the biological activity was revealed, preliminary studies in order to obtain more 

insights regarding the mechanism of action of this family of compounds were carried out in the 

group of Dr. Rivas at CIB-CSIC (Spain). In this sense, it was found that naphtoquinone 

derivatives decrease the intracellular ATP levels in 3-Luc Leishmania spp. promastigotes. 

Luminescence of 3-Luc L. donovani promastigotes, expressing a cytoplasmic luciferase, is 

directly related to the intracellular ATP content. The variation of luminescence after quinones 

addition was monitored. 0.1% TX-100 and 1.5 μM 1,4-naphtoquinone were used as controls of 

permeabilized parasites and of inhibition of the respiratory chain respectively. According to the 

results in Figure 3.2, it was observed that most compounds showed a decrease in the 

luminescence signal which means a decrease in the intracellular ATP levels.  
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Further studies were carried out to identify the cause of the ATP decrease. Monitorization 

of the entrance of the vital dye SYTOX Green into the L. donovani promastigotes was carried out 

after treatment with quinones at 50 µM, the highest concentration assayed. 0.1% TX-100 was 

used as control of permeabilized parasites. As it is shown in Figure 3.3, all the derivatives show a 

very similar fluorescence signal to the control compound. Therefore, it can be concluded that the 

decrease in the ATP levels by naphtoquinone molecules was not due to plasma membrane 

permeation. 

 

 

Figure 3.2. Luminiscence results after naphtoquinone derivative addition relative to control value. 

 

 

Figure 3.3. Fluorescence results after the permeabilization of the parasites with TX-100 and the 

treatment with quinone derivatives.  
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In conclusion, these preliminary results of the mechanism of action studies supported the 

importance of the bioenergetic collapse of the parasite induced by the naphtoquinone derivatives 

developed in this work.  

 

3.2 Quinazoline derivatives as promising antischistosomal agents 

 

A previous phenotypic screening was performed with the main objective of identifying 

novel compounds with antihelminthic activity by assessing antischistosomal efficacy in vitro in S. 

mansoni.
8
 Different effects were measured in the parasite considering worm mortality, motor 

activity alterations (sluggish worm movement or spastic contractions), unpairing and absence or 

reduction in egg numbers. Motor activity alterations are considered important indicators of 

schistosomicidal activity, disturbing not only the whole worm's muscle function and movement, 

but also the muscles of the suckers essential to attach to the host vessels and the tight pairing of 

male and female worms.
9,10

 The phenotypic screening campaign was performed in collaboration 

with the group of Prof. Botros at TBRI (Egypt) in the S. mansoni parasite, leading to the 

discovery of several classes of promising compounds with antiparasitic activity. The selection 

was based considering not only antiparasitic activity, as described above, but also cytotoxicity 

assessment. One of the most promising molecules presents a quinazoline scaffold. Therefore, this 

chemical structure was selected to be further studied.  

In this work, we will focus on the follow-up studies of quinazoline MBC-133 as a 

potential scaffold in the treatment of schistosomiasis. This molecule showed an EC50 value of 50 

μM, being one of the most potent compounds tested in the previous phenotypic screening 

campaign. Moreover, it showed uncoupling with complete absence of eggs at 100 μM, 50 μM and 

25 μM, being no-toxic for the human MRC-5 cells. MBC-133, displayed 100% uncoupling of 

worm pairs with complete absence of eggs at both 100 μM and 50 μM. Moreover, the quinazoline 

derivative even impacted on egg count as low as 10 μM, a concentration having no effect on 

worm viability, indicating a more potent effect on egg depositing than on viability or coupling 

(Figure 3.4).  

As it can be extracted from the results, possibly one of the most remarkably observation 

after the evaluation of the molecule was the high impact on ovipositing at very low, sub-lethal 

concentrations. Particularly important was the activity and the percentage reduction of egg 

production, since the eggs are responsible of both disease transmission and the clinical pathology 

of schistosomiasis. Based on these promising findings, this hit compound was tested in vivo using 

a S. mansoni mouse model and its putative target was envisaged by using computational tools.  
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MBC-133 

- EC50 value of 50 M in males and females. 

- Uncoupling with absence of eggs at 100, 50 and 25 M. 

- Reduction in egg number at 25, 10 and 5 M. 

Figure 3.4. In vitro findings summary for MBC-133 previously reported.
8
 

 

3.2.1 In vivo activity in the S. mansoni mouse model 

 

As the main aim of the study was to further analyze the derivative in vivo, in vitro 

metabolic stability studies were carried out in collaboration with the group of Prof. Maes at the 

University of Antwerp (Belgium). Quinazoline MBC-133 was exposed to mouse S9 microsomal 

fractions to investigate the in vitro metabolic stability through Phase-I and Phase-II metabolism. 

The results indicate that the compound is extensively metabolized through Phase-I metabolism 

and not through Phase-II metabolism as it can be observed in Table 3.3. After 30 minutes 

exposing the compound to the microsomes, only 27% of parent compound was left. As expected, 

the reference drug diclofenac showed extensive Phase-I and -II metabolism, validating the in vitro 

assay. According to these results, it was observed a poor metabolic stability profile.  

In order to confirm the in vivo activity of this chemical scaffold in S. mansoni, a mouse 

model was utilized. Guided by the in vitro findings previously reported
8
 and due to the previous 

results in which MBC-133 was found to be metabolically unstable (Table 3.3), the compound was 

administered to the animals concomitantly with the CYP450 inhibitor aminobenzotriazole 

(ABT).
11

 Infected mice with S. mansoni were treated alone with MBC-133 or in combination with 

PZQ. In a separate experiment, ABT was tested in vivo alone with the objective of discarding an 

in vivo antiparasitic activity of this compound. In this sense, controls groups receiving ABT or 

ABT+PZQ were also included in the study. According to the in vivo results, ABT itself had no 

significant effect on worm burden compared to untreated control mice.  
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Table 3.3. In vitro metabolic stability. Percentage of parent compounds over time in the presence 

of mouse liver microsomes. 

 % Parent compound remaining upon incubation 

Phase I/II Time 

(min) 

MBC-133              

(n = 2) 

Diclofenac                             

(n = 2) 

Average Stdev Average Stdev 

CYP450-  

NADPH 

(Phase I 

metab) 

0 

15 

30 

60 

100 

66 

27 

7.7 

- 

5.0 

8.9 

2.1 

100 

87 

70 

48 

- 

2.3 

5.5 

1.2 

UGT 

enzymes 

(Phase II 

metab) 

0 

15 

30 

60 

100 

111 

111 

106 

-  

3.5 

1.9 

4.6 

100 

41 

44 

34 

- 

2.3 

5.5 

1.2 

 

According to the in vivo results, the treatment with MBC-133 compound administered at 

20 mg/kg during 5 days in the experiment (number of mice ranged from 6-10/group for each 

experiment) showed a moderate but significant reduction in worm burden in vivo comparing with 

untreated controls. This worm reduction was accompanied with significant increase in the 

percentage of dead eggs in mice treated with MBC-133 alone in a dose of 20 mg/kg when 

compared to infected untreated group (Figure 3.5A). In this sense, it was revealed a significant 

reduction in total intestinal tissue egg load by 18% (Figure 3.5B). Moreover, administration of 

MBC-133 alone in a dose of 10 mg/kg produced a decrease in the number of worms and eggs but 

did not show a significant change in these parameters.  

On the other hand, the results of the treatment of mice with PZQ in a dose of 10 mg/kg 

showed a significant reduction in total worms by 63% (Figure 3.5A) and in both hepatic and 

intestinal tissue egg loads by 38% and 70% respectively (Figure 3.5B). A total immature and 

mature eggs decrease with significant increase in dead eggs was also observed. Finally, a 

comparison was performed considering the PZQ-treated group, and the one co-treated with MBC-

133 and PZQ in doses of 10mg/kg/day for each for 5 days. The co-treatment with PZQ revealed 

an enhanced reduction in total worms (80% vs 63% for PZQ alone), intestinal tissue egg load 

(79% vs 70% for PZQ alone) with complete disappearance of immature eggs and increased 

percentage of dead (84% vs 66% for PZQ). The percentage of egg developmental stages 
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(oogram pattern) was studied,
12

 in which eggs at different stages of maturity were identified 

and counted. Interestingly, considering the oogram, the maturation of eggs did not change upon 

treatment with MBC-133 alone (almost half the eggs were immature or mature), but after the 

combination treatment only very few mature eggs remained and the vast majority of eggs were 

dead (Figure 3.5C). The near-complete eradication of viable eggs with the PZQ/MBC-133 

combinations is particularly promising as it would greatly decrease or even eliminate pathology 

and above all transmission. 

 

 

Figure 3.5. The in vivo effect after the treatment with MBC-133 alone or in combination with 

PZQ A) in the worm burden B) tissue eggs load, both hepatic and intestinal C) and oogram 

pattern is shown. The mice were sacrificed 10 days post end of treatment when used alone at 20 

mg/kg/day or in combination with PZQ at 10 mg/kg/day for 5 days. ∗significantly different from 

infected control at P < 0.05, #significantly different from PZQ group at P < 0.05. Numbers above 

columns and between parentheses represent % change from infected control group. ABT (100 

mg/kg orally) was administered 2 h prior to administration of MBC-133 and PZQ, whether alone 

or in combination. 
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3.2.2 Metabolic stability prediction 

 

 

Figure 3.6. Metabolic site prediction using SMARTCyp web server for MBC-133. The atoms in 

the molecule are ranked according to the probability of being metabolized by A) CYP2C9, B) 

CYP2D6 and C) CYP34A.  
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Due to the importance of metabolic stability for in vivo studies, computational studies 

were carried out with the main objective of identifying the main sites in MBC-133 structure that 

are susceptible to suffer metabolism. 

