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Resumen

Recientemente los péptidos y sus derivados han aumentado su interés
en el disefio de farmacos, puesto que son considerados como un puente
entre las moléculas pequefas y las proteinas. Estudios previos sugieren
que los péptidos que exhiben actividad biolégica poseen estructuras qui-
micas muy diversas cuyas propiedades fisicoquimicas pueden ser atrac-
tivas para desarrollar nuevos candidatos. Sin embargo, son limitados los
estudios quimionformdticos que caracterizan dicha diversidad. Es preci-
samente la falta de informacién acerca de la diversidad de los péptidos la
razén que motiva la realizacion de este estudio.

La relavancia de este trabajo se asocia con el estudio del espacio quimico
de péptidos, el cual a diferencia del de fairmacos de moléculas pequefias
ha sido poco estudiado. También se analiza el impacto de las modificacio-
nes estructurales en el espacio quimico y la diversidad estructural de los
péptidos enumerados.

En el presente trabajo se realiz6 una caracterizacion de las propiedades fi-
sicoquimicas y un andlisis del espacio quimico de cuatro bibliotecas pép-
tidicas ciclicas y lineales. Especificamente esta investigacién se enfoca en
pentapéptidos.

La enumeracién de los péptidos se automatizé con un script en el lengua-
je de programacién en R, actividad que facilit6 la enumeracién de cuatro
bibliotecas con 32° compuestos cada una. El espacio quimico de dichas
bibliotecas fué comparado con colecciones de compuestos de interés far-
macentico.

Los resultados indican que existe un mayor traslape entre la bibliotecas
de ciclicos N-metilados con las bibliotecas de inhibidores de interacciones
proteina - proteina y macrociclicos naturales. Otra aportacion relevante
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es la observaciéon de un traslapamiento entre el espacio quimico de los
péptidos sintéticos enumerados con los péptidos aprobados como farma-
cos (o en estudios clinicos) asi como con otros farmacos aprobados que
se encuentran fuera del espacio quimico tradicional de fdrmacos de molé-
culas pequefias. Los resultados también respaldan que los pentapéptidos
sintéticos son compuestos adecuados para usar en proyectos de descubri-
miento de farmacos.

Como perspectivas se propone la implementacién de un servidor en linea
que sea capaz de enumerar bibliotecas peptidicas a partir de los aminodci-
dos naturales y muestre su representacion en el espacio quimico respecto
a otras bibliotecas.
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Capitulo 1

Antecedentes

En los ltimos afios se ha observado que la investigacién alrededor de
los péptidos ha aumentado en el 4rea de disefio de farmacos [1]] lo que se
traduce en gran ntiimero de moléculas peptidicas posicionadas como can-
didatos en ensayos clinicos[2].

La creciente investigacion en torno a péptidos puede atribuirse a que los
péptidos representan una clase de compuestos de interés farmacettico
molecularmente posicionada entre moléculas pequefias y proteinas. Ade-
mads fungen un papel importante en vias de sefializacién intrinsecas para
muchas funciones fisiolégicas, por lo que representan una opcién terapéu-
tica que imita las vias naturales de sefializacién [3]].

El éxito de los péptidos aprobados para su empleo terapetitico o en ensa-
yos clinicos es resultado de su baja toxicidad, asi como su alta afinidad de
unién, selectividad a dianas. Las caracteristicas mencionadas hacen de los
péptidos moléculas atractivas para el desarrollo de farmacos [4].

Sin embargo también poseen desventajas como baja biodisponibilidad,
inestabilidad metabdlica, y tiempos de vida media muy cortos [5],[6].
Actualmente observamos un amplio nimero de péptidos aprobados cémo
tdrmacos, las indicaciones terapetticas incluyen antibidticos, antidiabéti-
cos y antituberulosos[7], ademds de antidepresivos, inmunomoduladores
[8] y farnacos para el tratamiento de enfermedades gastrointestinales[9].
Las estructuras quimicas de los péptidos con actividad terapettica es muy
diversa. De tal forma que los péptidos de origen natural o sintético poseen
estructuras con alta diversidad y niimero de aminoéacidos. Sin embargo la

1



2 CAPITULO 1. ANTECEDENTES

diversidad estructural ha sido poco estudiada.

También poco se sabe sobre el efecto que generan en el espacio quimi-
co de las modificaciones estructurales, a pesar de que ha sido reportado
que tales modificaciones tienen efectos directos en las propiedades qui-
micas y bioldgicas de los péptidos[9)]. Una modificacién importante es la
N-metilacién la cual genera un impacto significativo en la disponibilidad
oral. Entre las modificaciones estructurales mds comunes de péptidos des-
tacan también los giros B y la cilacién; esta tltima juega un rol importante
en la modificacién de las propiedades fisicoquimicas [10]. En particular
el disefio de péptidos ciclicos es un estrategia empleada comtinmente en
el estudio de péptidos. Algunos ejemplos son hormonas o anédlogos de
hormonas asi como otros compuestos que han demostrado actividad an-
timicrobiana [4]. La ciclacién mejora la biodisponibilidad haciendo a los
péptidos menos susceptibles a las enzimas proteoliticas como las amino-
peptidasas y carboxipeptidasas que escinden aminoacidos desde el nitré6-
geno o el carbono terminal, respectivamente[11} 12].

A pesar de la importancia de los péptidos y sus modificaciones estructu-
rales en el disefio de farmacos, existen pocos estudios sistematicos que ex-
ploren su diversidad y espacio quimico. Recientemente, Santos et al. reali-
zaron un andlisis en el que clasifican a los péptidos por ruta de administra-
cién y efecto terapetitico. En ese trabajo los autores sugieren que los pép-
tidos pueden ocupar el espacio entre las moléculas pequefias y los medi-
camentos biotecnolégicos en términos de propiedades fisicoquimicas[2].
Entre tanto, para nuestro conocimiento, una caracterizacién quimioinfor-
maética que incluya un anélisis de espacio quimico y evaluacién de diver-
sidad estructural de péptidos no se ha reportado previamente.

En este estudio, se exploré el efecto de la N-metilacion y ciclaciéon de pép-
tidos en su distribucion en el espacio quimico. Como caso de estudio, el
presente andlisis se centr6 en pentapéptidos los cuales son sintéticamen-
te accesibles mediante quimica combinatoria[13]]. Se eligieron pentapépti-
dos porque tal longitud de aminodcidos se encuentra dentro del rango de
los péptidos empleados como farmacos. Se sabe que el 86 % de péptidoa
aprobados por la Administracién de FArmacos y Alimentos de EUA (FDA)
cuentan con una longitud méxima de 10 aminodacidos[2]. También se sabe
que el peso molécular de los péptidos se encuentra en un rango entre 330 y
850 Daltons[14]. Como parte de este proyecto, estructuras pentapentidicas



lineales, ciclicas y sus respectivas estructuras N-metiladas fueron compa-
radas con bibliotecas de compuestos de interés farmacettico incluyendo
péptidos aprobados por FDA e inhibidores de interacciones proteina —
proteina (PPIs).

Esta tiltima biblioteca se eligi6 puesto que en una publicacién previa a este
trabajo, se sugirié que los péptidos comparten espacio quimico por pro-
piedades con moduladores de PPIs [15]. Dicho trabajo es un producto de
la investigacién desarrollada en conjunto con el presente trabajo en el cual
se hace una revision bibliogréfica del estado actual las PPIs como dianas
epigenéticas importantes en el disefio de farmacos novedosos y especial-
mente se enfatiza en la importancia de los péptidos y sus derivados como
potenciales candidatos de moduladores de PPIs[15].



Capitulo 2

Objetivos

2.1. General

Analizar la diversidad estructural y cobertura del espacio quimico de
bibliotecas de péptidos enumerados.

2.2. Particulares

= Automatizar la construccién in-silico de bibliotecas de péptidos li-
neales, lineales N-metilados, ciclicos y ciclicos N-metilados.

» Identificar si las modificaciones estructurales como la ciclacién y la
metilacion modifican las propiedades fisicoquimicas de los pépti-
dos.

= Analizar la distribucién de las bibliotecas enumeradas en el espacio
quimico respecto a fdrmacos de moléculas pequenas, farmacos de
péptidos aprobados y otras bibliotecas de interes farmacettico.



Capitulo 3

Metodologia

3.1. Construccion de las bibliotecas moleculares

3.1.1. Péptidos

En total se emplearon 32 aminoacidos para enumerar las biblioteca
de péptidos. 20 aminodcidos naturales en conjunto con otros doce no na-
turales, todos ellos disponibles comercialmente. En este caso de estudio,
los amino&cidos fueron seleccionados considerando las moléculas comun-
mente usadas en Torrey Pines Institute for Molecular Studies, una organi-
zacién con amplia experiencia en la sintesis de bibliotecas empleando qui-
mica combinatoria como una herramienta ttil en el disefio de farmacos[[13][16].
Dos modificaciones estructurales diferentes fueron consideradas: la cicla-
cién y la N-metilacién. Ambas modificaciones estructurales son comun-
mente empleadas en el disefio de péptidos. [17]. Los péptidos ciclicos
fueron seleccionados debido a su habilidad para mejorar la permeabili-
dad pasiva mediante la induccién de un cambio conformacional gracias
a los puentes de hidrégeno intramoleculares [18]. Los péptidos ciclicos
N-metilados han mostrado transporte pasivo en ensayos con membra-
nas permeables artificiales. Estas estructuras también han exhibido un au-
mento en la estabilidad quimica [19]. Finalmente, las bibliotecas basadas
en péptidos fueron enumeradas para su andlisis: péptidos lineales(LIN),
péptidos ciclicos (CYC), péptidos lineales N-metilados(LIN NM) y linea-
les ciclicos N-metilados (CYC NM).
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Script de automatizacién

Para lograr la automatizacion de la generacion de las bibliotecas se
desarroll6é un script empleando el lenguaje de programacién R [20], cuya
implementacién permitié la enumeracién de 32° compuestos para cada
una de las bibliotecas. El disefio del script se basé en el principio de la
sintesis de péptidos en fase s6lida, donde la primera posicion permanece
fija y posteriormente se adicionan aminoacidos en un particular orden de
adicién para formar enlaces peptidicos. Por ejemplo, si se desea combinar
dos aminodcidos: Alanina(A) y Cisteina(C), el resultado serd un total de
24 es decir 16 péptidos. En la Figura se muestra un esquema que repre-
senta la secuencia l6gica en la que se combinan los aminodcidos, de forma
tal que en la dltima columna encontramos péptidos de 5 aminoécidos de
longitud.

