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Resumen

Entamoeba histolytica es el protozoario parasitico causante de la amibiasis en el
humano. Aunque su distribucion es cosmopolita, principalmente afecta a paises en vias de
desarrollo, donde se ubica dentro de las primeras causas de morbilidad. Su ciclo de vida
alterna entre dos estadios estables: el quiste (forma infectiva) y el trofozoito (forma
invasiva).

El quiste brinda resistencia al parasito frente a condiciones medioambientales
adversas. De manera interesante, este estadio se caracteriza por la presencia de una pared
de quitina, la cual es sintetizada y degradada durante los procesos enquistamiento y
desenquistamiento, los cuales son clave para completar el ciclo celular. Las quitinasas son
glicosil hidrolasas que rompen los enlaces B(1,4)-glucosidicos entre los residuos de N-
acetilglucosamina de la quitina. El genoma de E. histolytica codifica para una quitinasa
amibiana (EACHT1) que se expresa de manera especifica en la pared de quitina, sugiriendo
su participacion en los procesos de diferenciacion celular.

En el presente proyecto se analizaron las caracteristicas bioquimicas y biofisicas de
la enzima EACHT1 recombinante. Los resultados mostraron que es una enzima estable en
un amplio rango de pH y de temperatura, pero sensible a moderadas concentraciones de un
agente quimico desnaturalizante, sugiriendo que su funcidn catalitica depende de una
estructura correctamente plegada. Ademds, como su dominio catalitico contiene tres
residuos de cisteina, de los cuales se predice la formacion de un enlace disulfuro, se
examin6 la dependencia de la actividad catalitica al estado oxidativo de su estructura
nativa. Los resultados de un estudio paralelo demostraron que la funcién catalitica de
ERCHTI1 depende de un correcto plegamiento oxidativo, el cual puede ser asistido por una
oxidorreductasa amibiana (EAPDI).

El genoma de E. histolytica codifica para una familia de 11 proteinas PDI; de las
cuales, EAPDI es expresada activamente en el estadio de trofozoito. Mediante ensayos in-
vitro e in-vivo (en modelos heterdlogos), se determind que exhibe las caracteristicas
estructurales y funcionales tipicas de enzimas PDI; sin embargo, la elucidacion de su papel
funcional en la fisiologia del parasito aiin esta pendiente.

Por tal motivo, se ha propuesto analizar la funcion de EAPDI mediante una
estrategia de silenciamiento génico, via activacion del mecanismo de ARNi. Como primera
estrategia experimental, se ha planteado la técnica de alimentacion amibiana con bacterias
que expresan moléculas de ARNdc especificas. Los experimentos alin estan en proceso; por
lo tanto, no es posible adelantar resultados. En caso de que la tecnologia aplicada no rinda
resultados a corto plazo, se ha considerado aplicar otras estrategias metodologicas para
establecer de manera inequivoca la funcion de EAPDI en la fisiologia y estilo de vida de E.
histolytica. Mas aun, determinar su potencial como diana terapéutica para el disefio de
moléculas con propiedades farmacoldgicas anti-amibiasis.

11



Abstract

The protozoan parasite Entamoeba histolytica is the causal agent of human
amebiasis. Although it has a worldwide distribution, it mainly affects developing countries,
where it is positioned in the first causes of morbidity. The life cycle of this protozoan
parasite is alternated between two stable stages: cyst (infective phase) and trophozoite
(invasive phase).

The cyst gives the parasite the capacity to withstand harsh environmental
conditions. Interestingly, this stage is characterized by a chitin wall that is synthesized and
degraded during the encystation and excystation processes which have a key role to
complete the cell cycle. Chitinases are glycosyl hydrolases enzymes that break B(1-4)
glycosidic bonds in N-acetylglucosamine residues in chitin. The genome of E. histolytica
codes for an amebic chitinase (EACHT1) that is specifically expressed in the chitin wall,
suggesting its functional role in cellular differentiation processes.

In this research work, the biochemical and biophysical features of the recombinant
enzyme rEACHT1 were analyzed. It was shown it is a stable enzyme in a wide range of pH
and temperature, although it is sensitive to mild concentrations of a chemical denaturant
agent, suggesting its activity depends on a correct protein folding. Furthermore, as its
catalytic domain has three cysteine residues, which (according to in-silico prediction) are
forming a disulfide bond, the dependence of the catalytic activity on the oxidative state of
its native structure was analyzed. Results of a parallel analysis showed the catalytic
function of EACHT1 depends on a correct oxidative folding that can be assisted by an
amebic oxidoreductase (EAPDI).

The genome of Entamoeba histolytica codes for a family of 11 PDI proteins; from
which, EAPDI is actively expressed in the trophozoite stage. By in-vitro and in-vivo (in
heterologous models) assays, it was determined that EAPDI shows the structural and
functional features of typical PDI enzymes; although, the elucidation of its functional role
in the physiology of the parasite is still pending.

For this reason, we propose to analyze EAPDI function by a gene silencing strategy,
activating the interference RNA mechanism. As a first experimental strategy, it is proposed
to feed ameba with bacteria that expresses dsRNA specific molecules. Experimental assays
are still in process, so we cannot anticipate any result. In case this technology does not give
short term results, it has been considered to apply other strategies to unequivocally establish
EnPDI function in the physiology and the life style of E. histolytica. Moreover, to
determine its potential as a therapeutic target to design molecules with pharmacological
properties anti-amebiasis.
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L INTRODUCCION

I.1.  Amibiasis y Entamoeba histolytica

La amibiasis es la enfermedad infecciosa causada por el paréasito protozoario
llamado Entamoeba histolytica. Inicialmente, el parasito invade el intestino grueso,
produciendo amibiasis intestinal; sin embargo, en ciertos casos migra hacia otros tejidos,
principalmente el higado, generando amibiasis extra-intestinal [Ximénez et al., 2007]. A
pesar de que E. histolytica es un parasito de distribucion cosmopolita, los mayores indices
de prevalencia de la enfermedad se han observado en paises en vias de desarrollo,
primordialmente aquellos de regiones tropicales y subtropicales donde la accesibilidad a
servicios sanitarios es limitada [Ximénez et al., 2007]. A nivel mundial, la amibiasis es la
tercera causa de muerte por parasitosis [Sanchez y Mujica, 2009]. Pese a que las
proyecciones estiman 500 millones de infectados, se ha reportado que s6lo el 10% de esa
poblacion desarrolla la enfermedad; siendo la amibiasis intestinal la infeccion mas

frecuente (80-98%) [Araujo, et al., 2008].

1.2. Amibiasis en México

La amibiasis continla ubicdndose dentro de las primeras veinte causas de
morbilidad en la poblacion mexicana, presentandose con mayor frecuencia (22.1%) en los

estados de las regiones sur y sureste del pais (Figura 1) [Sdnchez y Mujica, 2009].

I.3.  Ciclo de vida del parasito

El ciclo de vida de E. histolytica depende de dos estadios estables: el quiste (fase
infectiva) y el trofozoito (fase invasiva). La via de transmision es oral-fecal y la infeccion

se adquiere por ingerir quistes maduros (tetra-nucleados) presentes en bebidas, alimentos,
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Figura 1. Incidencia de amibiasis intestinal en México (reporte 2008) [Sdnchez y Mujica, 2009].

o manos contaminadas con heces. Cuando el quiste pasa por el estbmago su pared se
reblandece y al continuar por el intestino delgado sufre un proceso de desenquistamiento,
liberdndose un trofozoito tetra-nucleado. En esta etapa, los nticleos sufren una division
adicional, generando un trofozoito octa-nucleado. Finalmente, éste sufre un proceso de
fision celular y produce ocho trofozoitos mono-nucleados. De manera global, cada quiste

maduro ingerido originara ocho trofozoitos viables.

Habitualmente, los trofozoitos (20-40 pm de diametro) colonizan el intestino
grueso, causando la infeccion intestinal. Sin embargo, al ser la fase movil del parésito,
ocasionalmente migran hacia otros 6rganos, produciendo la enfermedad extra-intestinal.
De manera alterna, el trofozoito continua por el tracto intestinal, produciendo una pared de
quitina y generando un quiste mono-nucleado, que al madurar se convierte en un quiste
tetra-nucleado (después de dos duplicaciones nucleares continuas). Los quistes maduros

son liberados en heces, completando el ciclo (Figura 2) [Ximénez ef al., 2011].
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Figura 2. Ciclo de vida de E. histolytica.

(a) Quiste tefido con lugol al 4 % (100X). (b) Quiste sin tedir (100X). (c) Trofozoito observado
mediante contraste de interferencia diferencial (DIC) (100X). (d) Trofozoitos con eritrocitos
fagocitados (DIC) (40X). Tomado y traducido de Ximénez (2011). El texto de la imagen
permanece en el idioma original de referencia.

1.4. Patogenia molecular de la amibiasis

La patogenia de la amibiasis resulta de la interaccion compleja de varios factores,
tanto del parasito como del hospedero y del medioambiente. Especificamente, la virulencia
de E. histolytica depende de su capacidad de secretar moléculas involucradas en diversos
procesos patoldgicos, tales como adhesion y degradacion de la mucosa intestinal, ruptura
de la barrera epitelial, desregulacion del transporte de iones, inflamacion sistémica,
absorcion inadecuada de nutrientes, y alteracion de la microbiota [Marie y Petri, 2014]. A
continuacion, de manera breve se describen los factores de virulencia mas importantes

involucrados en la patogenia de la amibiasis.
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Lectina de union a galactosa y N-acetilgalactosamina (Gal/NAcGal). Esta lectina
es una de las principales moléculas de adhesion, uniéndose especificamente a residuos
Gal/NAcGal presentes en glicoproteinas de membrana de la célula diana. El core de esta
lectina es un heterodimero (260 kDa) que consta de las subunidades Hgl (pesada) y Lgl
(ligera), unidas por enlaces disulfuro, el cual se asocia a la subunidad Igl (intermedia)
mediante enlaces no covalentes [Barroso ef al., 2014]. Hgl es una proteina transmembranal
(170 kDa) que posee un dominio de reconocimiento de carbohidrato (CRD) rico en
residuos de cisteina. Es la subunidad clave en la adherencia amibiana. Lgl es una proteina
(31-35 kDa) anclada a la membrana mediante GPI (glicofosfatidilinositol). Igl es una
proteina de reciente identificacion y ha sido asociada a las actividades hemoliticas y
citotoxicas del parésito [Barroso et al., 2014; Kato ef al., 2015]. Para ejercer actividad litica
sobre el tejido, es necesaria la adhesion de E. histolytica a proteinas de la membrana celular
y a componentes de la matriz extracelular; por tal motivo, esta lectina es considerada un
factor de virulencia muy importante para las interacciones parasito-hospedero [Welter, et

al., 2011].

Amibaporos. Estos son polipéptidos pequefios (77 residuos de aminoacidos) que
conforman una familia de tres isoformas (A, B, y C). Poseen actividad citolitica sobre
bacterias y células del hospedero mediante la insercion en membrana, generando pequeios
poros y favoreciendo la permeabilizacion y lisis [Andri ef al., 2003; Ralston y Petri, 2011].
Se almacenan en granulos citoplasmaticos y son secretadas después de la adhesion del
parasito a la membrana de la célula diana. La isoforma A es la més abundante y de mayor
importancia para la virulencia del parasito. Los estudios de silenciamiento génico
(mediante ARNi) reportaron una disminucion del 60% en su nivel de expresion y una
drastica reduccion en la patogenicidad amibiana [Bracha et al., 2003; Ralston y Petri,

2011].

Cisteina proteasas. Estas proteinas corresponden a una familia de aprox. 50
enzimas proteoliticas dependientes de cisteina, denominadas EACP. De manera interesante,
se observo que las proteasas EACP1, EACP2, y EhCP5 son responsables del 90% de la
actividad CP total del parasito [Lee ef al., 2015]. Las EhCPs estan involucradas en las
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actividades citolitica y citotoxica de la amiba, ejerciendo un efecto citopatico sobre tejido
epitelial, causando dafio a las neuronas entéricas, y confiriendo la capacidad de evadir el
sistema inmune. Como sustratos fisioldgicos (del hospedero) de estas proteasas amibianas
se encuentran mucina, vilina, laminina, y colageno; las anafilotoxinas C3a y C5a;
interleucina 18 y las inmunoglobulinas IgA e IgG; el proteoglicano, y diferentes
componentes de la matriz extracelular, entre otros [Lindell et al., 2006; Ralston y Petri,

2011; Lee et al., 2015].

Peroxirredoxina (EhP29). Durante el proceso invasivo, el parasito se enfrenta a un
estrés oxidativo generado por el sistema de defensa celular del hospedero. Habitualmente,
las células eucaridticas poseen diversos mecanismos de respuesta a ese tipo de estrés (por
ejemplo, superdxido dismutasa, glutation peroxidasa, catalasa, el sistema de glutationes),
los cuales juegan un papel importante en la sobrevivencia celular [Sen ef al., 2007]. Aunque
E. histolytica carece de catalasa y el sistema de glutationes, posee una peroxirredoxina
dependiente de tiol de 29 kDa (EhP29) que se sobre-expresa durante el estrés oxidativo
[Akbar et al., 2004; Sen et al., 2007]. EhP29 se asocia a la lectina de unién a Gal/NAcGal
durante la interaccion parasito-hospedero, sirviendo como un mecanismo de defensa contra
el ataque oxidativo activado por el hospedero, facilitando la invasion tisular [Sen et al.,

2007].

EhSTIRP. Este factor es una proteina rica en serina, treonina e isoleucina
(ERSTIRP) que se expresa de forma abundante en cepas virulentas de E. histolytica.
Mediante experimentos de silenciamiento génico, se demostrd que participa en procesos

amibianos importantes, como adhesion y citotoxicidad [MacFarlane and Singh, 2007].

EhKERP. Es otro factor importante para el proceso infeccioso, llamado KERP1
por su alto contenido en lisina y acido glutamico (Lysine and Glutamic Rich Protein 1)
[Perdomo et al., 2013]. Se almacena en vesiculas y puede localizarse tanto en membrana
del trofozoito como en el espacio intersticial ubicado entre el parasito y la célula diana
[Seigneur et al., 2005]. Por su capacidad de unirse a la superficie de células epiteliales del

intestino y por sus altos niveles de expresion en cepas virulentas, ha sido involucrada en el
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proceso de adhesion amibiana. Ademas, su silenciamiento génico produce una reduccion
en la capacidad amibiana de formar abscesos hepaticos (en un modelo animal) [Santi-

Rocca et al., 2007; Perdomo et al., 2013].
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IL. ANTECEDENTES Y GENERALIDADES

II.1. La Quitinasa amibiana (EhCHT1)

II.1.1. Quitinasa

Las quitinasas son glicosil hidrolasas que rompen el enlace (1-4) entre los residuos
de N-acetilglucosamina que conforman al polisacarido quitina. Genes codificantes para
quitinasas se han identificado en una amplia gama de organismos (bacterias, hongos,
nematodos, insectos, plantas, y mamiferos [de la Vega ef al., 1997; Ruiz-Sanchez et al.,
2005]. Actualmente, se han dilucidado diferentes moléculas con potencial inhibidor de la
actividad quitinolitica; sin embargo, la mas reconocido es un antibidtico producido por la
bacteria Streptomyces sp.: alosamidina, que es un inhibidor competitivo especifico de las

quitinasas [Hamid R. et al., 2013].

I1.1.2. Quitinasas de E. invadens

Para transitar entre los diferentes estadios de su ciclo de vida, E. histolytica depende
de dos procesos importantes de diferenciacion celular: enquistamiento 'y
desenquistamiento. A la fecha, no ha sido posible completar el ciclo en condiciones in vitro.
Afortunadamente, para este fin, se ha utilizado a Entamoeba invadens (causante de
amibiasis en reptiles) como modelo heterdlogo. El genoma de E. invadens codifica para
cuatro quitinasas: EiCHT1, EiCHT2, EiCHT3, y EiCHT4, las cuales se expresan de manera
diferencial durante su ciclo de vida, indicando que la actividad quitinolitica es una funcion
importante para la diferenciacion celular (enquistamiento <> desenquistamiento) [Mufioz

etal.,2016].
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I1.1.3. Quitinasa de E. histolytica

Contrariamente, E. histolytica codifica solo una quitinasa activa: EACHT1, la cual
exhibe una identidad cercana al 70% con respecto a las quitinasas de E. invadens. ExCHT1
ha sido identificada como una proteina especifica de la pared quistica, sugiriendo que juega
un papel clave en los procesos de enquistamiento y desenquistamiento amibiano [de la

Vega et al., 1997; Mufioz et al., 2016].

De manera interesante, se ha demostrado que alosamidina retrasa el enquistamiento
de E. invadens en cultivos axénicos [Hamid R. et al., 2013]. Con este antecedente, y debido
a la alta homologia entre las quitinasas amibianas, es factible suponer que la inhibicion de
EhCHTI1 puede arrestar el ciclo de vida de E. histolytica y, por lo tanto, detener la
infeccion. Sin embargo, para considerar a EACHT1 como diana terapéutica para el disefio
de nuevos agentes anti-amibianos, es esencial comprender sus propiedades bioquimicas
unicas y reconocer sus particularidades estructurales y funcionales como objetivos

estratégicos [Muioz ef al., 2016].

I1.2. La via de secrecion de proteinas

I1.2.1. Transporte y secrecion de proteinas

En células eucarioticas, la via de secrecion de proteinas estd conformada por el
reticulo endopldsmico (RE), el aparato de Golgi (AG), las vesiculas de transporte,
lisosomas, y membrana celular [Farhan y Rabouille, 2011]. Esta via es responsable del
transporte y entrega de proteinas desde el RE hasta su destino final, ya sea el medio
extracelular, la membrana plasmatica, o algiin compartimento endomembranoso [Farhan y

Rabouille, 2011; Muiiiz y Riezman, 2015].

En el RE, se llevan funciones altamente especializadas, como la sintesis y

plegamiento correcto de proteinas, y la sintesis de lipidos. Ademas, ese compartimento
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juega un papel importante en el mantenimiento de la homeostasis intracelular de calcio
[Chang et al., 2015]. Por su parte, el AG participa en las modificaciones post-
traduccionales de proteinas y en la clasificacion de moléculas de custodia (cargo), que seran
enviadas hacia sus respectivos destinos finales [Alvarez-Miranda et al., 2015; Machamer,
2015]. Por lo tanto, ambos compartimentos juegan un papel importante en la proteostasis

celular.

I1.2.2. Chaperonas y plegasas

La proteostasis celular se refiere a todos aquellos procesos celulares que mantienen
el equilibrio entre la sintesis, plegamiento, desplegamiento, y degradacion de proteinas.
Siendo las biomoléculas funcionalmente mas importantes, existen diversos factores que
afectan su estabilidad, por ejemplo, la secuencia de aminoacidos, el nivel de expresion, la
actividad especifica, las modificaciones post-traduccionales, y su asociacién con otras

biomoléculas [Mares et al., 2015; Muiioz et al., 2015].

Ante lo anterior, es necesario que la célula cuente con un mecanismo altamente
regulado que le permita mantener una homeostasis adecuada. Para tal fin, emplea una
maquinaria de control de calidad, participando en una red de proteostasis y protegiendo a
las proteinas de la siguiente manera: (i) evitando la adopcién de un amplio margen de
conformaciones estructurales, especialmente en un ambiente tan conglomerado como el
intracelular, (i1) actuando como puntos de verificacion de plegamiento, y (iii) regulando su
sintesis, recambio, y trafico intracelular. De manera importante, un desequilibrio en la
proteostasis puede conducir a la acumulacion de polipéptidos mal plegados, o desplegados,
promoviendo la formacion de agregados, resultando en proteotoxicidad y estrés, por

ultimo, muerte celular [Mares et al., 2015; Muinoz et al., 2015; Radwan et al., 2017].

Las chaperonas y plegasas son proteinas que responden a condiciones de estrés,
asistiendo el plegamiento y replegamiento de polipéptidos. Debido a la importancia de su
funcion, se encuentran conservadas a lo largo de la escala evolutiva, desde células

procariotas hasta organismos eucariotas superiores [Mufioz et al., 2015]. La interaccion
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transitoria con polipéptidos no plegados o mal plegados evita la agregacion proteica en
diferentes compartimentos sub-celulares, tales como RE, mitocondria, nucleo, y citoplasma

[Vega et al., 2016].