The study was performed using SmartCyp,
13

 a software tool that predicts the sites of the 

molecule that are more likely to suffer cytochrome P450 metabolism. CYP3A4, CYP2D6, and 

CYP2C9 effect on the molecule were predicted. In order to rank the atoms according to their 

probability to be modified by the metabolism enzymes, the program performs a large number of 

Density Functional Theory (DFT) calculations of fragment activation energies. 

Comparing the results of this analysis in CYP3A4, CYP2D6 and CYP2C9 several atoms 

were identified as potential sites that can suffer modifications through metabolism reactions 

(Figure 3.6). Among these atoms, the most important positions identified are: C6 in the 

quinazoline scaffold and the meta- and para- positions of the benzyl substituent in the N1. The 

ranking given by the program along with the main positions identified in the study, are 

highlighted in Figure 3.6. Also, it is important to remark that in a second line of probability, 

metabolism might affect the methylene moiety of the benzyl substituent, mainly found for 

CYP3A4. 

Considering these results, several chemical modifications will be prioritized with the 

objective of blocking the action of the metabolic cytochromes. In this sense, modifications will 

involve substitutions in the carbon of the quinazoline ring and substitutions in the benzyl ring 

mainly in para position. In the first case, the modifications might include either a halogen 

derivative or a short alkyl substituent such as a methyl or a methoxy group. The substitution in the 

benzyl moiety can involve a trifluoromethyl group in para position, being a bulky group that 

might also block the metabolism in meta position. These modifications might lead to increase the 

stability of this chemical family. 

 

3.2.3 Computational target deconvolution 

 

Due to the activity showed in vitro and in vivo by members of the quinazoline family 

against S. mansoni parasite, in silico studies were conducted to obtain more information about the 

mechanism of action of this kind of compounds. The result of a target prediction study usually 

depends on the fingerprints that are calculated and the similarity measure applied. For this reason, 

in this study, a consensus methodology using tools that are based on different strategies 

considering ligand similarity for target prediction, was applied (Figure 3.7). Firstly, the 

polypharmacology browser (PPB)
14

 was used as an exhaustive method in terms of fingerprint 

similarity because it applies a wide set of fingerprints simultaneously. Secondly, similarity 
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ensemble approach (SEA)
15,16

 was selected to identify targets-based on a group of known 

compounds rather than a single compound. Moreover, as a third strategy, a structural comparison 

search was carried out in order to find similar structures in terms of scaffold to our compound 

using the protein data bank.
17

 This search allows the identification of a target protein that had 

already been crystallized with protein inhibitors containing the same chemical scaffold.  

 

 

Figure 3.7. Consensus strategy applied for the identification of the potential target of the 

quinazoline derivatives. 

 

The three methodologies were sequentially applied to the quinazoline MBC-133. A list of 

potential targets, organisms and cell-lines was obtained in the PPB search according to the 

analysis of different fingerprint and their combination using the complete ChEMBL database and 

ranked in a final consensus voting process. The results based on a cell-line or organism assays 

were discarded and potential targets involving proteins or enzymes were conserved. Finally, the 

35 top potential targets of the ranking were further considered (Table 3.4). In a second approach 

in which the SEA tool was applied, a ranking of targets was obtained of which the 35 top results 

were taken into account (Table 3.5). A full list of the target ranking obtained in both approaches 

can be found in Tables 3.4 and 3.5. Finally, a scaffold search, employing the scaffold of MBC-
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133 in the PDB retrieved 5 different results of crystallized quinazoline derivatives that were very 

similar to our target compound (Figure 3.8). 

 

Table 3.4. Target ranking obtained according to the PPB results. A list of the 35 best ranking 

results is shown. 

ChEMBL-ID ChEMBL-Name Name 

1784 GLP1R Glucagon-like_peptide_1_receptor 

1293258 SMAD3 Mothers_against_decapentaplegic_homolog_3 

2026 AMPC Beta-lactamase_AmpC 

1075094 NFE2L2 Nuclear_factor_erythroid_2-related_factor_2 

1293224 MAPT Microtubule-associated_protein_tau 

2842 TARDB TAR_DNA-binding_protein_43 

2146309 MTOR Serine/threonine-protein_kinase_mTOR 

1741220 CLPP ATP-dependent Clp_protease_proteolytic_subunit 

614818 BAZ2B Bromodomain_adjacent_to_zinc_finger_domain_prote

in_2B 

2094267 PDE4D Phosphodiesterase_4 

1947 THRB Thyroid_hormone_receptor_beta-1 

2146310 VPR Aberrant_vpr_protein 

1293238 IMPA1 Inositol_monophosphatase_1 

4096 TP53 Cellular_tumor_antigen_p53 

1293254 FTL Ferritin_light_chain 

4179 MAPK9 c-Jun_N-terminal_kinase_2 

2276 MAPK8 c-Jun_N-terminal_kinase_1 

240 KCNH2 HERG 

275 PDE4B Phosphodiesterase_4B 

4040 MAPK1 MAP_kinaseERK2 

4377 GNAS Guanine_nucleotide-binding 

protein_G(s),_subunit_alpha 
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ChEMBL-ID ChEMBL-Name Name 

6032 EHMT2 Histone-lysine_N methyltransferase,_H3_lysine-

9_specific_3 

1293278 GMNN Geminin 

1795085 ATXN2 Ataxin-2 

5567 NA Luciferin_4-monooxygenase 

1293232 SMN1 Survival_motor_neuron_protein 

1075051 DHFR Dihydrofolate reductase 

2104 P2RX4 P2X_purinoceptor_4 

5409 GPBAR1 Gprotein_coupled bile_acid_receptor_1 

3816 PLA2G4A Cytosolic_phospholipase_A2 

3081 AKR1B1 Aldose reductase 

4361 MCL1 Induced_myeloid_leukemia_cell_differentiation_protei

n_Mcl-1 

218 CNR1 Cannabinoid_CB1_receptor 

1255150 GPBAR1 G-protein_coupled bile_acid_receptor_1 

3563 NA Cruzipain 

 

Table 3.5. Target ranking obtained according to the SEA results. A list of the 35 best ranking 

results is shown. 

Target Key Target Name Description 

PGES2_HUMAN+5 PTGES2 Prostaglandin E synthase 2 

RORB_HUMAN+5 RORB Nuclear receptor ROR-beta 

RGS4_HUMAN+5 RGS4 Regulator of G-protein signalling 4 

HPRK_BACSU+5 hprK HPr kinase/phosphorylase 

RGS8_HUMAN+5 RGS8 Regulator of G-protein signalling 8 

FABI_ECOLI+5 fabl Enoxyl-(acyl-carrier-protein) 

reductase (NADH) Fabl 

RORA_HUMAN+5 RORA Nuclear receptor ROR-alpha 
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Target Key Target Name Description 

DYR_BOVIN+5 DHFR Dihydrofolate reductase 

FABP4_HUMAN+5 FABP4 Fatty acid-binding protein adipocyte 

KCNN2_RAT+5 Kcnn2 Small conductance calcium-activated 

potassium chappel protein 2 

ALD1_RAT+5 Akr1b7 Aldose reductase-related protein 1 

TLR7_HUMAN+5 TLR7 Toll-like receptor 7 

FABI_STAAR+5 fabl Enoyl-(acyl-carrier-protein) 

reductase [NADPH] Fabl 

RAD1_HUMAN+5 RAD1 Cell cycle checkpoint protein RAD1 

AK1A1_HUMAN+5 AKR1A1 Alcohol dehydrogenase [NADP(*)] 

ALDR_RAT+5 Akr1b1 Aldose reductase 

PA2GA_HUMAN+5 PLA2G2A Phospholipase A2, membrane 

associated 

PPARG_HUMAN+5 PPARG Peroxisome proliferator-activated 

receptor gamma 

MALX3_YEAST+5 IMA1 Oligo-1,6-glucosidase IMA1 

FABPH_HUMAN+5 FABP3 Fatty acid-binding protein heart 

PSA_HUMAN+5 NPEPPS Puromycin-sensitive aminopeptidase 

AK1BA_HUMAN+5 AKR1B10 Aldo-keto reductase family 1 

member B10 

ALDR_HUMAN+5 AKR1B1 Aldose reductase 

FABP5_HUMAN+5 FABP5 Fatty acid-binding protein epidermal 

P2RX4_HUMAN+5 P2RX4 P2X purinoceptor 4 

CAC1B_RAT+5 Cacna1b Voltage-dependent N-type calcium 

channel subunit alpha-1B 

BGAL_ECOLX+5 lacZ Beta-galactosidase 

PKR1_HUMAN+5 PROKR1 Prokineticin receptor 1 

SETD7_HUMAN+5 SETD7 Histone-lysine N-methyltransferase 

SETD7 

MDHM_HUMAN+5 MDH2 Malate dehydrogenase mitochondrial 
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Target Key Target Name Description 

PD2R2_HUMAN+5 PTGDR2 Prostaglandin D2 receptor 2 

AA3R_HUMAN+5 ADORA3 Adenosine receptor A3 

EGLN1_HUMAN+5 EGLN1 Egl nine homolog 1 

PDE8A_HUMAN+5 PDE8A High affinity cAMP-specific and 

IBMX-insensitive 3´,5´-cyclic 

phosphodiesterase 8A 

 

Figure 3.8. Quinazoline-related structures crystallized with different target proteins according to 

the scaffold search in the PDB (access codes included). 