Figura 3.1: Diagrama representativo de la combinacién de aminoéacidos.
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Figura 3.2: Esctructura péptido A-A-A-A-A

Las combinaciones se generan a partir de la representacién de SMILES
[21]] para cada aminoacido. Por ejemplo para la secuencia de aminodacidos
A-A-A-A-A se obtiene la secuencia de SMILES siguiente:
N[C@@H](C)C(N[C@@H](C)C(N[Ce@H](C)C(N[Ce@@H](C)C(N[C@e@H]
(C)C(0)=0)=0)=0)=0)=0. Correspondiente a la estructura peptidica en
la figura

3.1.2. Bibliotecas de referencia

Se emplearon como referencia seis colecciones de compuestos (Vedse
Cuadro .T). Las bibliotecas péptidos aprobados como farmacos por FDA
(FDA PEP) y moléculas pequefias de FDA (FDA) fueron construidas de
informacién obtenida de la base de datos DrugBank [22]. La bilioteca de
moduladores de interacciones proteina - proteina (PPI) contiene estructu-
ras no peptidicas de 18 familias de PPIs [23]. También se construyeron tres
colecciones de compuestos de productos naturales mismas que se listan a
continuacién: Base de Datos de Medicina Tradicional China (TCM)[24],
coleccién de Productos Naturales comerciales (NP) [25], y una colecciéon
de productos Naturales macrociclicos (MACRO). Esta tltima corresponde
a una biblioteca comercial disponible para virtual screening que compren-
de productos naturales derivados de plantas y microorganismos [26].
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Cuadro 3.1: Bibliotecas de referencia

Bibliotecas Numero de elementos
Péptidos Aprobados por FDA (PEP FDA 108

Moléculas Pequefias de FDA (FDA) 1,622

Medicina Tradicional China (TCM) 18, 280

Macrociclos Naturales (MACRO) 1,826

Productos Naturales (NP) 247

Inhibidores de interacciones Proteina - Proteina (PPI) 2,583

3.2. Propiedades fisicoquimicas

Seis propiedades de interés farmacettico fueron calculadas con Mole-
cular Operating Enviroment (MOE)[27]: donadores de puente de hidré-
geno (HBD), aceptores de puente de hidrégeno (HBA), coeficiente de par-
ticion octanol/agua (logP), peso molecular, drea topoldgica superficial (TP-
SA), y namero de enlaces rotables (RTB) [28]. Estas propiedades son co-
munmente empleadas en anélisis quimioinformdticos para comparar bi-
bliotecas de compuestos[29,30].

3.3. Espacio quimico

La visualizacién del espacio quimico se realizé6 empleando las téc-
nicas de reduccién de componentes prinpales (PCA) y mapas de auto-
organizacion (SOM). La representacién se realiz6 a partir de las seis pro-
piedades fisicoquimicas calculadas en el punto[3.2 El analisis de los SOMs
fué realizado usando el paquete kohonen del lenguaje de programacién
R[20].
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3.4. Diversidad basada en huellas digitales (Finger-
print)

Se calcularon cinco huellas digitales diferentes: Extended Connectivity
de radio 2 (ECFP4) y radio 6 (ECFP6), Molecular Access System (MACCS)
Keys(166-bits), PubChem y AtomPair. Con el propésito de cuantificar la
diversidad estructural de cada biblioteca, la similitud estructural fué cal-
culada para cada par de compuestos empleando el coeficiente de Tanimo-
to [31,132] y analizada mediante la funcién de distribucién acumulada, la
cual se define como la probabilidad de que la variable tome valores meno-
res o iguales a x. Este andlisis de diversidad estructural fué realizado con
KNIME]J33], y los valores estadisticos se calcularon con un script en R [20].



Capitulo 4

Resultados y discusion

4.1. Propiedades fisicoquimicas

La Figura [4.1] muestra graficos de cuartiles de la distribucién de las
seis propiedades fisicoquimicas. En el caso de las bibliotecas de péptidos
enumerados, las ciclicas respecto a las lineales difieren significativamente
en algunas propiedades y especificamente en ndmero de enlaces rotables.
Las bibliotecas metiladas y no metiladas también muestran importantes
diferencias en donadores de hidrégeno y peso molecular. Ademas,las bi-
bliotecas metiladas en constraste con los no metiladas difieren en sus valo-
res de coeficiente de particion octanol/agua y area topoldgica superficial.
La metilacion incrementa significativamente los valores de coeficiente de
particién octanol/agua y disminuye los valores de area topoldgica super-
ficial. Ambas propiedades son consideredas importantes en términos de
permeabilidad, de forma que las modificaciones de estas propiedades po-
tencialmente significa la mejora en la biodisponilidad de las moléculas.
Respecto a las bibliotecas de referencias, PEP FDA y NP cubren un ran-
go amplio de valores para las seis propiedades calculadas. TCM tiene en
general un rango menor de valores para las mismas propiedades, compa-
rada con otras biblioteca de referencia. No obstante, TCM tiene un niimero
amplio de puntos satélite (outliers). Dicho lo anterior podemos decir que
las bibliotecas son muy diversas en términos de propiedades. Las 4 biblio-
tecas peptidicas enumeradas en este trabajo poseen valores estadisticos
dentro del intervalo de valores de las colecciones de referencia.

10
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Cuadro 4.1: Eienvectores de los componentes principales

Eigenvectores

Descriptor PC1 PC2
HBA -046 -0.09
HBD -0.51  +0.23
RTB -0.35 -0.34
SlogP +0.03 -0.67
TPSA -0.52  +0.09
MW -0.33  -0.60

4.2. Espacio quimico

4.2.1. Analisis de componentes principales (PCA)

Para una mejor comparacién de las propiedades quimicas de las cuatro
bibliotecas enumeradas respecto a las bibliotecas de referencia, se efectué
la visualizacién del espacio quimico. La Figura muestra una visuali-
zacion en dos dimensiones del espacio quimico obtenido mediante la téc-
nica de reduccién de dimensiones conocida como componentes principa-
les (PCA). Para ello los valores de los descriptores fueron normalizados.
La visualizaciéon de los datos se realizé en dos dimensiones, correspon-
dientes al PC 1y PC 2, el porcentaje de varianza que se recupera de PC1
corresponde a un 51.52% y PC 2 un 28.28 % lo que significa que ambos
componentes permiten representar un 79.8 % de la variacion total de los
datos. Los valores de los eigenvectores se muestran en el Cuadro a
partir de estos datos podemos apreciar que los descriptores que contribu-
yen mayormente al PC 1 son TPSA, HBD, HBA, en contraparte para PC 2
son SlogP, MW y RTB

En la Figura se observa la distribucién en el espacio quimico de las
bibliotecas enumeradas. Se aprecia que la distribucién de las librerias enu-
meradas es similar entre las 4 librerias. La Figura muestra el espacio
quimico de las diez bibliotecas: cuatro bibliotecas de péptidos enumera-
dos y seis de interés farmacettico. Para facilitar el analis, en las Figuras
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- se muestran cinco bibliotecas en cada plano y se mantienen
las mismas coordenadas que en la Figura En cada uno de los cuatro
paneles, las bibliotecas de péptidos enumerados se comparan con las si-
guientes bibliotecas: PEP FDA, FDA, MACRO Y PPIs.

La Figura muestra que TCM, NP y PEP FDA exhiben una distribu-
cién extensa en el espacio quimico mostrandose ampliamente diversos en
términos de propiedades fisicoquimicas. El espacio de la biblioteca PEP
FDA es muy extenso a pesar de ser una biblioteca relativamente pequefia
(108 compuestos, la biblioteca de referencia con menor ntimero de elemen-
tos de este trabajo Cuadro [3.1), lo anterior puede atribuirse al nimero de
aminoécidos de los péptidos. Se ha observado que el 86 % de los péptidos
aprobados por FDA corresponden a secuencias con una longitud maxima
de 10 aminoécidos, mientras que el 14 % restante incluye secuencias entre
11 y 45 aminodacidos [2].

La biblioteca de PEP FDA muestra un traslape con el espacio quimico de
las cuatro biblioteca de péptidos enumerados Este resultado indica
que existe un gran ntiimero de compuestos en las biblioteca pentapeptidi-
cas mismas que poseen propiedades similares a los péptidos aprobados
para uso clinico o que se encuentran en fases avanzadas de ensayos clini-
cos. Algunos ejemplos se muestran en la Figura [4.5/como el Almurtide, un
péptido con potencial para estimular el sistema inmune y que ha mostra-
do también actividad antineoplésica [34]. Cilegentide es un péptido ciclico
con potencial actividad antineoplésica que se encuenta en ensayos clinicos
[35] y Daclastavir, un derivado peptidico con antividad agonista contra el
virus de la hepatitis C[36]], su ubicacién en el espacio quimico se represen-
ta en la Figura

En cuanto a las bibliotecas enumeradas, fué posible observar que las mo-
dificaciones estructurales como la ciclacién y la N-metilacion no modifi-
can drasticamente la distribucién completa de las bibliotecas en el espacio
quimico, sin embargo existen algunas diferencias en cuanto a la ubicacién
de la distribucién (Figura [4.2). En particular la N-metilacion de las biblio-
tecas de péptidos cambian la posicién de la distribucién respecto a sus
analogos no metilados a lo largo de los valores de PC 2, cambio asociado
con un incremento en el MW y SlogP. El traslapamiento de los péptidos
N-metilados (lineales y ciclicos) con péptidos de FDA (Fig sugiere
que algunos de los compuestos que integran las bibliotecas poseen valo-
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res de propiedades similares a los péptidos aprobados como farmacos o
en ensayos clinicos. La Figura [#.3dindica que la mayoria de las moléculas
pequernias de FDA estan localizadas en dreas diferentes del espacio quimi-
co respecto a los péptidos. Igualmente, la Figura [.3dmuestra claramente
que hay muchos fairmacos aprobados que se encuentran fuera del espacio
quimico tradicional. Lo anterior en relacién con comparaciones previas
entre el espacio quimico de farmacos aprobados respecto al de productos
naturales y otras biblioteca [37]. La Figura también muestra un tras-
lape entre elementos del espacio quimico de las bibliotecas de péptidos
enumerados y fdrmacos aprobados.

