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RESUMEN

La enfermedad de Chadas, causada por el parasito Trypanosoma cruzi, es endémica de América
Latina y presenta elevados indices de mortalidad y morbilidad. La blUsqueda y caracterizacion de
nuevos blancos moleculares que contribuyan a la deneracion de farmacos o estrategias
terapéuticas es una meta prioritaria para esta enfermedad. En este sentido, la enzima glucosa-6-
fosfato deshidrogenasa (G6PDH), cuya funcion es catalizar la primera reaccion de la via de las
pentosas-5-fosfato donde se deneran equivalentes de reduccion (NADPH), ribosa-5-fosfato e
intermediarios de la glicdlisis, ha mostrado ser un factor determinante para la supervivencia de
Trypanosoma brucei y de virulencia para las formas infectivas de T. cruzi y Leishmania donovani.
Gran parte de su importancia biologica radica en aportar poder reductor para el mantenimiento

de la homeostasis redox intracelular.

Nuestro objetivo ha sido caracterizar desde el punto de vista bioquimico, estructural y bioldgico a
la G6PDH de T. cruzi, de manera tal de profundizar en el conocimiento sobre esta enzima v,

eventualmente, validarla como blanco farmacoldgico.

Entre los principales resultados obtenidos durante la misma se destacan: (1) la cristalizacion y
resolucion de la primera estructura atdmica de una G6PDH proveniente de un organismo
patdgeno, T. cruzi; (2) la identificacion y el estudio de la relevancia funcional y estructural de
varias regiones y residuos diferenciales entre la proteina de T. cruzi y su homaéloga humana; (3)
la dilucidacion del sitio de unidn de inhibidores esteroideos a la G6PDH de T. cruzi, el cual difiere
de aquel propuesto para las enzimas de Leishmania infantum y humana; y (4) la confirmacion
que la G6PDH es una enzima predominantemente citosolica y blanco molecular de la

epiandrosterona en epimastigotas de diferentes cepas de T. cruzi.

De esta forma, este trabajo ha realizado aportes importantes respecto a la caracterizacion
molecular de este blanco farmacoldgico, permitiendo la identificacion de diferentes
caracteristicas estructurales distintivas que pueden ser explotadas en el disefio racional de

inhibidores.



ABSTRACT

Chagas disease is caused by the parasite Trypanosoma cruzi, which is endemic to Latin America,
and present high rates of mortality and morbidity. The identification and characterization of new
molecular targets that may lead to the generation of new drugs or therapeutic strategies is of
upmost importance to combat this disease. The enzyme glucose-6-phosphate dehydrogenase
(G6PDH) catalyzes the first reaction of the pentose-5-phosphate pathway that generates
important metabolites such as NADPH, ribose-5-phosphate and glycolytic intermediates. GGPDH
has been shown to be a determinant factor for the survival of Trypanosoma brucei and a
virulence factor in the infective forms of T. cruzi and Leishmania donovani. The biological
relevance of this enzyme lies on supplying reducing power for the maintenance of the

intracellular redox homeostasis.

The main doal of this study was to undertake the biochemical, structural and biological
characterization of G6PDH from T. cruzi, in order to reach a comprehensive knowledge on the
molecular aspects that distinguish this enzyme and, eventually, contribute to its validation as a

drug tardet candidate.

The main results obtained during this thesis are: (1) the crystallization and resolution of the first
atomic structure of a G6PDH from a pathodenic organism, T. cruzi; (2) the identification and
study of structural and functional relevance of several regions and residues that are distinctive
between T. cruzi and human G6PDH; (3) the elucidation of the binding site of steroids to the
trypanosomal enzyme, which differed from that propossed for the Leishmania infantum and
human homologue; and (4) the confirmation that GBPDH is predominantly a cytosolic protein

targeted by epiandrosterone in epimastigotes of different T. cruzi strains.

In summary, this study made important contributions to the molecular characterization of this
therapeutic target by allowing the identification of different and distinctive structural features

that may be exploited towards the rational design of inhibitors.
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Capitulo 1.

INTRODUCCION



1.1 Enfermedades desatendidas

La enfermedad de Chadas, la tripanosomiasis africana y la leishmaniasis son enfermedades
causadas por parasitos protozoarios pertenecientes a la clase Kinetoplastea, los cuales
comparten caracteristicas bioquimicas vy estructurales similares (Stuart et al, 2008). Las
dolencias que estos organismos infecciosos causan, afectan a mas de 100 millones de personas
en el mundo y son consideradas “enfermedades olvidadas” (neglected tropical diseases: NTD)
dado que tienen por blanco a las poblaciones mas vulnerables desde el punto de vista social y
econodmico. Paraddjicamente, a pesar que las mismas ocasionan costos de miles de millones de
dolares cada afno debido a la alta morbilidad y discapacidad que deneran en las personas
enfermas, las mismas no reciben la atencion ni los fondos suficientes por parte de los gobiernos
para lograr su erradicacion. En los Gltimos afnos y gracias a los esfuerzos de la academia vy
algunas ONGs (ejemplo; DNDi & WHO) se han logrado avances importantes en lo que respecta a
la identificacion, validacion y caracterizacion de potenciales blancos de farmacos. A su vez se
han identificado nuevos candidatos a farmacos vy reformulado alguno de los ya establecidos.
También se han desarrollado nuevas técnicas y herramientas que son Utiles para comprender
mejor los mecanismos de la enfermedad, detectar nuevos inhibidores y validar a los nuevos
blancos moleculares (El-Sayed et al., 2005; Frearson et al., 2007). Sin embargo, las terapias y
tratamientos disponibles a la fecha, distan mucho de lo ideal. A pesar de existir un consenso a
nivel mundial acerca de la necesidad de contar con tratamientos/farmacos mas efectivos,
sequros y accesibles, estas enfermedades contindan siendo de escaso interés para la industria

farmacéutica.

1.2 La enfermedad de Chadas y Trypanosoma cruzi

La enfermedad de Chagdas es una zoonosis causada por T. cruzi, la cual es endémica de América
del Sur y Central. Si bien fue descrita por primera vez en 1909 por el Dr. Carlos Chagas, existe
evidencia que esta enfermedad ha co-existido con el ser humano desde hace mas de 9000 afos
(Aufderheide et al., 2004; Salvatella R, 2009).

El mal de Chagas al igual que el resto de las NTDs, constituye un problema de salud pudblica
importante, con una clara dimension social, asociada a la pobreza v a la falta de recursos para su
prevencion y tratamiento. Se estima que alrededor de 7 millones de personas estan infectadas,

siendo la tasa de mortalidad de 12.000 personas por ano (Lee et al., 2013). La morbilidad vy
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mortalidad son especialmente elevadas en personas que viven en el medio rural y en
condiciones de pobreza, donde el tipo de vivienda y dificultades en el acceso a la atencion
médica facilitan la transmision vectorial y complican el diagnostico en etapas tempranas de la

infeccion.

La forma mas frecuente de infeccion se da por transmision vectorial, y se produce por el contacto
de las mucosas o dermis del ser humano con heces de insectos triatominos (familia Reduviidae)
infectados. Alrededor de 25 millones de personas se encuentran en riesgo de contagio,
afortunadamente gracias a los programas para interrumpir la transmision vectorial, esta cifra se
redujo considerablemente en las Oltimas dos décadas, siendo nuestro pais el primero en
declararse libre de transmision vectorial en el afo 1997 (Barrios et al,, 2015; Rosa et al., 2001).
Otras vias de transmision de la enfermedad son la congénita, la transfusion de sangre o el
trasplante de 6rganos infectados, asi como la ingesta de alimentos contaminados con parasitos
(Sanchez and Ramirez, 2013; Yoshida, 2009). Las primeras constituyen las principales causas de
propadacion de la enfermedad a regiones no endémicas, debido a los flujos migratorios de

personas infectadas (Conners et al., 2016), ver figura 1.

Cantidad estimada de casos: L% Presencia del vector de transmision:

® <1000
@ 1000-9999

® Paises sin vector de transmision

Paises con transmision vectorial accidental
. 100000 - 999999 Paises con transmision vectorial

‘ >= 1000000

Fidgura 1. Distribucion geografica de la enfermedad de Chagas.
Presencia del vector de transmision y cantidad estimada de casos entre los afios 2006-2009. Imaden tomada de
http://www.bayerpharma.com.

3


http://www.bayerpharma.com/

1.2.1 Cuadro clinico
La enfermedad suele presentarse bajo dos formas clinicas: la etapa aguda v la etapa cronica.

La fase aguda muchas veces pasa inadvertida o se la confunde con otras patologias infecciosas
comunes ya que en el 90% de los casos es asintomatica, la manifestacion clinica de la
enfermedad es poco especifica, salvo en los casos donde se evidencia la presencia de un edema
en el sitio de infeccion conocido como Chagoma. Esta etapa dura de 30-60 dias y se caracteriza
por una elevada parasitemia e invasion tisular, suele ser mortal para el 5-7% de los casos. Luego
de esta fase, el 70% de los infectados pasan por un periodo asintomatico que puede durar unos
10 o 30 anos y que en la mayoria de los casos deriva en la fase cronica. Esta fase se caracteriza
por fallas de tipo cardiaco vy visceral, y menos frecuentemente en afectaciones del aparato
urinario, glandulas suprarrenales y sistema nervioso (Goncalves et al.,, 2010; Barrett et al., 2003;
Lewis et al., 2014); la disfuncion de los distintos 6rganos ademas de afectar la calidad de vida,

puede ser letal para los enfermos.
1.2.2 Tratamiento

La cura definitiva del mal de Chadas presenta dos grandes desafios, por un lado el control de la
transmision del agente infeccioso y por el otro, contar con un tratamiento efectivo para la
enfermedad (Lannes-Vieira et al., 2010). El primero involucra el control de la transmision
vectorial, congénita y por transfusiones/transplantes, y se encuentran bajo el ambito
gubernamental y de ONGs como la DNDi y médicos sin fronteras. El sequndo, al no ser redituable
econdémicamente para las industrias farmacéuticas, recae casi exclusivamente (salvo algunas
excepciones) en los esfuerzos que la academia realiza por encontrar nuevas estrategias
terapéuticas y farmacos, y en algunos estados dispuestos a apoyar la produccion de estas

medicinas.

Lamentablemente, los esfuerzos por generar vacunas no han resultado exitosos ya que si bien
varios estudios de inmunizacion realizados en modelos murinos han mostrado un incremento en
la supervivencia de los animales, esta estrategia no logro esterilidad inmunoldgica frente al
parasito (Sanchez-Burdos et al., 2007; Cazorla et al., 2010). Por este motivo, la quimioterapia
continda siendo una opcion viable para el tratamiento de esta enfermedad, si bien se reconoce
gue deben realizarse mejoras sustanciales en los medicamentos disponibles o en desarrollos

terapéuticos tendientes a incrementar la eficacia del tratamiento en la fase crénica de la



enfermedad, la cual a la fecha es practicamente incurable (Tarleton and Zhang, 1999; Rodriguez
et al, 2016).

Historicamente se emplean dos farmacos para tratar la enfermedad de Chagas, ambos son
nitroheterociclos que fueron descubiertos empiricamente hace mas de seis décadas. El
Nifurtimox de Bavyer, es efectivo para tratar la fase aguda de la enfermedad, ya que muestra un
efecto tripanocida, eliminando principalmente a los tripomastigotas circulantes en sangdre vy
otros fluidos. Lamentablemente, este farmaco requiere de tratamientos prolongados y presenta
efectos secundarios no deseados que afectan el sistema nervioso y el aparato digestivo, por esta
razodn, actualmente su uso se encuentra discontinuado en algunos paises. Llamativamente, para
Uruguay v el Salvador, el nifurtimox es la Unica opcion disponible. Por otro lado, se dispone del
benznidazol (Barrett et al., 2003), cuya patente fue cedida por Roche al gobierno brasilefio y es
producido tanto por Lafepe en Brasil y por el laboratorio privado ELEA en Ardentina (Molina et
al.,, 2015). Recientemente, se ha desarrollado una nueva formulacion pediatrica para el
benznidazol (Altcheh et al., 2014). Este compuesto presenta como desventajas, elevada
toxicidad, limitada eficacia en la fase cronica de la enfermedad y un alto costo para tratamientos
prolongados (Cavalli et al., 2009; Irigoin et al, 2008). Por otro lado, para ambos derivados
nitroheterociclicos se ha observado desarrollo de resistencia (Murta and Romanha, 1998; Murta
et al.,, 1998; Sokolova et al., 2010), ver figura 2.

Actualmente se estan evaluando algunos candidatos a farmacos que incluyen a los inhibidores
de la cruzipaina, como la vinilsulfona, k777, y su analogo que contiene una arginina protonable,
el wrr483, siendo ambos eficaces para el tratamiento de la fase aguda de la enfermedad vy
también activos en modelos murinos de Chadas cronico (McKerrow et al., 2009). Estos
compuestos presentan buenas caracteristicas fisicoguimicas, buena biodisponibilidad oral v
ausencia de efectos mutagénicos (Abdulla et al., 2007). Sin embardo, para la version neutra de
k777 se han reportado efectos toxicos lo cual, sumado al alto costo del escalado de su

produccion, llevo a que se detuvieran los estudios de fase clinica, ver figura 2.

Los derivados de triazol, originalmente empleados como antifingicos que inhiben la sintesis del
ergosterol, como el posaconazol y el ravuconazol o E1224 (Urbina, 2009; Pinazo et al., 2010;
Bernard Pécoul et al.,, 2009) mostraron buena actividad en el modelo animal de Chagas
(Francisco et al.,, 2015; Taylor et al,, 2015). El posaconazol y el €1224 fueron sometidos a
ensayos clinicos, los cuales fueron desalentadores en el sentido que si bien ambos mostraron
actividad tripanocida su eficiencia fue similar a la del benznidazol (Molina et al., 20143, 2014b;

Salomao et al., 2016), con la desventaja de su elevado costo de produccion, ver figura 2.



Finalmente, experimentos realizados en ratones mostraron que tratamientos combinados con
posaconazol y aminodrona o dronedarona, disminuyen la parasitemia y prolongan la expectativa
de vida de los animales infectados, ya que la co-administracion de los Gltimos compuestos tiene
efectos positivos sobre la funcion cardiaca, la cual, como se menciond anteriormente se ve
afectada por la infeccion. La combinacion con posaconazol presenta un efecto aditivo ya que
ambos compuestos son capaces de inhibir la sintesis de esteroles. Ademas, la aminodrona vy
dronedarona inducen la liberacion de calcio y otros iones desde los acidocalcisomas y de esta
manera afectan la homeostasis del calcio que resulta letal para T. cruzi; mientras que a nivel del
hospedero mejoran el cuadro cardiaco, disminuyendo los episodios de arritmia (Benamin G

2012- Nature), ver figura 2.



Farmacos actuales
NIFURTIMOX

Ciclador redox, genera ROS

S0,

Farmacos en estudio

K777

e
Sasaeas

o

e

Inhibidor de cruzipaina

POSACONAZOL

3! Ll

3

Inhibe sintesis de ergosterol

AMINODRONA

")

Afecta homeostasis del calcio,
inhibe sintesis de esteroles

BENZNIDAZOL

Afecta el metabolismo del tripanotion,
genera ROS, depleta tioles libres.

WRR483

HN, MM,

/’Q B \@

Inhibidor de cruzipaina

RUVACONAZOL (E1224)

Inhibe sintesis de ergosterol

DRONEDARONA

Inhibe sintesis de esteroles

Figura 2. Farmacos empleados en el tratamiento de la enfermedad de Chadas

Estructuras quimicas y blanco de accién de los farmacos utilizados para tratar la enfermedad de Chagas.
Los farmacos en uso clinico se muestran sobre fondo amarillo. Estructuras realizadas en Chemdraw.



1.2.3 Ciclo de vida de Trypanosoma cruzi

Trypanosoma cruzi es un protozoario unicelular flagelado perteneciente al orden Trypanosomatidae
(Barrett et al, 2003). Este parasito presenta un ciclo de vida complejo que incluye la
colonizacién de un ordanismo invertebrado (vector) y otro mamifero (huésped). Para adaptarse a
los diferentes ambientes que encuentra en el vector y el huésped, el parasito atraviesa cambios
morfologicos y metabadlicos altamente controlados. Las adaptaciones a nivel estructural implican
cambios en las proteinas de superficie, transportadores de nutrientes y en el citoesqueleto,
mientras que a nivel metabdlico se induce o reprime la expresion de diferentes enzimas del
metabolismo energético, todo lo cual resulta clave para su supervivencia (Jimenez, 2014,
Noireau et al, 2009). Durante el ciclo de vida de T. cruzi se reconocen cuatro estadios:
epimastigota, tripomastigota metaciclico, tripomastigota y amastigota, cada uno de ellos con
caracteristicas morfologicas, ultraestructurales y metabdlicas bien definidas. El epimastigota es
la forma no infectiva, extracelular y proliferativa que se localiza en el intestino del insecto vector.
Presenta una mitocondria desarrollada que se ubica de manera central junto con el kinetoplasto
(region de la mitocondria que contiene el ADN mitocondrial). En la parte posterior del intestino
del vector, los epimastigotas se diferencian a tripomastigotas metaciclicos. La metaciclogénesis
conlleva a importantes cambios en la expresion de marcadores de superficie y a nivel del
metabolismo del parasito, que juedan un papel decisivo en la invasion. Los tripomastigotas
metaciclicos presentan una mitocondria condensada y su kinetoplasto se localiza en el extremo
posterior del parasito, si bien este estadio es altamente infectivo para el huésped mamifero, el
mismo no posee capacidad replicativa. Tras la picadura y defecacion del insecto, los
tripomastigotas metaciclicos logran entrar a la circulacion sanduinea de su huésped y son
capaces de invadir una amplia gama de células nucleadas (ej. fibroblastos, células epiteliales).
En etapas iniciales de la invasion, los macréfagos juegan un rol esencial ya que son la primera
linea de defensa contra la infeccion, pero también los encardados de transportar los parasitos a
otros sitios del cuerpo, como el tejido miocardico vy el tubo digestivo principalmente (Barrett et
al., 2003). Mediante un proceso de endocitosis que involucra la formacién de una vacuola
parasitdfora, el parasito consigue invadir la célula blanco y en su interior se diferencia a la forma
intracelular, infectiva y proliferativa llamada amastigota. Los amastigotas presentan una forma
redondeada que carece de flagelo, una pequeia mitocondria con el kinetoplasto altamente
condensado que se localiza de manera anterior al ndcleo. El amastigota se divide por fision
binaria formando un pseudoquiste dentro de la célula, al cabo de 5 dias se diferencian al estadio

de tripomastigota (flagelado, replicativo, extracelular e infectivo). El gran contenido de



tripomastigotas intracelulares sumado a su movilidad conlleva al aumento del volumen de la
célula huésped y a su posterior lisis. Los parasitos al torrente sanguineo podran infectar nuevas
células o bien ser ingeridos por el insecto vector, para finalmente volverse a diferenciar a
epimastigotes, en el intestino del triatominio, cerrando asi el ciclo. (Burleigh and Woolsey,
2002; Tyler and Engman, 2001).

13 Metabolismo de la glucosa en trypanosomas

En la mayoria de los organismos la glucosa se metaboliza a través de dos vias: la glicolisis y la
via de las pentosas 5-fosfato (PPP). Ambas vias utilizan a la glucosa 6-fosfato (G6P) como primer
sustrato y ambas cumplen funciones diferentes e indispensables para la supervivencia del

parasito tal como se discute en las proximas secciones.

1.3.1 Glicosomas: Rol y compartimentalizacion

Los tripanosomatidos poseen caracteristicas estructurales que los hacen Unicos como por
ejemplo el flagelo, el arreglo microtubular que forma su citoesqueleto, el ADN mitocondrial
(kinetoplasto), el cual se encuentra empaquetado formando maxi y mini circulos. También se
caracterizan por poseer un ordanelo tipo peroxisoma que carece de actividad catalasa pero
contiene la gran mayoria de las enzimas de la via glicolitica, por lo que se lo ha denominado
dglicosoma. Los glicosomas fueron originalmente detectados en T. brucei y descritos por primera
vez en 1977 por Opperdoes y Borst. Son organelos de membrana simple, que comparten
caracteristicas morfologicas con los peroxisomas y que retienen algunas de sus funciones, como
por ejemplo la biosintesis de lipidos. Para la forma sanguinea de T. brucei se ha observado que el
90% de las enzimas de la dlicolisis se encuentran compartimentalizadas en este organelo. Por
otro lado, los glicosomas también alojan enzimas de la via de las pentosas, del salvataje de
purinas y de la gluconeogénesis, entre otras. EL nOmero de glicosomas asi como su contenido en
actividad enzimatica varia sequn la especie y el estadio en que se encuentre el parasito. Se ha
demostrado que, la compartimentacion es esencial para el parasito (Bakker et al., 2000; Fry et
al.,, 1993; Guerra-Giraldez et al, 2002; Krazy and Michels, 2006; Moyersoen et al., 2003;
Verplaetse et al., 2009) y existen varias teorias acerca de cual podria ser su rol, las cuales se

exponen a continuacion:



1) Los glicosomas garantizan un elevado flujo glicolitico. Dado que estos organelos representan
cerca del 4% del volumen celular total de T. brucei, esto implica que las enzimas dlicoliticas
estan confinadas en un volumen pequefio que por otro lado permite alcanzar concentraciones de
sustratos/metabolitos sustancialmente elevadas. De esta forma se logra un mejor control v

eficiencia de este proceso metabdlico (Bakker et al., 1995, 2000).

2) Confinar enzimas en un volumen pequeio, facilita la “canalizacion” d e sustratos d e una
misma ruta metabdlica. Esta teoria es muy discutida desde que el grupo de Aman Ra en 1986

demostrd que no hay contribucion real por “canalizacion” de sustratos (Haanstra et al., 2014).

3) La compartimentacion es necesaria para un correcto funcionamiento de las enzimas
glicoliticas. Esta aseveracion se basa en evidencias biolégicas que muestran que afectar los
mecanismos de importacion de proteinas glicosomales es perjudicial para la supervivencia del
parasito (Bakker et al., 2000; Furuya et al., 2002; Guerra-Giraldez et al., 2002).

La compartimentalizacion junto con la plasticidad metabélica, le permiten al parasito adaptarse
rapidamente a la demanda energética celular sin necesidad de depender de estrategias de
inhibicion por producto o sustrato (en parte debido a la alta eficiencia catalitica de esta via),
como se observa en otros ordanismos que carecen de dicho ordanelo. Sin embardo, se ha
encontrado evidencia que durante el ciclo celular muchas de las proteinas glicosomales
presentan patrones variables de fosforilacion (dependientes del estadio y del entorno), lo que
sudiere que algunas de dichas enzimas podrian estar sometidas a otro tipo de requlacién pos-

traduccional (Haanstra et al., 2016).

Como vya se ha mencionado anteriormente los diferentes estadios del ciclo celular de los
tripanosomatidos estan obligados a reprogramar su metabolismo para adaptarse, persistir y
proliferar en los diferentes huéspedes que infectan. Por un lado, las formas extracelulares
sanguineas de T. brucei y T. cruzi encuentran una gran disponibilidad de glucosa en el medio y
por lo tanto utilizan la glicdlisis para obtener ATP. Mientras que, para las formas que residen en
el insecto o intracelularmente (amastigota) la disponibilidad de glucosa es limitada y la fuente
de energia se obtiene a partir del catabolismo de aminoacidos, aunque para amastigotes de T.
cruzi la oxidacién de los acidos grasos, no puede ser del todo excluida (Silber et al., 2009). Esto
indica claramente que la capacidad metabdlica de cada uno de estos estadios es un reflejo de la

disponibilidad de nutrientes de cada ambiente especifico.
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1.3.2 Importacion de proteinas glicosomales

Los glicosomas son ordanelos que carecen de ADN por lo tanto, las proteinas glicosomales deben
ser codificadas por genes nucleares y posteriormente ser transportadas al glicosoma (Opperdoes
et al., 1984). La importacion de estas proteinas es similar a la de los peroxisomas de mamiferos.
Uno de los mecanismos de transporte involucra la presencia de sefales de importacion,
similares a las observadas en los peroxisomas, peroxisomal targeting signal (PTS) (Haanstra et
al.,, 2014). Dentro de las PTS presentes en proteinas glicosomales se destacan: i) sefial tipo PTS1,
que consta de 12 aminoacidos poco conservados entre mamiferos y tripanosomatidos, que se
localizan en el extremo C-terminal del polipéptido (Neuberger et al., 2003); ii) sefal tipo PTSe,
localizada en el extremo N-terminal de la proteina e identificada en la aldolasa de
tripanosomatidos (Blattner et al,, 1995; Chudzik et al., 2000). También se han identificado
sefales internas, no conservadas, de reclutamiento glicosomal (I-PTS, del inglés internal-PTS)
como sucede para la triosafosfato isomerasa (Galland et al., 2007). Para otras proteinas

glicosomales no se han logrado identificar PTS candnicas.

Las sefales PTS son reconocidas en el citosol por receptores, peroxinas (PEX), que estan
involucradas en la biogénesis o translocacion de proteinas hacia el dlicosoma. Hasta el
momento se sabe que la internalizacion de proteinas al glicosoma implica la formacion de
complejos proteicos que incluyen a las PEX2 (Guerra-Giraldez et al., 2002), PEX5 (de Walque et
al,, 1999) y PEX14 (Moyersoen et al., 2003). Donde el primer paso es el de reconocimiento de la
secuencia sefal, PTS1 o PTS2, por los receptores citosolicos PEX5 y PEX7 respectivamente
(Blattner et al., 1995). Luego, la proteina de membrana glicosomal PEX14 se encarda de anclar a
PEX5 para que finalmente PEX?2 lleve a cabo la translocacion de los complejos proteina-receptor
hacia la matriz glicosomal, dirigiendo posteriormente la salida del receptor hacia el citosol
(Schliebs and Kunau, 2006). Experimentos con lineas celulares de parasitos knockout
condicionales para varias PEX demostraron que es indispensable que las enzimas glicoliticas
estén confinadas en los glicosomas para la supervivencia del parasito en presencia de glucosa
y/o glicerol (Fry et al., 1993; Guerra-Giraldez et al., 2002; Krazy and Michels, 2006; Moyersoen et
al.,, 2003; Verplaetse et al., 2009). Dado que el metabolismo energético de la forma sanduinea
de T. brucei es altamente dependiente del consumo de glucosa, las PEX son consideradas como

interesantes blancos para el desarrollo de farmacos.
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1.3.3 Transporte de metabolitos a través de la membrana glicosomal

El glicosoma posee una membrana poco permeable para la mayoria de los metabolitos, entre
ellos el NAD/H, el ATP/ADP, glucosa, G6P, glicerol, fumarato, malato, etc. Si bien se ha reportado
la translocacion bidireccional de metabolitos, la tasa de la misma es extremadamente lenta en
comparacion con el flujo glicolitico. Lo que sugiere que el transporte a través de la membrana
glicosomal deba realizarse por transportadores (Hannaert et al., 2003). Si bien se han detectado
varios candidatos, solo se han logrado caracterizar unos pocos, como por ejemplo los
transportadores ABC o GATs 1-3, asi como 24 proteinas pertenecientes a la familia de
transportadores mitocondriales (MCF) que son capaces de transportar distintos nucléotidos
(AMP, ADP, ATP, y NAD); (Haanstra et al,, 2014). Para T. brucei sanguineo, se comprobd la
existencia de poros glicosomales, similares a los hallados en los peroxisomas de plantas y otros
eucariotas que permitirian el pasaje selectivo y eficiente de estos metabolitos (Grunau et al.,
2009; Rokka et al., 2009). Justamente, el hecho que varios de estos metabolitos estén
confinados en el glicosoma previene el denominado “efecto turbo” causado por una alta tasa
glicolitica y que conlleva a una marcada deplecion del ATP y acumulacion de intermediarios de
hexosas fosfato como lo son la G6P y la F6P, y que en su conjunto conducen a la muerte celular
(Bakker et al., 2000; Haanstra et al., 2008).

1.3.4 Glicolisis

Los glicosomas no son organelos productores de ATP, en su interior siempre hay balance de ATP,
ademas de equilibrio a nivel del poder reductor de NADH. La produccion neta de ATP se dara en

el citosol y dependera si la obtencion del mismo es via glicolisis aerdbica o anaerdbica.

En la glicolisis aerdbica por cada molécula de glucosa consumida se invierten 2 moléculas de
ATP (que se recuperan posteriormente), para poner en marcha a la hexoquinasa (HK) vy la
fosfofructo quinasa (PFK). La danancia final se da en el citosol, via la piruvato quinasa (PK) y es
de 2 moléculas de ATP por mol de glucosa consumido. Mientras que para la glicélisis anaerdbica
la fosfoglicerol quinasa (PGK) vy la glicerol kinasa (GK) utilizan cada una 1 ATP, que es recuperado
dentro del gdlicosoma. Esta ruta catabdlica rinde 1 sola molécula de ATP vy cantidades
equimolares de piruvato v dlicerol por cada molécula de glucosa consumida. Se puede decir que
la glicdlisis es una via autocatalitica, que requiere de la inversion inicial de ATP para poner en
marcha sus etapas iniciales, y este mecanismo de retroalimentacion positiva se conoce como
“efecto turbo” (Teusink et al.,, 1998). Por lo tanto, puede interpretarse que la esencialidad del

glicosoma para la prevencion de dicho efecto es mas una consecuencia de la
12



compartimentalizacion de la glicolisis, que su causa (Gualdron-Lopez et al., 2012; Haanstra et al.,
2016).

1.4 Viade las pentosas fosfato

En la PPP se generan metabolitos importantes para el parasito como: i) el NADPH, cuyo poder
reductor es empleado en reacciones de biosintesis y en la defensa contra especies oxidantes
(Barrett, 1997; Igoillo-Esteve and Cazzulo, 2006; Mielniczki-Pereira et al., 2007), ii) la ribosa-5-
fosfato (R5P), necesaria para la sintesis de acidos nucleicos, iii) la eritrosa 4-fosfato (E4P), que es
precursora de aminoacidos aromaticos y vitaminas, y iv) la fructosa 6-fosfato (F6P) vy
gliceraldehido 3-fosfato (G3P), que constituyen importantes intermediarios de la glicdlisis. Esta
via se divide en dos ramas, una oxidativa (deneradora de poder reductor) y otra no oxidativa

(productora de diferentes hidratos de carbono), ver figura 3.

La funcionalidad de la via completa ha sido demostrada en epimastigotes de T. cruzi (Mauderi
and Cazzulo, 2004) y en promastigotas de L. braziliensis (Keedan et al.,, 1987) y L. mexicana
(Maugeri et al., 2003). En esta ruta metabdlica participan siete enzimas, todas se expresan en los
cuatro estadios del ciclo de vida de T. cruzi (Maugeri and Cazzulo, 2004) y en promastigotas de L.
mexicana (Mauderi et al.,, 2003), mientras que para T. brucei se observd que todos los
componentes son expresados por la forma prociclica mientras que Gnicamente las enzimas de la

rama oxidativa son expresadas por la forma sanguinea del parasito (Cronin et al., 1989).
1.4.1 Rama Oxidativa

De la rama oxidativa de la PPP participan la glucosa 6-fosfato deshidrogenasa (G6PDH), la 6-
fosfogluconolactonasa (6-PGL) vy la 6-fosfogluconato deshidrogenasa (6PGDH). Todas estas
enzimas estan filogenéticamente relacionadas con sus homologos de cianobacterias y de
plantas, y desempefian un papel esencial en el metabolismo de los parasitos. La primera
reaccion es llevada a cabo por la G6PDH, que oxida a la G6P para dar 6-PGL con la concomitante
reduccion de NADP* a NADPH. La 9-6PGL se hidroliza a 6-fosfo gluconato de manera espontanea
0 catalizada por la 6-PGL, de no ser asi se produce un rearreglo intramolecular que da ludar a la

formacion de Y-G6PL, la cual no puede ser metabolizada y cuya acumulacion se vuelve toxica
(Rakitzis and Papandreou, 1998). Paso sequido, el 6-fosfo gluconato es oxidado y decarboxilado

por la 6PGDH dando lugar a la formacion de ribulosa 5-fosfato (RU5P) siendo el aceptor final de
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electrones el NADP*. La RU5P, es posteriormente metabolizada en la fase no oxidativa de esta

via, ver figura 3.
1.4.2 Rama no oxidativa

A diferencia de la fase oxidativa, la rama no oxidativa implica una serie de reacciones reversibles
donde participan la ribosa 5-fosfato isomerasa (RPI), la ribulosa 5-fosfato epimerasa (RPE), la

transaldolasa (TAL) y la transcetolasa (TKT).

La primera reaccion de esta fase consiste en la isomerizacion de la RU5P a R5P catalizada por la
RPI. Eventualmente, la RPE se encarga de convertir la R5P a xilulosa 5-fosfato (X5P) y la TKT
puede transferir dos o mas unidades carbonadas de la X5P a la R5P denerandose asi
sedoheptulosa-7P (S7P) y G3P. Posteriormente, la TAL emplea a S7P y G3P como sustratos para
transformarlos en eritrosa 4-fosfato (E4P) y F6P. Dependiendo de los requerimientos celulares, la
TKT puede también catalizar la transferencia de dos unidades carbonadas de la X5P a la E4P
para dar G3P vy F6P, los cuales pueden indresar a la via glicolitica para la produccion de enerdgia.
En caso que la R5P no sea derivada a la sintesis de nucle6tidos, los productos generados por esta
via son F6P y G3P. También se ha visto que esta via también puede actuar en forma reversa y
generar R5P y X5P a partir de F6P y G3P que serian provistos por la glicolisis (Kovarova and
Barrett, 2016), ver figura3.