 

The results from the three different methodologies revealed the presence of a target that 

was found in all the approaches, the aldose reductase. Moreover, one of the compounds found in 

this search, the one that is crystallized in complex with the aldose reductase (1IEI), zenarestat, is a 

di-substituted quinazoline that shares a high similarity with MBC-133.
18

 For these reasons and 

considering the fact that aldose reductase is also present in Schistosoma spp., we hypothesized 

that aldose reductase is the most probable target for this family of chemical compounds. In order 

to confirm these findings, we performed further computational studies to analyze the potential 

binding mode of these compounds in the enzyme.  
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3.2.3.1 Homology modeling 

 

As the crystal structure of aldose reductase in S. mansoni was not available, a search for 

homologous structures was performed using SwissModel
19,20

 with the objective of building an 

accurate model that will guide us in the computational studies. In this search it was found that the 

closest homolog that presents a crystal structure available is the aldose reductase of S. japonicum 

(PDEB code 4HBK).
21

 A sequence alignment between both structures including also the human 

one was carried out (Figure 3.9). Both parasite structures are almost identical showing an identity 

of 83.23%, while the identity is 50.32% comparing with the human enzyme. The similarity 

between them is even higher due to the fact that most of the mutations are related amino acids 

with similar properties. For this reason, the structure of aldose reductase in S. japonicum was 

chosen as the most accurate template to obtain a reliable model of our target protein.  

 

ALDR_HUMAN   MASRLLLNNGAKMPILGLGTWKSPPGQVTEAVKVAIDVGYRHIDCAHVYQNENEVGVAIQ 60 

Q5DD64_SCHJA -MEPLKMNNGRSIPVIGLGTWNSPPGEVGAAVKKALEIGYRHLDCAYVYRNEAEIGEALE 59 

G4LXS0_SCHMA -MESLKMNNGRSIPIIGLGTWNSPPGEVGVAVKKALEVGYRHLDCAYVYRNEAEIGGALE 59 

              . * :*** .:*::*****:****:*  *** *:::****:***:**:** *:* *:: 

 

ALDR_HUMAN   EKLREQVVKREELFIVSKLWCTYHEKGLVKGACQKTLSDLKLDYLDLYLIHWPTGFKPGK 120 

Q5DD64_SCHJA NALNSLRLKREDIFITSKLWNTFFRPEHVRKACEETLKNLRLNYLDLYLIHWPVPLKHGG 119 

G4LXS0_SCHMA CSLKSLNLKREDVFVTSKLWNTFFRPEHVRKACEETLKNLRLKYLDLYLIHWPVPFQYGE 119 

                *..  :***::*:.**** *:..   *: **::**.:*:*.**********. :: *  

 

ALDR_HUMAN   EFFPLDESGNVVPSDTNILDTWAAMEELVDEGLVKAIGISNFNHLQVEMILNKPGLKYKP 180 

Q5DD64_SCHJA DLFPTDSNGQLCLDNVPHEDTWKEMEKLVDEGLVKSIGLSNFNKRQIQNILEHC--RIKP 177 

G4LXS0_SCHMA CLFPTDSNGNFCVDEVPHEETWKEMEKLVDDGLVKSIGLSNFNKRQIENILKHC--RIKP 177 

              :** *..*:.  .:.   :**  **:***:****:**:****: *:: **::   : ** 

 

ALDR_HUMAN   AVNQIECHPYLTQEKLIQYCQSKGIVVTAYSPLGSPDRPWAKPEDPSLLEDPRIKAIAAK 240 

Q5DD64_SCHJA ANLQIEIHANFPNIKLVEYAQSVGLTVTAYAPLGSPAH---SPGKVNLLTKPCVLEIAHR 234 

G4LXS0_SCHMA ANLQIEIHANFPNIQLVEYAQSIGLTVTAYAPLGSPAA---SPGRVDLLMEPWVLQIAKH 234 

             *  *** *  : : :*::*.** *:.****:*****     .*   .** .* :  ** : 

 

ALDR_HUMAN   HNKTTAQVLIRFPMQRNLVVIPKSVTPERIAENFKVFDFELSSQDMTTLLSYNRNWRVCA 300 

Q5DD64_SCHJA HKKTPAQVLLRYLLQRKLIVVPKSVTFKRIEENFQVFDFQLSNEEMHELNTESLNERQFT 294 

G4LXS0_SCHMA HGKTPAQVLLRYLIQRNLIIVPKSVTPKRIEENFGVFDFQLSKEEMHELNTKGLNERQFK 294 

             * ** ****:*: :**:*:::***** :** *** ****:**.::*  * : . * *    

 

ALDR_HUMAN   LLSCTSHKDYPFHEEF 316 

Q5DD64_SCHJA LLQMSGHQEYPFKEEY 310 

G4LXS0_SCHMA LLKMANHSEYPFKDAY 310 

             **. :.*.:***:: : 

Figure 3.9. Multiple alignment of the different aldose reductase sequences in the human and in the 

Schistosoma parasites. Key aromatic residues in the active sites are highlighted in green in the 

alignment. 

 

The model was built using the SwissModel server using the highly related crystal 

structure 4HBK
21

 of S. japonicum as template. The final structure was validated from a geometric 

and energetic point of view (Table 3.6), using several widely-used metrics. Among these data it is 
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important to remark that according to Ramachandran results more than 98% of the residues are in 

favoured regions. Also, it presents an overall quality factor over 93% for Errat parameter and 

92.9% according to the verify analysis.  

 

Table 3.6. Validation of the S. mansoni model using as a template 4HBK (aldose reductase from 

S. japonicum) considering geometrical and energetical parameters. 

QMEAN4 Ramachandran Verify3D Errat 

 Favoured Allowed Outlier   

-0.23 302 (98.1%) 5 (1.6%) 1 (0.3%) 92.9% 93.3% 

 

 

Figure 3.10. Superposition of the crystal structures of human aldose reductase 1IEI, depicted in 

cyan, S. japonicum aldose reductase 4HBK in magenta and the homology model of S. mansoni 

aldose reductase in purple. A) Front view and B) back view. 

 

Once, the model was built we compare this structure with its analogue in the human 

enzyme. Superposition of the crystal structures of human aldose reductase (PDB code 1IEI), S. 

japonicum aldose reductase (PDB code 4HBK) and the homology model of S. mansoni aldose 

reductase is depicted in Figure 3.10. From this comparison it is important to remark several 

features. Although the sequence identity between the parasite and the human aldose reductase 

protein is around 50%, their tertiary structures are highly similar. This fact is confirmed by the 
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superimposition of the human crystal structure and the aldose reductase from S. mansoni showing 

a RMSD value of 0.815 Å. In this context, the aldose reductase protein family has highly 

conserved substrate binding sites, maintaining the most important residues for the interaction. The 

catalytic site of this enzyme is highly hydrophobic with a high number of aromatic residues such 

as Trp20, Tyr48, Trp79, Trp111, Phe122 and Tyr209 among others (Figure 3.9). Moreover, most 

of the nearby residues surrounding the binding site are conserved, which suggests that aromatic 

interactions drive the ligand-binding process. 

 

3.2.3.2 Docking studies  

 

In order to validate the hypothesis that this family of compounds is able to target the 

aldose reductase, docking studies to assess their potential binding mode were performed. First of 

all and with the objective of validating our docking protocol, binding mode studies with 

zenarestat, a known inhibitor of the human aldose reductase crystallized with the enzyme (PDB 

code 1IEI)
18

 were carried out. According to the docking results, it was observed that the majority 

of conformations for zenarestat were grouped in a single cluster with very good binding energy 

profile, around -9.75 kcal/mol. In this sense, this cluster was visually analyzed and the best pose 

was compared to the crystal structure already available. The docking binding pose of zenarestat 

depicted in purple is almost identical to the one that was previously crystallized shown in cyan 

(Figure 3.11A). In an analogous way compared to the crystal structure, the main interactions 

found are with aromatic residues from the catalytic site: hydrogen bonds with Tyr48 and Trp111; 

and several important aromatic interactions mainly critical with Trp20 and Trp111 (Figure 

3.11B). 

Once the protocol was validated, the potential binding mode of quinazoline MBC-133 in 

the aldose reductase of S. mansoni model was studied. Due to the fact that the model was based 

on 4HBK crystal, an apo structure of the S. japonicum aldose reductase, induced fit docking 

studies (IFD)
22,23

 were performed to optimize the residues in the catalytic binding site of the apo 

structure according to the binding of the specific ligand, mimicking a holo structure. Once the 

model was optimized, a final docking with compound MBC-133 was carried out using the 

previously validated protocol. According to these results, a clear defined cluster was obtained in 

which the vast majority of the docking poses were grouped, with very similar conformations. The 

best ranked pose of this cluster, with a binding energy around -9.5 kcal/mol was selected as 

representative of the binding mode of this compound in the protein. As it is shown in Figure 3.12, 

the aromatic interactions are responsible for the stability of the ligand in the catalytic binding site, 

driving the ligand binding process. Tyr209 and Phe293 are key for the stability making face-to-
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face π interactions with the quinazoline scaffold while His110 and Trp111 are important making 

face-to-edge π interactions. 