Las comparaciones en la Figura [4.4ajmuestra que los pentapétidos ciclicos
enumerados (en particular CYC NM), exhiben un mayor traslape con el
espacio quimico de la biblioteca MACRO. Conclusiones similares fueron
obtenidas comparando el espacio quimico de la biblioteca CYC NM con
PPl enla Figura Estos resultados sugieren firmemente que las biblio-
tecas ciclicas N-metiladas pueden emplearse en pruebas experimentales o
en ensayos de cribado virtual como una fuente importante de moléculas
bioactivas (similar a los actuales usos de cribado virtual de bibliotecas de
inhibidores PPIs o MACRO).
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(b) (@)

Figura 4.3: Visualizacién del espacio quimico basado en propiedades fi-
sicoquimicas. a) 10 bibliotecas. Bibliotecas peptidicas comparadas con: b)
péptidos de FDA; c) farmacos de FDA
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4.2.2. Mapas de auto-organizacién (SOM)

El espacio quimico ademas se visualiz6é empleando una proyeccién co-
nocida como mapa de auto-organizaciéon (SOM) . Algunas de las bibliote-
cas se encuentran representadas en la figura El ntimero de cada celda
en el mapa SOM indica el nimero de compuestos. La intensidad del co-
lor representa el niimero de compuestos relativo en cada celda: un color
mads intenso se asocia a un mayor nimero de compuestos. En las Figuras
y la mayoria de los péptidos enumerados CYC y CYC NM ocu-
pan celdas comparables en el mapa SOM. Dicho resultado indica que las
propiedades fisicoquimicas alrededor de ambas bibliotecas son muy si-
milares. Este resultado concuerda con lo observado en PCA, sin embargo
gracias a los mapas SOM la comparacién es mds informativa.
Comparando las bibliotecas lineales y ciclicas fig - indica que la
mayoria de los péptidos lineales ocupan diferentes regiones respecto a sus
contrapartes metiladas. Comparando la biblioteca PPI con las de péptidos
enumerados (Figura se concluy6 que la biblioteca pentapeptidica ci-
clica N-metilada enumerada en este trabajo tiene un traslape importante
con la de PPI. Dicho resultado concuerda también con los resultados de
PCA.
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(a) (b)
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Figura 4.6: Representacion 2D del espacio quimico de cinco bibliotecas
empleando mapas de autoorganizacion(SOM). a)LIN, b)CYC, ¢)LIN NM,
d)CYC NM, e)PPIs



4.3. ANALISIS DE DIVERSIDAD 21

4.3. Analisis de diversidad

La Figura |4.7| muestra la curva de distribucién de frecuencia acumu-
lada para los valores de similitud de pares de compuestos empleando el
coeficiente de Tanimoto y cinco huellas digitales para cada una de las diez
bibliotecas. Varias huellas digitales se emplearon para cuantificar aspectos
diferentes de las estructuras moleculares [38]. Basado en las huellas mo-
leculares de diccionarios como MACCS keys y PubChem, las estructuras
lineales son estructuralmente menos diversas que las PEP FDA y PPI, pe-
ro menos diversas que MACRO[4.7a]y 4.7b] Considerando ECFP4, ECFP6
y Atompair Fingerprint las bibliotecas de péptidos enumeradas son las
menos diversas. Para las bibliotecas de referencia, los valores de similitud
intrabibliotecas indica que FDA es la mas diversa considerando los cinco
fingerprints, seguida de TCM, NP, y PEP FDA.
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(a) (b)

(© (d)
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Figura 4.7: Funcion de distribucién acumulada de similitud pareada eva-
luada con coeficiente de Tanimoto. a) PUBCHEM, b) MACCS keys, c)
ECFP4, d) ECFP6, e) AtomPair
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Conclusiones

En este trabajo se efectu6 un andlisis exploratorio quimioinformatico
de 4 bibliotecas de pentapéptidos enumeradas (LIN, LIN NM, CYC y CYC
NM). Mediante la enumeraciéon automatica a través de un script que ge-
ner6 todas las combinaciones de los aminoécidos esenciales y algunos co-
merciales. El andlisis del espacio quimico sugirié que la N-metilacion y la
ciclacién modifican la distribucién de los péptidos acercandola a la distri-
bucién de las moléculas pequefias de FDA. También estas modificaciones
podrian resultar en compuestos con actividad biolégica y permeabilidad
adecuada ya que los resultados sugieren que las bibliotecas con modifica-
ciones estructurales son mds similares por por propiedades a los faArmacos
de moléculas pequefias.

Las bibliotecas peptidicas, en particular las ciclicas N-metiladas, se sobre-
pone en el espacio quimico con los inhibidores de interacciones proteina
- proteina, productos naturales macrociclicos y moléculas FDA aprobadas
0 en ensayos clinicos de origen peptidico. Por lo tanto, la N-metilacién de
pentapéptidos representa una prometedora fuente para explorar novedo-
sas y biolégicamente relevantes regiones del espacio quimico escasamente
cubiertas por el espacio quimico de bibliotecas medicamente relevantes.[39].
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Capitulo 6

Perspectivas

6.1. D-Peptide Builder: A Web-based application to
enumerate the chemical space of peptides

Después de automatizar la enumeracion de las bibliotecas de péptidos
a través de la implementacién de un script de programacion en el lenguaje
R, se decidi6 trabajar en el desarrollo de un servidor en linea que facilite
la rdpida enumeracion de péptidos combinatorios. Este servidor enumera
bibliotecas lineales, lineales N-metiladas, ciclicas y ciclinas N-Metiladas,
mismas que se analizaron en este proyecto. Nuestro principal objetivo es
desarrollar una herramienta ttil para grupos de sintesis organica que es-
tudien péptidos naturales o sintéticos. La logica del funcionamiento del
servidor se describe en la Figura En este caso el desarrollo de los al-
goritmos involucrados se realiza empleando el lenguaje de programacién
Python y algunas librerias como rdkit package.
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Figura 6.1: Didgrama de funcionamiento del servidor.

6.1.1. Funciones principales del servidor
Enumeracién de péptidos y cdlculo de propiedades fisicoquimicas

La interfaz de usuario permite la seleccion de diferentes longitudes de
aminoécidos para generar desde dipeptidos hasta hexapeptidos, se pre-
tende mejorar esta opcién para poder generar decapeptidos. Es posible
elegir las librerias a enumerar, las opciones incluyen librerias lineales o
con modificaciones estructurales como la ciclacion o la N-metilacién. Una
perpectiva importante es aumentar el nimero de modificaciones estruc-
turales elegibles. Una muestra de la ventana de seleccién de especificacio-
nes se muestra en la figura Al final de esta seccion el usuario puede
descargar un archivo con extensién .csv que contenga los SMILES de las
bibliotecas enumeradas y los valores de HBA, HVD, RB, SLogP, TPSA y
MW.

Espacio quimico

El servidor hace una reduccién de componentes principales (PCA) pa-
ra generar un grafico en dos dimensiones que muestre PC1 vs PC2 y ofre-
cer al usuario un grafico interactivo como el que se muestra en la Figu-
ra [6.3] para comparar las bibliotecas enumeradas con otras colecciones de
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compuestos.

Similitud

Tal como se muestra en la Figura[6.1]el servidor calcula dos huellas di-
gitales (MACCS Keys y ECFP4) para posteriormente calcular la similitud
pareada empleando el coeficiente de Tanimoto. Los resultados se mues-
tran al usuario en una gréfica de funcién de distribucién acumulada.

Figura 6.2: Visualizacién seleccién de especificaciones
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Figura 6.3: Espacio quimico generado con D-Peptide Builder

6.1.2. Perspectivas del servidor

Las caracteristicas descritas anteriormente estdn desarrolladas en su
totalidad. Sin embargo el desarrollo del proyecto atin contintia puesto que
es necesario hacer algunas implementaciones para asegurar la funciona-
lidad del servidor antes de su liberacién e implementacién en la seccién
D-TOOLS (DIFACQUIM Tools for Chemoinformatics).

6.2. Explorar bibliotecas de diferente niimero de ami-
noacidos

Otra perspectiva de este trabajo es explorar el espacio quimico, asi co-
mo la similitud estructural y por propiedades de bibliotecas péptidos ci-
clicos y lineales (incluyendo metilados) con varias composiciones de ami-
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noécidos y péptidos de diferente longitud como hexapéptidos o hepta-
péptido; Esta actividad se facilitard empleando a D-Peptide Builder.

6.3. Busqueda de estructuras de interés farmacettico

La intension de este servidor es proporcionar bibliotecas peptidicas de
diferentes longitudes de aminodcidos y modificaciones estructurales que
puedan porteriormente ser empleadas en otros estudios computacionales
como el cribado virtual o en la implimentacién de modelos de aprendizaje
automatico para la prediccion de estructuras con actividad bidlogica.
Recientemente Wong et al [40] reportaron la comprensién de las propie-
dades y estructuras de péptidos con actividad antimibrobiana, mediante
la implementacién de una maquina de soporte vectorial, un algoritmo de
aprendizaje automatico; El modelo reportado fué entrenado a partir de
descriptores calculados por los autores para péptidos que obtuvieron de
bases de datos como CAMP R3, una base de datos que proporciona colec-
ciones de estructuras peptidicas antimicrobianas [40]. Este servidor pre-
tende proporcionar bibliotecas péptidicas enumeradas que contribuyan al
estudio computacional de péptidos, como lo hacen otras bases de datos.
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Abstract

Peptide and peptide-like structures are regaining attention in drug discovery. Previous studies suggest that bioactive peptides
have diverse structures and may have physicochemical properties attractive to become hit and lead compounds. However,
chemoinformatic studies that characterize such diversity are limited. Herein, we report the physicochemical property profile
and chemical space of four synthetic linear and cyclic combinatorial peptidelibraries. Asacase study, theanalysiswasfocused
on penta-peptides. The chemical space of the peptide and N-methylated peptides libraries was compared to compound data
sets of pharmaceutical relevance. Resultsindicated that thereisamajor overlap in the chemical space of N-methylated cyclic
peptides with inhibitors of protein—protein interactions and macrocyclic natural products available for screening. Also, there
is an overlap between the chemical space of the synthetic peptides with peptides approved for clinical use (or in clinica
trials), and to other approved drugs that are outside the traditional chemical space. Results further support that synthetic
penta-peptides are suitable compounds to be used in drug discovery projects.

Keywords Cheminformatics - Chemical space - Combinatorial chemistry - Protein—protein inhibitors - Small molecules -

Synthetic peptides

Introduction

The last years have seen a significant renaissance in pep-
tide drug discovery [1]. There are severa drug candidates
in clinical trials and numerous drugs approved for clinical
use that are or come from peptides [2]. Despite the fact
that peptide drugs have, in general, several drawbacks such
as low bioavailability, metabolic liability, and short half-
lives [3,4], there are severa peptides approved as drugs
for severa indications such as antibiotic, antidiabetic, and
anti-tuberculosis [5]. Additional uses of peptides are as
antidepressants, immunomodulators [6], and for the treat-
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ment of diseases of the gastrointestinal tract [8]. The success
of peptides approved for clinical use can be attributed to
favorable physicochemical properties such as good binding
affinity, target selectivity, and low toxicity. These features
make peptides attractive for the devel opment of therapeutics
[71.

