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RESUMEN

La poliadenilacion de los 3'UTR de los ARN mensajeros es un importante
regulador de la expresion génica en células eucariotas. En nuestra busqueda
de nuevos mecanismos para el tratamiento de la amibiasis humana causada
por el protozoario Entamoeba histolytica, analizamos si la alteracion de la
poliadenilacion representa una estrategia eficiente para el control del
parasito, usando herramientas de biologia molecular y computacional.
Primeramente, realizamos el silenciamiento del factor de corte EhCFIm25
mediante el cultivo de los trofozoitos en presencia de RNA de doble cadena
dirigidos contra el gen EhCFIm25. Los resultados evidenciaron que la
ausencia de EhCFIm25 provoca la muerte de los parasitos y la disminucién
de sus propiedades de virulencia; ademas los trofozoitos aparecieron mas
grandes y multinucleados. Estos cambios fueron asociados a cambios en la
seleccidon del sitio proximal de corte/poliadenilacion lo que probablemente
repercutié en la expresion génica. Por otra parte, siguiendo la estrategia
SELEX, identificamos dos aptameros de ARN de cadena sencilla (C4 y C5)
gue reconocen especificamente a la proteina EhCFIm25. Ensayos de
interaccion RNA-proteina mostraron que EhCFIm25 se une al motivo GUUG
in vitro, el cual difiere del motivo UGUA reconocido por la proteina homdéloga
humana. Consiguientemente, los experimentos de docking y simulaciones de
dinamica molecular confirmaron que la interacciébn con GUUG estabiliza la
proteina EhCFIm25, pero no la mutante EhCFIm25*L135T que no es
reconocida por los aptameros. Ademas, sugieren que la cadena lateral de
Leul35 es esencial para el equilibrio estructural, mientras que el grupo
hidroxilo del Tyr236 participa directamente en la interaccion con el RNA. De
manera interesante, el secuestro de EnCFIm25 por los aptameros resulto en
la muerte rapida de los trofozoitos. En conjunto, nuestros datos indican que la
alteracion de la poliadenilacion y mas especificamente del factor de corte
EhCFIm25 representa una via efectiva para el control de E. histolytica.
Ademas, el presente estudio es el primero que remarca el valor potencial de

los aptameros de ARN para controlar este patdgeno humano.



ABSTRACT

Polyadenylation of 3'UTR of messenger RNAs is an important regulation
mechanism of gene expression in eukaryotic cells. In our search for new
alternative for the treatment of human amebiasis caused by the protozoan
Entamoeba histolytica, we analyzed whether the alteration of polyadenylation
represents an efficient strategy for parasite control using molecular and
computational biology tools. First, we performed the silencing of the
EhCFIm25 by the culture of the trophozoites in the presence of double-
stranded RNA directed against the EhCFIm25 gene. The results evidenced
that the absence of EhCFIm25 causes the death of the parasites and the
diminution of their virulence properties. In addition, the trophozoites appeared
larger and multinucleated. These changes were associated with changes in
proximal cleavage/ polyadenylation site selection which probably had
repercussions on gene expression. On the other hand, following the SELEX
strategy, we identified two single chain RNA (C4 and C5) aptamers that
specifically recognize the EnCFIm25 protein. RNA-protein interaction assays
showed that EhCFIm25 binds to the GUUG motif in vitro, which differs from
the UGUA motif recognized by the human homologous protein. Consequently,
docking experiments and molecular dynamics simulations confirmed that the
interaction with GUUG stabilizes the EhCFIm25 protein, but not the mutant
EhCFIm25*L135T that is not recognized by the aptamers. In addition, they
suggest that the Leu135 side chain is essential for structural equilibrium, while
the hydroxyl group of Tyr236 is directly involved in the interaction with RNA.
Interestingly, sequestration of EnCFIm25 by aptamers resulted in rapid death
of trophozoites. Taken together, our data indicate that alteration of
polyadenylation and more specifically of the EhCFIm25 represents an
effective pathway for the control of E. histolytica. In addition, the present study
is the first to highlight the potential value of RNA aptamers to control this

human pathogen.



INTRODUCCION

La expresion génica es un proceso biolégico esencial para todos los
organismos vivos ya que permite la transformacion de la informacién
codificada en el ADN (genes) en las proteinas necesarias para su desarrollo y
funcionamiento. Este proceso involucra dos etapas principales, la
transcripcion que permite la sintesis del ARN mensajeros (ARNm) en el
nacleo y la traduccion que conlleva a la produccion de las proteinas
correspondientes en el citoplasma. Particularmente, la transcripcion puede
ser regulada en diferentes pasos como son la modulacion de la estructura de
la cromatina, la interaccibn de proteinas reguladoras (factores de
transcripcion) con motivos especificos en el promotor (ADN) y el

procesamiento de los pre-ARNmM.

Al mismo tiempo que se lleva a cabo el proceso de transcripcion por la ARN
polimerasa Il (RNAP Il) sucede el procesamiento de los transcritos nacientes.
En Eucariotas, ese procesamiento se lleva a cabo en el nicleo y comprende
tres procesos muy importantes: el capping que consiste en la adicion de la
estructura denominada caperuza o casquete en el extremo 5°, el splicing o
eliminacion de intrones, y la poliadenilacion del extremo 3°. Estas reacciones
son necesarias para que los ARNm puedan madurar, ser estables y ser
exportados al citoplasma. En todos estos procesos, la subunidad mayor del
dominio carboxilo terminal (CTD) de la RNAP II se ha visto fuertemente
implicado y al parecer es la conexion entre la transcripcion y las demas
reacciones de procesamiento del RNA (Brown & Gilmartin 2003;
Venkataraman et al., 2005, Yang et al., 2013, Mandel et al., 2006, Ryan et
al., 2004). Muchos factores que participan en el procesamiento de los ARNm
ya han sido identificados y caracterizados, pero todavia no es muy claro
como la transcripcion se relaciona con cada una de las maquinarias de

procesamiento (Adamson et al., 2005).



1.1. Relevancia de la poliadenilacién

En Eucariotas, alteraciones en la poliadenilacion de los transcritos, ya sea por
pérdida o ganancia de funcion, ocasionan defectos letales en organismos
unicelulares como Schizosaccharomyces pombe (Wang et al.,, 2005) o en
células humanas, causando varias enfermedades como: desordenes
hematoldgicos, cancer, diabetes, y enfermedad de Fabry, entre otras
(Curinha et al., 2014).

Por ejemplo, la existencia de mutaciones puntuales en la sefial de
poliadenilacion se ha relacionado con desérdenes hematolégicos como las
talasemias, esto debido a que la RNAP pol Il depende esencialmente de la
sefial de poliadenilacion para la terminacion de la transcripcion. Al
encontrarse mutada esta sefial, no es reconocida adecuadamente y se
producen isoformas alargadas del ARNm que codifica para globina, causando
una produccion anormal de hemoglobina (Orkin et al., 1985; Rund et al.,
1992).

Con respecto al cancer, recientes estudios han relacionado los hallazgos de
tumores proliferativos con la presencia de ARNm que tienen 3’'UTRs cortos.
El acortamiento de los 3’'UTRs conlleva a la pérdida de secuencias
esenciales para la estabilidad de los transcritos y su expresion, lo que les
permite evadir la regulaciéon de la expresion por microARNs y por proteinas
reguladoras (RBPs). Tanto 3’'UTRs cortos o largos, dependiendo del tipo de
cancer y del estado de desarrollo del mismo, han sido reportados.
Curiosamente dos diferentes lineas celulares de cancer de seno (MCF7 y
MB231) presentan un patron de tamafio de 3’'UTR opuesto. La linea MCF7
demuestra una alta producciéon de isoformas de transcritos con 3'UTRs
cortos, mientras que la linea MB231 presenta isoformas con 3'UTRs largas
(Stacey et al., 2011). En el caso de genes anticancerigenos con 3’'UTRs
largos, la presencia de 3'UTRs largas y por lo tanto de méas elementos de

respuesta a microARNs (MRES) puede promover la inhibicidon de la expresion



génica, favoreciendo de esta manera los procesos cancerigenos (Li et al.,
2014).

Estos ejemplos muestran que el proceso de corte/poliadenilacién tiene una
gran relevancia para la correcta expresion de muchos genes y que su
alteracion puede provocar el desarrollo de enfermedades y una desregulacion

en la homeostasis celular.

1.2. Proceso de corte y poliadenilacion en Eucariotas

Todos los pre-ARNm en eucariotas son procesados en el extremo 3’ de la
region no codificante (UTR del inglés “Unstranslated region”) antes de ser
exportados hacia el citoplasma, con la Unica excepcién de los pre-ARNm que
codifican para las histonas que solo precisan de la hidrélisis de un solo
enlace fosfodiester en el transcrito naciente (Gilmartin et al., 2005).

El procesamiento de los 3'UTR implica dos pasos que se llevan a cabo de
forma coordinada: el corte y la poliadenilacion del pre-ARNm. Estas
reacciones requieren de la participacion de varios complejos multi-proteicos,
asi como de secuencias en cis propias del 3'UTR de los pre-ARNm. Asi, la
sefal de poliadenilacion hexamérica altamente conservada AAUAAA que se
encuentra 10-30 nucledtidos (nt) rio arriba del sitio de corte es reconocida por
el factor especifico de corte y poliadenilacion (CPSF) que se compone de
seis subunidades (CPSF160, CPSF100, CPSF73, CPSF30, Fipl, y WDR33).
CPSF30 y WDR33 interactian directamente con la secuencia AAUAAA,
mientras que CPSF73 es la endonucleasa que lleva a cabo el corte del
3'UTR en el sitio que generalmente se compone por un dinucle6tido CA. Una
region menos conservada rica en G/U, localizada 20-40 nt rio abajo del sitio
de corte es reconocida por el factor estimulante del corte (CstF) que consiste
de tres subunidades (CstF77, CstF64, CstF50). CstF64 realiza contacto
directo con esta secuencia e interactia con CstF77 que a su vez interactia
con CstF50. Por otra parte, el motivo UGUA que se presenta en una 0 mas

copias a una distancia variable rio arriba del sitio de corte es reconocido por



la subunidad de 25 kDa del factor de corte Im que esta formado por cuatro
subunidades (CFIm25, CFIm59, CFIm68 y CFIm72) (Brown et al., 2003).
EhCFIm también interactta con el factor de corte lIm (CFlim) que tiene dos
subunidades (Pcfll y Clpl). Otros factores individuales ayudan a la
formacion del complejo por medio de interacciones proteina-proteina, entre
los que destacan: la simplequina que es una proteina scaffold importante
para el reclutamiento de factores al complejo de corte/poliadenilacion, la poliA
polimerasa (PAP) que adiciona de 200 a 250 residuos de adenina en el
extremo 3’ cortado y la proteina de unién a poliA (PABP) que se une a los
residuos de adenina adicionados para protegerlos de la degradacion por
exonucleasas. PABP participa también en diferentes procesos celulares
como son el transporte de ARNm del ndcleo al citoplasma, el inicio y la
terminaciéon de la traduccion, y la degradacion de los ARNm (Kdhn & Wahle
2004). En realidad, la maquinaria de corte-poliadenilacion del extremo 3" de
los transcritos puede llegar a incluir por lo menos 20 complejos proteicos en
levaduras y hasta 80 en células humanas (Shi 2015).
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Figura 1. Modelo delos principales factores participantes en la maquinaria de

corte/poliA del extremo 3’UTR de los ARNm en humano. (Xiang et al., 2014)



1.3. Factor de corte CFIm

El Factor de corte CFIm se asocia tempranamente con el complejo de
elongacion de la transcripcion junto con CPSF y CstF. Ademas, su union al
pre-ARNm ayuda a la estabilizacion de la union de CPSF al ARN. CFIm es un
complejo heterotetramérico formado por un homodimero de la subunidad
pequefia de 25 kDa y un homodimero de alguna de las subunidades
mayores: CFIm59 y CFIm68, codificados por dos genes paralogos, o
bienCFIm72 que es una isoforma de CFIm68 generada por medio de splicing
alternativo. Las subunidades mayores que tienen un motivo de
reconocimiento de ARN (RRM) parecen tener un rol redundante ya que se ha
demostrado en experimentos in vitro que CFIm25 y CFIm68 por si solos
tienen la capacidad de llevar a cabo la funcion del complejo CFIm (Dettwiler
et al., 2004). En levaduras, este complejo no tiene equivalente, por lo que
anteriormente, se pensaba que CFIm solo estaba presente en metazoos;
pero recientemente se ha encontrado secuencias génicas que codifican para
proteinas homologas en parasitos protozoarios como T. brucei y E. histolytica
(Koch et al., 2015, Pezet et al., 2013).

1.4. CFIm25

La subunidad de 25 kDa del CFIm es codificada por el gen CPSF5 en
humanos, tiene una longitud de 255 aminoé&cidos (aa) y un peso molecular de
25 kDa. La proteina contiene un dominio Nudix (Nucleotido difosfato unido a
una molécula X) en la region 76-201 aa que depende de un motivo o caja
nudix de 23 aa (GXXXXXEXXXXXXXREUXEEXGU), donde U puede ser
isoleucina, leucina o valina y X, cualquier aminoacido) para su actividad
catalitica (Coseno et al., 2008; Yang et al., 2010) Generalmente las proteinas
gue pertenecen a la superfamilia Nudix estan presentes en todos los reinos
de la naturaleza y tienen actividad de hidrolasa (McLennan 2005). Sin
embargo, CFIm25 carece de dos glutamatos en el motivo Nudix, y esto
podria explicar porque solo tiene la funcion de unirse al ARN, sin poder
realizar su hidrdlisis. El plegamiento tipico o/B/a de las proteinas Nudix le
permite a CFIm25 unirse al ARN (Coseno et al., 2008).



CFIm25 interactua con proteinas no solo de la maquinaria de poliadenilacion
como son; PAP, PABP (Dettwiler et al., 2004; Kim & Lee 2001) y CPSF
(Venkataraman et al., 2005), sino también con proteinas de otros procesos
relacionados con el ARN, como son el splicing (CLP1, SRSF3, SNRNP70)
(Hein et al., 2015) y el transporte al citoplasma (HNRNPK) (Vinayagam et al.,
2011) por mencionar algunos ejemplos. Por lo que CFIm25 representa un
enlace funcional entre estos eventos del metabolismo del ARN.

Para demostrar la importancia de la proteina CFIm25 en el proceso de
corte/poliA se han llevado a cabo diferentes trabajos de investigacion. Por
ejemplo, Kubo et al. (2006) desarrollaron ARN de interferencia (ARNI)
especificos para inhibir la expresion de CFIm25 en células HelLa y analizar
las consecuencias en el ARNm de varios genes reporteros (TIMP-2,
syndecan2, ERCC6 y DHFR) por ensayos 3’RACE y Northern blot. Sus
resultados evidenciaron que al silenciar CFIm25, se produce preferentemente
ARNmM con 3’'UTRs cortos, es decir, se seleccionan los sitios de poliA
proximales y no los sitios de poliA distales. Por otro lado, Brown et al. (2003)
desarrollaron aptdmeros especificos que permiten bloquear la funcién de la
proteina CFIm25 y recrearon in vitro las diferentes etapas del proceso de
corte/poliA. Los investigadores mostraron que el bloqueo de CFIm25 por los
aptameros especificos altera cada uno de los pasos del proceso de
corte/poliA, es decir el reclutamiento de la maquinaria de poliadenilacion, asi
como las reacciones de corte y poliadenilacion. En conjunto, estos trabajos
muestran que CFIm25 regula la seleccién del sitio de corte/poliA y tiene un rol
esencial para sintesis de la cola de poliA, por lo que representa una proteina

clave en la regulacion de la expresion génica.