BiP (Hsp70). Las chaperonas mas destacas corresponden a la familia de proteinas
de choque térmico (Hsp, Heat shock protein), clasificadas por su talla molecular en: 100,
90, 70, 60, 40, y 27). Cada clase de Hsp presenta funciones especializadas, pero no
separadas, ya que actuan en conjunto en los mecanismos de respuesta al estrés térmico,
potenciando la renaturalizacién proteica, restaurando la proteostasis, y promoviendo la
sobrevivencia de la célula [Lackie et al., 2017]. La chaperona BiP (Immunoglobulin
binding protein) es una Hsp70 que participa en el plegamiento asistido en el RE, uniéndose
a sustratos y estabilizando el estado no plegado de los mismos. Su funcion depende de
ciclos de hidrolisis del ATP, propiciando la unién y liberacion del sustrato hasta obtener la
estructura nativa [Ramirez et al., 2017]. Ademads, participa en la translocacion de
polipéptidos nacientes hacia el RE, dirige a las proteinas no plegadas correctamente hacia
un proceso de degradacion especializado (ERAD, ER-associated degradation), y regula la
homeostasis de calcio. De manera importante, BiP participa como co-sensor del estrés del
RE [Wang et al., 2009]. La acumulacion de proteinas no plegadas conduce a un estrés en
el RE, promoviendo la activacion de la via UPR (Unfolded protein response). Esta
activacion es iniciada por tres proteinas transmembranales que actian como sensores: IRE1
(Inositol requiring enzyme 1), PERK (PKR-like ER kinase), y ATF6 (Activating
transcription factor 6). En condiciones fisioldgicas estables, los tres sensores se encuentran
inactivos mediante la interaccion de sus dominios luminales con BiP. Alternativamente, en
condiciones de estrés en el RE (especificamente, por acumulacion de proteinas no
plegadas), BiP se disocia, lo cual favorece la activacion de las vias de respuesta mediadas
por los sensores (IRE1, PERK, y ATF6). El objetivo de UPR es reestablecer la homeostasis
del RE, en caso contrario, promoverd la muerte celular [Wang et al., 2009; Oslowski y

Urano, 2011].

Calnexina y calreticulina. Son lectinas que actuan como chaperonas durante el

plegamiento de glicoproteinas, formando parte de la maquinaria de control de calidad,
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evitando que proteinas mal plegadas abandonen el RE [Wang et al., 2017]. En este
compartimento, después de la N-glicosilacion, las glucosidasas I y II remueven dos
residuos de glucosa, generando una glicoproteina mono-glucosilada. En ese momento,
calnexina y calreticulina interactiian con la glicoproteina para favorecer la adopcion de la
estructura conformacional nativa. De manera casi inmediata, la plegasa ERp57 (tiol
oxidasa) se une al complejo lectina-glicoproteina y cataliza la formacion de los enlaces
disulfuro requeridos en la glicoproteina (para estabilizar su estructura). Posteriormente, la
glucosidasa II remueve el Gltimo residuo de glucosa, propiciando la desagregacion del
complejo y liberacion de la glicoproteina [Ellgaard y Helenius 2003; Wang et al., 2017].
Si la glicoproteina adquiri6 su estructura nativa, puede abandonar el RE. En caso contrario,
sera mono-glucosilada nuevamente, por accidon de una glucosiltransferasa, interaccionara
con las lectinas y serd sometida a rondas de plegamiento asistido. Sin embargo, si la
glicoproteina presenta continuamente un plegamiento incorrecto, sera reconocida como
sustrato para la a-manosidasa I, que remueve un residuo de manosa, y se promovera su
degradacion via EDEM (ER degradation-enhancing 1,2-mannosidase-like protein) y
ERAD [Ellgaard y Helenius 2003; Roth y Zuber 2017].

Peptidil-prolil cis-trans isomerasa (PPlasa). Esta plegasa pertenece a una
superfamilia de enzimas ubicuas que catalizan la isomerizacion cis-trans de residuos de
prolina presentes en polipéptidos en proceso de plegamiento [Dunyak y Gestwicki, 2016].
El mecanismo de isomerizacion ain no estd completamente elucidado; sin embargo, a
diferencia de otras chaperonas o plegasas, las enzimas PPlasa no hidrolizan ATP. Ademas,
su catalisis no involucra la ruptura o formacién de ningun tipo de enlace, realiza una
rotacion alrededor del enlace peptidil-prolil, favoreciendo asi una conformacion adecuada

para el plegamiento correcto [Quistgaard et al., 2016].

Proteina disulfuro isomerasa (PDI). En mamiferos, esta plegasa pertenece a una
gran familia de 21 integrantes. Se localiza principalmente el RE, aunque puede fugarse
hacia otros compartimentos de la via de secrecion, incluyendo la membrana citoplasmatica

y el espacio extracelular. Como plegasa, cataliza la reduccion, oxidacion, e isomerizacion
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de enlaces disulfuro; ademas, exhibe funciones como chaperona, asistiendo el plegamiento

oxidativo de proteinas [Mares et al/, 2015; Bekendam et al., 2016].

I1.2.3. Participacion de PDI en el plegamiento de proteinas

Principalmente en el RE, las plegasas PDI participan asistiendo el plegamiento
oxidativo y el control de calidad de polipéptidos nacientes. Sin embargo, aunque no se ha
determinado claramente como escapan de ese compartimento, también han sido localizadas
en la membrana citoplasmatica de células de mamiferos, tales como linfocitos, plaquetas,
células endoteliales, hepatocitos, y en una amplia diversidad de células cancerosas. De
manera interesante, la PDI de membrana exhibe actividad reductasa sobre proteinas de
superficie celular, aumentando la adhesion celular [Pan et al., 2014; Bekendam et al.,

2016].

Las plegasas PDI son proteinas multifuncionales que varian en longitud y arreglo
de dominios. Sin embargo, como caracteristica estructural en comun poseen al menos un
dominio funcional parecido a la tiorredoxina (77x) bacteriana, el cual exhibe la estructura
secundaria tipica BapoBapfa, y contiene el motivo catalitico CXXC [Kozlov et al., 2010].
La PDI de mamifero, también conocida como PDIA1/P4HB, es la plegasa mas estudiada;
por lo tanto, es considerada como candnica. Tipicamente, presenta la secuencia de
dominios a-b-b’-x-a’, donde a y a” son dominios Trx funcionales, ambos conteniendo
CGHC como motivo catalitico; en tanto, b y b" son dominios 77x no funcionales. De
manera interesante, ambos dominios b son ricos en residuos hidrofobicos, siendo
importantes para la union al sustrato y la actividad chaperona de PDI. Ademads, b" y a” se
encuentran unidos por un péptido flexible de 19 aminoécidos (llamado conector x). La
estructura cristalografica desplegdé un arreglo tridimensional parecido a una herradura,
donde a y a” conforman los brazos, uno frente al otro, en tanto b y b " la hendidura. Ademas,
posee una secuencia sefal en el N- terminal y el tetra-péptido KDEL en el C-terminal, que
participan en su localizacidn y retencion en el RE, respectivamente [Kozlov et al., 2010;

Mares et al., 2015].
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Durante las primeras etapas de la sintesis de una proteina, pueden formarse enlaces
disulfuro no nativos que impiden su plegamiento correcto. En este caso, PDI en su estado
reducido ataca al enlace disulfuro incorrecto en la proteina-sustrato, iniciando un rearreglo
de tal enlace, el cual puede ocurrir mediante dos vias: (i) un rearreglo intramolecular, o (ii)
un ciclo de reduccion-oxidacion (Figura 4). En la primera via (también denominada ciclo
de isomerizacion), la proteina-sustrato juega un papel importante, ya que una vez que PDI
ataco al enlace incorrecto, un residuo de cisteina de la proteina-sustrato ataca y desplaza a
la PDI del complejo PDI-sustrato, favoreciendo el rearreglo sus enlaces disulfuro y
liberando a PDI en su forma reducida. En la segunda via, el residuo de cisteina libre,
presente en el sitio catalitico involucrado en el ataque inicial, ataca y desplaza a la proteina-
sustrato del complejo PDI-sustrato, liberando a la proteina-sustrato en su forma reducida y
dejando a la PDI en su estado oxidado. Enseguida, otra PDI en su estado oxidado catalizara
la formacion del enlace disulfuro en la proteina-sustrato liberada [Wilkinson y Gilbert,

2004].
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Figura 3. Mecanismo de la isomerizacién de enlaces disulfuro catalizada por PDI.

Tomado de Wilkinson y Gilbert (2004). El texto permanece en el idioma original de la
referencia.
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I1.2.4. La proteina PDI implicada en diversas patologias

Tipicamente, un desequilibrio en la proteostasis conduce a la acumulacion de
proteinas mal plegadas en el RE, produciendo un estado de estrés y activando el mecanismo
de UPR. En caso de incompetencia celular para reestablecer el equilibrio, el sistema
bioldgico promueve la muerte celular. En su caracter de plegasa multifuncional, la PDI
apoya al mantenimiento de la proteostasis celular, jugando un papel clave tanto en el

plegamiento como en la degradacion de proteinas [Parakh y Atkin, 2015].

Recientemente, se han reportado evidencias que involucran a la PDI en diversas
enfermedades en humanos. Por ejemplo, su sobre-expresion en algunos tipos de cancer
(prostata, ovario, y pulmon) y en algunas enfermedades neurodegenerativas (Alzheimer,
esclerosis lateral amiotréfica, y Creutzfeldt-Jakob). Por otro lado, su expresion en
superficie de plaquetas y células endoteliales ha sido involucrada en la formacién inicial
de trombos. Ademas, su expresion en membrana de linfocitos ha sido asociada al proceso
de entrada del VIH, promoviendo la internalizacion de la particula viral [Reiser et al., 2012,
Mares et al., 2015; Parakh y Atkin, 2015]. Por lo anterior, ha ganado interés como potencial

diana terapéutica [Mares et al., 2015].

I1.2.5. Via de secrecion de E. histolytica

En eucariotas, el sistema endomembranoso involucrado en la via de secrecion de
proteinas se encuentra conservado a lo largo de la escala evolutiva. De manera interesante,
se ha reportado que E. histolytica carece de un sistema endomembranoso tipico (RE y AG).
En un estudio reciente, se mostraron evidencias de la continuidad del RE amibiano
mediante co-localizacién de BiP y GFP (etiquetada con FLAG y KDEL) dentro de un
compartimento endomembranoso [Teixeira y Huston, 2008]. Ademas de BiP, otros
marcadores de la via de secrecidon amibiana han sido identificados: Sec61, PDI, ERD2,
calreticulina, NSF, COPI, COPII, SNAP, SNARE, Rab, y Vps [Perdomo et al., 2014]. Aun
mas, mediante un andlisis de protedmica celular, se detallé6 un mapa de los componentes

involucrados en el trafico vesicular, que incluye cerca de 1500 proteinas. De manera
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sorprendente, 67% de esos componentes corresponden a marcadores del RE y AG
[Perdomo et al., 2014]. Por lo tanto, aun careciendo de un sistema endomembranoso tipico,
E. histolytica posee una maquinaria molecular capaz de asistir el plegamiento, transporte,

y secrecion de proteinas.

II.3. Silenciamiento de EAPDI

11.3.1. Oxidorreductasa amibiana EAPDI

En células eucariotas, una gran cantidad de proteinas que transitan por la via de
secrecion poseen enlaces disulfuro que son esenciales para una estructura y funcion
adecuada. E. histolytica no es la excepcion, pues una amplia diversidad de proteinas,
incluyendo factores de virulencia, contienen enlaces disulfuro que estabilizan su estructura
terciaria. En comparacidn con otros organismos, poco se conoce acerca de la maquinaria
que cataliza el plegamiento oxidativo de proteinas amibianas; inclusive, el primer gen
amibiano codificante para una PDI funcionalmente activa, denominada EAPDI, fue

reportado a principios de este siglo [Ramos y Alagon, 2000].

Actualmente, se conoce que el genoma de E. histolytica codifica para una familia
de once proteinas PDI [Ramos ef al., 2008]; de las cuales, la proteina EAPDI ha sido
estudiada y caracterizada ampliamente: es un polipéptido de 337 residuos, posee una
secuencia sefial N-terminal de 15 residuos, contiene dos dominios 77x funcionales (a: 16-
120; a”: 131-235), ambos con el motivo catalitico CGHC vy el patron de plegamiento
BapapapPa, y un dominio D, que pudiera estar implicado en un mecanismo evolutivamente
divergente para la retencion en el RE, tal como se reportd para su proteina homologa en

Dictyostelium discoideum (DdPDI) [Ramos et al 2005; Ramos ef al., 2008].

Ademas de las caracteristicas estructurales, EAPDI exhibe las actividades de una
PDI tipica: oxidasa, reductasa, e isomerasa. Una de las primeras evidencias fue la

complementacion funcional de la actividad oxidasa de la proteina DsbA de E. coli,
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utilizando el periplasma bacteriano de una mutante AdsbA como plataforma celular para
reestablecer la actividad catalitica de una fosfatasa alcalina dependiente de DsbA (como
fenotipo cuantitativo) [Ramos et al., 2005; Mares et al., 2009]. Por otro lado, mediante
estudios in-vitro, se demostrd que posee las tres actividades tipicas de una oxidorreductasa
funcional: oxidasa, isomerasa, y reductasa, ya que fue capaz de catalizar eficientemente la
oxidacion e isomerizacion de lisozima y la reduccion de insulina [Mares et al., 2009;
Ramos et al., 2011]. De manera sorprendente, también se observoé que funciona como
chaperona, lo cual fue demostrado mediante ensayos in-vitro de: (i) prevencion de la
agregacion de la cadena B de insulina (inducida por DTT), y (ii) proteccién contra la
inactivacion térmica de enzimas termosensibles (a-glucosidasa y Ndel) [Ramos et al.,

2011; Mares et al., 2015].

Como puede notarse, la funcion de EAPDI en su ambiente fisioldgico no ha sido
evaluada. Desafortunadamente, las caracteristicas genéticas del parasito imposibilitan la
utilizacion de técnicas tipicas para la generacion de mutantes, como recombinacion
homologa. Por tal motivo, se han empleado diferentes técnicas de silenciamiento génico,
donde figura la activacion del mecanismo de ARN interferente (ARNi), como sistemas
genéticos para el estudio de la funcion fisioldgica de proteinas en E. histolytica [Solis et

al., 2009].

I1.3.2. Mecanismo de ARNi en Caenorhabditis elegans

ARNi es un mecanismo que emplean las células de manera natural para reducir la
expresion de genes especificos. Este mecanismo fue descrito por Andrew Fire y Craig
Mello, en 1998, utilizando al nematodo C. elegans como modelo. Ellos determinaron que
la introduccion de ARN de doble cadena (ARNdc) producia la degradacion del ARNm
complementario al ARNdc. Una vez en el citosol, el ARNdc es reconocido e hidrolizado
por Dicer, una enzima con actividad RNasa III, generando pequefios ARNi (de 20 a 25 nt
de longitud), los cuales poseen 2 nt de cadena sencilla en el extremo 3" y un grupo
monofosfato en el extremo 5. Los pequefios ARNi son cargados en un complejo

denominado RISC (complejo de silenciamiento por ARN de interferencia), donde la
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proteina Ago (Argonauta) reconoce e hidroliza a la hebra pasajera (no complementaria),
mientras que la hebra de guia (complementaria) funcionara como sonda para el
silenciamiento, ya que hibrida con el ARNm y promueve su degradacion (via Ago) [Zhang

etal.,2011; Hoh, 2014].

I1.3.3. ARNi en E. histolytica

Durante los ultimos afios, de manera alternativa a los procedimientos de genética
clasica, se han utilizado diferentes técnicas para evaluar la funciéon génica mediante
silenciamiento génico (via ARNi) [Bracha et al., 2003; Vayssi€a et al., 2004; MacFarlane
y Singh, 2007]. EI mecanismo ARNi en E. histolytica atin no ha sido dilucidado. Sin
embargo, ya se han identificado genes amibianos que codifican para proteinas homodlogas.
Por ejemplo, se han identificado tres genes Ago (EHI 125650, EHI 186850, y
EHI 177170) que contienen los dominios PAZ y PIWI. Es interesante que, Ago2-2
(EHI 125650) presenta elevada expresion y ha demostrado capacidad de asociacidon con
moléculas de ARN pequenas (27 nt), sugiriendo su participacion en el mecanismo ARNi
amibiano. También se ha reportado un gen RdRP (EHI 139420), que codifica para una
ARN polimerasa dependiente de ARN. En C. elegans, la proteina RdRP se asocia con
secuencias de ARN pequenas que poseen un extremo 5’-polifosfato e induce el
silenciamiento génico de ARNm que contienen secuencias complementarias. Finalmente,
aunque no se ha identificado un homdélogo amibiano parecido a Dicer, contiene un gen que
codifica para una RNasa III activa, la cual ha mostrado funcionalidad en el mecanismo de
ARNi mediante experimentos de silenciamiento génico en la levadura S. cerevisiae [Zhang

etal., 2011; Pompey et al., 2015].

A la luz de lo anterior, es factible presumir que E. histolytica posee un mecanismo
parecido a ARNi (el cual puede ser inducido por una molécula de ARNdc) que permite tanto
el silenciamiento de EAPDI como la evaluacion de su funcién en el estadio de trofozoito
del parésito. Alin més, es posible suponer que el silenciamiento de un gen codificante para

una proteina clave del proceso de plegamiento, tal como EAPDI, puede resultar en la
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pérdida de la funcién de proteinas importantes para la biologia celular y de diversos

factores de virulencia indispensables para su estilo de vida parasitico.
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III. RESULTADOS Y DISCUSIONES

III.1. Papel de EACHT1 y EAPDI en la biologia de Entamoeba histolytica

Las proteinas pueden realizar su funcion de forma apropiada en virtud de poseer
una estructura tridimensional correcta; es decir, una conformaciéon nativa. Estas
biomoléculas pueden adoptar diferentes conformaciones estructurales dependiendo de las
condiciones prevalentes en el medio que las rodea (por ejemplo, pH, fuerza idnica, o
temperatura); sin embargo, cada proteina demanda condiciones medioambientales

especificas que favorecen su estructura nativa [England y Haran, 2011].

La quitinasa amibiana (EACHT1) juega un papel importante en el ciclo de vida del
parasito, siendo clave en los procesos de diferenciacion celular: enquistamiento y
desenquistamiento. A pesar de su relevancia fisiologica, el conocimiento de su relacion
estructura-funcion era limitado. En consecuencia, se propuso realizar un estudio con
enfoques bioquimicos y biofisicos para establecer el efecto del pH, la temperatura, y la
concentracion de cloruro de guanidinio (como desnaturalizante quimico) sobre la actividad

y la estabilidad de la enzima recombinante.

Inicialmente, la enzima recombinante (rEACHT1) fue obtenida en su forma pura y
activa (1574 + 22 UF min"! mg!) mediante protocolos estandar de expresion heteréloga en

el periplasma de E. coli y purificacion bioquimica a partir de extractos bacterianos.

Tal como se esperaba (por su correspondencia a una hidrolasa acida), rEACHT1
exhibid una actividad catalitica mayor al 50% en el intervalo de pH = 3.2 - 6.3, con un
valor 6ptimo estimado a 4.7. Ademas, conservo su estabilidad estructural (mayor a 90%)
en el intervalo de pH = 5.0 - 8.5. No obstante, mostré inhibicion e inestabilidad enzimética
a pH extremos (menores a 3 y mayores a 10), lo que sugiere: (i) alteracion en la carga neta
de la proteina, via protonacidon/desprotonacion de residuos, (i1) desnaturalizacion de la

estructura terciaria y, por ende, (iii) pérdida de la funcion.
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De manera sorprendente, rEACHT1 mostrd actividad catalitica en un amplio
intervalo de temperatura, presentando actividad enzimatica mayor a 50% en el intervalo de
T =40 - 60 °C y una temperatura Optima a 50 °C. También mostro absoluta
termoestabilidad a valores de T < 37 °C; sin embargo, cuando ese umbral es rebasado con
valores crecientes de temperatura, la actividad catalitica decae proporcionalmente
(indicativo del proceso de desnaturalizacion proteica), observandose una pérdida total de
la funciéon a valores de T > 50 °C. Adicionalmente, los analisis termodinamicos
(considerando una cinética de inactivacion de primer orden) revelaron que la enzima exhibe
un tiempo de vida media de 73 horas a 37 °C (temperatura corporal del hospedero), el cual

aumenta hasta 3 afos a 25 °C (temperatura media fuera del hospedero).

Resulta interesante que la rEACHT1 mostro una notoria sensibilidad al cloruro de
guanidinio (GuCl; agente desnaturalizante quimico), observandose reducciones del 50%
en su actividad catalitica y en su estabilidad proteica a concentraciones de cloruro de
guanidinio de 0.88 y 0.50 M, respectivamente. Mas atn, el valor estimado de energia libre
(22.5 £1.8 kJ mol™! M) sugiere una dependencia de la estabilidad de la proteina con la
concentracion de GuCl. Por lo tanto, es evidente que la presencia del agente
desnaturalizante perturba la estructura terciaria de la proteina y, por ende, el sitio catalitico,

inhibiendo la funcién.