La via de las pentosas no necesariamente funciona como un ciclo, y dependiendo de los
requerimientos celulares por los diferentes metabolitos puede mantener operativas o no, las

siguientes reacciones enzimaticas (Lubert Stryer, 1999), ver figura 3.

e Si la célula necesita mas NADPH que R5P, es el caso de aquellas células que llevan a
cabo una sintesis activa de lipidos, la F6P sera isomerizada a G6P, por medio de la

fosfoglucosa isomerasa, la cual entrara nuevamente en la rama oxidativa de la via.

e Sila célula necesita mas R5P que NADPH, como es el caso de células en activa division,
se favorecera el funcionamiento de la rama no oxidativa en forma reversa, donde F6P y

G3P generados durante la glicolisis seran convertidos a R5P por accion de la TAL y TKT.

e Si las necesidades de NADPH y R5P en célula estan balanceadas, funcionara la rama
oxidativa de la via para cubrir las necesidades de NADPH, y la RU5P denerada sera

isomerizada a R5P para su posterior utilizacion (Lubert Stryer, 1999).
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Se realizaron experimentos de fraccionamiento celular en epimastigotes de T.cruzi para evaluar
si las enzimas de la PPP se encuentran compartimentalizadas, pudiéndose determinar que la
localizacion de las mismas es esencialmente citosolica, aunque también se observo la presencia
de una pequefia fraccion glicosomal para la TAL, RPI, GBPDH, 6PGLD y TKT (Kovarova and Barrett,
2016; Maugeri and Cazzulo, 2004). Estudios similares llevados a cabo en T. brucei, indicaron que
las enzimas de la PPP presentan localizacion dual, encontrandose sefal tanto en citosol como en
glicosoma. Por ejemplo el 85% y 55% de la actividad de 6-PGL y de GEPDH, respectivamente,
fue detectada en citosol (Duffieux et al., 2000; Heise and Opperdoes, 1999). Por otra parte, se ha
reportado que TKT presenta una secuencia PTS para dlicosoma a pesar de encontrarse
mayoritariamente en citosol (Stoffel et al., 2011; Veitch et al., 2004). Para el caso de 6PGD, en la
forma prociclica de T. brucei, su localizacion adn no esta definida, pero todo parece indicar que
ademas de encontrarse en el citosol, una parte estaria confinada también en los glicosomas
(GUther et al., 2014; Heise and Opperdoes, 1999). En Leishmania donovani, TKT y G6PDH fueron

localizadas en la fraccion glicosomal (Kovarova and Barrett, 2016).
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15 Glucosa-6-fosfato deshidrogenasa

La glucosa 6-fosfato deshidrogenasa (G6PDH) es una enzima ubicua, presente en diferentes
organismos, desde bacterias al hombre. Como ya se ha mencionado anteriormente su funcion es
catalizar la primera reaccion de la fase oxidativa de la PPP, que consiste en la oxidacion de

glucosa-6-fosfato a 6-fosfogluconato con la concomitante reduccion de NADP* a NADPH.

Si bien en tripanosomatidos existen otras enzimas productoras de NADPH, como lo son la
malato deshidrogenasa, la glutamato-deshidrogenasa vy la isocitrato-deshidrogenasa, varios
estudios sugieren que para T. cruzi el principal suministro de NADPH proviene de la via de las
pentosas (Barderi et al., 1998; Leroux et al., 2011a, 2011b). En la mayoria de los ordanismos la
G6PDH presenta una distribucion predominantemente citosélica aunque en plantas se la ha
localizado tanto en peroxisomas como en cloroplasto (Wendt et al., 2000). En el caso del
trypanosoma Africano se ha detectado presencia de actividad G6PDH en las fracciones

dglicosomales (Heise and Opperdoes, 1999).

La primera estructura cristalina reportada para esta oxidoreductasa corresponde a la enzima del
lactobacilo, Leuconostoc mesenteroides (Cosgrove et al.,, 1998; Naylor et al., 2001). Los datos
estructurales mostraron una proteina homodimérica, donde cada uno de sus mondmeros
contenia dos dominios: i) el dominio N-terminal de unidn al sustrato nucleotidico (residuos
1-177) y el cual presenta un plegamiento B-o-B tipo Rossmann vy ii) un dominio C- terminal
con plegamiento B-o (residuos 178-485) donde se encuentran residuos que participan en la
union del glucdsido. Es importante resaltar que la forma activa de la proteina requiere
de una conformacion homodimeérica (Rowland et al., 1994).

Afos mas tarde, el grupo de Adams reportd la estructura cristalina de la G6PDH humana
(hG6PDH) con una resolucién de 3 A. La topologia de la enzima humana es similar a la de L.
mesenteroides, identificandose por monomero un total de 15 hélices oy 15 hojas B. A diferencia
de la enzima del lactobacilo, la hG6PDH se encuentra en un equilibrio dinamico mondmero-
dimero-tetramero, el cual es altamente influenciado por el pH, la fuerza i6nica del medio asi
como la presencia de sustratos y productos. En medio basico y condiciones de elevada fuerza
ionica el equilibrio se desplaza hacia la forma dimérica, mientras que a pH<6 y baja fuerza idnica
predomina la forma tetramérica. A pesar de que cada subunidad (peso molecular aproximado de
59 kDa) contiene los sitios de union para el sustrato y cofactor, el monémero es inactivo (Au et
al., 2000). El sitio activo de union a G6P, esta conservado en la mavyoria de las deshidrogenasas vy

presenta como marca distintiva al nonapéptido, RIDHYLGKE (residuos 198-206). El sitio de union
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a NADP* abarca la region comprendida entre los aminoacidos 38-47 e incluye la secuencia
altamente conservada GxxGDLx. La co-cristalizacion de hG6PDH en presencia de NADP*, puso en
evidencia la presencia de un sequndo sitio de union a NADP* que cumple un rol estructural
importante durante la catalisis aunque no participa directamente de la misma (Kotaka et al.,
2005; Verma et al., 2016). Finalmente, la interface que forma el dimero presenta una superficie
de 2856 A2, involucra 57 residuos altamente conservados donde 31 de ellos son hidrofgbicos
(Au et al., 2000).

1.5.1 DEFICIENCIA DE G6PDH Y RESISTENCIA A PALUDISMO

La deficiencia de G6PDH es la enzimopatia mas frecuente en humanos, afectando al 7,5% de la
poblacion mundial (Ali et al., 2005; Beutler, 1994). Si bien ésta deficiencia se conoce desde la
antigiedad como favismo, donde los portadores desarrollaban anemia hemolitica al consumir
habas (Arese and De Flora, 1990; Longo et al., 2002), la misma fue descrita por primera vez
recién en 1956. Aflos mas tarde se logrd asociarla a mutaciones en el cromosoma X (Alving et
al., 1956; Childs et al., 1958). Estudios posteriores (Notaro et al., 2000) permitieron identificar
mas de 500 variantes de hG6PDH y mas de 80 mutaciones responsables de la heterogeneidad
fenotipica (Chen et al.,, 1991). Hoy en dia se ha logrado documentar que las manifestaciones
clinicas se originan por mutaciones que desestabilizan la proteina, afectan su eficiencia catalitica
e interfieren con la formacion del dimero o de su plegamiento cuaternario (Beutler, 1994; Wang
et al,, 2005).

En 1967 se establecieron los criterios para clasificar las distintas variantes de hG6PDH, los
cuales tienen en cuenta la actividad enzimatica y los sintomas clinicos, y se dividen en: clase |,
deficiencia enzimatica severa (actividad enzimatica menor al 10%, asociada a marcada
inestabilidad del dimero); clase I, deficiencia enzimatica severa no asociada con hemodlisis
cronica; clase lll, deficiencia enzimatica leve a moderada (10-60% de actividad enzimatica) v
hemolisis solo por exposicion a ciertos farmacos y adentes infecciosos; clase IV, leve o sin
deficiencia y actividad funcional no modificada, la hG6PDH retiene el 60-100% de su actividad
enzimatica; clase V, presenta actividad enzimatica incrementada (hasta dos veces superior a la
normal) (Betke K et al., 1967).

En particular ha llamado la atencion la gran prevalencia de ésta enzimopatia en poblaciones que

residen en zonas endémicas de malaria (Capellini MD and Fiorelli G 2008). La malaria es una de
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las parasitosis de mayor incidencia a nivel mundial, es causada por diferentes especies de
Plasmodium vy se estima que mas de medio millon de personas mueren por afno debido a esta
enfermedad (Preuss J 2012). En su ciclo infeccioso el parasito infecta eritrocitos provocando,
entre otros sintomas clinicos, una anemia hemolitica severa debido a que el patégeno utiliza
esta célula no nucleada para replicarse masivamente, desencadenando su lisis. Existe evidencia
de varios polimorfismos asociados a los genes que codifican para la hemoglobina (HbS, HbC,
HbE, talasemias) y la resistencia a la malaria (Kwiatkowski, 2005; Miller, 1994). También se ha
propuesto que la deficiencia en G6PDH ha co-evolucionado con la infeccion por plasmodio (se
estima que co-existen desde hace mas de 50000-60000 afios), este Gltimo actuando como un
importante agente de presion selectiva. Por ejemplo, se ha observado que el crecimiento del
parasito se inhibe en los individuos deficientes en G6PDH (Allison and Clyde, 1961; Motulsky AG,
1961; Oppenheim et al., 1993); de hecho, individuos con genotipo hemicigoto para la variante
G6PD A-, presentan un riesgo 50% menor que personas normales de contraer malaria (Friedman
et al, 1979; Roth et al,, 1983; Ruwende et al., 1995). Por otro lado, estudios de RFLP’s y
microsatélites sobre el gen de la G6PDH permitieron estimar la edad de los alelos asociados a
deficiencia en G6PDH vy resistencia a malaria (por ejemplo las variantes G6PD A- y Mediterraneo),
hallandose un desequilibrio de ligamiento en estos alelos que coincide con la propagdacion de la
malaria (Ruwende et al., 1995; Tishkoff et al., 2001).

En resumen, la deficiencia en G6PD no es letal para humanos y probablemente ha evolucionado

como un mecanismo de proteccion contra parasitos hemociticos (Volkman et al., 2001).
1.5.2 G6PDH de tripanosomatidos

El nOmero de genes que codifican para G6PDH difiere entre los tripanosomatidos, mientras que
T. brucei y L. mexicana poseen un dgen de copia Unica (Duffieux et al.,, 2000; Hannaert et al.,
2003), T. cruzi cuenta con cinco secuencias putativas para G6PDH, donde dos corresponden
a pseudogenes (lgoillo-Esteve and Cazzulo, 2006). Esta proteina presenta una identidad de
secuencia con la hG6PDH que es < 50%. Un analisis preliminar de la secuencia de G6PDH de
tripanosomatidos destaca la presencia de una extension N-terminal, la cual esta ausente en

la homologa de mamiferos.

Estudios bioquimicos llevados a cabo con la forma recombinante de la G6PDH de T. cruzi
mostraron que la forma nativa de la enzima es inactivada por agentes reductores (DTT,
glutation); (Igoillo-Esteve and Cazzulo, 2006) y aunque no fue investigado en detalle, este
comportamiento plantea la posibilidad que la actividad de la misma se encuentra regulada por
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un mecanismo redox, tal como se ha descrito para las proteinas homdlogas de cloroplastos de
papas Vy cianobacterias (Hauschild and von Schaewen, 2003; Née et al., 2009; Wenderoth et al.,
1997). En los organismos fotosintéticos, la modulacion redox de la actividad de la G6PDH
aumenta la eficiencia metabdlica durante los ciclos luz/oscuridad, evitando ciclos fGtiles de
consumo vy generacion de equivalentes de reduccion. En las isoformas plastidicas de la G6PDH
los residuos de cisteina que son blanco de regulacion redox estan distribuidos azarosamente en
la secuencia (Née et al., 2009), mientras que para la TcG6PDH se planted que los grupos tiol
responsables de la inactivacion redox de la enzima se localizan en la region N-terminal (Igoillo-
Esteve and Cazzulo, 2006).

Respecto a la relevancia bioldgica de la G6PDH para T. cruzi, altos niveles de la enzima se han
reportado tanto en cepas virulentas (ej. Tulahuen o Tulahuen 2) asi como en los estadios
infectivos del parasito (Finzi et al., 2004; Gupta et al., 2011a; Idoillo-Esteve and Cazzulo, 2006;
Mancilla and Naquira, 1964; Maugeri and Cazzulo, 2004; Mielniczki-Pereira et al., 2007).
También se observd un incremento en la actividad G6PDH luedo de exponer los parasitos a
agentes (pro)oxidantes (Igoillo-Esteve and Cazzulo, 2006; Maugeri and Cazzulo, 2004). Por otro
lado, estudios recientes mostraron niveles elevados de G6PDH en una linea celular de L. chagasi
resistente a NO asi como en L. donovani sometida a estrés oxidativo (Ghosh 2015; Alcolea 2016).
Incluso la sobreexpresion de G6PDH en L. donovani confirid resistencia a este parasito contra 3
farmacos de uso clinico: sales de antimonio, amfotericina B y mitelfosina (Ghosh 2015). Todo

esto posiciona a esta enzima como un potencial factor de virulencia en tripanosomatidos.

La indispensabilidad de la G6PDH quedd demostrada en el trypanosoma africano mediante la
técnica de silenciamiento pos-transcripcional (ARNi) (Cordeiro et al., 2009). Esta enzima es la
primera de una ruta metabdlica que dgenera diversos productos importantes, por lo tanto su
esencialidad podria estar determinada por una deficiencia en la sintesis de un metabolito en
particular o bien por varios o todos ellos. En ese sentido estudios de genética reversa realizados
sobre la RPI de T. brucei y L. infantum demostraron que la sintesis de R5P es indispensable para
la (replicacion) sobrevida de los parasitos en el huésped (Faria et al., 2016). Si bien no se cuenta
con estudios similares realizados sobre T. cruzi, es altamente esperable que la G6PDH de este
organismo sea igualmente indispensable, tal como lo indican los experimentos de validacion

guimica que se discuten mas adelante (Cordeiro and Thiemann, 2010).
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1.6 Metabolismo redox de tripanosomas

La mayoria de las células emplean parte del poder reductor generado durante la PPP para
sostener la homeostasis redox intracelular a través de diferentes sistemas redox que operan de
manera complementaria. Este es otro de los aspectos que distingue a los tripanosomatidos del
resto de los organismos vivos. Mientras la mayoria de los ordganismos utiliza al sistema
glutation/glutation reductasa y al sistema tiorredoxina/tiorredoxina reductasa como principales
medios para vehiculizar electrones hacia distintas proteinas blancos, los Kinetoplastidos carecen
de estas dos reductasas principales y emplean un sistema basado en el tripanotion (N,N8-
bisglutationil espermidina, T(SH)2) (Krauth-Siegel and Leroux, 2012). Este ditiol es producto de
la conjugacion de dos moléculas de GSH y una de espermidina catalizada por la enzima
tripanotion sintetasa (Fairlamb et al., 1985; Krauth-Siegel et al., 1998). El sistema redox de estos
protozoarios se completa con la tripanotion reductasa (TryR), encargada de reducir al tripanotion
oxidado a expensas del NADPH, y la triparredoxina (TXN), una oxidoreductasa capaz de transferir
los electrones provenientes del tripanotion hacia diferentes blancos moleculares. En particular se
destacan como blancos de la TXN, las peroxidasas que participan en la defensa contra diferentes
agentes oxidantes y la ribonucleotido reductasa, una enzima indispensable en la sintesis de los
precursores acidos nucleicos. Por lo tanto, el NADPH provisto por la PPP u otra fuente
metabolica, es utilizado por este sistema para sostener el balance redox intracelular y la
proliferacion celular. ver figura 4. (Benitez et al., 2016; Comini et al., 2005, 2007; Dormeyer et
al., 2001; Flohé, 2012; Romao et al., 2009),

T. cruzi es un organismo muy heterogéneo que se presenta bajo la forma de distintas cepas que
presentan diferentes grados de virulencia e infectividad, tropismo por 6rganos vy tejidos que, por
lo tanto, estan asociadas a diferentes manifestaciones clinicas. Parte de estas adaptaciones
incluyen a los componentes de su sistema de defensa contra oxidantes que le permite lidiar con
la respuesta inmune denerada por el hospedero. En ese sentido, se ha reportado mayor
virulencia en cepas que sobreexpresan algunos de los componentes del sistema redox. Entre
ellos se encuentran proteinas claves para la detoxificacion de oxidantes como lo son las
triparredoxinas, peroxirredoxinas o superoxido dismutasas (SOD). En el caso de la triparredoxina
peroxidasa mitocondrial vy citos6lica, un incremento en su expresion vuelve a los
tripomastigostas mas resistentes al estrés oxidativo, ademas de mejorar su capacidad de
replicacion y de supervivencia en macrofagos (Contreras et al., 1988; Piacenza et al., 2009,
2013; Pifeyro et al., 2008). Estudios de protedmica han revelado un incremento en la expresion
de las mismas frente a estrés oxidativo para las formas metaciclicas y epimastigotas (Parodi-
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Talice et al., 2007) asi como un contenido diferencial de las mismas entre tripanosomas
metaciclicos y epimastigotes (Piacenza et al., 2009). Recientemente se ha observado un
incremento en la expresion de las mismas para las cepas Colombiana y Silvio que presentan
mavyor resistencia al tratamiento con oxidantes respecto de una cepa de laboratorio (TCC) (Zago
et al,, 2016). Tal como se indicod anteriormente, niveles elevados de G6PDH han sido también
reportados en las formas infectivas como para algunas cepas virulentas de T. cruzi (Finzi et al,,
2004; Igoillo-Esteve and Cazzulo, 2006; Mancilla and Naquira, 1964; Mauderi and Cazzulo, 2004;
Mielniczki-Pereira et al., 2007), lo cual esta relacionado al abastecimiento de poder reductor
que realiza esta enzima sobre el sistema redox del parasito. Por otra parte, existe evidencia,
aunque limitada, sobre cepas de T. cruzi resistentes a benznidazole y nifurtimox que presentan
mutaciones en el gen que codifica para la nitrorreductasa 1, responsable de la selectividad de
estos farmacos, también se observd que cepas sobreexpresantes de FeSOD presentan resistencia
a benznidazol (Piacenza et al.,, 2013). Estos datos sugieren una asociacion entre virulencia vy
contenido de enzimas antioxidantes, posicionando a los componentes del sistema redox como

potenciales candidatos para el desarrollo de farmacos anti-chagasicos.
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Figura 4. Vias metabélicas implicadas en la sintesis, utilizacion y redeneracion del tripanotion.
Esquema que resume el metabolismo redox dependiente de tripanotién en tripanosomatidos. En lineas
azules: las vias para llegar a la sintesis del tripanotion (incluyendo la incorporacion o sintesis de novo de
cisteina, la biosintesis de glutation, la asimilacion o biosintesis de poliaminas y la biosintesis del
tripanotién, donde en algunas especies pueden estar implicada una sequnda enzima, la GspS, ademas de
la TryS); en lineas verde claro: las reacciones involucradas en la redgeneracion de la forma reducida del
tripanotién; y en color azul claro: los diferentes usos del tripanotion por parte de distintas proteinas y
procesos celulares. Tripanotion sintetasa (TryS), monoglutationil-espermidina sintetasa (GspS),
tripanotion reductasa (TR), tripanotion en estado reducido [T(SH),], tripanotion oxidado (TS,), glutation
reducido (GSH), via de las pentosas 5-fosfato (PPP), glucosa 6-fosfato deshidrogenasa (G6PDH), glicerol 3-
fosfato (G3P), fructosa 6-fosfato (F6P), ribulosa 5-fosfato (Ru5P), triparredoxina (TXN), peroxidasa (PRX),
ribonucleétido reductasa (RnR), dglucosa 6-fosfato (G6P), 6-fosfogluconolactona (6PGL), metionina
sulfoxido reductasa (MSR), glutarredoxinas ditidlicas (2-C-GRX). Imaden tomada y adaptada de Comini,
2013y Manta 2013.

Intracelular
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1.7 Inhibidores especificos de la G6PDH

La G6PDH ha sido propuesta como una potencial diana para el desarrollo de farmacos anti-
chagasicos (Gupta et al,, 2011b, 2011a; Mercaldi et al,, 2014; Ortiz et al,, 2016). A la fecha,
existen reportes de inhibidores de la enzima de T. cruzi y de otras especies. Entre ellos
encontramos a la 6-aminonicotinamida (Kohler et al.,, 1970), las galato catequinas (Shin et al,,
2008), el bromofenol y otros fenoles de origen vegetal (Mikami et al., 2016), los derivados de
benzotiazonas, las pirimidin-trionas y cromo-2-onas capaces de inhibir a la enzima bifuncional
de Plasmodium falciparum (Preuss et al., 2012a, 2012b), las quinazonlinonas y tieno-pirimidinas
qgue inhiben selectivamente la enzima de T. cruzi (Mercaldi et al.,, 2014) o los derivados
esteroideos, como o son la dehidroepiandrosterona, epiandrosterona vy 16-bromo-
epiandrosterona (Cordeiro and Thiemann, 2010; Gordon et al., 1995; Gupta et al., 2011b, 2011a;
Hamilton et al., 2012; Marks and Banks, 1960; Raineri and Levy, 1970), ver figura 5.

la 6-amoninicotinamida (6AN) es un inhibidor competitivo para NADP* de la G6PDH de
mamiferos, que fue formulada originariamente como potente inhibidor de la rama oxidativa de
la PPP para vislumbrar su rol en embriones, tejido mamario y hepatico (Kohler et al., 1970). Casi
20 afos después este compuesto es retomado y empleado para potenciar el efecto de drogas
anti-neoplasicas como la cisplatina o para ser administrado en combinacion con la 2-deoxy-D-
glucosa para disminuir el crecimiento tumoral en cancer de pulmaon, cancer oral y glioblastoma,
asi también como de aumentar la eficacia de la radioterapia en cancer de mama (Bhardwaj et
al.,, 2012; Budihardjo et al., 2000). Recientemente, se comprobd que la administracion de 6AN
como complemento quimioterapico para el tratamiento de la leucemia leucocitaria, permitiria
reducir las dosis de los otros farmacos, minimizando asi sus efectos secundarios (Zhelev et al.,
2016). Cabe destacar que este trabajo fue realizado en lineas celulares, lo que no descarta la
posibilidad que este compuesto pueda inducir daio nervioso y/o deficiencia en vitamina B en

humanos, tal como se observd previamente en ratones (Kohler et al., 1970), ver figura 5.

Las galato catequinas son compuestos naturales obtenidos a partir del té verde que fueron
identificadas como inhibidores de la G6PDH de levadura con un IC50 < 7,7 uM. Estudios de SAR
determinaron que la presencia del grupo daloil es fundamental para conferir actividad inhibitoria
(Shin et al., 2008). Sin embargo, estudios realizados sobre adipocitos no mostraron actividad
inhibitoria significativa contra la G6PDH, determinandose que estos compuestos carecen de
selectividad al ser capaces de inhibir un amplio espectro de enzimas que utilizan NADP* como
cofactor, como es el caso de la dalacto deshidrogenasa, la isocitrato deshidrogenasa, la acido

graso sintasay la 6PGDH (Shin et al., 2008), ver figura 5.
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Los bromofenoles fueron obtenidos a partir de aldas marinas (Rhodomelaceae algae) vy
mostraron ser inhibidores no competitivos de la G6PDH de L. mesenteroides y Saccharomyces
cerevisiae (ICsop < 5 pM). Los dimeros simétricos de bromofenoles resultaron ser los mas
potentes, donde los derivados del dibenzil-eter y los de diaril-metano presentaron mayor
selectividad y potencia por la enzima del lactobacilo y la de levadura, respectivamente (Mikami
et al,, 2013, 2016), ver figura 5.

Campanas de cribado de alto procesamiento (HTS, del inglés high troughput screening) contra la
G6PDH de P. falciparum y humana, permitieron identificar nuevos inhibidores de esta enzima.
Para la hG6PDH se identificaron 4 compuestos con ICsp menores a 3 uM, es decir 100 a 1000
veces mas potentes que 6AN o dehidroepiandrosterona (Preuss et al., 2013). Todos los hits
mostraron un mecanismo competitivo frente al sustrato que vario entre mixto a no-competitivo
con respecto al NADP*. Uno de estos compuestos (CB83) redujo la viabilidad de una linea celular
de cancer de mama MCF10-AT1 (ICso 25 puM) (Preuss et al., 2012b). Para la G6PDH de plasmodio
no se encontraron inhibidores que fueran especificos, entre los mas potentes se seleccionaron
los pertenecientes a las familias de las pirimidin-trionas y las cromo-2-onas. La actividad de
alguno de estos analogos contra los parasitos fue moderada (ECso < 6 pM), probablemente
debido a la baja permeabilidad y poca estabilidad de los mismos. Ese mismo afo, a partir de una
biblioteca de 350.000 compuestos se obtuvieron varios hits contra la G6PDH de plasmaodio, la
mavyoria de los cuales corresponde al scaffold de benzotiazonas (Preuss et al., 2012a, 2012b). La
optimizacion de estos compuestos quiada por estudios de SAR, permitid obtener un derivado
(ML276) capaz de inhibir selectivamente a la enzima del parasito con una ICsp = 889 nM y con
buena potencia contra el crecimiento in vitro de plasmodio (ECso = 2,6 uM) (Maloney et al,,
20103, 2010b). A diferencia de los compuestos hallados previamente en el HTS (Preuss et al,,
2012b), estos nuevos derivados de benzotiazonas presentan buenos criterios de ADME/T, escasa

toxicidad, buena solubilidad vy estabilidad, ver figura 5.
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Inhibidores de G6PDH de diferentes organismos
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Figura 5. Inhibidores de Glucosa- 6 fosfato deshidrogenasa.
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Estructuras quimicas, ICses v tipo de mecanismo de accion para inhibidores de G6PDH de Trypanosoma
cruzi, en fondo amarillo y para G6PDHs provenientes de otros organismos, sin fondo de color. Estructuras

realizadas en Chemdraw.

26



Por otra parte, el grupo de Schrader diseid un clip molecular basado en la estructura del
antraceno con grupos fosfatos ligados, que es capaz de atrapar al NADP* por efecto de
apilamiento (stacking) molecular y en simultaneo ocupar el sitio de union de la G6P (Kirsch et
al., 2009). Con este mecanismo dual se logrd obtener selectividad por la G6PDH sobre otras
deshidrogenasas. Para la G6PDH de lactobacilo se reportd un ICso = 7 uM (Kirsch et al., 2009).
Estudios realizados en nuestro laboratorio demostraron que, el analogo mas activo contra la
enzima humana fue capaz de inhibir a la forma recombinante de la G6PDH de T. cruzi con un
valor de ICso de 3 pM. Sin embargo, dicho compuesto no mostro actividad contra epimastigotes
del parasito, lo cual puede deberse a su baja permeabilidad y/o a la inestabilidad de los grupos

fosfatos, claves para la interaccion con el NADP* (datos no publicados).

Al inicio de esta tesis, los derivados esteroideos mejor caracterizados como inhibidores de la
G6PDH eran la epiandrosterona (EA), dehidroepiandrosterona (DHEA) y bromo-epiandrosterona
(16-BrtA). Dichos compuestos inhiben de manera acompetitiva a la forma recombinante de
G6PDH de distintas especies de tripanosomatidos y presentan efecto anti-proliferativo sobre la
forma infectiva de T. brucei y no infectiva (epimastigota) de T. cruzi (Cordeiro and Thiemann,
2010; Cordeiro et al,, 2009). Llamativamente, la G6PDH de L. mexicana resulto refractaria a la
inhibicion por estos esteroides. Este hallazgo fue confirmado mediante ensayos de
complementacion in vitro sobre una linea celular de T. brucei deficiente en la G6PDH endddena,
y donde la expresion de la enzima de Leishmania tornd a estos parasitos resistentes contra DHEA
y EA (Cordeiro et al., 2009; Gupta et al.,, 2011b, 2011a). Estudios posteriores, mostraron que la
16BreEA presenta mayor especificidad contra la G6PDH de tripanosomas, respecto de la enzima
humana (Mercaldi et al., 2014). Es importante recalcar que, la mayoria de estos derivados fueron
descritos previamente como inhibidores de la proteina humana (Gordon et al., 1995; Hamilton et
al, 2012; Marks and Banks, 1960; Raineri and Levy, 1970). Sin embargo, esta aparente
selectividad obtenida contra la G6PDH de tripanosomas alienta a profundizar la caracterizacion
de esta familia de compuestos con el fin Gltimo de poder denerar derivados con mayor

especificidad y potencia (Hamilton et al., 2012).

En esta linea, pero teniendo como blanco a la proteina humana, el grupo de Hamilton realizo
ensayos de SAR sobre derivados de la DHEA, obteniendo analogos con mayor potencia. Si bien
esta familia de inhibidores de la G6PDH fue descrita hace mas de 60 anos, a la fecha de inicio de
este trabajo de tesis se desconocia su sitio de union a la enzima y durante el curso de la misma
Zhao vy colaboradores intentaron elucidar esta interrogante empleando aproximaciones in silico

(Zhao et al., 2014). Sin embargo, lo concluido por este estudio discrepa con el modo de
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inhibicién (acompetitivo) reportado para los esteroides ya que el mismo plantea que DHEA
estaria desplazando al cofactor y ocupando su sitio de unidn, lo cual tornaria competitivo a

este inhibidor.

Finalmente, pocos afos atras se realizd un HTS contra la G6PDH de T. cruzi que permitid
identificar nuevos inhibidores acompetitvos de tipo no esteroideos y pertenecientes a las
familias de tienopirimidinas (ICs, 4.9-32 uM) vy quinazolinas (ICs, 0,48-30 uM). Algo a destacar
es que los compuestos: 1a- tienopirimidina y 2a- quinazolinona compiten por el sitio de union de
EA. Se estudio la toxicidad de los mismos, tratando epimastigotes y se pudo observar que las
quinazolinonas son las que tienen mayor efecto tripanocida, presentando EC., similares a las
obtenidas con benznidazol, mientras que distintos derivados de las tienopirimidinas resultaron

inactivos (Mercaldi et al., 2014), ver figura 5.

El diseno racional de inhibidores contra la G6PDH de 7. cruzi requiere del conocimiento de los
aspectos bioquimicos vy estructurales que caracterizan a esta enzima en relacion con su
contraparte humana. Uno de los principales obstaculos que limitaban esos estudios es que al
inicio de esta tesis no se contaba con reportes de la estructura de la enzima del patdgeno, el cual

fue uno de nuestros principales objetivos.

28






\



Capitulo 2.

OBJETIVOS

la validacion de la TcG6PDH como blanco de farmacos antichagdasicos requiere de un
conocimiento profundo, tanto de sus aspectos bioquimicos y biologicos, asi como de su biologia

estructural.

Es por ello que en esta tesis nos planteamos los siguientes objetivos.
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2.1 Objetivos generales

Caracterizacion bioquimica, estructural vy bioldgica de la glucosa-6-fosfato deshidrogenasa de

Trypanosoma cruzi para evaluar el potencial de la misma como blanco terapéutico.

2.2 Objetivos especificos
1. Resolucion de la estructura tridimensional de la TcG6PDH vy analisis detallado de la

misma para identificar caracteristicas diferenciales con respecto a su homélogo humano.

2. Evaluar la relevancia de esas diferencias mediante la deneracion y caracterizacion
enzimatica de mutantes puntuales localizados en regiones especificas y de interés para

el desarrollo y optimizacion de farmacos.

3. |dentificar, evaluar y caracterizar el modo de accion y el sitio de unidon de nuevos

potenciales inhibidores de la TcG6PDH.

4. Confirmar la localizacién subcelular de la G6PDH en Trypanosoma cruzi y el blanco

molecular de los inhibidores esteroideos.
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Capitulo 3

RESULTADOQOS
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3.1 Resumen

Si bien en los Gltimos afos las enzimas que participan de la via de las pentosas de
tripanosomatidos han recibido especial interés, al momento de la escritura de este capitulo, no
existia ningun relevamiento comprensivo de los aspectos bioquimicos, estructurales e
inhibidores descritos para las proteinas que participan de esta via. Fue por ello que creimos que

se seria de gran utilidad compilar y sistematizar la informacion reportada hasta ese momento.

La PPP, al iqual que la via dlicolitica, es responsable de metabolizar la glucosa que se encuentra
disponible para, a partir de ello obtener poder reductor y ribosa 5-fosfato, el cual constituye un
bloque indispensable en la sintesis de acidos nucleicos. La relevancia de la via de las pentosas y
su organizacion general son similares entre tripanosomatidos y mamiferos. Sin embardo, en este
capitulo nos hemos propuesto evaluar a partir de la informacion disponible, si las enzimas que

participan de la via podrian llegar a calificar como blanco de farmacos.

De las siete enzimas que componen la PPP, la G6PDH vy la 6PGDH mostraron ser esenciales para
tripanosomatidos. Respecto a la primera de ellas, esta Ultima presenta una menor identidad de
secuencia con su contraparte humana. Para ambas se han reportado estructuras cristalinas y se

han realizado esfuerzos en la identificacion de inhibidores selectivos.

Existen dos isoformas para la RPI, las formas A y B que presentan diferencias importantes entre
si. La isoforma A es caracteristica de mamiferos mientras que la isoforma B predomina en
tripanosomatidos. Esta caracteristica junto a los datos cristalograficos disponibles en presencia
de diversos inhibidores la posiciona como un blanco de drodas ideal. Sin embardo, a la fecha de
elaboracion de dicho capitulo no se contaba con pruebas contundentes acerca de su
esencialidad, las cuales fueron obtenidas recientemente tanto para L. infantum como para T.
brucei (Faria et al. 2016).