A través de ensayos tipo SELEX (Systematic Evolution of Ligands by
EXponential enrichment) se identific6 que CFIm25 reconoce el motivo
UGUAN en el 3’'UTR de los pre-ARNm (Manley 2013). La cristalizacion de la
proteina CFIm25 en complejo con el motivo UGUA, cuya estructura se
encuentra depositada en el Protein Data Bank (PDB) con el codigo 3MDG,
revela que la interaccion entre CFIm25 y UGUAN se lleva a cabo



principalmente a través de puentes de hidrégeno con atomos de la cadena
principal y de la cadena lateral, por apilamiento aromatico y apilamiento de
enlaces peptidicos. La mayoria de los residuos necesarios para la interaccion
con el ARN se encuentran en el dominio Nudix, pero otros que también
participan en la interaccion estan ubicados en el extremo N-terminal de la
proteina. El analisis del complejo CFIm25/UGUA reveld que 14 residuos
estan implicados en la interaccion. Ul forma tres puentes de hidrégeno
intramoleculares a través de su cara Watson-Crick. Esta base es reconocida
por Phel04, cuya cadena principal interactia con O2 y N3, por Glu81 cuya
cadena principal estabiliza a O4, y por Leul06 a través de una molécula de
glicerol. U1 también forma un puente de hidrégeno con Thrl02 a través del
hidroxilo de O2'. Ul también es estabilizado por apilamiento con Tyr208 y
Gly209. G2 participa en interacciones por puentes de hidrégeno no solo con
la proteina sino también con A4 por contacto intramolecular. EI grupo amino
N2 se une a la cadena lateral de Glu55 mientras que el grupo N1 interactda
con Glu55 por medio de una molécula de agua. También interactia con
Thr102 y Phel03 por medio de puentes de hidrogeno. Contactos de Van der
Waals con Leu99 fortalecen el contacto molécula-molécula. U3 forma
puentes de hidrogeno con Arg63, y una molécula de agua media la
interaccion entre U3 y A4, Glu55 también se conecta por una molécula de
agua con U3. A4 tiene contacto con Phel0O3 y Glu55 y A5 interactia con
Phel04 y Tyr208 (Yang et al., 2010).

1.5. Aptameros como una novedosa estrategia diagnodstica y
terapéutica

Los aptameros son oligonucleo6tidos de ADN o ARN con una estructura 3D
Unica que les permite interactuar con un blanco especifico con alta afinidad y
especificidad. El término aptamero proviene del latin “aptus” que significa
“‘que encaja”’ y del griego “mers” que significa “molécula”. A pesar de que los
aptameros fueron descritos primero como moléculas sintéticas, luego se
descubrieron de forma natural y fueron nombrados como “riboswitches” que

pueden regular la transcripcion o la traduccion (Winkler et al., 2002).



La estrategia para obtener los aptameros de forma sintética es conocida
como SELEX por sus siglas en inglés Systematic Evolution of Ligands by
EXponential Enrichment. Esta estrategia fue publicada por primera vez en el
afio 1990 por dos grupos de investigacion independiente pertenecientes a la
Universidad de Harvard y a la Universidad de Colorado en Estados Unidos
(Ellington & Szostak 1990; Tuerk & Gold 1990). Brevemente, la estrategia
SELEX comienza con la generacion de una biblioteca de ADN o ARN de
entre 10" y 10" secuencias al azar. Los oligonucleétidos que interact(ian con
su molécula blanco (generalmente proteinas inmovilizadas en una matriz
inerte) son seleccionados y los que no, son descartados. Posteriormente los
gue han sido elegidos son amplificados por PCR o RT-PCR (dependiendo del
tipo de acido nucleico) para enriquecer estas secuencias y posteriormente
continuar con una nueva ronda de seleccion hasta que el 90% de los
oligonucledtidos se unan a la molécula blanco. Finalmente, los fragmentos
seleccionados se clonan y se valida su interaccién con la molécula blanco
mediante ensayo de interaccion acidos nucleicos-proteina (EMSA o0 REMSA)
por ejemplo. Si el blanco es una proteina de union al ARN o ADN, la
comparacion de las secuencias de los aptameros asi seleccionados permite
identificar un motivo consenso que corresponde al sitio de unién de la
proteina. La afinidad y la especificidad de un aptamero por su blanco varian
dependiendo de la molécula blanco, pero en general oscila en rangos pM to
nM.
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Figura 2. Representacion esquematica de la estrategia SELEX (Ospina-Villa
et al., 2016)

Los aptdmeros también son conocidos como anticuerpos quimicos ya que
tienen afinidad por un blanco especifico al igual que los anticuerpos. Sin
embargo, presentan varias ventajas sobre los anticuerpos que comunmente
se usan para identificar o inhibir una proteina. Los aptameros pueden ser
seleccionados contra casi cualquier tipo de blancos ya sea pequefas
moléculas, toxinas, péptidos, proteinas, virus, bacterias e incluso células
completas. De hecho, el blanco de los aptameros no tiene que ser una
molécula que presente algun grado de inmunogenicidad. Los aptameros
pueden obtenerse in vitro quimicamente sin necesidad de usar modelos
animales, lo que hace que su produccion sea mas rapida, sencilla, y
econOmica. Su estabilidad térmica es mucho mayor que los anticuerpos, y los
aptameros pueden ser modificados quimicamente para mejorar su resistencia
a nucleasas y evitar su eliminacion y degradacion en el ambiente celular
(Keefe et al., 2010; Zhou & Rossi 2017).



Debido a todo eso, existe una gran variedad de potenciales usos de los
aptameros como son: desarrollo de nuevos medicamentos y herramientas
terapéuticas, entrega de farmacos (del inglés “drug delivery”), diagnéstico de
enfermedades, bioimagenes, analisis quimicos, deteccion de sustancias
peligrosas, inspeccion de alimentos, entre muchos otros. Es por eso que
diversos grupos de investigacion han tratado de emplear la tecnologia de
seleccion de aptameros para el tratamiento de infecciones parasitarias a
través de diferentes mecanismos, por ejemplo, el bloqueo de la interaccion
huésped-parasito en Plasmodium falciparum (Bradford et al., 2009), y el
bloqueo de proteinas extracelulares o intranucleares en Leishmania sp.
(Ramos et al., 2007).

Los estudios mas relevantes acerca de los aptameros se describen en el
articulo de revision publicado por nuestro grupo de investigacién que se
incluye en el Capitulo 1 del presente trabajo (Ospina-Villa et al., 2016). Cabe
mencionar que, a la fecha, no se han reportado aptameros que reconozcan

proteinas de la amiba patdgena, Entamoeba histolytica.



2. ANTECEDENTES

2.1. Amibiasis

La amibiasis humana es la infeccidn causada por el parasito protozoario
Entamoeba histolytica que ocasiona una alta morbilidad y mortalidad en
paises en via de desarrollo generando que el 10% de la poblacién se
encuentre infectada con este parasito y se reportan 100.000 muertes cada
afo (OMS 2012). Los factores que permiten la diseminacion e incremento de
la transmisién incluyen las malas condiciones de salubridad, la falta de
acceso al agua potable, la ignorancia, la pobreza, la desnutricién, y la
sobrepoblacion (Bansal et al., 2006). La amibiasis se considera la tercera
infeccidon parasitaria responsable de muertes en el mundo después de la

malaria y la esquistosomiasis (Haque 2007).

E. histolytica tiene dos estadios principales de vida: el quiste que es la forma
infectiva y resistente, y el trofozoito que es la forma invasiva. El quiste mide
de 10-15 pm y el trofozoito 15-20 um. El ciclo de vida del parasito comienza
con la ingestion de quistes maduros que se encuentran en alimentos, manos
0 agua contaminada con heces fecales. En el intestino delgado ocurre la
esquistacion donde se liberan los trofozoitos que viajan al intestino grueso.
Estos se dividen por fision binaria y producen quistes, los cuales son
liberados a través de las heces. Generalmente los quistes pueden ser
encontrados en heces formadas, mientras que los trofozoitos se encuentran
en heces diarreicas. Los quistes pueden sobrevivir dias e incluso semanas en
el medio ambiente externo debido a la proteccidbn que le confieren sus
paredes y asi pueden contaminar a otro hospedero. Los trofozoitos que salen
en las heces son rapidamente destruidos y si fueran ingeridos son destruidos
rapidamente por el medio ambiente gastrico (Espinosa-Cantellano, M., &
Martinez-Palomo 2000).
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Figura 3. Ciclo de vida de E. histolytica (CDC 2016)

La gran mayoria de los trofozoitos permanece en el lumen intestinal
produciendo una infeccién no invasiva. El hospedero entonces sera portador
con potencial para infectar a otros individuos. En la mayoria de los casos, los
trofozoitos tienen la capacidad de infectar la mucosa intestinal produciendo
una infecciébn sintomatica caracterizada por diarrea o disenteria: En
ocasiones, los trofozoitos pueden pasar la barrera intestinal y viajar a través
del torrente sanguineo para llegar hasta otros érganos como el higado, el
cerebro y los pulmones, formando abscesos que pueden ser fatales para el
paciente. AlUn no esta claro por qué se presentan diferencias en la evolucion

clinica. Se tienen evidencias que estas diferencias podrian deberse al



genotipo del parasito, lo que se ha convertido ahora en el reto de la era
postgenomica (Ali et al., 2008). También ha sido documentada la infeccion

via sexual a través de contacto con material fecal (CDC 2016).

La infeccion por E. histolytica ocurre a nivel mundial pero especialmente en
paises tropicales. Aproximadamente 480 millones de personas estan
infectadas (10%-12% de la poblacion mundial) (OMS 2012). En México, la
amibiasis es una de las 20 principales causas de morbilidad (Gonzalez-
Vasquez et al., 2012). Un estudio seroepidemiolégico demuestra que el
8.41% de la poblacion mexicana tiene anticuerpos circulantes contra E.
histolytica. Los nifios mexicanos entre 5 y 9 afios son los mas afectados por
este parasito y los casos de amibiasis intestinal se calculan entre 1 y 5 mil
casos por cada 100 mil habitantes y de absceso hepético amibiano 10 casos
por cada 100 mil habitantes (Gonzalez-Vasquez et al., 2012). Se cree que el
subregistro es enorme ya que desde el afio 2002 el absceso hepético no es
una enfermedad de reporte obligatorio en México.

El tratamiento de eleccion para la amibiasis es el metronidazol descubierto en
los afios 60’s, junto con otros derivados del nitromidazole como: tinidazol,
secnidazol y ornidazol. El metronidazol se introduce entre las cadenas de
ADN provocando la muerte de los trofozoitos. Pero no es efectivo para el
tratamiento de los quistes. Por otro lado, el metronidazol produce una gran
cantidad de efectos secundarios como son: taquicardia, dolor epigastrico,
nauseas, vomitos, diarrea, mucositis oral, anorexia, angioderma, shock
anafilactico, rash, prarito, sofocos, entre otros

(https://www.drugs.com/sfx/metronidazole-side-effects.html). = Ademas, el

metronidazol es considerado como potencial carcindgeno por el National
Toxicology Program (NTP) de los Estados Unidos (Bendesky et al., 2002).
Otros tratamientos alternativos de la amibiasis son las cloroquinas que acttan
en las formas vegetativas del parasito inhibiendo la sintesis de ADN, y la
emetina que inhibe la sintesis de proteinas. La emetina raramente es usada
debido a su alta toxicidad, la cloroquina se usa junto con el metronidazol y/o
emetina para el tratamiento del acceso hepatico amebiano (Bansal et al.,

2006). Por otra parte, diferentes reportes han venido demostrando la


https://www.drugs.com/sfx/metronidazole-side-effects.html

existencia de cepas de E. histolytica con resistencia a los farmacos tanto in
vitro como in vivo (Wassmann et al., 1999). Por otro lado, el mal uso de los
medicamentos antiamibianos también puede generar parasitos resistentes en
pacientes. Actualmente se sabe que los mecanismos implicados para la
resistencia del parasito a los medicamentos tienen que ver con el flujo o
expulsion de los mismos por medio de P-glicoproteinas (Pgp), o por
ATPasas, la alteracion del blanco, o por pérdida de la activacion del

medicamento.

Todo lo anterior indica que es necesario la busqueda de nuevos farmacos o
herramientas terapéuticas de baja toxicidad que permitan controlar la
infeccion por E. histolytica. La caracterizaciéon de proteinas envueltas en la
muerte celular, fagocitosis, adherencia y sobrevida del parasito contindan
siendo un tema de investigacion para la elaboracion de nuevos
medicamentos y potenciales vacunas contra este parasito (Solis et al., 2009).
Debido a su relevancia en la expresién génica, la poliadenilacién de los
transcritos y las proteinas que participan en este proceso, también pueden
representar un proceso molecular interesante para la blusqueda de blancos
moleculares para el desarrollo de nuevos tratamientos o vacunas contra E.

histolytica.

2.2. Proceso de corte/poliadenilacién en E. histolytica

Previamente en nuestro grupo de investigacion, se analizé a través de
herramientas bioinformaticas, el genoma del parasito E. histolytica para
identificar las secuencias y los factores necesarios para el proceso de
corte/poliadenilacion de los transcritos. Las secuencias identificadas incluyen
la sefal de poliadenilacion (UA(A/U)UU), el sitio de corte y poliadenilacion
gue generalmente es un residuo U que es flanqueado por elementos ricos en
U tanto rio abajo como rio arriba y un nuevo elemento rico en A que es unico
para E. histolytica. (Zamorano et al.,, 2008). Estos hallazgos fueron

posteriormente confirmados por medio de RNA-Seq por Hon et al. en el 2013.



En cuanto a las proteinas, se identificaron genes que codifican para los
principales complejos conocidos en Homo sapiens, es decir CPSF, CstF,
CFIm y CFllm, asi como los mondémeros PAP, Ssu72, Mpel, simplequina,
Psf2 y PC4 (Lopez-Camarillo et al., 2005; Lopez Camarillo et al., 2014)
(Figura 1). Estos resultados indican que el proceso de corte/poliadenilacion
es altamente conservado ya que no existe una gran diferencia entre las
secuencias y las proteinas necesarias para llevar a cabo este proceso entre

Homo sapiens y E. histolytica.

Figura 4. Maquinaria de corte/poliadenilacion de E. histolytica (Lépez
Camarillo et al., 2005) A. Secuencias en cis conservadas en los 3'UTR de los
ARNm. B. Complejos proteicos y monomeros conservados en E. histolytica.

Hablando especificamente del complejo CFIm, en H. sapiens mencionamos
anteriormente que existen cuatro subunidades de 25, 59, 68 y 72 kDa y que
son necesarias por lo menos dos subunidades para formar un complejo
heterotetramérico funcional, mientras que en E. histolytica solo existe la
subunidad de 25 kDa. La ausencia de subunidades de alto peso molecular

para el complejo CFIm en amiba sugiere que la poliadenilacion de los ARNm



tiene un mecanismo particular en este parasito, en el cual EnCFIm25 podria

tener un rol central.

2.3. Proteina EhCFIm25

El gen EhCFIm25 reportado en el locus EHI_077110 en la base de datos
Amoeba (http://amoebadb.org/amoeba/) cuenta con 768 nt sin intrones.
Codifica para una proteina de 256 a.a identificada con el cédigo C4M2T1 en
el Protein Data Bank que tiene una identidad de 27-35% con proteinas
homologas en diversos organismos en la escala evolutiva, desde plantas
hasta humano, incluyendo otros parasitos protozoarios. Como la proteina
humana, EnCFIm25 es una proteina Nudix no convencional ya que la caja
Nudix carece de tres de los cuatro glutamatos que son reemplazados por dos
residuos de lisina y uno de serina. Estos cambios, al igual que en la proteina
humana, podrian afectar su funcién como hidrolasa, pero no cambian el tipico
plegamiento a/B/a de las proteinas Nudix (Pezet-Valdez et al., 2013). Por otra
parte, al comparar las secuencias de amino acidos de las proteinas CFIm25
de amiba y de humano, se observan otros residuos conservados, como la
lisina en las posiciones 45 y 26 respectivamente, cuya acetilacion modula la
interaccion entre CFIm25 y PAP en humano (Shimazu et al., 2007), asi como
la tirosina ubicada en la posicién 62 y 43, respectivamente, que es fosforilada

en la proteina humana (Rush et al., 2005).