Hasta este punto, los resultados obtenidos destacan la capacidad de EACHT1 para
tolerar cambios rudos y subitos de las condiciones medioambientales: pH y temperatura,
prevalentes dentro y fuera del hospedero. Independiente a las implicaciones fisiologicas
que representan para el estilo de vida de E. histolytica, la resistencia a un amplio intervalo
de pH y su evidente termoestabilidad son caracteristicas bioquimicas apreciables para fines
biotecnoldgicos. Por otro lado, la desestabilizacion conformacional inducida por GuCl
supone una debilidad estructural que conduce a una pérdida de la funcion. Ademas, es
posible inferir que estos factores también pueden afectar procesos celulares esenciales,
tales como plegamiento, desnaturalizacion, degradacion, modificacion, o procesamiento de

proteinas [Deller et al., 2016].
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Como caracteristica bioquimica importante para su estructura terciara, diversas
proteinas contienen enlaces disulfuro que estabilizan su conformacién nativa y que, a su
vez, son esenciales para su actividad funcional [Zhang et al., 2011]. Las quitinasas
contienen un dominio de unién a quitina (denominado CBD) estabilizado por 3-4 enlaces
disulfuro [Hamid et al., 2013]. ExCHT1 no es excepcion, pues posee 8 residuos de cisteina
en su CBD altamente conservados y presumiblemente involucrados en la formacion de 4
enlaces disulfuro. Por otro lado, la prediccion tridimensional de su dominio catalitico
muestra un plegamiento tipico, similar al observado en dominios funcionales: un barril
a1y

(alfa/beta)s tipo TIM; ademas, aparentemente, dos residuos de cisteina (Cys'®” y Cys

forman un enlace disulfuro.

En un estudio paralelo, la dependencia de EACHT1 a un plegamiento oxidativo
correcto fue examinada mediante ensayos de expresion funcional in-vivo, usando el
periplasma bacteriano como un sistema heter6logo. Los resultados demostraron que su
funcion catalitica depende tanto de un ambiente oxidante como de una plegasa con
actividad disulfuro oxidasa. Congruente con lo esperado, esta observacion confirma que

cuando menos un enlace disulfuro es esencial para su estabilidad y funcion.

Mas aun, los ensayos de complementacion funcional revelaron que la plegasa
EhPDI es capaz de asistir el plegamiento oxidativo de EACHT1, demostrando, por primera
vez, que presenta actividad catalitica (oxidasa) sobre sustratos fisioldgicos. Por lo tanto, es
factible suponer que participa en la formacion de enlaces disulfuro de proteinas que
transitan por la via de secrecion amibiana. Diversos factores de virulencia poseen enlaces
disulfuro esenciales para su relacion estructura-funcion, tales como la lectina de unién a
Gal/NAcGal, las cisteina proteasas, y los amibaporos [Leippe et al., 1994; Jacobs et al.,
1998; Ankri et al., 1999].

A la luz de lo anterior, es plausible considerar que EAPDI participa en la formacion
de enlaces disulfuro durante el plegamiento de algunos factores de virulencia. Esta nocion
es apoyada por estudios realizados en diversos protozoarios, como Plasmodium,

Tripanosoma, Leishmania, Toxoplasma, y Giardia, donde se ha reportado una clara
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dependencia de los mecanismos que promueven un plegamiento eficiente y la actividad de
los factores de virulencia exportados [Mufoz et al., 2015]. Con este antecedente, es factible
suponer que la inhibicion de plegasas esenciales puede conducir a una reduccion o pérdida

de virulencia del parasito y, por ende, controlar la infeccion.

II1.2. Silenciamiento de EAPDI mediante ARN interferente

Aunque no se ha dilucidado completamente el mecanismo de ARN de interferencia
(ARNi) en E. histolytica, diversos genes amibianos han sido exitosamente silenciados
usando diferentes técnicas que dependen de la maquinaria necesaria para degradar ARNm.
A la fecha, entre las variantes tecnoldgicas que han comprobado su factibilidad
experimental se encuentran: silenciamiento por (i) ARNdc, (ii) ARNta, y (iii) ARNpi, entre
otros [Zhang et al., 2011; Khalil et al., 2016]. Mediante la expresion episomal de ARNdc
se han estudiado los genes EADiaphanous, EAKIpS, EAKIP2-4, y EASTIRP. De manera
similar, ARNta ha sido util para los genes EAPATMK, Ehlgl-1, EAURE-BP, EhC2A, y
EhCPADH. Por otro lado, usando la técnica de embebido en ARNpi o ARNdc se han
examinado los genes EAKERP1, Eh(y)-tubulina, y EAGIn6Pi. La alimentacion amibiana
con bacterias que expresan ARNdc, una estrategia poco explorada, ha sido implementada
para silenciar los genes EAKERP1 y EA(P)-tubulina [Zhang et al., 2011; Aguilar-Diaz et
al., 2013; Ocadiz-Ruiz et al., 2016].

Una técnica que estd captando la atencion es el mecanismo alterno de
silenciamiento génico basado en moléculas de tipo ARNp anti-sentido (ARNp-AS) [Morf et
al., 2013]. De manera endogena, E. histolytica expresa una amplia variedad de moléculas
de ARN de 27 nt (ARNp), los cuales poseen extremos 5 -polifosfato y son capaces de
asociarse con EhAgo2-2. Sorprendentemente, se observd que los niveles de expresion de
ARNp correlacionan inversamente con la expresion del ARNm para el cudl son
complementarios (p. €j., EHI 197520), sugiriendo su participacion en la regulacion de la
expresion génica. Mediante el andlisis de secuencias ARNp-AS dirigidas contra

EHI 197520, se observo que son complementarios a una pequefia porcion de la region
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codificante, que fue denominada “region activadora”. Aln mas, se demostré que un
segmento de tal region (132 pb) es suficiente para activar el mecanismo de silenciamiento
y que la fusién con cualquier gen diana es suficiente para inducirlo. Esta tecnologia fue
satisfactoriamente caracterizada usando a la luciferasa como gen reportero; ademas, fue
posible validarla utilizando los genes EAROM1 y EhMyb. También, mediante un estudio
de mejoramiento técnico, se demostrd que la fusion de un segmento corto de la region
codificante para el gen diana es suficiente para inducir el mecanismo celular [Khalil ez al.,
2016]. Ademas, se reporto que la técnica puede ser aplicada para silenciar dos genes (p. €j.,
EhROM1 y EhMyb), de manera concomitante, cuando se fusionan con la region

activadora.

Para establecer el papel funcional de E4PDI en la fisiologia de E. histolytica, como
primera estrategia experimental se propuso el silenciamiento génico, via activacion del
mecanismo de ARNi, usando la técnica de alimentacién con bacterias que expresen una
molécula de ARNdc gen-especifica. Este método ofrece la ventaja de ser rdpido y, ademas,
con potencial para regular la expresion de genes amibianos [Solis et al., 2009].
Originalmente, la propuesta experimental fue planteada en cuatro etapas, descritas a
continuacion:

(1) Construccién de tres vectores bacterianos para la expresion de moléculas de ARNdc:
dos dirigidos contra el gen EAPDI (especificos para las secuencias 5’-promotora y
codificante para el péptido maduro) y uno contra la secuencia codificante para GFP
(control negativo).

(2) Transfeccion bacteriana, induccion y expresion de las moléculas ARNdc: La cepa E.
coli HT115 (DE3), carente de la actividad RNAsa III (para evitar la degradacion del
ARNdc) y portadora de los vectores de expresion de las moléculas de ARNdc, se cultiva
e induce en condiciones estandar de expresion.

(3) Alimentacion de trofozoitos amibianos con bacterias que expresan ARNdc: las bacterias
se suplementan a un cultivo amibiano en crecimiento exponencial, a una proporcion de
10* bacterias por trofozoito, y la alimentacion procede durante 48 h en condiciones

tipicas de cultivo.
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(4) Evaluacion del fenotipo molecular y celular resultante del silenciamiento génico de
EWPDI: el fenotipo molecular es analizado mediante ensayos de RT-qPCR e
inmunoreconocimiento; en tanto, el fenotipo celular es determinado mediante ensayos
de evaluacion de capacidades (secretora y endocitica), asi como el efecto citopatico

sobre un monocapa epitelial.

Actualmente, la propuesta se encuentra en estado pausado, habiéndose completado
satisfactoriamente las dos primeras etapas. Los plasmidos pL5 'ProEAPDI (que contiene
una secuencia de 356 pb correspondiente al extremo 5" y region promotora de EAPDI),
pLPMEAPDI (que contiene la secuencia codificante para el péptido maduro de EAPDI), y
pLGFP (que contiene la secuencia codificante para GFP), fueron obtenidos mediante
clonacién molecular, usando pladsmido pLitmus28i (New England Biolabs) como parental.
Las diferentes moléculas de ARNdc fueron expresadas e inducidas adecuadamente en
células de E. coli HT115 (DE3), portadoras de los respectivos plasmidos, siguiendo el

protocolo recomendado por el proveedor.

De manera preliminar, la tercera y cuarte etapa han sido exploradas, observandose
resultados prometedores, pero no concluyentes. Especificamente, se ha logrado normalizar
el ensayo de alimentacion y estandarizar el protocolo de evaluacion del fenotipo molecular.
Sin embargo, ain quedan pendientes los andlisis de repetibilidad y reproducibilidad

experimental.

En apariencia, esta propuesta es viable para determinar la participacion de EAPDI
en la virulencia de E. histolytica; y por lo tanto, comprobar su potencial como posible diana
terapéutica para el disefio racional de nuevos farmacos anti-amibianos, dirigidos para
controlar y detener la infeccion parasitaria en humanos. En caso contrario, se ha
considerado cumplir la meta usando alguna de las tres estrategias metodologicas siguientes:
(1) cultivo embebido con ARNdc obtenido de bacterias, (2) cultivo embebido con ARNpi
sintético, y (3) expresion episomal de ARNp-AS.
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III.3. Via de secrecion de proteinas y la maquinaria del plegamiento como diana

terapéutica

En cualquier célula, la maquinaria de plegamiento de proteinas es un componente
indispensable para asegurar su supervivencia, ya que la fisiologia celular depende de la
funcién eficiente de miles de proteinas que realizan una amplia variedad de procesos

biologicos complejos.

De manera similar, los protozoarios parasiticos cuentan con un mecanismo que
promueve el plegamiento correcto de sus proteinas; especialmente, para aquellas que
participan en procesos esenciales, como adquisicion de nutrientes, liberacion de factores
de virulencia, adquisicion de resistencia a farmacos, y evasion del sistema inmune de su
hospedero, entre otros. Ademas, durante las diferentes etapas de su ciclo biolédgico, p. €j.,
infeccion e invasion del hospedero, estos se exponen a condiciones medioambientales
adversas, como cambios bruscos de temperatura y de pH, que pueden afectar la estabilidad
proteica. Por lo tanto, ;como responder a condiciones de estrés y lograr completar su ciclo
biolégico? Especificamente, una maquinaria molecular, compuesta por chaperonas y

plegasas, asiste a las proteinas para resistir las condiciones medioambientales adversas.

Ante esto, es factible proponer a componentes clave de la maquinaria de
plegamiento de proteinas como dianas terapéuticas para el desarrollo de nuevos farmacos
anti-parasitarios. Actualmente, la proteina Hsp90 de diversos parasitos ha sido utilizada
como diana para el disefio de moléculas inhibidoras; sin embargo, la aplicacion clinica de

tales moléculas es incierta, ya que presentan una elevada toxicidad para el hospedero.

Por su parte, E. histolytica también posee componentes clave en la maquinaria de
plegamiento proteinas, incluyendo una familia PDI. De manera interesante, EAPDI se
expresa de manera activa en el trofozoito, sugiriendo que su participacion es clave en ese
estadio del ciclo biologico. Ademas, asiste el plegamiento oxidativo de otros factores
esenciales para la diferenciacion celular, p. €j., la quitinasa (EACHT1). Por tales motivos,

es posible suponer que EAPDI representa un blanco potencial para el disefio de nuevos
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agentes anti-amibianos. Sin embargo, para corroborar la nocidén anterior, es necesario

demostrar su papel funcional en la fisiologia amibiana.
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IV.  CONCLUSIONES

La quitinasa amibiana (EACHTI1) es estable en un amplio intervalo de pH y
temperatura; sin embargo, su estructura funcionalmente activa se desestabiliza a moderadas
concentraciones de cloruro de guanidinio (un agente desnaturalizante quimico). Ademas,
como su estructura terciaria posee enlaces disulfuro importantes para su actividad, depende
de un plegamiento oxidativo correcto, el cual puede ser asistido por una oxidorreductasa
amibiana (EAPDI). Asimismo, como las quitinasas de E. invadens, un modelo heter6logo,
juegan un papel importante en los procesos de diferenciacion celular
(enquistamiento/desenquistamiento), es factible suponer que la enzima EACHT1 representa
un blanco potencial para disefio de farmacos dirigidos a detener el ciclo bioldgico de E.

histolytica y, por ende, controlar la infeccion.

Actualmente, las opciones terapéuticas para el tratamiento de la amibiasis son
limitadas; por tal razén, es necesario identificar proteinas esenciales que puedan ser
utilizadas como blancos potenciales para el disefio de nuevos agentes terapéuticos. Los
componentes de la maquinaria molecular (chaperonas y plegasas) que asiste al plegamiento
de proteinas juegan papeles clave en diversos procesos celulares, incluyendo la capacidad
de resistir condiciones medioambientales estresantes. Aunque EAPDI ha mostrado
actividad, tanto in-vitro como in-vivo (en modelos heterdlogos), es imperativo realizar un
analisis funcional en su ambiente fisiologico nativo. Para este fin, se propuso una estrategia
metodoldgica de silenciamiento génico, basado en la activacion del mecanismo de ARNi,
mediante la técnica de alimentacion amibiana con bacterias que expresan moléculas de

ARNdc especificas.

El método de silenciamiento génico seleccionado es rapido y ha demostrado su
potencial en el control de la expresion de genes amibianos. Sin embargo, los incidentes
metodoldgicos que se presentaron durante el desarrollo experimental suponen la presencia

de conflictos técnicos no sospechados, los cuales se asocian a la naturaleza del modelo.
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Ante esto, ya se han identificado variantes metodologicas que aseguran una evaluacion

inequivoca el papel funcional de EAPDI en la fisiologia de E, histolytica.

40



V. REFERENCIAS

Aguilar-Diaz H, Laclette JP, Carrero JC (2013).
Silencing of Entamoeba histolytica glucosamine 6-
phosphate isomerase by RNA interference inhibits
the formation of cyst-like structures. BioMed
Research International, 2013: 758341.

Akbar MA, Chatterjee NS, Sen P et al. (2004). Genes
induced by a high-oxygen environment in
Entamoeba histolytica. Molecular and Biochemical
Parasitology, 133(2): 187-96.

Alvarez-Miranda EA, Markus S, Hesso F (2015).
Alteration of Golgi structure by stress: a link to
neurodegeneration? Frontiers in Neuroscience,
9(435).

Andréd J, Herbst R, Leippe M (2003). Amoebapores,
archaic effector peptides of protozoan origin, are
discharged into phagosomes and kill bacteria by
permeabilizing their membranes. Developmental &
Comparative Immunology, 27(4): 291-304.

Ankri S, Padilla-Vaca F, Stolarsky T et al. (1999).
Antisense inhibition of expression of the light subunit
(35 kDa) of the Gal/GalNac lectin complex inhibits
Entamoeba  histolytica  virulence.  Molecular
Microbiology, 33(2): 327-37.

Araujo J, Garcia ME, Diaz-Suarez O et al. (2008).
Amibiasis: Importancia de su diagnodsitco y
tratamiento. Investigacion Clinica; 49(2): 265-271.

Barroso L, Abhyankar M, Noor Z et al. (2014).
Expression, purification, and evaluation of
recombinant LecA as a candidate for an amebic colitis
vaccine. Vaccine, 32(10): 1218-1224.

Bekendam RH, Bendapudi PK, Lin L et al. (2016). A
substrate-driven allosteric switch that enhances PDI
catalytic activity. Nature Communications, 7: 12579.

Bracha R, Nuchamowitz Y, Mirelman D (2003).
Transcriptional silencing of an amoebapore gene in
Entamoeba histolytica: molecular analysis and effect
on pathogenicity. Eukaryotic Cell, 2(2): 295-305.

Chang YC, Hee SW, Hsieh ML et al. (2015). The Role
of Organelle Stresses in Diabetes Mellitus and
Obesity: Implication for Treatment. Analytical cellular
pathology (Amsterdam): 972891.

De la Vega H, Specht CA, Semino CE et al. (1997).
Molecular and Biochemical Parasitology, 85: 139-
147.

Deller MC, Kong L, Rupp B (2016). Protein stability: a
crystallographer’s perspective. Acta
Crystallographica. Section F, Structural Biology
Communications, 72(Pt2): 72-95.

Dunyak BM, Gestwicki JE (2016). Peptidyl-Proline
Isomerases (PPlases): targets for natural products and
natural product-inspired compounds. Journal of
Medicinal Chemistry, 56(21): 9622-9644.

Ellgaard L, Helenius A (2003). Quality control in the
endoplasmic reticulum. Nature Reviews Molecular
Cell Biology, 4:181-191.

England JL, Haran G (2011). Role of solvation effects in
protein denaturation: from thermodynamics to single
molecules and back. Annual Review of Physical
Chemistry, 62: 257-277.

Farhan H, Rabouille C (2011). Signalling to and from the
secretory pathway. Journal of Cell Science, 124: 171-
180.

Hamid R, Khan MA, Ahmad M ez al. (2013). Chitinases:
An update. Journal of Pharmacy & Bioallied Sciences,
5(1): 21-29.

Hoh YK (2014). RNA interference: an instant update on
the mechanism, functions, and therapeutic
applications. The American Biology Teacher, 76 (6):
373-377.

Jacobs T, Bruchhaus I, Dandekar T et al. (1998).
Isolation and molecular characterization of a surface-
bound proteinase of Entamoeba histolytica. Molecular
Microbiology, 27(2): 269-76.

Kato K, Yahata K, Gopal-Dhoubhadel B et al. (2015).
Novel hemagglutinating, hemolytic and cytotoxic
activities of the intermediate subunit of Entamoeba
histolytica lectin. Scientific Reports, 5: 13901.

Khalil MI, Foda BM, Suresh S et al. (2016). Technical
advances in trigger-induced RNA interference gene
silencing in the parasite Entamoeba histolytica.
International Journal for Parasitology, 46(3):205-212.

Kozlov G, Maiittinen P, Thomas DY et al. (2010). A
structural overview of the PDI family of proteins. The
FEBS Journal, 277(19):3924-3936.

Lackie RE, Maciejewski A, Ostapchenko VG et al.
(2017). The Hsp70/Hsp90 chaperone machinery in
neurodegenerative diseases. Frontiers in
Neuroscience, 11: 254.

Lee YA, Saito-Nakano Y, Kim KA et al. (2015).
Modulation of endogenous Cysteine Protease Inhibitor
(ICP) 1 expression in Entamoeba histolytica affects
amoebic adhesion to extracellular matrix proteins.
Experimental Parasitology, 149: 7-15.

Leippe M, André J, Nickel R et al. (1994). Amoebapores,
a family of membranolytic peptides from cytoplasmic
granules of Entamoeba histolytica: isolation, primary
structure, and pore formation in bacterial cytoplasmic
membranes. Molecular Microbiology, 14(5): 895-904.

Lidell ME, Moncada DM, Chadee K er al. (2006).
Entamoeba histolytica cysteine protease cleave the
MUC2 mucin in its C-terminal domain and dissolve
the protective colonic mucus gel. PNAS 103(24):
9298-9303.

MacFarlane RC, Singh U (2007). Identification of an
Entamoeba histolytica Serine-, Threonine-, and
Isoleucine-Rich Protein with roles in adhesion and
cytotoxicity. Eukaryotic Cell, 6(11): 2139-2146.

Machamer CE. (2015). The Golgi complex in stress and
death. Frontiers in Neuroscience, 9:421.

Mares RE., Magafia PD., Meléndez-Lopez SG et al.
(2009) Oxidative folding and reductive activities of

41



EhPDI, a protein disulfide isomerase from Entamoeba
histolytica. Parasitology International, 58(3): 311-3.
Mares RE, Minchaca AZ, Muioz PLA et al. (2015).

PDIAI/P4HB as model of enzyme with molecular
chaperone function. In Wyatt J. (Ed), New Research
on Molecular Chaperones. (Primera edicion, pp. 1-

34). New York: Nova Publishers.

Mares RE, Minchaca AZ, Villagrana S et al. (2015).
Analysis of the isomerase and chaperone-Like
activities of an amebic PDI (EAPDI). BioMed
Research International: 286972.

Marie C, Petri WA Jr. (2014). Regulation of virulence of
Entamoeba  histolytica.  Annual  Review  of
Microbiology, 68:493-520.

Morf'L, Pearson RJ, Wang AS et al. (2013). Robust gene
silencing mediated by antisense small RNAs in the
pathogenic protist Entamoeba histolytica. Nucleic
Acids Research, 41(20): 9424-9437.

Muiiiz M, Riezman H (2015) Trafficking of
glycosylphosphatidyl inositol anchored proteins from
the endoplasmic reticulum to the cell surface. Journal
of Lipid Research, pii: jir.R062760. [Epub ahead of
print]

Muioz PLA, Minchaca AZ, Mares RE et al. (2016).
Activity, stability and folding analysis of the chitinase
from Entamoeba histolytica. Parasitology
International. 65 (1): 70-77.

Muiloz PLA, Minchaca AZ, Mares RE et al. (2015).
Protein  folding and molecular chaperones of
protozoa. In Wyatt J. (Ed), New Research on
Molecular Chaperones. (Primera edicion, pp. 35-55).
New York: Nova Publishers.