Por el contrario, las demas enzimas de la PPP carecen de interés como blancos moleculares de
farmacos ya que varias de ellas no se expresan en los estadios infectivos de determinadas

especies o bien se sospecha que carecen de un rol bioldgico relevante.
Mis contribuciones:

BUsqueda bibliografica y escritura del capitulo.
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Drug Targets in Trypanosomal and Leishmanial Pentose
Phosphate Pathway

Marcelo A. Comini*, Cecilia Ortiz, and Juan José Cazzulo

Abstract

Trypanosomatids utilize glucose to sustain critical cellular functions. A key meta-
bolic pathway that relies on glucose is the pentose phosphate pathway (PPP), which
comprises reactions oxidizing substrates (oxidative phase) and interconversions to
phosphorylated saccharides (non-oxidative phase). The products (ribose-5-
phosphate), intermediates (glyceraldehyde-3-phosphate, fructose-6-phosphate),
and cofactors (NADPH) of this metabolism are used in the synthesis of nucleic
acids and lipids, and for the maintenance of redox homeostasis. Enzymes from the
oxidative branch (i.e., glucose-6-phosphate dehydrogenase (G6PDH), 6-phospho-
gluconolactonase (6PGL), and 6-phosphogluconate dehydrogenase (6GPGDH)) are
phylogenetically related to their cyanobacterial and plant counterparts, and play an
essential house-keeping role in the parasites. The components of the non-oxidative
branch (i.e., ribose-phosphate isomerase (RPI), ribose-phosphate epimerase (RPE),
transketolase (TKT), and transaldolase (TAL)) are more heterogeneous, with a
member that has no orthologous sequence in mammals (RPI) and others (RPE
and TKT) that are developmentally regulated and species-specific dispensable.
Except for 6PGDH, no systematic drug discovery studies have been performed
on PPP enzymes. Only few chemical entities have been identified as inhibitors of
GG6PDH, and there are no investigations addressing this question for 6PGL, RPI,
RPE, TKT, and TAL. Thus, the search for inhibitors against PPP enzymes from
trypanosomatids does not keep pace with the substantial information available on
their biochemical and structural properties. The aim of this chapter to attract
attention to PPP enzymes already qualifying as trypanosomatid drug targets.

Pentose Phosphate Pathway in Trypanosomatids: General
Considerations and Biological Relevance

Trypanosomiasis and leishmaniasis are life-threatening diseases of mammals for
which an effective, safer, and affordable chemotherapy and/or immunoprophy-
laxis (vaccine) remain major and challenging goals for the scientific and public
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health domain. Over the last decades, this limitation has prompted the search for
suitable drug target candidates — an enterprise that requires a detailed bio-
chemical, biological, and structural analysis of the metabolic pathways and their
components [1]. The glucose-based metabolism of trypanosomatids is among
those critical pathways that have been investigated thoroughly but not completely.
In most organisms glucose is metabolized through two major pathways: the
glycolytic, or Embden—Meyerhof, pathway, and the pentose phosphate pathway
(PPP). Both pathways start from glucose-6-phosphate (G6P), but have different
functions, which all are important for survival. Whereas glycolysis is the chief
pathway to catabolize glucose gaining energy in the form of ATP, the PPP is
involved in the production of ribose-5-phosphate (R5P), required for nucleotide
and nucleic acid synthesis, and for sustaining reducing power in the form of
NADPH, which is essential for a number of biosynthetic processes and for the
protection of the cell against oxidative stress (see below and Chapter 9 of this
volume). The pathway consists of two branches, namely an oxidative branch,
involving glucose-6-phosphate dehydrogenase (G6PDH), 6-phosphogluconolac-
tonase (6PGL), and 6-phosphogluconate dehydrogenase (6PGDH), and a non-
oxidative, or sugar interconversion, branch, involving ribose-5-phosphate isom-
erase (RPI), ribulose-5-phosphate epimerase (RPE), transaldolase (TAL), and
transketolase (TKT) (Figure 16.1). The PPP has also been known as the pentose
phosphate cycle, since, when functioning as a whole, the fructose-6-phosphate
(F6P) and glyceraldehyde-3-phosphate (Gly3P) formed can be converted back to
GO6P, entering the oxidative branch again. However, the PPP does not need to act
as a cycle and the different enzymatic reactions will be operative according to the
cell needs [2].

As opposed to the glycolytic pathway, which has been thoroughly studied in
trypanosomatids over the last three decades, the PPP received much less attention
up to the late 1990s. At present, we know that all seven enzymes of the pathway are
expressed in the four major stages of the life cycle of Trypanosoma cruzi (epimas-
tigote and metacyclic trypomastigote in the insect vector, amastigote and blood-
stream trypomastigote in the mammal) [3] and in promastigotes of Leishmania
mexicana [4], whereas the pathway is developmentally regulated in T. brucei, with
expression of all components in the procyclic (insect dwelling) form and the
oxidative branch enzymes in the bloodstream form [5]. The functionality of the
pathway has been demonstrated in T. cruzi epimastigotes [3], and in L. braziliensis [6]
and L. mexicana promastigotes [4] by determining the amount of ["*C]CO, released
for glucose labeled in C1 or C6. A similar study seems not to have been conducted on
T. brucei, although several lines of evidence point to the functionality of the pathway
in this parasite, at least in the procyclic stage. At this point it is worth noting that
trypanosomatids contain an organelle called the glycosome, which has a peroxi-
somal origin and evolved to host several components or steps of key pathways such
as glycolysis, gluconeogenesis, PPP, lipid biosynthesis, purine salvage, and pyrimi-
dine biogenesis ([7] and Chapter 7 of this volume) Accordingly, several enzymes of
the PPP are localized in the glycosomes, although not exclusively, as discussed below
for each enzymatic entity [8]. Another interesting aspect of the trypanosomatids
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enzymes from the oxidative branch (G6PDH, 6PGL, and 6PGDH) is their evolu-
tionary link to cyanobacteria and plant orthologs — a phylogenetic relationship that
supports the view of a kinetoplastid photosynthetic plastid being an endosymbiotic
ancestor of the glycosome [9,10].

G6PDH, which catalyzes the oxidation of G6P to 6-phosphogluconolactone with
the concomitant reduction of NADP to NADPH, is the first and, probably, rate-
limiting enzyme of the PPP. The number of genes encoding for G6PDH differs
between trypanosomatids, with T. brucei and L. mexicana harboring a single-copy
sequence [11,12], and T. cruzi containing five different putative sequences, two of
them being pseudogenes [13]. The enzyme is predominantly distributed in the
cytosol, with a minor fraction compartmentalized in glycosomes, although a typical
peroxisomal targeting sequence (PTS) is absent [3,8,11,14]. The production of
NADPH in this organelle likely serves to support the biosynthesis of ether lipid
and sterols and antioxidant defense [12,15-19]. The indispensability of G6PDH has
been confirmed for the infective form of African trypanosomes by means of RNA
interference [20]. The deleterious phenotype observed (growth rate impairment and
reduced tolerance to H,0,) is likely a consequence of an imbalance in nucleotide
and NADPH pools. A critical role of G6PDH in the defense against oxidative stress
has also been demonstrated in T. cruzi [13]. The enzyme activity increased about
45-fold in trypomastigotes subjected to H,0, challenge and, under non-stress
conditions, G6PDH levels were markedly elevated in the infective stages (trypo-
mastigote and amastigote) [13]. Also, other studies revealed that G6PDH is more
abundant in T. cruzi strains of higher virulence [21,22]. However, chemical valida-
tion of G6PDH remains controversial (see below Section 16.3).

6PGL, the second enzyme of the oxidative phase, is responsible for decreasing the
lifetime of the highly reactive 6-phosphogluconolactone by hydrolytic cleavage to
6-phosphogluconate [11]. In T. brucei, a single-copy gene encodes a putative 6PGL
that displays a dual subcellular localization— about 85% being in the cytosol and 15%
in the glycosomes [23]. A PTS-1 targets the protein to the glycosomes [11]. In
promastigotes of different strains from L. mexicana, 6PGL was by far the most
prominent enzymatic activity of the PPP [4]. The essentiality of 6PGL has not yet
been addressed for any trypanosomatid; however, although the lactone can be
spontaneously hydrolyzed, it is tempting to speculate that under certain conditions,
(i-e., high NADPH demand) 6-phosphogluconolactone may accumulate to toxic
levels that require catalytic elimination. Such function for 6PGL may be critical
inside the glycosomes, where a high concentration of the highly electrophilic
6-phosphogluconolactone [24] may lead to the irreversible inactivation of key
metabolic enzymes.

6PGDH is the best-studied enzyme of the PPP in T. brucei, and, to a lesser
extent, in T. cruzi and L. mexicana. It catalyzes, in the presence of NADP, the third
step of the oxidative branch that involves the reversible oxidative decarboxylation
of 6-phosphogluconate to ribulose-5-phosphate (Ru5P) with concomitant produc-
tion of NADPH and carbonic anhydride [25]. 6PGDH activity is predominantly
cytosolic, with a small glycosomal component in procyclic T. brucei [14]. The
biological importance of 6PGD for bloodstream T. b. rhodesiense and intracellular
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amastigotes of T. cruzi amastigotes was first revealed by cytotoxicity studies
performed with specific enzyme inhibitors [26] (see Section 16.3). Unpublished
work of Barrett et al. indicated that the enzyme is indispensable for bloodstream
T. brucei [27,28]. Taking into account that the infective stage of African trypano-
somes depends exclusively on glycolysis for energy production and glucose-6-
phosphate isomerase has been shown to be extremely sensitive to 6-phospho-
gluconate [29], the deleterious phenotype of 6PGDH-depleted T. brucei was
suggested to be caused by accumulation of phosphorylated gluconate with
concomitant inhibition of glycolysis [28]. This effect is likely amplified in vivo
by an increment in the flux of G6P through the PPP and the consequent increased
formation of the phosphorylated intermediate [30]. Whether a shortage in R5P
also contributes to this phenotype remains to be investigated.

RPI catalyzes the isomerization of R5P and RuSP that will proceed in either
direction depending on the relative substrate and product concentrations. If R5P is
abundant, the phosphorylated sugar will be diverted to the production of precursors
for aromatic vitamins (not yet fully documented for trypanosomatids) and glycolytic
intermediates, whereas a decline in R5P will stimulate the reverse reaction leading
to its synthesis and that of nucleotides and cofactors. According to their distribution
among the phylogenetic scale, RPIs are classified into type A (with representatives in
all three kingdoms of life) or type B (restricted to some bacteria and protozoa) [31].
Trypanosomatids lack type A RPI but are endowed with type B RPI [32], whose
activity was detected in different life stages of T. brucei [5], L. tropica and L. major [33],
and T. cruzi [34]. Although the essentiality of RPI for trypanosomatids remains to be
demonstrated, the adverse phenotype observed in phylogenetically distant orga-
nisms, namely Escherichia coli [31] and human [35], deficient in this enzyme points
to an evolutionary conserved critical function for this protein. The absence of type B
RPIs in mammalian genomes and the significant structural divergence between
both enzyme classes (see below) have raised trypanosomal RPIs to the level of
attractive drug target candidates [34,36].

RPE is responsible for catalyzing the interconversion of R5P and xylulose-
5-phosphate (X5P). The genome of the CL Brener clone of T. cruzi harbors two
genes encoding RPEs with one of them containing a PTS-1 at the C-terminus. The
enzyme is expressed in all four biological stages of this parasite and, in contrast to
the other PPP enzymes, is not upregulated in metacyclic trypomastigotes. It is
present in membrane-bound vesicles [3] — a behavior of unknown biological
relevance. The genome of Leishmania encodes for two isoenzymes that differ in
the presence and absence of a glycosomal targeting sequence [37]. In promastigotes
of different strains of L. mexicana, the activity of RPE was almost 3-fold higher than
that of the competing enzyme, RPI [4]. In T. brucei, RPE, and also TKT, activity is
detected in the procyclic form, but not in parasites isolated from mice [5], indicating
that the non-oxidative segment of the PPP is dispensable for the latter. A possible
explanation for this exceptional metabolic adaptation is to constrain sugar metab-
olization to the production of RSP and NADPH via the oxidative phase of the PPP in
order to meet the remarkably high proliferative rate of bloodstream parasites. In
summary, RPE does not qualify as potential drug target against African
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trypanosomes, but the biological importance of this enzyme for the intracellular
parasites Leishmania spp. and T. cruzi remains to be investigated.

TAL transfers a dihydroxyacetone unit from F6P to erythrose-4-phosphate (E4P) to
synthesize sedoheptulose-7-phosphate and, as byproduct, Gly3P. The backward
reaction is also catalyzed by the enzyme. TAL activity was detected in the cytosol of
bloodstream T. brucei [S]. The presence of this enzyme was also identified in the four
developmental stages of T. cruzi with a 3- to 5-fold higher activity in the highly
infective metacyclic trypomastigotes [3]. Unpublished data propose the presence of
four TAL isoforms in T. cruzi epimastigotes [38]. Promastigotes of L. mexicana also
display TAL activity [4]. The role of TAL in trypanosomatids has not yet been
addressed. In higher eukaryotes the enzyme plays an important function as a
regulator of the metabolic fluxes through the PPP [39] - a function that can be shared
by the New World trypanosomes (T. cruzi and Leishmania spp.), which present a fully
active PPP, but likely not by T. brucei, since the infective form presents a defective
non-oxidative branch (see above) and deletion of TKT gene, whose product will
synthesize the substrates for TAL, in the procyclic stage went phenotypically
unnoticed (see below) [40]. Thus, TAL can be disregarded as drug target candidate
for African trypanosomes, and its role in T. cruzi and Leishmania spp. deserves
further research to draw final conclusions in this respect.

TKT is a thiamine diphosphate-dependent enzyme capable of catalyzing two
reversible reactions that involve the transfer of 2-carbons from: (i) X5P to R5P to
produce sedoheptulose-7-phosphate and Gly3P, and (ii) from X5P to E4P to generate
F6P and Gly3P. The four developmental stages of T. cruzi express TKT activity that in
epimastigotes is distributed among the cytosol (around 80%) and the small granule
fraction (around 20%) representing the glycosomes [3]. TKT activity was reported to
occur in several species of Leishmania [41], and a dual cytosolic and glycosomal
localization of the protein has been unambiguously demonstrated in L. mexicana
promastigotes [42]. In T. brucei, TKT is encoded by a single-copy gene containing a
PTS-1 [42], which is actively expressed and repressed in the procyclic and blood-
stream stage, respectively [5,40]. The biological relevance of TKT has only been
addressed for African trypanosomes [40], whereby, at least under in vitro growth
conditions, TKT-null mutants of the procyclic form did not exhibit any growth or
morphologic phenotype despite an alteration in the metabolic profile (i.e., increase
in TKT substrates and absence of sedoheptulose-7-phosphate). A role for TKT in
T. cruzi and Leishmania has yet to be determined, but since they harbor a fully
operative PPP, the enzyme may function in preventing the accumulation of
phosphorylated carbohydrate intermediates of the pathway in the glycosome,
some of which are metabolically toxic, and/or modulating NADPH production
by redirecting sugar phosphates towards the oxidative branch of the cycle [40].

In other organisms such as yeast, a salvage pathway for the synthesis of R5P from
glycolytic intermediates without production of NADPH is operative. This is the
so-called riboneogenesis pathway that via the combined action of transketolase and
aldolase, glycolytic intermediates are transformed into sedoheptulose-1,7-bisphos-
phate, which is further hydrolyzed by the enzyme sedoheptulose-1,7-bisphosphatase
to sedoheptulose-7-phosphate. This product can be transformed into RSP by TKT
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(Figure 16.1). Candidate genes encoding for this protein are present in the genome
of T brucei and T. cruzi, but are absent in Leishmania [37]. Whether riboneogenesis is
functional in these parasites and to what extent it contributes to the intracellular pool
of R5P should be further investigated.

Biochemical and Structural Hallmarks of Trypanosomatids
PPP Enzymes

To assess the possibility of one or more of the PPP enzymes being suitable targets for
chemotherapy, a detailed comparison of their structure and properties with those of
the corresponding mammalian enzymes is required. The most relevant biochemical
and structural features from the components of the trypanosomal and leishmanial
PPP that can provide a basis for the development of specific inhibitors are
summarized below.

G6PDHs from the TriTryps share about 64-69% amino acid identity between each
other and about 50% identity with the human ortholog. The kinetic constants for
substrate (K, for G6P ~60-200 uM) and coenzyme (K,, for NADP ~ 4-12 uM)
reported for G6PDH from T. cruzi[13], T. brucei [14], and L. mexicana [20] were of the
same order of magnitude, suggesting an overall conservation of the major catalytic
and ligand-binding residues. The k., reported for T. brucei and L. mexicana G6PDH
is noteworthy (ke of 16-22s™" [20]), as it is almost one order of magnitude lower
than those observed for the T. cruzi and human enzymes (ke of 130-190s )
[13,43], and indicates a lower catalytic efficiency of the former enzymes. Also
striking is the significant sensitiveness of T. cruzi G6PDH to inhibition by NADPH
(K; for NADPH of 0.76 versus 9 uM for the T. cruzi and human enzyme, respectively)
[13,44], suggesting a control of the enzyme activity by the NADPH/NADP ratio.
Other major molecular and structural features that distinguish the T. cruzi enzyme
from the human ortholog are: (i) in contrast to the human enzyme, which exists in a
rapid equilibrium between monomeric, dimeric, and tetrameric species [45], the
trypanosomal protein forms highly stable tetramers ([46]; Ortiz et al., unpublished),
and (ii) T. cruzi G6PDH, but not the enzymes from T. brucei and L. mexicana and
neither the human counterpart, contains an N-terminal extension with non-con-
served cysteines, some of them engaged in the formation of disulfide bridges that
stabilize a more active conformation of the enzyme ([13]; Ortiz et al., unpublished).
Crystals of the protein in the apo-state and with bound G6P have recently been
obtained, and diffracted at 2.9- and 3.4-A resolution, respectively [46]. The refined
structures are currently being subjected to a thorough comparative analysis with the
human ortholog in order to explore molecular differences that can be exploited for
the design or optimization of specific drugs.

The T brucei and T. cruzi representatives for 6PGL have been expressed in
recombinant soluble forms exhibiting a monomeric conformation (Beluardi and
Cazzulo, unpublished; [47]) similar to that reported for the enzyme from bovine
erythrocytes [48]. Kinetic studies on 6PGL are very difficult, because its substrate is
very unstable and must be generated in situ. Nevertheless, a K, value of 50 uM has
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been determined for the T. cruzi enzyme [38], which is close to one of the values
reported for the rat liver enzyme (80 uM) [49]. Despite this limitation, the crystal
structure of T. brucei 6PGL has recently been solved at about 2 A in the absence
(Protein Data Bank (PDB) ID: 2JOE) [47] and presence of ligands (PDB ID: 3E7F,
3EBY) [23], which facilitates a detailed mechanistic and dynamic characterization of
the enzyme [23,50]. The atomic coordinates for the crystal structure of 6PGL from
L. braziliensis (PDB ID: 3CH7; Arakati and Merrit, unpublished) and L. guyanensis
(PDB ID: 3CSS; Painter and Merrit, unpublished) have also been deposited.
Although the structure of the human ortholog remains to be elucidated, its low
amino acid identity with the plastid-like parasite proteins (below 20%) predicts
important structural differences.

6PGDH from kinetoplastids exhibits low amino acid sequence identity (below
35%) with its mammalian counterpart that translates into differential affinities for
ligands [51]. The reported K, values for NADP are 1.5, 5.9, and 3-30 uM, for the
T. brucei, T. cruzi, and human enzymes, respectively, and the corresponding values
for 6PG are 3.5, 22.2, and 20-32 uM, respectively [30,52,53]. The apparent K, values
for 6PG and NADP for the L. mexicana enzyme were 6.9 and 5.2 uM, respectively
[54]. The K; for NADPH and Ru5P was 0.6 and 30 uM, respectively, for the T. brucei
enzyme. These differences in kinetic parameters originate in subtle structural
differences (see below) and are particularly noteworthy for T. brucei 6PGDH, since
they can, at least in part, explain the greater sensitivity of the enzyme to a number of
inhibitors (see Section 16.3).

The three-dimensional structure of T. brucei 6PGDH has been determined toa 2.8-A
resolution (PDB ID: 1PG]J [55]) and thoroughly compared with that of a mammalian
representative — the sheep liver enzyme [56]. Despite the low protein sequence identity
between both enzymes, a high conservation was observed in the overall structure and
for residues directly engaged in substrate and coenzyme binding. However, several
secondary residues surrounding the substrate binding site (i.e., either making direct
contact with the substrate or shaping the active site at the interface between subunits),
as well as others bridging the C-terminal tail on the coenzyme binding site, differed
significantly in identity or structural disposition and were proposed to account for the
different affinities of the enzymes for substrate/coenzyme and inhibitors [56]. The
analysis of this structural data [57] has facilitated a more rational design of inhibitors
(see Section 16.3). Homology modeling of the L. mexicana and T. cruzi 6GPDH
suggest a limited structural divergence among kinetoplastid proteins, raising the
possibility for designing inhibitors equally effective against the enzymes from these
species [54]. The structure of human 6PGDH has recently been delivered (PDB ID:
2JKV; Ng et al., unpublished). Comparison with the parasite protein should contribute
to the improvement of inhibitor specificity (see Section 16.3).

RPI from trypanosomatids can be considered as an ideal drug target, since it
belongs to the B-type RPI group absent in all mammalian genomes and has
significant structural divergence from the A-type enzymes. The protein from
T. cruzi, the only representative from a trypanosomatid that has been characterized,
is a homodimer [32,34]. T. cruzi RPI presented K, values in the millimolar range
(K, for R5P and RuSP of 4 and 1.4 mM, respectively), similar to those reported for
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the enzyme from human erythrocytes (e.g., Ky, for R5P of 2.2 mM) [58], despite the
significant differences at the active-site motif. The three-dimensional structure of
T. cruzi RPI-B has been determined at 2.2-A resolution in the apo-form or in complex
with p-R5P or the inhibitors 4-phospho-p-erythronohydroxamic acid and p-allose-6-
phosphate (PDB ID: 3K70, 3K7P, 3K7S, 3K8C, and 3M1P) [34]. This study further
revealed the occurrence of small conformational changes upon substrate binding,
the critical role of a phosphate-binding loop close to the active site, both contributing
to substrate and inhibitor binding, and the residues responsible for catalysis.

In the case of T. cruzi TKT, the apparent K, values determined for R5P, E4P, and
X5P were 1.34, 0.1, and 0.07 mM, respectively [38]. For the leishmanial enzyme, only
the apparent K, for R5P, 2.75 mM, was determined [42], whereas the homolog from
T. brucei showed apparent K, values for RSP and X5P of 0.8 and 0.2 mM, respectively
[40]. The K, values for the recombinant human enzyme, recently reported by
Mitschke et al. [59], were 0.48 and 0.25mM for R5P and X5P, respectively. As
previously proposed for the T. brucei enzyme [40], a regulatory role in the PPP may
also be envisaged for T. cruzi and L. mexicana TKT because of the low RSP
concentration in steady-state and the high K, values of these enzymes for this
substrate. The crystal structure of L. mexicana TKT has been solved at 2.22 A (PDB
ID: 1RYJ), and comparison with the structures of poorly related eukaryote orthologs
(i-e., yeastand maize) revealed a high degree of similarity at the active site, cofactor, and
ion-binding regions [42]. A high-resolution structure of the human enzyme has been
recently determined at 1.75 A (PDB ID: 3MOS [59]), but not yet compared to the
leishmanial protein. Atleast two residues that are important for cofactor and substrate
binding in the mammal enzyme (GIn189 and Lys260 in human TKT) [59] are not
conserved in the trypanosomatid’s proteins.

Inhibitor Discovery Against PPP Enzymes

Only a handful of compounds have been investigated as potential inhibitors of
kinetoplastid G6PDH, most of them previously identified as inhibitors of the human
enzyme. The steroids dehydroepiandrosterone (DHEA) and epiandrosterone (EA)
inhibited the T. brucei enzyme with K; values about 6-fold lower than those reported for
the human enzyme [20]. Strikingly, L. mexicana G6PDH was not affected by similar
concentrations of the drugs [20]. The same inhibitors also were active against the
enzyme from T. cruzi, but the K; values obtained, close to 22 uM for DHEA and to
4.8uM for EA [60], were higher than those for the human enzyme (8.9—-6.2 uM for
DHEA and 3-3.4 uM for EA [20]). The 16a-bromated (16Br) derivatives of both drugs
were more active than the parental precursors, with ICs, values about 5-fold lower for
16BrDHEA and 2.5-fold lower for 16BrEA (Figure 16.2) [60]. All these compounds
were uncompetitive inhibitors for both substrates — a very rare mechanism where the
inhibitor exerts its activity by binding to the ternary enzyme—coenzyme—substrate
complex. The recent elucidation of the T. cruzi G6PDH structure may disclose the so
far unknown binding site of these drugs. The bromated derivatives were toxic for
T. cruzi epimastigotes with LDs, values ranging from 12 to 20 uM [60], similar to the
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Inhibitor Discovery Against PPP Enzymes

values obtained for DHEA and EA against the bloodstream form of T. brucei [20]. For
both microorganisms the in vivo potency of the steroids was more than 10-fold lower
than the inhibitory activity displayed against the recombinant enzymes. On the other
hand, metacyclic promastigotes of L. mexicana were not affected by similar concen-
trations of the latter compounds [20]. The specific action of steroids against GGPDH
from different trypanosomatids has been confirmed by genetic means [22]. At the
invivolevel, DHEA administered subcutaneously to male rats infected with T. cruziled
to a significant reduction in parasite load, which was associated with enhanced
lymphoproliferative (thymocyte and macrophage proliferation) and pro-inflammatory
(interleukin-12, nitric oxide production) responses [61,62]. The contribution of
trypanosomal G6PDH inhibition by DHEA to the trypanostatic effect exerted by
the drug in vivo has not yet been addressed. A new class of inhibitors, namely the
molecular tweezers or clips, has been recently developed against GGPDH [63]. They
consist of two naphthalene or anthracene molecules linked by a benzene moiety with
phosphate groups as inorganic substituent. A representative of the benzene-naph-
thalene family proved to inhibit T. cruzi G6PDH with an ICso of 3uM (Ortiz et al.,
unpublished), which is 2-fold lower than that reported for the human enzyme (7 uM)
[63]. The compound did not exhibit a significant toxicity against T. cruzi epimastigotes
(LDsg ~ 100 uM), which may be due to poor drug uptake and/or metabolization (i.e.,
low permeability and phosphatases).

As part of an ongoing target-based drug discovery program, Barrett et al. per-
formed a systematic search for 6PGDH inhibitors of the T. brucei enzyme. Large
differences between the trypanosomal and sheep enzymes in the affinity of substrate
analogs (e.g., the K; value for 6-P-2-deoxygluconate versus 6-phosphogluconate was
200-fold lower for T. brucei 6PGDH than for the sheep enzyme) [30] has prompted
the design of substrate-based inhibitors [28]. Several phosphonated monosacchar-
ides showed acceptable selectivity against the parasite enzyme with K; values in the
micro- to submicromolar range [64]. Based on molecular modeling and structural
analysis [55,57], new substrate-based analogs were synthesized and tested [65]. One
of the first series ((2R)-2-methyl-4,5-dideoxy-6-phosphogluconate) and six of the
second ((2R)-2-methyl-4-deoxy-6-phosphogluconate) were able to inhibit competi-
tively both enzymes, one of them showing some selectivity towards the enzyme from
the parasite. Compounds of the third series (2,4-dideoxy-6-phosphogluconate) were
completely inactive. The major conclusion arising from this work indicates that
substituents at positions 2 and 4, but not at 6 (the phosphate moiety), are critical for
effective inhibitor binding. Three of the compounds showed a moderate activity
against T b. rhodesiense trypomastigotes (below 12 uM) and two had a moderate
toxicity against T. cruzi amastigotes (below 10uM), but none of them had any
significant anti-leishmanial activity [65]. Taking into account that suramin, a poly-
sulfonated benzyl-rich drug used to treat African trypanosomiasis, inhibited T. brucei
6PGDH, several related triphenylmethane derivatives were assayed [57]. In general,
the compounds exhibited a moderate activity and selectivity towards the parasite
enzyme that opens the possibility to use the most active molecules as drug scaffolds.
Some hydroxamate derivatives of p-erythronic acid, analogs of the high-energy
intermediate of the 6PGDH reaction, were potent and selective inhibitors of the
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T. brucei enzyme, with K; values in the nanomolar range [26]. However, the poor
drug-like characteristic of these molecules (e.g., low permeability and instability) will
hamper their clinical use. In an attempt to improve these features, Ruda et al. [66]
synthesized a number of phosphate pro-drugs of the inhibitor 4-phospho-p-
erythronohydroxamic acid, which was a selective inhibitor of the T. brucei enzyme
compared with the sheep liver enzyme (K; values 0.035 and 1.1 uM, respectively).
Most of the compounds were toxic for T. brucei. More recently Ruda et al. [67] have
developed new pro-drugs, aryl-phosphoramidates of 2,3-O-isopropylidene-4-
erythronohydroxamate; the ECs, values came down from above 330uM up to
0.008 uM for the drug and the best pro-drug, respectively (Figure 16.2). Moreover,
rational modifications of satellite alkyl groups (i.e., amino acid side-chain, amino acid,
and aryl ester groups) entailed a significant increase in the stability of the compounds.
So far, no experiment has been conducted on an animal model to scrutinize the
potential of the most potent compounds. In the search for novel molecules that may
serve as future drug scaffolds, a novel “virtual fragment screening” approach was
implemented [68]. In this strategy, the structure of Lactococcus lactis 6GPGDH was used
as docking template because atomic coordinates for ligand binding to the active site
were available and this region is almost identical to that of T. brucei 6PGDH. The initial
selection of compounds was restricted according to their molecular weight (molecules
less than 320 Da) and the presence of functional groups resembling phosphate. Nearly
10% of the 64 000 preselected compounds could be docked into the structure and only
71 (0.1%) qualified as promising candidates for testing. Finally, 10 compounds
displayed ICso < 50 uM against T. brucei 6PGDH and encouraging physicochemical
and pharmacological properties.

So far, there is no information available on inhibitors of RPI (most of the
compounds tested as potential inhibitors of T. cruzi type B RPI were inactive or
poorly active, with the exception of 4-phospho-p-erythronohydroxamic acid (Fig-
ure 16.2), a competitive inhibitor of R5P with a K; value of 1.2 mM [32,34]), RPE,
6PGL, TAL, and TKT from trypanosomatids. A recent high-throughput screen
against human TKT detected a couple of compounds displaying a reasonable
ICso (around 4uM) and a potent growth-inhibitory effect against tumor cells
(ECs0 0.4-10 uM) [69]. It will be interesting to test the activity of these new molecules
towards TKT from trypanosomatids, since a positive hit will convert them in
potential scaffolds for further development of more selective versions.

Conclusions

Although the general organization and relevance of the PPP is similar in trypano-
somatids and mammals, some of the enzymes present marked differences, either in
structure or in kinetics, or in both, which makes them suitable candidates as targets
for specific chemotherapy. In this respect, several of the trypanosomal and leish-
manial PPP enzymes appear to be ideal, since they fulfill important prerequisites for
entering in a fast-track drug discovery program: (i) indispensability for parasite
survival or virulence and/or functional/structural divergence with mammal
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counterparts, (ii) suitable expression in recombinant active forms, (iii) availability of
assays to test enzyme activity, and (iv) availability of structural data. The particular
oligomeric arrangement and/or allosteric properties exhibited by the parasite
enzymes offer additional chances to be exploited for the design of specific inhibitors.
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3.2 Resumen

Para validar a la G6PDH de T. cruzi como blanco de farmacos antichadasicos, es necesario tener

un conocimiento profundo de su bioquimica y biologia estructural.

Al inicio de esta tesis nos encontramos con el primer obstaculo, no existian datos estructurales
reportados para ninguna G6PDH proveniente de un ordganismo patddeno y la informacion
bioguimica disponible sobre la enzima de T. cruzi era muy acotada. En ese momento existia un
Unico trabajo publicado para la forma recombinante de la G6PDH de T. cruzi, donde los autores
habian consequido expresar satisfactoriamente tanto una version truncada (carecia de los 37
primeros residuos del N-terminal) como completa (larga) de la proteina, pero con rendimientos
tan bajos que la misma debia ser detectada mediante técnica de Western blot (Igoillo-Esteve
2006). Los autores también debieron enfrentar el problema de inactivacion de la proteina

durante la purificacion.

En este sentido nos planteamos como objetivo optimizar la expresion de la forma recombinante
de ambas versiones de la proteina de manera tal que nos permitiesen llevar adelante estudios
tanto estructurales como bioquimicos con la misma. Para obtener proteina recombinante en
cantidad y calidad adecuadas, trabajamos arduamente en la seleccion de la cepa de expresion y
en la optimizacion de las condiciones de expresion que rindieran altos niveles de proteina activa.
El problema de inactivacion enzimatica fue resuelto utilizando un nuevo sistema buffer vy
acondicionando manualmente la columna de afinidad por metales utilizada en el primer paso
cromatografico. La inclusién de una sequnda cromatografia de exclusion molecular permitid
obtener una muestra altamente homogénea. Trabajamos con porcentajes de pureza mayores al
95% vy pusimos a punto los protocolos de concentracion ya que la misma precipitaba y con el
tiempo se oxidaba inespecificamente dando lugar a formas multimeéricas que nos impedian

llegar a los ensayos de cristalizacion con una muestra homodgénea.