Al igual que la proteina humana, EnCFIm25 tiene la capacidad de unirse al
ARN in vitro. Especificamente, estudios de interaccibn RNA-proteina
muestran que la proteina EnCFIm25 se une al 3'UTR del gen EhPgp5 usado
como modelo. Este fragmento de ARN contiene las secuencias en —cis
previamente reportadas en este parasito, es decir dos sitios de corte, dos
sitios de poliadenilacion y dos sitios ricos en U. Notablemente, el sitio UGUA
de reconocimiento para la proteina humana CFIm25 no se encuentra en este
fragmento, lo que sugiere que el motivo reconocido por EnCFIm25 en el ARN
es diferente al reconocido por la proteina humana CFIm25 (Pezet-Valdez et
al., 2013).



Por otro lado, la comparacion de la secuencia de amino acidos de proteinas
CFIm25 de un gran namero de organismos revel6 que dos de los residuos
gue son importantes para la interaccion de la proteina humana con el motivo
UGUA estan altamente conservados, especificamente Leul06 y Tyr208 en
humano (Yang et al., 2010). Estos residuos que corresponden a Leul35 y
Tyr236 en EhCFIm25, también tienen un rol fundamental en la interaccién de
la proteina amebiana con el ARN ya que las mutaciones L135A, Y236A y
Y236F inhiben totalmente la capacidad de la proteina EhCFIm25 de
interactuar con el ARN, mientras que existe una reduccién significativa (70%)
de dicha interaccién para la proteina mutante EhCFIm25*L135T. Leul35 esta
localizada dentro de una cavidad con carga negativa formada por
aminoacidos polares que forman un ambiente que evita la entrada de agua y
fortalece las interacciones débiles entre la proteina y el ARN. Tyr236 se
encuentra en la parte externa de la proteina y podria contribuir a la formacion
de puentes de hidrogeno con el ARN para promover el posicionamiento y
aumentar la union proteina-ARN. El grupo OH del anillo fendlico de Tyr236
parece ser esencial para unirse al ARN ya que al sustituir Tyr236Phe suprime
totalmente la unién proteina-ARN. ElI cambio Leul35Thr no suprime
totalmente la unién al ARN lo que sugiere que Leul35 no es esencial para la
interaccion directa con el ARN sino para el mantenimiento de la estructura
3D. No podemos descartar que otros residuos no estudiados todavia
pudieran estar participando en la interaccién proteina-ARN, como por ejemplo
los residuos Glu55, Arg63 y Phel03 de la proteina humana (Ospina-Villa et
al., 2015).

Finalmente, a través de ensayos de Far-Western y Pull-Down, se pudo
determinar que EhCFIm25 tiene la capacidad de interactuar con EhPAP, la
proteina responsable de la sintesis de la cola de A (Pezet-Valdéz, et al.,
2013). Ademas, nuestros resultados preliminares indican que interactda con
el coactivador positivo 4 (EnPC4) que ha sido relacionado con la virulencia,
replicacion del ADN y multinucleacion en E. histolytica (Hernandez de la Cruz
et al., 2014; Hernandez de la Cruz et al., 2016). Estos datos muestran que
EhCFIm25 no solo juega un papel importante en el proceso de corte/poliA
sino que también podria estar participando en otros procesos por medio de



Su interaccion con otras proteinas, por lo que esta proteina podria

representar un blanco molecular interesante para el control del parasito.



JUSTIFICACION

La reaccion de corte y poliadenilacion de los pre-ARNm es esencial para que
se lleve a cabo de forma adecuada la expresion génica, y su alteracion

ocasiona defectos letales en organismos eucariotas.

En humano, la subunidad de 25 kDa del Factor de Corte heterotetramérico
CFIm, es clave para reaccion de corte/poliadenilacion de los transcritos;
ademas, posee una amplia red de interacciones con proteinas de otras
magquinarias de procesamiento del ARNm. Por lo que juega un papel esencial

en la regulacion de la expresion génica.

En Entamoeba histolytica, el protozoario responsable de la amibiasis
humana, solo existe la subunidad de 25 kDa del CFIm. La ausencia de las
subunidades de alto peso molecular sugiere que EhCFIm25 podria tener un
rol particularmente importante en la poliadenilacion de los ARNm en este

parasito.

Por lo tanto, la caracterizacion molecular y funcional de la proteina CFIm25
de E. histolytica nos permitird entender cémo se lleva a cabo el proceso de
corte/poliA en este parasito y potencialmente identificar la trascendencia de

esta proteina en este proceso.



OBJETIVOS

Objetivo General

Caracterizar molecular y funcionalmente la proteina EhCFIm25 para

determinar su trascendencia en el proceso de corte /poliA y su pertinencia

como posible blanco bioquimico en la amibiasis.

Objetivos Especificos

1.
2.
3.

Evaluar la relevancia de la proteina EhNCFIm25 en E. histolytica
Identificar el motivo de RNA al cual se une la proteina EnCFIm25
Caracterizar el efecto del secuestro de EhCFIm25 con aptameros
especificos sobre la viabilidad celular del parasito

Determinar la relacion estructura-actividad en la proteina
EhCFIm25



ESTRATEGIA EXPERIMENTAL
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[ Objetivo especifico 4 ]

.

Simulaciones de Dinamica Molecular.
- EhCFIm25 sola versus unida al RNA
- EhCFIm25 silvestre versus mutantes

[ Objetivo especifico 3 ]

Clonacion de aptameros especificos en el
vector L4440

Secuestro de la proteina EhCFIm25 en
trofozoitos de E. histolytica

Efecto en proliferacion y la viabilidad
celular

Figura 5. Estrategia experimental
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The 25 kDM subunit of the Clevage Factor Im (CFIm25) is
an essential factor for messenger RNA polyadenylation in
human cells. Therefore, here we investigated whether the ho-
maologous protein of Enfamoeba histolytica, the protozoan
responsible for human amochiasis, might be considered as
a biochemical target for control. Trophozoites were
cultured with bacterial double-stranded RNA molecules tar-
geting the EhCFIm25 gene, and inhibition of mRENA and pro-
tein expression was confirmed by RT-PCR and Western blot
respectrwl]r EhCFIm25 silencing was assoctated with
acceleration of cell proliferation and cell death.
Mon'mrr trophozoites appeared as larger and multimacleated
cells. These morphological changes were accompam.cdh}ra
reduced mobility, andrr}'thmphugoq'luﬂsm
diminished. Lastly, the knodkdown of ERCHm25 affected the
poly(A) site selection in two reporter genes and revealed that
ERCFIm25 stimulates the utilization of downstream poly{ A)
sites in E. histolyfica mRNA. Overall, our data confirm that
targeting the polyadenylation process represents an inter-
esting strategy for controlling parasites, including E. histoly-
tica. To our best knowledge, the present study is the first to
have revealed the relevance of the ceavage factor CFlm23

as a biochemical target in parasites.
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Introduction

The Pu]radcn].'{ation of pre-messenger mRENA (pre-mBRNA)
at the 3 -end 1s a fundamental process for gene expression
regulation in eukaryotic cells; it establishes an important con-
nection with transcription (Batt ef al, 1994), confers stability
to mENA (Barnhart ef al., 2013}, plays a role in mBNA nu-
clear export, streamlines translation (Colgan and Manley
2016}, and protects mRNA from degradation {Tourniére e
al., 2002). Alterations in polyadenylation have been related
with several human illnesses like a and B thalassemia, neo-
natal diabetes, Fabry disease, and cancer (Curinha et al,, 2014),
as well as with lethal defects in yeast (Wang ef al., 2005),
demonstrating that this event is essential for accurate cell
survival. The poly(A) tail formation requires the partici-
pation of protein complexes known as CPSF (Cleavage and
Polyadenylation Specific Factor), CstF (Cleavage Stumulating
Factor), CFlm and CFllm (Cleavage Factor Im and Ilm),
as well as PAP (Poly(A)Polymerase) and PABPI (Poly(A)
Binding Protein), that bind to specific motifs in 3-UTR. In
human cells, the CFIm complex is a heterotetrameric com-
plex formed by a homodimer of 25 kDa subunits interacting
with two larger subunits (72, 65, or 59 kDa). Each CFIm25
subunit (also known as CPSFS or NUDT21) binds to the
UGUA motif and affinity 1s increased by interaction with
the RRM domain of larger subunits (Yang ef al., 2011). The
knockdown of CFIm25 protein affects the poly{A) site sc-
lection {Kubo et al,, 2006), the recruitment of polyadenyla-
tion factors to pre-mRNA 3'-end, and the cleavage and poly-
adenylation reactions (Brown and Gilmartin, 2003), which
highlights the relevance of this subunit in poly(A) tail syn-
thesis. Our search in the Mnified Human Interactome data-
base at http/f'www.unihi.org’ (Kalathur ef al., 2013) showed
that CFIm25 interacts with splicing factors (LTZAF1, 5F3B1,
SNRINPTI, and others), and export (NXF1) and transcription
factors (GTF2F1, HSF4, TCERG1). Some of these interac-
tions have been previously reported (De Vines ef al., 2000;
Awasthi and Alwine, 2003; Ingham et al., 2005; Vinayagam
et al., 2011), confirming that CFIm25 establishes a functional
link between the different molecular events of mRNA syn-
thesis and processing,

We previously reported the polyadenylation machinery of
Entamoeba histolytica, the protozoan parasite responsible
for the human amoebiasis that affects 50 million individuals
per year (Ralston and Petri, 2011). By extensive analyses of
parasite genome sequences, we described conserved motifs
in pre-mBNA 3 -ends, namely the poly(A) signal A(UFA)UU,
and the U-rich and A-rich elements (£amorano et al., 2008).
We also identified polyadenylation factors that contain the
functional domains described in homologous proteins in
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ABSTRACT

Messenger RNA 3"-end polyadenylation is an important regulator of gene
expression in eukaryotic cells. In our search for new ways of treating parasitic
infectious diseases, we looked at whether or not alterations in polyadenylation
might control the survival of Entamoeba histolytica (the agent of amoebiasis in
humans). We used molecular biology and computational tools to characterize
the mMRNA cleavage factor EnCFIm25, which is essential for polyadenylation in
E. histolytica. By using a strategy based on the systematic evolution of ligands
by exponential enrichment, we identified single-stranded RNA aptamers that
target EhCFIm25. The results of RNA-protein binding assays showed that
EhCFIm25 binds to the GUUG motif in vitro, which differs from the UGUA motif
bound by the homologous human protein. Accordingly, docking experiments
and molecular dynamic simulations confirmed that interaction with GUUG
stabilizes EnCFIm25. Incubating E. histolytica trophozoites with selected
aptamers inhibited parasite proliferation and rapidly led to cell death. Overall,
our data indicate that targeting EhCFIm25 is an effective way of limiting the
growth of E. histolytica in vitro. The present study is the first to have highlighted
the potential value of RNA aptamers for controlling this human pathogen.



INTRODUCTION

The processing of pre-messenger RNA (pre-mRNA) at the 3"-untranslated
region (3 -UTR) is an essential maturation step; it increases mRNA stability,
facilitates export of pre-mRNA from the nucleus to the cytoplasm, and enhances
mRNA translation efficiency’*. The key steps in this essential event in the life of
an RNA consist of pre-mRNA 3"-end cleavage and then polyadenylation. These
reactions are determined by a multistep mechanism in which specific RNA
sequence motifs are recognized by multiprotein complexes, including cleavage
and polyadenylation specificity factor (CPSF), cleavage stimulating factor
(CstF), and cleavage factors Im and Ilm (CFIm and CFllm)*. CPSF, CstF and
CF subunits are conserved among all eukaryotic organisms, including several
unicellular parasites®°. We focused on Entamoeba histolytica. This parasite is
the causative agent of human amoebiasis, an infectious disease that still
represents a major health problem in many developing countries worldwide.
The symptoms of human amoebiasis range from asymptomatic infection,
diarrhoea, dysentery, fulminant colitis and peritonitis to the development of
potentially lethal extraintestinal abscesses (mainly in the liver)”®. Moreover, the
severe adverse drug reactions associated with currently available
pharmacological treatments (metronidazole and other nitroimidazole
compounds) and the decrease in E. histolytica drug susceptibility have created
an urgent need for alternative, novel, specific treatments **°.

The pathogenicity of E. histolytica has been linked to both host factors and
genomic and transcriptomic factors in the parasite 2. However, little is
currently known about how gene expression is regulated in this pathogen.
Nevertheless, DNA/RNA motifs and nuclear factors involved in transcription,
splicing, and mRNA 3" end processing have been described>****. In particular,
protein amino-acid (aa) sequence comparisons suggest that the amoeba’s pre-
MRNA 3"-end processing machinery is in an intermediate evolutionary position
between mammals and yeast. Furthermore, the presence of non-canonical
poly(A) polymerases adds complexity to the mRNA 3’ end formation process in
this single-celled eukaryote®. E. histolytica only has the 25 kDa subunit of CFIm
(EhCFIm25)°, whereas active CFIm in humans is a heterotetramer complex
comprising two 25 kDa subunits that interact with a dimer of 59 or 68 kDa
subunits'>*’. CFIm25 belongs to the Nudix hydrolase superfamily, and is an



essential regulator of poly(A) site selection, and polyadenylation/cleavage
reactions in eukaryotic cells'®**?°. The absence of higher molecular mass
subunits in E. histolytica’s CFIm suggests that (i) mMRNA polyadenylation has a
particular mechanism in the parasite, and (i) EnCFIm25 has central role®.
Although EhCFIm25 conserves the characteristic features of its human
orthologue, it possesses several important differences. Notably, three of the
four glutamate residues at positions 154, 157 and 158 in the conserved Nudix
box are replaced by lysine, and the last glycine residue of the motif is replaced
by the hydrophilic residue serine. EhCFIm25 interacts with the poly(A)
polymerase EnPAP?! and the transcriptional coactivator EhPC4 (our
unpublished data), which is related to virulence, DNA replication and
multinucleation in E. histolytica?***. ERCFIm25 also interacts with mRNA 3'UTR
through the conserved Leul35 and Tyr236 residues®, although the RNA
binding motif has yet to be identified.

It has been demonstrated that several components of the polyadenylation
machinery may be valuable therapeutic targets in protozoan parasite (namely
CPSF-30 (CPSF4) in Trypanosoma brucei and CPSF-73 (CPSF3) in
Toxoplama gondii and Plasmodium falciparum)?®2. Furthermore, we recently
observed that EnCFIm25 silencing induces cell death and decreases virulence
capacity (our unpublished data) — prompting us to hypothesize that EnCFIm25
may be a relevant target for E. histolytica control. To test this hypothesis, we
applied two powerful molecular biology approaches: (i) the development of
aptamers that bind to EhCFIm25 and (ii) delivery aptamers to trophozoites via
soaking. Aptamers are single-stranded (ss) RNA or DNA oligonucleotides
whose unique three-dimensional structure enables them to interact with a
specific target molecule (i.e. EnNCFIm25 in the present case). A large body of
biomedical research has shown that aptamers are better than other tools (e.qg.
antibodies) at detecting and inhibiting target molecules in diagnostics,
therapeutics, and drug development?®. In the present work, we used a
systematic evolution of ligands by exponential enrichment (SELEX) protocol to
identify RNA aptamers that target the EhRCFIm25 protein. Thanks to RNA-
protein binding assays and molecular modelling, we discovered that EnCFIm25
bound to the aptamers’ GUUG motif. Moreover, we demonstrated in vitro that

ingestion of these aptamers dramatically inhibited E. histolytica’s growth.