The chemica structure of pharmaceutical active peptides
is diverse. Indeed, peptides from natural or synthetic ori-
gin have chemical structures with large diversity in size
and amino acid content. Structural modifications can further
changethe chemical and biological propertiesof peptides[8].
A major modification is N-methylation which has a strong
impact on ora bioavailability. Other modifications such as
size, B-turns and cyclization aso play important roles to
modify physicochemical properties [9]. For instance, cyclic
peptides have shown great success as therapeutics. Exam-
ples of broadly applied cyclic peptide drugs are hormones or
hormone analogues and other compounds that have shown
antimicrobial activity [7]. Cyclizationimproves bioavailabil -
ity by making peptides more stable to proteolytic enzymes
such as aminopeptidases and carboxypeptidases that cleave
off amino acids from their N termini and C termini, respec-
tively [10,11].
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Despite the high importance of peptides and modified
peptides in drug discovery, there are few systematic studies
that exploretheir diversity and chemical space. Just recently,
Santos et a. analyzed their route of administration, thera-
peutic class, and physica propertiesto analyze the chemical
space of peptides. The authors suggested that peptides can
fill agap between small molecules and biologics in terms of
physicochemical properties[2]. However, to our knowledge,
achemoinformatic characterization, which includes a chem-
ical space analysis and assessment of the structural diversity
of peptides, has not been recently reported.

In this work, we explored the effect of N-methylation
and cyclization of peptides in their distribution in chem-
ical space. As a case study, in the current anaysis we
focused on penta-peptides which are synthetically accessi-
ble through combinatorial chemistry [12]. For this analysis,
penta-peptides were selected because the size is within
the range of peptide-based drugs. Indeed, 86% of peptides
approved by the US Food and Drug Administration (FDA)
have a maximum length of ten amino acids [2]. In addi-
tion, the molecular weight of the peptides considered in this
work is reasonable (molecular weight between 330 and 850
Dalton) [13]. As part of this study, linear and cyclic penta-
peptides and N-methylated penta-peptides were compared to
compound data sets of pharmaceutical relevance, including
peptides approved for clinical use and inhibitors of protein—
protein interactions (PPIs). Indeed, it has been suggested that
peptides sharethe chemical space of modulatorsof PPIs[14].

Methods
Compound data sets
Peptides

A total of 32 amino acids were used to enumerate the pep-
tide libraries: 20 naturally occurring amino acids plus 12
unnatural amino acids, al commercialy available (Table
S1 in the Supporting information). For this case study, the
amino acids were selected considering common amino acids
used at the Torrey Pines Institute for Molecular Studies, a
non-for-profit organization with vast experience on combi-
natorial peptide libraries for drug discovery [12,15]. Two
different chemical modifications were considered: cycliza-
tion and N-methylation. These modifications are the most
common in peptide synthesis [16]. Cyclic peptides were
chosen due to their ability to improve passive permeabil-
ity by inducing a conformational change via intramolecular
hydrogen bonds [17]. Cyclic N-methylated peptides have
been shown to be passively permeablein artificial membrane
permeability assays and also demonstrated an improvement
in stability [18]. Thus, four peptide-based data sets were
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Table 1 Reference compound data sets used in this analysis

Data set Size

Peptide FDA approved drugs (PEP FDA)? 108
FDA approved drug (FDA) 1,622
Traditional Chinese medicine database (TCM) 18,280
Natural macrocyclic compounds (MACRO) 1,826

Natural products (NP) 247
Protein—protein interactions inhibitors (PPI) 2,583

aContains some compounds in clinical trials

enumerated for the analysis: linear peptides (LIN), cyclic
peptides (CYC), linear N-methylated peptides (LIN NM),
and cyclic N-methylated peptides (CY CNM). A scriptinthe
R programming language [19] based on SMILES [20] sub-
strings was implemented to enumerate the 325 compounds
in each data set.

Reference data sets

Six compound collections of pharmaceutical interest were
used as reference (Table 1). The Peptide FDA approved
drugs (PEP FDA) and FDA approved drug library (FDA)
obtained from DrugBank [21]; aprotein—protein interactions
inhibitors database (iPPI-DB) which contains nonpeptide
inhibitors across 18 families of PPIs [22]. Also three com-
pound collections of natural productswere used asreference:
the Traditional Chinese Medicine Database (TCM) [23],
commercia collections of purified Natural Products (NP)
[24], and Natural Macrocyclic Compounds (MACRO). The
latter is a commercial macrocyclic library available for
screening that comprises plant and microbial-derived natural
products with ring sizes ranging from 8 to 35 [25].

Physicochemical properties

Six properties of pharmaceutical relevance were calcu-
lated with Molecular Operating Environment (MOE) [26]:
hydrogen bond donors (HBD), hydrogen bond acceptors
(HBA), octanol/water partition coefficient (SLogP), molec-
ular weight (MW), topological polar surface area (TPSA)
and number of rotatable bonds (RTB) [27]. These properties
are commonly used in chemoinformatic analysisto compare
compound databases [28,29].

Chemical space

Visualization of the chemical space wasdone using principal
component anaysis (PCA) and self-organizing maps (SOM)
based on the six properties computed in the previous point
(2.2). Theanalysiswas performed using the kohonen package
inR[19].
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Fig. 1 Box plot and of a hydrogen bond acceptors (HBA); b hydrogen bond donors (HBD); ¢ number of rotatable bonds (RTB). d octanol/water
partition coefficient (SLogP); e topological polar surface area (TPSA); and f molecular weight (MW). Summary statistics are presented in the

supporting information

Fingerprint-based diversity

Five commonly used fingerprints with different design were
used, namely Extended Connectivity radius 2 (ECFP4),
radius 3 (ECFP6), Molecular Access System (MACCS) keys
(166-hits), PubChem, and AtomPair. To measure the struc-
tural diversity of each compound data set, the pairwise
structural similarity was calculated using the Tanimoto coef-
ficient [30,31] and analyzed with a cumulative distribution
function. The diversity analysiswas performed with KNIME
[32], and statistical values were obtained with R [19].

Results and discussion
Physicochemical properties

Figure 1 shows boxplots with the distribution of the six
properties. Table S2 in the Supporting information presents

summary statistics of the distributions. For the peptide
data sets, cyclic and linear libraries showed large differ-
ences in some properties such as RTB. Methylated and
non-methylated sets also had marked differences in HBD
and MW. Additionally, methylated versus non-methylated
libraries had small but marked differences of SlogP and
TPSA: methylation dlightly increases SlogP and decreases
TPSA values. These propertiesareimportant to permeability,
so changes in these properties could mean an improvement
in bioavailability.

Regarding thereferencelibraries, PEP FDA and NP cover
a broad range of values for most of the six calculated prop-
erties. TCM had, overall, arelatively smaller range of values
for most properties (as compared to the other reference col-
lections). However, TCM had a large number of outliers.
Therefore, the reference libraries can be regarded as very
diverse. Of note, the four peptide-based data setswere within
the range of values of the reference collections.
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Fig.2 Visudlization of the
chemical space based on six
properties of pharmaceutical
relevance. Thefirst two principal
components (PC) recover 80%
of the total variance. a
Comparison of al 10 data sets.
Peptide data sets compared to: b
peptides approved by the FDA
andinclinical trials; c FDA
approved drugs; d macrocyclic
natural products; e inhibitors of
protein—protein interactions.
The color code isindicated
below each panel
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Fig.3 Chemical structures of
representative peptides
discussed in this work

Chemical space
PCA

For further comparison of the six properties of the four
peptide-based data sets with the reference compounds,
a chemical space representation was analyzed with two
approaches. Figure 2 shows a 2D visualization of the chem-
ical space obtained with PCA. The chemical descriptorsthat
contributed most to the first principal component (PC 1;
51.52% of the total variance) were TPSA, HBD and HBA

with values of 0.52, 0.51 and 0.46, respectively. The descrip-
torsthat contributed most to the second principal component
(PC 2; 28.27%) were MW, SlogP and RTB with values of
—0.67, —0.52 and — 0.47, respectively. Figure 2 shows the
chemical space of al 10 data sets: four peptide-based sets
plus six reference collections. To aid in the visualization,
Fig. 2b—e shows only five data sets in each plot keeping the
same coordinates asin Fig. 2a. In each of thefour panels, the
peptide-based data sets are compared to adifferent reference
set: PEP FDA, FDA, MACRO and PPIs.
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Fig.4 2D representation of the
chemical space of five
compound data sets using
self-organizing maps (SOMs).
The color represents the relative
population of acluster and the
number indicates its exact
population. aLIN; b CYC; c
LINNM; d CYCNM, and e
PPI. The SOMs of other
reference setsarein the
Supporting information

Figure 2 showsthat TCM, NP and PEP FDA have alarge
distribution in chemical space thus being rendered as very
diverse in terms of their physicochemica properties. The
large coverage in chemical space of PEP FDA, despite the
relatively small size (108 compounds, the smallest reference
set considered in thiswork, Table 1), can be attributed to the
broad range of amino acid sequences and lengths. Indeed,
it has been noted that 86% of peptides approved by FDA
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correspond to sequenceswith amaximum|length of ten amino
acids, while the other 14% includes sequences between 10
and 45 amino acids [2].

Interestingly, the PEP FDA set shows alarge overlap with
thechemical space of the four enumerated pepti de-based sets
(Fig. 2b). These results indicate that there are several com-
pounds in the penta-peptides libraries which possess similar
properties to peptides approved for clinical use or that are
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Fig.5 Cumulative distribution function of the pairwise similarity of the different data sets evaluated with Tanimoto and a PUBCHEM fingerprint;

b MACCS keys; ¢ ECFP4; d ECFP6; e AtomPair fingerprint

in advanced clinical trials. Examples are shown in Fig. 3.
Almurtide, a muramyl dipeptide derivative, is a molecule
with potential immune stimul ating and antineopl astic activity
[33]; Cilengitide is a cyclic peptide with potential antineo-
plastic activity and has been under clinical trials [34], and
Daclatasvir, apeptidederivativewith activity against the hep-
atitis C virus [35].

Regarding the enumerated peptide libraries, it was noted
that the chemical modifications such as cyclization and
methylation did not modify dramatically the overall distribu-
tion of thelibrary in chemical space, but thereisanoticeable
shift. In particular, the methylation of the peptide libraries
changed their position with respect to their non-methylated
analogues toward lower values of PC 2, which is associated
with an increase in MW and SlogP values. The overlap of
the N-methylated peptides (linear and cyclic) with PEP FDA
(Fig. 2b) suggests that some compounds from these libraries
have similar propertiesto other peptidesalready used asdrug
or that arein clinical trials.

Figure 2c indicates that most of the FDA approved drugs
are located in a different area of chemical space that pep-
tides. However, Fig. 2c clearly shows that there are several
approved drugs that are outside the traditional or most pop-
ulated chemical space. This is in agreement with previous
comparisons between the chemical space of approved drugs
with natural products and other compound databases [36].
Notably, Fig. 2c also shows important overlaps between the
chemical space of enumerated peptide-based data sets and
approved drugs.

The comparison in Fig. 2d shows that the cyclic penta-
peptides enumerated in this work (in particular CYC NM)
have a major overlap with the chemical space of MACRO.
Similar conclusions were obtained comparing the chemi-
cal space of CYC NM with PPl in Fig. 2e. These results
strongly suggest that synthetic N-methylated cyclic libraries
can be used in experimental or virtual screenings as sources
of compounds to identify bioactive molecules (similar to the
current uses of screening librariesbased oninhibitorsof PPIs
or MACRO).