Dado que se obtuvieron mejores resultados con la forma truncada de la proteina es que con esta
forma se realizaron los screenings de cristalizacion para la forma apo vy holo, en presencia de
G6P o NADP*,

Finalmente obtuvimos cristales de forma y tamano adecuado para difractar, optimizamos
manualmente las condiciones de cristalizacion en presencia y ausencia de sustratos, empleando
estrategias de co-cristalizacion y siembra de micro-cristales. Los cristales obtenidos fueron
enviados al sincrotron de la Universidad de California Davis y la colecta de datos fue realizada

via remota. De esta colecta de datos se obtuvo la informacion necesaria para resolver la forma
36



apo y posteriormente utilizando las fases de la forma apo v la estrategia de reemplazo molecular

trabajamos en la resolucion del complejo G6PDH-G6P.

Sequimos trabajando en los ensayos de cristalizacion para obtener cristales en presencia de
NADP* y obtuvimos cristales para el mutante C8SG6PDH en presencia de NADP*, los cristales

fueron enviados al sincrotron de Soleil-Paris, pero la difraccion de los mismos no fue exitosa.

A su vez conseguimos cristalizar la forma larga de la proteina, realizamos la colecta en el
difractor de rayos x de nuestro instituto y resolvimos su estructura (datos no mostrados).
Lamentablemente la region N-terminal no se pudo resolver, ya que los mapas de densidad
electronica presentaron muy baja resolucion, evidenciando la naturaleza flexible de esta region,

que nos impidio observar las cisteinas N-terminales.

El objetivo principal de este trabajo consistio en obtener material suficiente y de elevada pureza
para la generacion de cristales de buena calidad que permitiran resolver por primera vez la
estructura de la G6PDH proveniente de un organismo patddeno, en nuestro caso particular de
Trypanosoma cruzi.

Se expreso y purifico la version N- terminal truncada de la enzima G6PDH de Trypanosoma cruzi
que carece de los primeros 37 residuos. En solucion, la proteina presentd un peso molecular de
260 kDa, lo que es consistente con que la misma presenta una estructura tetramérica (siendo el
peso molecular tedrico para la forma monomeérica de 61 kDa). Con esta proteina en su forma apo
0 en presencia de G6P se realizaron scrennings roboticos que permitieron identificar condiciones
qgue promovian la formacion de cristales. Estas condiciones fueron optimizadas manualmente,
testeandose diferentes concentraciones de proteina, aditivos, pH, precipitantes y fuerza ionica.
También se realizd la siembra de microcristales con el objetivo de mejorar la calidad y el
tamafo de los cristales. Para la colecta de datos se seleccionaron condiciones 6ptimas de
crioproteccion y se realizd la colecta de datos remota, obteniéndose drupos de datos de
difraccién que se correspondieron con resoluciones atémicas de 2,85 Ay 3,35 A para la forma
apo y en complejo con G6P, respectivamente. La estructura tridimensional de la proteina
cristalizada en ambas condiciones se resolvio de manera preliminar empleando la estrategia de
reemplazo molecular utilizando como modelo el monémero de la estructura de la G6PDH
humana (PDB: 1QKI, cadena A) para la forma apo, mientras que para la resolucion de la forma
holo se emplearon ademas los datos de fases y mapas diferenciales de densidad electronica de
Fourier obtenidos para la forma apo de esta enzima. Se observaron cristales isomorfos que

presentaron un grupo de espacio P21 con 4 o 5 moléculas por unidad asimétrica y mostraron
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simetria no cristalografica. Los mapas de funcion de auto-rotacion fueron consistentes con el
grupo 222, donde se identificaron tres ejes ortogonales de simetria no cristalografica (SNC), lo
que evidencia una conformacion tetramérica organizada como dimero de dimeros. El pico 1 de
SNC se corresponde al eje de simetria del dimero, que implica el dimero de dimeros, donde la
interface inter-monémeros del dimero muestra mayor nOmero de interacciones proteina-
proteina en comparacion con los picos observados para los contactos entre dimeros. Mientras
gue los picos 2 y 3 corresponden a los ejes que relacionan un mondmero con el otro y entre
dimeros, respectivamente.

Para el complejo enzima-sustrato, la densidad electronica para la G6P fue buena y confirmo la
presencia del sustrato en todas las subunidades del tetramero, esta informacion nos permitira,
una vez resuelta y refinada la estructura, analizar los cambios producidos en la simetria interna
del cristal en presencia o0 ausencia de sustrato.

Finalmente, se depositaron las estructuras cristalograficas resueltas tanto para la proteina en su
forma apo como en presencia de ligando, en la base de datos PDB: 4E9l y 4EMS5,

respectivamente.

Mis contribuciones:

Optimizacion de la expresion y purificacion de la version N- terminal truncada de la enzima
G6PDH de Trypanosoma cruzi.

Screening inicial de condiciones de cristalizacion, optimizacion manual de las mismas vy
posterior bisqueda de condiciones de crio-proteccion.

Participacion en la resolucion de la estructura en presencia de sustrato

Escritura del articulo.
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Expression, crystallization and preliminary X-ray
crystallographic analysis of glucose-6-phosphate

dehydrogenase from the human pathogen
Trypanosoma cruzi in complex with substrate

An N-terminally truncated version of the enzyme glucose-6-phosphate dehydro-
genase from Trypanosoma cruzi lacking the first 37 residues was crystallized
both in its apo form and in a binary complex with glucose 6-phosphate. The
crystals both belonged to space group P2; and diffracted to 2.85 and 3.35 A
resolution, respectively. Self-rotation function maps were consistent with point
group 222. The structure was solved by molecular replacement, confirming a
tetrameric quaternary structure.

1. Introduction

The protozoan organisms of the family Trypanosomatidae encompass
parasitic species that cause highly disabling and fatal diseases in
humans and animals. Trypanosoma cruzi is a human pathogen that is
responsible for Chagas disease, which has a prevalence of approxi-
mately 12-16 million cases in Latin America (Dias, 2009). New
therapeutic approaches are urgently needed, given that the available
treatments rely on drugs with severe side effects and typically low
efficacy in the chronic stage of the disease. In this scenario, the
identification and detailed characterization of essential biomolecules
for the survival and/or virulence of the parasites, particularly those
that are substantially different or even absent in the mammalian host,
may contribute to improving the current situation. Several enzymes
of the trypanosomatid pentose-phosphate pathway (PPP) have
received increasing attention owing to their potential as drug targets
(Igoillo-Esteve et al., 2007). The first branch of the PPP involves the
stepwise oxidation of glucose 6-phosphate (G6P) to ribulose 5-
phosphate, with the concomitant generation of two NADPH mole-
cules. The first reaction

NADP" + G6P — 6-phosphogluconolactone + NADPH

is catalyzed by glucose-6-phosphate dehydrogenase (G6PDH). The
reducing power resulting from this reaction fuels anabolic pathways
(lipid and nucleotide biosyntheses) and contributes to cellular redox
homeostasis. In 7. cruzi, G6PDH is encoded by three different
sequences that share >97% amino-acid identity (Igoillo-Esteve &
Cazzulo, 2006). Levels of GO6PDH have been reported to be elevated
in virulent strains and infective stages of the parasite, as well as
in response to oxidative insult (Mancilla & Naquira, 1964; Igoillo-
Esteve & Cazzulo, 2006; Mielniczki-Pereira et al., 2007). This led
to consideration of the enzyme as a virulence factor that plays an
important role within the antioxidant defence systems of the parasite
(Igoillo-Esteve & Cazzulo, 2006). More recently, the orthologue from
T. brucei brucei (the causative agent of the cattle disease nagana) has
been shown to be essential for the growth of infective parasites
(Cordeiro et al., 2009). Despite the high conservation of catalytic
residues and substrate-binding motifs between the 7. cruzi and
human enzymes, they display only 46% overall amino-acid identity
(Fig. 1). A detailed atomic study of the parasite protein is deemed
to be essential to reveal regions that might be targets for selective
inhibition. Although the three-dimensional structures of several PPP
enzymes from trypanosomatids have been elucidated (Phillips e al.,
1998; Veitch er al., 2004; Delarue et al., 2007), to date no structural
information is available for G6PDH from a protist. With the final
aim of performing a thorough structural characterization of 7. cruzi
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G6PDH, we report the heterologous expression, crystallization and
X-ray diffraction data collection of an N-terminally truncated form of
G6PDH from T. cruzi, which retains full catalytic activity, in both apo
and G6P-bound forms.

2. Materials and methods

2.1. Expression and purification of His-tagged A37N G6PDH from
T. cruzi

All of the chemicals and reagents used were of analytical grade and
were purchased from Sigma unless stated otherwise. Attempts to
obtain the recombinant full-length form of 7. cruzi GGPDH (acces-
sion No. Q4E0B2) from vector pET28a (Igoillo-Esteve & Cazzulo,
2006) resulted in low yields and unstable enzyme, precluding its use
in crystallization screening. Instead, a truncated form of TcG6PDH
lacking the first 37 amino acids (TcG6PDHA37N; referred to in the
following as A37N; Fig. 1) but displaying enzyme activity and kinetic
parameters similar to those of the full-length form (Igoillo-Esteve &
Cazzulo, 2006) was selected. In addition, A37N retains 94% of the
overall sequence and overlaps the full length of the human enzyme,
making it a suitable model for future structural studies (Fig. 1). A37N
was expressed as an N-terminally 6 x His-tagged protein using vector
pET28a (the expression construct was a kind gift from Professor
Cazzulo, Universidad de San Martin, Argentina; Igoillo-Esteve &
Cazzulo, 2006) and Escherichia coli Tuner DE3 as a heterologous
expression host. The transformed bacteria were grown in Terrific
Broth medium with 10 g1~' glucose and 50 mg1~' kanamycin at
310 K and 200 rev min~' agitation. When the optical density at
600 nm reached 0.8, the cultures were incubated at 277 K without
shaking. After 30 min, 0.5 mM isopropyl B-p-1-thiogalactopyranoside
(Euromedex) was added to induce recombinant protein expression
and growth of the culture was immediately resumed at 298 K and
180 rev min~" for ~16 h. The cells were harvested by centrifugation
at 5000g for 10 min at 277 K. The pellets were suspended at a ratio
of 1 g wet weight per 5 ml cold buffer A (50 mM Tris pH 8.0, 500 mM
NaCl, 5 mM MgCl,) with 0.3 g 1" lysozyme, 150 nM pepstatin, 4 nM
cystatin, 1 mM phenylmethanesulfonylfluoride and then incubated on
ice for 60 min. Complete cell lysis was achieved by three cycles of
sonication (30 pulses per minute at 55% power) using a microtip and
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a Digital Sonifier 450 (Branson). The cell lysate was centrifuged at
12 000g (15 min, 277 K) and the supernatant was further cleared of
debris by centrifugation at 18 000g (45 min, 277 K) and filtration
through a 0.7 pm cellulose acetate/cellulose nitrate mixed-ester filter
(Sigma). This sample was applied onto a 1 ml HisTrap column (GE
Healthcare) pre-equilibrated in buffer A. The column was washed
with 20 ml buffer A followed by 20 ml buffer A containing 80 mM
imidazole and the protein was eluted with buffer A containing
500 mM imidazole. The purification was performed at 277 K using
a flow rate of 1.0 ml min~'. The elution fractions containing active
enzyme (see below) were pooled, concentrated by centrifugation on
an Amicon Ultra-15 30K NMWL filter (Millipore; 4000g, 277 K) and
purified by gel-filtration chromatography on Superdex G200 (Tricorn
10/300 column, GE Healthcare) equilibrated in buffer A. The chro-
matography was performed at room temperature using an AKTA-
purifier system (GE Healthcare) and a flow rate of 0.5-0.7 ml min—".
Elution samples showing the highest purity of A37N, as assessed
by Coomassie Blue-stained SDS-PAGE gels, were pooled, tested for
enzyme specific activity and stored at 277 K until further use. The
enzyme activity was measured spectrophotometrically at 340 nm and
298 K in 50 mM Tris pH 7.5, 5 mM MgCl, buffer using 500 pM NADP
and 1 mM glucose 6-phosphate (G6P). The protein concentration was
determined using the bicinchoninic acid assay (Sigma). The final yield
of pure recombinant protein was estimated to be ~1.7 mg per litre of
culture medium.

2.2. Crystallization

Prior to crystallization, buffer-exchange of purified A37N was
performed using an Amicon Ultra-15 30K NMWL filter (Millipore).
Briefly, 0.5 ml protein solution was diluted to 5 ml with 20 mM Tris—
HCI pH 8.0 and reconcentrated three times by centrifugation at 4000g
and 277 K. To obtain sample containing substrate, the final concen-
tration step was performed in the presence of 20 mM Tris—HCIl pH 8.0
supplemented with 5 mM G6P. The proteins were concentrated
by centrifugation (15 000g and 277 K) with a 10 kDa cutoff ITVSS
Vivaspin 500 filter device (Sigma). Initial crystallization screenings
were performed by the sitting-drop vapour-diffusion method with
Crystal Screen and Crystal Screen 2 (Hampton Research) using a
robotic pipetting station (Honeybee 963, Digilab). Drops consisting
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Amino-acid sequence of the GOPDH from T. cruzi (TcG6PDH, accession No. Q4E0B2) used for crystallization. The N-terminal extension, which is absent in the truncated
mutant A37N, is shown as an insertion fragment at the top of the figure. The N-terminal stretch incorporated as a fusion from the expression vector is indicated in bold red.
Identical residues with respect to the human enzyme (accession No. P11413) are shown on a black background, while conservative substitutions are highlighted with a grey
background. The cofactor-binding and substrate-binding sites are indicated by asterisks and crosses, respectively.
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Table 1

Data-collection statistics for A37N G6PDH.

Values in parentheses are for the highest resolution shell.

No. of crystals

Crystal dimensions (pm)
Beamline

Wavelength (A)
Detector

Crystal-to-detector distance (mm)
Rotation range per image (°)

Total rotation range (°)

Exposure time per image (s)

Resolution range (A)
Space group

Unit-cell parameters (/w\, )

Mosaicity (°)
Measured reflections
Unique reflections
Multiplicity

Mean I/o(I)
Completeness (%)
R (%)

Runeas (%)

Matthews coefficientf (A3 Da’l)

Solvent content¥ (%)

Apoprotein

1

50 x 50 x 200

ALS 5.0.2

1.00

ADSC Quantum 315
390

05

30.00-2.85 (3.00-2.85)

P2,

a=96.6,b=1330,
¢=107.8, B=100.1

0.94

214946

62028

35 (34)

71 (2.3)

99.1 (99.2)

0.138 (0.501)

0.163 (0.594)

279

56.0

G6P-protein complex

1

50 x 50 x 100

ALS 5.0.2

1.00

ADSC Quantum 315
385

05

67.36-3.35 (3.53-3.35)

P2,

a =968, b=1330,
¢=1077, B=1003

0.88

134881

38508

35 (3.6)

55 (2.9)

99.5 (99.9)

0.209 (0.450)

0.246 (0.530)

2.80

56.1

T Ruerge = D 2i (k) — (L(RKD)|/ 3" 37 Ti(hkD) and Ripeas = 3 [N /(N — 1)]1/2
x Y\ (hkl) — (I(hKD) /Y > I;(hkl), where (I(hkl)) is the average of symmetry-
related (or Friedel-related) observations of a unique reflection. % These figures
correspond to the inclusion of four molecules in the asymmetric unit. In principle, a
Matthews coefficient of 2.24 A* Da™" (45% solvent) would be compatible with five
protomers. Structure determination confirmed that a tetramer is the correct choice (see
text).

of 0.4 pl protein solution mixed with 0.4 pl reservoir solution were
dispensed into the wells of a CrystalQuick 96-well plate (plate model
No. 609820, Greiner) containing 90 pl reservoir solution. After 4 d,
crystals developed under Crystal Screen condition No. 39. Crystal-
lization conditions were optimized manually using a hanging-drop
vapour-diffusion setup, testing the following variables: protein and
precipitant concentration, pH, additives and seeding. Optimal crys-
tallization of the apo form (20 mg ml~") was achieved in the presence
of 6% PEG 400, 1.6 M ammonium sulfate, 0.1 M Na HEPES pH 7.5.
In the presence of 5 mM G6P, the crystallization conditions were
adjusted to 33 mgml~' protein, 4% PEG 400, 1.8 M ammonium
sulfate, 0.1 M Na HEPES pH 7.5. Optimizations were carried out
using 4 pl drops (2 pl protein with or without substrate plus 2 pl
reservoir solution) in VDX 24-well crystallization plates (Hampton
Research) filled with 1 ml reservoir solution per well. All crystal-
lization assays were performed at 293 K.

2.3. X-ray diffraction data collection and processing and structure
determination

The crystals were mounted in nylon loops of 0.1-0.3 um and flash-
cooled in liquid nitrogen after addition of 22%(v/v) glycerol to the
mother liquor. In the case of the G6P complex the PEG 400 con-
centration was raised to 6% during cryopreservation. Data collection
was performed remotely using the robotic facilities at beamline 5.0.2
of the Advanced Light Source synchrotron (Lawrence Berkeley
National Laboratory). Diffraction data were indexed and integrated
with MOSFLM v.7.0.7iMOSFLM v.1.0.5 (Battye et al, 2011) and
then scaled and reduced with SCALA/TRUNCATE within the CCP4
suite (Winn ez al., 2011; see Table 1 for full statistics). A monomer of
human G6PDH (PDB entry 1qki) was used as a search probe for
molecular replacement with the program AMoRe (Navaza, 1994).

3. Results and discussion

A truncated mutant of 7. cruzi G6PDH lacking the nonconserved
N-terminal end (the first 37 residues), which had previously been
subjected to biochemical characterization (Igoillo-Esteve & Cazzulo,
2006), was expressed in a soluble form in E. coli and purified to
homogeneity using immobilized metal-affinity and size-exclusion
chromatography. The active enzyme displayed a molecular weight of
~260 kDa in solution, which is consistent with the protein being a
tetramer (protomer molecular weight of 61 kDa; Fig. 2). Screening
of 96 crystallogenesis conditions using recombinant protein alone
or attempting cocrystallization in complex with the substrate G6P
yielded positive hits that were further optimized. Crystallization was
manually optimized using the hanging-drop vapour-diffusion method.
X-ray diffraction analysis was performed on A37N single crystals,
which grew in a few days under the following conditions: (i) 6% PEG
400, 1.6 M ammonium sulfate, 0.1 M Na HEPES pH 7.50 and (ii) 4%
PEG 400, 1.8 M ammonium sulfate, 0.1 M Na HEPES pH 7.5, 5 mM
G6P (Fig. 3). Data sets for these crystals were collected to 2.85 and
3.35 A resolution, respectively, using synchrotron radiation (Fig. 4a).
The crystals both belonged to space group P2,; they proved to be
isomorphous and appeared to contain four or five molecules in the
asymmetric unit (Table 1). A self-rotation function (SRF) was
calculated using the scaled amplitudes (Fig. 4b), allowing the iden-
tification of three orthogonal twofold noncrystallographic (NCS)
axes, compatible with a tetramer possessing 222 (D2) point-group
symmetry. The NCS dyad located at (6, ¢, x) = (54, 180, 180°) in polar
coordinates (peak 1 in Fig. 4b) is stronger than the other two peaks,
probably because it is perpendicular to the unique crystallographic
axis, which doubles the number of Patterson vectors contributing to
the peak. The two weaker peaks (peaks 2 and 3) are both orthogonal
to the first peak. None of the three NCS axes are parallel to the
monoclinic dyad, which is consistent with the absence of peaks on the
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Figure 2

Purification and oligomeric state analysis of 7. cruzi A37N G6PDH. Isocratic
elution chromatogram of the recombinant protein separated by size-exclusion
chromatography (SEC) on a Superdex G200 column. Bottom inset, 12% SDS-
PAGE of the SEC peak fraction stained with Coomassie Blue; the right lane
contains molecular-weight markers labelled in kDa. Top inset, plot employed to
determine the apparent molecular mass of A37N (filled squares, molecular-weight
standards; circle, recombinant TcG6PDHA37N).

Acta Cryst. (2011). F67, 1457—-1461

1459

Ortiz et al. + Glucose-6-phosphate dehydrogenase



crystallization communications

v = 0.5 section of the native Patterson map. There is nevertheless a
non-origin peak in these Patterson maps (u = 0.13, v = 0, w = 0.13)
displaying ~20% of the origin peak signal. Typically, such a peak may
reveal pseudo-translational symmetry, e.g. derived from near-perfect
alignment of different protomers in the asymmetric unit. However, in
this case it is very likely to be the consequence of a crystal-packing
defect (see below), with no simple interpretation, and to be related
in some way to the almost continuous streak of twofold peaks that
connect NCS peak 1 with the crystallographic y-axis poles in the SRF
section (Fig. 4b). Different crystals showed variable heights of these
streaking peaks, which sometimes even became undetectable over the
noise. The crystals that we report here represent the best crystals in

terms of the resolution limit and were hence selected for further
work. In order to confirm the preliminary analyses, we solved the
structures by molecular replacement (Navaza, 1994), initially using
the apo data set with one monomer of the human orthologue (PDB
entry 1qki, chain A) as the search probe (the solution of the iso-
morphous G6P complex data set was straightforward starting from
the apo crystal phases and difference Fourier electron-density maps).
Although refinements are still in progress, with an Ry of ~25% we
can already safely confirm the space-group assignment, the presence
of four monomers in the asymmetric unit and the correctness of the
essential features of the SRF analysis presented above. In particular,
NCS peak 1 corresponds to the axis that relates one dimer to the

(@)
Figure 3

Crystals of T. cruzi A37N G6PDH: (a) apo form, (b) cocrystallized in the presence of G6P.

(a)

Figure 4

(b

X-ray diffraction of T. cruzi A37N G6PDH apo-form crystals. (a) A typical frame picked out from the data set, showing diffraction to 2.85 A resolution. (b) x =180° section
of the self-rotation function calculated with observed structure-factor amplitudes using MOLREP (Vagin & Teplyakov, 2010). The unique crystallographic axis is parallel to y
[Zlo(I) = 31.8]. The major [//o(I) = 26.9] noncrystallographic symmetry (NCS) twofold axis [marked as peak 1 in the stereographic projection, polar coordinates (53.8, 180,
180°)], corresponds to the proper 180° rotation that relates one dimer to the other in the asymmetric unit. This axis is orthogonal to the crystallographic axis, as well as to the
weaker NCS dyads marked as peaks 2 [(47.2,47.3,180°), I/o(I) = 7.7] and 3 [(64.1, 290.7, 180°), I/o(I) = 7.5] which relate one monomer to the other within each dimer and to
the non-equivalent monomer of the other dimer, respectively. 1’, 2 and 3’ correspond to the symmetrically equivalent NCS axes. Note the streak of twofold peaks observed

connecting 1 to the y-axis poles.

1460 ortizetal. - Glucose-6-phosphate dehydrogenase

Acta Cryst. (2011). F67, 1457—-1461



crystallization communications

other, with an architecture that is similar overall to that seen in the
human ‘dimer of dimers’ tetramer (Au et al, 2000), in which each
dimer has much larger inter-monomeric protein—protein interactions
compared with the fewer contacts between dimers. NCS peaks 2 and 3
correspond to the axes relating one monomer to the other within and
between dimers, respectively. Recomputation of the SRF with the
calculated amplitudes results in clearer sections (no signals from the
streak of NCS dyads) and elimination of the non-origin peak in the
native Patterson maps.

Clear electron density for bound glucose 6-phosphate in the second
crystal constitutes further strong evidence in support of the deter-
mined structure solution. Full refinement of the structures reported
here will ultimately allow full analysis of the quaternary-structure
features and the potential effects of bound ligands in terms of internal
symmetry.

The Unit of Recombinant Proteins at the Institut Pasteur de
Montevideo is acknowledged for their production and purification
facilities. Dr Felipe Trajtenberg (Unit of Protein Crystallography,
Institut Pasteur de Montevideo) and Dr Peter Zwart (Berkeley
Center for Structural Biology, LBNL, Berkeley, USA) are gratefully
acknowledged for their assistance during data collection. We would
like to thank Jorge Navaza and one of the manuscript reviewers for
useful discussions in the analyses of the self-rotation functions and

Patterson maps. This work was supported by Agencia Nacional de
Investigacion e Innovacién (Innova Uruguay, Agreement No. DCI-
ALA/2007/19.040 between Uruguay and the European Commission)
and CeBEM (Centro de Biologia Estructural del Mercosur).
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3.3 Resumen

Distintos derivados de compuestos conteniendo el nucleo estructural del androsteno han sido
reportados como inhibidores acompetitivos de la G6PDH. El sitio de union de estos
compuestos a la G6PDH es desconocido, aungue una aproximacion al mismo fue provista por un
estudio in silico realizado tomando como modelo a la GBPDH humana. Sin embardo, el modelo
de union propuesto por estos investigadores no es compatible con el mecanismo de inhibicion
enzimatico, ya que los esteroides ocuparian parcialmente el sito de union a NADP+.

Por otro lado, el disefio racional de farmacos especie-especificos contra G6PDH, requiere del
conocimiento de la forma en que el inhibidor interactda con la enzima, incluyendo esto en lo
posible, detalles moleculares precisos de las regiones vy residuos que participan en la interaccion

proteina-ligando.

Motivados entonces por la necesidad imperiosa de identificar el sitio de unidon de compuestos
esteroides a la TcG6PDH y de analogos que presenten selectividad contra esta enzima, asi como
también de resolver la discrepancia planteada arriba para la enzima humana, es que en este

estudio nos propusimos investigar dichos interrogantes.

En este sentido trabajamos en la obtencion de cristales de la TcG6PDH en complejo con los
inhibidores. Visto que los esfuerzos puestos en la optimizacion de cristales de TcG6PD en
complejo con inhibidor con buena difraccion no fueron satisfactorios, debimos dar por culminada
esa actividad. Lo que nos condujo al empleo de técnicas de dinamica molecular y docking que
explotan los datos cristalograficos que nuestro grupo obtuvo para esta enzima (PDB 4EM5). De
manera complementaria, se llevaron a cabo estudios de caracterizacion bioguimica (ensayos
cinéticos) para mutantes puntuales de la enzima y de relacion estructura-actividad para
diferentes analogos de epiandrosterona. Esto tuvo como finalidad validar los modelos de union

ligando-proteina obtenidos in silico.

Los estudios de dinamica molecular y docking fueron realizados en colaboraciéon con el Dr.
Maurizio Botta y la Dra. Francesca Moracca de la Universidad de Siena, Italia, mientras que el Dr.
Niall Hamilton (Universidad de Manchester, Inglaterra) nos facilitd varios derivados de la

epiandrosterona para los estudios de inhibicion.

Los modelos de union esteroide-TcG6PDH obtenidos in silico para las diferentes moléculas que
fueron objeto de estudio fueron totalmente compatibles con el modo de inhibicidn acompetitivo
y con los datos obtenidos en los ensayos bioquimicos. Por primera vez se reportd un modelo de

union de esteroides a G6PDH, el cual presenta gran potencial para investidar otras familias de
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inhibidores acompetitivos de la TcG6PDH para los cuales se ha reportado que compiten con la
union de epiandrosterona a la enzima. Nuestro estudio también permitio entender las bases
moleculares de la gran potencia y selectividad mostrada por la 16-Br epiandrosterona contra

TcG6PDH, asi como identificar nuevos derivados con selectividad contra la proteina del parasito.

La obtencién de la estructura molecular de la G6PDH de T. cruzi en presencia de G6P y en su
forma apo, nos permitio realizar estudios de dinamica molecular y docking con epiandrosterona
(EA) y derivados. Los mismos revelaron que EA se une a un bolsillo molecular préximo al sitio
activo de la enzima, y que esta union no afecta la union de G6P ni de NADP+* pero si interfiriere
estéricamente con la interaccion entre ambos sustratos a nivel del sitio catalitico, impidiendo de
esta manera que se produzca la catalisis. Segin lo observado, el anillo de 5 carbonos de la EA
estaria desestabilizando e impidiendo que el NADP* se oriente adecuadamente para recibir el
hidrogenion de la G6P. Dichos resultados fueron validados con la generacion de mutantes
puntuales para los residuos L80, K83 y K84, los cuales, seqin las predicciones in silico,
participarian dinamicamente en la estabilizacion de la hélice-1 de la enzima, la cual es

importante para dar forma al sitio catalitico y orientar correctamente a la G6P.

Asimismo, se evalud la relacion actividad-estructura de algunos analogos de EA, generandose
modelos de docking que permitieron identificar sustituciones en posiciones claves para la
inhibicion selectiva de la enzima del patdgeno respecto a la homoéloga humana. Se observo que
las sustituciones por grupos polares y voluminosos en la posicion 3 de EA mejoran la inhibicion
selectiva de TcG6PDH. También se pudo determinar que la inclusion de un atomo de bromo en
la posicion 16 mejora significativamente la selectividad y actividad inhibitoria del compuesto
contra la enzima de T. cruzi, incrementandola 65 veces con respecto a su contraparte humana.
Esto se explica por una unidén mas fuerte del inhibidor al sitio activo de la enzima a través de un
enlace halégeno con el atomo de Br. Por otro lado confirmamos que la sustitucion con grupos
polares en la posicion 17 o la presencia del grupo etilurea en la posicion 3 disminuyen la
afinidad de la enzima del parasito por el compuesto, y por lo tanto la potencia inhbitoria de los
mismos. Por el contrario, dichos cambios estuvieron asociados a una mejora significativa en la

actividad inhibitoria contra la enzima humana.

En resumen, considerando los resultados obtenidos vy los recopilados en la bibliografia para la
enzima humana podemos suderir una union diferencial para estos derivados esteroideos en la
enzima del patédeno y la humana. Seqin lo observado, serian los residuos secundarios no
conservados y que dan forma al sitio activo los responsables de este comportamiento especie-
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especifico, lo que abre la posibilidad de desarrollar inhibidores mas selectivos contra la enzima

del patogeno.

Mis contribuciones:

Generacion y caracterizacion de mutantes puntuales
Ensayos cinéticos con inhibidores
Analisis estructural

Escritura del articulo
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Abstract: Glucose-6-phosphate dehydrogenase (G6PDH) plays a housekeeping role in cell
metabolism by generating reducing power (NADPH) and fueling the production of nucleotide
precursors (ribose-5-phosphate). Based on its indispensability for pathogenic parasites from the
genus Trypanosoma, G6PDH is considered a drug target candidate. Several steroid-like scaffolds
were previously reported to target the activity of GGPDH. Epiandrosterone (EA) is an uncompetitive
inhibitor of trypanosomal G6PDH for which its binding site to the enzyme remains unknown.
Molecular simulation studies with the structure of Trypanosoma cruzi G6PDH revealed that EA
binds in a pocket close to the G6P binding-site and protrudes into the active site blocking the
interaction between substrates and hence catalysis. Site directed mutagenesis revealed the important
steroid-stabilizing effect of residues (L80, K83 and K84) located on helix «-1 of T. cruzi G6PDH.
The higher affinity and potency of 16«-Br EA by T. cruzi GoPDH is explained by the formation of
a halogen bond with the hydrogen from the terminal amide of the NADP+-nicotinamide. At variance
with the human enzyme, the inclusion of a 21-hydroxypregnane-20-one moiety to a 3(3-substituted
steroid is detrimental for T. cruzi G6PDH inhibition. The species-specificity of certain steroid
derivatives towards the parasite G6PDH and the corresponding biochemically validated binding
models disclosed in this work may prove valuable for the development of selective inhibitors against
the pathogen’s enzyme.

Keywords: epiandrosterone; pentose phosphate pathway; Chagas disease; Leishmania; inhibition by
steroids; structure activity relationship

1. Introduction

The genera Trypanosoma and Leishmania encompass parasite species causing severe and, if
left untreated, fatal diseases in animals and humans [1]. So far, vaccine development against

Molecules 2016, 21, 368; d0i:10.3390/molecules21030368 www.mdpi.com/journal/molecules
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trypanosomiasis and leishmaniasis appears unattainable due to the capacity of the parasites to evade
the host immune response. Thus, the discovery of new chemotherapeutic approaches remains the
most reliable strategy to combat these pathogens [2].

Several studies indicate that the glucose-based metabolism of trypanosomatids offers the
possibility for selective pharmacological intervention, because of the biochemical and structural
differences of some of its components with their human counterparts [3,4]. Like most organisms,
trypanosomatids metabolize glucose via the glycolytic or Embden-Meyerhof pathway, and the pentose
phosphate pathway (PPP) [5,6]. The first reaction of the PPP is catalyzed by glucose-6-phosphate
dehydrogenase (G6PDH) that oxidizes G6P to 6-phosphogluconolactone with concomitant reduction
of NADP* to NADPH, which fuels several biosynthetic reactions and antioxidant systems. In T. cruzi,
G6PDH appears to play an important role during infection since its content was significantly higher in
the infective stages and its activity was increased about 45-fold in infective trypomastigotes challenged
with HyO, [7]. Epigenetic interference with GGPDH expression in the bloodstream form of African
trypanosomes demonstrated that the enzyme is essential for parasite survival [8].

The steroids dehydroepiandrosterone (DHEA) and epiandrosterone (EA), first discovered as
inhibitors of the human G6PDH [9], were later reported to target the trypanosomal but not the
leishmanial enzyme [10]. In agreement with these results, both compounds were cytotoxic towards
T. brucei and T. cruzi but not against L. mexicana [8,10,11]. Moreover, African trypanosomes deficient
in the endogenous G6PDH but expressing an ectopic copy of L. mexicana G6PDH were resistant to
EA [11], thus confirming the refractoriness of the leishmanial enzyme to steroids. In vitro, GGPDH from
T. brucei was about 6-fold more sensitive towards inhibition by steroids (Ki value of 1.7 and 0.5 uM
for DHEA and EA, respectively) [8] than the T. cruzi (Ki value of 2.6-25 uM and 1-5.6 uM for DHEA
and EA, respectively) [10,12] and the human homologue (Ki value of 6-9 uM and 3 uM for DHEA
and EA) [13]. Recently, a drug screening campaign with a large commercial library of wide chemical
diversity led to the identification of new uncompetitive inhibitors of T. cruzi GoPDH (TcG6PDH) that
belonged to the thienopyrimidine and quinazoline families [12].