 

 

Figure 3.11. A) Superimposition of zenarestat in the crystal structure 1IEI depicted in cyan and 

validation docking results depicted in purple show the high similarity between both poses in the 

human enzyme. B) Detail of the zenarestat binding mode together with the main interactions 

found in the catalytic site of aldose reductase. 

 

 

Figure 3.12. Detail of the binding mode of MBC-133 in the parasite enzyme binding site. 

 

In summary, this chemical family of quinazoline compounds showed a promising 

potential as antischistosomal agents both in vitro and in vivo. Also, it is important to remark that 

according the computational studies, it is suggested that the potential target is the aldose 

reductase. Chemical modifications of this scaffold will be required to improve the metabolic 
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stability profile and obtain drug candidates to be further studied. Also, mechanism of action 

assays are needed to validate the computational results and gain more insight about the activity of 

these compounds. 

 

3.3 Experimental section 

 

3.3.1 Computational studies 

 

Metabolic stability prediction. In order to determine the most likely sites of metabolism 

for cytochrome P450-mediated metabolism in the quinazoline MBC-133, SMARTCyp
13

 program 

was applied using the default settings for the study. This tool determines the sites in a molecule 

that are susceptible to be metabolized using the 2D structure of the compound. It is based on a 

model that predicts the reactivity at C, S, N, and P positions in a given ligand-based on a series of 

over 40 rules derived from quantum chemical and calculations of energies required for oxidation 

using density functional theory (DFT). Finally, the atoms in the molecule, were ranked according 

these results for the different isoforms of the CYP. 

Target prediction. With the objective of searching a potential mechanism of action for 

the quinazoline family of compounds, a target prediction study was performed. A consensus 

methodology was applied considering several approaches that involve ligand-based target 

prediction. Three different strategies were selected as representatives of the different tools 

available due to the performance of these techniques. Among them, polypharmacology browser 

(PPB)
14

 was used applying all the fingerprints combinations available in the tool and default 

parameters. This technique was selected because it applies an important number of fingerprints 

alone and in combination. Also, similarity ensemble approach (SEA) was selected,
15,16

 both of 

them search in databases such as ChEMBL with an impressive amount of biological data to 

retrieve the most accurate results. These methods were used applying default settings and from 

the list of potential targets, the first 35 potential targets were further considered. Finally, a search 

on the PDB using the main scaffold of the compound was carried out to look for already 

crystallized structures. 

Homology modeling. In order to produce the most accurate model for S. mansoni aldose 

reductase (G4LXS0), a template search was performed using the SwissModel server.
19,20

 In the 

next step, the sequential alignment of the target protein was carried out with the different 

templates selected, the human aldose reductase (P15121) and S. japonicum Q5DD64 sequences. 

The templates and target sequences were retrieved from Uniprot database.
24
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Due to the high identity with the S. japonicum protein, this template was selected to 

further build the target model using the SwissModel server. Once the model was built, the 

estimation of the protein model accuracy is required. For that purpose, model quality assessment 

was performed using different metrics, as follows. The local composite scoring function QMEAN 

(Qualitative Model Energy Analysis) allows discriminating good from bad models assessing 

geometrical aspects of the protein structure using several statistical descriptors. Energetic and 

geometric quality assessment was also performed using Ramachandran plot,
25

 ProSA,
26

 Errat
27

 or 

Verify 3D
28

 tools.  

Ligand preparation. The preparation of the compounds used in this work and the 2D-to-

3D conversion was carried out using the LigPrep tool,
29

 a module of the Schrödinger software 

package. This tool allows the preparation of molecules including different steps such as the 

addition of hydrogen atoms, the calculation of the ionization state of the molecules at a pH range; 

generation of possible tautomers; also low-energy ring conformations, and a final energy 

minimization using the OPLS-2005 force field was applied.
30,31

 In order to perform the studies, 

physiological pH conditions were used to prepare the molecules, all of them were desalted and in 

the last step the compounds were minimized as default.  

Protein preparation. The structures of the proteins used in this study were preprocessed 

and refined carrying out H-bond assignment and calculation of the protonation state of the 

residues at physiological pH with a final restraint minimization, using the Protein Preparation 

Wizard tool
32,33

 included on Maestro.
34

  

Induced Fit Docking. This study was carried out by fitting the ligand to the protein and 

permitting changes in the active site geometry to optimize the structure of the aldolase reductase 

model built.
22,35

 This was done by docking the compound to the protein on the Glide program
23,36

 

and generating several poses in the active site. Then, Prime
37

 predicts the active site structure 

using the pose of the corresponding ligand, compound MBC-133, to rearrange nearby side chains 

of the active site residues and minimizing the overall energy of the protein. Finally, each ligand is 

re-docked into its corresponding low energy protein structures and the resulting complexes are 

ranked according to docking score. No constraints were set, XP (extra precision) mode was used 

in a standard protocol, the induced fit was optimized to 5.0 Å of the ligand poses and the rest of 

the parameters were set to default. 

Docking studies. Automated docking was used to assess the appropriate binding 

orientations and conformations of the ligand. A Lamarckian genetic algorithm
38

 method 

implemented in the program AutoDock 4.2
39

 was applied. For docking calculations, Gasteiger 

charges were added, rotatable bonds were set by AutoDock tools (ADT) and all torsions were 

allowed to rotate for the ligand. In the docking process, we used grid maps with a grid box size of 
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60x60x60 Å
3
 points and a grid-point spacing of 0.375 Å, using as centroid of the grid the key 

Trp111 presents in the catalytic site. The docking protocol consisted of 200 independent Genetic 

Algorithm (GA) runs, population size of 150 and maximum number of evaluation 250000, while 

the remaining parameters were conserved as default. Final best docked poses were grouped into 

clusters, within the default 2.0 Å RMSD. Best energetic and most representative docking clusters 

were analyzed by visual inspection according to the binding energies and relative population 

provided by the software. Best poses in these clusters were considered as most reliable 

representatives of the ligand binding mode and were further studied. 

 

3.3.2 Chemical procedures 

 

Substrates were purchased from commercial sources and used without further 

purification. Melting points were determined with a Mettler Toledo MP70 apparatus. Flash 

column chromatography was carried out at medium pressure using silica gel (E. Merck, Grade 60, 

particle size 0.040 – 0.063 mm, 230-240 mesh ASTM) with the indicated solvent as eluent. 

Compounds were detected with UV light (254 nm). 
1
H NMR spectra were obtained on the Bruker 

AVANCE-300 spectrometer working at 300 MHz. Typical spectral parameters: spectral width 15 

ppm, pulse width 9 μs (57°), data size 32 K. 
13

C NMR experiments were carried out on the Bruker 

AVANCE-300 spectrometer operating at 75 MHz. The acquisition parameters: spectral width 16 

kHz, acquisition time 0.99 s, pulse width 9 μs (57°), data size 32 K. Chemical shifts (ɗ) are 

reported in values (ppm) relative to internal Me4Si and J values are reported in Hz. The HRMS 

analysis was carried out by using an Agilent 1200 Series LC system (equipped with a binary 

pump, an autosampler, and a column oven) coupled to a 6520 quadrupole-time of flight (QTOF) 

mass spectrometer. Acetonitrile:water (75:25, v:v) was used as mobile phase at 0.2 mL min
-1

. The 

ionization source was an ESI interface working in the positive-ion mode. The electrospray voltage 

was set at 4.5 kV, the fragmentor voltage at 150 V and the drying gas temperature at 300 °C. 

Nitrogen (99.5% purity) was used as nebulizer (207 kPa) and drying gas (6 L min
-1

). Elemental 

analysis results of all the new compounds were recorded on Heraeus CHN-O-rapid analyzer 

performed by the analytical department at CAI (UCM) and values were within  0.4% of the 

theoretical values for all compounds.  

Characterization of compounds was established by a combination of HRMS, 1H NMR, 

13
C NMR and microanalysis.  
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General procedure for the synthesis of carbamate derivatives 12-16
5
  

KNCO (1.5 equiv.) was suspended in a mixture of DMSO anhydrous (4 mL) and the 

corresponding alcohol (1 mL), then 2,3-dichloro-1,4-naphthoquinone (1.0 equiv) was added. The 

mixture was stirred for 24 h at r. t.. Excess of H2O (about 10 mL) was added and the mixture 

cooled (0-5 °C) for 30 min. The dark yellow-orange precipitate was filtered off and washed with 

H2O. The corresponding product was purified by flash column chromatography using as eluents 

mixtures as indicated in each case. 

Ethyl-(3-chloro-1,4-naphthoquinone-2-yl)carbamate (12) 

Reagents: KNCO (0.161 g, 1.98 mmol), 2,3-dichloro-1,4- 

naphthoquinone (0.300 g, 1.32 mmol), ethanol (1 mL, 17.04 

mmol). Purification: Hex/AcOEt (90:10) Yield: 0.268 g, 

73%. Yellow solid. Mp: 147 - 149 ºC (lit.
5
 146 – 148 ºC). 

