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Radicales superóxido e hidroxilo: 

Radicales derivados de la molécula de oxígeno

O2  +  1 e

O2  +  1 e  +   1e O2
2

 (peróxido)  (peróxido de hidrógeno)

energía

 (radical hidroxilo)

 (superóxido) +
dismutación

O2
2+

+  1 e

HO    +  HO

O2

2 H+
H2O2  (HO-OH) 2  HO

SOD

O2 O2 O2

José Carlos Menéndez, 2017-18

En conjunto, estas especies se conocen como ROS (Reactive 
Oxygen Species). 
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Radicales derivados de la molécula de oxígeno

José Carlos Menéndez, 2017-18

• Algunos cationes metálicos promueven la formación del radical 
hidroxilo (reacción de Fenton): 
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ROCK
Kinasa que regula el citoesqueleto por fosforilación de sus dianas, 
entre ellas la miosina. Provoca el colapso del crecimiento axonal en 
tejido nervioso. Tiene efectos negativos en la neuroregeneración y 
supervivencia neuronal. 

MAO
Flavoenzima con dos isoformas MAO A y MAO B.
Cataliza la desaminación oxidativa de catecolaminas como la 
dopamina. Su inhibición sirve como tratamiento en el Parkinson al 
aumentar la transmisión dopaminérgica y disminuir el estrés oxidativo.

2. Objetivos

5. Conclusiones

Luis Checa Ruano. Trabajo de Fin de Grado, junio 2018

El modelado molecular como herramienta 
para el descubrimiento de nuevos fármacos 
que interaccionan con proteínas

RADICALES LIBRES
El tejido nervioso es muy vulnerable 
al estrés oxidativo, provoca 
peroxidación de los fosfolípidos de 
membrana y neurodegenaración.

Tres dianas para las enfermedades neurodegenarativas

Fármacos multidiana

§ Exponer y explicar las diferentes aproximaciones en el descubrimiento de 
fármacos asistido por ordenador, haciendo especial hincapié en el cribado virtual 
y la técnica del docking. 

§ Aplicar el docking para conseguir fármacos multidiana inhibidores de ROCK, de 
MAO-A, de MAO-B, y efecto antioxidante, para el tratamiento de enfermedades 
neurodegenerativas. 

Búsqueda bibliográfica

Realización del docking

qBuscadores y revistas qTérminos de búsqueda:

Dibujo y preparación de 
las moléculas a ensayar

Protein Data Bank ChemSketch Chimera AutoDockTools

MODELADO MOLECULAR COMO HERRAMIENTA PARA EL DESCUBRIMIENTO DE 

NUEVOS FÁRMACOS QUE INTERACCIONAN CON PROTEÍNAS
CRISTINA FONT MATÉ

TRABAJO DE FIN DE GRADO. GRADO EN FARMACIA. UCM. JUNIO 2017

Nuevas indicaciones terapéuticas para diferentes enfermedades como patologías neurodegenerativas, cáncer, hipertensión, isquemia o patologías renales.
Actualmente se están llevando a cabo numerosos estudios sobre diferentes compuestos que podrían ser inhibidores selectivos tanto de ROCK 1 como de 
ROCK 2, lo que en un futuro supondrá un avance en patologías que cursen con una anormal activación de dichas enzimas.

5. CONCLUSIONES

4. RESULTADOS Y DISCUSIÓN

¿Fármaco multidiana?