@ Springer
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SOM

The chemical space was also visualized using a SOM pro-
jection. Selected data sets are shown in Fig. 4 and all other
reference setsarein Figure S1in the Supporting Information.
The number in each cell of the SOM indicates the number
of compounds in that cell. The color represents the relative
number of compounds in each cell: darker color indicates
more compounds. In Fig. 4a and b most of the synthetic
cyclic peptides CY C and CY C NM occupy comparable cells
in SOM. Thisresult indicates that the physicochemical prop-
erties among those two libraries are similar. Thisresult isin
agreement with PCA, but in SOM the comparison isvisually
clearer.

Comparing the linear and cyclic libraries Fig. 4a—d indi-
catesthat most of thelinear peptidesoccupy different regions
compared to their counterparts. Comparing the PPl with the
peptide-based data sets (Fig. 4€), it was concluded that the
N-methylated cyclic penta-peptides enumerated in thiswork
had the largest overlap. These resultswere al so in agreement
with the results of PCA.

Diversity analysis

Figure 5 shows the CDF of the pairwise similarity values
calculated with the Tanimoto coefficient and five fingerprints
for theten data sets. Several fingerprintswere used to capture
different aspects of the molecular structures [37]. Summary
statistics of the distributions of the pairwise similarity val-
ues are in Table S3 in the Supporting information. Based
on dictionary fingerprints such as MACCS keys and Pub-
Chem fingerprints, enumerated peptide libraries (depicted in
Fig. 5 with dashed lines) are structurally less diverse than
PEP FDA and PPI, but more diverse than MACRO. How-
ever, considering ECFP4, ECFP6 and AtomPair fingerprints,
enumerated peptidelibrariesaretheleast diverse. For theref-
erence libraries, the pairwise intra-library similarity values
indicate that FDA isthe most diverse set considering all five
fingerprints, followed by TCM, NP, and PEP FDA.

Conclusion

In this work, a chemoinformatic exploratory analysis of
four synthetic penta-peptide combinatorial data sets (LIN,
LIN NM, CYC and CYC NM) was performed by enu-
merating al combinations of essential and a number of
commercially available amino acidsto build linear and cyclic
penta-peptides. The chemical space analysis suggested that
N-methylation and cyclization shifts their position toward
the FDA-defined chemical space. Therefore, this modifica-
tion could result in compounds with biological activity and
suitable permeability. Peptide-based data sets, in particular
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N-methylated cyclic peptides, overlap the chemical space of
inhibitors of protein—protein interactions, macrocyclic nat-
ura products, and FDA approved drugs or in clinical trials
that have a peptide origin. Therefore, N-methylated penta-
peptides represent promising sources to explore novel and
biologically relevant regions of chemical space scarcely cov-
ered by the medicinally relevant chemical space [38].

A perspectiveof thiswork isthe chemoinformaticanalysis
of linear and cyclic peptides (including N-methylated) with
variouscompositionsof amino acidsand peptidesof different
lengths, e.g., hexa-peptides.
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Table S1. Commercial amino acids employed to enumerate the peptide libraries.

L-2-Aminobutyric acid
L-Norvaline
L-Norleucine
L-Ornithine
L-2-Naphthyl alanine
L-CyclohexylAlanine
L-4-Nitro-Phenylalanine
L-4-Fluorophenylalanine
L-(3-Pyridyl)alanine
L-2-Thienylalanine
L-Ethyl-L-Tyrosine
L-Citrulline
L-2,6-Dimethyltyrosine
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Table S2. Summary statistics of the distribution of six physicochemical properties for the 10 data sets.

HBA HBD
cve | € eoa | PEROL uw | HN | macro | N | PR | TCM cve | € | eoa | PEROLun | BN | macro | N | PRI | TeM
MIN 500 | 500 | 000 | 300 | 700 | 7.00 4.00 100 | 200 | 000 MIN 200 | 000 | 000 | o0 | 400 | 300 000 000 | 000 | 000
1Q 600 | 600 | 200 | 750 | 800 | 800 6.00 400 | 600 | 3.00 1Q 600 | 100 | 500 | 500 | 800 | 500 2.00 200 | 1.00 | 1.00
MEDIAN | 700 | 7.00 | 400 | 1200 | s00 | 9.00 7.00 500 | 7.00 | 500 MEDIAN | 7.00 | 200 | 200 | 1000 | s00 | 400 3.00 400 | 200 | 200
MEAN 720 | 720 | 450 | 1527 | 919 | 919 7.34 085 | 7.04 | 6.68 MEAN 730 | 243 | 226 | 1400 | 932 | 545 2.69 568 | 221 | 375
3Q 800 | 800 | 500 | 2100 | 1000 | 1000 2.00 1200 | 800 | 9.00 3Q 800 | 300 | 300 | 2000 | 1000 | 600 400 800 | 3.00 | 500
MAC 1300 | 1300 | 37.00 | 7200 | 1500 | 1500 | 1600 | 4800 | 1500 | 61.00 MAC 1500 | 1000 | 27.00 | 76.00 | 17.00 | 13.00 800 27.00 | 800 | 43.00
ST 131 | 131 | 362 | 1183 | 131 | 131 176 977 | 217 | 617 sTD 170 | 161 | 300 | 1280 | 171 | 165 133 559 | 158 | 405
RTB Slogp
cve | XS | Foa | PEROL o | N | macro | we | PR | ToM cve | US| Foa | PER | un | KN | wacro | e | R | TOM
MIN 000 | 0.00 200 1200 | 1200 | 1200 0.00 000 | 100 | 0.00 MIN 648 | -a45 | 1787 | 1787 | 7.86 | -539 413 910 | 214 | -a10
1Q 7.00 7.00 13.00 20.00 21.00 21.00 3.00 3.00 5.00 2.00 1Q 185 015 405 405 164 164 048 0.4 297 071
MEDIAN | 800 | 800 | 1900 | 2100 | 2200 | 2200 400 400 | 7.00 | 400 MEDIAN | 059 | 111 | -050 | -050 | -0.11 | -011 178 176 | 440 | 263
MEAN 823 | 802 | 2845 | 2150 | 2252 | 2253 385 38 | 702 | 552 MEAN oss | 111 | 160 | -ue0 | om | o1 131 var | aan | 2
30 1000 | 1000 | 3200 | 2300 | 1400 | 24.00 5.00 s00 | soo | 7.00 0 0so | 237 | 176 16 | 140 | 140 260 T e
MAX 1800 | 1600 | 20900 | 3200 | 3400 | 34.00 10.00 1000 | 1900 | 89.00 MAX 660 | 713 | 70 205 | 705 | 70s 649 510 | 1078 | 3989
sTD 245 | 221 | 3000 | 255 | 257 | 257 162 162 | 341 | ss8 sTD 1e3 | 1es | ass | ass | ass | 22 I 330 | 207 | 307
TPSA WEIGHT
cve | I | Foa PPl UN | kM| MASR e | eRr | TeM cve | SRS roa | PERC| un | RN | MASR | we | eRi | Tom
MIN 9.1 1015 0.00 69.72 1321 1305 53.09 20.03 16.13 0.00 MIN 3413 aLs 59.07 132.20 313 4295 371.44 231 213.10 27.03
3 5 4 7 7 ] 3 2 ]
1Q 183 ) 120 0 4zas | 2760 | 2196 | MTLO 95.28 9528 | 7220 | 5576 1Q e | %7 | ae0m | seoas | 5 | SRS soseo | M7 | auae | P02
ME’\?'A 2088 | 1675 | TS0 | gggpe | 2485 | 1005 110.33 193 | ger1 | 8900 MEDIAN | P87 | 8| s3a0 | sass | O07 | 688 556.66 27| aor9 | 4004
MEAN | 2123 | 1807 | go00 | soeas | 27| 1991 | 1062 | 1206 | gy | 1229 MEAN | %85 | 583 | gy | 1006 | ST | 50| s | S8 gigg | 4626
0 278 | 1900 | 1055 | sanes | 2721 | 284 | igg | 53 | 106 | 1586 p I P R I o I P
MAC 3653.4 BSAU 3 687.66 2034 8 40: 4 35; 8 210.04 2440 0 1971 7 3145.5 MAC 34: 9 9134 0 13]]5 7 50355 6 3511 0 9355 0 1015.15 pr ]DE; 2 ms:tm
STD 3812 | 3730 | 7914 | 33010 | 3841 | 37.88 33.28 3328 | so78 | 1005 STD 7212 | 7299 | 20632 | 77739 | 7340 | 7327 66.43 Rl EEVERCHN B
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Figure S1. SOM libraries pharmacological interest. 2D representation of the chemical space of five compound

data sets using self-organizing maps. See main text for the SOMs of the remaining data sets.

S4



Table S3. Summary statistics of the distributions of the pairwise similarity values computed with Tanimoto

and different fingerprints.

MACCS Keys ECFP4
Min 1st Median | Mean | 3rd Max | SD Min 1st Median | Mean | 3rd Max | SD
Q Q

cYc 0.03 | 0.57 | 0.64 0.64 0.70 | 1.00 | 0.09 0.11 [ 0.25 | 0.30 0.32 0.38 | 1.00 | 0.10

7
CYC NM 0.39 0.60 | 0.66 0.66 0.75 | 1.00 | 0.08 0.11 | 025 | 0.31 0.33 0.39 | 1.00 | 0.10
LIN 0.35 | 0.55 | 0.61 0.61 0.67 | 1.00 | 0.09 0.15 [ 0.30 | 0.36 0.37 0.42 | 1.00 | 0.09
LIN NM 0.38 0.58 | 0.64 0.64 0.70 | 1.00 | 0.09 0.10 | 0.33 | 0.40 0.39 0.45 | 0.89 | 0.09
FDA 0.00 | 0.23 | 0.31 0.32 0.40 | 1.00 | 0.13 0.00 [ 0.04 | 0.60 0.70 0.69 | 0.90 [ 0.10
PEP FDA 0.24 | 051 | 0.58 0.58 0.70 | 1.00 | 0.10 0.02 [ 0.08 | 0.11 0.14 0.17 | 1.00 | 0.09
MACRO 0.36 | 0.64 | 0.72 0.71 0.78 | 1.00 | 0.10 0.05 [ 0.14 | 0.18 0.25 0.35 | 1.00 | 0.16
NP 0.07 0.39 | 0.49 0.50 0.60 | 1.00 | 0.10 0.00 | 0.06 | 0.08 0.10 0.11 | 0.99 | 0.09
TCM 0.00 | 0.32 | 0.44 0.44 0.56 | 1.00 | 0.17 0.00 | 0.08 | 0.11 0.11 0.15 0.06