In an effort to obtain information about the binding of steroidal inhibitors to G6PDH, Zhao et al.
performed in silico studies with DHEA and derivatives using the structure of human G6PDH with
bound G6P as molecular target [14]. The work proposes that H-bonds and non-polar interactions
with residues close to the enzyme active site stabilize and orient the inhibitor in the binding site.
However, the binding model is not compatible with the uncompetitive inhibition mechanism described
for steroids against G6PDH from different species [8,10,13], since the inhibitors partially occupy the
nicotinamide nucleotide binding region.

TcG6PDH in its apo- and substrate-bound form has been recently crystallized by our group and
the corresponding structures solved (PDB 4E9I and PDB 4EMS5, respectively) [15]. Here we exploit the
structural information available for TcG6PDH to address the binding mode of steroids to the enzyme.
Structural models of steroids bound to TcG6PDH were generated in silico and subjected to validation
with enzyme point mutants and SAR analysis with different novel steroids [16]. Our study discloses
the region and residues of TcG6PDH involved in steroid binding and paves the way for the further
challenging design of derivatives targeting selectively the pathogen’s enzyme.

2. Results and Discussion

2.1. EA Binding to the T. cruzi GGPDH-G6P-NADP™* Ternary Complex

The crystal structure of apo- (PDB 4E9I) and G6P-bound TcG6PDH (PDB 4EM5) have recently been
obtained [15] and a full structural characterization will be reported elsewhere. TcG6PDH is a tetrameric
protein with each subunit composed of an N-terminal domain with a typical Rossmann-fold involved
in NADP* binding and a C-terminal domain that contains the G6P binding site and residues
engaged in subunit interactions [15]. The catalytic site of GoPDH localizes at the interface between
the N- and C-terminal domains and far from regions participating in protein dimerization and
tetramerization [17-19].
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As a first approach to identify potential binding sites for steroids in TcG6PDH, we have used the
Fpocket algorithm that is based on Voronoi tessellation to detect protein cavities geometrically suitable
and accessible to ligands [20]. Inspection of the coordinates for G6P-bound TcG6PDH (PDB 4EM5)
with Fpocket revealed a total of 21 pockets with seven of them presenting a score >20, indicating that
they can be investigated as putative binding sites for inhibitors. Most of these cavities correspond to
regions encompassing or close to the substrates binding sites (i.e., pockets 1, 2, 3, 6 and 7; Figure 1).

pocket # score

1 36.535
35.596
25.584
24,645
24,544
24.451
20.544

R = WV R R PR S )

Figure 1. Pocket detection on G6P-TcG6PDH using Fpocket algorithm. Top-7 pockets on the
holo-TcG6PDH (PDB 4EM5). TcG6PDH surface representation in grey color (dark and light grey
denote the N-terminal and C-terminal protein domains, respectively) with substrates binding sites
highlighted in yellow transparent. The alpha sphere centres corresponding to the different cavities are
depicted as small colored spheres and the pockets labeled according to their score ranking shown in
the table on the right.

Among them, the pockets presenting the highest score localized next to the NADP* binding
site (pocket 1, score = 36.535), between the G6P and NADP™ binding sites (pocket 2, score = 35.596)
or within the NADP* binding site (pocket 3, score = 25.584). In contrast to pockets 2 and 3, and
despite its high score, cavity 1 appears more buried in the protein structure and is unlikely to be
accessible to the bulky structure of steroids. Nonetheless, ligand binding to any of these sites is
expected to influence substrate binding and/or catalysis. Two additional pockets (4 and 5) with
relatively good score (score = 24.6) localize in regions far from the active site (Figure 1). Pocket 4 is
located on a solvent-exposed area of the Rossmann fold domain, distal from the active site and shaped
by residues located in loops from structural elements contributing to NADP* binding. Pocket 5 is
located in a non-structured region of the C-terminal domain that is involved in contacts between
protein subunits. Because of the likely dynamic nature of the elements involved in forming pockets 4
and 5, the lack of evidence demonstrating steroids affect NADP*-binding ([8-10,13] and this work)
and the oligomeric structure of G6PDH (not shown), these sites were ruled out as potential cavities
for EA binding. Instead, the results obtained for the top-three pockets surrounding the catalytic site
guided the docking and molecular dynamics studies.

Taking into account that steroids are uncompetitive inhibitors of G6PDH [8-10,13] and such
inhibition mechanism implies the binding of the inhibitor to the enzyme-substrate(s) complex, a model
of the TcG6PDH ternary complex was first generated. Analysis of the crystal structure of apo-
or G6P-bound TcG6PDH shows that non-structured elements from the Rossmann-fold, which are
critical for anchoring the adenine-phosphate nucleotide moiety of NADP*, present conformations
not compatible with co-substrate binding (Figure S1). Thus, first NADP* was docked to the structure
of TcG6PDH with bound G6P (PDB 4EM5) using the induced fit algorithm of the Schrédinger suite.
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Nineteen models were obtained and those showing an orientation of substrates consistent with the
catalytic mechanism of G6PDH [21,22] were chosen for further docking of EA and analogues thereof.
Docking of EA in the newly generated TcG6PDH/G6P/NADP* complex has been performed by
means of Glide, using the Standard Precision (SP) scoring function [23]. The resulting binding mode of
EA, with the steroid occupying a cavity between G6P and NADP* (i.e., pocket 2 according to Fpocket
detection) is consistent with its uncompetitive mode of inhibition. In particular, EA shows an H-bond
between its hydroxyl group and R408, being mostly stabilized by hydrophobic contacts with both the
protein and G6P. The stability of the TcG6PDH/G6P/NADP* /EA complex was checked by means of
80 ns MD simulation. Surprisingly, during the simulation G6P loses the H-bonds with the two catalytic
His residues (H247 and H309) [18,19] and, consequently, is displaced from the catalytic site, which
precludes electron exchange between G6P and NADP*.

In the molecular dynamic model, G6P shows H-bonds with R408 (total occupancy = 99.4%),
K251 (total occupancy = 60.9%), H247 (total occupancy = 12.2%) and H309 (total occupancy = 0.19%).
On the other hand, EA shows H-bonds only with E216 with a significant occupancy over the 80 ns
MD simulation (total occupancy = 31.5%). At the end of the 80 ns, EA loses its contacts with the
protein exiting its binding site (Figure S2). The NADP* cofactor, remains in its binding site over the
whole simulation. Indeed, as can be seen from the RMSF plots (Figure S3), residues from the catalytic
site (D246, H247 and H309), and other residues involved in stabilizing G6P- (R408) or EA-binding
(L80, K83 and K84) to the protein, present considerable fluctuations, while residues from the NADP*
binding site remain more stable throughout the simulation. Taken together, the MD simulation results
support a steric effect of the inhibitor in the proximity of the catalytic site that hampers catalysis.

Considering that the success rate of Fpocket to identify sites of protein-ligand interaction has been
reported to be over 90% for the best three pockets [20], the docking grid of EA was centered on G6P
with an inner and outer box of 20 and 40 cubic A, respectively, which comprises the area of the top-3
ligand-binding sites previously identified with Fpocket. The stability of the GGPDH/G6P/NADP*
ternary complex together with EA was checked by means of molecular dynamics (MD) simulation,
previously validated on the 4EM5 complex. Analysis of the top-ten docking poses (Table S1) shows
that the inhibitor occupies a cavity at the G6P-binding pocket that extends to the catalytic site and is
sandwiched between G6P and residues D”?LAKKK®* from helix a1 (Figure 2 and Figure 54).

Figure 2. Binding mode of EA to the ternary complex of TcG6PDH. Superimposition of the crystal
structure of TcG6PDH with bound G6P (PDB 4EMS5, residues shown as violet sticks) with the molecular
model of the corresponding energy minimized quaternary complex of the enzyme (protein surface is
colored in grey, residues and substrates are shown as bright orange and cyan sticks, respectively, and
EA is depicted as yellow balls and sticks). The dashed lines denote the interactions described in the
text. The RMSD value for the backbone of both structures is 0.719 A.
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In the most represented (five out of 10) poses (see a representative pose in Figure 2), EA shows
the following conformation and interactions: (i) the 103- and 133-methyl groups face helix «1; (ii) the
3B-hydroxyl group is oriented outside the catalytic site, pointing towards a positively charged region
formed by K84 and R408, residues that participate in binding the phosphate group of G6P; (iii) the
oxygen of the 33-OH group is at a distance for H-bonds with the NH, from the side chain of R408 and
K84, whereas the H from the 33-OH group may establish weak polar interactions with the phosphate
of G6P; (iv) the 5-membered D-ring of EA is placed close to the nicotinamide, where the non-polar
side chain of L80 provides an hydrophobic environment to stabilize it. Furthermore, electrostatic
interaction between K83 and D79 contributes to stabilize the N-terminal region of helix «1 and the
position of L80.

It is worth noting, the docking model shows that EA does not affect substrates binding but instead
interferes with catalysis by positioning them into non-catalytically competent orientations. In this
respect, the binding of nicotinamide to G6PDH is destabilized by the 5-membered D-ring of EA that
hinders the interaction between both substrates. In addition, the planar and rigid conformation of
the EA ring system and its angular methyl groups, which intercalate between structural elements
and residues important for catalysis, provide additional structural restraints in the catalytic site of the
protein. In summary, this binding model of EA to TcG6PDH is compatible with the uncompetitive
inhibition mechanism reported for steroids.

2.2. Biochemical Validation of EA Binding to TcG6PDH

To further validate the in silico model of the holo-TcG6PDH-EA complex, point mutations of
residues key for stabilizing steroid binding were generated and kinetically characterized (Table 1).

Table 1. Kinetic parameters of wildtype and point mutants of recombinant TcG6PDH with substrates ?
and the inhibitor epiandrosterone (EA).

Ky G6P kcat/Ky G6P Ky NADP* kcat/Kyy NADPY K; EAP

-1 -1
G6PDH (HM) kcat (s™) (S_l- LLM_l) (FLM) keat (s™7) (S_l- HM—l) (FLM)
WT 77 £20 62+ 3 0.8 16+3 52+2 3.2 25¢
L80G 74 +£17 20+0.1 0.027 75+ 9 27+0.1 0.036 314d
K83A 537 £ 99 2.8 +0.2 0.005 21+3 3.0+01 0.14 11¢
K84A 618 £ 78 246+ 0.9 0.04 17+ 4 58 +£2 34 8f
R408A 168 + 7 15.0 £ 0.3 0.089 17+3 19+1 1.1 38

2 The apparent kinetic parameters were determined from non-linear regression plots of velocity vs.
[substrate] from triplicate experimental determinations; b The Ki for EA was calculated using the equation:
Ki =1Cs0/(Km/[S] + 1); If S >> Ky, Ki & IC50 and the corresponding associated errors for each mutant are:
€ 12%; 4 3.2%; ¢ 22%; f 13% and 8 21%.

As pointed out above, L80 is at the N-terminus of a helix that contains residues key for
G6P-binding, and provides a hydrophobic environment suitable for binding the nicotinamide ring of
NADP?* and the 5-membered D-ring of EA. This residue was replaced by a glycine, which presents
a significantly less bulky and hydrophobic side chain. As expected, the L80G mutation did not
affect the apparent Ky for G6P (Ky; = 74 uM) but increased 4.7-fold the apparent Ky for NADP*
(Ky for NADP™' = 75 uM) when compared to the parameters exhibited by the WT enzyme (Ky; for
G6P =77 uM and Ky for NADP* = 16 uM). Interestingly, the kcat value of the L80G mutant decreased
by 20 to 30-fold (2.7-2.0 s~ 1) with respect to that of WT TcG6PDH (kcat ~ 52-62 s~ 1), suggesting that
this residue plays an important role during catalysis. In agreement with the changes observed in
the kinetic parameters and the docking model, the inhibition constant (Ki) of the mutant L80G for
EA was one order of magnitude higher (Ki EA = 31 uM) than that corresponding to WT TcG6PDH
(Ki EA = 2.5 uM), indicating a significant destabilization of inhibitor binding in the absence of Leu.

According to the docking model, the side chains of the lysine residues at position 83 and 84 are
engaged in polar interactions with D79 and the 33-OH of EA, respectively (Figure 2). In addition,
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the model of the (catalytic) ternary complex shows that both residues interact with the phosphate
group of G6P (not shown). In support of the in silico models, the replacement of K83 or K84 by alanine
produced an almost 7- to 8-fold increase in the apparent Ky; for G6P (Kys for G6P =537 uM and 618 uM
for K83A and K84A, respectively) and, a negligible change in the apparent Ky; for NADP* (Ky for
NADP™ =21 and 17 uM, for K83A and K84A, respectively), with respect to the reference parameters
of the wildtype enzyme (Ky; for G6P = 77 uM and Ky for NADP* = 16 uM; Table 1). Similarly to
the mutant L80G, replacement of K83 entailed a marked decrease (~20-fold) in the kcat that affected
negatively enzyme turnover with both substrates and rendered kcat /Ky values 20 to 160-fold lower
than those corresponding to the WT enzyme (Table 1). In contrast, catalysis was not significantly
affected in the mutant K84A, where the 2-fold lower kcat obtained at varying concentrations of G6P
is explained by the increased apparent Ky (618 M) for this substrate and the not fully saturating
concentration (5 mM G6P) used during the kinetic characterization of the mutant. As described above,
the docking model of EA shows that both residues are directly (K84) or indirectly (K83) involved in
EA-binding to TcG6PDH, which was confirmed by the 3- to 4-fold increase in the Ki for EA determined
for K83A (Ki = 11 uM) and K84A (Ki = 8 uM), respectively. Taking together, the biochemical and
structural data led us to propose that K83 fulfils an important structural role by providing helix 1 with
the right orientation to bind G6P (in a catalytically competent mode) or EA and demonstrate that K84
is engaged in G6P- and EA-binding.

As mentioned in the previous section, the 33-OH group of EA is also at distance to establish
an H-bond with the side chain of R408 and contributes to G6P binding during catalysis. In addition,
the catalytic model shows that R408 is not exclusively involved in G6P binding but also engaged in
a polar contact with a negatively charged residue, namely E285, from a loop close to the catalytic
site (Figure S1). In order to determine the real contribution of R408 to inhibitor binding, this residue
was exchanged by an alanine. Compared to the WT enzyme, the R408A mutant displayed an almost
identical apparent Ky; for NADP* (17 uM), a ~2-fold higher Ky for G6P (168 pM) and a >3-fold
decrease in the kcat. Thus, the kinetic behavior of this mutant is fully compatible with the stabilizing
role assigned to R408 in G6P-binding during catalysis. Because the Ki for EA of the mutant R408A was
almost identical (Ki EA =3 uM) to that of the WT enzyme, it can be concluded that R408 is not a major
determinant for steroid binding.

2.3. Activity and Binding Mode to TcG6PDH of Novel EA Derivatives

The activity and binding mode of a series of EA derivatives (Figure 3) to TcG6PDH were studied.
The compounds were selected for containing substitutions in positions that, according to the docking
model for EA, are key for steroid binding and TcG6PDH inhibition.

CH3 R17
R16

EA 16-BrEA Compound 1
R3 =B-OH R3 =B-OH R3 = B-NHCONHEt
R6 = H2 R6 = H2 R6 = H2
R16 = H2 R16 = Br R16 = H2
R17=0 R17=0 R17=0
Comp 2 Compound 3 Compound 4
R3 =B-NHSO2NH2 R3 =B-NHSO2NH2 R3 = B-OH
R6 = H2 R6 =H2 R6 = H2
R16 = H2 R16 = H2 R16 = H2
R17=0 R17 = a-H, R17 =a-H,

B-COCH20H B-COCH20H

Figure 3. Chemical structure of epiandrosterone (EA) and derivatives analyzed in this study. EA,
epiandrosterone; 16-BrEA, 16-bromo epiandrosterone; 1, 33-ethylurea analogue of EA; 2, 33-sulfamide
analogue of EA; 3, 21-hydroxypregnan-20-one analogue of 2; 4, 21-hydroxypregnan-20-one analogue
of EA.
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The EA analogues subjected to biochemical (Table 2) and/or in silico analysis (Table S1) are:
16-bromo epiandrosterone (16-BrEA), a derivative with a 33-ethylurea (compound 1) or a 33-sulfamide
(compound 2), and a 21-hydroxypregan-20-one with a 3f3-sulfamide (compound 3) or a 33-alcohol
(compound 4).

Table 2. Inhibition of TcG6PDH by steroids.

Compound Substituent ICsg (M) 2 G6PDH Activity [%] + SD
P 3o 3-8 17- 16-o 50 (K at 30 uM Compound P

EA H OH (@) H 3.0+04°¢ 1242

0.015 e
16Br-EA H OH (@) Br (133 t0 16.6) 4 ND

1.5

1 H NHCONHEt o H (1.0 to 2.0) f 7+1

2 H NHSO,NH (@) H 22 9+1
22 (1.8t02.9)f -

3 H NHSO,NH, «-H, 3-COCH,OH H ND ¢ 30 £2

4 H OH o-H, 3-COCH,OH H ND © 43 +2

2 The IC5yp was determined from dose/response curves with 7 point concentrations tested in triplicate;
P The values are expressed as the mean % G6PDH activity with respect to the control without inhibitor
from triplicate experimental determinations; ¢ The value is expressed as mean + standard deviation; d Value
reported by [12] with confidence interval provided within brackets; ¢ ND, not determined; f1C5q values with
corresponding confidence intervals.

Overall, docking of steroids 1 and 2 to the TcG6PDH ternary complex shows that the
corresponding 3(3-substituents determine two possible orientations of the androstane moiety in the
binding site. Binding of 1 to helix «1 is dictated by H-bonds between the 33-urea and the NHe of
K84 (Figure 4A, Figure S5 image A). This binding conformation together with the rigid structure of
the androstane determines that the 5-membered D-ring protrudes towards the space between both
substrates at the catalytic site (Figure 4A, Figure S5A). In contrast, an H-bond between the 33-urea
oxygen and the side chain of R408 favors binding of 1 parallel to the substrate and with its D-ring
occupying only a minor volume of the catalytic pocket (Figure 4B, Figure S5B).

Binding of compound 2 to TcG6PDH occurs in the same pocket used by EA and 1. In several
conformers, the inhibitor is anchored to helix «1 through an H-bond between one sulfamide oxygen
and the NH6 of K84 (Figure 4C and Figure S5C). In an alternative and more stable binding conformation
(AG ~ —14.37 kcal/mol), the sulfamide moiety of the inhibitor establishes H-bonds with the side
chains of K84 and R408 (Figure 4D and Figure S5D). Independently of the conformation adopted by
compound 2, the angular methyl groups point towards the solvent and the 17-ketone group, although
located slightly further from the active site, is able to provide steric hindrance at the catalytic site.

Compared to the parental scaffold, the inclusion of polar substitutions at position 33 of EA
(compound 1 and 2) increased by ~10-fold the inhibition of human G6PDH [16] but only moderately
(<2-fold) their potency towards the parasite enzyme (Table 2). This suggests a species-specific binding
mode of steroids to G6PDH.

If the binding models obtained for EA and the 33 derivatives 1 and 2 are correct, then the addition
of bulky groups at position 16 or 17 may be beneficial or detrimental for inhibition depending on the
nature and size of the substituent. To test this, derivatives of EA with a bromide atom at position 16
(16-Br EA) or a 21-hydroxypregan-20-one group at position 17 with a 33-sulfamide (compound 3)
or a 3f3-alcohol (compound 4) were assayed against the recombinant enzyme and/or their potential
binding modes simulated in silico.

In 7 out of 10 docking poses, the binding mode of 16«-Br EA to TcG6PDH resembled that
of EA. In the most stable protein-ligand complex (AG —12.07 kcal/mol), the steroid makes a full
occupancy of the catalytic site and fixes the substrates in conformations not suitable for catalysis
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(Figure 4E and Figure S5E). The major interactions between the enzyme-substrate complex and the
inhibitor are: an H-bond between the 33-OH and the NHb of K84 and an halogen bond between the
bromide and the hydrogen from the terminal amide of nicotinamide (Figure 4E). Although weaker in
strength with respect to hydrogen bonds, this Br- - - H-N bond contributes to increase the affinity of the
inhibitor for bound NADP* while restraining the mobility of the nicotinamide ring to approach G6P.
This likely explains the 65- and 115-fold higher potency of the 16-halogenated congeners of EA and
DHEA, respectively, towards TcG6PDH [10] (Table 2). Notably, this derivative is almost two orders of
magnitude less active against the human G6PDH [12,16,24].

Figure 4. Binding modes of 33- and 16-substituted androstanes to the catalytic complex of T. cruzi
G6PDH. TcG6PDH structure and residues relevant for inhibitor binding are shown in orange cartoon
and lines. The substrates are depicted in sky blue sticks and the H-bonds with grey dashed lines.
The figures show the most stable pose for (A) 1 (dark purple sticks) and (D) 2 (pale green sticks) and
alternative binding conformations for (B) 1 (purple sticks) and (C) 2 (dark green); (E) Best docking
pose for 16Br-EA, showing the 5-membered D-ring group occupying the active site and the bromide
atom establishing a halogen bond with the amide of NADP™.



Molecules 2016, 21, 368 9 of 14

Molecular docking of steroids 3 and 4 shows that both compounds occupy the steroid binding
site of TcG6PDH with orientations determined by polar interactions of the 3f3-sulfamide (3) and
21-hydroxypregnan-20-one (4) groups with K84 and R408 (Figure 5).

Figure 5. Binding of 3 and 4 to TcG6PDH in complex with G6P and NADP*. TcG6PDH structure is
shown as orange cartoon and residues participating in interactions are shown in lines with substrates
depicted in sky blue sticks. The different poses obtained during the docking studies are shown for
3 (dark pink sticks) and 4 (pink sticks).

However, the occupancy of the cavity by 3 and 4 is not full and, for all poses, the D-ring localizes
distant from the catalytic site, which agrees with their lower inhibitory activity (60%-70% inhibition at
30 uM compound; Table 2). This behavior contrasted with the enhanced anti-human G6PDH activity
reported for these compounds (ICsg ~ 2 M) but is not surprising since compounds reported to target
TcG6PDH do not inhibit well the human enzyme [16].

In order to confirm the binding preference of steroids suggested by the docking models, the
activity of EA analogues was tested towards TcG6PDH mutants using saturating concentrations of
substrates and compounds at a final concentration of 30 uM (Figure 6). As previously observed for EA
(Table 1), only mutations in L80, K83 and K84 but not in R408 affected significantly and negatively the
inhibitory activity of compounds 1 to 4 (Figure 6), pointing to an important stabilizing effect of these
residues in steroid binding as suggested by the docking models (Figures 2 and 4).

100] M L80G

> B K83A

2 75 I Ke4A

L ] R408A
Q O wt

S 504

]

o

=

2

(=]

II!HI'I Illﬂn II!”“ SHH

Steroid derivatives

Figure 6. Inhibitory activity of steroids toward TcG6PDH WT and mutants. The inhibitory activity
of EA and derivatives thereof was tested against the wildtype and mutants L80G, K83A, K84A or
R408A of TcG6PDH, as described in Section 3.4. of the Experimental Section. The activity is shown as
a percentage relative to the corresponding non-treated enzyme controls and compounds were tested at
a fixed concentration of 30 uM.



Molecules 2016, 21, 368 10 of 14

A recent in silico study proposes a binding region for steroids in human G6PDH [14] that differs
from the one elucidated here for the T. cruzi enzyme. Although this may explain the species-specificity
observed for certain steroids, such an assumption must be taken with care because the docking models
obtained for the human enzyme show a partial occupancy of the nicotinamide binding site by the
inhibitors, which is not compatible with the uncompetitive inhibition mechanism exerted by steroids.
This inconsistency probably stems from the use of the binary (human G6PDH-G6P) and not the ternary
enzyme-substrate complex as a template for the dockings.

3. Experimental Section

3.1. Plasmids

The expression vector for N-terminally His-tagged full-length (pET28a (+)-TcG6PDH]y ; Accession
Nr. ABD72517.1) was a kind gift of Juan José Cazzulo (Universidad de San Martin, CONICET,
Buenos Aires, Argentina) [7]. The single Lys84Ala, Leu80Gly, Arg408Ala and Arg408Lys mutants of
TcG6PDH were generated with the Quick Change site-directed mutagenesis kit (Stratagene, La Jolla,
CA, USA) using the parental plasmid as template and the primer pairs K8A Fwd 5 CTCGGTGCA
AGCGGGGACTTGGCCAAAGCGAAGACCTTTCCGGCG 3'/K83A Rev 5 CGCCGGAAAGGTCTT
CGCTTTGGCCAAGTCCCCGCTTGCACCGAG 3' K84A Fwd 5 GGGGACTTGGCCAAAAAGGCG
ACCTTTCCGGCGCTTTTT 3’/ /K84A Rev 5 AAAAAGCGCCGGAAAGGTCGCCTTTTTGGCCAAG
TCCCC 3/, and L80G Fwd 5 CTCGGTGCAAGCGGGGACTCCGCCAAAAAGAAGACC 3'/L80G Rev
5 GGTCTT CTTTTTGGCGGAGTCCCCGCTTGCACCGAG 3/, R408A Fwd 5 CCGGAAAGGCACTC
GAAGAGGCTCTGCTTGATATCCGTATTCAGTTCAAGGAC 3/ /R408A Rev 5 GTCCT TGAACTG
AATACGGATATCAAGCAGAGCCTCTTCGAGTGCCTTTCCGGC 3’ (underlined are indicated the
mutated bases), respectively. The PCR were performed in a total reaction volume of 50 pL according
to the instructions of the supplier. One Shot® MAX Efficiency® DH5«™.-T1R cells were transformed
with the mutagenesis reaction. The correctness of the targeted mutations was confirmed in at least
three independent plasmids from each construct by DNA sequencing (Molecular Biology Unit, Institut
Pasteur de Montevideo, Montevideo, Uruguay).

3.2. Expression and Purification of Recombinant Proteins

The wild-type (WT) form and mutants (K83A, K84A, L80G and R408A) of TcG6PDH}, were
expressed in Escherichia coli BL21 (DE3) grown in ZYM-5052 auto-induction medium. Briefly,
an overnight culture of transformed bacteria grown in LB was inoculated at a ratio 1:100 in ZYM-5052
containing 50 pg/L kanamycin, and incubated for 48 h at 25 °C and 200 rpm. Cells were harvested by
centrifugation (5000x g, 10 min, 4 °C) and resuspended in 50 mM Tris, pH 8.0, 500 mM NaCl, 5 mM
MgCl, (buffer A) containing 1 mM PMSF, 40 pug/mL TLCK, 150 nM pepstatin, 4 nM cystatin and
1 mg/mL lysozyme. After incubating for 45 min at 4 °C, the cell lysate was subjected to three cycles of
sonication (30 pulses per minute at 55% amplitude with a macrotip) in a Digital Sonifier 450 (Branson,
Danbury, CT, USA) and then cleared by centrifugation at 27,000 x g (45 min, 4 °C) followed by filtration
in a 0.45 pm nitrocellulose filter (Millipore, Billerica, MA, USA). The cleared lysate was loaded onto
a HisTrap column (GE-HealthCare, Little Chalfont, UK) pre-equilibrated with buffer A and unbound
proteins were removed with 5 column volumes of buffer A. After washing the column with buffer A
containing 5 mM imidazole, the His-tagged proteins were eluted with 500 mM imidazole in buffer
A and concentrated by diafiltration (Ultra-15 30K NMWL filter, 4 °C, 7000x ¢ Amicon, Darmstadt,
Germany). The final purification was performed in an AKTA Purifier system, using a Superdex 200
10/300 GL column (GE-HealthCare) pre-equilibrated with buffer A. Enzyme purity and concentration
was assessed by Coomasie blue stained SDS-PAGE gels and the bicinchoninic acid assay (Bicinchoninic
Acid Protein Assay Kit, Sigma, St. Louis, MO, USA), respectively. GG6PDH activity was determined as
described below. The protein was concentrated to 0.5 mg/mL and stored at 4 °C.
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3.3. Kinetic Assays

G6PDH activity was determined at ~25 °C by monitoring NADPH (¢340 = 6220 M~!.cm™1)
formation at 340 nm. All assays were performed in buffer B (50 mM Tris pH 7.5, 5 mM MgCl,) in
a final reaction volume of 150 pL and started by addition of glucose-6-phosphate (G6P). For WT
TcG6PDH, the Michaelis” constants (Ky) and the maximum initial velocity (Vmax) were determined
varying reciprocally the substrate (10, 50, 200, 1000 and 5000 M G6P) and coenzyme (5, 10, 50, 250
and 625 uM NADP*) concentrations. For the mutants, the kinetic characterization was performed at
a fixed saturating concentration of the corresponding co-substrate (i.e., 6 mM G6P and 700 uM NADP*)
and varying concentrations of the substrate (25, 50, 70, 100, 250, 350, 500 and 700 uM NADP*, and
0.005, 0.025, 0.05, 0.25, 0.65, 1, 2.5 and 5 mM G6P). The concentration of enzyme in the assay was
of 9.7, 970, 534, 316 and 100 nM for WT, K83A, K84A, L80G and R408A respectively. The first 30 s
of the reaction were used to calculate initial velocities that were normalized by the corresponding
enzyme concentration in the assay. All measurements were performed in triplicate using a Cary 50 Bio
spectrophotometer (Agilent Technologies, Santa Clara, CA, USA). The initial rates were determined
with the Origin Pro 8.0 software (OriginLab Corporation, Northampton, MA, USA), and the apparent
kinetic constants were calculated by nonlinear regression using the GraphPad Prism 5.0 software
(GraphPad Inc., San Diego, CA, USA). The data were fitted to the Cleland or Michaelis-Menten
equation to obtain the corresponding kinetic parameters.

3.4. Inhibitor Assays with Wildtype or Mutants of TcG6PDH

For all inhibition assays with wildtype or mutants of TcG6PDH]j, initial reaction rates under
saturating conditions of both substrates (NADP* 0.7 mM and G6P 6 mM) and different concentrations
of steroidal compounds were measured at 340 nm with a Cary 50 Bio spectrophotometer. Stock and
working solutions of compounds were prepared in 100% (v/v) DMSO. The reactions were performed in
a quartz cuvette containing 5 puL of inhibitor solution and 245 pL buffer B added of 1.4 mM NADP* and
12 mM G6P and started by addition of 250 uL of an enzyme solution in Buffer B. The final concentration
of enzyme in the assay was: 698 nM for TcG6PDH K83A, 495 nM for TcG6PDH K84A, 380 nM for
TcG6PDH L80G, 40 nM for TcG6PDH R408A, and 48 nM (for assays with EA) or 13 nM (for assays
with steroid derivatives) for TcG6PDH wildtype. A reaction control with 1% (v/v) DMSO was run
for each enzyme species. The activity of the steroid derivatives EA and 1 to 4 was initially assayed at
30 uM against wildtype and mutants of TcG6PDH. To obtain ICsg values for EA and the most potent
derivatives, the activity of the compounds was tested at concentrations of 0.5, 5, 10, 25, 50, 100, 250 uM,
and 0.5, 1.5, 3.0, 7.5, 15, 30 uM, respectively. The ICsy was estimated from non-linear regression fitting
of initial velocity vs. [compound] plot using the program GraphPad prism 5.0. The Ki was calculated
with the equation [25]:

Ki = ICs50/(Km/[S] + 1)

3.5. Generation of Tt G6PDH/G6P/NADP™ Ternary Complex and Steroids Docking

The crystal structure of a truncated form of TcG6PDH lacking the first 37 amino acids and
co-crystallized in presence of its physiological substrate G6P (PDB ID: 4EM5; resolution 3.35 A) [15]
was pretreated by means of the Protein Preparation Wizard tool of the Maestro suite 9.2 [26] at default
settings, adding hydrogen atoms, deleting water molecules, fill in missing amino acids side chains
and eventual missing loop using Prime [27], generating ionization states of the co-crystallized ligand
at pH 7 + 3.0 using Epik [28] and checking amino acid protonation state using Propka, always at
physiological pH [29]. NADP*, EA and all the other steroid structures discussed here were modeled
with LigPrep [30] at default settings. In order to obtain a complete protein model, the missing NADP*
was docked in the pretreated chain C of the tetramer TcG6PDH by means of induced fit docking
(Maestro suite 9.2) [31]. The induced fit algorithm is designed to reproduce conformational changes
in the protein binding site upon ligand binding, using both Glide and Prime. In order to generate
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a diverse ensemble of ligand poses, the procedure uses reduced Van der Waals radii and an increased
Coulomb-vdw cutoff, and can temporarily remove highly flexible side chains during the docking step.
For each pose, a Prime structure prediction is then used to accommodate the ligand by reorienting
nearby side chains. These residues and the ligand are then minimized. Finally, each ligand is re-docked
into its corresponding low energy protein structures and the resulting complexes are ranked according
to the GlideScore. Based on the inhibition mechanism exerted by EA on TcG6PDH, the ligand and
the other steroid inhibitors were docked in the catalytic site of the TcG6PDH/G6P/NADP* complex.
The docking grid was centered on G6P with an inner box size of 20 x 20 x 20 A and an outer box
size of 40 x 40 x 40 A. Docking runs were performed using the Glide Standard Precision (SP) scoring
function, choosing the best 50 structures undergoing the post-docking energy minimization, saving
the very best 10 poses showing a threshold energy lower than 0.50 kcal- mol~!. The 10 final poses were
then rescored by means of SZYBKI 1.8.0.1 [23], using the Poisson-Boltzmann solvation model [32].
Model images were generated and analyzed using PyMol 1.7.1.3 [33].