METHODS

Cell cultures

E. histolytica trophozoites (HMI:IMSS) were grown at 37 °C in TYI-S-33 medium
with 20% bovine serum, 100 U/ml penicillin and 100 pg/ml streptomycin®°.
RNAse llI-deficient Escherichia coli strain HT115 (rnc14::DTn10) was grown at
37°C in LB broth for plasmid construction or 2YT broth for double-stranded (ds)
RNA expression, in the presence of ampicillin (100 mg/ml) and tetracycline (10

mg/ml)®.

Expression and purification of the recombinant EnCFIm25 protein
Competent E. coli BL21 (DE3) pLysS bacteria were transformed with the
PRSET-EhCFIm25 plasmid®*. The EnCFIm25 was expressed with 1 mM
isopropyl beta-D-thiogalactopyranoside (IPTG) and purified by Ni**"'NTA affinity
chromatography (Qiagen). The identity and integrity of the histidine-tagged
EhCFIm25 protein was confirmed by 10% SDS-PAGE and Western blot assays
using anti-6x-His tag antibodies (Roche) at 1:10000 dilution and the ECL Plus

Western blotting detection system (Amersham) .

SELEX strategy

RNA aptamers targeting EhCFIm25 were obtained using the SELEX protocol
with some modifications®. First, we designed library primers with a region of 20
random nucleotides flanked by two conserved sequences (5'-
TTACAGCAACCACCGGGGATCCATGGGCACTATTTATATCAAC(N)20AATGT
CGTTGGTGGCCC-3'), a forward primer with a EcoRl site, the T7 promotor
region and a complementary region to the conserved 3" end of library primers,
and a reverse primer with a BamHI site and a complementary region to the
conserved 5 end of library primers (Fig. 1A). Then, library and forward primers
(100 uM) were mixed with 20 mM dNTPs and 5 U Klenow enzyme (NEB) in
Klenow buffer, for 1 h at 37 °C to obtain dsDNA. The ssRNA fragments
potentially corresponding to about 4%° sequences were in vitro transcribed using
1U T7 RNA polymerase (NEB), purified with PCA (Phenol:Chloroform:lsoamyl
Alcohol 25:24:1) and quantified. Finally, they were passed throughout a Ni**-
NTA column previously coated with the histidine-tagged EhCFIm25 protein.



After washing, bound aptamers were eluted with NT2 buffer, purified with PCA
and incubated with the reverse primer and the M-MLV Reverse Transcriptase
enzyme (Thermo Fisher Scientific). The resulting cDNA fragments were PCR-
amplified using forward and reverse primers with the Platinum® Tag DNA
Polymerase High Fidelity (Thermo Fisher Scientific) as follows: 94 °C for 3 min;
30 cycles at 94 °C for 1 min, 40 °C for 1 min, 72 °C for 1 min; plus a final
extension step at 72 °C for 20 min. Then, ssRNA were in vitro transcribed as
described above to perform a new round of selection (R) (Supplementary Figure
S1). Seven rounds of selection (R7) were performed to select aptamers with
affinity for the EnCFIm25 protein. Finally, PCR products were cloned into the
EcoRI and BamHI sites of the pRSET A plasmid and sequenced using an
Applied Biosystems 3500 Genetic Analyzer in the Unit of Molecular Biology at
UNAM-Mexico.

RNA-Electrophoretic Mobility Shift Assays (REMSA)

Selected aptamers (C4 and C5), and the 3"UTR of thioredoxin (EHI_021560),
and 60SRibL7 (EHI_025830) genes of E. histolytica, were in vitro transcribed
from pGEMT-Ehthio, pGEM-Ehrib plasmids (GenScript), pPRSET-C4 and
pPRSET-C5 plasmids, respectively, using the MEGAshortscript T7 Kit (Ambion).
These molecules and RNA molecules selected from the seventh round of the
SELEX protocol (R7), were labeled with the Biotin RNA Labeling Mix (ROCHE).
Their size and integrity were verified by agarose gel electrophoresis and
chemiluminescence (Chemiluminescent Nucleic Acid Detection Module,
Pierce). Then, RNA probes (100 ng/ul) were mixed with EhCFIm25 (20 ug) or
E. histolytica extracts (50 pg) at room temperature for 20 min; RNA-protein
complexes were resolved at 100 V for 1 h on pre-electrophoresed 10% non-
denaturing PAGE and detected using LightShift™ Chemiluminescent RNA
EMSA Kit (Thermo Scientific). In some assays, proteinase K (20 U), tRNA (0.1
mg/mL), RNA fragments of the first round of SELEX (RO), the mutant protein
(EhCFIm25*L135T)?* and protein extracts from Hela cells or Trypanosoma

cruzi parasites were used as controls.

Modeling and docking experiments



The secondary structure of C4 and C5 aptamers was predicted using the
Unified Nucleic Acid Folding and hybridization package
(http://unafold.rna.albany.edu/)****. The three-dimensional structure of
EhCFIm25 (C4M2T1, 255 residues) was predicted by homology modeling with
the MODELLER package®

(http://www.unamur.be/sciences/biologie/urbm/bioinfo/esypred/) using as
template the crystal structure of the human CFIm25 protein (chain A) in
complex with the UUGUAU RNA molecule (chain C) (PDB 3MDG), and
validated with the Verify 3D software®®
(http://services.mbi.ucla.edu/Verify_3D/). On the other hand, we used the
RNAComposer online software (http://rnacomposer.cs.put.poznan.pl/) to obtain
a PDB structure of the GUUG RNA motif. Then, both molecules were
individually submitted to molecular dynamics (MD) simulations as described
below to obtain the most relaxed structures. Finally, we used the NPDock
(Nucleic acid-Protein Dock) web server (http://genesilico.pl/NPDock/) for
modeling the GUUG-EhCFIm25 complex structure using default parameters®’.
The best scoring model was chosen to analyze contacts between EnCFIm25
residues and the GUUG molecule by the CMA (Contact Map Analysis) software
(http://ligin.weizmann.ac.il/cma/). For some analyses, we used the Swiss-
PdbViewer 4.10 software (http://www.expasy.org/spdbv/)® to obtain the mutant
EhCFIm25*L135T protein.

Molecular dynamics simulation

MD simulations of EhCFIm25 protein alone or interacting with the GUUG motif
were performed using the GROMACS 5.1 package and the CHARMM27 v2.0
force field for proteins®*“°. Molecules were centered in a cubic box at 1.0 nm
from edges, using periodic boundary conditions and three points equilibrated
solvent model. CI" or Na* ions were added to neutralize the system that was
equilibrated under a canonical or NVT ensemble to stabilize the temperature,
and then under a NPT ensemble to equilibrate the pressure using the
Parrinello-Rahman barostat*’. Finally, we performed the position restraints and
the MD production at 300 °K running a first step of 1 ns simulation followed by

an extension step of 50 ns.
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Analysis of MD trajectories

First, we used the Trjconv tool of GROMACS to correct any periodicity in the
system. After that, the atomic characteristics of EnCFIm25 protein alone or with
the GUUG motif were compared using the analysis tools included in GROMACS
software. RMSD (root mean square deviation) and RMSF (root mean square
fluctuations) values of Ca backbone were calculated. The electrostatic potential
was determined using the PDB2PQR server and the APBS software package®?
(http://nbcr-222.ucsd.edu/pdb2pqgr_2.1.1/). The simulation trajectory was
visualized in the VMD 1.9.3 betal software*

(http://www.ks.uiuc.edu/Research/vmd/).

Blocking of EnCFIm25 by C4 and C5 aptamers

To deliver aptamers into E. histolytica trophozoites, we used bacterially
expressed dsRNA and parasite-soaking experiments as described** Briefly,
DNA sequences corresponding to C4 and C5 aptamers were PCR amplified
from pRSET-C4 and pRSET-C5 plasmids, respectively, and cloned into the
Smal and Xhol sites of the pL4440 vector (Fig. 5A). DNA sequencing was
performed to verify the resulting pL4440-C4 and pL4440-C5 plasmids. Then,
competent E. coli HT115 cells were independently transformed with each
plasmid and dsRNA synthesis was induced with 2 mM IPTG for 4 h at 37 °C.
Bacterial pellet was mixed with 1 M ammonium acetate and 10 mM EDTA,
incubated with phenol:chloroform:isoamyl alcohol (25:24:1) and centrifuged.
Nucleic acids were washed with isopropanol and 70% ethanol. DNase |
(Invitrogen) and RNase A (Ambion) were added to eliminate sSRNA and dsDNA
molecules, C4-dsRNA and C5-dsRNA were washed with isopropanol and 70%
ethanol, analyzed by agarose gel electrophoresis and quantified. Finally,
purified dsRNA molecules (100 ug/ml) were added to trophozoites cultures (5.0
x 10% at 37 °C. Parasites grown in standard conditions or incubated with the

gfp-dsRNA (green-fluorescent protein) were used as controls.

Cell proliferation and viability assays
Each day, E. histolytica trophozoites were counted in a Neubauer chamber to

evaluate cell proliferation. Simultaneously, living trophozoites were identified
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from the Trypan blue dye exclusion test. Experiments were performed twice in

duplicate.

dsRNAs stability

Purified C4-dsRNA or C5-dsRNA were mixed with complete TYI-S medium (100
pg/ml) at 37 °C. Each day, dsRNA molecules were resolved through 1%
agarose gel electrophoresis and GelRed staining to evaluate their integrity.

RESULTS

Identification and purification of RNA aptamers targeting EnCFIm25
Aptamers have been used to identify the RNA binding site in human CFIm25,
and they inhibited the protein’s functions'®. We identified RNA aptamers against
the EhCFIm25 protein by using a SELEX affinity strategy with the recombinant
His-tagged protein and a random ssRNA library (Fig. 1A). The canonical steps
of the SELEX process were incubation, separation, elution, amplification, and
purification of the single-stranded oligonucleotide; this process was repeated for
several rounds (Supplementary Figure S1). At each round of selection in the
SELEX process, PCRs confirmed the recovery of aptamers (data not shown).
The pool of aptamers obtained from round seven (R7) was biotin-labelled, and
its ability to bind to EhCFIm25 was confirmed in an RNA-electrophoretic mobility
shift assay (REMSA). The resulting RNA-protein complex disappeared when
proteinase K was added but was maintained in the presence of tRNA (used as
a nonspecific competitor). In contrast, an RNA-protein complex was not
observed when we used the mutant EnCFIm25*L135T protein, in which the
Leul35 residue had been replaced by Thr?*. Similarly, ERCFIm25 did not form a
complex with RNA fragments from SELEX RO (Fig. 1C).

In vitro verification of isolated RNA aptamers.

Two aptamers (referred to as C4 and C5) from the last round of selection (R7)
were chosen for further characterization because of their high expected
specificity and affinity for the EnCFIm25 protein (Fig. 1B). The aptamers were
reverse-transcribed and biotin-labelled for the REMSA. Both C4 and C5
interacted with the recombinant EhCFIm25 protein but not with the mutant
EhCFIm25*L135T (Fig. 1D). Moreover, C4 and C5 were able to form a complex



with total protein extract from E. histolytica. The addition of anti-EhCFIm25
antibodies produced a supershift in the RNA-protein complex, indicating that C4
and C5 also bind to the endogenous EhCFIm25 protein (Fig. 1E). However,
neither C4 nor C5 were able to bind to CFIm25 proteins from HelLa cells
(UniProtKB/Swiss-Prot: 043809) or T. cruzi parasites (GenBank: EKG06513.1)
used as controls, which share homology (32% and 30%, respectively) with
EhCFIm25 (Fig. 1F and G).

EhCFIm25 protein binds to the GUUG motif in vitro

A set of 12 aptamers from R5, R6 and R7 (including C4 and C5) were cloned
and sequenced. Nucleotide sequence comparison showed that all 12 aptamers
comprised the GUUG motif, which may represent the RNA binding site for
EhCFIm25. The fact that this motif is also present in the 3"UTR of the EhPgp5
gene that interacts with EnCFIm25%:** prompted us to evaluate the relevance of
this sequence in the aptamer-EhCFIm25 interaction. To this end, we performed
a REMSA using the 3’"UTR of two genes that carry the GUUG sequence (Fig.
2A). The E. histolytica genes coding for thioredoxin and 60S ribosomal protein
L7 (accession number EHI_026340 and EHI_192110, respectively) were
selected because RNA sequencing experiments had shown that they contain
two functional alternative poly(A) sites*. The REMSA showed that the 3'UTR of
both genes formed a complex with the endogenous protein contained in total
protein extract from E. histolytica, as well as with the purified recombinant
EhCFIm25 (Fig. 2B). To assess the relevance of the GUUG motif, we designed
an oligonucleotide with a random sequence that contains the GUUG motif. As
expected, EhCFIm25 formed a complex with this GUUG probe, whereas
replacement of the GUUG sequence with the CAAC moitif (in a CAAC probe)
totally abolished EnCFIm25 binding. Moreover, the GUUG-probe acted as a
specific competitor in REMSAS using the 3’'UTR of the EHI_026340 and

EHI_ 192110 genes as probes (Fig. 2C-E).

Protein and RNA modelling, molecular docking, and molecular dynamics
simulations.

To gain insight into how the EhCFIm25 protein binds to the GUUG motif, we
compared data generated in MD simulations of EnCFIm25 alone or bound to



the GUUG motif. We used the three-dimensional structure of the predicted
RNA-protein complex with the best score in a docking assay. Results of MD
simulations showed that the EnCFIm25-GUUG interaction mainly occurs
through the nitrogenous base guanine 4 in the RNA, and some positively
charged aa (Lys, Arg and His), some aromatic aa (Phe and Tyr), and the
Leul35 residue previously known to be important for the RNA binding activity of
EhCFIm25 (Fig. 3)**. We also compared the changes over time (during 50 ns)
in the structure of free vs. RNA-bound EhCFIm25 at 300 K. Under both
experimental conditions, the root mean square deviation (RMSD) reached
equilibrium after 15 ns of simulation (Fig. 4A). The free protein presented
fluctuations in the 0.3-0.4 nm range, while the GUUG-interacting protein
fluctuated less (0.2-0.3 nm) - suggesting that the interaction with RNA stabilized
the protein’s structure as a whole. In contrast, the GUUG motif had a
destabilizing effect on the mutant EhRCFIm25*L135T protein, which confirms the
poor RNA binding capacity observed in vitro®*. Consistently, analysis of the
trajectories in the MD simulations of the free and GUUG-bound proteins
confirmed that EnCFIm25 is stabilized in the presence of the RNA molecule
(Supplementary videos S1 and S2). Indeed, the average structure in the last 30
ns of the simulation showed that the GUUG-bound protein is more compact
than the free EnCFIm25; the latter has a pair of unstable loops and disordered
alpha helices (Fig. 4B).