MAO

MAO A

Ser/Thr kinasa, superfamilia Ras
Función: regulación proliferación celular, 

diferenciación celular, apoptosis y 
transformación oncogénica

Inhibidor: Fasudil (sulfonamida)

Inhibición de ROCK 
en SNC

Alzheimer: 
reparación tejidos 

alterados 

Parkinson: Protección 
neuronas dopaminérgicas y 

mejora capacidades 
movimiento

Inhibición de MAO 
en SNC

Parkinson: 
↑ transmisión 

dopaminérgica 

↓ formación peróxidos: 
↓ radicales libres y estrés 

oxidativo

Fasudil

ROCK

Fasudil (inhibidor de ROCK) 
+ 

Grupo propargílico 
(farmacóforo IMAO)

DOCKING MOLECULAR
Técnica computacional

Estudio de energías de enlace para 
determinar si existe interacción entre 

ligando y receptor

MAO B

Flavoenzima Æ Coenzima: FAD
Función: desaminación oxidativa de 

catecolaminas (NT)
Inhibidores suicidas: Clorgilina (IMAO A) y 

Rasagilina (IMAO B): propargilaminas

1. INTRODUCCIÓN

3. MATERIAL Y MÉTODOS

DOCKING MOLECULAR

ENERGÍAS ENLACE LIGANDO – RECEPTOR (kJ/mol)

• ROCK: PDB ID: 2ESM. “Crystal Structure of ROCK 1 bound to fasudil”
• MAO B: PDB ID: 1S2Q. “Crystal structure of MAOB in complex with N-

propargyl-1(R)-aminoindan (Rasagiline)”
• MAO A: PDB ID: 2BXR.“Human monoamine oxidase A in complex with

clorgyline, crystal form A”
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• Origen humano
• Estructura obtenida por cristalización en Rayos-X
• Estructura cristalizada junto a su inhibidor
• MAO A y MAO B: unidas a un inhibidor selectivo

Criterios 
selección de 

proteínas 

En las 3 enzimas se observa que la fuerza de unión entre el Fasudil-propargilo
y la enzima es mayor o muy similar a la del fármaco de referencia

2. El Fasudil-propargilo tiene capacidad para unirse a ROCK, MAO A y MAO B

2. OBJETIVOS
1. Realizar una revisión bibliográfica sobre el modelado molecular y el docking

aplicado al desarrollo de fármacos inhibidores de ROCK.
2. Aplicar el docking a la molécula derivada del fasudil para determinar si

presenta actividad como inhibidor de ROCK y de MAO, es decir, si se puede
conseguir un fármaco multidiana.

REVISIÓN BIBLIOGRÁFICA
Criterios de inclusión:
• Aplicación de técnicas 

computacionales para el 
desarrollo de inhibidores de 
ROCK o análogos del fasudil.

• En inglés o en español.
• Cualquier país.
• Posteriores a 2012

Términos de búsqueda: 
“fasudil analogues” 

“fasudil”AND“docking”
“fasudil”AND“molecular

modeling” 
“rho-kinase”AND“docking”

144 publicaciones
+

2 patentes
11 artículos

Términos 
de búsqueda

Criterios
de inclusión

Los 11 artículos incluidos en la revisión utilizan combinación de diferentes 
técnicas computacionales para el estudio de nuevos inhibidores de ROCK

REVISIÓN BIBLIOGRÁFICA
DOCKING MOLECULAR

Algunos de las conclusiones más relevantes extraídas de estos artículos son:

1. El docking molecular permite obtener múltiples opciones para el desarrollo de 
nuevos inhibidores de ROCK 1. Abdelhafez, O., Amin, K., Ali, H., Abdalla, M. and Batran, R. 

(2013). Monoamine oxidase A and B inhibiting effect and 
molecular modeling of some synthesized coumarin
derivatives. Neurochemistry International, 62(2), pp.198-
209. 

2. Chen, M., Liu, A., Ouyang, Y., Huang, Y., Chao, X. and Pi, R. 
(2013). Fasudil and its analogs: a new powerful weapon in 
the long war against central nervous system disorders?. 
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3. Julian, L. and Olson, M. (2014). Rho-associated coiled-
coil containing kinases (ROCK). Small GTPases, 5(2), 
p.e29846. 

4. Qin, J., Lei, B., Xi, L., Liu, H. and Yao, X. (2010). Molecular 
modeling studies of Rho kinase inhibitors using molecular 
docking and 3D-QSAR analysis. European Journal of 
Medicinal Chemistry, 45(7), pp.2768-2776. 