Ocadiz-Ruiz R, Fonseca W, Sinford AS et al. (2016).
The knockdown of each component of the cysteine
proteinase-adhesin complex of Entamoeba histolytica
(EhCPADH) affects the expression of the other
complex elements as well as the in vitro and in vivo
virulence. Parasitology, 143(1): 50-9.

Oslowski CM, Urano F (2011). Measuring ER stress and
the unfolded protein response using mammalian tissue
culture system. Methods in Enzymology, 490: 71-92.

Pan S, Chen HH, Correia C et al. (2014). Cell surface
Protein Disulfide Isomerase regulates natriuretic
peptide generation of  cyclic guanosine
monophosphate. PLoS ONE, 9(11): e112986.

Parakh S, Atkin JD (2015). Novel roles for Protein
Disulphide Isomerase in disease states: a double edged
sword? Frontiers in Cell and Developmental Biology,
3:30.

Perdomo D, Ait-Ammar N, Syan S ez al. (2014). Data set
for the proteomics analysis of the endomembrane
system from the unicellular Entamoeba histolytica.
Data in Brief, 1: 29-36.

Perdomo D, Baron B, Rojo-Dominguez A et al. (2013).
The a-helical regions of KERP1 are important in
Entamoeba histolytica adherence to human cells.
Scientific Reports, 3:1171.

Pompey JM, Foda B, Singh U (2015). A Single RNaselll
Domain Protein from FEntamoeba histolytica has
dsRNA cleavage activity and can help mediate RNAi
Gene Silencing in a heterologous system. PLoS ONE,
10(7): e0133740.

Quistgaard EM, Weininger U, Ural-Blimke Y et al.
(2016). Molecular insights into substrate recognition
and catalytic mechanism of the chaperone and FKBP
peptidyl-prolyl isomerase SlyD. Biomed Central
Biology, 14: 82.

Radwan M, Wood RJ, Sui X et al. (2017). When
proteostasis goes bad: protein aggregation in the cell.
International Union of Biochemistry and Molecular
Biology Journal, 69(2):49-54.

Ralston KS, Petri WA (2011). The ways of a killer: how
does Entamoeba histolytica elicit host cell death?
Essays in Biochemistry, 51: 193-210.

Ralston KS, Petri WA (2011). Tissue destruction and
invasion by FEntamoeba histolytica. Trends in
Parasitology, 27(6): 254-263.

Ramirez MP, Rivera M, Quiroga-Roger D et al. (2017).
Single molecule force spectroscopy reveals the effect
of BiP chaperone on protein folding. Protein Science.
[Epub ahead of print]

Ramos MA, Alagéon A (2000). Molecular cloning of a
gene encoding a PDI-like protein from Entamoeba
histolytica. Archives of Medical Research, 31:S173-5.

Ramos MA, Mares RE, Magafia PD et al. (2008). In
silico identification of the Protein Disulfide Isomerase
family from a protozoan parasite. Journal of
Computational Biology and Chemistry, 32(1): 66-70.

Ramos MA, Mares RE, Magaiia PD et al. (2011).
Entamoeba histolytica: biochemical characterization
of a Protein Disulfide Isomerase. Experimental
Parasitology, 128(1): 76-81.

Ramos MA, Sanchez-Lopez R, Mares RE et al. (2005).
Identification of an Entamoeba histolytica gene
encoding a Protein Disulfide Isomerase that
functionally complements the dsbA mutation in
Escherichia coli. Molecular and Biochemical
Parasitology, 143(2): 236-40.

Reiser K, Frangois KO, Schols D, et al. (2012)
Thioredoxin-1 and Protein Disulfide Isomerase
catalyze the reduction of similar disulfides in HIV
gp120. The International Journal of Biochemistry and
Cell Biology, 44(3):556-562.

Roth J, Zuber C (2017). Quality control of glycoprotein
folding and ERAD: the role of N-glycan handling,
EDEMI1 and OS-9. Histochemistry and Cell Biology,
147(2): 269-284. [Epub ahead of print]

Ruiz-Sanchez A, Cruz-Camarillo R, Salcedo-Hernandez
R et al. (2005). Molecular cloning and purification of
an Endochitinase from Serratia marcescens (Nima).
Molecular Biotechnology, 31(2): 103-111.

Sanchez M, Mujica Y (2009). Panorama epidemiolégico
de la amebiasis intestinal en México 2003-2008.
Sistema Nacional de Vigilancia Epidemiologica de
Meéxico; 49(26).

Santi-Rocca J, Weber C, Guigon G et al. (2007). The
lysyne-and glutamic acid-rich protein KERP1 plays a
role in Entamoeba histolytica liver abscess
pathogenesis. Cellular Microbiology, 10(1): 202-217.

Seigneur M, Mounier J, Prevost MC et al. (2005). A
lysine-and glutamic acid-rich protein, KERP1, from
Entamoeba histolytica binds to human enterocytes.
Cellular Micriobiology, 7(4): 569-79.

42



Sen A, Chatterjee NS, Akbar MA et al. (2007). The 29-
Kilodalton  Thiol-Dependent  Peroxidase  of
Entamoeba histolytica is a factor involved in
pathogenesis and survival of the parasite during
oxidative stress. Eukaryotic Cell, 6(4): 664—673.

Solis CF, Santi-Rocca J, Perdomo D et al. (2009). Use of
bacterially expressed dsRNA to downregulate
Entamoeba histolytica gene expression. PLOS ONE,
4(12): e8424.

Teixeira JE, Huston CD (2008). Evidence of a
continuous endoplasmic reticulum in the protozoan
parasite Entamoeba histolytica. Eukaryotic Cell, 7(7):
1222-1226.

Vayssiéa L, Vargasb M, Webera C et al. (2004).
Doubled-stranded RNA  mediates homology-
dependant gene silencing of y-tubulin in the human
parasite Entamoeba histolytica. Molecular and
Biochemical Parasitology, 138(1): 21-28.

Vega H, Agellon LB, Michalak M. (2016). The rise of
proteostasis promoters. International Union of
Biochemistry and Molecular Biology Journal, 68(12):
943-954.

Wang B, Wang Y, Frabutt DA et al. (2017). Mechanistic
understanding of N-Glycosylation in ebola virus
glycoprotein maturation and function. Journal of
Biological Chemistry, pii: jbc.M116.768168. [Epub
ahead of print]

Wang M, Wey S, Zhang Y et al. (2009). Role of the
unfolded protein response regulator GRP78/BiP in
development, cancer, and neurological disorders.
Antioxidants & Redox Signaling, 11(9): 2307-2316.

Welter BH, Goldston AM, Temesvari LA (2011).
Localization to lipid rafts correlates with increased
function of the Gal/GalNAc lectin in the human
protozoan parasite, Entamoeba
histolytica. International Journal for
Parasitology, 41(13-14): 1409-1419.

Wilkinson B, Gilbert HF (2004). Protein Disulfide
Isomerase. Biochimica et Biophysica Acta (BBA) -
Proteins and Proteomics, 1699(1-2): 35-44.

Ximénez C, Moran P, Ramos F ef al. (2007). Amibiasis
intestinal: estado actual del conocimiento. Medicina
Interna Mexicana, 23(5): 398-407.

Ximénez C, Moran P, Rojas L et al. (2011). Novelties on
amoebiasis: a neglected tropical disease. Journal of
Global Infectious Diseases, 3(2): 166—174.

Zhang L, Chow CP, Moo-Young M (2011). Disulfide
bond formation and its impact on the biological
activity and stability of recombinant therapeutic
proteins produced by Escherichia coli expression
system. Biotechnology Advances, 29 (6): 923-929.

Zhang H, Pompey JM, Singh U (2011). RNA
interference in Entamoeba histolytica: implications for
parasite biology and gene silencing. Future
Microbiology, 6(1): 103-117.

43



VI. ANEXOS

VI.1. Articulo: Muiioz et al. ACTIVITY, STABILITY AND FOLDING ANALYSIS
OF THE CHITINASE FROM Entamoeba histolytica. Parasitology
International 2016; 65: 70-77

Resumen

La amibiasis en humanos, causada por el
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importantes: el enquistamiento y el desenquistamiento.
Figura 4. Resumen grafico.

De manera interesante, el quiste posee una pared de
Tomado de Mufoz et al. (2016). El texto

quitina que ayuda al pardsito a soportar condiciones permanece. en el idioma original de la
medioambientales adversas.

Debido a que la quitinasa amibiana ha sido reconocida como una molécula clave en
ambos procesos, enquistamiento y desenquistamiento, es factible considerar que la
inhibicion especifica de la enzima pudiera arrestar el ciclo de vida parasitario y, por tanto,
detener la infeccion. Sin embargo, para inhibir de manera especifica a EACHTI1 es
importante reconocer sus caracteristicas bioquimicas unicas, lo que nos proporcionara
herramientas para tener la habilidad de controlar su funcion celular. Por tanto, para
reconocer la relacion estructura-funcion de EACHT 1, realizamos una serie de experimentos
que nos permitieron examinar los efectos del pH, temperatura y de un agente
desnaturalizante, sobre la actividad y estabilidad enzimatica. Adicionalmente, la
dependencia del plegamiento oxidativo in-vivo fue estudiada utilizando un modelo
bacteriano. Nuestros resultados comprueban el potencial de EACHT1 como un blanco para
el disefio y desarrollo de nuevos o mejorados agentes terapéuticos anti-amibianos. Asi

mismo, el potencial de la oxidorreductasa EAPDI, involucrado en el plegamiento oxidativo

de proteinas amibianas, también fue confirmado.
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Human amebiasis, caused by the parasitic protozoan Entamoeba histolytica, remains as a significant public health
issue in developing countries. The life cycle of the parasite compromises two main stages, trophozoite and cyst,
linked by two major events: encystation and excystation. Interestingly, the cyst stage has a chitin wall that helps
the parasite to withstand harsh environmental conditions. Since the amebic chitinase, ERCHT1, has been recognized
as akey player in both encystation and excystation, it is plausible to consider that specific inhibition could arrest the
life cycle of the parasite and, thus, stop the infection. However, to selectively target ERCHT1 it is important to rec-

g“y:;:g; ognize its unique biochemical features to have the ability to control its cellular function. Hence, to gain further in-
Entamoeba histolytica sights into the structure—function relationship, we conducted an experimental approach to examine the effects of
Enzyme activity PpH, temperature, and denaturant concentration on the enzymatic activity and protein stability. Additionally, depen-
Protein stability dence on in vivo oxidative folding was further studied using a bacterial model. Our results attest the potential of
Oxidative folding ERCHT!1 as a target for the design and development of new or improved anti-amebic therapeutics. Likewise, the po-
tential of the oxidoreductase ERPDI, involved in oxidative folding of amebic proteins, was also confirmed.

© 2015 Elsevier Ireland Ltd. All rights reserved.

1. Introduction As ERCHT1 is highly similar to E. invadens homologs, and considering

Human amebiasis, the parasitic infection caused by the protozoan
Entamoeba histolytica, remains as a considerable public health issue in
developing countries [ 1]. The life cycle of E. histolytica includes two pri-
mary stages: trophozoite (invasive) and cyst (infectious). The tropho-
zoite is able to colonize the large bowel, causing intestinal damage.
While the cyst is resistant to adverse conditions outside the host and
is highly contagious, being responsible for dissemination of the disease
[2]. To cycle between stages, E. histolytica depends on two major pro-
cesses: encystation and excystation [3,4]. Interestingly, the cyst has a
chitin wall [5], which is thought help this cell stage to withstand
harsh environmental conditions [6].

E. histolytica encodes one active chitinase, EhCHT1 (GenBank
U78319), that has been expressed as recombinant enzyme [7] and been
identified as a cyst wall-specific protein [8]. Since completion of the life
cycle of E. histolytica has not been possible in vitro, Entamoeba invadens
(the reptilian counterpart) has been used as the model for study
Entamoebae encystation and excystation processes [9]. E. invadens en-
codes four active chitinases, EiCHT1, EiCHT2, EiCHT3, and EiCHT4
(GenBank U78320, DQ324647, DQ324648, and AB576188, respectively),
that are differentially expressed during its life cycle, indicating that the
chitinase activity has a functional compromise in both processes [10,11].

* Corresponding author.
E-mail address: mramos@uabc.edu.mx (M.A. Ramos).
! These authors contributed equally to this work.

http://dx.doi.org/10.1016/j.parint.2015.10.006
1383-5769/© 2015 Elsevier Ireland Ltd. All rights reserved.

that allosamidin (a well-known chitinases inhibitor) can delay encyst-
ment when added to axenic cultures, it is plausible to suppose that inhi-
bition of ERCHT1 could arrest the life cycle of E. histolytica [4,7,9-11]
and, thus, stop infection.

Recently, different approaches have been aimed toward discovering
novel anti-amebic therapeutics [12-18]. However, targeting key proteins
engaged in specific cellular processes remains as a feasible approach
[19-22]. To have the ability of targeting EhCHT1 and, thus, control its
functional role in the life cycle of E. histolytica, it is essential to consider
its unique biochemical features. Hence, to gain further insights into the
structural and functional properties, we performed an experimental ap-
proach to examine the effects of pH, temperature, and guanidine hydro-
chloride on the activity and stability of the recombinant amebic chitinase
(rERCHT1). Moreover, its dependence on oxidative folding was further
studied by an in vivo model. Altogether, our results attest the potential
of EhCHT1 as a target for the design of specific anti-amebic therapeutics.
Likewise, the potential of the oxidoreductase EhPDI (GenBank AY730725),
involved in oxidative folding of amebic proteins, was also confirmed.

2. Materials and methods
2.1. Materials
DNA amplification reagents and DNA purification kits were obtained

from Qiagen. Bacterial culture media components were purchased from
Becton Dickinson. Electrophoresis reagents were bought from Bio-Rad.
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Endonucleases and other enzymes were supplied by New England
Biolabs. Other biochemicals were provided from Sigma. All materials
were analytical or molecular biology grade reagents.

2.2. Bacterial strains, plasmids and growth conditions

Escherichia coli strains and plasmids used throughout this study are
listed in Table 1. Bacterial cultures were grown in LB medium at 37 °C
with constant agitation. When needed, appropriate concentration of an-
tibiotics was supplemented to medium (ampicillin at 0.15 mg/mL;
kanamycin at 0.025 mg/mL; chloramphenicol at 0.015 mg/mL). For
in vivo oxidative folding assay, marker-free mutant AdsbA (MRB10)
and AdsbC (MRB20) strains were obtained from the corresponding
strain by excising the gene encoding for kanamycin resistance applying
the FLP/frt recombination method [23,24]. Recombinant plasmids were
constructed using standard molecular cloning protocols.

The plasmid used for expression and purification of rERCHT1 (pET22/
EhCHITv32) was obtained by cloning the sequence encoding for mature
polypeptide (His'® to Cys*®’) into the expression vector pET22b(+).The
EhCht1 gene fragment was amplified from genomic DNA of E. histolytica
(HK-9 strain) using a set of synthetic primers, 5’-cgg atc cca caa ctg tga
agg tct ttc-3’ and 5'-ggt gga ctc gag aca ttt ctc aat tag act ct taa tgt-3’, de-
signed to incorporate the BamHI and Xhol sites at the 5'- and 3’-end
(underlined), respectively. The PCR product was digested with BamHI
and Xhol endonucleases, and then ligated into the same sites of
pET22b(+). Additionally, the BamHI site was engineered (cleaved-
filled-autoligated) to get in-frame fusion with the PelB signal peptide
codons. The gene authenticity and coding sequence fusions were con-
firmed by DNA sequencing: EhCHT1 contains the N-terminal PelB leader
and a C-terminal hexahistidine tag.

The plasmid used for in vivo oxidative folding of ERxCHT1 (pBAD-
PelB-EhCHIT84) was obtained by cloning the PelB-EhCht1 cassette into
the expression vector pBAD33 [25]. The PelB-EhCht1 nucleotide se-
quence was amplified from pET22/ERCHITv32 with the T7 universal
primer, 5’-cgg atc cca caa ctg tga agg tct ttc-3’, and a synthetic primer,
5’-gaa gct ttt aac att tct caa tta gac-3’, designed to incorporate the
Hindlll site at the 3’-end (underlined). The PCR product was digested
with Xbal and Hindlll, and then ligated into the same sites of pBAD33.
The authenticity of the inserted fragment was confirmed by stringent
endonucleolytic analysis and DNA sequencing.

Table 1
Strains and plasmids used in this study.

2.3. Expression and purification of recombinant EhCHT1

The rERCHT1 was expressed in the periplasmic compartment of
E. coli cells and purified from bacterial lysates by standard procedures.
Fresh subcultures (1:100) of E. coli BL21(DE3) cells harboring the plas-
mid pET22/ERCHITv32 were grown in medium supplemented with am-
picillin. After 2 h, the protein expression was induced with 0.1 mM
isopropyl-3-p-thiogalactopyranoside (IPTG) and cells were grown for
an additional 4 h. The bacterial cells (from a 100-mL culture) were har-
vested by centrifugation (10 min at 9500 RPM, 10 °C). The bacterial pel-
let was lysed under native conditions, using the CelLytic™ B Plus Kit
(Sigma). The cellular debris was removed by centrifugation (15 min at
14,500 RPM, 4 °C) and the cleared lysate was gradually loaded onto a
column containing Ni?*-NTA-agarose (Qiagen). The unbound and
non-specifically bound fraction was removed by exhaustive washing
with saline-phosphate buffer (300 mM NaCl; 50 mM NaH»POs,
pH 8.0) supplemented with 20 mM imidazole. The high-affinity
bound protein was eluted with saline-phosphate buffer supplemented
with 250 mM imidazole. Elution fractions were examined by SDS-
PAGE and the rERCHT 1-enriched fractions were pooled and concentrat-
ed by ultrafiltration using a Microsep™ UF spin filter (Pall Co.). The pro-
tein concentrate was desalted by gel permeation chromatography,
using a PD-10 column (Amersham), and eluted with Tris buffer
(20 mM Tris-HCl, pH 8.0). The concentration of the rERCHT1 was ob-
tained by Bradford micro-assay. Enzyme activity was determined by
the chitinase assay [26].

24. Chitinase activity assay

The standard assay was carried out by measuring the rate of hydro-
lysis of the fluorogenic substrate 4-methylumbelliferyl-3-D-N,N’,N"/-
triacetylchitotrioside [26]. All reactions (100 L) were started by adding
1 nanomol of substrate to a 50 mM citrate-phosphate buffer (pH 5.0)
containing 10 pg of rERCHT1. After 5 min at 50 °C (otherwise mentioned
in the text), the reactions were stopped with 100 pL of 1 M Gly-NaOH
(pH 10.3). The fluorescence was immediately registered using the
Fluoroskan Ascent® FL microplate reader (Thermo Scientific), with exci-
tation and emission wavelengths of 355 and 460 nm, respectively. The
chitinase activity was measured as the increment of fluorescence over

5 min and was expressed as FU min™ ' g

Strains or plasmids Relevant genotype or features

Source or reference

Strains
Top10F F[lacl® Tn10(Tet®)] mcrA A(mrr-hsdRMS-mcrBC) ©80lacZAM15 AlacX74 deoR nupG recAl Invitrogen
araD139 A(ara-leu) 7697 galU galK rpsL(Str*) endA1 A~
BL21(DE3) F~ ompT gal dem lon hsdSg(rz mg ) A(DE3 [lacl lacUV5-T7 gene 1 ind1 sam?7 nin5]) Novagen
BW25113 F~ A(Arad-araB)567 AlacZ4787(::rrnB-3) A~ rph-1 A(rhaD-rhaB)568 hsdR514 CGSC!
JwW3832-2 BW25113 AdsbA723::kan CGsC*
JwW2861-1 BW25113 AdsbC744::kan cGsc?
MRB10 BW25113 AdsbA723::frt (from JW3832-2) This study
MRB20 BW25113 AdsbC744::frt (from JW2861-1) This study
Plasmids
PET22b(+) T7 RNA pol regulation, pelB leader (periplasmic expression), ColE1 origin, Amp® Novagen
PET22/ERCHITv32 PET22b-based, periplasmic ERCHT1 This study
pCP20 PR/cI857-regulated Fip recombinase, repA101ts origin, Cm®, Amp® cGsc?
pBAD33 Arabinose regulation, p15A origin, Cm® ATCC® [25]
PBAD-PelB-ERCHIT84 pBAD33-based, periplasmic ERCHT1 This study
pBluescript SK- Lactose regulation, ColE1 origin, Amp* Stratagene
pBPelB-ERPDI pBluescript-based, periplasmic ERPDI (wild type) [51]
PBRMO5 pBluescript-based, periplasmic ERPDIss.cc (C44S; C47S) [19]
PBRMO6 pBluescript-based, periplasmic ERPDlcc.ss (C160S; C163S) [19]
PBRM15 pBluescript-based, periplasmic EhPDIss_ss (C44S; C47S; C160S; C163S) [19]

* Coli Genetic Stock Center.
> American Type Culture Collection.
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2.5. Effects of pH and temperature on recombinant EhCHT1

The optimum pH for rERCHT1 activity was determined by repeating
the assay at different pH values (using a solution of citrate-phosphate-
tris-borate as an universal buffer). The stability of rERCHT1 as a function
of pH was examined by assaying the residual activity after an overnight
pre-treatment, at room temperature, in universal buffer at different pH
values.