To establish how the interaction with RNA affects the behaviour of the protein’s
aa, we compared the root mean square fluctuation (RMSF) of EnCFIm25 in the
presence or absence of the GUUG fragment during the last 30 ns of the MD
simulation (Fig. 4C). Under both conditions, the structure contained the same
flexible regions (indicated by black filled arrows in the Figure). However, the
GUUG-interacting protein displayed lower RMSF values in the 70-90 aa region
(box). Examination of EnCFIm25’s three-dimensional structure using the VMD
software confirmed that the amino-terminal region and the 70-90 aa region
(corresponding to an alpha helix and a loop) fluctuated the most, whereas the
rest of the structure was more stable in both the bound and free proteins (Fig.
4D). In line with the RMSF data, the 70-90 aa region appeared to be stabilized
by structure gain (transition from a loop to an alpha helix) in the GUUG-
interacting EnCFImM25; this suggests that the 70-90 aa region is closely involved



in RNA binding (Supplementary video S1 and S2). Lastly, we calculated the
electrostatic potential of EnCFIm25’s surface. As shown in Fig. 4E, the RNA
binding site (circle) is more electropositive in the GUUG-interacting protein than
in the free protein - suggesting that electrostatic interactions are involved in the
formation of the GUUG-EhCFIm25 complex.

C4 and C5 aptamers inhibit proliferation and induce the death of E.
histolytica trophozoites

It has been previously reported that some vectors can allow the expression or
delivery of aptamers inside cells, where they can reach their nuclear or
cytoplasmic targets*®®. To deliver C4 and C5 aptamers into E. histolytica, we
took advantage of our previous observation whereby soaking trophozoites in
medium with dsRNA produced in bacteria results in uptake**. We cloned the
cDNA sequences corresponding to the C4 or C5 aptamers into a pL4440
plasmid (Fig. 5A), expressed the aptamers in bacteria, and performed parasite
soaking experiments with the resulting C4- and C5-dsRNA. Both C4- and C5-
dsRNA were identified by electrophoresis in the culture medium on day four of
the experiment - indicating that dSRNA was available for ingestion by
trophozoites (Fig. 5B). Growth curves showed that both C4 and C5 aptamers
significantly reduced cell proliferation, relative to control experiments. For
example, proliferation at 96 h was reduced by ~80% in the presence of
aptamers (Fig. 5C). Consistently, cultures exposed to C4- or C5-dsRNA
contained a higher number of dead trophozoites (~80%) than control groups did
(~20%) (Fig. 5D). We did not observe any significant differences between
trophozoites grown in standard conditions or with gfp-dsRNA; hence, ingestion
of unrelated dsRNA had no effect on the parasite’s growth. This observation
strengthens the relationship between the C4 and C5 aptamers and the
observed phenotype. The hypothesis that C4 and C5 aptamers could act via
RNA inhibition was rejected, since BLAST sequence analyses showed that
neither the selected strand nor the complementary strand displayed homology

with any of the parasite’s gene.

DISCUSSION



In the present study, we developed RNA aptamers that targeted the EnCFIm25
protein in E. histolytica and reduced trophozoite survival. To the best of our
knowledge, this is the first study to have applied aptamer-based approaches in
E. histolytica and the second to have isolated aptamers that can distinguish
between two proteins that differ only with regard to a single point mutation. By
using a new contrast screening strategy with SELEX (five cycles), Chen et al.
(2005) recently isolated an RNA aptamer bound more strongly to a mutant p53
protein (R175H) than to the wild-type protein*®. Our use of seven rounds of
selection in a conventional SELEX protocol enabled us to generate two
aptamers (C4 and C5) with a high degree of specificity for the wild-type
EhCFIm25, as confirmed by REMSASs with the mutant protein and extracts from
Hela cells or T. cruzi.

Since EhCFIm25 is an RNA-binding protein, its interaction with C4 and C5
depends on the RNAs’ sequence and the three-dimensional structure. Given
that all the isolated aptamers and all the 3'UTRs linked by EhCFIm25 contain
the GUUG sequence, we hypothesize that the latter is the canonical RNA motif
recognized in vitro by EnCFIm25. In silico analysis of the EnCFIm25-GUUG
complex revealed that the interaction takes place in an RNA binding pocket that
is in the same position as in the crystal structure of the human CFIm25 protein
complexed with the UGUAU motif>° - despite differences in the aa and
nucleotide sequences (Supplementary Figure S2). On the basis of data
obtained from the computational analysis of 32 crystallized RNA-protein
complexes Jones et al. suggested that aromatic and positive charged aa have a
fundamental role in RNA binding®'. Moreover, the interaction with the GUUG
seguence stabilizes EhCFIm25 - making it more compact, and structuring some
regions of the protein. Notably, the 70-90 aa region that folds into an alpha helix
and the loop seems to be involved in the positioning of the GUUG molecule in
EhCFIm25’s RNA binding pocket. These structural transitions from loops to
alpha helices are considered to be “molecular switches” for interaction with
nucleic acids®2. Furthermore, the formation of a cluster of positively charged aa
may promote electrostatic interaction between EhCFIm25 and the GUUG
fragment. With a view to the future clinical applications for C4 and C5 aptamers,
it must be kept in mind that the GUUG motif bound by EhCFIm25 differs from
the UGUA sequence recognized by the human homolog (which displays



sequence identity of only 32% with the parasite protein)*®. Although the human
and parasite CFIm25 proteins have similar three-dimensional structures, there
are marked differences between the respective aa sequences and proteins
display sequence identity of only 32%?*. Given that the C4 and C5 aptamers did
not bind to human proteins (including CFIm25), they would be unlikely to affect
the polyadenylation process in the hosts’ cells. Additional ongoing experiments
should confirm the specificity, selectivity and affinity of the interaction between
C4/C5 and EnCFIm25, as a first step towards the aptamers’ use as therapeutic
tools.

Several researchers have reported that disrupting 3"'UTR processing provides
opportunities for the development of new anti-parasitic compounds®22. In E.
histolytica, we have observed that ERCFIm25 silencing alters poly(A) site
selection and parasite survival (our unpublished data). Since EnCFIm25
controls the selection of poly(A) sites, EnCFIm25 sequestration is expected to
modify the stability of the mRNAs produced. This may result in an overall
alteration of gene expression and then rapid death of the parasite. Moreover,
the presence of aptamers might also affect the availability and/or function of
proteins that interact with ERCFIm25 (such as EnPAP?* and EhPC4) and
proteins involved in other mRNA processing events (as has been described in
humans)>***. Consistently, our molecular protein-protein docking experiments
indicated that EhCFIm25’s interaction with GUUG, EhPAP and EhPC4 involves
distinct binding sites (Supplementary Figure S3). Hence, binding of EnCFIm25
by C4 or C5 aptamers (leading to an increase in protein stability) may also have
additional effects on EnCFIm25’s interaction with EhPAP and EhPC4 - both of
which have fundamental roles in gene expression. We conclude that aptamers
represent a powerful new biotechnological tool for blocking polyadenylation in
E. histolytica.

Most conventional means of introducing nucleic acids to cells are based on
lipofectamine transfection systems. In the present work, we observed that the
dsRNA soaking method (originally used to silence gene expression in E.
histolytica)** represents an efficient, reproducible, fast, easy-to-implement
strategy for blocking a nuclear target protein like EnCFIm25. A single
inoculation of C4 or C5 aptamer had a huge inhibitory effect on the proliferation

and viability of E. histolytica trophozoites.



In conclusion, we developed RNA aptamers that contain the GUUG motif
(recognized by the EhNCFIm25 factor) and that effectively control E. histolytica’s
survival in vitro. These valuable findings suggest that aptamers could be used
to control E. histolytica during the development of amoebiasis or to eradicate
residual trophozoites during antibiotic treatment. In the context of parasitic
infections, several other groups have developed aptamers that specifically
identify T. cruzi and Plasmodium in blood, and Leishmania in the sand fly
vector™>®. Other researchers have used aptamers to assess drug efficacy in
Chagas disease®. In Leishmania, the SELEX process has been used to
generate aptamers that bind to nuclear proteins such as histone H2A %4°* and
the poly(A)-binding protein®; however, the researchers did not evaluate the
aptamers’ effect on parasite survival. Future investigations will focus on clinical
strategies for aptamer delivery against human pathogens in vivo. The results of
the present proof-of-concept study in E. histolytica may promote the use of

aptamers to treat globally challenging parasitic diseases.
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FIGURE LEGENDS

Figure 1. Identification of aptamers against EhRCFIm25. A) Schematic
representation of sSSDNA oligonucleotides used to generate the ssRNA library
for the SELEX protocol. B) The predicted secondary structures of the C4 and
C5 aptamers. C-G) The RNA-electrophoretic mobility shift assay (REMSA).
Proteins were incubated with a biotin-labelled RNA probe, and the RNA-protein
complexes were resolved via PAGE and chemiluminescence assays. C) A
REMSA of the R7 aptamer population with wild-type EhCFIm25 and mutant



EhCFIm25*L135T proteins. Proteinase K (1 ug), unspecific competitor (tRNA)
and RNA molecules from the first round of SELEX (RO) were used as controls.
D) A REMSA of C4 and C5 aptamers with wild-type EhnCFIm25 and mutant
EhCFIm25*L135T proteins. E) A REMSA of C4 and C5 aptamers with E.
histolytica protein extracts. Anti-EhCFIm25 antibodies were used as controls. F
and G) A REMSA of C4 and C5 aptamers with protein extracts from HelLa cells
(F) and Trypanosoma cruzi parasites (G). Eh: E. histolytica; Tc: T. cruzi; single
arrowhead: the RNA-protein complex; double arrowhead: the RNA-protein-

antibody complex; asterisk: the free probe.

Figure 2. EnCFIm25 binds to the GUUG maotif. A) Sequence of the Ehthio- and
Ehrib-3’'UTR probes used in REMSASs. Box: the GUUG motif; circle: the stop
codon: bold and underlined nucleotides: the cleavage and polyadenylation site.
B-D) The REMSA results. Proteins were incubated with a biotin-labelled RNA
probe, and RNA-protein complexes were resolved via PAGE and
chemiluminescence assays. B) A REMSA of Ehthio- and Ehrib-3"UTR with E.
histolytica extracts_and the recombinant EnCFIm25 protein. Anti-EhCFIm25
antibodies were used as a control. C) A REMSA of Ehthio- and Ehrib-3"'UTR
with the recombinant EnCFIm25 protein. The GUUG-containing oligonucleotide
(GUUG-probe) was used as a competitor. D) A REMSA of the GUUG-probe
with recombinant EnCFIm25. The CAAC-containing oligonucleotide (CAAC-
probe) was used as control. Eh: E. histolytica; single arrowhead: the RNA-
protein complex; double arrowhead: the RNA-protein-antibody complex;
asterisk: the free probe. E) Sequence of the GUUG- and CAAC-probes. Box:

the GUUG motif; the T7 promoter sequence is underlined.

Figure 3. Interactions between EnCFIm25 and the GUUG motif. A) Graphic
representation of the average structure of EnCFIm25 complexed to the GUUG
motif. B) Contact map between the aa in EhCFIm25 and the nucleotides (U2,
U3 and G4) in the GUUG motif. C) A close-up view of the interaction zone
between selected aa in ERCFIm25 (in red) and U2, U3 and G4 in the GUUG

fragment (in black).



Figure 4. Molecular dynamics simulations of free and GUUG-binding
EhCFIm25 proteins. A) Change over time in root mean square deviation of Ca
(RMSD). Data on the mutant EnCFIm25*L135T protein were included as
control. B) Average structure of the free (left) and GUUG-binding (right)
proteins. Black arrow: unstable loop; white arrow: disordered alpha helix. C)
Root mean square fluctuations of Ca coordinates (RMSF). Arrows show the
most flexible regions in both systems. The box indicates the region (70-90 aa)
that differs in flexibility when comparing the two systems. D) Fluctuations of aa
in the average structure of free (left) and GUUG-binding (right) protein. Black
arrows indicate the 70-90 aa region with the greatest fluctuation. E) The surface
electrostatic potential of the free (left) and GUUG-binding (right) proteins. Upper
panel: front view; lower panel: rear view. The circle shows the RNA-interacting

area.

Figure 5. Effect of C4 and C5 aptamers on the proliferation and viability of E.
histolytica trophozoites. A) pL4440-C4/C5 plasmid constructs. B) Detection of
dsRNA in TYI-S-33 medium. C- D) Trophozoites were treated with C4- or C5-
dsRNA (100 pl/ml) and incubated at 37°C. Each day, the cell count was
determined (C), and cell viability was assessed in a Trypan blue assay (D).
Trophozoites grown in the absence of dsRNA (control) or in the presence of
gfp-dsRNA were also used. Data were analysed in a two-way analysis of
variance or a T-test, as appropriate. **p<0.01, **p<0.001 and ****p<0.0001.

ADDITIONAL INFORMATION

Supplementary Figure S1. Schematic representation of the SELEX strategy.
The first step involves the conversion of a library of single-stranded (ss)
oligonucleotides into double-stranded (ds) DNA, using the Klenow fragment of
DNA Polymerase I. Next, the dsDNA library is reverse-transcribed in vitro into
RNA that interacts with the recombinant EhACFIm25 protein immobilized on a
nickel nitrilotriacetic acid column. ssRNAs that do not interact with the protein
are discarded, whereas interacting ssSRNAs are amplified by RT-PCR and
transcribed in vitro to generate a new ssRNA library for subsequent rounds of

selection.



Supplementary Figure S2. Comparison of amoeba and human RNA-CFIm25
complexes, showing the three-dimensional structures of EnCFIm25+GUUG
complex obtained by docking (A) and the crystal structure of the CFIm25 protein
interacting with the UGUAUU Motif (B). Contact maps are shown on the right of
each panel. C) Amino acid sequence alignment of EnCFIm25 and human
CFIm25 proteins. Black shadows: EhCFIm25 aa that are in contact with the

GUUG motif; black arrows: aa in each protein that interact with RNA.

Supplementary Figure S3. Interaction domains in EhCFIm25. A-C) Molecular
docking was used to predict sites involved in the interaction between the
EhCFIm25 protein (tan shadow) and the GUUG fragment (black bead) (A),
EhPAP (blue shadow) (B) and EhPC4 (orange shadow) (C). D) Graphical
representation of EnCFIm25 (tan) interacting with the GUUG sequence (black
surface), EnPAP (blue surface), and EnPC4 (orange surface).

Supplementary video S1. A molecular dynamics simulation of free EnCFIm25

protein.

Supplementary video S2. A molecular dynamics simulation of EnCFIm25
interacting with the GUUG fragment.
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Supplementary Figure S1. Schematic representation of the SELEX strategy. The first step involves the
conversion of a single-stranded (ss) oligonucleotides library into double-stranded (ds) DNA with the
Klenow enzyme. Then, the dsDNA library is in vitro transcribed into RNA that interacts with the
recombinant EhCFIm25 protein immobilized on a Ni-NTA column. ssRNA that do not interact with the
protein are discarded, while interacting ssRNA are amplified by RT-PCR and in vitro transcribed to
generate a new ssRNA library for subsequent rounds of selection.
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Supplementary Figure S3. Interactions domains in EnCFIm25. A-C) Molecular Docking to
predict interaction sites of the EhCFIm25 protein (tan shadow) with the GUUG fragment
(black bead) (A), EnPAP (blue shadow) (B) and EhPC4 (orange shadow) (C). D) Graphical
representation of ERCFIm25 (tan) interacting withthe GUUG sequence (black surface),
EhPAP (blue surface), and EhPC4 (orange surface).
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Abstract

The CFIm25 subunit of the heterotetrameric Cleavage Factor Im (CFIm) is a key factor
in the formation of poly(A) tail at mMRNA 3" end, regulating the recruitment of
polyadenylation factors, poly(A) site selection, and cleavage/polyadenylation reactions.
We previously reported the homologous protein (EnCFIm25) in Entamoeba histolytica,
the protozoan causing human amoebiasis, and showed the relevance of conserved
Leul35 and Tyr236 residues for RNA binding. We also identified the GUUG sequence
as the recognition site of EnCFIm25. To understand the interactions network that
allows the EnCFIm25 to maintain its three-dimensional structure and function, here we
performed molecular dynamics simulations of wild type (WT) and mutant proteins,
alone or interacting with the GUUG molecule. Our results indicated that in the presence
of the GUUG sequence, WT converged more quickly to lower RMSD values in
comparison with mutant proteins. However, RMSF values showed that movements of
amino acids of WT and EhCFIm25*L135T were almost identical, interacting or not with
the GUUG molecule. Interestingly, EnCFIm25*L135T, which is the only mutant with a
slight RNA binding activity, presents the same stabilization of bend structures and
alpha helices as WT, notably in the C-terminus. Moreover, WT and EhRCFIm25*L135T
presented almost the same number of contacts that mainly involve Lysine residues
interacting with the G4 nucleotide. Overall, our data proposed a clear description of the
structural and mechanistic data that govern the RNA binding capacity of EnCFIm25.