5. Shen, M., Yu, H., Li, Y., Li, P., Pan, P., Zhou, S., Zhang, L., Li, 
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Afinidad 
comparable o mejor 
que la del fármaco 

de referencia

• Ensayos de inhibición in vitro
• Estudios de toxicidad
• Ensayos farmacocinéticos
• Estudios farmacodinámicos
• Ensayos clínicos
• …

Avance terapéutico 
en el tratamiento de 

enfermedades 
neurodegenerativas

Confirmar 
actividad biológica 

y seguridad

Actualmente se están llevando a cabo numerosos estudios 
sobre diferentes compuestos que podrían ser inhibidores 
selectivos tanto de ROCK 1 como de ROCK 2, lo que en un 
futuro supondrá un avance en patologías que cursen con 

una anormal activación de dichas enzimas.

Nuevas indicaciones terapéuticas para 
diferentes enfermedades como patologías 
neurodegenerativas, cáncer, hipertensión, 

isquemia o patologías renales.

1. Obtención 
proteínas de 

PDB

2. Preparación 
de proteínas

3. Búsqueda 
sitio de unión 

L-R

4. Preparación 
del ligando

5. Generación 
archivo GRID 

(GPF)

6. Generación 
archivo DOCK 

(DPF)

7. Ejecutar 
el docking

8. Recoger los 
resultados de 

unión L-R

Bases de datos: 

Molécula con núcleo de 
triazina que actúa como 

inhibidor

8 compuestos para el 
tratamiento de trastornos 

neuronales

2 inhibidores de ROCK 
con potencial actividad 

contra el cáncer y 1 
fármaco para prevención 
de hemorragia cerebral 

Amentoflavona y otros 
flavonoides son 

inhibidores selectivos de 
ROCK2

Compuestos polifenólicos
inhibidores de ROCK 1

La interacción de tipo 
puente de H con el 
residuo Asp176 de 

ROCK2 es clave para la 
selectividad ROCK2/PKA

Grupo pirrolopiridina sin 
modificar y el grupo 

fenilo con la sustitución 
en “para” ↑ potencia de 
inhibidores de ROCK1

Compuestos sustituidos 
con anillos heterocíclicos 
de benzotiazol y pirazol
eran más potentes como 

los inhibidores de ROCK2

• Docking
• Virtual screening
• Structure-based

• Ligand-based
• Drug discovery

Obtención y preparación 
de las proteínas:

ROCK MAO A MAO B 

Realización del docking: obtención de la energía 
libre de unión y de las interacciones fármaco-diana 

Diseño de fármacos asistido por ordenador
Cribado virtual: Consiste en puntuar y clasificar las moléculas de una colección según 
su probabilidad de presentar actividad biológica. 

Resultados del docking: energías de unión (kJ/mol) 
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Fasudil-propargilo Fasudil 6-propargiloFasudil Clorgilina Rasagilina

ROCK ROCKROCKROCKROCK

Superposición del docking de fasudil-
propargilo (gris) y fasudil (rosa) con ROCK

*

*

*Docking de fasudil 6-cafeico con ROCK *
Asp160

Nuevas 
interacciones:

Asp369 Asn163 

Cribado virtual basado en la estructura: docking

POSING

The process of determining
whether a given conformation
and orientation of a ligand fits
the active site. This is usually a
fuzzy procedure that returns
many alternative results.

SCORING

Both posing and ranking involve
scoring. The pose score is often
a rough measure of the fit of a
ligand into the active site. The
rank score is generally more
complex and might attempt to
estimate binding energies.

RANKING

A more advanced process than
pose scoring that typically takes
several results from an initial
scoring phase and re-evaluates
them. This process usually
attempts to estimate the free
energy of binding as accurately
as possible.Although the posing
phase might use simple energy
calculations (electrostatic and
van der Waals), ranking
procedures typically involve more
elaborate calculations (perhaps
including properties such as
entropy or explicit solvation).

complex issues that are often difficult to understand and
— even more so — to simulate on a computer.