The optimum temperature for rERCHT1 activity was determined by
repeating the assay at different temperature values, using the gradient
Multigene™ thermal cycler (Labnet International, Inc.). The activation
energy for catalysis, E, (k] mol '), was obtained using the linear expres-
sion of the Arrhenius equation: In(k) = In(Ap) — E, (1/RT), where Ay rep-
resents a pre-exponential factor, R the gas constant (8.314J°K~" mol~ '),
and T the absolute temperature (°K). The stability of rERCHT1 as a func-
tion of temperature was studied by assaying the residual activity after
pre-incubation for 30 min at different temperatures. As the enzyme inac-
tivation followed a first order reaction, the obtained data were used to
estimate the values for thermal inactivation rate constant (k) and half-
life (t;,2). The k values were calculated using the linear expression of
the first order equation: In(A,) = In(A,) — kt, where Apand A, represents
the relative activity values of fully active (untreated) and thermally
inactivated (t = 30 min) enzyme, while the t;» values were obtained
using the following equation: t;> = In(2)/k. The activation energy for de-
naturation, E,* (k] mol '), was estimated using the Arrhenius equation
as described above.

2.6. Effect of guanidine hydrochloride concentration on recombinant
EhCHT1

The effect of a chemical denaturation on rEhCHT1 activity was ana-
lyzed by repeating the assay in the presence of different concentrations
of guanidine hydrochloride. Stability of rERCHT1 as a function of chem-
ical denaturation was determined by evaluating the residual activity
after an overnight pre-treatment, at room temperature, in the presence
of different concentrations of guanidine hydrochloride. The effect of
chemically-induced denaturation on the stability was determined con-
sidering a two-state model (active « inactive). The AG at equilibrium
was calculated using the free energy equation: AG = —RT In(fu/fx),
where fy and f;, represent the fraction of active (native) and inactive
(unfolded) enzyme at equilibrium; e.g., fy = Aand fy = 1 — A (where
A corresponds to the relative activity). While the relationship of the
free energy with the concentration of the chemical denaturant, [D],
was estimated using the following equation: AG = AGY — m [D],
where AG" represents the free energy of denaturation in water
(kJ mol~"), and m the denaturant dependence of the free energy of de-
naturation (kj mol=' M~"),

2.7. Homology-based modeling of EhCHT1

The three-dimensional model for ERCHT1 was predicted by homolo-
gy using a resolved crystal structure [27]. Template searching was per-
formed with the Blast engine from the NCBI server (ncbi.nlm.nih.gov)
using the RSCB Protein Data Bank (PDB) as the database. The crystal
structure from human chitinase (PDB: 1HKK) was selected as template
[28]. A pairwise sequence alignment was generated using the ClustalX
software [29]. The three-dimensional structure was predicted using
the Modeller software [30]. Model accuracy was assessed using the
ModEval engine from the ModBase server (modbase.compbio.ucsf.edu).
Inferred model was visualized with UCSF Chimera software [31].

2.8. In vivo oxidative folding of ERCHT1
The dependence of EhCHT1 on oxidative folding was studied by

functional expression in the periplasmic compartment of E. coli mutants
with defective oxidase or isomerase activities. Fresh subcultures

(1:100) of the wild type, AdsbA, and AdsbC cells harboring the plasmid
pBAD-PelB-EhCHIT84 were grown in medium supplemented with
chloramphenicol. Wild type cells harboring the plasmid pBAD33 were
used as a control. After 2 h, the protein expression was induced with
0.2% arabinose and cells were grown for an additional 4 h. The bacterial
cells (from a 1-mL culture) were harvested by centrifugation (2 min at
10,000 RPM). Cell extracts were obtained using the CelLytic™ B reagent
(Sigma) as recommended by the manufacturer. Protein concentration
was determined by BCA micro-assay. Enzyme activity was determined
by performing the chitinase activity assay, using 10 pg of cell extract
as enzyme source.

The assistance of EhPDI to the oxidative folding of ERCHT1 was ana-
lyzed by functional co-expression in the periplasmic compartment of
the E. coli mutant with defective disulfide oxidase activity. Fresh subcul-
tures (1:100) of the AdsbA cells coharboring the plasmid pBAD-PelB-
EhCHIT84 plus one of the following coexpression vectors: pBRM0S5,
PBRMOG, or pBRM15 [19], were grown in medium supplemented with
ampicillin and chloramphenicol. AdsbA cells coharboring the plasmids
PBAD-PelB-EhCHIT84 and pBluescript SK- were used as a control. After
2 h, the protein coexpression was induced with 0.2% arabinose plus
1 mM IPTG, and cells were grown for an additional 4 h. Bacterial pellets
and cell extracts as well as protein concentration and enzyme activity
were as described above.

2.9. Data analysis

Unless otherwise mentioned, the activity data were obtained from
three independent experiments and represented as mean -+ standard
error. Unpaired t-test or one-way analysis of variance (ANOVA) was
used for routine comparison of data sets. When the p value was less
than 0.05, the ANOVA was followed by a Tukey multiple comparison
test. All statistical analysis was performed using Prism® v. 5 (GraphPad
Software, San Diego, CA). The data from dose-response curves were
fitted using a nonlinear least-squares regression method.

3. Results and discussion
3.1. Purification of recombinant EhRCHT1 as an active enzyme

During infection, E. histolytica goes through changing environmental
conditions [6,32,33], therefore, is likely to assume that some amebic
proteins, as EhCHT1, were selected to withstand such conditions. To
test this notion, we used the recombinant enzyme to study the effects
of pH, temperature, and guanidine hydrochloride on the activity and
stability. Initially, the protein was properly overexpressed in E. coli
BL21(DE3) cells harboring the plasmid pET22/EhCHITv32. The rERCHT1
was isolated and purified from bacterial lysates by immobilized metal
affinity chromatography, followed by ultrafiltration and gel permeation.
Protein purification was verified by SDS-PAGE and confirmed by immu-
noblotting. As expected, a single band with a molecular mass of 58 kDa,
with purity >95%, was observed. Both protein yield and chitinase activ-
ity were determined over the purification process (Table 2).

Table 2
Purification of rERCHT1 produced in E. coli.

Enzyme  Total protein  Total activity Specific activity Fold

(mg) (FUmin™") (FUmin~'mg™')  purification
Crude 255.84 13,361 £ 593 52+2 1
Pure 548 8632 + 123 1574 + 22 30.27

Activity reactions (100 pL) were started by adding 1 nmol of 4AMUF-triacetylchitotrioside to a
citrate-phosphate buffer (50 mM final; pH 5.0) containing 10 g of protein. After 5 min at
room temperature, reactions were stopped with one volume of 1 M Gly-NaOH (pH 10.3). Re-
sults are presented as mean + standard error (n = 2).
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Fig. 1. Activity and stability of recombinant ERCHT1 as function of pH and temperature. Effects of pH on activity (A) and stability (B). Optimum pH for rERCHT1 activity was determined by
repeating the chitinase assay at different pH values. Stability of rERCHT1 as a function of pH was examined by assaying the residual chitinase activity after an overnight pre-treatment at
different pH values. Effects of temperature on the activity (C) and stability (D). Optimum temperature for rERCHT1 activity was determined by repeating the chitinase assay at different
temperature values. Stability of rERCHT1 as a function of temperature was studied by assaying the residual chitinase activity after pre-incubation for 30 min at different temperatures. Each

point represents the mean of three independent experiments.

3.2. The rERCHT]1 is stable over a wide range of pH and temperature

The optimum pH was obtained by repeating the chitinase assay in a
solution buffer with different pH values. The rERCHT1 exhibited maxi-
mum activity within pH 4.5 and 5.0 (Fig. 1A), more acidic than those
from E. invadens chitinases (7.0 to 7.2) [11]. Also, more than 50% of the ac-
tivity was observed between 3.2 and 6.3, suggesting that the ionization
equilibrium reached in the active site is favorable for catalysis [34]. The ef-
fect of pH on protein stability was determined by assaying the residual ac-
tivity after an overnight pH-induced inactivation. The rERCHT1 remained
stable over a wide range of pH, since it showed more than 90% of activity
within 5.0 and 8.5 (Fig. 1B). However, a complete loss of activity was
noted in extreme values, indicating that deviation from physiological
conditions can induce changes in the protonation-deprotonation state
of neighboring residues that destabilize the protein structure [35]. More-
over, as the whole process of excystation occurs in vivo between the du-
odenum and cecum of the host [36], the pH conditions prevailing in the
lumen of that gastrointestinal segment (fluctuating within 6.0 and 7.4
[37-38]) acts in favor of the EhCHT1 stability.

The optimum temperature was determined by performing the
chitinase assay at different temperature values. The rERCHT1 showed
maximum activity at 50 °C (Fig. 1C), higher than those from E. invadens
counterparts (37 °C for EiCHT1, and 25 °C for both EiCHT2 and EiCHT3)
[11]. Any further increase in temperature caused a decrease in activity,
suggesting that the active site undergoes thermal unfolding. However,

the low activation energy (E,) estimated for the substrate hydrolysis,
63 + 2 kJ mol ™', indicates that the active site was correctly folded, pro-
moting the formation of the enzyme-substrate complex and, thus, accel-
erating the reaction. The effect of temperature on protein stability was
estimated by assaying the residual activity after 30 min of thermally-
induced inactivation. Although the rERCHT1 remained fully active after
the heat-treatment at 37 °C (Fig. 1D), any further increase in temperature
caused a decrease in activity, suggesting inactivation by thermal-
denaturation. As first-order kinetics was recognized for the latter, some
protein stability parameters were calculated (Table 3). Half-lives for 25
and 37 °C were obtained by extrapolation of an Arrhenius plot. Surpris-
ingly, more than three years were estimated for 25 °C, indicating that

Table 3

Kinetic parameters of rERCHT1 thermal inactivation.
Temperature (°C) k(min~") 2 (min)
419 0.0013 539.2
448 0.0067 103.6
47.7 0.0400 173
51.6 0.1001 6.9
539 0.1084 6.4
558 0.1118 6.2
57.0 0.1153 6.0

k, rate constant; t;, half-life.
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high protein stability is prevalent at room temperature. Furthermore,
such stability is preserved at physiological temperature (73 h for 37 °C).
Moreover, the high activation energy (E,*) estimated for thermal-
denaturation, 390 + 55 k] mol ™', clearly indicates that high energy is
needed to start protein denaturation.

Furthermore, compared to other chitinases, ERCHT1 showed some
common features exhibited by well characterized bacterial and fungal
counterparts, as the optimal values of pH (within 4-9) and temperature
(within 40-65 °C), and the thermal stability (up to 40-50 °C) [39-41].

3.3. The rERCHTI is sensitive to mild concentrations of guanidine
hydrochloride

The effect of guanidine hydrochloride on activity was examined by
performing the chitinase assay in the presence of increasing concentra-
tions of denaturant. The rERCHT1 was significantly inhibited by mild de-
naturing concentrations of guanidine hydrochloride (ICso of 0.88 M).
Furthermore, a complete loss of activity was noted in concentrations
greater than 2 M (Fig. 2A), indicating that the active site was fully
inhibited under these conditions. The effect of guanidine hydrochloride
on protein stability was determined by assaying the residual activity
after an overnight of chemically-induced inactivation. The rEhCHT1
was sensitive to mild denaturing conditions, since half-maximal was
observed at 0.5 M of guanidine hydrochloride, indicating that irrevers-
ible protein denaturation has been occurred (Fig. 2B). Moreover, the
high value estimated for the dependence of free energy of stability on
denaturant concentration (m), 22.5 + 1.8 k} mol~' M~", clearly sug-
gests a cooperative unfolding process of ERCHT1. Furthermore, it is like-
ly to presume that the presence of the chemical denaturant perturbed
both the structure of the protein and the structure of the solvent around
the protein [42].

3.4. In silico modeling of EhCHT1 predicts a chitinase-like folding pattern
and a putative disulfide bond

So far, our structure-function approach supports the notion that
ERCHT1 depends on the correct folding to adopt its native conformation.
To extend our knowledge on this issue, a computational approach was
performed to predict a three-dimensional model and gain insights
into the specific structural features of the protein [43]. After compara-
tive analysis, homology-based modeling was conducted to predict the
tertiary structure of EhCHT1 (Fig. 3). The best model showed that the
catalytic domain exhibits the typical folding pattern adopted by those
from active orthologs, an eight-stranded alpha/beta barrel [44], indicat-
ing that ERCHT1 has structural features required for functional

performance. Moreover, like many secreted proteins, EACHT1 contains
Cys residues that could form disulfide bonds, a post-translational mod-
ification that promotes the correct folding and stabilization of proteins
[45]. The mature polypeptide sequence contains 12 Cys residues
(UniProt P90546), eight located in the chitin binding domain (CBD),
three in the catalytic domain, and one at the C-terminus. Interestingly,
it has been established that those residues found in the CBD are forming
four disulfide bonds (as it was observed in plant lectins) [46,47]. Fur-
thermore, our 3-D model predicts the formation of an additional disul-
fide bond between two residues of the catalytic domain (Cys'®” and
Cys*1), as their C;; atoms share a distance of 4.2 A, consistent with the
spatial proximity required for disulfide bonding (< 45 A) [48].

3.5. EhCHTT1 is dependent on oxidative folding

In light of the above findings, we reasoned that oxidative folding of
EhCHT1 is required for proper function within the cell. To address this
hypothesis, a simple assay using E. coli cells as in vivo model was con-
ducted (Fig. 4). Initially, the absence of chitinase activity (as back-
ground) was assessed by analyzing the wild type cells harboring the
plasmid pBAD33. Also, the periplasmic expression of ERCHT1 was con-
firmed, as a significant chitinase activity was detected in wild type
cells harboring the plasmid pBAD-PelB-EhCHIT84 (p < 0.01). Since pre-
vailing redox conditions support the oxidative folding process of
EhCHT1, dependence on either the oxidase or the reductase-isomerase
activity was tested by functional expression in Dsb mutant cells. In the
periplasmic compartment of E. coli, oxidative folding is carried out
mainly by DsbA (oxidase) and DsbC (reductase-isomerase) proteins
[45]. Interestingly, a defective periplasmic expression was observed in
AdsbA cells, as a significant 4-fold reduction of chitinase activity was
detected in AdsbA cells harboring the plasmid pBAD-PelB-EhCHIT84
(p < 0.01). In contrast, no significant change was noted in AdsbC cells
(under same experimental conditions). Therefore, it is clear that
ERCHT1 depends on the in vivo oxidative folding process assisted by
DsbA. Moreover, it is reasonable to suppose that the latter task can be
assisted by an amebic oxidase with chaperone-like activity, such as
EhPDI [19,49-51].

3.6. ERCHTT1 is dependent on the oxidase activity of ERPDI

To test the previous notion, we used the defective periplasmic expres-
sion of ERCHT1 in AdsbA cells as in vivo phenotype to find out whether it
represents a feasible physiological substrate for EhPDI (Fig. 5). First, the
periplasmic expression of EhPDI variants in AdshA/pBAD-PelB-EhCHIT84
cells was confirmed by immunoblotting. Also, basal chitinase activity
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Fig. 3. Predicted structure of the EhCHT1 catalytic domain. Homology-based modeling was carried out by Modeller software using the crystal structure of the human chitinase (PDB 1HKK)
as template. Model accuracy was assessed by ModEval engine (ModBase server) and visualized with UCSF Chimera software. Top view of the TIM barrel structure (ribbon representation)
of model (A) and template (B). The a-helices are shown in red, while the (3-sheets are denoted by green arrows.

was established by analyzing the AdsbA/pBAD-PelB-EhCHIT84 cells
coharboring the plasmid pBluescript SK-. Amazingly, a significant increase
of chitinase activity was detected in AdsbA/pBAD-PelB-EhCHIT84 cells
coharboring the plasmid pBPelB-EhPDI (p < 0.001), suggesting that
EhPDI can assist the oxidative folding process of ERCHT1. The active site
of functional thioredoxin-like domains from DsbA and PDI enzymes is
characterized by the presence of the motif CXXC, where the Cys residues
play an important role in the enzymatic activity [19]. EhPDI contains two
thioredoxin-like domains (referred to as N- and C-Trx, respectively; both
having the motif CGHC) that are important for the in vivo oxidase activity
[50]. To validate the latter observation, we conducted a further analysis
using EhPDI variants. Interestingly, the AdsbA/pBAD-PelB-EhCHIT84 cells
coharboring the plasmid pRMO6 (containing the N-Trx as lone-active do-
main, EhPDIcc.ss) exhibited full chitinase activity, while those cells
coharboring the plasmid pRMO5 (containing the C-Trx as lone-active do-
main, EhPDIss.cc) showed just 30% of activity, suggesting that both Trx-
domains are not functionally equivalent in the oxidative folding process
of ERCHT1. Furthermore, a complete loss of chitinase activity was noted
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Fig. 4. Amebic chitinase activity when EhCHT1 was expressed in the periplasmic compart-
ment of the wild type (BW25113), AdsbA (MRB10), or AdsbC (MRB20) strains. Fresh sub-
cultures of cells harboring pBAD-PelB-EhCHIT84 were grown for 2 h before induction with
0.2% arabinose (wild type cells harboring pBAD33 were used as a control). Protein expres-
sion was allowed by cell growing an additional 4 h. Bacterial cells from one milliliter were
harvested by centrifugation and total cell extracts were obtained using the CelLytic™ B re-
agent (Sigma). Protein concentration was determined using BCA micro-assay. Enzyme ac-
tivity was determined by performing the chitinase assay with 10 pg of total cell extract as
enzyme source. The relative activity is shown on the right. Each bar represents the mean of
three independent experiments.

in AdsbA/pBAD-PelB-EhCHIT84 cells coharboring the plasmid pRM15
(containing both Trx-domains as inactive, EhPDIss ss), confirming that
in vivo oxidative folding of EhCHT1 is dependent on the assistance of
EhPDI (p < 0.01).

4. Conclusions

Recombinant amebic chitinase (rERCHT1) is functionally active and
stable in a wide range of pH and temperature, however it is sensitive
to chemical denaturation. Furthermore, in vivo, its native conformation
is dependent on oxidative folding, a cellular process that may be cata-
lyzed by an oxidoreductase with chaperone-like activity, such as the
amebic PDI (EhPDI). Our structure-function approach revealed impor-
tant features that can be exploited to design specific inhibitors with
anti-amebic activity.

ERCHTT1 is structurally and functionally similar to chitinases
of E. invadens, which play a key role in encystation and excystation
[10,11]. Hence, it is feasible to assume that EhCHT1 represents a poten-
tial target for arresting life cycle of E. histolytica, a notion that has been
experimentally supported by delaying encystation of E. invadens with
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Fig. 5. Amebic chitinase activity when EhCHT1 was co-expressed with ERPDI in the peri-
plasmic compartment of the AdsbA strain. Fresh subcultures of cells coharboring pBAD-
PelB-ERCHIT84 and pBRMO5, pBRMO6, or pBRM15 were grown for 2 h before induction
with 0.2% arabinose and 1 mM IPTG (cells coharboring pBAD-PelB-EhCHIT84 and
pBluescript SK- were used as a control). Protein coexpression was allowed by cell growing
an additional 4 h. Bacterial pellets and cell extracts as well as protein concentration and
enzyme activity were as in Fig. 4. The relative activity is indicated on the right. Each bar de-
notes the mean of three independent experiments.
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the chitinase-specific inhibitor allosamidin [9]. As a potential clin-
ical use, the expected outcome of blocking encystment will be the
excretion of trophozoites and immature cyst forms, which will suc-
cumb to harsh environmental conditions (due to the lack of a full
protective cell wall) [36,52].

Finally, treatment of human amebiasis is challenged by the limited
therapeutic options and the potential development of resistance. For in-
stance, metronidazole remains the most effective treatment option and
its resistance is an emerging clinical concern [22]. Consequently, there is
aneed for development of further therapeutic approaches aimed at con-
trolling human parasitic protozoan diseases, such as amebiasis, which
comprise the discovery and design of novel therapeutic agents targeting
essential proteins [53,54].

Acknowledgments

We wish to thank Israel D. Rivas, Loan E. Villalobos and Andrea R.
Quintana for their enthusiastic technical assistance. This work was
supported by CONACYT grants (CB-2010/01/155714 and SSA/IMSS/
ISSSTE-2011/01/161544). REM and MAR are National Researchers
(SNI-CONACYT) and members of the Biological-Pharmaceutical Aca-
demic Group (Health Sciences, UABC).

References

[1] S.M. Fletcher, D. Stark, J. Harkness, J. Ellis, Enteric protozoa in the developed world: a
public health perspective, Clin. Microbiol. Rev. 25 (3) (2012) 420-449.

[2] C. Ximénez, P. Mordn, L. Rojas, A. Valadez, et al., Novelties on amoebiasis: a
neglected tropical disease, |. Global Infect. Dis. 3 (2) (2011) 166-174.

[3] A Makioka, M. Kumagai, K. Hiranuka, S. Kobayashi, T. Takeuchi, Expression analysis
of Entamoeba invadens profilins in encystation and excystation, Parasitol. Res. 110
(6) (2012) 2095-2104.