3.6. MD Simulation of TcG6PDH/G6P/NADP*/EA Complex

The MD simulation of the TcG6PDH/G6P/NADP*/EA complex has been performed by means
of NAMD 2.10 [34] using the CHARMM 36 force field [35]. For the system set up, a first minimization
in vacuum (only H atoms and then the whole system for a total of 2000 minimization steps) has
been performed, followed by solvation of the minimized complex in a TIP3P water box 10 A longer
than the protein in all six directions. Six neutralizing Na* ions were added. During production MD,
temperature was kept constant at 310 K by coupling all non-hydrogen atoms to a Langevin thermostat
with a friction coefficient of 5 ps~!. Non-bonded interactions were cut off above 10 A and smoothed to
zero beginning from 9 A. PME long range electrostatic with a grid spacing of 2 A was used, and all
bonds involving hydrogen atoms were constrained using RATTLE [36]. Production runs have been
performed at constant pressure (NPT ensemble), for a total of 80 ns with a time step of 2 fs.

4. Conclusions

Our study discloses the putative site binding of steroids to the ternary complex of TcG6PDH,
which involves a groove that runs alongside the G6P-binding site and helix o1 with its aliphatic (K83
and K84) and hydrophobic (L80) residues that provide stabilizing interactions. Such a binding mode
of EA does not affect substrate binding but directly interferes with catalysis because: (i) it affects the
dynamic of helix a1—a structural element that shapes the catalytic site and participates in NADP* and
G6P binding; (ii) provides steric hindrance for the interaction of the nicotinamide group of NADP*
with G6P via its D-ring group that protrudes into the catalytic site; and (iii) delays the exit of G6P or,
eventually, its product (6-phosphogluconolactone) from the active site.

Furthermore, SAR analysis of EA analogues supported by docking models provides clues towards
the determinants for the selective inhibition of the pathogen enzyme by steroids: (i) polar substitutions
at position 33 of EA were well tolerated and rendered congeners that increased moderately the activity
against TcG6PDH; (ii) a bromide atom at position 16 of EA favors the formation of an halogen bond
with NADP*, which increases the affinity for the inhibitor and the steric effect on the catalytic site
of TcG6PDH; (iii) in contrast to the human enzyme, polarizable groups at position 173 of EA or
compound 1 have a destabilizing effect on inhibitor binding to TcG6PDH, with the steroids exploring
different binding conformations that are less suited to interfere with catalysis. Taking together, these
data also suggest the presence of different binding orientation or sites for steroids in the host and
pathogen enzyme.

The structural information obtained from this study may prove valuable to investigate the binding
mode of the recently discovered new uncompetitive inhibitors of T. cruzi GGPDH [12] as well as for the
challenging design of more potent and selective inhibitors targeting the pathogen enzyme.

Supplementary Materials: Supplementary materials can be accessed at: http://www.mdpi.com/1420-3049/21/
3/368/s1.
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Table S1. Binding AG values (kcal/mol) for different binding poses obtained for the respective
inhibitors on the energy minimized ternary complex of TcG6PDH. In bold are highlighted the poses

for the corresponding compounds shown in Figures 2, 4 and 5.

AG (kcal/mol)

Docking Pose EA 16Br-EA 2 1 2 3 4
1 -11.458 -6.509 -11.717  -11.096 -11.325 ~10.595
2 -9.824  -10.750  -10236  -7.661 0467  -12.191
3 -6.471 0.480 -13.307  -9.205 -6.108  -11.690
4 ~7.420 -12.069 -10.058  -14.368 -11.700 -11.344
5 ~7.670 -9.013 -9.641 9727  -8224  -5.725
6 -7.767 -8.954 3826  -10.398  -9.268  -14.421
7 -8.476 -10.423 -8.357 -7.805  -9.980  -11.010
8 -11.323 -0.652 -2.281 -8.161  -13.918  -4.379
9 -10.838  —-3.979 -6.088 4704  -9.925  -5.400
10 -9.768 -6.391 -9.500 -4586  -11.675 -10.757

2 For 16Br-EA was investigated the R-enantiomer.
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Figure S1. Comparison of the substrate binding sites for the crystal structure of T. cruzi GGPDH with

bound G6P and the corresponding molecular model of the catalytic complex. The residues involved
in substrate binding are shown for TcG6PDH with bound G6P (PDB 4EMS5, green lines) and for the
model of the ternary complex enzyme-G6P-NADP* (bright orange lines). The dashed line denotes
the separation between the N- (right side) and C-terminal (left side) domain of G6PDH. Residues from
PDB 4EMS5 interfering with NADP* binding are labeled with red fonts (577, R109, P187 and E216): the
OH group from S77 (B1-loop-al) clashes with an oxygen from the phosphate bound at C2' in the
nucleotide-adenine moiety, the side chain of R109 (2-loop-a3) clashes with the adenine ring from
NADP*, P187 (34-loop-a6) clashes with the adenine ring, and the CO from E216 (35-loop-a7) clashes with
the OH group from the C2' of NADP*. During MD studies, these residues underwent conformational
changes that allowed binding of NADP*.
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Figure S2. Molecular dynamics analysis of TcG6PDH in complex with ligands. Root mean square
deviation plot over 80 ns MD simulation for (A) the protein-G6P complex and (B) the protein-G6P-
NADP*EA complex, where the deviation from the equilibrium observed after 50 ns correspond to the
exit of EA from its binding site; (C) EA docking binding pose (yellow stick) in the ternary complex
TcG6PDH/G6P/NADP+* (protein surface is depicted in gray and substrates with cyan sticks);
(D) Conformational change of the docking complex after 80 ns MD simulation, where EA exits the
complex and G6P adopts an orientation not favorable for electron exchange with NADP".
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Figure S3. RMSF plots for backbone and side chains of the TcG6PDH/G6P/NADP*/EA complex. The
computed root mean square fluctuation plots were obtained for the protein backbone (A) and side
chains (B) of the holo-TcG6PDH with bound EA. The high peaks (RMSF >0.1 nm for plot A or >0.17
nm for plot B) between residues 110 to 140 and residues 420 to 470 correspond to (loop rich) protein
regions not engaged in ligand-binding but exposed to the solvent and participating in subunit
interactions, respectively. The fluctuations encompassing the last region will be smoothed if running
a simulation of the protein tetramer rather than of a single subunit (in our case chain C), but they are
not expected to affect the final results since it is located far enough from the substrates- and
inhibitor-binding sites. In the plots are highlighted the positions of the main residues responsible for
EA binding and/or involved in catalysis (for details see text).
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Figure S4. Binding pocket for EA in TcG6PDH. Molecular model of the corresponding energy
minimized quaternary complex of the enzyme (grey surface) with residues shown as bright orange
sticks and substrates depicted as cyan spheres. Model without (A) and with docked EA (B), which is
shown with yellow spheres.
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Figure S5. Binding of 3(-, 16p3- and 17f-substituted androstanes to the catalytic complex of T. cruzi
G6PDH. This figure is a replica of Figure 4 with TcG6PDH shown as surface, the substrates as light
green sticks and the compounds (lacking hydrogen atoms) as colored spheres. The most stable and
alternative poses are shown for (A) 1 (dark purple) and (D) 2 (pale green) and alternative binding
conformations for (B) 1 (pale purple) and (C) 2 (dark green); (E) Best docking pose for 16Br-EA,
shown as light blue sphere.
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34 Resumen

Al inicio de este estudio se desconocian los detalles estructurales que distinguian a la G6PDH de
T. cruzi de la contraparte humana. En este trabajo nos propusimos indagar sobre la
caracterizacion estructural de la proteina de T. cruzi complementando la validacion de los

hallazgos con el analisis de mutantes puntuales de la misma.

El abordaje de estas interrogantes requirid la resolucion de la estructura tridimensional de la
proteina ya que los datos de disposicion atdmica nos permitiran identificar y comprender el rol

de los residuos y elementos responsables del comportamiento bioquimico de esta proteina.

La resolucion de la estructura de la TcG6PDH significd un dgran reto, ya que nos adentrabamos en
el area de la biologia estructural, en aquel momento un area ajena a nuestro laboratorio. Por
este motivo recurrimos a la asistencia de la Unidad de Cristalizacion de Proteinas del Institut
Pasteur de Montevideo, donde recibi entrenamiento practico el cual complementé a través de mi

participacion en cursos especificos.

A su vez buscamos proporcionar una vision mas amplia acerca de los elementos requladores y /
0 estructurales identificados en la estructura para evaluar su potencial como blancos
estructurales para el disefio selectivo de farmacos. Para ello recurrimos al estudio bioquimico y
cinético de mutantes de sitio activo, de interfase de tetramerizacion y de requlacion redox. Los
mismos fueron realizados en nuestro laboratorio y parte en La Universidad de Heidelberg

(Alemania) en el marco de una pasantia.

A nivel bioldgico decidimos explorar la localizacion subcelular de la proteina en el estadio no
infectivo del patdgeno mediante técnica de inmunofluorescencia. Ademas, con el fin de contar
con un ensayo que posibilite determinar la actividad de G6PDH a nivel intracelular, el cual podria
ser empleado para el cribado o caracterizacion de compuestos inhibidores de la TcG6PDH es que
trabajamos en la puesta a punto de un ensayo citoquimico previamente desarrollado para

células de mamifero. Este ensayo lo validamos empleando como a la EA como inhibidor control.

En este trabajo se presenta la resolucion de las estructuras 3D de G6PDH de T. cruzi tanto para
su forma apo como en presencia de G6P. El abordaje estructural y bioquimico empleado en este
trabajo nos permitid realizar una comparacion exhaustiva y detallada con su contraparte
humana. Dicha comparacion evidencid la existencia de caracteristicas estructurales v
funcionales distintivas entre ambas enzimas que en un futuro podrian ser explotadas en el
disefio racional de inhibidores selectivos.
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Lla G6PDH es una enzima alostérica cuya funcionalidad requiere como unidad minima, la
formacion del dimero. En el caso particular de la enzima de T. cruzi pudimos comprobar que la
misma forma tetrameros, a partir de la unidn no covalente de dos dimeros, muy estables. Esto la
distingue de la proteina humana, cuya estructura cuaternaria se haya en un equilibrio dinamico
entre especies mono-, di- v tetraméricas. Demostramos que gran parte de la estabilidad que
presenta la conformacion tetramérica de la TcG6PDH radica en la presencia de un residuo de
arginina (R323) que forma puentes salinos con D332 y £333 de una subunidad opuesta. Este
residuo positivo se haya sustituido por una alanina en la proteina humana. También
demostramos que dicho arreglo cuaternario mejora la eficiencia catalitica y afinidad por sustrato
de la TcG6PDH respecto de su forma dimérica, y propusimos que esto se debe a que el puente
salino entre dimeros estabiliza la region E285-R318, contigua a R323, la cual contiene residuos

involucrados en la union de G6P y en la catalisis.

En su forma dimérica, la proteina humana estabiliza su conformacion activa mediante la union
de NADP* a un segundo sitio unién que difiere del catalitico. El mismo se localiza en el dominio
C-terminal y act0a de manera alostérica, estabilizando los residuos que interactUan con G6P vy
que participan de la catalisis. De los 11 residuos que participan de la union de este NADP*
alostérico, solo 8 se encuentran conservados en la proteina de T. cruzi. Probamos que, la
reconstruccion parcial del mismo en TcG6PDH induce una leve mejoria de los parametros
cinéticos del dimero pero no es suficiente para restaurar completamente los mismos a los
valores observados en la forma tetramérica de la proteina. Esto nos llevd a plantear que la
enzima del parasito puede prescindir de dicho sitio alostérico debido a la estabilidad funcional
que le confiere su conformacion tetramérica. Por otro lado, el alto grado de conservacion de
residuos basicos ocupando el equivalente a la posicion 323 de TcG6PDH vy la ausencia de sitios
completos de union a NADP+ estructural en las G6PDH de la mayoria de los kinetoplastos, de
alguna manera destaca el caracter evolutivo comdn de esta caracteristica en este linaje de

organismaos.

Adicionalmente, pudimos identificar al menos uno de los grupos tiol que participa en la
regulacion redox de la TcG6PDH, la cisteina 8. Este residuo se encuentra en una extension N-
terminal muy dinamica y exclusiva de la enzima de T. cruzi, y su oxidacion conlleva la formacion
de un disulfuro intermolecular capaz de modular favorablemente la unidn de sustrato vy la

catalisis en condiciones oxidantes.
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Con respecto a la localizacion subcelular de la proteina, nuestros datos indican que en la forma
no infectiva del parasito la proteina presenta una localizacion predominantemente citosolica.
Por otro lado, logramos establecer un ensayo citoquimico para evaluar la actividad de la enzima

a nivel intracelular.

A partir de los resultados obtenidos podemos decir que a diferencia de la G6PDH de su
hospedero, la enzima de T. cruzi eludid los problemas de estabilidad que conlleva la
conformacion dimérica introduciendo una ardinina en la interfase dimero-dimero consiguiendo
asi una conformacion tetramerica altamente estable y funcional. Por otro lado, la presencia de
una region N-terminal que modula la actividad de la enzima frente al estado redox intracelular
ciertamente le ha conferido ventajas adaptativas al parasito para hacer frente a la produccion de
poder reductor cuando las condiciones ambientales resultaran adversas (respuesta inmune del

huesped) o bien existiera una alta demanda metabblica (proliferacién) por el mismo.
Mis contribuciones:

Realizacion de experimentos
Aanalisis de resultados

Escritura del articulo
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ABSTRACT

Glucose-6-phosphate dehydrogenase (G6PDH) is the metabolic gateway to produce reducing
power (NADPH) and ribose-5-phosphate from glucose. G6PDH has been rated as an
indispensable virulence factor for pathogenic trypanosomatids. Here we investigated the
biochemical and structural features that distinguish G6PDH of the pathogen Trypanosoma cruzi
(TcG6PDH) from its human homologue. As judged by size exclusion chromatography run under
different (bio)chemical conditions, TcG6PDH, at variance with human G6PDH, presents a highly
stable tetrameric conformation. Site directed mutagenesis revealed that a Kinetoplastid-specific
arginine (position 323 in TcG6PDH) localized in the dimer-dimer interface contributes with two
additional salt bridges per subunit to stabilize the tetramer. In contrast to human G6PDH,
dimerization of TcG6PDH affected negatively enzyme activity, which was, to some extent,
abrogated by partial reconstruction of an allosteric NADP-binding site in the C-terminal domain
of the protein. A fraction of the dimer subunits were linked by disulfide bridges between a
cysteine from the parasite-specific N-terminal extension (C8) and a second putative thiol group.
Kinetic analysis performed with the wildtype protein under reducing conditions and the C8S
mutant confirmed the regulatory role played by this residue and region on enzyme activity.
Analysis of a biochemically validated model of the ternary complex suggests that the N-terminal
and active site of TcG6PDH are highly dynamic regions. Cell-based assays revealed that
G6PDH is predominantly a cytosolic protein in the non-infective form of T. cruzi targeted by the
inhibitor epiandrosterone. TcG6PDH evolved unique structural and functional features that may

be exploited for the design of specific inhibitors.



HIGHLIGHTS (max. 85 characters per bullet point including spaces); only the core results of the

paper should be covered.

e A structure-function study for T. cruzi G6PDH was missing

e TcG6PDH is a highly stable tetramer linked by electrostatic interactions

e Oxidative activation of TcG6PDH implies formation of an intersubunit disulfide

e Residues involved in allosteric regulation of TcG6PDH activity were identified

e Selective drug design should exploit the peculiar structural features of TcG6PDH

KEYWORDS: NADP, pentose phosphate, virulence, Chagas disease, steroid

ABBREVIATIONS

G6P, glucose 6-phosphate; G6PDH, glucose 6-phosphate dehydrogenase; T. cruzi,
Trypanosoma cruzi; Tc, Trypanosoma cruzi; A37N, deletion mutant lacking the first 37 N-
terminal residues; A57N, deletion mutant lacking the first 57 N-terminal residues; SEC, size
exclusion chromatography; CTC, mM cyano-ditolyl-tetrazolium chloride; DTT, dithiotreitol; PPP,

pentose phosphate pathway;



INTRODUCTION

Parasitic diseases caused by the genus Trypanosoma and Leishmania are among the
most prevalent and devastating zoonotic infections in tropical and subtropical regions of the
world. In America, Trypanosoma cruzi is responsible for Chagas” disease, a disease that
invariably develops into a highly disabling chronic stage characterized by the progressive
compromise of vital organs (e.g. heart, digestive tract). The infective form of the parasite must
withstand the action of harmful reactive oxygen and nitrogen species produced by the host
immune system. Inside the host, the parasite invades distinct cell types, where it differentiates
to the proliferative amastigote form. Both, protection against radicals and oxidants as well as
cell proliferation require the supply of reducing power in the form of NADPH (1,2). To fulfill this
demand, the pathogen is endowed with several NADP®-linked dehydrogenases that are
developmentally regulated (3—8). Among them, glucose-6-phosphate dehydrogenase (G6PDH)
plays a housekeeping role in the generation of NADPH in trypanosomes (9). G6PDH is the first
enzyme from the oxidative branch of the pentose phosphate pathway (PPP), a pathway that
also provides essential nucleotide precursors and phosphorylated sugar intermediates (10).
Initial investigations on carbohydrate metabolism demonstrated that the PPP is operative in all
life stages of T. cruzi (4,11,12). So far, the subcellular localization of G6PDH was reported only
for T. brucei (13)(Heise et al. 1998...es del 99 no del 98). Cell-fractionation and digitonin
titration of non-infective parasites revealed an almost homogenous distribution of the enzyme
between cytosol and glycosomes (parasite-specific organelles hosting several glycolytic
enzymes among other metabolic pathways). Several works highlighted a relationship between
higher glucose consumption via the PPP and increased levels of G6PDH with strain virulence
and parasite infectivity (4,8,12,14-16). For T. cruzi has been reported an increased G6PDH
activity upon oxidative insult and a higher content of the enzyme in the clinically relevant stages
of the parasite (8). G6PDH has been validated as indispensable for the in vitro survival of T.
brucei (17) and, more recently, it has been been shown to confer Leishmania with protection
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towards reactive oxygen species and resistance against several drugs in clinical use (sodium
antimony gluconate, amphotericin-B and miltefosine) (16). These overwhelming biological
evidences rate G6PDH as an interesting drug target candidate. In this regard, chemical
validation of the parasite enzyme in rats infected with T. cruzi and treated with steroid
precursors (18), some of which are known G6PDH’s inhibitors (19-21), remains controversial

(22,23).

G6PDH from different trypanosomatids have been shown to share kinetic constants for
substrates of the same order of magnitude (8,13,19,24), which indicates an overall conservation
of the major catalytic and ligand-binding residues. Interestingly, the T. cruzi enzyme is sensitive
to inhibition by product (NADPH) and is inactivated by reducing agents (8), though the
mechanistic details of this redox-based regulation are unknown. We have reported the
crystallization of a truncated form of TcG6PDH lacking the non-conserved N-terminal tail (A37N-
TcG6PDH) in its apo and substrate-bond form (25). Based on these structural coordinates,
recently, the crystal structure of an even shorter deletion mutant of TcCG6PDH (A57N mutant) in
complex with G6P and NADPH was described (26). In solution and crystalline forms, both
truncated proteins displayed a tetrameric conformation. This differs from the prevalent dimeric
conformation reported previously for TcG6PDH (8) and protein homologues of different species
(27-29).

In the present study we performed a comparative analysis of the G6PDH structure from
the parasite and human host, and provide functional evidence of unique molecular features
evolved by the pathogen enzyme through the biochemical characterization of point mutants.
Models for allosteric regulation of TcG6PDH are proposed. In addition, the subcellular

localization and in situ inhibition of trypanosomal G6PDH by epiandrosterone is also presented.



RESULTS AND DISCUSSION
3D structure of A37N-TcG6PDH, general comments

Attempts to obtain good quality crystals for the full-length form of TcG6PDH (TcG6PDH,)
failed, likely because the 37-mer N-terminal extension is highly flexible. In contrast, truncated
A37N-TcG6PDH was crystallized in its apo- and glucose-6-phosphate bound form (25), and the
corresponding structures determined by X-ray diffraction at 2.85 A (Protein Data Bank [PDB]
entry 4E91) and 3.35 A (PDB 3EM5) resolution, respectively. In both cases the asymmetric units
contained four molecules in a tetrameric arrangement of dimer of dimers in a back-to-back
orientation (Fig. 1A).

The noncrystallographic symmetry of the A37N-TcG6PDH tetramer is 222 and identical to
that of the human enzyme (HsG6PDH; (30)). The arrangement of the dimers in the tetramer
differs between both structures, with T. cruzi and human G6PDH having a dimer-dimer dyad
axis angle of 150° and 160°, respectively (31). Nonetheless, superimposition of A37N-TcG6PDH
and HsG6PDH dimers does not reveal major differences in the backbone structures (Fig 1B),
indicating that tetramerization of the trypanosomal protein does not entail neither demand large
structural changes at subunit level. For TcG6PDH, the interface monomer-monomer occupies a
surface area of 2531 A? per subunit (11.2% of the total surface of the dimer) and, similar to the
human protein, the interactions between subunits involve mainly hydrophobic contacts (nearly
30 hydrophobic interactions vs. 8 salt bridges). In contrast, the dimer-dimer interface buries a
smaller surface area (672 A? 3% of the total surface area) and the protein contacts are
predominantly of electrostatic nature (8 salt bridges and 9 hydrogen bonds). The monomeric
subunit of TcG6PDH possesses two distinct domains: an N-terminal or coenzyme-binding
domain (residues 1-246) and a C-terminal or dimerization domain (residues 251-555)
connected by a short a-turn (residues 247-250) (Fig. 2). The coenzyme domain present the

typical nucleotide binding fold (B-a-B Rossmann fold) consisting of a B-sheet formed by 6 -



strands (B1-B6, starting at residue 66) and surrounded by 6 a-helices (al-a6). The dimerization
domain is larger than the N-terminal domain and adopts a half-barrel conformation that
comprises 9 antiparallel B-strands, connected by, mainly, loops and 10 a-helices (Fig. 1C). The
C-terminal domain also contains residues participating in G6P binding (Fig. 1C and Fig. 2). All
subunits from the different crystals lack continuous electron density for residues from the N-
terminus (e.g. amino acid positions 38-52), which indicates that this region of the protein is not
ordered or highly flexible. Attempts to improve electron density maps and data resolution were
unsuccessful. Superposition of the monomer structures shows little difference between the apo-
and substrate-bound forms of A37N-TcG6PDH, with an overall root mean square difference in
Ca coordinates of 0.78 A over all 332 residues that are part of secondary structures. The largest

local differences are in solvated loop regions and areas involved in crystal packing.

TcG6PDH_ forms highly stable tetramers in solution

Human G6PDH has been shown to exist in a dynamic equilibrium between monomer
(inactive), dimer (active) and tetramer (active), which is influenced by the physicochemical
conditions of the media and by ligands (32,33). The oligomeric conformation adopted by the
active form of TcG6PDH remains controversial with a study proposing that full-length and A37N-
TcG6PDH are dimeric proteins (8) and others showing that different truncated forms of
TcG6PDH are tetrameric either in solution and crystalline forms (25,26). This controversy
prompted us to revisit this question by subjecting TcG6PDH_ to gel filtration analysis and by
investigating the structural basis for protein oligomerization. Taking into account that NADP*
and G6P have been shown to stabilize the dimeric and monomeric forms, respectively, of
human G6PDH (34-36), TcG6PDH, was subjected to size exclusion chromatography (SEC) at
saturating concentrations (5 mM) of these ligands (kinetic parameters of TcG6PDH, reported in

Table 1). None of the substrates modified significantly the SEC profile of TcG6PDH_, which



eluted from the column with retention volumes (11.3 mL = 230 kDa for NADP* and 10.8 mL =
286 kDa for G6P) similar to that of the tetrameric apo-protein (11.2 mL = 240 kDa; Fig. 3 A).
Neither the inhibitor DHEA altered the migration of TcG6PDH_ during gel filtration (retention
volume of 11.2 mL). For HsG6PDH, a high ionic strength or the removal of Mg** ions from the
medium led to protein dimerization (37). The tetrameric conformation of TcG6PDH, was also
refractory to high ionic strength and to the absence of Mg in the medium, since SEC
performed in the presence of 1 mM NaCl or in a buffer lacking the divalent cation rendered
retention volumes (11.2 mL and 10.8 mL = 286 kDa, respectively) that resembled that of the
untreated sample (11.2 mL, Fig. 3B).

TcG6PDH, harbors 11 cysteine residues (four more than HsG6PDH) with only one (C244
in TcG6PDH) sharing a conserved position in the human protein (Fig. 2). Only seven cysteine
residues are recognized in the structure of A37N-TcG6PDH and none of them is engaged in
inter-subunit disulphide bonds neither are at distances suitable for their formation (Fig. S1). The
remaining four cysteines are placed in highly flexible terminal regions of the protein (C8, C34
and C53 at the N-terminal region, and C552 near the C-termini) for which a conformation is
difficult to predict and, hence, may eventually take part in covalent interactions as suggested by
inactivation of TcG6PDH,, but not of the A37N truncated mutant, by treatment with reducing
agents (8). Thus, a potential role of cysteine residues in TcG6PDH_ tetramerization was
investigated. Interestingly, SDS-PAGE analysis of TcG6PDH, shows that under reducing
conditions the protein migrates as a single band of ~60 kDa whereas under non-reducing
conditions it separates into a heterogeneous population of species linked by intermolecular
disulfide bridges with a predominant band of ~120 kDa that correspond to a dimer of G6PDH
(Fig. 3C). An identical analysis performed with A37N-TcG6PDH showed that independently of
its redox state the protein migrates as a single band of ~55 kDa, in full agreement with the

estimated molecular weight of the monomer (58 kDa). This result clearly shows that at least C8



and/or C34 participates in disulfide bond formation. Gel filtration of TcG6PDH, under reducing
conditions (DTT 5 mM) confirmed that the tetrameric assemble of the enzyme in solution does
not rely on the formation of disulfide bonds between dimers (Fig. 3B). Altogether this suggests
that the covalent link involving the N-terminal extension of TcG6PDH, occurs between subunits
of the dimer (addressed later).

Finally, while exposure of TcG6PDH, to the ionic detergent SDS (3.5 mM) did not entail
changes in the migration pattern of the protein during gel filtration (retention volume of 10.8 mL
~ 286 kDa), SEC in the presence of the non-ionic detergent Triton X-100 (0.1 % v/v) was
accompanied by the disappearance of high molecular weight oligomers (> 300 kDa for retention
volumes <10.8 mL) and a widening of the protein peak towards retention volumes
corresponding to species with apparent molecular masses lower than that of the tetramer (Fig.
3B).

Taken together, this set of confirms that, at variance with the human enzyme, TcG6PDH,_

forms highly stable tetramers in solution that are linked by non-covalent interactions.

R323 of TcG6PDH is a structural determinant of protein tetramerization

Structural inspection of the dimer-dimer interface of TcG6PDH reveals that the following
residues participate in the formation of inter-subunit salt bridges (e.g. between chain A and
chain B): R265 (with D390°), K321 (with D390°), R323 (with E332" and E333"), D332, E333 and
D390, providing thus a total of 8 electrostatic contacts of this kind (Fig. 4). With the exception of
R323 (replaced by Ala in HsG6PDH), residues with identical electrostatic nature occupy
equivalent positions in the human enzyme (Fig. 2) but only four of them are engaged in the
formation of 4 salt bridges (i.e. K275 with E347" and E287 with K2907; (33,38). R323 is located
at the carboxi termini of a loop connecting al3 with al4 in TcG6PDH where it interacts with
D332 and E333 located in a14 from the opposite subunit, providing two additional electrostatic
bonds per subunit that contribute to stabilize the tetrameric conformation of the trypanosomal
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protein. For TcG6PDH, the remaining two salt bridges are provided by the pairs R265/D390"
and D390/R265". First, in order to verify the electrostatic nature of the forces involved in dimer-
dimer interactions, TcG6PDH, was gel filtrated at pH 5.5, which resulted in the protein eluting
with a higher retention volume (11.8 mL) and a lower apparent molecular mass (168 kDa) with
respect to the sample run at physiological pH (retention volume of 11.2 mL = 240 kDa; Fig. 3D).
In principle, this data suggest a partial dissociation of the TcG6PDH tetramer. Next, to
investigate the role of R323 in the tetrameric conformation of the protein, this residue was
replaced by a glycine, which increased the retention volume of TcG6PDH_ to a value (12.5 mL)
fully compatible with that of a dimeric species (estimated apparent mass of 135 kDa vs.
theoretical mass of 127 kDa for the His-tagged TcG6PDH, dimer). Because the elution pattern
of R323G TcG6PDH, in SEC did not change significantly under reducing conditions (DTT 5 mM,;
retention volume of 12.7 mL or 124 kDa), this demonstrates that the intermolecular disulfide
previously identified occurs within and not between dimers.

Taking the sequence of TcG6PDH as reference, database search and analysis of
homologues from Kinetoplastids showed the strict conservation of a positively charged residue
(R >> K) at position 323 and of the pair D332/E333 in the majority of the species (36 out of 40)
with the exception of L. enrietti, C. fasciculata and Leptomonas spp. that presented Q/S/N
substitutions at position 323 (Fig. S2). Interestingly, all these species are not pathogenic to
humans. The absence of positively charged residues occupying a similar position in protein
homologues from other lineages (Fig. 2) strongly suggests that this is a unique feature evolved
by most Kinetoplastid G6PDH. Furthermore, modeling of G6PDH from T. brucei and L.
mexicana confirmed that all electrostatic contacts described for the T. cruzi enzyme are
conserved (not shown), which led us to propose that Kinetoplastids G6PDH containing the triad

R or K, D/E will form stable tetramers.
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Allosteric role of R323 on TcG6PDH activity

As mentioned before, human G6PDH exhibits higher activity in its dimeric form (39). In
order to stabilize this conformation, HsG6PDH evolved an allosteric binding site for NADP* on
the C-terminal part of the dimerization domain (30,36). Although the overall backbone structure
of this NADP™-binding site as well as several key residues for the interaction with the cofactor
are conserved between the human and T. cruzi enzyme (26), TcG6PDH lacks three residues
key for binding the adenine-phosphate moiety of the cofactor (Y503, K366 and R487 for
HsG6PDH replaced by T544, L409 and C528 in TcG6PDH, respectively) (38). This possess the
qguestion whether dimeric TcG6PDH can equally sustain an efficient catalytic activity. Compared
to TcG6PDH_ (99 U/mg) the specific activity of the R323G dimeric mutant was 68% lower (32
U/mg), and a similar decrease in activity was obtained for the wildtype form of the protein in an
assay performed at pH 5.5 (25 U/mg), a condition that disrupt the tetrameric assembly of
TcG6PDH, (Fig. 3C). A more detailed kinetic analysis of R323G TcG6PDH, revealed Ky values
of 1421 uM and 27 uM for G6P and NADP®, respectively, which compared to the values
obtained for the wild-type protein (Ky°®" 77 uM and Ky "“*°"* 16 uM) were significantly higher for
G6P (18-fold) than for NADP* (1.7-fold). In addition, the catalytic efficiency of the R323G mutant
for the substrates was markedly lower for G6P (Kca/Kw 0.0352 uM™ s) than for NADP* (Kea/Kw
0.52 uM* s?) and, compared to the wildtype enzyme, this represent a 23- and 6-fold,
respectively, lower capacity to process the substrates (Table 1). These results indicate that loss
of the tetrameric conformation affects not only G6P binding but also catalysis in TcG6PDH.
Interestingly, clinical mutants of human G6PDH (R393G or R393H mutants) with an impaired
binding of allosteric NADP" presented a similar increase in the Ky°® (2.5- to 13-fold) and minor
(1.3-fold increase) or no changes in the Ky“*°"* compared to wildtype HsG6PDH (36,40). Thus,
it is tempting to speculate that the lack of a second binding site for NADP™ in TcG6PDH may
account for the lower activity displayed by the dimeric enzyme. As discussed before, G6PDH
from four non-pathogenic Kinetoplastids have replaced R323 by residues not capable to form
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salt bridges. Strikingly, the G6PDH from these organisms have several residues of the allosteric
NADP" site (i.e. R487 and W509 of HsG6PDH), which suggests these proteins have retained
the capacity to bind NADP" at the C-terminal domain. In an attempt to verify this hypothesis, the
structural NADP*-binding site of TcG6PDH was partially reconstituted in the R323G mutant by
replacing C528 by an arginine (C528R), a basic residue shown to be critical for NADP™ binding
in the human enzyme (R487 for HsG6PDH; (30,38)). According to SEC, the double R323G-
C528R mutation did not alter the dimeric conformation of the protein, which eluted with a
hydrodynamic radius similar to that of wildtype TcG6PDH, (not shown). Compared to the single
R323G mutant, R323G-C528R TcG6PDH, displayed improved kinetic parameters (Table 1), in
particular for NADP* (Ky"P"* 21 uM and NADP* k../Ky 1.91 pM™ s), which approached those
calculated for the wildtype enzyme. However, the affinity and catalytic efficiency for G6P (K"
1025 uM and G6P kea/Ky 0.083 uM™ s™) was not fully restored.