1.00
PPI 0.04 | 0.37 | 0.45 0.46 0.53 | 1.00 | 0.12 0.00 | 0.11 | 0.11 0.15 0.16 0.09
1.00
Pubchem ECFP6
Min 1st Median | Mean | 3rd Max | SD Min 1st Median | Mean | 3rd Max | SD
Q Q

cYc 0.21 | 041 | 053 0.54 0.65 [ 1.00 | 0.15 0.06 [ 0.19 | 0.24 0.26 0.31 | 1.00 | 0.09
CYC NM 0.20 | 0.40 | 0.53 0.53 0.64 [ 1.00 | 0.15 0.07 [ 0.20 | 0.25 0.27 0.32 | 1.00 | 0.09
LIN 0.23 | 0.44 | 0.56 0.57 0.68 | 1.00 | 0.15 0.10 [ 0.23 | 0.27 0.29 034 |1 0.08
LIN NM 0.23 | 0.46 | 0.57 0.57 0.69 | 1.00 | 0.14 0.11 | 0.26 | 0.30 0.31 0.36 | 1.00 | 0.08
FDA 0.00 | 0.23 | 0.36 0.35 0.46 | 1.00 | 0.15 0 0.03 | 0.04 0.05 0.06 | 1.00 | 0.03
PEP FDA 0.16 | 0.38 | 0.48 0.49 0.58 | 1.00 | 0.14 0.01 [ 0.05 | 0.07 0.09 0.11 | 1.00 | 0.07
MACRO 0.23 | 0.53 | 0.63 0.63 0.74 | 1.00 | 0.14 0.03 [ 0.09 | 0.12 0.19 0.26 | 1.00 | 0.15
NP 0.08 | 0.34 | 0.43 0.45 0.55 [ 1.00 | 0.15 0.00 [ 0.04 | 0.06 0.07 0.08 | 0.96 | 0.08
TCM 0.02 | 0.32 | 0.43 0.45 0.57 | 1.00 | 0.17 0.00 0.05 | 0.06 0.08 0.08 | 1.00 | 0.08
PPI 0.07 | 0.44 | 0.50 0.50 0.56 [ 1.00 | 0.11 0.00 | 0.05 | 0.06 0.064 | 0.08 [ 1.00 [ 0.08
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Table S3. (Continued)

ATOM PAIR
Min 1stQ | Median | Mean | 3rd Max | SD
cycC 0.34 0.57 0.63 0.63 0.68 | 0.95 | 0.07
CYC NM 0.35 0.63 0.69 0.68 0.73 | 0.98 | 0.07
LIN 0.38 0.60 0.65 0.65 0.70 | 0.93 | 0.06
LIN NM 0.39 0.68 0.72 0.71 0.76 | 0.96 | 0.06
FDA 0.00 0.14 0.22 0.22 0.30 | 1.00 | 0.11
PEP FDA 0.043 | 0.37 0.52 0.54 0.71 | 1.00 | 0.22
MACRO 0.25 0.52 0.57 0.57 0.62 | 1.00 | 0.07
NP 0.00 0.21 0.30 0.32 0.41 | 0.99 | 0.15
TCM 0.00 0.19 0.27 0.28 0.37 | 0.98 | 0.13
PPI 0.09 0.33 0.44 0.44 0.46 | 1.00 | 0.10
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Abstract

Targeting protein—protein interactions (PPIs) is becoming an attractive approach for
drug discovery. This is particularly true for difficult or emerging targets, such as epi-
targets that may be elusive to drugs that fall into the traditional chemical space. The
chemical nature of the PPIs makes attractive the use of peptides or peptidomimetics
to selectively modulate such interactions. Despite the fact peptide-based drug discov-
ery has been challenging, the use of peptides as leads compounds for drug discovery is
still a valid strategy. This chapter discusses the current status of PPIs in epigenetic drug
discovery. A special emphasis is made on peptides and peptide-like compounds as
potential drug candidates.
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1. INTRODUCTION

For many years, proteins have been recognized as molecular targets for
discovery new drugs. More recently, it has been demonstrated that proteins
are capable of regulating themselves through the direct interaction with
other proteins. Thus protein—protein interactions (PPIs) have also emerged
as promising targets for drug discovery.

A distinctive feature of PPI is the size of the interaction surface. Typical
PPI interfaces span the contact area that is considerably larger than the inter-
faces for protein—small molecules (Smith & Gestwicki, 2012). A major chal-
lenge of PPIs interfaces as macromolecular targets for drug discovery is that
most PPI interfaces are relatively featureless, lacking preformed, and well-
defined hydrophobic cavities which can fully accommodate a small mole-
cule ligand. Such single, deep binding pockets that entirely surround the
bound ligands are usually found on traditional “druggable” targets, and
on average, they occupy a volume of ~270A” (Buchwald, 2010). Because
of the different features of PPIs as drug targets the scientific community for
many years considered that PPIs could not be modulated (e.g., inhibitors or
stabilizers) by drug-like compounds. Since around 2005, the situation has
shifted and remarkable efforts now are being made to rationally design
PPI modulators. In fact, it has been recently discussed the many roles that
PPIs are playing in many disease conditions (Gonzalez & Kann, 2012).

An example is the potential therapeutic application of modulators of PPIs
for epigenetic drug discovery that is discussed thoroughly this chapter. For
instance, there are some epigenetic targets well identified as PPI targets as
antiapoptotic proteins Bcl-2 and Bcl-XL bind and suppress NALP1, reduc-
ing caspase-1 activation, and interleukin-1f production (Bruey et al., 2007).
Other example is the inhibition of VEGFR-1-VEGF. Many publications
have described the role of VEGFR-1 in cancers such as breast cancer, acute
myeloid leukemias, and acute lymphoblastic leukemia know we know that
some molecules can prevent VEGFR-1 signaling pathway by the specific
inhibition of the formation of the VEGFR-1-VEGF complex (Gautier
et al., 2011).

Because new drug targets are needed to improve drug discovery efforts,
new projects aiming at identifying compound modulators of PPIs started in
several academic and private laboratories (Villoutreix et al., 2014). These
efforts have been added to the traditional strategies of modulating PPIs with
monoclonal antibodies and other types of proteins and peptides.
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The goal of this chapter is to discuss the role of PPIs for epigenetic drug
discovery. We emphasized on the potential use of peptides as promising
starting points to cover novel regions of epigenetic relevant chemical space
(Prieto-Martinez, Gortari, Méndez-Lucio, & Medina-Franco, 2016). The
chapter is organized in five major sections. After this introduction,
Section 2 discusses the current status of PPI modulators in epigenetic drug
discovery. Section 3 is focused on peptide-based drug discovery as strategy
to modulate PPIs. Section 4 addresses the potential use of peptides as mod-
ulators of PPIs in epigenetic drug discovery. Section 5 presents major con-
clusions and perspectives.

2. PPl MODULATORS IN EPIGENETIC DRUG DISCOVERY

Through their dynamic posttranslational modifications (PTMs), his-
tones harbor a crucial signaling interplay that regulates many chromatin-
related processes, such as gene expression, DNA damage response, and
repair (Jenuwein & Allis, 2001). A myriad of PPIs are involved around
the process of writing, reading, and erasing these histone marks. Although
the inhibition of PPIs might seem more linked to histone PTMs readers,
they are not exclusive. Indeed, many other epigenetic processes not directly
related to histone PTMs involve PPIs in their functioning, as we will discuss
later.

The acknowledgment of the potential of PPI modulators in epigenetics is
quite recent, and therefore few but progressive advances have been achieved
in this area. There is significant interest in developing epigenetic PPIs, and
the results so far are promising. In the following sections, we revise insights
in the literature that underscore the advances and potential of developing
PPI modulators in epigenetics.

2.1 Bromodomains

Quite recently, the very first cases of PPIs inhibitors in epigenetics started
to emerge, with bromodomains (Brds) inhibitors as a proof-of-principle
(Mullard, 2012). Brds are protein motifs that bind to acetyl-lysines that
can be found, remarkably (although not exclusively), in histones (Brand
et al., 2015). There is significant variability in the structure of Brds,
thereby allowing the design of compounds that target specifically some
of them (Brand et al., 2015).



68 Barbara I. Diaz-Eufracio et al.

2.2 BET

The bromodomain and extra C-terminal domain (BET) is a family of pro-
teins containing tandem Brd motifs (most importantly, BRD2, BRD3,
BRD4, and BRDT). BET proteins act as epigenetic readers, recruiting other
proteins to the chromatin in regions with lysine-acetylated histones
(Dawson, Kouzarides, & Huntly, 2012; Zeng & Zhou, 2002). BET proteins
interact with many regulators of transcription and cell growth (Garnier,
Sharp, & Burns, 2014). The diazepine scaffold in general has been found
to be a potent inhibitor of Brds (Smith, Sanchez, & Zhou, 2014). Also, fused
diazepines able of inhibiting BET proteins have been synthesized (e.g., JQ1,
I-BET762, and CPI203). Chemical structures of selected compounds are
shown in Fig. 1 (Garnier et al., 2014).

JQ1 has been shown to inhibit both transcription and recruitment to the
chromatin of c-Myc. Thereby it modifies the transcriptional profile of mul-
tiple myeloma cells and hurdles their proliferation in vitro and in vivo
(Delmore et al., 2011). Similar findings have arisen in hepatocellular and
squamous cell carcinoma (where BRD4 or BRD3 is sometimes found fused
with NUT) (Filippakopoulos et al., 2010; Li et al., 2016). In parallel,
I-BET762 has been proposed as a potential therapy in acute myeloid leu-
kemia, where some related mutations enhance BRD4 activity (Dawson
et al.,, 2014). This inhibitor mimics histone and therefore interfere with
chromatin reading by Brds (Nicodeme et al., 2010). Other Brd inhibitors
have been tested in melanoma xenografts models, exhibiting an inhibition
pattern that is reversible upon drug discontinuation (Segura et al., 2013).
Accordingly, inhibition of BRD4 through iRINA, showed cell growth inhi-
bition in acute myeloid leukemia and melanoma (Segura et al., 2013; Zuber
et al.,, 2011). These pioneering studies highlight the applicability of bro-
modomains inhibitors in modifying relevant transcription profiles in the
maintenance of cancer phenotypes. Interestingly, many mutations in these
and other epigenetic readers have been linked to carcinogenesis, which pro-
vides a potential source of selective inhibition (Dawson et al., 2012).

BET inhibitors have demonstrated a wide range of applicability in dis-
eases beyond cancer. For instance, it has been found that in heart failure
in vitro models, JQ1 regresses the pathological gene expression profile,
and in vivo it suppresses the pathologic cardiac remodeling associated
with this disease (Anand et al., 2013). Also, JQ1 is able to reactivate latent
HIV, without cytotoxic effects, therefore positioning this drug as a poten-
tial compound in aiming to achieve HIV eradication from the host’s
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Fig. 1 Chemical structures of small molecules discussed in the chapter.

reservoirs (Banerjee et al.,, 2012). Moreover, in a periodontitis mouse
model, JQ1 inhibits inflammatory response and osteoclast differentiation
(Meng et al., 2014).