(4] H. Aguilar-Diaz, ].C. Carrero, R. Argiiello-Garcia, J.P. Laclette, J. Morales-Montor, Cyst
and encystment in protozoan parasites: optimal targets for new life-cycle
interrupting strategies? Trends Parasitol. 27 (10) (2011) 450-458.

[5] J. Samuelson, G.G. Bushkin, A. Chatterjee, P.W. Robbins, Strategies to discover the
structural components of cyst and oocyst walls, Eukaryot. Cell 12 (12) (2013)
1578-1587, http://dx.doi.org/10.1128/EC.00213-13.

[6] H. Aguilar-Diaz, J.P. Laclette, J.C. Carrero, Silencing of Entamoeba histolytica glucos-
amine 6-phosphate isomerase by RNA interference inhibits the formation of cyst-
like structures, Biomed. Res. Int. 2013 (2013) 758341.

[7] H. De la Vega, CA. Specht, C.E. Semino, P.W. Robbins, et al., Cloning and expression
of chitinases of Entamoebae, Mol. Biochem. Parasitol. 85 (2) (1997) 139-147.

[8] 1K. Ali, R. Haque, A. Siddique, M. Kabir, et al., Proteomic analysis of the cyst stage of
Enlamoeba histolytica, PLoS Negl. Trop. Dis. 6 (5) (2012) e1643.

[9] J.C. Villagd Castro, C. Calvo-Méndez, E. Lopez-Ri 0, Chitinase activity in
encysting Entamoeba invadens and its |nh|bmon by allosamidin, Mol. Biochem.
Parasitol. 52 (1) (1992) 53-62.

[10] A. Makioka, M. Kumagai, K. Hiranuka, S. Kobayashi, T. Takeuchi, Different structure
and mRNA expression of Entamoeba invadens chitinases in the encystation and
excystation, Parasitol. Res. 109 (2) (2011) 417-423.

[11] T.Dey, R.Basu, SK. Ghosh, Entamoeba invadens: cloning and molecular characteriza-
tion of chitinases, Exp. Parasitol. 123 (3) (2009) 244-249.

[12] R. Quintanilla-Licea, B.D. Mata-Cardenas, |. Vargas-Villarreal, A.F. Bazaldia-
Rodriguez, et al., Antiprotozoal activity against Entamoeba histolytica of plants
used in northeast Mexican traditional medicine. Bioactive compounds from
Lippia graveolens and Ruta chalepensis, Molecules 19 (12) (2014)
21044-21065.

[13] E. Mfotie Njoya, P.F. Moundipa, H. Stopper, In vitro genotoxic and mutagenic evalu-
ation of the aqueous extract of Codiaeum variegatum and its amoebicidal sub-
fraction, J. Ethnopharmacol. 155 (1) (2014) 823-829.

[14] E.Mfotie Njoya, C. Weber, N.A. Hernandez-Cuevas, C.C. Hon, etal., Bloassay guxded frac-
tionation of extracts from Codiaeum variegatum against discovers
[ ds that modify expression of ceramide bi is related genes, PLoS Negl.
Trop. Dis. 8 (1) (2014) €2607.

[18] 1. Nagpal, L. Raj, N. Subbarao, S. Gourinath, Virtual screening, identification and
in vitro testing of novel inhibitors of O-acetyl-i-serine sulfhydrylase of Entamoeba
histolytica, PLoS One 7 (2) (2012), e30305.

[19] R.E. Mares, AZ Minchaca, S. Villagrana, S.G. Meléndez-Lopez, M.A. Ramos, Analysis
of the isomerase and chaperone-like activities of an amebic PDI (EhPDI), Biomed.
Res. Int. 2015 (2015) 286972.

[20] A.Debnath, D. Shahinas, C. Bryant, K. Hirata, et al., Hsp90 inhibitors as new leads to
target parasitic diarrheal diseases, Antimicrob. Agents Chemother. 58 (7) (2014)
4138-4144.

[21] S. Schlosser, D. Leitsch, M. Duchéne, Entamoeba histolytica: identification of
thioredoxin-targeted proteins and analysis of serine acetyltransferase-1 as a proto-
type example, Biochem. J. 451 (2) (2013) 277-288.

[22] A.Debnath, D. Parsonage, RM. Andrade, C. He, et al., A high-throughput drug screen
for Entamoeba histolytica identifies a new lead and target, Nat. Med. 18 (6) (2012)
956-960.

[23] K.A. Datsenko, B.L. Wanner, One-step inactivation of chromosomal genes in
Escherichia coli K-12 using PCR products, Proc. Natl. Acad. Sci. U. S. A. 97 (12)
(2000) 6640-6645.

[24] T.Baba, T. Ara, M. Hasegawa, Y. Takai, et al., Construction of Escherichia coli K-12 in-
frame, single-gene knockout mutants: the Keio collection, Mol. Syst. Biol. 2 (2006)

2006.0008.

[25] LM. Guzman, D. Belin, M.J. Carson, J. BeckW|th Tight regulanon modulation, and
high-level expression by vectors c the PBAD p 15
Bacteriol. 177 (14) (1995) 4121-4130.

[26] H.H.Chuang, H.Y. Lin, FP. Lin, Biochemical characteristics of C-terminal region of re-
combinant chitinase from Bacillus licheniformis: implication of necessity for enzyme
properties, FEBS | 275 (9) (2008) 2240-2254,

[27] L. Malmstrom, D.R. Goodlett, Protein structure modeling, Methods Mol. Biol. 673
(2010) 63-72.

[28] E.V.Rao, DR. Houston, R.G. Boot, .M. Aerts, et al., Crystal structures of allosamidin
derivatives in complex with human macrophage chitinase, J. Biol. Chem 278 (22)
(2003) 20110-20116.

[29] M.A. Larkin, G. Blackshields, N.P. Brown, R. Chenna, et al., Clustal W and clustal X
version 2.0, Bioinformatics 23 (21) (2007) 2947-2948.

[30] B. Webb, A. Sali, Comparative protein structure modeling using MODELLER, Curr.
Protoc, Bioinformatics 47 (2014) 56.1-5.6.32.

[31] EF. Pettersen, T.D. Goddard, C.C. Huang, G.S. Couch, et al., UCSF chimera—a visuali-
zation system for exploratory research and analysis, J. Comput. Chem. 25 (13)
(2004) 1605-1612.

[32] J. Serrano-Luna, C. Pifia-Vazquez, M. Reyes-| Lépez C Omz-Btrada, M. de la Garza,
Proteases from ba spp. and g as virulence fac-
tors. J. Trop. Med. 2013 (2013) 890603.

[33] S. Chaudhuri, N. Choudhury, S. Raha, Growth stimulation by serum in Entamoeba
histolytica is associated with protein tyrosine dephosphorylation, FEMS Microbiol.
Lett. 178 (2) (1999) 241-249.

[34] J1. Khandogin, C.L. Brooks Il, Toward the accurate first-principles prediction of ion-
ization equilibria in proteins, Biochemistry 45 (31) (2006) 9363-9373.

[35] G. Rabbani, E. Ahmad, N. Zaidi, S. Fatima, R.H. Khan, pH-induced molten globule
state of Rhizopus niveus lipase is more resistant against thermal and chemical dena-
turation than its native state, Cell Biochem. Biophys. 62 (3) (2012) 487-499.

[36] U.S.A. Centers for Disease Control and Prevention., Amebiasis: parasite Biology,
hetp://www.cdc.gov/dpdx/amebiasis/index.html (accessed on 09/03/2015) 2015.

[37] D.F.Evans, G. Pye, R. Bramley, AG. Clark, et al., Measurement of gastrointestinal pH
profiles in normal ambulant human subjects, Gut 29 (8) (1988) 1035-1041.

[38] J. Fallingborg, Intraluminal pH of the human gastrointestinal tract, Dan. Med. Bull. 46
(3) (1999) 183-196.

[39] R.Hamid, M.A. Khan, M. Ahmad, M.M. Ahmad, et al, Chitinases: an update, J. Pharm.
Bioallied Sci 5 (1) (2013) 21-29.

[40] N. Karthik, K. Akanksha, A. Pandey, Production, purification and properties of fungal
chitinases—a review, Indian J. Exp. Biol. 52 (11) (2014) 1025-1035.

[41] Y.M. Stoykov, Al Pavlov, ALL Krastanov, Chitinase biotechnology: production, puri-
fication, and application, Eng. Life Sci. 15 (2015) 30-38.

[42] S.Jana, T.K. Chaudhuri, ] K. Deb, Effects of idi hydmr“ ide on the ¢ -
tion and enzyme activity of in ads d by circular
dichroism and fluorescence spectroscopy Blochemlstry (Mosc) 71 (11) (2006)
1230-1237.

[43] C.N. Cavasotto, S.S. Phatak, Homology modeling in drug discovery: current trends
and applications, Drug Discov. Today 14 (13-14) (2009) 676-683.

[44] ].D. Robertus, AF. Monzingo, The structure and action of chitinases, EXS 87 (1999)
125-135.

[45] A. de Marco, Strategies for successful recombinant expression of disulfide bond-
dependent proteins in Escherichia coli, Microb. Cell Factories 8 (2009) 26.

[46] K.Van Dellen, SK.Ghosh, P.W. Robbins, B. Loftus, |. Samuelson, Entamoeba histolytica
lectins contain unique 6-Cys or 8-Cys chitin-binding domains, Infect. Immun. 70 (6)
(2002) 3259-3263.

[15] M.L. Saucedo-Mendiola, J. M Salas-Pacheco. H NaJera. A. Rojo-D
et al., Discovery of ah inhibitors through ho-
mology modeling and virtual screening, J. Enzyme Inhlb. Med. Chem. 29 (3)
(2014) 325-332,

[16] J. Pérez-Villanueva, A. Hernandez-Campos, L. Yépez-Mulia, C. Méndez-Cuesta, et al.,
Synthesis and antiprotozoal activity of novel 2-{[2-(1H-imidazol-1-
yl)ethyl]sulfanyl}-1H-benzimidazole derivatives, Bioorg. Med. Chem. Lett. 23 (14)
(2013) 4221-4224.

[17] M. Mushtaque, F. Avecilla, A. Azam, Synthesis, characterization and structure opti-
mization of a series of thiazolidinone derivatives as Entamoeba histolytica inhibitors,
Eur. J. Med. Chem. 55 (2012) 439-448.

[47] .S P. Robbins, A simple fibril and lectin model for cyst walls of Entamoeba
and perhaps Giardia, Trends Parasitol. 27 (1) (2011) 17-22.

[48] R.Sowdhamini, N, Srinivasan, B. Shoichet, D.V. Santi, et al., Stereochemical modeling
of disulfide bridges. Criteria for introduction into proteins by site-directed mutagen-
esis, Protein Eng. 3 (2) (1989) 95-103.

[49] M.A. Ramos, R.E. Mares, P.D. Magaiia, L.D. Rivas, S.G. Meléndez-Lopez, Entamoeba
histolytica: biochemical characterization of a protein disulfide isomerase, Exp.
Parasitol. 128 (1) (2011) 76-81.

[50] R.E. Mares, P.D. Magaiia, S.G. Meléndez-L6pez, AF. Licea, ].M. Cornejo-Bravo, M.A.
Ramos, Oxidative folding and reductive activities of EhPDI, a protein disulfide isom-
erase from Entamoeba histolytica, Parasitol. Int. 58 (3) (2009) 311-313.

51



P.LA. Muiioz et al. / Parasitology International 65 (2016) 70-77 77

[51] M.A. Ramos, R. Sanchez-Lopez, R.E. Mares, F. Olvera, A. Alagon, Identification of an
Entamoeba histolytica gene encoding a protein disulfide isomerase that functionally
complements the dsbA mutation in Escherichia coli, Mol. Biochem. Parasitol. 143 (2)
(2005) 236-240.

[52] A.C n, R. C| n, Parasitic ia and lung involve-
ment, Biomed Res Int. 2014 (2014) 874021.

[53] F.S. Buckner, N.C. Waters, V.M. Avery, Recent highlights in anti-protozoan drug de-
velopment and resistance research, Int. J. Parasitol. Drugs Drug Resist. 2 (2012)
230-235.

[54] K.T. Andrews, G. Fisher, T.S. Skinner-Adams, Drug repurposing and human parasitic
protozoan diseases, Int. J. Parasitol. Drugs Drug Resist 4 (2) (2014) 95-111.

52



VI.2. Capitulo: Muiioz er al. PROTEIN FOLDING AND MOLECULAR
CHAPERONES OF PROTOZOA. In: New Research on Molecular
Chaperones. Jaime Wyatt (Ed). Nova Science Publishers, Inc. 2015

Resumen

In-vivo, las proteinas son sintetizadas por los ribosomas como cadenas lineales. Para
ser funcionales, deben plegarse y adquirir su estructura tridimensional (conformacién
nativa). De manera interesante, algunas proteinas pueden obtener su estructura nativa de
manera espontanea. Sin embargo, muchas otras no adoptan esa estructura y adquieren un
plegamiento incorrecto, exhibiendo una tendencia a agregarse. Ante esto, el RE contiene
una maquinaria molecular que previene la agregacion y promueve el plegamiento correcto,
controlando la proteostasis celular. Sin embargo, algunas proteinas fallan en su intento de
adoptar su conformacion nativa, representando una amenaza constante para la funcion y
viabilidad de la célula.

Las infecciones parasitarias son un problema importante de salud publica en
regiones tropicales y subtropicales. Diversos estudios enfocados en la biologia de
protozoarios parasiticos de importancia médica, como Leishmania, Trypanosoma, y
Plasmodium, han revelado diversos procesos relacionados con su estilo de vida particular.
Dado que soportan condiciones medioambientales adversas conforme avanzan en su ciclo
de vida; contendiendo con al menos cuatro tipos de estrés celular: térmico, nutricional
osmotico y oxidativo, estos microorganismos han desarrollado diferentes mecanismos de
respuesta, los cuales incluyen la activacion de la expresion de chaperonas moleculares que
juegan papeles importantes, tanto en el mantenimiento de la homeostasis como en el
plegamiento correcto de proteinas.

En el presente capitulo, se revisaron los avances actuales sobre el papel funcional
que desempefian las chaperonas y plegasas de protozoarios parasiticos de importancia
médica en los mecanismos de respuesta a condiciones de estrés. De igual manera, se
analizaron los estudios que proponen a estas moléculas como dianas para el disefio de

nuevos agentes anti-parasitarios.
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Chapter 1

PROTEIN FOLDING AND MOLECULAR
CHAPERONES OF PROTOZOA

Patricia L. A. Muiioz, Alexis Z. Minchaca,

Rosa E. Mares and Marco A. Ramos*
Chemical Sciences and Engineering Faculty,
Autonomous University of Baja California, at Tijuana, Mexico

ABSTRACT

In vivo, proteins are synthesized as linear chains by ribosomes. To be
functional, must fold and get their three-dimensional structure (native
conformation). Interestingly, some proteins can get the native
conformation spontaneously; however, many others cannot and are likely
to get a misfolded conformation. Therefore, to facilitate the folding
process, the endoplasmic reticulum contains a molecular machinery that
includes a set of chaperones, which prevents protein aggregation and
promotes correct folding, thereby controlling cellular proteostasis.
Despite this, some proteins fail to adopt a native conformation and are
more likely to form aggregates, which represent a constant threat to cell
function and viability. For instance, human amyloid diseases are
characterized by the accumulation of unfolded proteins which form
insoluble aggregates. Parasitic infections are a major public health issue

To whom should correspond be add d: Marco A. Ramos, PhD. E-mail:
mramos@uabc.cdu.mx

Complimentary Contributor Copy

54



2 Patricia L. A. Mufioz, Alexis Z. Minchaca, Rosa E. Mares ct al.

in tropical and subtropical regions. Several studies focusing on the
biology of medically-important protozoan parasites, such as Leishmania,
Trypanosoma, and Plasmodium, have revealed processes related to their
particular lifestyle. As they endure harsh environment conditions during
its life cycle (e.g., dealing with at least four types of cellular stress:
thermal, nutritional, osmotic, and oxidative), protozoan parasites have
developed a response mechanism, which includes activation of molecular
chaperones, to avoid unfolding of proteins. Consequently, molecular
chaperones play a key role in both maintaining protein homeostasis and
promoting correct folding of virulence-related proteins. This chapter
reviews the current advances on the functional role of molecular
chaperones and foldases from medically-important protozoan parasites in
their mechanisms of response to stressful conditions, as well as an
overview of studies focusing on these key molecules as potential targets
for designing novel anti-parasitic drugs.

1. INTRODUCTION

Proteostasis, or protein homcostasis, is mainly referred to the cellular
processes involved in regulation of the equilibrium between the synthesis,
folding, unfolding, and degradation of proteins. Interestingly, molecular
chaperones and foldases (folding enzymes) play key roles in those processes.
In vivo, protein folding is driven by the concerted action chaperones and
foldases, as thcy assist nascent polypeptides to adopt their correct three-
dimensional structure. This task is not casy, since there arc a wide range of
possible conformations that can be adopted, especially in a conglomerated
intracellular environment, affecting the selection of the correct protein folding
path. So, to circumvent any detour, chaperones and foldases act cooperatively
to remodel and reactivate their polypeptide substrates.

In cells, as all processes occur simultancously, thigh regulation
mechanisms must be active to preserve protein homeostasis. An imbalance in
these processes could lead to accumulation of aberrant isoforms (unfolded and
misfolded polypeptides), which promote the formation of aggregates, resulting
in loss of function, cellular stress and, ultimately, cell death. Chaperones and
foldases respond to these stressful conditions, assisting protein folding and,
thus, preventing any further outcome. So far, the most studied are two heat
shock proteins (Hsp70 and Hsp90), an oxidoreductase (protein disulfide
isomerase, PDI), and a lectin (calreticulin, CRT).

Chaperones and foldases have been identified in all organisms studied to
date, from prokaryotic to cukaryotic cells, including some human protozoan
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parasites (Plasmodium, Leishmania, Trypanosoma, Toxoplasma, Giardia, and
Entamoeba). As expected, these organisms also depend on protein folding,
assisted by chapcrones and foldases, to fulfill their cellular functions.
Protozoan parasites advance through different stages to accomplish its life
cycle. Interestingly, the stage conversion includes several cellular adaptations
intended to withstand adverse environmental conditions, from starvation and
nutrient depletion to evasion of the host immune system.

Chaperones and foldases play an important role in the development and
stage transition of protozoan parasites, promoting the correct folding of
proteins involved in cell development, allowing resistance to unpleasant
conditions and, thus, ensuring the success of the infection. Furthermore, for
some intracellular parasites, such as Plasmodium, chaperones have been also
associated with pathogenesis, suggesting a possible selection and expansion of
its functions. Therefore, chaperones and foldases represent potential targets for
the development of new or improved anti-parasitic drugs.

For instance, the antibiotic geldanamycin binds to the ATP binding site of
the Hsp90 counterpart from several parasites and, as a consequence, ATP
hydrolysis is inhibited. Since this activity is essential for assisting correct
folding, some vital functions arc interrupted, such as cell growth and
proliferation. Furthermore, geldanamycin inhibits more cfficiently chaperones
from parasites than those from human. Albeit it has potential as an anti-
parasitic agent, geldanamycin cannot be regarded as suitable for human
therapy because it exhibits hepatotoxicity. Nonetheless, this compound has
served as core to obtain derivatives with reduced toxicity, but keeping its
selectivity.

In addition to Hsp90, other chaperones and foldases, such as Hsp40,
Hsp70, CRT, PPI, and PDI, have potential as targets for development of anti-
parasitic drugs. However, more studies leading to the discovery of new or
improved chemotherapeutics are required; specially, targeting medically-
important parasites.

2. MOLECULAR CHAPERONE MACHINERY
AND PROTEIN FOLDING

Cellular proteostasis, as a quality control mechanism, includes the

regulation of protein synthesis, folding, unfolding, and degradation.
Interestingly, chapcrones and foldases arc key players in maintaining this
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cellular equilibrium (Saibil 2013), since they participate in protein folding, a
main process that is coupled to protein synthesis (Kim 2015).

During protein synthesis, the polypeptide folds into a native conformation
(tertiary structure) as it emerges from the ribosome; however, many small
proteins fail in their attempt to adopt a correct folding and remain as denatured
polypeptide (Kim 2015). Two possible mechanisms have been proposed to
describe the achievement of the native structure. The first comprises the
formation of an initial core structure, from whom the remaining polypeptide
chain adopts its correct folding. While in the sccond, regions of the
polypeptide fluctuate in the formation of a sccondary structure; then, an
intermediate will be formed by joining altogether, which eventually develop
the native structure (Efimov 2014).

In contrast, by using mechanical strength, chemical denaturation, and
point mutations, it has been demonstrated that acquisition of the protein native
structure involves a complex cnergy landscape in a composite cellular
environment, where proteins are exposed to many disturbances that may
strongly influence the selection of the folding path (Guinn 2015). Moreover, it
has also been shown that during translation, the rate at which each amino acid
is incorporated into the nascent polypeptide affects the probability of a protein
1o acquire its native conformation; thercfore, protein folding during translation
is hardly balanced (Caniparoli 2015).

Furthermore, to overcome difficulties in the protein folding pathway and
to prevent aggregation, chaperones and foldases cooperate and regulate each
other to reshape and reactivate substrate polypeptides. In cells, the existing
combinations of chaperones and foldases determine the ecfficiency and
specificity of the molecular folding machinery (Reidy 2014).