1
H 

NMR (300 MHz, CDCl3) δ 8.19 – 7.99 (m, 2H, H5, H8), 7.79 

– 7.63 (m, 2H, H6, H7), 7.14 (s, 1H, NH), 4.22 (q, J = 7.1 Hz, 2H, H10), 1.28 (t, J = 7.1 Hz, 3H, 

H11). 
13

C NMR (75 MHz, CDCl3) δ 178.3 (C4), 176.6 (C1), 150.0 (C9), 138.5 (C2), 133.7 (C6*), 

133.1 (C7*), 130.4 (C8a), 130.3 (C4a), 129.3 (C3), 126.5 (C8), 126.1 (C5), 61.9 (C10), 13.3 

(C11). Anal. (C13H10ClNO4) Calculated: C 55.83%, H 3.60%, N 5.01%. Found: C 56.04%, H 

3.73%, N 5.13%. 

Isopropyl-(3-chloro-1,4-naphthoquinone-2-yl)carbamate 

(13) 

Reagents: KNCO (0.161 g, 1.98 mmol) 2,3-dichloro-1,4-

naphthoquinone (0.300 g, 1.32 mmol) isopropanol (1 mL, 

13.08 mmol). Purification: Hex/AcOEt (95:5). Yield: 0.081 g, 

21%. Yellow solid. Mp: 149 - 151 ºC (lit.
5
 148 – 149 ºC). 

1
H 

NMR (300 MHz, CDCl3) δ 8.15 – 7.96 (m, 2H, H5, H8), 7.77 – 7.61 (m, 2H, H6, H7), 7.15 (s, 

1H, NH), 4.95 (hept, J = 6.3 Hz, 1H, H10), 1.25 (d, J = 6.3 Hz, 6H, H11, H12). 
13

C NMR (75 

MHz, CDCl3) δ 178.3 (C4), 176.6 (C1), 149.6 (C9), 138.7 (C2), 133.7 (C6*), 133.0 (C7*), 130.4 

(C8a), 130.1 (C4a), 129.3 (C3), 126.4 (C8), 126.1 (C5a), 69.9 (C10), 20.9 (2C, C11, C12). Anal. 

(C14H12ClNO4) Calculated: C 57.25%, H 4.12%, N 4.77%. Found: C 56.97%, H 4.13%, N 4.96%. 

Benzyl-(3-chloro-1,4-naphtoquinone-2-

yl)carbamate (14)  

Reagents: KNCO (0.120 g, 1.5 mmol), 2,3-dichloro-

1,4-naphthoquinone (0.227 g, 1 mmol), Benzyl 

alcohol (1 mL, 9.7 mmol). Purification: Hex/AcOEt 
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(80:20). Yield: 0.24 g, 70%. Yellow solid. Mp: 163 - 164 ºC. 
1
H NMR (300 MHz, CDCl3) δ 8.20 

– 8.14 (m, 1H, H8), 8.12 – 8.06 (m, 1H, H5), 7.80 – 7.72 (m, 2H, H6, H7), 7.44 – 7.35 (m, 5H, 

H12, H13, H14, H15, H16), 7.33 (s, 1H, NH), 5.24 (s, 2H, H10). 
13

C NMR (75 MHz, CDCl3) δ 

179.3 (C4), 177.7 (C1), 151.02 (C9), 139.5 (C2), 135.1 (C11), 134.9 (C6*), 134.3 (C7*), 131.7 

(C8a), 131.5 (C4a), 130.4 (C3), 128.8 (3C, C12, C14, C16), 128.7 (2C, C13, C15), 127.6 (C8), 

127.2 (C5), 68.7 (C10). HRMS (ESI
+
) Calculated (C18H12ClNO4): 341.04664. Found [M+H]

+
: 

342.05390. 

4-Methoxybenzyl-(3-chloro-1,4-

naphthoquinone-2-yl)carbamate (15)  

Reagents: KNCO (0.120 g, 1.5 mmol), 2,3-

dichloro-1,4-naphthoquinone (0.227 g, 1 mmol), 4-

methoxybenzyl alcohol (1 mL, 8 mmol). 

Purification: CH2Cl2/MeOH (99:1). Yield: 0.12 g, 

34%. Yellow solid. Mp: 137 - 147 ºC. 
1
H NMR (300 MHz, CDCl3) δ 8.21 – 8.14 (m, 1H, H8), 

8.13 – 8.07 (m, 1H, H5), 7.81-7.71 (m, 2H, H6, H7), 7.36 (d, J = 8.7 Hz, 2H, H12, H16), 7.27 (s, 

1H, NH), 6.91 (d, J = 8.7 Hz, 2H, H13, H15), 5.18 (s, 2H, H10), 3.81 (s, 3H, H17). 
13

C NMR (75 

MHz, CDCl3) δ 179.4 (C4), 177.8 (C1), 160.1 (C14), 151.1 (C9), 139.6 (C2), 134.9 (C6*), 134.3 

(C7*), 131.9 (C8a), 131.6 (C4a), 130.7 (2C, C12, C16), 130.4 (C11), 127.6 (C8), 127.3 (C5), 

124.0 (C3), 114.2 (2C, C13, C15), 68.6 (C10), 55.5 (C17). HRMS (ESI
+
) Calculated 

(C19H14ClNO5): 371.05462. Found [M+Na]
+
: 394.05462. 

3,4,5-Trimethoxybenzyl-(3-chloro-1,4-

naphtoquinone-2-yl)carbamate (16)  

Reagents: KNCO (0.12 g, 1.5 mmol), 2,3-dichloro-

1,4- naphthoquinone (1) (0.227 g, 1 mmol), 3,4,5-

trimethoxybenzyl alcohol (1 mL, 6.2 mmol). 

Purification: Hex/AcOEt (80:20). Yield: 0.09 g, 

21%. Yellow solid. Mp: 167 - 168 ºC. 
1
H NMR 

(300 MHz, CDCl3) δ 8.20 – 8.13 (m, 1H, H8), 8.12 – 8.06 (m, 1H, H5), 7.81 – 7.72 (m, 2H, H6, 

H7), 7.34 (s, 1H, NH), 6.63 (s, 2H, H12, H16), 5.16 (s, 2H, H10), 3.87 (s, 6H, H17, H18), 3.84 (s, 

3H, H19). 
13

C NMR (75 MHz, CDCl3) δ 179.3 (C4), 177.7 (C1), 153.5 (2C, C13, C15), 151.0 

(C9), 139.5 (C14), 138.3 (C2), 134.9 (C6*), 134.3 (C7*), 131.8 (C8a), 131.5 (C4a), 130.7 (C11), 

130.3 (C3), 127.6 (C8), 127.2 (C5), 105.8 (2C, C12, C16), 69.0 (C10), 61.0 (C19), 56.3 (2C, C17, 

C18). HRMS (ESI
+
) Calculated (C21H18ClNO7): 431.07602. Found [M+Na]

+
: 454.06467. 
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General procedure for the synthesis of amines 17-24 

2,3-Dichloro-1,4-naphtoquinone (1 equiv.) was dissolved in 4 mL of DMSO and the 

corresponding amine (1.5 equiv.) was added drop by drop continuously at r. t.. The mixture was 

stirred for 10 min at r. t., excess of H2O (about 10 mL) was added and the mixture cooled (0-5 ºC) 

for 30 min. The precipitate, a bright red one in most of the cases, was filtered off and washed with 

H2O. The residue was purified by flash column chromatography using as eluents mixtures of 

solvents (Hex/AcOEt) in the proportions indicated in each case. 

2-Chloro-3-(propylamino)-1,4-naphthoquinone (17)  

Reagents: N-propylamine (0.12 mL, 1.5 mmol), 2,3-dichloro-

1,4-naphthoquinone (0.227 g, 1 mmol). Purification: 

Hex/AcOEt (80:20). Yield: 0.23 g, 96%. Bright red solid. Mp: 

118 - 119 ºC. 
1
H NMR (300 MHz, CDCl3) δ 8.15 (dd, J = 7.7, 

0.9 Hz, 1H, H8), 8.03 (dd, J = 7.6, 0.9 Hz, 1H, H5), 7.72 (td, J 

= 7.5, 1.4 Hz, 1H, H7), 7.62 (td, J = 7.5, 1.4 Hz, 1H, H6), 6.09 (s, 1H, NH), 3.82 (q, J = 6.3 Hz, 

2H, H9), 1.72 (sex, J = 7.3 Hz, 2H, H10), 1.01 (t, J = 7.4 Hz, 3H, H11). 
13

C NMR (75 MHz, 

CDCl3) δ 180.7 (C4), 177.0 (C1), 144.4 (C2), 135.1 (C7), 133.0 (C8a), 132.5 (C6), 129.9 (C4a), 

126.9 (2C, C5,C8), 110.4 (C3), 46.8 (C9), 24.4 (C10), 11.3 (C11). HRMS (ESI
+
) Calculated 

(C13H12ClNO2): 249.05610. Found [M+H]
+
: 250.06335. 

2-Chloro-3-(pentylamino)-1,4-naphthoquinone (18) 

Reagents: N-pentylamine (0.17 mL, 1.5 mmol), 2,3-

dichloro-1,4-naphthoquinone (0.227 g, 1 mmol). 

Purification: Hex/AcOEt (70:30). Yield: 0.25 g, 82%. 