Keywords: Molecular dynamics, Cleavage Factor, Entamoeba histolytica,
polyadenylation, protein-RNA interaction.



Introduction

Cleavage and polyadenylation of pre-messenger RNA (pre-mRNA) 3" end are
fundamental processes for transcript maturation and gene expression regulation in
eukaryotes. Poly (A) tail is required for nuclear-cytoplasmic export, translation
efficiency, transcript stability and transcript degradation prevention [1-3]. Also, most
human genes have multiple cleavages and polyadenylation sites whose alternative
utilization produces mRNA isoforms with 3"UTRs of different sizes, potentially affecting
target sequences for microRNAs and RNA-binding proteins [4]. Consequently,
alterations in 3"UTR length also have implications in many human diseases [5]. Poly(A)
tail formation involves cis-acting sequences that are recognized by protein complexes,
mainly the Cleavage Factors | and IIm (CFI and CFlim), the Cleavage and
Polyadenylation Specificity Factor (CPSF) and the Cleavage Stimulating Factor (CstF)
[6-8]. CFIm25, the smallest subunit of the heterotetrameric CFIm complex, is a highly
conserved polypeptide that specifically recognizes the UGUAN sequence in 3'UTR
[9,10]. Notably, CFIm25 is a key factor for polyadenylation machinery recruitment,
poly(A) site selection, as well as cleavage and polyadenylation reactions [11,12].
Analysis of the human CFIm25-UGUA complex revealed that the central Nudix domain
of the protein (residues 76-201) with the conserved Nudix box -
GHVEPGEDDLETALRETQEEAGI- (residues 43-65) includes critical amino acids for
regulating protein-RNA interaction. An analysis of the crystallographic structure of
CFIm25 bound to the UGUA RNA sequence showed that 14 amino acids interact
directly or indirectly with the different ribonucleotides, namely, Glu55, Asp57, Ser58,
Arg63, Glu81, Leu99, Gly100, Thr101, Thr102, Phel03, Phel04, Leul06, Tyr208, and
Gly209. In particular, U1 formed three hydrogen bonds, id est, O2 and N3 interacted
with the main -chain and carbonyl groups of Phel04, respectively; the O4 was
stabilized by the side chain of Glu81; and the main chain amide, via a glycerol,
interacted with Leu106. Another hydrogen bond was reported between O2 and the
hydroxyl of the ribose and main-chain carbonyl of the Thr102. Also, the U1 was
stabilized by stacking with the plane constituted by the peptide bond between Tyr208
and Gly209. Intramolecular interactions also play a fundamental role in this process
[9,10,13].

Entamoeba histolytica, the protozoan parasite causative of human amoebiasis that
affects about 50 million people worldwide [14], only has the small 25 kDa subunit of
CFIm that interacts with the EhPgp5 mRNA 3’ UTR [15,16]. In an attempt to describe
this interaction, we identified that two of the 14 amino acid residues that are critical for
RNA binding in the human CFIm25, Leu106 and Tyr208 residues, correspond to
conserved Leul35 and Tyr236 in EhCFIm25. By site-directed mutagenesis and RNA-



binding assays, we showed that a single change of either Leul35 or Tyr236 amino
acids to Ala, as well as replacement of Tyr236 to Phe, entirely abolish the RNA binding
ability of EhCFIm25 in vitro; in contrast, a slight RNA affinity remained when Thr
replaced Leul35. These data suggested that chemical groups of Leu135 and Tyr236
side chains, as well as the OH group of the phenol ring at position 236, are essential
for RNA interaction [17]. Recently, we identified the GUUG sequence as the
recognition site of EhCFIm25 (our unpublished data). However, the impact of each
single amino acid mutations in the three-dimensional structure, intramolecular
interactions, and protein stability of EnCFIm25 remains to be explored including if they
affect the GUUG binding.

Molecular dynamics (MD) simulation represents a useful tool to elucidate the impact of
amino acid substitutions on polypeptide folding and intramolecular interactions that
may affect protein functions as a consequence of significant changes regarding
flexibility, number of hydrogen bonds, and stability [18]. Although the MD studies for a
single molecule, in particular for proteins, are published more frequently, the
understanding of the RNA-protein interaction represents a challenge for this
computational technique. However, some in silico studies have proposed that the
electrostatic interactions or the number of hydrogen bonds could regulate this binding
[19-21]. Here, we performed MD simulations of wild type and mutant EnCFIm25
proteins to understand the intramolecular interactions network that allows binding to the
GUUG maotif. The description of structural and mechanistic information regarding
EhCFIm25 and its interactions with RNA should contribute to the understanding of
MRNA 3" end formation and stabilization in E. histolytica.

Methods

Molecular modeling and docking

The three-dimensional structure of ERCFIm25 (UniProt: C4M2T1, 255 residues) was
predicted by homology modeling with the MODELLER package

(http://www.unamur.be/sciences/biologie/urbm/bioinfo/esypred/) [22], using as

template the crystal structure of the human CFIm25 protein (chain A) in complex with
the UUGUAU RNA molecule (chain C) (PDB 3MDG). The quality of the modeled
structure was validated with the Verify_3D software and submitted to a process of
energy minimization (http://services.mbi.ucla.edu/Verify_3D/) [23]. On the other hand,
we used the RNAComposer online software (http://rnacomposer.cs.put.poznan.pl/) to
construct the PDB structure of the GUUG RNA motif. Then, both molecules were
individually submitted to MD simulations for one ns as described below to obtain the

most relaxed structures. Later, they were subjected to NPDock (Nucleic Acid-Protein


http://www.unamur.be/sciences/biologie/urbm/bioinfo/esypred/
http://rnacomposer.cs.put.poznan.pl/

Dock) web server (http://genesilico.pl/NPDock/) for modeling the plausible GUUG-
EhCFIm25 complex using the default parameters (5A of RMSD cutoff for clustering,
1000 steps of simulation, initial temperature of 15,000 K and 295 K for the last step of
simulation) and a blind docking approach. This docking uses specific protein—nucleic
acid statistical potentials for scoring and selecting of modeled complexes [24,25].
Finally, we used the Swiss-PdbViewer 4.10 software [26]
(http://lwww.expasy.org/spdbv/) to introduce individual mutations in the EnCFIm25
protein (with or without the GUUG motif) by choosing the alpha carbon of Leu135 and
Tyr236 residues to substitute them for Ala or Thr, and Ala or Phe, respectively.

Molecular Dynamics (MD) Simulation

MD simulations of wild type (WT) and mutant EhCFIm25 proteins, with or without the
GUUG maotif, were performed using the GROMACS 5.0 package [27] and the
CHARMMZ27 v2.0 force field [28]. We used a cubic box with 10 A as margin for free
protein systems and 15 A for RNA-protein complexes. The systems/boxes were
solvated with 12,825 and 28,390 water molecules respectively, and three Cl- ions were
added to equilibrate the electric charges. We used a 3-point solvent model called
spc216 as a model of water [29]. Minimization of both systems, with or without the
GUUG RNA sequence, was achieved using the conjugate gradient method. Later, the
system equilibration was completed in two phases: the first phase was conducted
under the NVT (isothermal-isochoric) ensemble for 100-ps to stabilize the temperature
at 300 K; then, the equilibrium of pressure was achieved under the NPT (isothermal-
isobaric) ensemble for 100-ps using the PME algorithm. Finally, MD simulations were

continued for 50 ns.

Analysis of MD trajectories

The atomic characteristics of WT and mutant EnCFIm25 proteins, with or without the
GUUG maotif, were compared using the analysis tools included in the GROMACS
software. Values of root mean square deviation (RMSD) of a-carbons, root mean
square fluctuations (RMSF) of a-carbons, radius of gyration (RG) and solvent-
accessible surface area (SASA) were calculated. For these analyses, the time when
the RMSD converged was considered as the initial point (10 ns) of the production
simulations. The evolution of the secondary structures of both free and RNA-bound
proteins (WT and mutants) was followed using the do_dssp tool of the GROMACS

software.

Analysis of the interaction EnCFIm25-GUUG



The contact analysis between protein and RNA were performed with an online software
of the Weizmann Institute of Science in Israel (http://bip.weizmann.ac.il/oca-bin/Ipccsu/)
[30] using the average structure of the protein with or without RNA.

Results

Three-dimensional structure of EnCFIm25 and its variants, in presence and
absence of GUUG.

We previously found that the EnCFIm25 interaction with RNA involves Leu135 and
Tyr236 residues [17] and the GUUG motif (our unpublished data). To explain the
structural effect of L135A, L135T, Y236A and Y236F single point mutations, and their
consequences in the stability and functionality, specifically the RNA binding activity of
the protein, we compared MD simulations of WT and mutant proteins, alone and in the
presence of the GUUG sequence. Because the experimental structure of the
EhCFIm25 protein has not been determined, a three-dimensional model was predicted
using the crystal structure of the human CFIm25 protein as a template (PDB 3MDG).
The predicted model of EhRCFIm25, comprising residues 50 to 255, and the verification
of its 3D structure with the Verify3D software showed an 83.50% of the residues with a
score > 0.2 in the 3D/1D profile, suggesting a suitable structure for the minimization
energy process. Similarly, we obtained the RNA sequence GUUG in a PDB format.
Later, relaxed three-dimensional models of both molecules were employed to get the
EhCFIm25-GUUG complex structure by blind docking studies with the NP Dock
program using default parameters. Five protein-RNA complexes were obtained, and
the structure with the lowest interaction energy served for further simulations.
Substitutions in the residues Leul35 and Tyr236 were produced by the Swiss-
PdbViewer 4.10 software as follows: 1) Leul35 was replaced by Ala
(EhCFIM25*L135A) or Thr (EhCFIm25*L135T); 2) Tyr236 by Ala (EhCFIm25*Y236A)
or Phe (EhCFIm25*Y236F) (Figure 1A-F). The change to alanine shortened the side
chain of both residues, whereas replacement by threonine and phenylalanine did not

significantly affect the side chain length but changed the polarity of the residue.

Overall stability and flexibility

To evaluate the effect of each mutation on EhCFIm25 protein conformation, in the
presence or absence of the GUUG RNA fragment, we investigated the differences
among structural parameters obtained from the trajectories. To get a characterization
of the global movement in comparison with their initial structures, the RMSD values
were calculated. All free proteins showed an increase in RMSD during the first ten ns

(stabilization step); then, they oscillated in an interval of 0.35-0.45 nm (production step)



without any significant differences between WT and mutant proteins. However,
EhCFIm25*L135T bore the closest resemblance to WT and presented the lowest
values (Figure 1G). In contrast, in the presence of the GUUG sequence, the mutants
converged to RMSD values around 0.4 nm, but the WT protein-RNA system
(EhCFIm25+GUUG) reached convergence more quickly and at a lower value (0.2-0.3
nm), suggesting that the atomic positions of the WT were more stable due to the
interaction with RNA (Figure 1H).

Another dynamical parameter to study related to local movements of each residue was
the RMSF. Figure 2 shows a comparison of the EnCFIm25 WT with the considered
mutants, as well as the secondary structure. Most RMSF values for the WT protein
were between 0.1 and 0.2 nm; however, we observed two mobile zones that span
residues 60-100 (denoted as zone a) and residues 120-135 (zone b) with RMSF values
around 0.45 nm and 0.25 nm, respectively. Globally, RMSF profiles of mutant proteins
were quite similar to that of WT EhCFIm25. However, there were some specific
changes for each variant. The secondary structure of the flexible zone an in EnCFIm25
includes a loop (61-63), a small alpha helix (64-66), a beta sheet (67-72), a loop (73-
82), an alpha helix (83-95), and another loop (96-100). This region presented higher
fluctuations (up to 0.7 nm) in EhCFIm25*L135A, while it presented a lower mobility
(higher rigidity) in EnCFIm25*Y236F and EnCFIm25*Y236A (Figure 2A, 2C and 2D).
Interestingly, EhCFIm25*L135T is the only mutant protein that presented a similar
behavior concerning the WT in the zone a. On the other hand, the mobility of the beta-
loop-beta conformation of zone b was also increased in EnCFIm25*L135A, while it was
reduced in EnCFIm25*Y236F and EhCFIm25*L135T, in comparison with the WT
protein (Figure 2B and 2D). Also, the mutant EnCFIm25*Y236F protein exhibited a
reduced mobility in a region covering residues 150-170 (zone c) that corresponds to a
loop-alpha helix (Figure 2D). This analysis showed that movements of amino acids of
WT EhCFIm25 and EhCFIm25*L135T are almost identical, indicating that the three-
dimensional structures of both proteins are not significantly different during the entire
simulation (Figure 2B). Later, we evaluated the effect of the EnCFIm25-GUUG
interaction on the RMSF values. The results showed that the corresponding values of
the mutants in the zone a were similar among them (approximately 0.3 nm), except for
EhCFIm25*L135A that presented a decrease (0.15 nm) (Figure 3A). In zone b, the
RMSF value decreased in all mutants, but in EhCFIm25*Y236F the result was similar
to WT (Figure 3D). Regarding zone c, only the variant EhRCFIm25*Y236A exhibited
significant variation compared with the WT, surrounding residues that involve an alpha
helix spanning from Val148 to Lys154 (Figure 3C). Finally, we observed the

appearance of a highly flexible zone (up to 0.3 nm) denoted as zone d (residues 225-



240) in the EhnCFIm25*L135A protein (Figure 3A). Considering the EhCFIm25*L135T,
except for zone b, its RMSF values are similar to WT; where the two peaks in the zone
a are also reached, although a slight increase in the fluctuation in the alpha-helix is
detected (Figure 3B). Overall, RMSD and RMSF values of the WT and
EhCFIm25*L135T proteins suggest a similar behavior between them, interacting or not
with the GUUG.

Secondary structure

To gain insights into the effect of individual mutations on protein folding, we evaluated
the evolution of the secondary structure of the protein and its variants (Figure 4).
Although beta-sheets remained almost constant in all conditions, some significant
differences could be observed when comparing protein variants. Regarding the effect
of the mutations, all the proteins mostly retained the secondary structure of the WT
protein. However, some differences could be noted such as a tendency to increase the
alpha helix conformation at the C-end for EnCFIm25*L135A and EhCFIm25*Y236A.
The opposite is observed for this last protein around residues 50-75, where the helical
content seemed to be replaced by turn and bend structures (Figure 4, left panel).

In the presence of the RNA sequence GUUG, the wild type protein seemed to be more
structured in the regions with an alpha-helix conformation. The region spanning
residues 50-75 showed a tendency to change from a turn to a bend structure, and
importantly, three beta-sheets and a series of alpha-helices at the C-terminus of the
protein were consolidated. Interestingly, EnCFIm25*L135T presents the same
stabilization of bend structures and alpha helices as described for the WT protein. A
different behavior is observed for the Y236A variant, where the helices are smaller at
the C-terminal region but larger in the region of residues 50-75.