In view of these challenges, docking is generally
devised as a multi-step process in which each step intro-
duces one or more additional degrees of complexity11.
The process begins with the application of docking
algorithms that POSE small molecules in the active site.
This in itself is challenging, as even relatively simple
organic molecules can contain many conformational
degrees of freedom. Sampling these degrees of freedom
must be performed with sufficient accuracy to identify
the conformation that best matches the receptor struc-
ture, and must be fast enough to permit the evaluation
of thousands of compounds in a given docking run.
Algorithms are complemented by SCORING FUNCTIONS that
are designed to predict the biological activity through
the evaluation of interactions between compounds and
potential targets. Early scoring functions evaluated
compound fits on the basis of calculations of approxi-
mate shape and electrostatic complementarities.
Relatively simple scoring functions continue to be
heavily used, at least during the early stages of docking
simulations. Pre-selected conformers are often further
evaluated using more complex scoring schemes with
more detailed treatment of electrostatic and van der
Waals interactions, and inclusion of at least some solva-
tion or entropic effects7. It should also be noted that
ligand-binding events are driven by a combination of
enthalpic and entropic effects, and that either entropy
or enthalpy can dominate specific interactions. This
often presents a conceptual problem for contemporary
scoring functions (discussed below), because most of

+
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[E][I]
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them are much more focused on capturing energetic
than entropic effects.

In addition to problems associated with scoring of
compound conformations, other complications exist that
make it challenging to accurately predict binding confor-
mations and compound activity. These include, among
others, limited resolution of crystallographic targets,
inherent flexibility, induced fit or other conformational
changes that occur on binding, and the participation of
water molecules in protein–ligand interactions.Without
doubt, the docking process is scientifically complex.

Molecular representations for docking
To evaluate various docking methods, it is important to
consider how the protein and ligand are represented.
There are three basic representations of the receptor:
atomic, surface and grid12.Among these, atomic represen-
tation is generally only used in conjunction with a poten-
tial energy function13 and often only during final RANKING

procedures (because of the computational complexity of
evaluating pair-wise atomic interactions).

Surface-based docking programs are typically, but
not exclusively, used in protein–protein docking14,15.
Connolly’s early work on molecular surface representa-
tions is mainly responsible for spawning much of the
research in this area16,17. These methods attempt to align
points on surfaces by minimizing the angle between the
surfaces of opposing molecules18. Therefore, a rigid
body approximation is still the standard for many
protein–protein docking techniques.

The use of potential energy grids was pioneered by
Goodford19, and various docking programs use such
grid representations for energy calculations. The basic
idea is to store information about the receptor’s ener-
getic contributions on grid points so that it only needs
to be read during ligand scoring. In the most basic
form, grid points store two types of potentials: electro-
static and van der Waals (BOX 2). FIGURE 1 shows a repre-
sentative grid for capturing electrostatic potentials, and
FIG. 2 illustrates the electrostatic potential of a bound
inhibitor mapped on its molecular surface.

Search methods and molecular flexibility
This section focuses on algorithms used to treat ligand
flexibility and, to some extent, protein flexibility.
Treatment of ligand flexibility can be divided into three
basic categories11: systematic methods (incremental con-
struction, conformational search, databases); random or
stochastic methods (Monte Carlo, genetic algorithms,
tabu search); and simulation methods (molecular
dynamics, energy minimization). A summary of the
search approaches implemented in widely used docking
programs is presented in BOX 3.

Systematic search. These algorithms try to explore all the
degrees of freedom in a molecule, but ultimately face the
problem of combinatorial explosion20 (BOX 4). Therefore,
ligands are often incrementally grown into active sites.
A stepwise or incremental search can be accomplished in
different ways — for example, by docking various molec-
ular fragments into the active-site region and linking

Box 1 | Theoretical aspects of docking  

For an enzyme and inhibitor, docking aims at correct prediction of the structure of the
complex [E+I] = [EI] under equilibrium conditions (see figure and equation 1).