Bright red solid. Mp: 99 - 100 ºC. 
1
H NMR (300 MHz, 

CDCl3) δ 8.15 (dd, J = 7.6, 1.0 Hz, 1H, H8), 8.03 (dd, J 

= 7.6, 1.0 Hz, 1H, H5), 7.72 (td, J = 7.6 Hz, 1.4 Hz, 1H, H7), 7.62 (td, J = 7.6, 1.4 Hz, 1H, H6), 

6.08 (s, 1H, NH), 3.85 (q, J = 6.3 Hz, 2H, H9), 1.69 (m, 2H, H10), 1.30 – 1.40 (m, 4H, H11, 

H12), 0.93 (t, J = 7.3, 3H, H13). 
13

C NMR (75 MHz, CDCl3) δ 180.7 (C4), 176.9 (C1), 144.3 

(C2), 135.1 (C7), 132.9 (C8a), 132.5 (C6), 129.8 (C4a), 127.0 (C5*), 126.9 (C8*), 110.3 (C3), 

45.1 (C9), 30.8 (C10), 28.9 (C11), 22.5 (C12), 14.1 (C13). HRMS (ESI
+
) Calculated 

(C14H16ClNO2): 277.08696. Found [M+H]
+
: 278.09517. 

2-(tert-Butylamino)-3-chloro-1,4-naphthoquinone (19) 

Reagents: tert-butylamine (0.16 mL, 1.5 mmol), 2,3-dichloro-

1,4-naphthoquinone (0.227 g, 1 mmol). Purification: Hex/AcOEt 

(70:30). Yield: 0.21 g, 81%. Dark red solid. Mp: 101 - 102 ºC. 
1
H 
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NMR (300 MHz, CDCl3) δ 8.12 (dd, J = 7.4, 1.4 Hz, 1H, H8), 8.03 (dd, J = 7.6, 1.9 Hz, 1H, H5), 

7.71 (td, J = 7.5, 1.4 Hz, 1H, H7), 7.62 (td, J = 7.4, 1.3 Hz, 1H, H6), 6.10 (s, 1H, NH), 1.57 (s, 

9H, H10). 
13

C NMR (75 MHz, CDCl3) δ 181.0 (C4), 177.9 (C1), 145.9 (C2), 134.8 (C7), 132.6 

(C6), 132.4 (C4a), 130.4 (C8a), 127.0 (C5), 126.8 (C8), 112.5 (C3), 55.2 (C9), 31.8 (3C, C10). 

HRMS (ESI
+
) Calculated (C14H14ClNO2): 263.07131. Found [M+H]

+
: 264.07931. 

2-Chloro-3-(cyclohexylamino)-1,4-naphthoquinone (20) 

Reagents: cyclohexylamine (0.17 mL, 1.5 mmol), 2,3-

dichloro-1,4-naphthoquinone (0.227 g, 1 mmol). Purification: 

Hex/AcOEt (90:10). Yield: 0.27 g, 93%. Bright red solid. Mp: 

122 - 123 ºC. 
1
H NMR (300 MHz, CDCl3) δ 8.14 (dd, J = 7.6, 

1.0 Hz, 1H, H8), 8.02 (dd, J = 7.6, 1.0 Hz, 1H, H5), 7.71 (td, J 

= 7.6, 1.4 Hz, 1H, H7), 7.61 (td, J = 7.5, 1.4 Hz, 1H, H6), 6.04 (s, 1H, NH), 4.50 – 4.34 (m, 1H, 

H9), 2.16 – 2.00 (m, 2H, H10, H14), 1.86 – 1.73 (m, 2H, H11, H13), 1.73 – 1.62 (m, 1H, H12), 

1.49 – 1.18 (m, 5H, H10, H11, H12, H13, H14). 
13

C NMR (75 MHz, CDCl3) δ 180.8 (C4), 176.9 

(C1), 143.5 (C2), 135.0 (C7), 133.0 (C8a), 132.5 (C6), 130.0 (C4a), 127.0 (2C, C5, C8), 110.1 

(C2), 52.6 (C9), 34.8 (2C, C10, C14), 25.5 (C12), 24.6 (2C, C11, C13). HRMS (ESI
+
) Calculated 

(C16H16ClNO2): 289.08696. Found [M+H]
+
: 290.09391. 

2-Chloro-3-((3,4,5-trimethoxybenzyl)amino)-1,4-

naphthoquinone (21)  

Reagents: 3,4,5-trimethoxybenzyl amine (0.26 mL, 1.5 

mmol), 2,3-dichloro-1,4-naphthoquinone (0.227 g, 1 

mmol). Purification: Hex/AcOEt (80:20). Yield: 0.35 

g, 93%, Bright red solid. Mp: 161 - 163 ºC. 
1
H NMR 

(300 MHz, CDCl3) δ 8.16 (dd, J = 7.6, 1.0 Hz, 1H, 

H8), 8.04 (dd, J = 7.6, 1.0 Hz, 1H, H5), 7.74 (td, J = 7.6, 1.4 Hz, 1H, H7), 7.64 (td, J = 7.6, 1.4 

Hz, 1H, H6), 6.56 (s, 2H, H11, H15), 6.16 (s, 1H, NH), 4.98 (d, J = 5.8 Hz, H9), 3.86 (s, 6H, 

H16), 3.85 (s, 3H, H17). 
13

C NMR (75 MHz, CDCl3) δ180.6 (C4), 177.1 (C1), 153.9 (C12, C14), 

144.2 (C2), 138.09 (C13), 135.2 (C7), 133.5 (C10), 132.8 (C6), 132.7 (C8a), 130.0 (C4a), 127.1 

(C8), 127.0 (C5), 111.2 (C3), 105.1 (C11,15), 61.0 (C17), 56.4 (2C, C16), 49.6 (C9). HRMS 

(ESI
+
) Calculated (C28H18ClNO5): 387.09431. Found [M+H]

+
: 388.09431. 

2-Chloro-3-((4-chlorobenzyl)amino)-1,4-

naphthoquinone (22) 

Reagents: 4-chloro-benzylamine (0.13 mL, 1.5 mmol), 

2,3-dichloro-1,4-naphthoquinone (0.227 g, 1 mmol). 

Purification: Hex/AcOEt (80:20). Yield: 0.28 g, 85%. 
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Bright red solid. Mp: 162 - 163 ºC. 
1
H NMR (300 MHz, CDCl3) δ 8.15 (dd, J = 7.7, 1.0 Hz, 1H, 

H8), 8.04 (dd, J = 7.7, 1.0 Hz, 1H, H5), 7.74 (td, J = 7.6, 1.4 Hz, 1H, H7), 7.64 (td, J = 7.6, 1.4 

Hz, 1H, H6), 7.35 (d, J = 8.5 Hz, 2H, H12, H14), 7.27 (d, J = 8.5 Hz, 2H, H11, H15), 6.20 (s, 1H, 

NH), 5.02 (d, J = 5.0 Hz, H9). 
13

C NMR (75 MHz, CDCl3) δ 180.5 (C4), 177.1 (C1), 144.1 (C2), 

136.7 (C10), 135.2 (C7), 134.1 (C10), 132.8 (C6), 132.7 (C8a), 130.0 (C4a), 129.4 (2C, C12, 

C14), 129.1 (2C, C11, C15), 128.0 (C13), 127.1 (2C, C5, C8), 111.9 (C3), 48.3 (C9). HRMS 

(ESI
+
) Calculated (C17H11Cl2NO2): 331.01712. Found [M+H]

+
: 332.02434.  

2-Chloro-3-((4-chlorophenyl)amino)-1,4-

naphthoquinone (23) 

Reagents: 4-chloro aniline (0.19 g, 1.5 mmol), 2,3-dichloro-

1,4-naphthoquinone (1) (0.227 g, 1 mmol). Purification: 

Hex/AcOEt (85:15). Yield: 0.29 g, 92%. Dark red solid. 

Mp: 265 - 266 ºC. 
1
H NMR (300 MHz, CDCl3) δ 8.20 (dd, J 

= 7.5, 1.0 Hz, 1H, H8), 8.13 (dd, J = 7.5, 1.1 Hz, 1H, H5), 7.79 (td, J = 7.5, 1.4 Hz, 1H, H7), 7.71 

(td, J = 7.5, 1.4 Hz, 1H, H6), 7.61 (s, 1H, NH), 7.32 (d, J = 8.7 Hz, 2H, H11, H13), 7.01 (d, J = 

8.4 Hz, 2H, H10, H14). 
13

C NMR (75 MHz, CDCl3) δ 180.6 (C4), 176.8 (C1), 142.0 (C9), 141.4 

(C2), 136.2 (C7), 135.3 (C8a), 133.3 (C6), 132.6 (C12), 131.2 (C4a), 128.7 (2C, C11, C13), 127.4 

(C5*), 127.2 (C8*), 125.5 (2C, C10, C14), 110.7 (C2). HRMS (ESI
+
) Calculated (C16H9Cl2NO2): 

317.00165. Found [M+H]
+
: 318.00881. 

2-(Benzylamino)-3-chloro-1,4-naphthoquinone (24) 

Reagents: benzylamine (0.16 mL, 1.5 mmol), 2,3-dichloro-

1,4-naphthoquinone (0.227 g, 1 mmol). Purification: 

Hex/AcOEt (85:15). Yield: 0.26 g, 87%. Bright red solid. 