Altogether, these data suggested that the C-terminus of WT and that of the
EhCFIm25*L135T protein were more structured in the presence of the GUUG molecule

(Figure 4, right panel).

EhCFIm25-GUUG interaction

To obtain a more detailed description of the EnCFIm25-GUUG interaction, we
guantified the frequencies of the contacts between amino acids residues and the
ribonucleotides involved. Table 1 shows the distribution of the interactions of G1, U2,
U3, G4 with each protein variant. Particularly, EnCFI25*L135T presented
approximately the same number of contacts that WT, 25 and 23 respectively, whereas
the other variants obtained greater contacts (37, 33 and 41). Moreover, the 56% of the
interactions of WT or EnCFIm25*L135T with the GUUG were by G4. Regarding the



amino acid residues, the 26.8% of the interactions of WT with GUUG involved the
lysines at position 79, 130, and 183. Similarly, for EnCFIm25*L135T the lysine
residues at 130 and 183 participated in 20% of the contacts with RNA sequence,
although isoleucines 133, 200, 202, and 243 also contributed with other 20% of the
interactions. In the variants EnCFIm25*L135A, EnCFIm25*Y236A and
EhCFIm25*Y236F is also remarkable the significant role of the G4 and lysines but to a
lesser extent or with a different distribution (Table 1). In Figure 2, we delimited four
zones of interest for their variations in the RMSF values, these regions contain
residues of interest revealed for Table 1 as follows: 1) Zone a (70-90): 78, 79, 80, 81,
82, 83, 84, 86, 87; Zone b (120-135): 123, 124, 129, 130, 131, 132, 133, 134, 135;
Zone c (140-200): 158, 178, 181, 182, 183, 184, 185, 198, 200; and Zone d (225-240):
233, 234, 235, 236, 237, 239, 240. A three-dimensional representation of the area of
GUUG interaction in EhCFIm25 is represented by black dots, which correspond to the
region defined by the residues listed in Table 1. Interestingly, this cleft of interaction
with GUUG is surrounded by the zones a, b, ¢, and d (Figure 5A), which contains the

lysine 79, 130 and 183, respectively (Figure 5B).

Discussion

Complex secondary structure elements of RNA such as stem—loops and bulges tend to
be a target of interaction for proteins [31]. Additionally, non-Watson— Crick base pairing
occurs in loop regions of RNA structures, and proteins preferentially identify these
regions [32]. However, the focus of the RNA-protein interactions has been the
identification of recurring RNA recognition motifs such as the ribonucleoprotein (RNP)
and arginine-rich motifs and the particular interactions within individual complexes
[31,33,34].

In higher eukaryotes, cleavage, and polyadenylation of pre-messenger RNA (pre-
MRNA) 3" end, a fundamental process for transcript maturation and gene expression
regulation, is regulated by several RNA binding proteins that interact with RNA 3° UTR
[1-3]. Although protein-RNA complexes present some diversity in binding sites, van der
Waals and hydrogen bond contacts and interactions with guanine and uracil are the
most representative. Also, amino acids such as arginine (positive), phenylalanine
(aromatic), and tyrosine (aromatic) have been reported as key participants in the
binding sites [35]. In the case of the Cleavage factor CFIm25 that binds to the UGUA
sequence, the Nudix domain contains the majority of the residues involved in RNA
binding activity through hydrogen-bonding via main-chain and side-chain atoms,
aromatic stacking, and peptide bond stacking. Some residues located outside the

Nudix domain are also essential for RNA binding activity [10]. We previously indicated



that only substitution of two conserved Leu and Tyr residues at position 135 and 236,
respectively, affects the RNA binding capacity of the EhCFIm25 protein of E histolytica
[17]. To better understand how these mutations affect the structural behavior of
EhCFIm25 and its function, we performed molecular dynamics (MD) simulations of WT
and mutant proteins, alone or in the presence of the GUUG RNA fragment. Although
punctual mutations did not affect the predicted three-dimensional structure of
EhCFIm25, differences in the RMSD trajectories of each variant suggest the existence
of small modifications in the path of transition of structures from the starting
conformation to the final state. RMSF data evidenced that L135A and Y236F changes
produce a significant increase in the flexibility of the molecule, mainly in the zone a, but
also in other regions of the polypeptide. These alterations could explain the loss of
RNA binding activity of EnCFIm25*L135A, and EhCFIm25*Y236F, respectively. In
contrast, EhCFIm25*L135T and EhCFIm25* Y236A conserved a three-dimensional
structure more similar to the WT protein. Interestingly, EnCFIm25*L135T was the only
mutant that retained a slight RNA binding activity. Similar to other Nudix proteins,
EhCFIm25 adopts a typical a/p/a fold [36]. In human homologous protein CFIm25, it
has been previously reported that the loop connecting B2 and a1 (residues 51-60) acts
as a strap that occludes the canonical Nudix substrate-binding pocket, which makes it
an essential part of the RNA recognition pocket [10]. Regarding E. histolytica, our
results suggested that the “a@” zone stability is important for EhnCFImM25 to interact with
the RNA, also for ERCFIm25*L135T although to a lesser extent. On the other hand,
Sandhu and Dash [37] suggested that changes in the conformation from a coil to helix
regulate the recognition of nucleic acid acting as “molecular switches”. This
mechanism was mainly observed in the WT protein and EhCFIm25*L135T, but with
minor intensity in the other mutant proteins which have lost their ability to interact with
the RNA.

We hypothesized that the loss of protein function relies on alterations in intramolecular
interactions in EnNCFIm25*L135A, EnCFIm25*Y236A, and EhCFIm25*Y236F proteins.
In agreement with this assumption, the presence of Ala at position 135 caused that
neighboring residues occupy the intramolecular space left vacant by the absence of the
side chain of the original Leu residue, which led to a molecular rearrangement in the
EhCFIm25*L135A mutant protein. In contrast, both Leu and Thr have a side chain of
similar size; as a result, the intramolecular space around this position was not
significantly affected, and the amino acid structure did not vary in the mutant
EhCFIm25*L135T protein, explaining why this variant keeping a slight RNA binding
capacity. However, the difference between Leu and Thr polarity could somewhat

produce a rearrangement of the internal protein structure and modify the relative



position of several amino acids. Typically, leucine’s side chain prefers to be buried in
protein hydrophobic cores, while threonine is more reactive due to its hydroxyl group
[38]. Our results suggested that Leul35, namely its side chain, is essential for the
structural equilibrium of the EnCFIm25 protein rather than for direct interaction with
RNA.

On the other hand, a minimum change either in the side chain or the polarity of the
residue at position 236 disrupted the RNA-protein interaction, which indicated that a
direct interaction might occur between the Y236 residue and the RNA molecule. It has
been described that the hydroxyl group of the Tyrosine side chain contributes favorably
to protein stability through hydrogen bond formation [39]. Significant structural changes
occurred when Y236 was replaced by either Ala or Phe, suggesting that these
mutations produce substantial variations in the RNA pocket conformation. Some of the
interactions that were evidenced by the MD simulations were those of the lysines 79,
130 and 183 interacting with the GUUG, patrticularly the electrical charge might be
determinant. These data showed that intramolecular interactions and therefore protein
stability is altered in the mutant proteins, and pointed out the relevant role of the
hydroxyl group of Tyr236 for RNA-protein interaction.

In conclusion, MD simulations of EnCFIm25 variants and analysis of their
intramolecular interactions network contributed to explaining the loss of RNA binding
capacity of the mutant proteins. Notably, they confirmed that the side-chain of Leu135
residue is essential for the structural equilibrium of the EnCFIm25 protein, while the
hydroxyl group of Tyr236 is directly relevant for RNA binding. Experiments currently in
progress will determine the kinetics and affinity of protein-RNA interaction, which would
contribute to gain insight into the role of EnNCFIm25 in mRNA 3"end formation.
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Figure legend

Figure 1. Three-dimensional models of EhCFIm25 variants interacting with the
GUUG molecule and time evolution of a-carbon RMSD. A) Three-dimensional
structure of the EnCFIm25-GUUG complex obtained from the molecular docking test
and close up view showing the protein-RNA interaction pocket with the position of
Leul35 and Tyr236 residues. B-F) Close up views of the RNA binding pocket in the
EhCFIm25variants. B) EnCFIm25-WT, C) EnCFIm25*L135A, D) EnCFIm25*L135T, E)
EhCFIm25*Y236A, and F) EnCFIm25*Y236F. Residues selected for mutation are
indicated; the RNA molecule is shown in black. G) and H) RMSD values of the

structures without and with GUUG, respectively.

Figure 2. RMSF values of free EnCFIm25 variants. Comparison of RMSF values of
wild-type EnCFIm25 protein versus mutant EnCFIm25*L135A (A), EhCFIm25*L135T
(B), EnCFIm25*Y236A (C) and EhCFIm25*Y236F (D) proteins (upper panels).
Representation of the secondary structure of the wild-type protein is shown on each
plot (lower panels). Flexible regions are indicated in yellow (zone a: 70-90 amino

acids), blue (zone b: 120-135 amino acids) and red (zone c¢: 150-170 amino acids).

Figure 3. RMSF values of EnCFIm25 variants interacting with the GUUG
molecule. Comparison of RMSF values of wild-type EhCFImM25 protein versus mutant
EhCFIm25*L135A (A), EhCFIm25*L135T (B), EhCFIm25*Y236A (C) and
EhCFIm25*Y236F (D) proteins (upper panels). Representation of the secondary
structure of the wild-type is shown on each plot (lower panels). Flexible regions are
indicated in yellow (zone a: 70-90 amino acids), blue (zone b: 120-135 amino acids),

red (zone c: 140-200 amino acids), and green (zone d: 225-240 amino acids).



Figure 4. Variation in the secondary structure of ERCFIm25. Data of EnCFIm25
variants, free (left panels) and bound to the GUUG RNA sequence (right panels) during
MD simulations. The name of each protein is indicated at the left. Each secondary
structure is represented according to the color code shown at the bottom. X axis, time

of simulation; Y axis, residues in each protein.

Figure 5. RNA-Interacting region in the EhCFIm25. Schematic representation of the
3D structure of EhCFIm25 without (A) and with (B) the GUUG RNA motif. The four
regions detected in Figures 2 and 3 are illustrated as follow: a (yellow), b (blue), ¢ (red),

and d (green).

Table 1. Frequency distribution of contacts between the amino acid residues of
EhCFIm25 variants and the GUUG RNA molecule.
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Table 1

Table 1. Frequency distribution of contacts between the amino acid residues of

EhCFIm25 variants and the GUUG RNA molecule.

Residues Gl U2 U3 G4 Total Frequency (%)
EhCFIm25WT+GUUG

Gly (137,138) 0 0 0 2 2 8,69
Leu (78,135) 0 0 0 2 2 8,69
Phe (83) 0 0 1 1 2 8,69
Asn (124) 0 0 1 0 1 4,34
GIn (86) 0 0 0 1 1 4,34
Tyr (105) 0 0 0 1 1 4,34
Lys (79,130,183) 0 2 3 1 6 26,08
Arg (139,178) 0 0 1 2 3 13,04
His (80,134) 0 0 1 2 3 13,04
Glu (132, 198) 0 0 1 1 2 8,69
Total 0 2 8 13 23 100
Frequency (%) 0 8,69 34,78 | 56,52 | 100 -
EhCFIm25*135A+GUUG

Gly (138) 0 0 0 1 1 2,70
Leu (129,240) 2 0 0 1 3 8,70
Phe (83) 0 1 1 0 2 5,40
Asn (237) 1 0 0 0 1 2,70
GIn (81) 0 1 2 1 4 10,81
Tyr (105,236) 1 0 0 1 2 5,40
Lys (79,130,158,183,235) 3 2 1 1 7 18,91
Arg (101) 0 0 0 1 1 2,70
His (80, 134) 0 1 2 1 4 10,81
Glu (132) 0 1 1 0 2 5,40
Thr (82,239) 1 0 1 1 3 8,70
Asp (131) 1 1 0 0 2 5,40
lle (133) 1 1 1 1 4 10,81
Ala (135)0 0 0 0 1 1 2,70
Total 10 8 9 10 37 100
Frequency (%) 27,02 | 21,62 | 24,32 | 27,02 | 100 -
EhCFIm25*L135T+GUUG

Leu (129,185,240) 1 1 0 2 4 16
Asn (237) 0 1 1 0 2 8
Tyr (105) 0 0 0 1 1 4
Lys (130, 183) 0 2 2 1 5 20
Arg (178) 0 0 0 1 1 4
His (134) 0 0 0 1 1 4
Glu (132) 0 0 1 0 1 4
Thr (135,239) 0 0 0 2 2 8
Asp (131) 0 0 1 0 1 4
lle (133,200,202,243) 0 0 1 4 5 20
Val (107) 0 0 0 1 1 4
Ser (242) 0 0 0 1 1 4
Total 1 4 6 14 25 100
Frequency (%) 4 16 24 56 100 -
EhCFIm25*Y236A+GUUG

Gly (137,138) 0 0 0 2 2 6,06
Leu (135,185) 0 0 2 2 4 12,12
Phe (83) 0 0 1 1 2 6,06
Asn (184,237) 1 2 0 0 3 9,09
Tyr (105) 0 0 0 1 1 3,03
Lys (130,183,235) 1 2 1 0 4 12,12




Arg (178) 0 0 1 1 2 6,06
His (134) 0 0 1 1 2 6,06
Glu (132,198,234) 1 0 1 2 4 12,12
Thr (239) 1 0 0 1 2 6,06
Asp (131) 0 1 0 0 1 3,03
lle (133,200,202) 0 0 1 2 3 9,09
Ala (236) 1 0 0 0 1 3,03
GIn (81,86) 0 0 0 2 2 6,06
Total 5 5 8 15 33 100
Frecquency (%) 15,15 | 15,15 | 24,24 | 4545 | 100 -
EhCFIm25*Y236F+GUUG

Gly (84,137,138) 1 0 0 2 3 7,31
Leu (135,185) 0 0 0 2 2 4,87
Asn (237) 0 1 1 1 3 7,31
Tyr (105,181) 1 0 0 1 2 4,87
Lys (130,183,235) 1 3 3 0 7 17,07
Arg (178) 0 0 0 1 1 2,43
His (80,134) 0 0 2 2 4 9,75
Glu (132,234) 0 1 1 0 2 4,87
Thr (82,239) 0 0 1 2 3 7,31
Asp (131,182) 1 0 1 0 2 4,87
lle (133,200,202) 0 0 1 2 3 7,31
GIn (81,86) 0 0 0 2 2 4,87
Phe (83,233,236) 1 1 2 1 5 12,19
Met (87) 1 0 0 0 1 2,43
Ser (123) 0 0 1 0 1 2,43
Total 6 6 13 16 41 100
Frequency (%) 14,63 | 14,63 | 31,70 | 39,02 | 100 -




DISCUSION GENERAL

La amibiasis intestinal ocasionada por el parasito protozoario Entamoeba
histolytica continta siendo un problema grave de salud publica en numerosos
paises en vias de desarrollo. Las reacciones adversas asociadas a los
medicamentos actuales y la existencia de casos de resistencia a los mismos
(Bansal, et al., 2006), hacen necesaria la identificacion de blancos bioquimicos
para la busqueda de nuevos tratamientos o vacunas que permitan el control de
la amibiasis. Debido a la relevancia de la poliadenilacion de los transcritos en la
expresion génica, en este trabajo nos propusimos analizar molecular y
funcionalmente al factor de poliadenilacion EhCFIm25 para evaluar su interés

como blanco terapéutico.