The figure illustrates the binding of inhibitor Dmp323 to HIV protease and is based on
solution structures (PDB code: 1BVE). Multiple structures of enzyme–inhibitor
complexes revealed only limited structural variations.

The free energy of binding (∆G) is related to binding affinity by equations 2 and 3:

Prediction of the correct structure (posing) of the [E+I] complex does not require
information about KA. However, prediction of biological activity (ranking) requires this
information; scoring terms can therefore be divided in the following fashion. When
considering the term [EI], the following factors are important: steric, electrostatic,
hydrogen bonding, inhibitor strain (if flexible) and enzyme strain. When considering the
equilibrium shown in equation 1, the following factors are also important: desolvation,
rotational entropy and translational entropy.

§ El diseño de fármacos asistido por ordenador 
es un método en auge por dos motivos:

1. Permite hacer un cribado de grandes 
colecciones de compuestos de una forma 
totalmente virtual, reduciendo así costes y 
tiempo en las siguientes etapas de 
desarrollo. 

2. El desarrollo in silico abre la puerta al 
diseño racional de nuevas estructuras, 
gracias al estudio de las interacciones 
diana-ligando.

Introducción Objetivos

Material y métodos

Resultados y discusión

Conclusiones

Inhibidores Dianas

Fasudil

Clorgilina
Rasagilina

Ácido cafeico

?Inhibidor de 
ROCK con 
efecto 
antioxidante

?Inhibidor 
de ROCK y 
de MAO
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§ De las moléculas ensayadas, los mejores 
candidatos a fármaco multidiana para el 
tratamiento de enfermedades 
neurodegenerativas son: 

POSING

The process of determining
whether a given conformation
and orientation of a ligand fits
the active site. This is usually a
fuzzy procedure that returns
many alternative results.

SCORING

Both posing and ranking involve
scoring. The pose score is often
a rough measure of the fit of a
ligand into the active site. The
rank score is generally more
complex and might attempt to
estimate binding energies.

RANKING

A more advanced process than
pose scoring that typically takes
several results from an initial
scoring phase and re-evaluates
them. This process usually
attempts to estimate the free
energy of binding as accurately
as possible.Although the posing
phase might use simple energy
calculations (electrostatic and
van der Waals), ranking
procedures typically involve more
elaborate calculations (perhaps
including properties such as
entropy or explicit solvation).

complex issues that are often difficult to understand and
— even more so — to simulate on a computer.

In view of these challenges, docking is generally
devised as a multi-step process in which each step intro-
duces one or more additional degrees of complexity11.
The process begins with the application of docking
algorithms that POSE small molecules in the active site.
This in itself is challenging, as even relatively simple
organic molecules can contain many conformational
degrees of freedom. Sampling these degrees of freedom
must be performed with sufficient accuracy to identify
the conformation that best matches the receptor struc-
ture, and must be fast enough to permit the evaluation
of thousands of compounds in a given docking run.
Algorithms are complemented by SCORING FUNCTIONS that
are designed to predict the biological activity through
the evaluation of interactions between compounds and
potential targets. Early scoring functions evaluated
compound fits on the basis of calculations of approxi-
mate shape and electrostatic complementarities.
Relatively simple scoring functions continue to be
heavily used, at least during the early stages of docking
simulations. Pre-selected conformers are often further
evaluated using more complex scoring schemes with
more detailed treatment of electrostatic and van der
Waals interactions, and inclusion of at least some solva-
tion or entropic effects7. It should also be noted that
ligand-binding events are driven by a combination of
enthalpic and entropic effects, and that either entropy
or enthalpy can dominate specific interactions. This
often presents a conceptual problem for contemporary
scoring functions (discussed below), because most of
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them are much more focused on capturing energetic
than entropic effects.