Mp: 109 - 110 ºC. 
1
H NMR (300 MHz, CDCl3) δ 8.15 (dd, J 

= 7.6, 1.0 Hz, 1H, H8), 8.03 (dd, J = 7.6, 1.0 Hz, 1H, H5), 

7.72 (td, J = 7.6, 1.4 Hz, 1H, H7), 7.62 (td, J = 7.6, 1.4 Hz, 1H, H6), 7.42 – 7.29 (m, 5H, H11, 

H12, H13, H14, H15), 6.23 (s, 1H, NH), 5.05 (d, J = 6.0 Hz, H9). 
13

C NMR (75 MHz, CDCl3) δ 

180.6 (C4), 177.0 (C1), 144.2 (C2), 138.0 (C10), 135.1 (C7), 132.8 (C8a), 132.7 (C6), 130.0 

(C4a), 129.2 (3C, C12, C13, C14), 128.2 (2C, C11, C15), 127.8 (C5*), 127.0 (C8*), 111.5 (C3), 

49.1 (C9). HRMS (ESI
+
) Calculated (C17H12ClNO2): 297.05497. Found [M+H]

+
: 298.06236. 

 

Procedure for the synthesis of 1-(tert-butyl)-3-(3-chloro-1,4-naphthoquinone-2-

yl)urea 25 

KNCO (1.5 equiv.) was suspended in a mixture of anhydrous DMSO (4 mL), and amine 

(1.5 equiv.). Then 2,3-dichoro-1,4-naphthoquinone (1 mmol) was added. The mixture was stirred 
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for 24 h at r. t., excess of H2O (about 10 mL) was added and the mixture cooled (0-5 ºC) for 1 h. 

The dark precipitate was filtered off and washed with H2O. The aqueous phase was extracted with 

EtOAc (3x10) and the solvent evaporated. The product was purified using a silica gel column 

chromatography with a mixture Hex/AcOEt 80:20 as eluent to afford 0.16 g (51.6% yield) of the 

urea derivative compound as a yellow solid.  

1-(tert-butyl)-3-(3-chloro-1,4-naphthoquinone-2-yl)urea 

(25) 

Reagents: KNCO (0.12 g, 1.5 mmol), tert-butylamine (0.16 

mL, 1.5 mmol), 2,3-dichoro-1,4-naphthoquinone (0.227 g, 1 

mmol). Purification: Hex/AcOEt (80:20) Yield: 0.16 g, 51.6%. 

Yellow solid. Mp: 195 - 196 ºC. 
1
H NMR (300 MHz, CDCl3) δ 

8.09 (dd, J = 7.4, 1.4 Hz, 1H, H8), 8.01 (dd, J = 7.6, 1.9 Hz, 1H, H5), 7.72 – 7.60 (m, 2H, H6, 

H7), 7.09 (2, 1H, H9), 5.09 (s, 1H, H11), 1.35 (s, 9H, H13). 
13

C NMR (75 MHz, CDCl3) 180.2 

(C4), 177.8 (C1), 150.3 (C10), 141.1 (C2), 134.7 (C6*), 133.8 (C7*), 131.9 (C8a), 130.4 (C4a), 

127.4 (C5), 127.4 (C3), 127.1 (C8), 51.7 (C12), 29.0 (C13). HRMS (ESI
+
) Calculated 

(C15H15ClN2O3): 306.07651. Found [M+H]
+
: 307.08286.  

Procedure for the synthesis of 2-amino-1,4-naphtoquinone 26 

To a solution of 2-bromo-1,4-naphthoquinone (1 equiv.) in THF, 32% aqueous NH3 (10 

equiv.) was added, and then, the mixture was stirred for 24 h at r. t. The solvent is evaporated 

under vaccum. The residue was purified by flash column chromatography using as eluents 

mixtures of solvents (Hex/AcOEt) in the portions indicated to obtain the desired products. 

2-amino-1,4-naphtoquinone (26)  

Reagents: 2-bromo-1,4-naphthoquinone (1 g, 4.2 mmol), 32% aqueous 

NH3 (2.5 mL), 42 mmol). Purification: Hex/AcOEt (80:20). Yield: 0.33 

g, 45%. Orange solid. Mp: 206 - 207 ºC (lit.
40

 202 ºC – 204 ºC). 
1
H 

NMR (300 MHz, CDCl3) δ 8.11 – 8.02 (m, 2H, H5, H8), 7.73 (td, J = 

7.5, 1.5 Hz, 1H, H7), 7.64 (td, J = 7.4, 1.4 Hz, 1H, H6), 6.00 (s, 1H, H3), 5.15 (s, 2H, NH2).
 13

C 

NMR (75 MHz, CDCl3) δ 183.9 (C1), 182.0 (C4), 148.4 (C2), 134.7 (C7), 133.5 (C8a), 132.4 

(C6), 130.7 (C4a), 126.4 (C6*), 126.3 (C7*), 105.4 (C3). HRMS (ESI
+
) Calculated C10H17NO2: 

173.04761. Found [M+H]
+
: 174.05463. 

 

General procedure for the synthesis of carbamates 27-28 

2-Amino-1,4-naphtoquinone (27) (1 equiv.) and NaH (3 equiv. 60% dispersion) were 

suspended in anhydrous DMF. Then, the corresponding chloroformiate was added drop by drop 
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continuously under inert Ar atmosphere (1.5 equiv.). The reaction mixture was stirred for 15 min 

at r. t., excess of H2O (about 10 mL) was added and the mixture is extracted with CH2Cl2 (3x10 

mL). The organic phases are collected and then dried over anhydrous MgSO4. The desiccant was 

filtered and organic solvent removed under vacuum. The precipitate was purified by flash column 

chromatography using as eluents mixtures of solvents (Hex/AcOEt) in the portions indicated to 

obtain the desired products.  

Methyl-(1,4-naphthoquinone-2-yl)carbamate (27) 

Reagents: 2-amino-1,4-naphthoquinone (0.1 g, 0.6 mmol), NaH 

(0.14 g, 3.6 mmol, 60% dispersion), methyl chloroformate (71 

µL, 0.9 mmol). Purification: Hex/AcOEt (70:30). Yield: 0.08 g, 

57%. Light yellow solid. Mp: 201 - 202 ºC. 
1
H NMR (300 MHz, 

CDCl3) δ 8.10 (dd, J = 7.8, 1.3 Hz, 2H, H5, H8), 7.89 (s, 1H, 

NH), 7.78 (td, J = 7.5, 1.5 Hz, 1H, H7), 7.71 (td, J = 7.4, 1.5 Hz, 1H, H6), 7.51 (s, 1H, H3), 3.85 

(s, 3H, H10). 
13

C NMR (75 MHz, CDCl3) δ 185.9 (C1), 180.7 (C4), 152.9 (C9), 140.9 (C2), 135.1 

(C7), 133.3 (C6), 132.4 (C8a), 130.2 (C4a), 126.8 (C8), 126.6 (C5), 115.6 (C3), 53.4 (C10). 

HRMS (ESI
+
) Calculated (C12H9NO4): 231.05409. Found [M+H]

+
: 232.06135.  

Ethyl-(1,4-naphthoquinone-2-yl)carbamate (28) 

Reagents: 2-amino-1,4-naphthoquinone (0.1 g, 0.6 mmol), 

NaH (0.14 g, 3.6 mmol, 60% dispersion), ethyl choloformate 

(85 µL, 0.9 mmol). Purification: Hex/AcOEt (70:30). Yield: 

0.07 g, 47%. Light yellow solid. Mp: 162 - 163 ºC. 
1
H NMR 

(300 MHz, CDCl3) δ 8.10 (dd, J = 7.8, 1.3 Hz, 2H, H5, H8), 

7.85 (s, 1H, NH), 7.78 (td, J = 7.5, 1.5 Hz, 1H, H7), 7.71 (td, J = 7.4, 1.5 Hz, 1H, H6), 7.51 (s, 

1H, H3), 4.29 (q, J = 7.1 Hz, 2H, H10), 1.35 (t, J = 7.1 Hz, 3H, H11). 
13

C NMR (75 MHz, CDCl3) 

δ 184.9 (C1), 180.7 (C4), 152.5 (C9), 141.0 (C2), 135.1 (C7), 133.3 (C6), 132.4 (C8a), 130.3 

(C4a), 126.6 (C8), 126.6 (C5), 115.5 (C3), 62.6 (C10), 14.5 (C11). HRMS (ESI
+
) Calculated 

(C13H11NO4): 245.06881. Found [M+H]
+
: 246.07495. 

 

General procedure for the synthesis of amides 29-31 

2-Amino-1,4-naphtoquinone (1 equiv.) and NaH (3 equiv. 60% dispersion) were 

dissolved in anhydrous DMF. Then, an excess of the corresponding acyl chloride was added drop 

by drop continuously (1.5 equiv.). The reaction mixture was stirred for 30 min at r. t. Afterwards, 

excess of H2O (about 10 mL) was added and the mixture is extracted with CH2Cl2 (3x10 mL) and 

washed with NaOH 1M (10 mL) and HCl 1M. The organic phases are collected and then dried 

over anhydrous MgSO4. The desiccant was filtered and organic solvent removed under vacuum. 
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The reaction crude was purified by flash column chromatography using as eluents mixtures of 

solvents (CH2Cl/AcOEt) in the portions indicated to obtain the desired products.  