2.1. Heat Shock Proteins

The best preserved mechanism to protect cells from misfolded proteins is
the refolding mediated by evolutionarily conserved heat shock proteins (Hsp).
Hsp are induced in response to scveral types of stress, such as heat shock,
nutrient deprivation, or mecchanical damage. Hsp recognize unfolded or
misfolded proteins and facilitate their refolding either by a mechanism
dependent or independent of ATP (Rosenberg 2015; Briining 2015).
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Small Heat Shock Proteins (sHsp)

The sHsp family of chaperones is characterized by their low molecular
weight (12-43 kDa) and by containing a conscrved o-crystalline domain. This
chaperone family is found in a wide variety of cell types, from prokaryotes to
cukaryotes, with a number of members ranging from 1 to 19. Interestingly,
sHsp assist protein homeostasis by preventing or reversing aggregation under
conditions of proteotoxic stress. This function is carried out through an ATP-
independent activity, as holdases, by binding partially unfolded polypeptide to
an assembly of sHsp oligomers. Then, when conditions arec optimal,
polypeptide substrates arc released for refolding with the assistance of other
ATP-dependent chaperones (Liu 2015; Zhang 2015).

Hsp60 Family

The eukaryotic Hsp60 chaperone, mainly found in the mitochondria, is
constitutively expressed under normal conditions and is induced by scveral
types of stress, such as heat shock, oxidative stress, and DNA damage.
Together with its cofactor Hsp10, Hsp60 is the main machinery for the correct
folding of mitochondrial proteins. Moreover, Hsp60 has been found in other
cellular compartments, such as the cytosol and plasma membrane; also, it may
be exported to the extracellular space, through vesicle-mediated secretory
pathway. In the extracellular environment, Hsp60 interacts with receptors
present on immune cells and reach the bloodstream, where it acts as a
chaperokine (a chaperone with cytokine activity) at distant places (Asca 2000).
Furthermore, Hsp60 plays scveral important roles in some human discascs,
being a reliable biomarker for following patients with temporal lobe epilepsy
as well as for evaluating cardiovascular risk (Cheng 2014; Gammazza 2015).

In the bacteria Escherichia coli, the chaperonin GroEL (a 57 kDa protein)
exists as a 14-meric cylinder consisting of two heptameric rings. Together with
its co-chaperonin GroES (a 10 kDa protein), existing as a single 7-meric ring,
GroEL favors protein folding through an ATP-dependent process. The
molecular complex GroEL/GroES binds to a large varicty of polypeptide
substrates, ranging from 2 to 100 kDa. The apical domains of the GroEL
subunits, forming the ring opening, expose the hydrophobic residues for
binding of substratcs. Upon ATP binding to GroEL, GroES covers the GroEL
ring that holds the substrate, generating a closed compartment large enough to
contain polypeptides of up to 60 kDa. In this conformation, the substrate is
folded during the hydrolysis of seven molecules of ATP in the GroEL ring.
The binding of ATP to the opposite ring causes the dissociation of GroES and
the subscquent release of the substrate. If the substrate polypeptide has not yet
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been fully folded, it is recaptured for another round of folding inside GroEL
(Georgescauld 2014).

The CCT chaperone, also called TRIiC (TCP-1 ring complex), has been
found in mammalian and yeast cells. To assist protein folding, sixteen CCT
monomers assemble a protein complex, consisting of two stacked rings of
cight subunits each. This complex forms two inner chambers where substrate
polypeptides are trapped and then folded. CCT subunits are highly conserved;
however, they diverge in the binding regions, allowing functional adaptation to
a wide varicty of substrates, including actin, tubulin, STAT3, and some cell
cycle regulators. CCT is essential for de novo folding of about 10% of the
newly synthesized polypeptides and, also, for refolding of proteins denatured
by cellular stress. Interestingly, substrates for CCT are characterized by the
presence of domains with a marked tendency to form p-sheets (Riimann
2012; Kasembeli 2014). CTT cycles between open and closed conformations,
which are regulated by ATP. The closed conformation is favored by the
transition state of ATP hydrolysis. The cavity shaped in CTT provides plenty
space for 70 kDa substrate polypeptides; however, it has the ability to fold
larger substrates. For the latter, CCT only captures the protein domains that
requires folding assistance (Riifmann 2012).

Hsp70 Family

In bacteria, the DnaK chaperone (a prokaryotic homolog of Hsp70) plays
a major role in misfolding of proteins, preventing aggregation, assisting
refolding, and remodeling large aggregates (Evans 2012; Cho 2015). DnaK
has two functional domains: the N-terminal ATPase domain (NBD) and the C-
terminal substrate binding domain (SBD). The association or dissociation of
the substrate is restricted by the nature of the nucleotide bound to the NBD.
When ADP is bound (closed conformation), stable interactions with the
substrate arc favored, while the affinity is reduced when ATP is bound (open
conformation) (Evans 2012; Doyle 2015). DnaK performs a wide variety of
activities through association with co-chaperones or other chaperones. For
instance, the ATPasc cycle is controlled by the co-chaperones, DnaJ and GrpE.
DnaJ (a member of the Hsp40 family) stimulates ATPase activity, whercas
GrpE, a nucleotide cxchange factor (NEF), promotes the rcleasc of ADP.
Moreover, by association with NBD of DnakK, the ClpB chaperone (a member
of the Hspl00 family) is activated, facilitating its ability to solubilize and
reactivate aggregated proteins (Doyle 2015).

Other members of the Hsp70 family arc the cytosolic Ssa and Ssb
chapcrones. Activated in response to a wide variety of stressor, the main
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function of Ssa proteins is to prevent aggregation of denatured polypeptides,
by binding to their hydrophobic regions and preventing the generation of
amorphous aggregates (Hasin 2014). Ssa proteins are also involved in protein
translation, translocation, and folding. Moreover, cells Ssa-deficient exhibit
multiple defects, including cell cycle arrest in Go/M phase, accumulation of
precursor proteins targeted to the endoplasmic reticulum (ER) or
mitochondria, abnormal nuclear distribution, and aberrant microtubule
formation. As other members of the Hsp70 family, Ssa proteins are associated
with other co-chaperones, such as Ydjl (a DnaJ homolog) and Fesl (a NEF-
like protein) (Shaner 2005).

In contrast, Ssb proteins are associated with both the ribosome and the
nascent polypeptides emerging from the ribosomal exit channel. Cells lacking
Ssb proteins exhibit enhanced sensitivity to inhibitors of translation, indicative
of its role in the process. In addition, the ribosome-associated complex (RAC),
a heterodimer comprised of Ssz-1 (Hsp70-like) and Zuo-1 (a J-protein),
specifically activates the ATPase function of Ssb proteins (Shaner 2005).
Therefore, it is likely that RAC and Ssb play key roles in cellular protection of
toxic protein aggregates (Kiktev 2015).

A well-studied member of the Hsp70 family is the immunoglobulin
heavy-chain-binding protein (BiP), an ER-resident chapecrone that
distinguishes and binds to unfolded regions of nascent polypeptides during
translation. BiP is the main system for monitoring protein folding and
participates in various critical processes, such as protein translocation,
disaggregation, degradation (Bchnke 2015). Also, BiP performs multiple
cycles of binding and release of polypeptide substrates to promote proper
folding.

This process is tightly regulated by a cycle of ATP binding and hydrolysis
as well as by nucleotide exchange (Griesemer 2014; Behnke 2015).
Furthermore, some cofactors rcgulating BiP activity, named ERdj proteins
(similar to the bacterial Dnal, located at the ER), directly bound to unfolded
proteins and target this substratc to BiP. In addition, GRP170 and SiL1
(nucleotide exchange factors) facilitate the substrate release from BiP by
stimulating the release of ADP and allowing ATP to rebind to the nucleotide
binding domain, promoting a conformational change that favors the open state
of BiP and allowing accessibility to the substrate binding domain (Araki 2011;
Behnke 2015).
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Hsp90 Family

A well-studied Hsp90 family member is the Grp94 chaperone, a 94-
kilodalton glucose regulated protein, which is the most abundant glycoprotein
in the ER (Zhu 2015). Besides participating in protein folding, Grp94 interacts
and associates with other chaperones as well as is involved in storage of
calcium and assists in targeting of misfolded proteins to the mechanism of ER-
associated degradation (ERAD) (Eletto 2010; Marzec 2012). Interestingly,
Grp94 substrates are selected, some of which play critical roles in immunity,
growth, signaling, and cell adhesion (c.g., major histocompatibility class I,
insulin-like growth factor II, Toll-like receptor I, and a subset of integrins)
(Liu 2008; Eletto 2010; Staron 2010). Also, Grp94 exhibits a surface and
sccreted forms that facilitate antigen presentation and immune response (Luo
2013).

Another Hsp90 family member is the mitochondrial TRAP1 chaperone
(tumor necrosis factor receptor-associated protein 1), which protects the cell
from apoptosis induced by reactive oxygen species (ROS) and senescence (Im,
2014). Recently, it has been showed that TRAP1 is involved in the association
of hexokinase II to the mitochondrial outer membrane and promotes the
folding and stability of the succinate dchydrogenase, a subunit of complex II
from the oxidative phosphorylation chain (Lisanti 2014).

2.2. Calnexin and Calreticulin

Calnexin (CNX) and calreticulin (CRT) are ER lectin chaperones involved
in folding and quality control of glycoproteins. CRT is a type I membrane
protein, while CNX is its soluble paralog having 39% of sequence homology.
CNX and CRT share similar structural fcatures: both have the N-terminal
globular domain containing the lectin binding site. In CNX, the globular
domain is formed by a B-sandwich of concave and convex B-sheets (Tannous
2015).

In the ER compartment, glycoprotein folding, transport, and degradation is
coupled to the N-glycosylation process. An oligosaccharide is transferred to
asparagine residues in acceptor polypeptides. Then, glycosidase enzymes
modify the branching pattern, leaving a mono-glycosylated glycan, which
mediates binding to the ER lectins (CNX or CRT). The latter interaction
allows ER-retention of misfolded substrates and, also, promotes refolding
through interactions with foldases, such as peptidyl-prolyl cis-trans isomerase
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(PPI) and protein disulfide isomerase (PDI) (Ferreira 2004; Banerjee 2007,
Ferris 2013; Tannous 2015). Once the substrate is correctly folded, the
glycoprotein is transported to the Golgi apparatus. Otherwise, it can cither be
retained to get another round of refolding or be directed to ERAD (Ferris
2013; Tannous 2015).

2.3. Peptidyl-Prolyl cis-trans Isomerases

Peptidyl-prolyl cis-trans isomerases (PPI) contribute to the folding and
restructuring of substrate polypeptides by catalysis of the slow rotational
motion of peptide bonds preceding a proline residue. PPI family include
parvulins, cyclophilins, and FK-506 binding proteins (FKBP) (Schiene-Fischer
2014). All proteins have a three-dimensional structure where the configuration
of cach peptide bond is clearly defined. In correctly folded proteins, about 7%
of proline bonds have a cis configuration, while non-proline bonds exhibit just
0.03% (Schmidpeter 2015). Hence, PPI promotes folding of partially folded
polypeptides by catalyzing the cis-trans isomerization of proline residues with
incorrect configuration (Schiene-Fischer 2014; Schmidpeter 2015).

2.4. Protein Disulfide Isomerases

Protein disulfide isomerases (PDI) are oxidoreductases with chaperone
activity belonging to the superfamily of thioredoxin-like proteins. Although its
primary function is to catalyze the formation and rearrangement of disulfide
bonds of polypeptide substrates, PDI enzymes have shown the ability to
function as chaperones, a process called oxidative folding of proteins (Stolf
2011; Biran 2014).

Even though they arc ER-resident proteins, thesc ecnzymes have been
found in the cytoplasmic membrane, where catalyze the reduction of disulfide
bonds from surface proteins, enhancing adhesion and cell migration.
Furthermore, this membrane-associated activity has also been implicated in
several processes that regulate host-pathogen interaction during viral and
parasitic infections (Santos 2009; Pan 2014).
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3. MEDICALLY-IMPORTANT PROTOZOAN PARASITES

Interestingly, a set of chaperones and foldases has been identified in
numerous organisms studied so far, including cukaryotic parasites that cause
human discases. Worldwide, parasitic infections are prevalent and remain as a
significantly threat to the public health. Tables 1 and 2 summarize the clinical
pathology and infective stages of some medically-important protozoan

parasites.

Table 1. Medically-important intracellular protozoan parasites

Pathogen Clinical pathology

Plasmodium In endemic areas, patients with severe
disease usually exhibit one or more of
the following: severe anemia,
respiratory distress associated with
metabolic acidosis, or cercbral malaria.
In some cascs, patients can acquire
partial immunity, allowing the

of asymp ic infe

(WHO - Malaria 2015).

Leishmania Two clinical manifestations can be

Infective stages
The infective stage is named
sporozoite. Within the host cell,
ites mature into schi then,

by ascxual replication (schizogony),
they release merozoites. When these
infect erythrocytes, the ring stage

hozoite matures into schi
Some of the intra-erythrocytic
trophozoites mature into sexual forms,
called gametocytes. Blood stages are
responsible for the clinical
manifestations of the discase (CDC —
Malaria 2012).
The extracellular infective stage,

associated to this parasite i
Visceral leishmaniasis (VL),
characterized by irregular fever, weight
loss, hepatosplenomegaly, and anemia.
Cutancous leishmaniasis (CL),
characterized by the occurrence of one
or more lesions on the skin (face, trunk,
or extremities), that can change size
and appearance over time (WHO —
Leishmaniasis 2015).

Trypanosoma  The lesions produced by the infc

p develops and multiplics
in the digestive tract of the transmitting
insects (vectors). The intracellular
replicative stage, amastigote, resides
and multiplies within the
phagolysosomes of the host
mononuclear phagocytes (CDC —
Leishmaniasis 2013).

Try i enter the host through

of T. cruzi (Chagas discasc) depend on
both parasite and host. Three clinical
phases can be distinguished. Acute
phase, asymptomatic in about 70% of
those infected, characterized by high
parasitacmia and multiple tissue
invasion. Indeterminate phase, without
detectable parasitacmia, where
anatomical and functional
abnormalities have been reported, and

a wound or mucosal membranes.
Inside, these can invade nearby cells,
where they differentiate into

i These i lular forms
then multiply and differentiate into
trypomastigotes, which are released to
the bloodstream and spread the
infection to other cells and tissues.
‘Within the vector, these

also sudden death. Chronic phase,
characterized by irreversible visceral
damage (WHO — Chagas 2015).

tryp i are transformed into
epimastigotes, a mobile and replicative
stage (CDC — American
Trypanosomiasis 2015).
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Table 2. Medically-important protozoan parasites associated with
diarrheic diseases

Pathogen Clinical pathology Infective stages

Giardia A multifactorial process is associated ~ Two stages are clearly distinguished:
to the infection with Giardia, which the cyst, infective form, resistant to
involve functional and the environment outside the host, and

immunological aspects of host and the trophozoite, the invasive form,
parasite. The clinical manifestation which colonize the small intestine of
range from asymptomatic to acute or  the host (Halliez 2013; CDC —

chronic discase. The diarrheic Giardia 2010).
syndrome appears as a common acutce
manifestation (Halliez 2013).

E b The i inal infection (acutc and The cyst stage, infective form, is
chronic) is characterized by i to external envi 1
abdominal pain, tenesmus, and conditions and can survive in the

sometimes acute dysenteric diarrhca.  gastric juice. The trophozoite stage,
The toxic colitis is gencrated by the invasive form, has the ability to
invasion and perforation of the colon,  attach to the mucosa and colonize the

which creates a non-specific toxic intestinal wall (Fletcher 2012; CDC —
situation, causing scvere peritonitis. Amcbiasis 2010).

The disscminated infection is

characterized by invasion of other

organs, forming abscesses, the most
frequently affected is the liver
(Ralston 2011).

Protozoan parasites of the phylum Apicomplexa are the most prevalent in
the world (Frolich 2011). Within this, parasites of the genus Plasmodium are
the most common are the, which causec malaria and arc transmitted to humans
through the bites of infected Anopheles mosquitoes. There are four species
that cause malaria: P. falciparum, P. vivax, P. malariae and P. ovale.
According to the latest global estimates, in 2013, there were roughly 198
million cases of malaria that led to the death of about 584,000 people (WHO —
Malaria 2015).

Leishmaniasis is caused by a protozoan parasite of the genus Leishmania,
which includes more than 20 different species, and it is transmitted to humans
through the bite of infected female sandflics. The discase occurs in threc main
forms: visceral (the most severe), cutancous (the most common), and
mucocutancous. Annually, 1.3 million new cases and between 20,000 and
30,000 deaths are estimated (WHO — Leishmaniasis 2015; Alvar 2012).

Chagas disease, also known as American Trypanosomiasis, is caused by
the protozoan parasite 7. cruzi. It is mostly vector-transmitted to humans by
contact with feaces of Triatominac bugs. It has been estimated that between 6
and 8 million people are infected worldwide, most of them in Latin America,
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where Chagas disease is endemic. Moreover, a total of 56,000 new cases have
been reported annually, causing about 12,000 deaths (WHO — Chagas 2015).

WHO reported in 2014 that diarrheal discases affected more individuals
than any other discase associated with infections (WHO — Statistics 2014). In
humans, these discascs arc caused by different pathogens, including protozoan
parasites. Giardia lamblia, causative agent of giardiasis, is the most common
enteric protozoa with a cosmopolitan distribution (Fletcher 2012). Entamoeba
histolytica, causative agent of amebiasis, is also a cosmopolitan protozoa, but
more prevalent in developing countriecs with poor sanitary conditions.
According to WHO, amebiasis is the third leading cause of death by parasitic
infections (WHO/PAO/UNESCO 1997).

4. PROTEOSTASIS AND PROTEOTOXIC STRESS
IN PROTOZOA

Numerous and complex biological processes simultaneously occur in
living cells. These processes must be strictly regulated to ensure an optimum
balance in their functions. Proteins perform a wide variety of cellular
functions, including the replication of genetic material, catalysis and
metabolism, cell signaling, cell cycle, and membrane transport, among others.
Hence, the life of a cell depends on the efficient function of thousands of
proteins, which, in turn, depend on correct folding (Cuanalo-Contreras 2013).

Since proteostasis controls protein concentration, subcellular localization,
chaperone-assisted folding, and protein degradation, this mechanism is
responsible for maintaining the dynamic balance of the cell proteome
(Gidalevitz 2010). Therefore, unbalanced proteostasis can lead to aberrant
folding, aggregation and accumulation of proteins, causing stressful conditions
that may result in cellular dysfunction (Bar-Lavan 2013). Some cells have a
high rate of protein synthesis, which makes them more likely to accumulate
misfolded proteins and to potentially develop proteotoxic stress (Kawabata
2012).

In cukaryotic cells, the accumulation of unfolded proteins in the ER
induces proteotoxic stress, which then triggers a quality control mechanism,
the unfolded protein response (UPR) (Hartley 2010). When UPR is cfficient,
cells can temporarily adapt to that stress (Papa 2012). However, excessive and
prolonged ER stress induces cell death, usually by apoptosis, which is the last
resort to dispense dysfunctional cells (Xu 2005). Chaperones and foldases that
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enhance folding capacity, and initiating the process to export and degrade
misfolded proteins. The most abundant and best characterized ER chaperones
and foldascs include BiP, GRP94, CRT, and PDI. Interestingly, the increased
protein synthesis in highly proliferative or secretory cells requires increased
ER capacity and function. Therefore, ER chaperoncs and foldases play
important roles in maintaining proteostasis and contributing to cell growth and
survival (Hartl 2009; Luo 2013).

Because of ER connectivity to other subcellular compartments, it is
possible to comprechend how some chaperones and foldases may be located
outside such compartment. For instance, on the cell surface, where they
participate in signaling functions that regulate proliferation and cell death
(Peters 2011). Furthermore, different studies have shown the potential to
regulate ER proteostasis, including the development of specific therapeutics
aimed at producing proteotoxic stress in the ER (Liu 2011).

As many other organisms, protozoa also depend on mechanisms that
promote efficient protein folding (Becker 1996). Furthermore, for pathogens
such as Plasmodium, Trypanosoma, Leishmania, Toxoplasma, Entamoeba,
and Giardia, it is essential that virulence factors exported to the plasma
membrane or extracellular environment exhibit proper native structure, which
is important to fulfill their functions (Joyce 2013; Sibley 2013). Although
more information on protein folding in protozoa is needed, the general
knowledge on protein homeostasis can be used to design strategies aimed to
identify therapeutic molecules with anti-pathogenic activity; specifically,
targeting key components of the protein folding machinery, leading to
sustained proteotoxic stress, and thus inducing cell death (Calamini 2011;
Calamini 2012).