Among non-BET bromodomain proteins are chromatin remodelers, as
well as histone acetyltransferases (HATSs) and tripartite motif (TRIM) pro-
teins, which have been shown to have an important role in gene expression
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in carcinogenesis, for which incipient biological assays have been taking
place recently (Brand et al., 2015; Gallenkamp, Gelato, Haendler, &
Weinmann, 2014). For a detailed review on bromodomain inhibitors, see
Brand et al. (2015).

2.3 Chromatin Remodelers

Another quite exciting area under a therapeutic scope is that regarding chro-
matin remodelers, particularly those that are ATP dependent. This kind of
proteins has a significant impact in chromatin structure and function by
influencing the disposition of histones and of some histone variants
(Mayes, Qiu, Alhazmi, & Landry, 2014). Significant amount of evidence
has linked numerous chromatin remodelers to a variety of cancer types
(Mayes et al., 2014). As they tend to form protein complexes, inhibiting
the formation of these could be an adequate approach. Chromatin
remodelers have been categorized in different families (SWI/SNF,
INO8O, CHD, and ISWI), but we will not discuss each separately (for an
in-depth review, see Mayes et al., 2014). Interestingly, the proteins SW1/
SNF family have a bromodomain (Mayes et al., 2014). As discussed earlier,
the druggability of bromodomains has been proved.

Functional cell assays have been developed to screen compounds for
their activity against BRG1 and RUVBL1 (belonging to the SWI/SNF
and INOBSO families, respectively). Thereby hits have been obtained, which
can also inhibit cancer cells growth in vitro (Mayes et al., 2014). Also,
peptide-like compounds have been developed de novo to inhibit the PPI
between BAF57 (that participates in the SWI/SNF complex) and the andro-
gen receptor in prostate cancer (Link et al., 2008).

BAZ2 proteins are members of the ISWI family of chromatin remodelers.
These contain Brds as well.

2.4 Histone Acetyltransferases (HATs)

CREBBP and EP300 were mentioned earlier, as they contain bromodomain
motifs. However, their enzymatic activity involves histone acetylation.
These proteins interact with many others involved in transcription and cell
cycle regulation, as well as with p53 (Brand et al., 2015), and products of
oncogenes and fused genes (Giotopoulos et al., 2016). Either functional or
pharmacological inhibition of CREBBP and EP300 has an inhibitory eftect
on the growth of acute myeloid leukemia cells (Giotopoulos et al., 2016).
However, targeting the bromodomains present in these proteins can alter
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their recruitment to chromatin and disrupt their function. Rooney et al.
reported the design of dihydroquinoxalinones that potently displaced
acetyl-lysine from CREBBP bromodomains, hindering its normal binding
to chromatin (Rooney et al,, 2014). Another research group designed
5-isoxazolyl-benzimidazoles derivatives that were selective and potent
bromodomain inhibitors for CREBBP and EP300. These results were
demonstrated by crystallography, enzymatic, and cellular assays (Hay
et al., 2014). Borah et al. focused on the CREBBP interaction with p53
for preventing apoptosis in doxorubicin-treated cardiomyocytes (Borah
etal., 2011). This group performed a screening of 115K compounds against
the CREBBP bromodomain, yielding hits that shared the azobenzene scaf-
fold (Borah et al., 2011).

2.5 TRIM-Containing Proteins

TRIM-containing proteins are yet another family of epigenetic readers that
have been found to be dysregulated in cancer (Barbieri, Cannizzaro, &
Dawson, 2013). These proteins contain different motifs that make them
capable of recognizing multiple marks in the same nucleosome; they have
been proven relevant in carcinogenesis (Barbieri et al., 2013). IACS-
9571 (Fig. 1) was developed de novo through a structure-based approach
guiding the modification of acetyl-lysine mimetics that contained a sulfon-
amide linked to an aryl group (Palmer et al., 2016). A significant inhibition
of other bromodomains (although lesser in potency) was found for this com-
pound, namely against BRPF proteins. This study published the first known
TRIM inhibitors (Palmer et al., 2016).

2.6 Histone Methyltransferases (HMTs)
Histone 3 lysine 4- and histone 3 lysine 36 (H3K4 and H3K36, respectively)

methylation regulate diverse processes implicated in cancer, including tran-
scriptional regulation, alternative splicing, and DNA repair. SMYD?2 is a
protooncogene methyltransferase that represses the functional activity of
the tumor suppressor protein p53 (Huang et al., 2006).

Cowen et al. designed substrate competitive SMYD?2 inhibitors. Authors
concluded that perhaps the most interesting feature of the binding mode of
the synthetic compound AZ505 (Fig. 1), is that the dichlorophenethyl moi-
ety of the inhibitor extends across the peptide-binding groove of SMYD2
and is inserted into a secondary hydrophobic pocket adjacent to the cofactor
binding site (Cowen et al., 2016).
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Among other HMTSs inhibitors, A-893 was found to function as a
peptide-competitive inhibitor (Sweis et al., 2015). BIX-01294 is a very
interesting compound acting through occupying the binding pocket of his-
tones in HMTs (Di Costanzo, Del Gaudio, Migliaccio, & Altucci, 2014). In
turn, EPZ-5676 (Fig. 1) isa DOT1L inhibitor undergoing clinical trials for
its use in leukemia (Abdel-Wahab & Levine, 2013). Remarkably, DOT1L
interacts with fusion proteins including MLL, in a variety of leukemias
(Campbell & Tummino, 2014).

EZH2, a HMT that forms part of Polycomb repressive complex 2, reg-
ulates cell differentiation and homeostasis. Its hyperactivity has been linked
to tumor suppression genes repression and carcinogenesis. Besides direct
enzymatic inhibition, its critical PPI with EED (a methyl-lysine reader) have
been targeted through peptides, with antineoplastic results (Kim et al.,
2013). Similarly to EED, BHCS80, an unmethylated lysines reader, has been
found to be important in LSD1 function as a HMT (Lan et al., 2007).

2.7 Histone Methylation Readers (HMRs)

These proteins contain modules rich in aromatic amino acid residues that
interact with methyl lysine mainly through cation—rt and CH—= interactions
(Itoh, Suzuki, & Miyata, 2013). Through a structure-based design approach,
UNC669 (Fig. 1) was designed to inhibit LAMBTL1. UNC669 fills the aro-
matic cavity and forms the interactions required in recognition of methyl
lysine. UNC1215, a L3BMBTL3 inhibitor has been designed by the same
research group (James & Frye, 2013).

2.8 DNA Methyltransferases (DNMTs)

DNMTs are a family of proteins that catalyze the methylation of CpG
regions in DNA. DNA methylation plays an outstanding role in the regu-
lation of gene expression. Typically, hypermethylation of gene promoters is
associated to gene silencing, while methylation in the gene body has an
enhancing effect on the transcript elongation (Baylin & Jones, 2016). The
dysregulation of this cellular process has been found to be a hallmark of can-
cer, where it affects the expression of oncogenes and tumor suppressor
genes, and rises genome instability (Baylin & Jones, 2016).

DNMTs have been targeted pharmacologically in leukemia and
myelodysplastic syndromes, mainly through the elimination of the catalytic
activity of DNMTs by covalent binding of the ligand to the active site
(Heerboth et al., 2014). This mechanism of action leads to reactivation of
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tumor suppressor genes (Stresemann & Lyko, 2008), and it also may reduce
resistance to other pharmacological agents, e.g., to estrogen antagonists in
triple negative breast cancer cell lines that have hypermethylation in the pro-
moter of the estrogen receptor gene (Sharma, Saxena, Davidson, &
Vertino, 2006).

Nonetheless, as the knowledge on the interaction of the proteins in this
family grows, it is becoming apparent that targeting them could be biolog-
ically relevant and more selective against cancer cells (Castillo-Aguilera,
Depreux, Halby, Arimondo, & Goossens, 2017). Some of the interesting
DNMT1 protein interactors are PCNA (involved in DNA replication),
DMAP1 (involved in the interaction DNMT1-PCNA), and UHRF1
(which binds to hemimethylated DNA and is involved in DNA damage
response), which are crucial for maintenance of DNA methylation
(Jeltsch & Jurkowska, 2016; Tien et al., 2011). Although DNMT3L lacks
the enzymatic ability of DNA methylation that characterizes its family, it
is an epigenetic reader of unmethylated H3K4 that facilitates recruitment
of de novo DNMTs (DNMT3A and DNMT3B). The interaction
DNMT3L-H3K4 could be inhibited in order to inhibit de novo DNA
methylation (Ooi et al., 2007). To date, there are no reported inhibitors
against these PPls.

3. PEPTIDES IN DRUG DISCOVERY
3.1 Peptides Approved for Clinical Use

Proteins and peptides are the building blocks of life and are now evolving as
promising candidates of therapeutic drugs (Muheem et al., 2016). Over the
last decades, peptides have gained a growing research interest as promising
therapeutic for conditions such as autoimmune diseases, diabetes, cancer,
mental disorder, hypertension, and certain cardiovascular and metabolic dis-
eases (Ismail & Csoka, 2017). In cancer, for example, several intracellular
signaling pathways and extracellular communication networks that are
hijacked by the tumors became promising targets for peptide-based therapy
(Wu et al., 2014).

Peptides, which are distinguished from proteins based on their smaller
size (50 amino acids or less), mediate various essential biological functions,
such as signal transduction, heart rate regulation, food intake, and growth.
Natural peptides such as insulin, oxytocin, and cyclosporine are success-
ful drugs (Fig. 2). Similar to biologics, peptides can bind large protein tar-
gets with high potency and great selectivity, which translates into fewer
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Fig. 2 Chemical structures of representative peptides approved for clinical use.

off-target side effects and less potential for toxicity than small molecule drugs
(Craik, Fairlie, Liras, & Price, 2013). Overall, the high therapeutic value of
peptides is associated to their ability to provide effective and potent action
(Pawar et al., 2014). Additionally, peptides can be highly selective, effica-
cious, relatively safe, and well tolerated (Ellert-Miklaszewska, Poleszak, &
Kaminska, 2017; Fosgerau & Hoffmann, 2015). Short peptides show high
binding affinity to the target protein and have several advantages in compar-
ison with other protein-based drugs, such as reduced immunogenicity,
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improved safety, ease of synthesis, and modifications (Ellert-Miklaszewska
et al., 2017).