In addition to problems associated with scoring of
compound conformations, other complications exist that
make it challenging to accurately predict binding confor-
mations and compound activity. These include, among
others, limited resolution of crystallographic targets,
inherent flexibility, induced fit or other conformational
changes that occur on binding, and the participation of
water molecules in protein–ligand interactions.Without
doubt, the docking process is scientifically complex.

Molecular representations for docking
To evaluate various docking methods, it is important to
consider how the protein and ligand are represented.
There are three basic representations of the receptor:
atomic, surface and grid12.Among these, atomic represen-
tation is generally only used in conjunction with a poten-
tial energy function13 and often only during final RANKING

procedures (because of the computational complexity of
evaluating pair-wise atomic interactions).

Surface-based docking programs are typically, but
not exclusively, used in protein–protein docking14,15.
Connolly’s early work on molecular surface representa-
tions is mainly responsible for spawning much of the
research in this area16,17. These methods attempt to align
points on surfaces by minimizing the angle between the
surfaces of opposing molecules18. Therefore, a rigid
body approximation is still the standard for many
protein–protein docking techniques.

The use of potential energy grids was pioneered by
Goodford19, and various docking programs use such
grid representations for energy calculations. The basic
idea is to store information about the receptor’s ener-
getic contributions on grid points so that it only needs
to be read during ligand scoring. In the most basic
form, grid points store two types of potentials: electro-
static and van der Waals (BOX 2). FIGURE 1 shows a repre-
sentative grid for capturing electrostatic potentials, and
FIG. 2 illustrates the electrostatic potential of a bound
inhibitor mapped on its molecular surface.

Search methods and molecular flexibility
This section focuses on algorithms used to treat ligand
flexibility and, to some extent, protein flexibility.
Treatment of ligand flexibility can be divided into three
basic categories11: systematic methods (incremental con-
struction, conformational search, databases); random or
stochastic methods (Monte Carlo, genetic algorithms,
tabu search); and simulation methods (molecular
dynamics, energy minimization). A summary of the
search approaches implemented in widely used docking
programs is presented in BOX 3.

Systematic search. These algorithms try to explore all the
degrees of freedom in a molecule, but ultimately face the
problem of combinatorial explosion20 (BOX 4). Therefore,
ligands are often incrementally grown into active sites.
A stepwise or incremental search can be accomplished in
different ways — for example, by docking various molec-
ular fragments into the active-site region and linking

Box 1 | Theoretical aspects of docking  

For an enzyme and inhibitor, docking aims at correct prediction of the structure of the
complex [E+I] = [EI] under equilibrium conditions (see figure and equation 1).

The figure illustrates the binding of inhibitor Dmp323 to HIV protease and is based on
solution structures (PDB code: 1BVE). Multiple structures of enzyme–inhibitor
complexes revealed only limited structural variations.

The free energy of binding (∆G) is related to binding affinity by equations 2 and 3:

Prediction of the correct structure (posing) of the [E+I] complex does not require
information about KA. However, prediction of biological activity (ranking) requires this
information; scoring terms can therefore be divided in the following fashion. When
considering the term [EI], the following factors are important: steric, electrostatic,
hydrogen bonding, inhibitor strain (if flexible) and enzyme strain. When considering the
equilibrium shown in equation 1, the following factors are also important: desolvation,
rotational entropy and translational entropy.

Se enfrenta cada compuesto de una colección con una 
diana de estructura conocida.
Fases:
1. Procesamiento de la proteína diana: conformación 

más estable, identificación del sitio activo… 
Preparación de la colección de compuestos: 
tautomerías, estados de protonación…

2. Realización del docking: 
• Posing: un algorítmo genera las posibles 

conformaciones de unión de la molécula dentro 
del sitio activo.

• Scoring: estimación cuantitativa de la energía 
libre de unión del ligando, en una conformación 
determinada, a partir de las interacciones que se 
establecen entre el compuesto y la diana. 