N-(1,4-Naphthoquinone-2-yl)acetamide (29) 

Reagents: acetyl chloride (32 µL, 0.45 mmol), 2-amino-1,4-

naphthoquinone (0.05 g, 0.3 mmol), NaH (0.04 g, 0.9 mmol, 60% 

dispersion). Purification: CH2Cl2/MeOH (90:10). Yield: 0.046 g, 

71%. Yellow solid. Mp: 201 - 203 ºC. 
1
H NMR (300 MHz, CDCl3) 

δ 8.36 (s, 1H, NH), 8.13 – 8.11 (m, 1H, H5), 8.10 – 8.08 (m, 1H, H8), 7.85 (s, 1H, H3), 7.79 (td, J 

= 7.5, 1.5 Hz, 1H, H7), 7.72 (td, J = 7.5, 1.5 Hz, 1H, H6), 2.29 (s, 3H, H10). 
13

C NMR (75 MHz, 

CDCl3) δ 185.4 (C1), 181.2 (C4), 169.5 (C9), 140.0 (C2), 135.2 (C7), 133.4 (C6), 132.3 (C8a), 

130.1 (C4a), 126.8 (C8), 126.6 (C5), 117.4 (C3), 25.2 (C10). HRMS (ESI
+
) Calculated 

(C12H9NO3): 215.05902. Found [M+H]
+
: 216.06628. 

N-(1,4-Naphthoquinone-2-yl)propionamide (30) 

Reagents: propionyl chloride (40 µL, 0.45 mmol), 2-amino-1,4-

naphthoquinone (0.05 g, 0.3 mmol), NaH (0.04 g, 0.9 mmol, 

60% dispersion). Purification: CH2Cl2/MeOH (90:10). Yield: 

0.016 g, 24%. Yellow solid. Mp: 173 - 175 ºC.
 1

H NMR (300 

MHz, CDCl3) δ 8.35 (s, 1H, NH), 8.09 (dd, J = 7.4, 1.7 Hz, 2H, H5, H8), 7.85 (s, 1H, H3), 7.78 

(td, J = 7.5, 1.5 Hz, 1H, H7), 7.71 (td, J = 7.5, 1.5 Hz, 1H, H6), 2.52 (q, J = 7.5 Hz, 2H, H10), 

1.02 (t, J = 7.5 Hz, 3H, H11). 
13

C NMR (75 MHz, CDCl3) δ 185.4 (C1), 181.3 (C4), 173.2 (C9), 

140.1 (C2), 135.1 (C7), 133.4 (C6), 132.4 (C8a), 130.1 (C4a), 126.8 (C8), 126.5 (C5), 117.2 (C3), 

31.3 (C10), 9.2 (C11). HRMS (ESI
+
) Calculated (C13H11NO3): 229.07494. Found [M+H]

+
: 

230.08227. 

N-(1,4-Naphtoquinone-2-yl) phenylacetamide (31) 

Reagents: phenylacetyl chloride (119 µL, 0.9 mmol), 2-

amino-1,4-naphtoquinone (0.1 g, 0.6 mmol), NaH (0.08 g, 

1.8 mmol, 60% dispersion). Purification: CH2Cl2/MeOH 

(90:10). Yield: 0.07 g, 27%. Dark yellow solid. Mp: 130 - 

132 ºC. 
1
H NMR (300 MHz, CDCl3) δ 8.43 (s, 1H, NH), 8.09 (dd, J = 7.4, 1.7 Hz, 2H, H5, H8), 

7.88 (s, 1H, H3), 7.78 (td, J = 7.5, 1.3 Hz, 1H, H7), 7.71 (td, J = 7.5, 1.3 Hz, 1H, H6), 7.52 – 7.34 

(m, 5H, H12, H13, H14, H15, H16), 3.85 (s, 2H, H10). 
13

C NMR (75 MHz, CDCl3) δ 185.2 (C1), 

181.6 (C4), 171.8 (C9), 142.1 (C2), 138.2 (C11), 135.0 (C7), 133.2 (C6), 132.2 (C8a), 130.3 

(C4a), 129.3 (3C, C13, C14, C15), 128.2 (2C, C12, C16), 126.6 (C8), 126.5 (C5), 117.2 (C3), 

45.0 (C10). HRMS (ESI
+
) Calculated (C18H13NO3): 291.08898. Found [M+H]

+
: 292.09626. 
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Conclusions 
 

 

In this PhD thesis, diverse medicinal chemistry projects have been developed with the 

main objective of identifying novel drugs for the treatment of infectious diseases. For this 

purpose, molecular modeling techniques, together with organic synthesis and biological studies 

were performed following different approaches. 

After the results obtained on the diverse projects developed in this thesis, it is possible to 

address the following conclusions: 

 The MBC chemical library presents both diversity and an interesting profile in terms of drug-

like properties meeting the requirements traditionally used to identify drug-like hits. 

Comparing to widely-used databases, a similar profile in terms of dispersion of the 

pharmaceutical properties was found. Moreover, it is a unique collection of molecules and 

shows novelty both at the level of the molecule and scaffold. Therefore, our MBC library is a 

promising source of molecules that can be further applied to produce starting points for drug 

discovery programs.  

 

 Applying target-based drug design, it has been possible to achieve the following milestones: 

 

 Several hGSK-3β inhibitors have been identified in this study as potent 

inhibitors of A. fumigatus, using in a first approach A. nidulans as a well-established 

screening pharmacological tool. Computational studies allowed identifying cavities in the 

enzyme and comparing them to the previously described human ones. Also, the potential 

binding mode of the hits in the GskA of the fungus was assessed.  
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 The repurposing of humane kinase inhibitors, together with virtual screening 

studies and the evaluation of a collection of antileishmanial compounds allowed us to 

obtain several sets of kinase inhibitors in Leishmania. Also, most of the compounds that 

displayed inhibition in the enzyme showed antiparasitic activity in the low micromolar 

and submicromolar range. A cavity search analysis was performed in the enzyme as well 

as an assessment of the binding mode of the compounds. Therefore, we can affirm that 

the number and diversity of pharmacological scaffolds for the development of new 

LdGSK-3 inhibitors have been extended.  

 

 The repurposing of hPDE inhibitors was analyzed as a potential strategy in the 

treatment of leishmaniasis in order to establish Leishmania PDEs as drug targets. The 

results revealed for first time in vivo activity for PDE inhibitor with confirmed correlation 

between in vitro antileishmanial activity and cAMP content. However, the moderate in 

vivo activity of the compounds might be a consequence of the suboptimal pharmaceutical 

properties of the imidazole derivatives tested.  

 

 Due to the promising activity of the imidazole derivatives identified in this 

thesis as antitrypanosomatids agents, a medicinal chemistry program was developed. This 

strategy involved the reduction of the aromatic atoms in the molecules together with the 

introduction of polar groups. Novel derivatives were identified with interesting activity in 

Leishmania and T. cruzi. These results encourage further efforts towards optimization of 

the hit compounds in order to improve their pharmaceutical profile in a hit-to-lead 

program.  

 

 Computational studies based on homology modeling, virtual screening and 

molecular dynamic led us to identify several compounds as potent and moderate 

inhibitors of the SmPDE4A enzyme, validating the computational studies. This target 

deserves further studies to be validated as a potential target in the treatment of 

schistosomiasis. 

 

 RegA PDE in A. castellanii was explored as a potential strategy in the 

treatment of amoebiasis. All the compounds were selected guided by computational 

approaches and showed some antiamoebal activity. Moreover, two of them were 

identified as promising hits that require further modifications in order to improve the 

selectivity. Additional studies were performed in the resistant form of the amoeba and in 

clinical strains confirming the therapeutical potential of the hits. 
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 The availability of the crystal structure of ArgF from M. tuberculosis in 

complex with previously screened fragments allowed us to perform computational studies 

and gain more insight of the ligand-binding process. Clustering analysis of the fragment 

library led us to prioritize additional fragments to be further crystallized. Moreover, 

virtual screening studies followed by similarity search guided us to identify the most 

potent compounds described as far as our concern for this enzyme to be further 

crystallized. Biophysical and structural biology techniques were applied as key tools in 

the drug discovery process. 

 

 Applying ligand-based drug design, it has been possible to achieve the following milestones:  

 

 A novel family of naphtoquinone derivatives was identified as antileishmanial 

drugs from a phenotypic screening. For this reason, a medicinal chemistry program was 

carried out to explore chemical modifications in the scaffold and decrease their toxicity. 

Some molecules from this series of novel chemical derivatives synthesized showed an 

improvement in the selectivity index. Also, the mechanism of action of this family of 

compounds was biologically studied. 

 

 A novel family of quinazoline derivatives was identified as antischistosomal 

agents. Despite being metabolically unstable, several modifications were proposed 

according to the main sites of metabolism identified in the molecule using computational 

studies. Moreover, a target prediction analysis led to the identification of aldose reductase 

that might be responsible for the antiparasitic action of these compounds. 

 

As general conclusions, it is possible to affirm that several aproaches focused both on 

structure-based and ligand-based drug design (SBDD and LBDD) led to the identification of 

novel hits that can be developed as future treatments in infectious diseases after a hit optimization 

process. Moreover, novel targets were successfully explored as alternative strategies to overcome 

the emerging of resistances in infectious diseases. These innovative approaches deserve further 

attention for drug discovery projects. 
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