Nevertheless, peptide drugs have drawbacks, including low bioavailabil-
ity, metabolic liability, and short half-lives. For instance, naturally occurring
peptides are often not directly suitable for use as convenient therapeutics
because they have intrinsic weaknesses, including poor chemical, physical
stability, and a short circulating plasma half-life (Bruno, Miller, & Lim,
2013; Fosgerau & Hoftmann, 2015). To address this issue, difterent reactions
have been developed to stabilize the secondary structures of peptides, such as
stapling, hydrogen bond surrogates, b-hairpin mimetics, grafting on stable
scaffolds, and macrocyclization. Many of these strategies have successfully
demonstrated their ability to generate potent, selective, and proteolytically
stable inhibitors that modulate previously undruggable or challenging tar-
gets. For instance, phage display-based bicyclic peptides can generate struc-
turally constrained peptide libraries with complex loop architectures and
enhanced proteolytic stability. In addition, their cell-penetrating capacity
has been recently explored (Santos, Ganesan, & Emery, 2016). However,
tuning pharmacokinetic properties and achieving cell permeability remains
a hurdle.

Besides traditional peptide design a range of peptide technologies have
emerged that represent the opportunities and future directions within the
peptide field. These include multifunctional and cell penetrating peptides,
peptide drug conjugates, and technologies focusing on alternative routes
of administration. Emergent and innovative avenues of research, advanced
drug discovery tools, and new platform technologies are promising to engi-
neer next-generation peptide-based therapeutics with desired properties
(Tsomaia, 2015).

Santos et al. analyzed all FDA-approved drugs from the last 5 years
(2012—16) and observed that, from a total of 269 approved drugs, 131
(49%) are small molecules, followed by 29 (11%) monoclonal antibodies
(CenterWatch, n.d.). Peptides represent a total of 20 drugs (7%) and
24 are proteins (9%). These numbers are similar to the reported in 2012
(Albericio & Kruger, 2012; Santos et al., 2016). Taking into account that
there are fewer academic and industrial research groups devoted to peptide
drug synthesis than those focused on small molecule synthetic chemistry, it
can be concluded that peptides are currently more successful as therapeutic
agents than initially thought (Santos et al., 2016).

In all, there is an increased interest in peptides in pharmaceutical research
and development. Currently, there are about 140 peptide therapeutics
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currently being evaluated in clinical trials (Fosgerau & Hoftmann, 2015).
The number of FDA-approved peptides is constantly increasing. Just in
2017, two peptides have been marketed. One is etelcalcetide (Fig. 2), a linear
peptide for the treatment of secondary hyperparathyroidism in patients
undergoing hemodialysis (Hamano, Komaba, & Fukagawa, 2017). Plecana-
tide, a drug for the treatment of chronic idiopathic constipation (Valentin,
Acosta, & Camilleri, 2015) has also been approved recently.

3.2 Peptides as Modulators of PPIs

It is well known that specific PPIs are involved in the pathogenesis of
numerous diseases. Therefore designing a peptide that mimics a particular
protein-binding site and thereby inhibits a specific interaction is a promising
therapeutic strategy (Ellert-Miklaszewska et al., 2017). As discussed earlier,
PPIs are involved at all levels of cellular organization, thus making the devel-
opment of PPI inhibitors extremely valuable. The identification of selective
inhibitors is challenging because of the shallow and extended nature of PPI
interfaces. Inhibitors can be obtained by mimicking peptide-binding epi-
topes in their bioactive conformation. For this purpose, several strategies
have been evolved to enable a projection of side chain functionalities in anal-
ogy to peptide secondary structures, thereby yielding molecules that are gen-
erally referred to as peptidomimetics (Pelay-Gimeno, Glas, Koch, &

Grossmann, 2015).

Pelay-Gimeno et al. introduced a classification of peptidomimetics that
modulate PPI based on the degree of their similarity to the natural peptide
precursor. Four classes are proposed:

e Class A: The backbone and side chains align closely with the bioactive
conformation of the precursor peptide.

e Class B: Involve peptides with various nonnatural amino acids, isolated
small molecule building blocks, and/or major backbone alterations. This
class also includes foldamers, which align their side chains topologically
similar to the precursor peptide.

e Class C: Includes highly modified structures with small molecule char-
acter that replace the peptide backbone completely. The central scaffold
projects substituents in analogy to the orientation of key residues in the
bioactive conformation of the parent peptide.

*  Class D: Molecules that mimic the mode of action of a bioactive peptide
without a direct relationship to its structure.
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Peptide-inspired PPI inhibitors have been developed for a broad range of
targets. Some proteins, such as G protein-coupled receptors, apoptosis reg-
ulators MDM2/MDMX, and BCL-2 family proteins, evolved into model
systems that were widely used to test the applicability of peptidomimetics
side chain functionalities.

There are various investigations that have demonstrated the PPI modu-
lation by peptides. An example is the design of small peptide that mimics the
VEGF helix region. It adopts in pure water a helical conformation and binds
to VEGF receptors, these peptide acts as an agonist and induces angiogenesis
in vitro; all these conclude the potential applications for this peptide are in
the diagnostic field and in therapy of cardiovascular diseases by modification
a PPI (D’Andrea et al., 2005).

Inhibition of PPIs is rapidly becoming an attractive approach for the gen-
eration of new therapeutics. Progress in the field is aided by the establish-
ment of systematic approaches for target assessment, screening, and
structure-based design. While it remains nontrivial to discover new inhib-
itors for protein complexes, computational tools now provide reliable assess-
ments of hot-spots and pockets found in PPIs, which offer reasonable
starting points for inhibitor design. The optimism in the field stands in stark
contrast to the rejection of PPIs as largely undruggable less than a decade ago.

It is now recognized that molecules larger than traditional drug com-
pounds will be required for specific disruption of PPIs. While small mole-
cules remain attractive as therapeutics, especially for oral bioavailability,
peptides, and proteins are increasingly considered viable candidates. The
success in modulating proteins with peptides and peptidomimetics has been
reflected in the number of FD A-approved peptide therapeutics. An unprec-
edented number of peptides have been recently approved or are in clinical
trials (Modell, Blosser, & Arora, 2016).

4. PEPTIDES AS MODULATORS OF EPIGENETIC-RELATED
PPIs

As commented earlier, peptides are reemerging as drugs due to their
high specificity and low toxicity. Peptides are particularly attractive because
of their extremely tight binding to their molecular targets (Khazanov &
Carlson, 2013). Peptides have also demonstrated the possibility to modulate
PPI and this is probably the most important reason to continue with the
investigation and designs of peptides as drugs.
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Studies about modulation of epigenetic PPIs with peptides are limited.
However, there is published evidence that show the activity of peptide-like
compounds as chromatin remodelers due to the inhibition of the PPI
between BAF57 and the androgen receptor in prostate cancer (see
Section 2.3). Other research suggest that the development of DNMT1 based
on the inhibition/disruption of interaction existing between a DNMT and a
DNMT-binding protein appears as a promising approach to design success-
ful therapeutic protocols based on rational molecular targeting.

Cheray et al. develop peptides that inhibit the DNMT3A/ISGF3y inter-
action such as a biomarker whose the presence level is associated with a poor
survival prognosis and with a poor prognosis of response to the conventional
chemotherapeutic treatment of glioblastoma multiforme. Authors demon-
strated that the disruption DNMT3A/ISGF3y interactions increases the effi-
ciency of chemotherapeutic treatment on established tumors in mice and
also suggest an innovative alternative to the development of specific DNMT
inhibitors (Cheray et al., 2016).

4.1 Chemical Space

As commented earlier, one of the major challenges to target PPIs is the need
for new and diverse scaftold libraries to allow for better sampling of the PPI
chemical space. In the absence of small natural substrates or ligands, high-
throughput screening is often used to identify hit compounds. However,
the success rate is rather low. One of the reasons is lack of diversity in the
commercial small molecule compound libraries used for screening. The
chemical space of existing libraries is strongly influenced by binding pockets
of traditional targets, e.g., G protein-coupled receptors, enzymes. Conse-
quently, “drug-like” or medicinally relevant compound libraries (Lopez-
Vallejo, Giulianotti, Houghten, & Medina-Franco, 2012) are not diverse
enough to contain PPI surface-compatible molecular scaffolds. A number
of studies have analyzed known PPI inhibitor molecules and delineated
some of the features that differentiate PPI inhibitors from “drug-like”
molecules: more hydrophobic, rigid aromatic scaffolds combined with
charged or polar groups, larger in size, macrocyclic, higher number of chi-
ral centers, and three-dimensional in bound conformation (Santos et al.,
2016; Tsomaia, 2015).

A better understanding of the chemical space of PPI inhibitors will help
to create novel but focused chemical libraries that could ensure more suc-
cesstul high-throughput screening in the future (Medina-Franco,
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Martinez-Mayorga, & Meurice, 2014; Sperandio, Reynes, Camproux, &
Villoutreix, 2010). It may be obvious that PPI inhibitors and peptides have
a different distribution in the representation of the chemical space. To illus-
trate this point, Fig. 3 shows a visual representation of the chemical space of
small molecules and peptides approved by the USA Food and Drug Admin-
istration (FDA), synthetic peptides (linear, linear N-methylated, cyclic, and
cyclic N-methylated), and PPI inhibitors. The visual representation was
generated with principal component analysis of six properties of pharmaceu-
tical relevance, namely: molecular weight, hydrogen bond donors and
acceptors, number of rotatable bonds, topological surface area, and log P
(Gonzalez-Medina et al., 2017). Of note, the structures of PPIs were
retrieved from the inhibitors of Protein—Protein Interaction Database
(iPPI-DB) that contains, in total, 1756 nonpeptide inhibitors across 18 fam-
ilies of PPIs (http:/www.ippidb.cdithem.fr).
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Fig. 3 Visual representation of the chemical space of FDA-approved small molecules
(green), FDA-approved peptides (orange), inhibitors of protein—protein interactions
(pink), and synthetic penta-peptides as reference: linear (yellow), linear methylated (light
blue), cyclic peptides (red), and cyclic N-methylated (blue).
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This representation of the chemical space in Fig. 3 shows that peptides
and PPIs occupy different regions of the chemical space as compared to FDA
small molecules drugs. This observation suggests the potential to expand the
medicinally relevant chemical space with peptides and PPIs.

5. CONCLUSIONS AND PERSPECTIVES

Inhibition of PPIs has rapidly becoming an attractive approach for the
generation of new therapeutics including epigenetic drugs. Systematic
approaches for target assessment, screening, and structure-based design have
facilitated the advancement in the field. Computational tools now provide
reliable assessments of hot spots and pockets found in PPIs, which ofter rea-
sonable starting points for inhibitor design. Preliminary data support the
potential of peptides to develop eftective modulators of PPIs. It is anticipated
a continuous increase in the expansion of the epigenetic relevant chemical
space with peptide or peptide-like compounds.

One of the major perspectives in the field of epigenetic PPI drug discov-
ery is to increase the scaffold diversity of screening libraries. This can be
achieved through the chemical synthesis of compound datasets with novel
chemical scaftolds. A related perspective is to include in the screening librar-
ies chemical compounds that sit outside the currently medicinally relevant
chemical space.
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