5. ROLE OF PROTEIN FOLDING IN THE LIFE CYCLE
OF PROTOZOAN PARASITES

During the course of its life cycle, protozoan parasites advance through
different stages that involve morphological and physiological changes,
allowing them to successfully perform several processes, such as infecting and
invading the host, and surviving harsh environmental conditions (Florence
2002). This developmental adaptation clearly suggests an evolutionary
selection that involves the acquisition of nutrients, release of virulence factors,
microbial resistance, and ecffective immunc cvasion (Khalaf 2012).
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Interestingly, the process of infection and invasion exposes the parasite to
adverse environmental conditions, such as abrupt changes in temperature and
pH, which may affect the stability of proteins (Acharya 2007). Thercfore, the
assistance of chaperones and foldases is essential to preserve protein
homeostasis during the parasitic lifestyle of protozoa.

5.1. Plasmodium

Plasmodium parasites have a complex life cycle that includes several
stages (Table 1). Complete cycle is described in greater detail elsewhere
(Enomoto 2012; CDC - Malaria 2012; WHO - Malaria 2015). During
transmission from the vector to humans, as well as in development within the
human cell, the parasite has to confront unfavorable environmental conditions,
such as heat stress, ¢.g., because the temperature in the vector and the human
is different, and due to fever cpisodes in infected humans (Acharya 2007).
Chaperones from The Hsp family allow parasite surviving under those
conditions, by binding to denatured polypeptides and assisting proper
refolding (Shonhai 2007).

The P. falciparum Hsp90 homolog (P/Hsp90) plays two major roles in the
parasitic lifestyle: i) folding of essential proteins, e.g., virulence factors, and
preventing the formation protein aggregates (along with other members of the
Hsp family) (Bonnefoy 1994), and ii) modulating the activity of some
transcription factors (Banumathy 2003; Kumar 2003). Use of Hsp90 inhibitors
has been key to clucidate its participation during infection and development of
P. falciparum. When PfHsp90 is inhibited, a large number of Hsp90-substrate
polypeptides, which are necessary for development of the parasite within the
human erythrocyte, fail to fold properly and undergo degradation (Banumathy
2003; Kumar 2003). Interestingly, this inhibition arrested the parasite progress
at an immature stage. However, this condition had no effect on the release of
mature forms, which werc able to efficiently infect fresh erythrocytes
(Banumathy 2003).

Another Hsp-like protein, PfHsp70, participates in the parasite
development during heat stress. The expression of PfHsp70 is particularly
notable in the intra-erythrocyte stages, where is involved in the folding of
sccreted proteins, granting the settlement of the parasite within the cell
(Shonhai 2007). In addition, P/Hsp70 and PfHsp90, along with some co-
chaperones, constitute a multi-chaperone complex engaged in the folding of
scveral proteins (Acharya 2007; Gitau 2012). Morcover, another complex,
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formed by PfHsp70 and P/Hsp40 (a co-chaperone), can function as a refoldase
during protein trafficking between the parasite and the erythrocyte (Birkholtz
2008). It scems that PfHsp40 is important for maturation of the parasite, as the
co-chaperone is particularly abundant in this life cycle phase (Achayra 2007).

A large number of proteins involved in virulence and pathogenesis of
Plasmodium parasites have cysteine residues forming disulfide bonds, e.g., the
apical membrane antigen 1 (AMA-1) or the EGF-like domain of the merozoite
surface protein 1 (MSP-1) (Haque 2012). Both protcins AMA-1 and MSP1
depend on accurate oxidative folding to efficiently perform its function
(Hodder 1996; Guevara 1997; Moss 2012). In cukaryotic cells, disulfide bond
formation is catalyzed mainly by PDI enzymes. In the genus Plasmodium, nine
PDI homologs have been described so far (four paralogs in P. falciparum)
(Haque 2012). PDI enzymes arc highly expressed in ascxual stages of this
parasite (Mahajan 2006). Moreover, it has been shown that oxidative folding
of the erythrocyte binding antigen 175 (EBA-175), a virulence factor and
leading malaria vaccine candidate, is assisted by a PfPDI enzyme (Gilberger
2003; Mahajan 2006).

5.2. Leishmania

The life cycle of Leishmania parasites comprises two major stages (Table
1). Complete cycle is described in greater detail elsewhere (CDC -
Leishmaniasis 2013; WHO — Leishmaniasis 2015). The parasitc has developed
unique adaptive mechanisms to ensure survival in the harsh environments
faced throughout their life cycle (Cunningham 2002). Morcover, to avoid
denaturation of proteins, the parasite contains a set of chaperones and foldases
playing an important role to ensure successful infection and invasion
processes. Within these, some members of the Hsp family have been identified
as key in the cellular response to heat shock, by preventing denaturation and
aggregation of proteins during infection (Teixeira 2015).

In L. brazilensis, the Hsp70 homolog has been reported as one of the
major chaperone involved in prevention of aggregation and folding assistance
of proteins (Ramirez 2013). Morcover, its biological significance has been
confirmed by gene disruption, in L. intantum (Folgeira 2008), and knockdown,
in L. donovani (Raina 2012), leading to defects on cell cycle, growth,
morphology, and virulence of the parasite. Interestingly, it scems that thermal
stress is required as a signal for parasite differentiation (Clos 1999).
Furthermore, it has been suggested that the transient increase in the expression

Complimentary Contributor Copy

68



16 Patricia L. A. Mufioz, Alexis Z. Minchaca, Rosa E. Mares ct al.

of heat shock proteins, which precedes the transformation between stages, is
associated with the extensive remodeling that accompanies the morphologic
transition (Miller 2000).

The Hsp100 and Hsp90 homologs are two additional chaperones involved
in Leishmania differentiation. When the parasite is stressed, high levels of
Hspl00 are detected (Krobitsch 1999), functioning as integrity protector.
Although not decisive for differentiation, it has been shown that Hsp100 is
relevant in maintenance of the intracellular stage, as it acts keeping correctly
folded essential proteins and some virulence factors (Krobitsch 1999; Clos
2001). On the contrary, Hsp90 is essential for stage differentiation (Wiesgigl
2001). Recently, two isoforms of the p23 co-chaperone has been identified in
L. brazilensis (Batista 2015). This co-chaperone binds to the Hsp90-ATP
complex. Despite having similar affinitiecs for Hsp90, the two isoforms have
dissimilar thermal stability profiles and chaperone activities, suggesting that
cach might be required in different stages of the parasite life cycle.

On the other hand, L. major contains a PDI homolog that plays a key role
on its parasitic lifestyle. Mutants lacking LmPDI exhibit a non-virulent
phenotype, indicating that it may participate in attachment, internalization, or
multiplication (Markikou-Ouni 2012). Moreover, strong suppression of
parasite proliferation was obscrved in cultures treated with bacitracin, a known
PDI inhibitor (Khalaf 2012). Furthermore, it has been shown that PDI function
is crucial for efficient infection of L. chagasi to macrophages (Santos 2009).
Also, in L. donovani, the CRT homolog is important for the targeting of some
virulence factors during their traffic through the parasite sccretory pathway.
Interestingly, altering the chaperone function of CRT affects secretion of acid
phosphatases, resulting in a significant decrease in the survival of L. donovani
within human macrophages (Debrabant 2002).

5.3. Trypanosoma

Trypanosoma parasites also have a complex life cycle which includes
several stages (Table 1). Complete cycle is described in greater detail
clsewhere (Nagajyothi 2012; Michacli 2015, CDC - American
Trypanosomiasis 2015, WHO - Chagas 2015). As expected, during
transmission and infcction, the parasitc must be able to withstand harsh
environmental conditions and survive the attacks of the immune system,
among others. To understand the role of chaperones in the life cycle of
Trypanosoma, thermal or ER stress has been used to study the role of several
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protein homologs, including Hsp, CRT, and cyclophilin (Paba 2004; Michaelli
2015).

In 7 cruzi, the Hsp90 chapcrone is not involved in stage differentiation.
However, inhibition of 7cHsp90 induces a stress response and causes growth
arrcst, indicating that protein folding is needed to complete the cell cycle of
the parasite (Graefe 2002). Additionally, this parasite has four Hsp70 isoforms
that arc differentially expressed during its life cycle (Shonhai 2007).
Furthermore, it has found that some typical chaperone complexes are formed,
such as Hsp70-Hsp40 (Edkins 2004).

A major role of protein oxidative folding in Trypanosoma parasites is
illustrated by the variable surface glycoproteins (VSG), which are essential for
evading the host immune system and maintaining the low level of chronic
infection, since they contain scveral disulfide bonds that arc important for
structural integrity (Haque 2012). Specific chaperones and foldases
responsible for proper folding of VSG remains to be revealed; however, the
implication of several Hsp homologs, some PDI enzymes, and the lectin CRT
has been proposed (Wang 2010; Field 2010).

5.4. Giardia and Entamoeba

The life cycle of the enteric parasites Giardia and Entamoeba is quite
simple (Table 2). Complete cycles are described in greater detail elsewhere
(Ralston 2011; Fletcher 2012; Hallicz 2013; CDC — Amecbiasis 2010; CDC —
Giardia 2010). Interestingly, both parasites requirc the assistance of
chapcrones and foldases during the synthesis of essential proteins and
virulence factors (Ratner 2008; Ramos 2011; Haque 2012).

Cellular functions of the Hsp90 chaperone are associated with parasite
development (Debnath 2014). The G. lamblia homolog (GIHsp90) is encoded
by two fragments, separated by a large stretch of sequence, which are spliced
together in trans (Nageshan 2011; Roy 2012). Apparently, this features helps
the parasite to elude natural inhibitors (Roy 2012). Little is known regarding
the cellular role of Hsp90 in E. histolytica (EhHsp90): exhibits a weak ATPase
activity and is capable of binding to £hAha-1 (a co-chaperone). Also, it scems
that E. histolytica is dependent on EhHsp90 for growth and survival (Singh
2014).

On the other hand, both Giardia and Entamoeba parasites have PDI
enzymes involved in protein folding (Haque 2012). In Giardia, two major
proteins of the cell wall are targeted to the secretory pathway and are
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covalently associated by disulfide bonding (Hehl 2000). Furthermore, PDI
activity is crucial in the ER during the differentiation of Giardia parasites. For
instance, when disulfide bond formation is inhibited with dithiothreitol, a
membrane-permeable reductant, parasite differentiation is irreversible blocked
(Knodler 1999). Also, PDI enzymes play an essential role in protein folding of
Entamoeba parasites. In E. histolytica, some virulence factors that are essential
for its parasitic lifestyle require proper oxidative folding to perform their
cellular function (Hecht 2004; Chatterjec 2010). Morcover, using E. invadens
as a model to study the life cycle of Entamocba parasites, it has been shown
that two cell wall proteins, both containing chitin-binding domains stabilized
by disulfide bonding, are essential for stage transition (Samuelson 2011).
Hence, it has been proposed that a PDI enzyme might catalyze the disulfide
boding in amebic proteins involved on its life cycle (Ramos 2008; Mares
2009; Ramos 2011; Mares 2015).

Other foldases, such as cyclophilin and PPI, have been identified in
Giardia and Entamocba parasites. Although participation of cyclophilin in the
proliferation of E. histolytica has been reported, the specific cellular role in
both parasites remains to be clucidated (Ostoa-Saloma 2000; Buchko 2013).

6. MOLECULAR CHAPERONES AS ANTI-PROTOZOAN
DRUG TARGETS

As described so far, protozoan parasites should adapt to different
environments throughout their life cycle. They must survive several life-
threatening conditions, including sudden changes in pH and temperature as
well as different oxygen tension and low-nutrient situations. Also, they have to
deal with oxidative stress and immune response in their host. Hence, to resist
and survive stressful conditions and complete their life cycle, protozoa have
developed a robust molecular machinery, which includes chapcrones and
foldases as key components (Neckers 2008). Moreover, the potential of these
components as targets for the discovery or development of new anti-parasitic
is cvident (Wiesgigl 2001; Gracfe 2002; Kumar 2003; Kumar 2007; Jones
2008; Li, 2009; Mout 2012; Angel 2013; Meyer 2013; Santos 2014).

Among the parasite chaperones and foldases, Hsp90 chaperone has an
exceptional potential as a drug target. In protozoan parasites, several inhibitors
targeting functions of the Hsp90 counterpart have been reported (Table 3),
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being geldanamycin  (GA),

hygroscopicus, the most studied.

an antibiotic produced by Streptomyces

Table 3. Inhibitors of Hsp90 homologs from medically-important
protozoan parasites

Organism Inhibi Mode of action
P. falciparum  Geldanamycin Inhibits the ATPase activity. Blocks some stage
iti during develop (Kumar 2003; Angel
2013).
17-AAG® Exhibit affinity for the ATP binding domain, inhibiting
17-PEG-Alkyn-GA®  its ATPasc activity (Kumar 2007; Mout 2012).
Harmine Exhibits sclectivity for the ATP binding site. Inhibits
carly stage transitions (Shahinas 2012).
PU-H71 Exhibits high affinity for the ATP binding site, inhibiting
its ATPase activity (Shahinas 2013).
L. donovani Geldanamycin Inhibits the ATPase activity. Induces cell cycle arrest.
Promotes an apoptotic death (Wiesgigl 2001; Li, 2009).
Radicol Exhibits affinity for the ATP binding site. Arrest the cell
growth (Wiesgigl 2001).
L. brazilensis ~ Geldanamycin Inhibits the ATPase activity. Promotes degradation rather
than folding (Silva 2013).
17-AAG" Inhibits the ATPase activity, Promotes arrest of the cell
growth (Santos 2014).
L. 17-AAG" Inhibits the ATPase activity. Affects the viability of the
amazonensis parasite in the early phases of treatment (Petersen 2012).
T. brucei Geldanamycin Exhibits affinity for the ATP binding site. Reduces the
cell growth in specific stages (Jones 2008; Meyer 2013).
Radicicol Exhibits affinity for the ATP binding site. Inhibits the
ATPase activity (Meyer 2013).
bi hibits affinity for the C-terminal domain. Induces
f ional changes in the chap (Allan
2006; Meyer 2013).
17-AAG® Exhibit affinity for the ATP binding domain. Inhibits the
17-PEG-Alkyn-GA®  ATPase activity. Promotes arrest of growth of specific
17-AG® stages (Jones 2008; Meyer 2013).
17-DMAG®
T. cruzi Geld i hibits affinity for the ATP binding domain. Inhibits
the ATPase activity. Inhibits cell growth and prevents
cell differentiation (Graefe 2002).
G. lamblia SNX-2112 and Compete with ATP for the nucleotide binding site
and E. similar (Debnath 2014).
histolytica
E. histolytica  Geldanamycin By molecular modeling, exhibits affinity for the
chaperone (Singh 2014).
17-AAG" Exhibits affinity for the ATP binding sitc. Inhibits the
ATPase activity (Singh 2014).

17-Allylamino-17-demethoxygeldanamycin.
@17-N~(3-(2-(2-(3-aminopropoxy)ethoxy)ethoxy)propyl)-pent-4-y namide-17-
demethoxygeldanamycin.

®17-(amino)-17.

-demethoxygeldanamycin.

®17-(dimett

hylamino)-17-d

hoxygeldanamycin.
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GA binds to the adenosine nucleotide-binding domain of Hsp90,
competing with ATP for the binding site; thus, inhibiting the hydrolysis of
ATP. Also, GA prevents Hsp90 substrate proteins from being correctly folded,
and consequently promoting their degradation. By these actions, GA disrupts
critical protozoan cell functions, such as growth and proliferation (Li 2009;
Meyer 2013; Debnath 2014; Santos 2014). Although GA inhibits Hsp90
through the same mechanism, their cellular effects may vary in different
protozoan parasites (Table 3).

In mammalian cells, the ICso of GA for arresting cell growth is roughly
350 uM (Jones 2008). Whilst in protozoan parasitcs, the drug affects growth in
the nM range. This demonstrates the effectiveness of GA as a therapeutic
agent for treatment of parasitic infections (Pallavi 2010; Meyer 2013, Singh
2014; Santos 2014). However, the clinical use of GA was not approved, due to
the potential risk of hepatotoxicity. Therefore, efforts have been made to
obtain GA derivatives with reduced toxicity, while retaining or improving its
capacity as anti-parasitic drugs (Kumar 2007; Jones 2008; Mout 2012; Meyer
2013; Li 2015).

Another Hsp chaperone with potential as a drug target is Hsp70. Contrary
to Hsp90, few studics have been reported regarding Hsp70 inhibitors targeting
the protozoan counterparts. In P. falciparum, the marine alkaloid
malonganenone A was identified as modulator of PfHsp70-1 and PfHsp70-x
activities (Cockburn 2011; Cockburn 2014).

Particularly, the PfHsp70-x sequence contains unique substitutions, often
in regions highly conserved in other orthologs, which make it a potential target
for anti-malaria drug design (Hatherley 2014).

The ER-resident CRT lectin may also be regarded as a potential target for
development of novel anti-parasitic agents. In 7. cruzi, the CRT counterpart
(TcCRT) plays a key role in evasion of the host immune system (Ferreira
2004, Gonzalez 2015). Similarly, the E. histolytica homolog (FhCRT) helps
the parasite in its ability to evade the immune system. Specifically, EACRT
inhibits the classical complement pathway, thus protecting the pathogen from
host-induced lysis (Ximénez 2014).

The PDI enzymes, a family of foldases, also have potential as targets for
the design of new therapeutic agents (Stolf 2011). In P. falciparum, cight PDI
enzymes have been identified. One of them, P/PDI-8, is highly similar to
typical PDI enzymes, structurally and functionally. Moreover, it has been
shown that some family members are expressed in all developmental stages
while other are stage specific, suggesting that a small subset of enzymes, even
just onc of them, fulfills the main functions of this class of chapcrones in the
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life cycle of the parasite (Mahajan 2006). In 7. brucei, two PDI enzymes have
been characterized. Although these are not essential for the growth, they play
an important role in the defense against the host immune system, by reducing
disulfide bonds or by unfolding internalized antibodies to promote rapid
proteolysis (Rubotham 2005). In Leishmania parasites, five PDI enzymes were
identified in both L. major and L. amazonensis (Stolf 2011). Moreover, it has
been reported that typical PDI inhibitors, such as bacitracin and pCMBA
(p-chloromercuribenzoic acid), block the enzymatic activity and the parasite
growth in culture, suggesting that PDI foldases play a role in the Leishmania
development (Hong 2008). Morcover, a PDI foldase from Leishmania has
been considered as an antigen for development of vaccines against parasitic
infection (Benhnini 2009). In E. histolytica, a PDI family of eleven enzymes
has been reported (Ramos 2008). One of them, EAPDI, is actively expressed in
the infective stage of the parasite, and exhibits the structural features of a
typical P5 polypeptide and the functional activitics of a classic PDI
oxidoreductase (Ramos 2005; Mares 2009; Ramos 2011; Mares 2015).
Furthermore, it has been shown that bacitracin inhibits the oxidoreductase
activities of EhPDI, suggesting that blocking the function of this foldase can
be used as a target for development of alternative anti-amebic drugs (Ramos
2011).

PPI activity has been recognized in three classes of enzymes: cyclophilins,
FK-506 binding proteins (FKBP), and parvulins. Cyclophilins are inhibited by
cyclosporins and sanglifchrins, FKBP by FK-506 and its analogs, and
parvulins by juglone (Lawen 2014). Protozoan parasite counterparts of
cyclophilins and FKBP are essential for their life cycle. The anti-parasitic
effect of cyclosporine A (CsA) was reported in E. histolytica. A dose-
dependent inhibition of cell growth was observed when CsA was
supplemented to the culture medium. Although the anti-amebic mechanism is
not certain, the drug might be inhibiting the isomerase activity of the amebic
PPI homolog (EhCyp) (Ostoa-Saloma 2000). CsA has also a significant
inhibitory effect of CsA on the growth of L. donovani. This cffect clearly
suggests an important role for PPI enzymes in the parasite biology. The
suppressive action on the host immunity disregards its use as an anti-parasitic
drug. However, future rescarch must be intended to identify novel inhibitors
that specifically target the PPI enzyme of the parasite (Yau 2010; Yau 2014).
CsA also exhibits anti-parasitic activity in P. falciparum. Cyclophilins play an
important role in the development of this parasite, promoting the export of
virulence factors and acting as chaperone in response to heat shock conditions
(Marin-Menéndez 2011). Although the anti-parasitic effect of PPI inhibitors
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has not been studied in G. lamblia, a FKBP-like enzyme (G/FKBP) was
already identified (Buchko 2013), supporting the notion that PPI enzymes can
be targets for designing drugs with anti-giardial activity.

CONCLUSION

Proteostasis is essential for the proper functioning of any cell, including
protozoan parasites. These pathogens have a set of molecular chaperones and
foldases that are involved in both the maintenance of the intracellular protein
balance and the resistance to adverse environmental conditions (inside and
outside their hosts). Also, some of them have been associated with
pathogenesis, as they favor the correct folding of important virulence factors, a
process that is critical for infection. Although the first studies were conducted
more than ten years ago, the search for specific inhibitors directed to block the
function of molecular chaperones or foldascs from protozoan parasitcs remains
as productive area. Furthermore, the ultimate goal of drug discovery is the
rational design of parasite-specific chemotherapeutics. Finally, it is important
to highlight that targeting any molecular chaperone or foldase could lead to a
success in the drug therapy, since those molecules are located in the center of
scveral protein networks, with diverse functions, which allow the
development, establishment, and surviving of the pathogen in adverse
environmental conditions.
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