In this regard, structural analysis of TcG6PDH_ provided a plausible explanation for an
allosteric role of R323 in the G6P-binding and catalytic site. R323 is located in a loop contiguous
to several upstream elements, from al3 to the C-terminus of B7 (residues R323 to E285), that
harbor several residues that interacts with G6P or participate in catalysis (Fig. 2 and 5). In fact,
replacing H309 for a glycine (H309G) in TcG6PDH_ lowered by 2-fold the affinity of the enzyme
for G6P (Ky°°F 185 pM) but left unaffected its capacity to bind NADP* (Ky“*°"* 18 uM), and,
more remarkably, it lowered 2 orders of magnitude the k., (Table 1). Thus, we hypothesize that
the salt bridges between R323 and D332/E333 stabilize the loop containing this arginine and,
hence, the adjacent structural elements in the sequence. Exemplified by the mutant R323G, the
loss of these interactions, together with other conformational changes that probably accompany
protein dimerization, would free the loop containing R323, which will translate into a loosen
conformation of the adjacent regions involved in G6P binding (i.e. E285 in the p7-al2 loop and
D304 in al12) and catalysis (i.e. H309 in a13). Thus, although R323G TcG6PDH can still bind
G6P, it probably does it in a conformation or distance not suitable for catalysis. In addition, a
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catalytically competent positioning of H309 may not be reached in this dimeric protein. On the
other hand, several residues that participates in binding the structural NADP™ in the human
enzyme (i.e. K238, K366 and R393 for HsG6PDH, or K284, L409 and R435, respectively, for
TcG6PDH) are adjacent to amino acids interacting with G6P (i.e. E239, R365 and Q395 for
HsG6PDH, or E285, R408 and Q437, respectively, for TcG6PDH). Thus, NADP" binding to this
allosteric site will stabilize the interaction of these residues with G6P while restricting
conformational changes of the segment E239-A277, which is the region of HSG6PDH equivalent
to E285-R323 of TcG6PDH that host the catalytic H263 (or H309 in TcG6PDH) and D258,
which interacts with G6P (or D304 in TcG6PDH). Altogether, this reinforces our proposal that
the stable tetrameric conformation of TcG6PDH surrogates the stabilizing role of the second

NADP™-binding site.

The N-terminal C8 is a key player in redox regulation of TcG6PDH activity

TcG6PDH,. and A37N-TcG6PDH displayed opposite sensitivities towards different
reducing agents, with the wildtype enzyme being inhibited or almost fully inactivated (i.e. DTT
25 mM for 30 min) and the truncated form showing activation that was maximal in the presence
of glutathione (GSH) 15 mM for 30 min (8). As shown in Fig. 3C, the N-terminal stretch of
TcG6PDH (residues 1-37) contains cysteine residues (C8 and C34) that participate in the
formation of inter-subunit disulphide bridge(s). However, it remains elusive whether one or both
residues are required for disulphide formation as well as the identity of the thiol partner from a
second subunit. Based on the presence of an additional Cys (C552) in the non-structured C-
terminal region of TcG6PDH_, C552 also emerged as a thiol partner candidate. As a first
approach to identify which of these residues take part of the covalent bound and may eventually
participate in the redox modulation of TcG6PDH, single Cys—Ser mutants were generated
(C8S, C34S and C552S) and characterized biochemically. SEC analysis confirmed that none of
these mutations affected the oligomeric state of TcG6PDH, (hot shown) and SDS-PAGE
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showed that formation of the covalent dimer was abolished for the mutant C8S but not for C34S
and C552S (Fig. 7). Activity measurements revealed that while C34S (90 U/mg) and C552S (96
U/mg) retained specific activities similar to that of the wildtype enzyme (99 U/mg), the activity of
the C8S mutant (65 U/mg) decreased to a value close to that determined for A37N-TcG6PDH
(73 U/mg; Table 1). Further kinetic characterization of C8S provided a clue on the protein
regions that are affected by the loss of this covalent bound. The C8S mutant presented a Kgy
similar to TcG6PDH, but Ky, for both substrates (Ky°®" 128 pM and K“*°"* 37 uM) that were 50-
70% higher than the corresponding values obtained for the wildtype protein (Table 1).
Comparison of the substrates k../Kyu values for the C8S mutant (Ke.a/Kyw for G6P 0.48 uM'l st
and Kea/Ky for NADP* 1.54 uM™ s™) vs. the wildtype protein (k.a/Ky for G6P 0.80 uM™ s™ and
Kea/Kw for NADP* 3.25 uM™ s™) highlighted a ~2-fold lower catalytic efficiency of the mutant to
use NADP* and G6P (Table 1). Interestingly, for assays performed under reducing conditions
also wildtype TcG6PDH, presented kinetic parameters (Ky°®" 318 uM and Ky“*°"* 82 uM and
Keat/ K for G6P 0.42 pM™ s and ke./Ky for NADP* 0.64 pM™ s™?) similar to those of the C8S
mutant, which points that except for the disulphide between C8 and a second thiol group, there
is no other disulphide bridge in TcG6PDH, contributing to regulation of enzyme activity. In this
respect, it is important to note that the disulphide C53-C135 observed in A37N-TcG6PDH (Fig.
6) is probably and artefact originated from the lack of a full-length N-terminal sequence since
also the structure of a TcG6PDH mutant lacking the first 57 residues shows a disulphide
between C135 and the spatially vicinal C94 (PDB 5AQ1; (26)). Supporting this assumption, the
activity of L. mexicana G6PDH, which lacks C8 and C34 but present conserved Cys (C56, C97
and C138, respectively) at positions equivalents to 53, 94 and 135 of TcG6PDH, has been
shown to be refractory to inactivation by reducing agents (8). Taking together, we can conclude

that the reported activation of A37N-TcG6PDH induced by reducing agents (8) is probably
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consequence of the reduction of the C53-C135 disulphide, while the inter-subunit disulphide

coordinated by C8 is critical for redox regulation of the native form of the protein.

A catalytic model of A37N-TcG6PDH supports a dynamic conformation of the enzyme N-

terminal region and active site

The lack of structural information for the N-terminal stretch of TcG6PDH_ hampers the
elucidation of the molecular mechanism involved in the redox-mediated regulation of enzyme
activity. As a preliminary approach to get a structural insight whether the N-terminal region of
TcG6PDH is prone to undergo conformational changes that may provide a mechanistic
explanation for the redox-based regulation of enzyme activity, we compared the crystal
structures of N-terminal truncated TcG6PDH with bound substrates (PDB 4EM5 and 5AQ1) with
a catalytic model of the enzyme obtained by molecular dynamics (41) and characterized amino

acids relevant for catalysis.

The N-terminal region of G6PDH is connected to the strictly-conserved dinucleotide-
binding motif G’°ASGDL®® (Fig. 2, (26)) that precedes two basic residues recently shown to
engage in G6P-binding (K84) and in shaping the catalytic site of the trypanosomal enzyme
(K83; (41); Fig. 6). As expected, slight deviations in the conformation and backbone structure of
A37N- (with G6P bound) and A57N- (G6P + NADPH complex) TcG6PDH were confined to
regions directly involved in dinucleotide binding (loops: B1-a2, B2-a4, $3-a6) and in the region
comprising D131-H136. The different conformations adopted by the latter region are determined
by the formation of an intramolecular disulphide between C135 and C53 for A37N-TcG6PDH or
C94 for A57N-TcG6PDH. In A57N-TcG6PDH, the C94-C135 disulphide unwinds one turn the C-
term of a6 (Fig. 6). Even in human G6PDH, which lacks disulphide bonds in this region, the

segment a5-a6 appears to be highly dynamic since large changes in its secondary structure are
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observed depending on the substrate bound, with NADP™ stabilizing the formation of secondary
structures (Fig. S3). As suggested by our biochemical data, the disulphide bridges observed in
the crystals of the trypanosomal G6PDH appear to be artefacts originating from the lack of the
N-terminal extension or by crystal packing. In line with this, molecular dynamics simulation of
the catalytic complex for A37N-TcG6PDH required omission of the C53-C135 bond in order to
attain an energy minimized system (41). The catalytic model shows that acquisition of a
catalytically competent conformation by TcG6PDH does not entail major changes in the
backbone structure of the N-terminal domain (except for the appearance of a short a-turn in the
loop a5-a6) but is accompanied by movements of most elements listed above (i.e. loop 1-02,
a2, loop B2-a4 and a4-a6; Fig. 8). Taking together, this suggests that the N-terminal region of
the protein presents some intrinsic dynamic, which may be modulated by substrate binding or

disulphide bond formation, in the case of the trypanosomal protein.

Although for the dynamic model the binding coordinates of the substrates to most side
chain residues were conserved with respect to those present in the crystal structures of
TcG6PDH, both ligands were positioned differently with NADP* moving about 3A towards the
catalytic site and G6P being anchored almost orthogonally and deeper in the structure core (Fig.
8). The less solvent exposed conformation observed for G6P in the simulation is facilitated by
relaxation of the a-turn connecting $6-a9 (or the linker between the N- and the C-terminal
protein domains), which hosts a residue, namely H247, that interacts with the phosphate groups
of the substrate. The new conformation adopted by H247 pulls the sugar moiety of G6P down in
the binding pocket without compromising the network of interactions required for its binding. Yet,
this model, but not structural data from the crystalline forms of TcG6PDH, disclosed several
residues from a2 and the preceding loop (i.e. L80, K83 and K84) that proved relevant for G6P
and NADP" binding (41). Another residue that in the catalytic model undergoes conformational

changes is K217. This lysine is located contiguous to a proline residue (P218) that in all
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subunits of apo or holo TcG6PDH is invariably in cis conformation. This differ with data reported
for human and L. mesenteroides where the residue has been shown to shuttle from a trans to a
cis conformation upon substrate binding (38,42—45). In the cis conformation the ¢-NH, group of
K217 is able to establish hydrogen bonds with G6P Ol1 and O2 as well as with the O1
carboxylate of D304 (Fig. 9A). According to the simulation, during catalysis a rotation in the C(3-
Cy angle of this residue leads to loss of the interaction with D304 and to an optimal alignment of
its terminal amino group for hydrogen bonding with G6P O1, the oxygen ether of the ribose
bound to nicotinamide and the carboxylate of E216 (Fig. 9B). Interestingly, E216 and Y183
forms a hydrogen network that may modulate proton dissociation from K217 and, hence, a role
of this residue as secondary catalytic base for hydride transfer to NADP™ (Fig. 9B). Y183 is
located at the C-term of B4, an element that has multiple backbone contacts with 1, which, as
pointed above, is connected to the mobile N-terminal extension of the protein. Thus, subtle
changes in the conformation of B1 may, at distance, affect the physicochemical properties of
active site residues. The almost exclusive role of the cis-Pro in catalysis was verified by an
increase in two orders of magnitude in the k¢ and k.o/Ky for both substrates exhibited by a
P218V mutant (Table 1). The impossibility of Val to adopt a cis conformation affects negatively
the required dynamic of this region that via K217 contributes to the rapprochement of both
substrates during catalysis. This may also explain the 1.6-fold increase in the Ky (123 pM)
observed for P218V. Mutation of K217 to isoleucine (K2171) resulted in a <11-fold decrease in
the K., Which supports a minor role of this residue in catalysis compared to P218 (Table 1). As
predicted by the catalytic model, replacement of a positive charge in this position increased (3-
folds) the Ky°®" (226 uM) compared to the wildtype enzyme. Surprisingly, the inclusion of a

NADP+
Km

hydrophobic residue in this region (P218V or K2171) had the opposite effect on the ,
which decreased 1.8-fold (Ky“*°™* = 9 uM) with respect to that of wildtype TcG6PDH,. Although
this may be ascribed to a release of a structural tension imposed by the cis-Pro in this region, it

is probably the more hydrophobic environment provided by valine or isoleucine what favours a
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better anchoring of the nicotinamide ring, as shown by the loss of affinity for NADP™ in a

TcG6PDH, lacking the vicinal L80 (41).

TcG6PDH is predominantly a cytosolic protein targeted by epiandosterone

The subcellular localization of G6PDH has not been reported in T. cruzi neither confirmed
whether the protein is the molecular target of steroids in situ. Western blot and
immunofluorescence analysis with specific polyclonal antibodies raised against TcG6PDH_
failed to detect endogenous G6PDH in the non-infective form of different T. cruzi strains (see
representative W. blot in Fig. 10A). Based on the sensitivity of the antibodies (28 ng TcG6PDH),
the amount of wildtype parasites required to prepare the cell extract (10 million) and the cell
volume reported for T. cruzi epimastigotes (30 fL; (46)), we estimated that the intracellular
concentration of G6PDH in this stage is lower than 2 pM. To overcome this limitation, the
wildtype form of the protein was overexpressed in T. cruzi using a tet-inducible system ((47);
Fig. 10A). Immunofluorescence performed on G6PDH-overexpressing parasites showed a
predominantly cytosolic localization of the protein with a punctuated pattern (Fig. 10B and D)
and no signal overlap with other compartments such as nucleus and mitochondrion (Fig. 10C
and E). Furthermore, intracellular detection of G6PDH was addressed in different strains of
wildtype T. cruzi using a modified cytochemical assay where reduction of cyano-ditolyl-
tetrazolium chloride (CTC) at expense of the NADPH generated by G6PDH leads to formation
of fluorescent formazan salts that accumulates at the site of activity (48). Parasites not treated
with epiandrosterone (a G6PDH inhibitor) presented discrete fluorescence signals, confined to a
few dots of cytoplasmic localization (Fig. 11 for strain DM28c and Fig. S4 for strain CL-Brener).
These cells also presented a very weak and more homogenous CTC signal that stained the
whole cytoplasm but excluded the nucleus and mitochondrion (Fig. S5). The CTC-staining

pattern was similar for parasites overexpressing G6PDH (Fig. S6), except that they showed a
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higher number of dots with respect to wildtype cells (Fig. 11 and Fig. S5). Treatment of the
parasites for 24 h with 25 and 100 pM epiandrosterone decreased and fully inhibited,
respectively, the development of CTC signal (Fig. 11 and Fig. S4), suggesting inhibition of
G6PDH activity. Parallel determinations of G6PDH specific activity in cell extracts of these
samples confirmed a concentration dependent reduction of enzyme activity with respect to the
un-treated control for both parasite strains (Fig. 11 and Fig. S4). This further confirmed the
specificity of the signal observed in the cytochemical assay. Rather than a specific subcellular
compartmentalization of G6PDH in the parasites (e.g. glycosomes), the accumulation of CTC
signal appears to be an artifact of the technigue since also a similar dotted pattern was reported

for the G6PDH activity of a sarcoma cell line from rat (48).

In summary, we confirmed a cytosolic distribution of G6PDH in the epimastigote form of

different strains from T. cruzi as well as its in situ inhibition by epiandrosterone.

CONCLUSIONS

The strong evidences supporting an important biological role of the enzyme in the redox
homeostasis and drug resistance mechanisms of the parasite (8,16,20) have led to rate this
enzyme as an appealing drug target candidate to fight trypanosomatid diseases. The recent
elucidation of the 3D structure of G6PDH from T. cruzi (25,26,41) allows for a thorough
structural comparison with the human counterpart in order to disclose exclusive structural
features of the pathogen enzyme that may be exploited for the design of selective inhibitors. In
this regard, our study revealed that TcG6PDH presents several exclusive structural and
functional features. For instance, in contrast to the highly dynamic oligomeric conformation of
the human enzyme (49), TcG6PDH forms stable tetramers. A single residue (R323) has been
identified as major determinant for the interaction dimer-dimer in the trypanosomal protein.

Importantly, conversion of TcG6PDH into a dimeric species was detrimental for enzyme activity.
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In this regard, our data suggests that the protein-protein contacts established via the R323 salt
bridge are important to stabilize the loop containing this residue and, hence, the upstream
elements (segment E285-T318) that contain amino acids engaged in G6P binding or catalysis.
In the human protein, the structure and activity of the dimer is stabilized by the presence of a
second binding site for NADP" located in the antiparallel p-sheet of the C-terminal domain.
Several residues interacting with this allosteric NADP™ are next to others that interact with G6P,
which explains the stabilizing role of the dinucleotide cofactor in catalysis (30). TcG6PDH
shares with the human enzyme 8 out of the 11 residues forming the allosteric-NADP™ binding
site (38) and partial reconstruction of this site in the dimeric form of the trypanosomal protein
improved, to some extent, its kinetic parameters. The inability of the R323G/C528R mutant to
completely restore the altered kinetic parameters of the dimer suggests that the conformational
changes induced by protein dimerization at the ligand and active site are large enough to be
compensated only by the allosteric mechanism evolved by the human enzyme. Interestingly,
R323 (and the corresponding negatively charged residues needed for the inter-subunit salt
bridge, D332 and E333) is highly conserved in G6PDH from most Kinetoplastid and absent in
several representatives from different Phyla. Thus, it is tempting to propose that GGPDH from
most Kinetoplastids circumvented the stability problems that a dimeric conformation may entalil
by introducing a single mutation in a region of the dimer-dimer interface, which will confer the
protein a highly stable oligomeric conformation and activity. In line with this, a stable tetramer of
HsG6PDH engineered by introducing covalent links (Cys residues) at the dimer-dimer interface

yielded a more active enzyme (33).

The stable tetrameric conformation evolved by the trypanosomal protein, which contrast
with that of the human counterpart, raises interesting questions about the evolutionary scenario
leading to these divergent peculiarities. Several lines of evidence support that G6PDH-

deficiency in humans coevolved with Malaria parasitism to destabilize enzyme activity in order
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to prevent red blood cell colonization by Plasmodium (50). Indeed, some of the most severe
clinical manifestations associated to this enzymopathy originate from mutations of residues from
the structural-NADP™ binding site (51-53). In contrast, T. cruzi evolved a highly stable and
redox-inducible tetrameric G6PDH to support the metabolic needs of it challenging life cycle.
Strikingly, a few non-pathogenic species of Kinetoplastids (Leptomona spp., Leishmania enrietti
and Crithidia fascitulata) lack a basic residue at the position of R323 but present a higher
degree of conservation at the structural NADP™ binding site (9 out 11 residues). Future studies
should address whether these proteins display a biochemical behaviour similar to that of the
human enzyme and, if so, whether the tetrameric conformation of trypanosomatids G6PDH
along with loss of binding the structural-NADP* can be associated to the acquisition of a

parasitic life style.

The T. cruzi enzyme also developed an additional regulatory mechanism to warrant the
production of reducing power under oxidative stress. Under reducing conditions TcG6PDH_
shows Ky for both substrates that are 2- to 4-fold higher than those displayed under non-
reducing conditions. Interestingly the catalytic capacity (k.s) Of the enzyme under these redox
conditions varied less than 2-fold and followed the opposite trend to the changes in Ky,
indicating that upon oxidative activation TcG6PDH, attains to increase substrate affinity over
catalysis. C8 was identified as the thiol group from the N-terminal extension of TcG6PDH, that
participates in the formation of an intermolecular disulphide between subunits of the dimer and,
hence, in the redox regulation of enzyme activity. In fact, elimination of this residue increased
the Ky and lowered the catalytic efficiency of the enzyme for both substrates to values close to
those obtained for the wildtype protein under reducing conditions. Also the altered kinetic
parameters displayed by the truncated mutant A37N-TcG6PDH highlighted the potential role of
the N-terminal extension in modulating substrate binding and catalysis. The N-terminal domain

of host and pathogen G6PDH appears to be a dynamic region of the protein that host several
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residues involved in ligand binding and catalysis, and whose conformation may be modulated
by formation of intra- (e.g. A37N- and A57N-TcG6PDH) or inter-molecular disulfides (C8 in
TcG6PDH,) and ligand binding (e.g. HsG6PDH). The activity of plastidic isoform of G6PDH from
plants and cyanobacteria has been shown to be subject to redox control that respond to the
needs of reducing power in the Calvin cycle for carbon fixation (54-56). The cysteine residues
responsible for this regulation are not conserved for these organisms neither with TcG6PDH,
which rules out a plastidic origin for the trypanosomal protein, as proposed for several other
important metabolic proteins (Hannaer et al 2003). The precise molecular events behind the
redox-dependent regulation of TcG6PDH, activity are unknown. However analysis of structural
models and the kinetics of point mutants led us to propose that reduction of the disulphide
bridge between C8 and a second putative Cys from other subunit will distort the conformation of
the mobile N-terminal extension of TcG6PDH,, which may translate into changes in the
structural dynamic properties of the contiguous elements involved in ligand binding and/or in

modulating accessibility of the substrates to their corresponding binding sites.

An important secondary conclusion from this study is that although the truncated forms of
TcG6PDH retain activity, the structural conformation adopted by some elements from the N-
terminal domain may not fully reflect the spatial disposition they will present in the full-length
protein. This claim is supported by the subtle but different kinetic parameters displayed by these
proteins, the appearance of non-specific intramolecular disulphides and the conformational
changes that substrates and several structural elements underwent in a validated molecular

dynamics model of the ternary complex.

As described previously (25,26), human and T. cruzi G6PDH shares a highly conserved
backbone structure and except for the molecular features presented in this and a prior study
with inhibitors (41), there appear not to be additional and exclusive structural hallmarks in the

parasite protein. Although rational drug design against G6PDH from trypanosomatids deems
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challenging, our study provide insight into the several regulatory and/or structural elements that

may be selectively targeted in the pathogen enzyme.

EXPERIMENTAL PROCEDURES
Reagents

Molecular biology reagents were purchased from Fermentas (Thermo-Fisher Scientific),
New England Biolab, Stratagene and Invitrogen. Chemical reagents were of analytical or higher
grade and obtained from Sigma-Aldrich or AppliChem. Antibiotics were purchased from
Invitrogen and Sigma-Aldrich. Oligonucleotides were synthesized by IDT. The kits for DNA
purification were from Sigma-Aldrich and Invitrogen. All protein purification resins and columns
were from General Electric Healthcare Life-Sciences (GE). The brain heart infusion (BHI) broth
and additives from the cell culture medium were purchased from Sigma-Aldrich, and

tetracycline-free certified fetal calf serum was from PAA Laboratories.

Plasmids

The constructs for the expression of N-terminally His-tagged full-length (TcG6PDH,;
Accession Nr. ABD72517.1) and truncated mutant lacking the first 37 amino acids (A37N-
TcG6PDH) of T. cruzi G6PDH were kindly provided by Dr. J. J. Cazzulo (Universidad Nacional
de San Martin-CONICET, Argentina; (8)). The single Cys®Ser, Cys*Ser, Lys?’Iso, Pro**®val,
His*®Gly, Arg**Gly and Cys®?Ser mutants were generated by using the Quick Change site-
directed mutagenesis kit (Stratagene, La Jolla, CA, USA) and the construct pET28a(+)-
TcG6PDH, as template with the primer pairs Cys®Ser Fwd 5° GGA TCG GAG AAT CGC TCC
CGC TTC CAA AAG GAG 3/ Cys®Ser Rev 5" CTC CTT TTG GAA GCG GGA GCG ATT CTC
CGA TCC 3, Cys**Ser Fwd 5°G GAC CAC CCG CAA GAA TTA TCT GAA TAT TTAATG G 3’/

Cys*'Ser Rev 5'C CAT TAA ATA TTC_AGA TAA TTC TTG CGG GTG GTC C 3,
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Lys?“IsoFwd 5 GTC CGT CTC ATT GTT GAG ATT CCC TTT GGC CGG GAC ACG 37/
Lys?’IsoRev 5°CGT GTC CCG GCC AAA GGG TAA CTC AAC AAT GAG ACG GAC 3,
Pro**®valFwd 5 CTC ATT GTT GAG AAG GTC TTT GGC CGG GAC ACG 3/ Pro**®*valRev 5’
CGT GTC CCG GCC AAA GAC CTT CTC AAC AAT GAG 3, or His**GlyFwd 5 C GTG ATC
CAG AAC GGC CTC ACA CAG ATT C 3’/ His*®GlyRev 5 G AAT CTG TGT GAG GCC GTT
CTG GAT CAC G 3, Arg**GlyFwd 5 ACG ATG GAA AAG CCG TIGT TCA CTC AGT GCT
GAG 3/ Arg**GlyRev 5 CTC AGC ACT GAG TGA ACA CGG CTT TTC CAT CGT 3,
Cys®*?SerFwd 5" GGC AAC GCA TAT AAG AGC TCA AAC GCG 3’, Cys®™?SerRev 5" CGC
GTT TGA GCT CTT ATA TGC GTT GCC 3" (underlined are indicated the mutated bases),
respectively. The PCR were performed in a total reaction volume of 50 uL according to the
instructions of the supplier. One Shot® MAX Efficiency® DH5a™-T1Rcellsweretransformed with
the mutagenesis reaction. The correctness of the targeted mutations was confirmed in at least
three independent plasmids from each construct by DNA sequencing (Molecular Biology Unit,
Institut Pasteur de Montevideo, Montevideo, Uruguay). The double mutant R323G/C528R was
generated using as template the plasmid containing the R323G mutation (construct pET28a(+)-
R323GTcG6PDH,), the primers Cys®®ArgFwd 5" CCC TAC GCG GCG GGT TCG CGC GGG
CCA GAG GAA GCC 3/ Cys*®ArgRev 5 GGC TTC CTC TGG CCC GCG CGA ACC CGC

CGC GTA GGG 37, and the Quick Change site-directed mutagenesis kit as indicated above.

The construct for the inducible expression of TcG6PDH, in T. cruzi was prepared by
inserting the sequence of interest into the plasmid pTcINDEX (47). The sequence encoding for
TcG6PDH, was amplified by PCR reaction using the primers TcG6PDHIongFwd 5° ATG AGT
GGA TCG GAG AAT CGC 3 and TcG6PDHRev 5 ATT CGC GTT TGA GCACTT ATATGC G
3’ and subcloned into a pGEM®-T easy vector (Promega). The PCR reaction consisted of 100
ng pET28a(+)-TcG6PDH, as template, 24 pM of each primer, 0.4 mM dNTPs and 2.5 U Pfu

DNA Polymerase (Fermentas, Thermo Scientific) in a total volume of 50 pL. The PCR program
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consisted of the following steps: 95°C for 5 min; 35 cycles at 95°C for 45 sec, 55°C for 45 sec
and 68°C for 2 min; 68°C for 10 min. The amplicon was purified from an agarose gel (QIAQuick
PCR purification Kit, Qiagen), digested with Notl and ligated into Notl digested and

dephosphorylated pTcINDEX.

All constructs were subjected to DNA sequencing (Macrogen, Korea) of the

complementary chains to verify the correctness of the sequences.

Expression and purification of recombinant proteins

E. coli Tuner (DE3) cells were transformed with the pET28a(+) constructs encoding for N-
terminally hexa histidine-tagged A37N-TcG6PDH, TcG6PDH_ and the different single and
double mutants of TcG6PDH,. An overnight culture of transformed bacteria in LB medium with
50 pg/L kanamycin was inoculated at a ratio 1:100 in ZYM-5052 auto-induction medium added
of 50 ug/L kanamycin and cell grow extended for 48 h at 25°C and 200 rpm. Cells were
harvested by centrifugation (5000 rpm, 10 min, 4°C), and resuspended in 50 mM Tris, pH 8.0,
500 mM NaCl, 5 mM MgCl, (buffer A) plus 1 mM PMSF, 40 pg/ml TLCK, 150 nM pepstatin, 4
nM cystatin, and 1 mg/ml of lysozyme (lysis buffer). After disruption by three cycles of sonication
(30 pulses per minute at 70% amplitude) using a macrotip in a Digital Sonifier 450 (Branson),
the cell lysate was centrifuged at 5000 g (15 min, 4°C) and the supernatant was further cleared
of debris by centrifugation at 20000 g (30 min, 4°C) and filtration through a 0.45 um filter
(Millipore). The cleared lysate was loaded onto a HisTrap column (GE) pre-equilibrated with
buffer A. The column was washed with 10 and 5 column volume of buffer A and 5 mM imidazol
in buffer A, respectively, and the protein eluted with 500 mM imidazol in buffer A. The fractions
containing the recombinant protein were collected, concentrated via ultrafiltration (30-kDa filter
cutoff), and run on a Superdex 200 10/300 GL column (GE) pre-equilibrated with buffer A.

Fractions containing the protein of interest, as assessed by Coomasie blue stained SDS-PAGE
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gels, were collected, tested for enzyme specific activity (see below), concentrated to 0.5 mg/mL

and stored at 4°C. Protein concentration was determined by the bicinchoninic acid assay.

Analytical size exclusion chromatography and mass spectrometry analysis

The oligomeric state of the different recombinant proteins characterized in this work was
studied by analytical gel-filtration chromatography on a Superdex 200 10/300 GL column (GE)
coupled to an AKTA FPLC system (both from GE-Health Care) with online UV-visible detection.
All chromatography experiments were performed at room temperature (RT) in Tris 50 mM, pH
7.5, NaCl 0.5 M and MgCl, 5 mM (reaction buffer) and at a constant flow of 0.5 mL/min. The
column was calibrated under identical running conditions with molecular weight standards
(ovalbumin, conalbumin, aldolase, ferritin and tyroglobulin, ranging 43—-660 kDa). To test the
effect of different ligands on protein oligomerization, between 50-150 pg/mL recombinant
enzyme were incubated for 30 min at 4°C in reaction buffer added of 5 mM NADP, 5 mM G6P
or 100 pM DHEA, and then resolved by gel filtration in reaction buffer containing the
corresponding additives at identical concentrations. Similar amounts of protein were also
subjected to gel filtration under different physicochemical conditions that involved the presence
of a reducing agent (5 mM DTT), high ionic strength (1 M NaCl), and non-ionic (0.1 % (v/v)
Triton X-100) and ionic (0.1 % (w/v) SDS) detergent. The effect of the pH in protein oligomeric
structure was study using buffer MES 50 mM at pH 5.5 or 6.5 with NaCl 0.5 M and MgCl, 5 mM.
Protein elution was monitored online at 280 nm. The peaks of interest were subjected to
enzymatic tests (see below) and denaturing polyacrylamide gel electrophoresis (SDS 10%

PAGE) under reducing (5% (v/v) BR-mercaptoethanol) and non-reducing conditions.

Crystallization and Data collection
The crystallization conditions and X-ray diffraction data collection for recombinant A37N-
TcG6PDH in its apo-form and bound to glucose-6-phosphate were previously described in Ortiz

et al. (2011).
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Structure determination

The structure of A37N-TcG6PDH in its apo form was solved by molecular replacement
using the human G6PDH (PDB 1gki) atomic coordinates as template model. The refinement
included alternate cycles of model building using the program Coot (57) and reciprocal space
refinement with the program REFMACS5 (58). Solvent molecules were added using ARP/WARP
(59) and its stereochemistry and stability were checked during refinement. The model was
validated with MolProbidity (60) and PROCHECK (61). The model and structural factors were
deposited in the Protein Data Bank with accession number 4E9I for the apo form. The structure
of the substrate-bond form of A37N-TcG6PDH was solved using molecular replacement with the
atomic coordinates and phases obtained previously for the apo-form of the protein. The
reliability of the G6P model was checked with Fourier [2mFo-DFc], [mFo-DFc] and omit maps.
The atomic coordinates for the model of TcG6PDH in complex with G6P were deposited in the

Protein Data Bank with accession number 4EM5.

Protein assays

Protein concentration was determined by the BCA method [20; Bicinchoninic Acid
Protein Assay Kit, Sigma] using bovine serum albumin (BSA) as standard. G6PDH activity was
determined at ~ 25°C by monitoring NADPH (€340 (NADPH) = 6,220 M cm ™) formation at 340
nm. All reactions were performed in 50 mM Tris (pH 7.5), 5 mM MgCl,, in a final volume of 150
pL and started by addition of G6P. For standard assays, NADP* and G6P were used at fixed
concentrations of 500 uM and 1 mM, respectively, and with variable protein concentrations (10-
50 nM). For determination of the apparent Michaelis constants (K,) and maximum initial
velocities (Vmax), €ach substrate was tested at five different concentrations (15 to 1000 uM for
G6P and 1 to 500 uM for NADP*) under fixed concentration of the co-substrate involved (1 mM
for G6P and 500 uM for NADP) and at protein concentrations of 15 nM, 16 nM, 63 nM, 160 nM,

150 nM, 138 nM, 43 nM and 34 nM for TcG6PDH,, A37N-TcG6PDH, C8S-TcG6PDH_, H309G-
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TcG6PDH,, K217I-TcG6PDH,_, P218V-TcG6PDH,, R323R-TcG6PDH, R323R/C528R-
TcG6PDH_ respectively. The initial velocities were calculated from the first 30 sec of the
reaction and normalized to the corresponding enzyme concentration in assay. All
measurements were performed in triplicate using a Cary 50 Bio spectrophotometer (Agilent
Technologies, Santa Clara, CA, USA at RT. The initial rates were determined with the Origin
Pro 8.0 software (OriginLab Corporation, Northampton, MA, USA), and the apparent kinetic
constants were calculated by nonlinear regression using the GraphPad Prism 5.0 software
(GraphPad Inc., San Diego, CA, USA). The data were fitted to the Cleland or Michaelis-Menten

equation to obtain the corresponding kinetic parameters. Michaelis-Menten equation

_ Vmax [S]
V= km+ [5]

where Vnax is the maximum reaction rate, K., is the Michaelis constant and [S] is the substrate

concentration.

Trypanosoma cruzi growth and transformation

Epimastigotes of Trypanosoma cruzi strains Adriana (Urban et al. 2011), DM28-c and CL-
Brener were grown axenically at 28°C in brain-heart tryptose medium (BHT; (62)),
supplemented with 2 g/L glucose, streptomycin (100 ug/mL), penicillin (100 IU/mL), haemin (20

pgg/mL), and 10% (v/v) heat-inactivated tetracycline-free foetal bovine serum (FBS; PAA, USA).

For inducible expression of TcG6PDH, in T. cruzi strain Adriana, we first generated a cell
line expressing the T7 RNA polymerase and tetracycline repressor genes by transforming non-
infective parasites with the plasmid pLewl3 (63). Epimastigotes in the mid-log phase were
washed with and resuspended in BHT medium at a final concentration of 5x10° parasites/mL.