El silenciamiento o inhibicién de la expresion génica es una herramienta que
permite entender la funcién de los genes e identificar potenciales blancos para
la creacién de nuevos farmacos. El genoma de E. histolytica fue publicado en
2005 (Loftus et al., 2005), y de este se predijeron 9.938 genes que tienen un
tamafio promedio de 1.17 kb y corresponden al 49% del genoma.
Particularmente, el parasito posee algunos genes que participan en el
procesamiento de ARN de interferencia (ARNi) como son: tres Ago (de la
familia Argonauta) (EHI_125650, EHI_186850 y EHI_177170) que contienen
los dominios PAZ y Piwi, un gen RdRP (EHI_139420) y otro gen con un
dominio RdRP parcial (EHI_179800). E. histolytica carece de genes que
codifican para la proteina Dicer (Zhang et al., 2011). Morgado et al., en una
revision del 2016 reporta que E. histolytica tiene una via de ARNi enddgena
robusta y no candnica que regula la expresiébn génica. Recientemente se
caracteriz6 la EhARNasalll, una proteina Dicer no candlnica que tiene la
capacidad de procesar los dsARN en pequefios fragmentos de ARN que
contribuyen de forma productiva al silenciamiento génico (Pompey et al., 2015).
En E. histolytica ya se ha demostrado que los genes blancos de ARN pequefios
son efectivamente silenciados (Bracha et al., 2003). Asi, los ARN pequefios

gue silencian el gen Ehap-a (ameboforo) en la clona G3 de E. histolytica se



observaron en una localizacion nuclear y el gen silenciado se encontré en
contacto con EhAgo2-2 (Zhang et al., 2011). Por otro lado, la sintesis de
dsARN por medio de bacterias E. coli HT115 transformadas con el vector
plasmidico L4440 es una técnica econdmica, efectiva, rapida y facil de realizar
que permite obtener cantidades ilimitadas de moléculas de dsARN dirigidas
contra el blanco seleccionado, a diferencia de los ARNi comerciales que son
costosos y distribuidos en una cantidad limitada. (Solis et al., 2009). En
conjunto, estos datos muestran que los trofozoitos tienen la capacidad de
procesar las moléculas de dsRNA para que puedan llevar a cabo su funcion

para silenciar o bloquear EnCFIm25.

En el presente estudio, mostramos que las moléculas de EhCFIm25-dsARN
producidas en bacterias permiten obtener una reduccion significativa en la
expresion génica de la proteina blanco EhCFIm25 (20%, 80%, y 100% a los
dias 2, 4 y 6 respectivamente), al adicionar una sola dosis de 100 mg/ml en el
medio de cultivo para que los trofozoitos los interiorizan por medio de
fagocitosis (método conocido como soaking en inglés o remojo en espafol) y
los procesen mediante el uso de las proteinas antes mencionadas. De manera
interesante, el silenciamiento de la proteina EhCFIm25 disminuye la viabilidad
celular y acelera la muerte de los trofozoitos, lo que indica que es una proteina

esencial para la sobrevivencia del parasito.

La ausencia de EhCFIm25 también afecta sus propiedades de virulencia,
alterando la movilidad y la eritrofagocitosis. Estos cambios correlacionan con el
hecho de que los trofozoitos aumentan de tamafio, lo que probablemente
conlleva a una disminucion de la flexibilidad de la membrana plasmaética, ya
sea para el movimiento del parasito, la fagocitosis o la division celular. De
acuerdo a eso, la multinucleacion de los trofozoitos gigantes podria resultar de
fallas en el proceso de la citocinesis, como se ha demostrado por la
sobreexpresion de EhPC4 (Hernandez de la Cruz et al., 2014; Hernandez de la
Cruz et al., 2016).

Por otra parte, al inhibir la expresion de EhCFIm25 en los trofozoitos de E.

histolytica, se observo que el corte del 3’'UTR de los ARNm modelos utilizados



se lleva a cabo preferentemente en el sitio mas proximal al codén de paro,
demostrando de esta manera que EhCFIm25 juega un rol importante en el
mecanismo de poliadenilacion alternativa de los transcritos. El uso del sitio de
corte/poliadenilacion proximal ocasiona la pérdida de secuencia en el 3UTR
que puede ser potencialmente importantes para la estabilidad y traduccion de
los ARNm. Aunque solo una pequefia porcion de genes en E. histolytica utilizan
la poliadenilacion alternativa (1.9% - 2.4%) (Hon et al., 2013), los genes de
amiba con multiples sitios de corte/poliadenilacién participan en procesos
fundamentales para la célula como son: unién al ADN, traduccion, splicing,
union al ARNm, plegamiento de proteinas y transporte de proteinas. Entonces,
la ausencia de la proteina EhCFIm25 produce cambios en la expresion de

estos genes, provocando defectos criticos que explican el fenotipo observado.

Es importante mencionar también que EhCFIm25 interactia con otras
proteinas de otras maquinarias de procesamiento del ARN como EhPAP y de
proteinas coactivadoras de la transcripcion como EhPC4, lo que indica que
EhCFIm25 no solo participa en la poliadenilacion de los transcritos, sino
también en otros procesos de maduracion del ARN, asi como en la
transcripcion del ADN. El silenciamiento de EhCFIm25 podria entonces tener

un impacto mas generalizado que resulte en la muerte de los trofozoitos.

Los RNAI generalmente no son usados como herramienta terapéutica debido a
su corta vida media, union a blancos inespecificos, toxicidad, y falta de
métodos seguros para conducirlos al sitio de accion (Ambesajir et al., 2012).
Por eso nuestra atencion se fij6 en otras moléculas de acidos nucleicos
conocidas como aptameros, como una alternativa para alterar la expresion y
funciéon de EhCFIm25. El estudio de los aptameros ha tomado fuerza en las
Gltimas décadas por su gran potencial de aplicacion en las ciencias biomédicas,
como lo demuestra que el aumento en el nimero de publicaciones cientificas y
en el numero de moléculas en desarrollo o en estudios clinicos en diferentes
etapas (Rozenblum, et al., 2015; Sundaram et al., 2013; Yu et al., 2016). Estas
moléculas de ADN o ARN, también llamadas “anticuerpos quimicos”, tienen
grandes ventajas a nivel de productividad, estabilidad, inmunogenicidad del
blanco, amplia variedad blancos y posibles modificaciones quimicas. Por lo que



muchas empresas farmacéuticas y biotecnolégicas han fijado su atencion en
estas moléculas para reemplazar o mejorar las propiedades de los anticuerpos
comerciales. En parasitologia existen muy pocos antecedentes acerca de la
identificacion de aptameros. Algunos aptameros ya han sido seleccionados y
usados en diferentes parasitos protozoarios como T. cruzi, Leishmania sp., y
Plasmodium sp.; sin embargo, todos estos trabajos estan enfocados a la
busqueda de marcadores diagnosticos, y la sobrevivencia parasitaria por
inhibicion de blancos por medio de aptameros no ha sido todavia evaluada
(Moreno y Gonzélez 2011; Nagarkatti, et al., 2014; Guerra-Pérez, et al., 2015).

En nuestro trabajo, usamos la estrategia SELEX para identificar un par de
aptameros de RNA (C4 y C5) que tienen como blanco el factor de
poliadenilacion ENCFIm25. Ni C4 ni C5 son capaces de reconocer a la proteina
mutante EnCFIm25*L135T que tiene una Gnica mutacion puntual. Hasta donde
sabemos, solo existe un estudio previo al nuestro en el que se aisla un
aptamero que puede seleccionar entre dos proteinas que solo se diferencian
por un residuo de amino acido (Chen et al., 2015). Los aptdmeros C4 y C5
tampoco reconocen la proteina homoéloga de humano de o de otro protozoario,
lo que confirma la especificidad de ambos aptameros y sugiere su posible uso

en el diagndstico o tratamiento de la amibiasis.

Debido a que EhCFIm25 es una proteina que se une al RNA, el analisis de las
secuencias de los aptameros y la posterior validacién por ensayos tipo REMSA
permiti6 determinar que el motivo GUUG es el sitio de interaccion de
EhCFIm25 al RNA. De manera interesante, los estudios de dindmica molecular
evidenciaron que la interaccion de la proteina EhCFIm25 al motivo GUUG
aumenta su estabilidad. Esto se da particularmente en una region de 20 a.a
(posicién 70-90) que cambia su conformacion de loop a alpha hélice cuando la
proteina pasa de estar libre a interactuar con el ARN. Este comportamiento ya
ha sido observado en otros estudios (Sandhu y Dash 2007) donde el cambio de
conformacién de loop a hélice alfa actua como “interruptor molecular” para el
reconocimiento de &cidos nucleicos por parte de las proteinas. También se
observa que la proteina unida al ARN adquiere una carga positiva mayor en el
pocket de interaccion, lo que favorece los contactos con la carga negativa de



los acidos nucleicos. La proteina mutante EnCFIm25*L135T que conserva un
30% de su capacidad de interaccion con el ARN (Ospina-Villa et al., 2015) tiene
un comportamiento mas similar a la proteina EhCFIm25, en comparacion con
otras mutantes que no son capaces de unirse al RNA. La mayoria (56%) de los
contactos entre EhCFIm25 y la secuencia UUG se establecen entre el
nucleétido G4 y residuos hidrofébicos no polares (Gly 137 y 138, Leu 78 y 135)
0 polares cargados positivamente (Arg 139 y 178, His 80 y 134). Por otra parte,
el 26.8% de los contactos involucra residuos de Lys (79,130,183) interactuando
con las bases U2 y U3. Lys es un aminoacido cargado con capacidad de formar
puentes de hidrégeno con el ARN. La proteina mutante EhCFIm25*L135T
tiene un comportamiento similar a la proteina silvestre con respecto a los
contactos con la base G4 y los residuos involucrados en dichos contactos.
Ademas, la ausencia de la cadena lateral del residuo Leu original permite que
los residuos vecinos ocupen el espacio vacante, lo que conlleva a cambios en
la estructura de EhCFIm25*L135A, mientras que los cambios son menos
importantes en la proteina EhCFIm25*L135T mutante que conserva cierta
capacidad de union al RNA. La cadena lateral de los residuos de Leu se
encuentran generalmente escondidos en el nucleo hidrofébico de las proteinas,
mientras que Thr es mas reactivo debido a su grupo hidroxilo (Betts, & Russell,
2003). Se ha reportado que el grupo hidroxilo de Tyr contribuye
favorablemente a la estabilidad de las proteinas via la formacion de enlaces de
hidrogeno (Pace, Horn, Hebert, Bechert, & Shaw, et al. 2001). En conjunto
estos datos sugieren que la cadena lateral de Leu es esencial para el equilibrio
estructural, mientras que el grupo hidroxilo del Tyr participa directamente en la

interacciéon con el RNA.

La misma estrategia SELEX permitié también identificar que el motivo UGUA
es la secuencia reconocida por la proteina humana CFIm25 (Venkataraman, et
al. 2005, Brown, et al. 2003). El hecho de que ambas proteinas homadlogas
reconozcan motivos de RNA diferente es muy importante pensando en las
potenciales aplicaciones terapéuticas de los aptameros ya que un aptamero
qgue contenga el motivo GUUG podria inhibir o secuestrar especificamente a la
proteina EnCFIm25 del parésito, sin afectar la proteina CFIm25 de las células
del huésped humano. En ese contexto, los aptdmeros C4 y C5 tienen la



capacidad de inhibir no solo la funcién de EnCFIm25 sino también la funcion de
las proteinas que interactian con ella, a diferencia de los dsRNAs especificos
que silencian la expresion de la proteina EhCFIm25. Los experimentos de
docking molecular muestran que las proteinas EhPAP y EhPC4 interactian con
EhCFIm25 en sitios diferentes al “bolsillo” de interaccion con el motivo GUUG.
Esto permite inferir que los aptameros C4 y C5 no solo bloguearian la funcion
de EhCFIm25, sino también la de las proteinas EhPAP y/o EhPC4
interactuando con ella, generando de tal manera alteraciones mayores en la

regulacion de la expresion génica.

Efectivamente, tanto C4 y C5 producen una disminucion en la viabilidad celular
y una acelerada muerte de los trofozoitos de E. histolytica, mucho mayor a la
observada con los dsRNA producidos en bacterias, lo que, aunado a su falta de
efecto en las células del huésped, los convierte en herramientas terapéuticas
particularmente atractivas para el control del parasito. Sin embargo, es
necesario realizar estudios complementarios que avalen este hallazgo y
permitan el uso clinico de os aptameros comenzando por probar su toxicidad y
evaluar su efectividad en modelos animales. Los aptdmeros también tienen un
gran potencial como herramientas diagndésticas y terapéuticas que deberia ser
probado para el mejoramiento del diagnéstico e investigacion en E. histolytica.
Esperamos que con este estudio se dé un primer paso para el uso de
aptdmeros como herramienta diagnostica, de investigacion y terapéutica para
el tratamiento de enfermedades parasitarias.

En conjunto nuestros resultados muestran que alterar la poliadenilacion y
particularmente el factor de poliadenilacion EhCFIm25 es una estrategia
interesante para el desarrollo de tratamientos contra E. histolytica. Esta
observacion concuerda con los reportes de Guerra-Pérez et al. (2015),
Hendriks et al. (2003), Palencia et al. (2017), Sidik et al. (2016) y Sonoiki et al.
(2017) que han demostrado el interés de otros factores de poliadenilacion como
son PABP y CPSF, para la viabilidad de los protozoarios Leishmania |,
Toxoplasma, Trypanosoma and Plasmodium. Estos datos abren nuevas

oportunidades para la identificacion de nuevos blancos moleculares para el



desarrollo de nuevos tratamientos contra los protozoarios que afectan la salud

humana.



CONCLUSIONES GENERALES

El factor de poliadenilacion EhCFIm25 participa en la regulacion de la
seleccion del corte/poliadenilacién en los transcritos de los trofozoitos de E.
histolytica, y es esencial para la sobrevida y virulencia del patégeno in vitro,
por lo que representa un blanco terapéutico interesante para el desarrollo
de nuevo métodos de control de este parasito.

Mediante el ensayo SELEX, identificamos dos aptdmeros de RNA, llamados
C4 y C5, que reconocen de manera especifica la proteina EnCFIm25.

La comparacién de las secuencias de los aptameros y los ensayos de
interaccidon RNA-proteina, revelaron que el sitio reconocido por la proteina
EhCFIm25 en el ARN es el motivo GUUG.

La interaccibon EhCFIm25 con el motivo GUUG esta determinada por
interacciones electrostaticas y estabilizacion de la estructura y del pocket de
interaccion a través del loop que abarca los residuos de amino acidos r70-
ro0.

La especificidad de la interaccion entre los aptameros C4 y C5 y la proteina
EhCFIm25 sugiere que podrian ser usados como una hovedosa
herramienta terapéutica para el control de la amibiasis.



PERSPECTIVAS

Evaluar el efecto del silenciamiento o bloqueo del factor de corte EnCFIm25
en los otros eventos de la poliadenilacion, es decir el reclutamiento de la
maquinaria de poliadenilacion y la sintesis de la cola de poliA.

Analizar el efecto del silenciamiento o bloqueo del factor de corte EnCFIm25
sobre el transcriptoma y/o proteoma del parésito, para identificar los genes
afectados por las alteraciones en la poliadenilacion y conocer las rutas y
procesos moleculares que pudieran explicar el fenotipo de los trofozoitos.
Caracterizar la afinidad, especificidad y sensibilidad de los aptameros C4 y
C5 mediante ensayos de ELONA y Slot-Blot

Nanoencapsular los aptameros C4 y C5 para mejorar su actividad y vida
media.

Evaluar el efecto de estos aptdmeros nanoencapsulados en modelos

animales de amibiasis.
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