Aliquots of 0.35 mL were dispensed into disposable 0.4-mm cuvettes (Bio-Rad Laboratories,
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Hercules, CA, USA) containing 10 ug of plasmid DNA and electroporated using a Bio-Rad gene
pulser at 335 V and 1400 mF, with two consecutive pulses. After 5 min on ice, the parasites
were diluted 10-fold with BHT containing 10% FBS and allowed to recover for 24 h at 28°C
before adding 200 ug/mL of Geneticin (G418; Life Technologies, Carlsbad, CA, USA). Cells
stably transfected with pLewl3 were then electroporated with the pTcINDEX-TcG6PDH_
construct and transgenic parasites (named T. cruzi G6PDH,™) were obtained after 3 weeks of
selection with 200 pg/mL G418 and 200 pg/mL hygromycin B (Calbiochem) (47). The
expression of the ectopic copy of TcG6PDH, was induced by growing the parasites in culture

medium containing 10 pg/mL oxytetracycline (Laboratorios Microsules, Uruguay).

Western blot

Anti-TcG6PDH, serum was raised in mice (strain Balbc/J) against the purified
recombinant TcG6PDH_ using a standard immunization protocol approved by the Animal Use
and Ethic Committee (CEUA) of the Institut Pasteur Montevideo (Protocol n° 005-14) and
animals from the in-house specific pathogen free animal facility (Transgenic and Experimental
Animal Unit, Institut Pasteur de Montevideo). Ten to two-hundred million epimastigotes from
different T. cruzi strains a late exponential phase culture were harvested by centrifugation at
2000 g for 10 min at RT and washed twice with phosphate-buffered saline (PBS, pH 7.4),
incubated 15 minutes in 10 mM Tris-HCI, 1 mM EDTA, 0.5 % (v/v) Triton X-100 at 4 °C, then
centrifuged at 13000 g during 30 min at 4°C, and SDS-PAGE loading buffer (30 mM Tris-HCI pH
6.6, 1 % (w/v) SDS and 5 % (v/v) glycerol) was added to the supernatant followed by two
freezing-thawing steps (64). Proteins from total cell extracts of tet-induced and non-induced
parasites and different amounts (7, 28 and 70 ng) of recombinant TcG6PDH, were separated by
SDS-10% PAGE under reducing conditions and transferred to a polyvinylidene fluoride (PVDF)
membrane (GE-Healthcare). The membrane was blocked with PBS-0.2 % (v/v) Tween-20

(PBS-T) added of 5 % (w/v) non-fat dry milk overnight at 4°C, washed with PBS-T and
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incubated with polyclonal mouse serum anti-TcG6PDH_ diluted 1:1000 in PBS-T at RT for 2 h.
After three washing steps with PBS-T for 5 min each, the membrane was incubated for 1 h at
RT with the corresponding horseradish peroxidase-conjugated goat anti-mouse IgG (Amersham
Biosciences, Buckinghamshire, England) as secondary antibody at a 1:10,000 in PBS-T. The
membrane was extensively washed in PBS-T prior to chemoluminiscent detection of reactive
bands with the Amersham ECL™ Western Blotting Detection Reagents (GE Healthcare) and
according to the manufacturer's instructions. Finally, films (Amersham hyperfiim ECL, GE
Healthcare) were exposed to the membranes during different times (1, 5 and 10 minutes) and

revealed manually for 1 min in developing solution (Sigma).

Indirect immunofluorescence

Five millions T. cruzi G6PDH," epimastigotes (strain Adriana) from the late exponential
growth phase grew for 24 h with or without 10 ug/mL oxytetracycline were pelleted at 2000 g for
10 min at RT and washed twice with PBS. For fixation, the cells were resuspended in PBS with
4% (w/v) paraformaldehyde, incubated for 18 min at RT, washed twice with PBS and
resuspended in PBS at ~ 1x10° parasites/uL. Drops containing about 50 uL of this cell
suspension were added to a polilysine treated glass slide (StarFrost, Knittel Glass, Germany)
and incubated overnight at 4°C. The cells were then permeabilized with 0.2% (v/v) Triton X-100
in PBS for 20 min and washed twice with PBS. The slides were incubated at 4°C overnight and
1 h with purified mouse polyclonal anti-TcG6PDH (1:1000), anti-LipDH (1/200) and rabbit anti-
TcTR (1:500), respectively, prepared in PBS added of 0.5% (w/v) gelatin. Then, the slides were
washed with PBS and incubated for 1 h with the secondary antibody Alexa Fluor® 488-labeled
goat anti-mouse IgG and Alexa Fluor® 594-labeled goat anti-rabbit IgG, respectively, both
added at a final dilution of 1:1000. Nucleic acids were stained with Hoechst 3342 (Invitrogen)

and cell membranes with CellMask Red (Thermofisher). The parasites were visualized with a
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Leica TCS SP5 spectral confocal microscope (Cell Biology Unit, Institut Pasteur de Montevideo)

and the merge images generated with the program Adobe Photoshop.

Cytochemical assay for G6PDH

The inhibition of G6PDH by epiandrosterone (EA) was addressed using non-infective
epimastigotes from T. cruzi strain CL-Brener and DM-28c, and an optimized protocol previously
described for cytochemical detection of G6PDH activity in mammalian cells (48). About
5x10° cells from a late exponential phase culture were treated with 0, 25 and 100 uM EA for 24
h, then pelleted at 1800 g for 10 min at RT and washed three times with PBS. The cell
suspension was then incubated with 20 mM NADP™ in buffer B (Tris 50 mM pH 7.5, 5 mM
MgCly) during 20 min at 4°C. The cells were fixed in 4% (w/v) paraformaldehyde for 30 min at
RT, washed twice with 0.2 % (v/v) Triton X-100 in PBS and twice with PBS. After each washing
step the cells were pelleted by centrifugation at 1800 g during 5 min at RT. The permeabilized
cells were resuspended in 100 pl of buffer B, added of 600 uL reaction buffer (10 mM G6P, 800
UM NADP*, 0.3 mM phenylmethanesulfonyl fluoride, 5 mM sodium azide, 5 mM cyano-ditolyl-
tetrazolium chloride and 6% (w/v) of polyvinyl alcohol, all prepared in buffer B) and incubated for
30 min at RT. The reaction was stopped with 1 mL PBS, followed by three washes in PBS and
centrifugation at 1000 g for 3 min at RT. The parasites were resuspended in PBS at a density of
1x10° cells/mL and 50 pL of this suspension was added to a polylysine coated microscope slide
(StarFrost, Knittel Glass, Germany), followed by incubation overnight at 4°C. Nucleic acids were
stained with DAPI (Fluoroshield Histology Mounting Media, Sigma). Cell images (bright field and
fluorescence) were obtained with a confocal microscope Leica TCS SP5 and further analyzed

and prepared with the program ICy (65) and Adobe Photoshop CS5.
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ACCESION NUMBERS
TcG6PDH ID: Q1WBUG; PDB: 4E9I, 4EM5, 5AQ1; HsG6PDH ID: P11413; PDB: 1QKI, 2BHL,
2BH9; StG6PDH ID: Q8ZNW?2; cStG6PDH ID: Q43839; cAt ID: Q43727, PfG6PDH ID: Q8IKUO;

LiG6PDH ID: A2CI1J8; LmG6PDH ID: P11411; TbG6PDH ID: Q38BZ6.
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Table 1. Kinetic parameters for different versions of recombinant form TcG6PDH.

G6P NADP

K Vinax Keat Kea/Kn K Vimax Keat Keat/Km
TcG6PDH? (uMm) (uM.min™) ™ @M*s™  (um) (uM.min™) ™ (uM*s™)
WT 77+20 58+4 62+3 0.81 163 4942 52+2 3.25
WT +DTT 318+49 254+9 108+4 0.34 3946  191+6 82+3 2.1
A37N 275+115 139+14 154+16 0.56 18+5  109+6 121+6 6.70
C8S 128+16 229+6 61+2 0.48 24+6  139+7 3742 1.54
R323G 1421491 13043 50+1 0.04 27+3  36%1 14,1+0,3 0.52
R323G/C528R 1025+80 17345 85+2 0.08 21+5  81+3 40+2 1.91
P218V 123+16 46+1  0.35+0.01 0.003 9+1 30+1 0.23+0,01  0.03
H309G 185+33 28+2  0.19+0.01 0.001 18+5  22+#1  0.15+0,01  0.01
K217 226+34 63+3 6.5+0.3  0.029 9+1 42+1 4.4+0,1 0.49

% The different forms of TcG6PDH evaluated correspond to: WT, TcG6PDH,; WT + DTT,
TcG6PDH_ assayed in the presence of DTT (5 mM); A37N, N-terminal truncated mutant of
TcG6PDH; C8S, R323G, R323G/C528R, P218V, H309G and K217I are point mutants of
TcG6PDH,.
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Figure Legends

Figure 1. Tridimensional structure and oligomeric organization of G6P-bound A37N-
G6PDH from T. cruzi. Cartoon representation of A37N-TcG6PDH A) tetramer, B) dimer
superimposed to human G6PDH (PDB 2BHL) and C) monomer with bound G6P. The N-
terminal Rossman-fold domain is colored black or dark grey, whereas the C-terminal domain is
shown with different colors according to the subunit (red: chain A, green: chain B, orange: chain
C, and blue: chain D). G6P atoms are depicted as spheres without hydrogens (sea-blue:
carbon, red: oxygen and orange: phosphate). The subunits of human G6PDH are shown in pale
green (chain A) and dark yellow (chain B). The elements conforming the secondary structure of
TcG6PDH are numbered accordingly and the short a-turn connecting both domains is depicted

in yellow.

Figure 2. Multiple sequence alignment of selected glucose-6-phosphate dehydrogenases
from different Phyla. The amino acid sequences for G6PDH shown correspond to
Trypanosoma cruzi (Tc, Q1WBUSG), Trypanosoma brucei (Th, Q38BZ6), Leishmania infantum
(Li, A2Cl1J8), Homo sapiens (Hs, P11413), Salmonella typhimurium (St, Q8ZNW2), chloroplastic
Solanum tuberosum (cSt, Q43839), chloroplastic Arabidopsis thailiana (cAt, Q43727)
Plasmodium falciparum (Pf, Q8IKUO) and Leuconostoc mesenteroides (Lm, P11411). Residues
strictly conserved in all sequences are shown indicated in white letters with black background
while those conserved in at least 7 out of 9 sequences are shown in black and bold letters. The
secondary structure elements of A37N-TcG6PDH with bound G6P (PDB 4EMS5) are displayed
above the sequence alignment. The black and grey lines highlight the N-terminal V52-K84 and
E285-R323 regions that may contribute with allosteric control of TcG6PDH activity. At the
bottom of the alignment, the black circle, the empty circle, the asterisk and the arrow indicate
residues involved in ionic interactions to stabilize the dimer-dimer contacts, mutated in this
study, residues interacting with G6P and the position of R323, respectively.
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Figure 3. Size exclusion chromatography analysis of recombinant TcG6PDH,. The full-
length form of TcG6PDH (0.8-2.4 uM) was treated and gel filtrated on a Superdex G200 resin
(10/300 column) pre-equilibrated in reaction buffer (Tris 50 mM, pH 7.5, NaCl 0.5 M and MgCl,
5 mM) containing saturating concentrations of different ligands: A) DHEA 100 uM (dotted line),
NADP 5 mM (dot and dash line), or G6P 5 mM (black line), or under different physicochemical
conditions: B) reaction buffer lacking magnesium (dotted line), DTT 5 mM (black line), NaCl 1 M
(black dashed line), SDS 3.5 mM (grey dashed line), or Triton X-100 0.1 % (v/v) (grey line). For
both plots, the head arrow indicate the position at which the peak of the non-treated TcG6PDH_
elutes in reaction buffer (control). C) SDS- 15% PAGE for full-length (WT) and A37N- (A37N)
TcG6PDH run under reducing (DTT +) and non-reducing (DTT -) conditions. The bands
corresponding to monomeric and dimeric species are indicated with arrows while the covalent
multimeric species are marked with a bracket. D) TcG6PDH_ was gel filtrated on a Superdex
G200 (10/300 column) equilibrated at pH 7.5 (dotted line) and pH 5.5 (black line). The R323G
TcG6PDH, mutant was separated in the same column equilibrated in reaction buffer without
(dash and dot line) and with DTT 5 mM (grey line). The arrows indicate the position of the peaks
corresponding to the molecular weight standards used for column calibration (thyroglobulin Mr
669 kDa, aldolase Mr 158 kDa and albumin 75 kDa). a4 and a, denote the theoretical positions

at which the tetrameric and dimeric species, respectively, of TcG6PDH, are expected to elute.

Figure 4. Tetramer interface of TcG6PDH. Critical residues involve in formation of salt bridges
between dimers of TcG6PDH (PDB 4EMS5) are shown in green (chain A with transparent
surface and backbone shown as cartoon with N- and C-terminal domains colored in black and
red, respectively) and blue (chain C shown as surface with N and C-terminal domain colored in
grey and pale green, respectively) sticks. Residues non-conserved in HsG6PDH are labeled in
red (R323 and D390). The inset shows the saline bridges formed between R323 and D332 and

E333 from subunit A and B (green cartoon backbone).
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Figure 5. Ligand binging and catalytic elements connected to R323 of TcG6PDH. Surface
representation of TcG6PDH (PDB 4EMS5, chain A) with backbone elements of the segment
E285-R323 displayed as green cartoon. Residues key for interaction with G6P (D304 and E285)
and catalysis (H309) are shown as sticks. R323 and the corresponding negatively charged
residues from chain B involved in electrostatic interactions (D332 and E333, blue sticks) are

also shown.

Figure 6. Dynamic of the N-terminal region of TcG6PDH and influence on the active site.
A) Surface representation of AS7N-TcG6PDH (chain D, PDB 4EMS5) with the N-terminal and C-
terminal domain colored in dark and light grey, respectively. Structural elements corresponding
to the region V52-K84 of the crystallographic (deep teal cartoon representation) and catalytic
model (deep olive cartoon representation) of A37N-TcG6PDH are shown. NADPH (sticks
colored in cyan: carbon, red: oxygen, blue: nitrogen and orange: phosphate) and residues
involved in substrate binding (G75, S77, D79, L80 and K83) and N-terminal cysteines forming or
(C537-C135” for PDB 4EMS5) not an intramolecular disulfide are shown as sticks. B) Cartoon
representation of the N-terminal segment of A37N-TcG6PDH (V52-K84) with bound G6P (deep
teal color; chain D, PDB 4EM5) and catalytic model (deep olive color), A57N-TcG6PDH (P62-
K84: blue color; chain A, PDB 5AQ1) and from HsG6PDH (V27-K47: violet color; chain A, PDB
2BH9). Residues participating in substrate binding are shown as sticks for the catalytic model,
and N-terminal cysteines of TcG6PDH engaged (C53-C135 for A37N-mutant, C94*-C135* for
A57N-mutant) or not (C53”, C94” and C135” for catalytic model) in intramolecular disulfides are
shown as sticks. The structural coordinates for G6P and NADPH, shown as sticks, correspond

to those of the catalytic model of A37N-TcG6PDH,.

Figure 7. C8 is responsible for the formation of inter-subunit disulfides in TcG6PDH,.

SDS- 15% PAGE for full-length (WT) and different Cys to Ser mutants (C8S, C34S and C552S)
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of TcG6PDH run under reducing (+) and non-reducing (-) conditions. The bands corresponding

to monomeric and dimeric species are indicated with arrows.

Figure 8. Catalytic model of TcG6PDH and conformational changes in elements from N-
terminal domain involved in ligand binding. Superimposition of the protein backbone
corresponding to the catalytic (yellow cartoon, (41)) and crystallographic (blue cartoon; chain A
PDB 5AQ1) model of TcG6PDH with bound substrates. The secondary structure elements
displaying shifts in their conformation are labeled (i.e. a2, 3, 4, 5 and 6, and 1 and 2). G6P and
NADP*(H) are shown as sticks with carbon atoms colored according to the backbone color

selected for each structure.

Figure 9. Catalytic site of TcG6PDH. Molecular dynamics (A and B; Ortiz et al. 2016) and
crystallographic (C and D; chain A, PDB 5AQ1) model of the catalytic site of N-terminally
truncated TcG6PDH. Residues important for substrate binding and catalysis are shown with
lines and labeled. Histidine 247 is shown with sticks to highlight the different conformations it
adopts in the catalytic and crystallographic models, which determine also a different localization
of G6P (show as sticks). H-bond interactions discussed in the text are depicted with dashed

lines.

Figure 10. Subcellular distribution of G6PDH in T. cruzi. The content and subcellular
localization of GEBPDH overexpressed in T. cruzi epimastigotes (strain Adriana) was investigated
by Western blot (A) and confocal microscopy (B-E). A) Cell extracts corresponding to 1x10°
parasites induced (5 or 10 pg/mL) and to 1x10’ cells non-induced (0 pg/mL) with oxitetracycline
(Oxitet), and different amounts of recombinant TcG6PDH (7, 10, 28, 50, 70 and 100 ng) were
loaded per lane. B and D) Indirect immunofluorescence using anti-TcG6PDH,_ and secondary
anti-mouse serum conjugated to Alexa 488 (green signal) or Alexa 594 (red signal),

respectively. C) Mitochondrial (K) and nuclear (N) DNA was stained with DAPI (blue signal) and
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E) detection of lipoamide dehydrogenase with anti-LipDH serum (and anti-rabbit serum

conjugated to Alexa 488) was used to localize the mitochondrion of the parasite (green signal).

Figure 11. In situ detection of G6PDH activity in T. cruzi. Epimastigotes from T. cruzi strain
CL-Brener were incubated for 24 h in the absence (no treated) or presence of 25 and 100 uM
epiandrosterone (EA). G6PDH activity was measured in cell extracts using the standard enzyme
assay (specific activity expressed as U/mg) and detected at intracellular level using a
cytochemical assay based on the reduction of 5-cyano-2,3-ditolyl-tetrazolium chloride (CTC; red
color). Hoechst 3342 stain (green color) was used to mark nuclear (N) and mitochondrial (K,
kinetoplast) DNA. Bright field and merged images are also shown with the white bar indicating a

length of 10 um. A zoom image of the cell with white frame is shown in Fig. S5.
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Supplemental information

Figure Legends

Figure S1. Cysteine residues observed in the structure of A37N-TcG6PDH. Cartoon
representation of the backbone structure of A37N-TcG6PDH with bound G6P (PDB 4EM5; A, B,
C and D subunits are colored in blue, green, orange and red) and cysteine residues shown as

spheres.

Figure S2. Multiple sequence alignment of G6PDH from Kinetoplastid parasites lacking
conserved R323. Amino acid sequence alignment for putative G6PDH from Leptomona
seymouri (Ls), Leptomona pyrrhocoris (Lp), Crithidia fasciculata (Cf), Leishmania enrietti (Le),
and of characterized G6PDH from T. cruzi and (Tc) and Homo sapiens (Hs). Strictly conserved
or highly similar residues are shown on black background. Residues that in human G6PDH
anchor the allosteric NADP™ are highlighted in blue with those not conserved in the T. cruzi
enzyme marked with yellow. Residues that in T. cruzi G6PDH form salt bridges that stabilize the

tetramer are highlighted in green.

Figure S3. Dynamic N-term of human G6PDH. Superimposition of the protein backbone
corresponding of human G6PDH with bound G6P (pale cyan color; chain B, PDB 2BHL) or
NADP+ (violet purple color; PDB 2BH9) that shows different conformations for elements from

the N-terminal region.

Figure S4. In situ detection of G6PDH activity in T. cruzi strain DM28c. Epimastigotes from
T. cruzi strain DM28c were incubated for 24 h in the absence (no treated) or presence of 25 and
100 pM epiandrosterone (EA). G6PDH activity was measured in cell extracts using the standard
enzyme assay (specific activity expressed as U/mg) and detected at intracellular level using a
couple cytochemical assay based on the reduction of 5-cyano-2,3-ditolyl-tetrazolium chloride
(CTC; red color). Hoechst 3342 stain (green color) was used to mark nuclear and mitochondrial
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DNA. Bright field and merged images are also shown with the white bar indicating a length of 10

um.

Figure S5. Zoom image of T. cruzi cell displaying G6PDH activity. Cell framed in Fig. 11
and corresponding to an epimastigote from T. cruzi strain CL-Brener no treated with
epiandrosterone and with G6PDH activity assayed with CTC (red signal) and nuclear and

mitochondrial DNA stained with Hoechst 3342 (green signal).

Figure S6. In situ detection of G6PDH activity in T. cruzi strain Adriana overexpressing
G6PDH. Epimastigotes from T. cruzi strain Adriana grown for 24 h in the presence of 10 pg/mL
oxytetracycline to induce overexpression of TcG6PDH, (Western blot shown in Fig. 10A).
G6PDH activity was detected at intracellular level using a cytochemical assay based on the
reduction of 5-cyano-2,3-ditolyl-tetrazolium chloride (CTC; green color color). A) Bright field
image with light dense intracellular particles corresponding to precipitated formazan salt. B)
CTC signal. C) Cell membranes stained with CellMask. D) Merge image of CTC and CellMask

signals.
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Capitulo 4

DISCUSION GENERAL

Como bien se ha detallado en las secciones anteriores la G6PDH es una enzima central en el
metabolismo del parasito, ya que participa de tres vias esenciales para su supervivencia. Su
funcion principal radica en convertir a la G6P en 6PGL y generar poder reductor en forma de
NADPH. En los dltimos anos su rol ha ganado relevancia y se la ha postulado como potencial

blanco para el desarrollo de farmacos para el tratamiento de las tripanosomiasis.

Esta tesis ha contribuido de manera sustancial no solo con su caracterizacion enzimatica y su
descripcion estructural, sino también en la elucidacion de los mecanismos de accion de una
familia de inhibidores; Aportando datos novedosos al area de la biologia estructural de esta

enzima.
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4.1 Larelevancia biolégica de la estructura tetramerica de la G6PDH de T. cruzi

Estudios realizados con G6PDH de diferentes organismos (Andrews, 1965; Beydemir, SUkrU et al.,
2003; Comakli et al., 2015; Rowland et al., 1994; Shreve and Levy, 1977) muestran que estas
enzimas adoptan principalmente una estructura cuaternaria homodimérica (Ranzani and
Cordeiro, 2017). Al menos para la enzima de L. mesenteroides y la humana se habia reportado
que la forma monomeérica es inactiva a pesar de contener los sitios de union a sustrato y
cofactor. La G6PDH humana también es capaz de formar tetrameros los cuales presentan
actividad enzimatica, aunque esta conformacion de la proteina representa una proporcion
pequefa en condiciones fisioldgicas (Babalola et al., 1976). La capacidad de la enzima humana
para modificar su estado oligomeérico se debe a cierta inestabilidad en las interacciones que se
dan entre sus subunidades, las cuales son extremadamente sensibles a variaciones en las
condiciones fisicoquimicas del medio vy a la presencia de diferentes ligandos (Bonsignore et al.,
1970, 19713, 1971b). El analisis estructural de la G6PDH de lactobacilo y humana puso en
evidencia la importancia de la interaccion entre elementos estructurales de las diferentes
subunidades para moldear el sitio activo de la proteina, y como estos efectos alostéricos
estabilizan tanto el dimero como la actividad catalitica de la enzima (Rowland et al., 1994).
Como hemos mencionado anteriormente la G6PDH juegda un rol fundamental en el metabolismo
ya que es responsable de la generacion de productos cuyo destino es muy diverso, por ejemplo;
sintesis de ribonucleotidos, mantenimiento de la homeostasis redox, sintesis de lipidos o
intermediarios de la glicolisis. Por esta razdbn no es extrafo observar que la misma ha
desarrollado diferentes estrategias de requlacion de su expresion o actividad, entre ellas la
regulacion por producto, des/ acetilacion o des/ fosforilacion de residuos claves asi como,
oxidacion o reduccion de cisteinas, induccidon de la expresion dgénica frente a determinados
estimulos, asi como la requlacion de su estado oligomeérico. Siendo las dos Gltimas abordadas en

este trabajo.

Al inicio de esta tesis la informacion disponible sobre el comportamiento oligomérico de la
TcG6PDH era escasa e indicaba que, al igual que la gran mayoria de las proteinas homologas de
otros organismos (Andrews, 1965; Beydemir, SUkri et al.,, 2003, 2003; Comakli et al., 2015;
Ranzani and Cordeiro, 2017; Rowland et al., 1994; Shreve and Levy, 1977), la proteina del
parasito presentaba una conformacion dimérica. Sin embardgo, pudimos demostrar que la
misma adopta una conformacion tetrameérica, la cual es altamente refractaria a las condiciones
fisicoquimicas del medio o a la presencia de ligandos que alteran el estado cuaternario de la

proteina humana (Igoillo-Esteve and Cazzulo, 2006). Sélo una disminucion en el pH (~5,5) con-
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ducea la disociacion del tetramero de TcGEPDH en especies moleculares de menor masa,
compatibles con dimeros vy trimeros, indicando que interacciones de tipo electrostaticas son las
que gobiernan la union entre los dimeros. La actividad enzimatica de la especie dimérica fue un
70% inferior a la determinada para el tetramero, lo cual suderia que variaciones en el estado
oligomeérico repercuten a nivel de sitio activo de la enzima, aunque no podiamos descartar que
parte de la pérdida de actividad se debiera a la protonacion de residuos cataliticos claves como
la H309 o la K217. Ademas, demostramos que una fraccion de las subunidades de los dimeros
interaccionan entre si formando enlaces disulfuros que involucran a cisteinas de la extension N-
terminal de la proteina. Esto planted varias incognitas como ser la identidad de los aminoacidos
involucrados en la formacion del tetramero estable y de los residuos que participan de los
enlaces disulfuro intermoleculares en el dimero, asi como la naturaleza de los eventos

moleculares que son responsables de la disminucion de actividad en el dimero.

Al comienzo de esta tesis existian datos cristalograficos para las deshidrogenasas del lactobacilo
Leuconostoc mesenteroides (Kotaka et al., 2005; Rowland et al., 1994) y de Homo sapiens (Au et
al.,, 1999, 2000). A pesar que las mismas podrian haber sido empleadas como templados
moleculares para el desarrollo de modelos estructurales de la TcG6PDH, las propiedades
bioquimicas descritas anteriormente para la enzima del parasito dejaban entrever lo limitado de
esta estrategia para la obtencidn de informacion precisa y distintiva de la misma. Por ello es que
nos embarcamos en la obtencion de informacion a nivel atdomico, en colaboracion con la
Unidad de Cristalografia de Proteinas del Institut Pasteur de Montevideo logramos cristalizar vy
resolver la estructura tridimensional del mutante truncado A37N-TcG6PDH en su forma apo y en
presencia de G6P con valores de resolucion de 2,85 A (PDB 4EI9) y 3,35 A (PDB 4EM5),
respectivamente. Al idual que lo observado en solucion, el arreglo espacial cristalino de la
TcG6PDH se vuelve a corresponder con el de un tetramero. Cada dimero se encuentra formado
por dos subunidades idénticas en secuencia pero que presentan asimetria a nivel estructural (ej:
presencia/ausencia de puentes disulfuro intramoleculares: C53-C135, asi como corrimientos en
regiones moviles). En lo que refiere al dominio catalitico, existen regiones que se encuentran
altamente conservadas en todas las G6PDs como ser el péptido de 9 residuos RIDHYLGKE (de
union a G6P), o el sitio de unidn a nucledtidos GxxGGDLA (localizada en el N-terminal) o la
secuencia EKPxG (conteniendo a la P218 y K217) involucrada en la catalisis. A pesar de
encontrar estas regiones invariantes en los sitios activos, notamos diferencias a nivel de los
elementos estructurales que lo conforman que nos permitiran en parte explicar el

comportamiento diferencial entre la proteina de T. cruzi y su contraparte humana.

49



Identificamos que a diferencia de la proteina humana, la region de tetramerizacion de la
TcG6PDH consiste de una cavidad polar conformada y estabilizada por, fundamentalmente,
interacciones electrostaticas entre 2 dimeros simétricos. Si bien muchos de estos residuos se
encuentran conservados entre la enzima humana vy la del parasito, encontramos que un residuo
basico de esta Gltima (R323) se encuentra mutado por una alanina en la proteina humana.
Analizando los datos estructurales identificamos que la R323 forma puentes salinos con D332y
£333 de una sequnda subunidad, de la misma forma que la R265 interacciona con la D390 de la
otra subunidad vy viceversa; lo que implica una ganancia de 12 interacciones electrostaticas por
tetramero de TcG6PDH. El reemplazo de la R323 por una dglicina convirtio a la TcG6PDH en una
proteina dimérica con una actividad especifica significativamente inferior a la de la especie
tetramérica y en el mismo orden al observado para los ensayos realizados con la forma salvaje a
pH 5.5. Estos hallazgos confirmaron que el ensamble tetramérico es de naturaleza

electroestatica y le confiere estabilidad al sitio activo de la TcG6PDH.

Al investigar la region que contiene a R323 notamos que esta no presenta una estructura
secundaria definida y que se encuentra contigua a la hélice al3 que contiene a los residuos
H309 y D304, ambos esenciales para la actividad de la enzima (Cosgrove et al., 1998), la cual a
Su vez conecta con la cadena B15 en cuyo extremo se encuentra el E285 interaccionando con la
G6P. Esto nos llevo a proponer que la conformacion de dichos elementos en el mutante R323G
es sequramente desestabilizada por la pérdida de estructura cuaternaria lo cual explicaria la
disminucion en la eficiencia catalitica de la enzima. Esto no estaria ocurriendo en el dimero de la
enzima humana ya que esta region de la proteina, asi como varios residuos que interaccionan
con G6P, serian estabilizados por él efecto alostérico del NADP* estructural. De hecho, varios
residuos que coordinan la union del glucésido ocupan posiciones adyacentes a residuos que a su
vez sirven de anclaje al NADP+ estructural (Kotaka et al., 2005). En lo que refiere a esta region en
la proteina humana, existen evidencias experimentales de pacientes con mutaciones en residuos
que participan en la union de este sequndo NADP*, lo cual se asocia a parametros cinéticos
desfavorables (Filosa et al, 1992; Gomez-Manzo et al, 2015; Mizukawa et al, 2011). La
introduccion de un residuo clave en la union de NADP*estructural mejord los parametros
cinéticos del dimero de TcG6PDH. Si bien esta mutacion (C528R) no logro restaurar
completamente la capacidad catalitica de la enzima, probablemente porque este mutante no
reconstruye por completo este sitio alostérico de unién a NADP*, este resultado es un indicio

claro del rol estabilizador que dicha region cumple en la actividad de la enzima.
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Un aspecto interesante que surgid de nuestro estudio es que las secuencias de G6PDH
correspondientes a ordanismos no Kinetoplastidos que hemos analizado carecen de un residuo
basico ocupando la posicion de la R323 de T. cruzi, mientras que la naturaleza basica del
aminoacido ocupando dicha posicién en las secuencias pertenecientes a la gran mayoria de las
especies de Kinetoplastidos estuvo conservada. Llamativamente, la excepcion fueron las G6PDH
de especies (ej. C. fasciculata, Leptonomas sp. y L. enrietti) de este linaje incapaces de establecer
infeccion en humanos inmunocompetentes. Este hallazgo sumado al rol clave de la R323 en la
estabilizacion del tetramero de la TcG6PDH nos llevd a plantear la posible universalidad de dicha
conformacion cuaternaria en las G6PDH de Kinetoplastidos. Por otro lado, del analisis de las
secuencias de G6PDH de Kinetoplastidos surde una interesante asociacion: los ordanismos que
presentan un residuo basico en dicha posicion presentan un menor grado de conservacion de los
residuos que conforman el sitio alostérico de NADP* y viceversa. Sobre esta base de evidencias in
silico y a partir del dato obtenido para el dimero con un sitio de NADP* parcialmente
reconstituido, es que nos permitimos especular que las G6PDH capaces de formar tetrameros
pueden prescindir del sitio y funcidn estabilizadora del NADP+ estructural. Desde el punto de
vista evolutivo, el hecho que varios (8 de 11) de los residuos que interaccionan con el NADP*
estructural se encuentren conservados en las G6PDH de Kinetoplastidos indica que la mutacion
en la posicion 323 que tuvo ludar en la mayoria de las secuencias de G6PDH de especies
patogenas fue un evento posterior a la diverdencia de este linaje de la rama eucariota. Ahora si
este fendbmeno esta asociado o no a la adquisicion de parasitismo por parte de los
Kinetoplastidos es una hipdtesis que valdria la pena ser estudiada a futuro, comenzando por

investigar la estructura oligomérica de la G6GPDH de Leptomonas y/o Crithidia.

Desde el punto de vista bioldgico, sabemos que la expresion de la TcG6PDH, asi como su
actividad se ven incrementadas en los estadios infectivos (tripomastigotas) y replicativos
(@amastigota). En este sentido, la estabilidad estructural y funcional que le otorga la
conformacion tetramérica a la enzima del parasito representa una ventaja selectiva ya que de
esta forma el patdgeno se asequraria un abastecimiento adecuado de equivalentes de reduccion
y de R5P, ya que se ha planteado que esta enzima constituye la etapa limitante de la PPP
(Igoillo-Esteve and Cazzulo, 2006; Mauderi and Cazzulo, 2004). Este no es detalle menor ya estos
organismos presentan una tasa de proliferacion superior al de células de mamiferos y durante su
ciclo de vida se ven enfrentados a estrés oxidativo, por ej. como parte de la respuesta inmune

del huésped. Como se discute mas adelante, la G6PDH de T. cruzi ha incluso desarrollado un
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mecanismo de regulacion redox que se traduce en una activacion adicional de la actividad

enzimatica frente a condiciones de estrés oxidativo.

4.2  Redulacion redox de la TcG6PDH y efecto alostérico de la extension N-terminal

Previamente se reportd que el gen de la G6PDH presenta dos posibles codones de inicio de la
traduccion (lgoillo-Esteve and Cazzulo, 2006). Por un lado esta la secuencia completa del gen
que codifica para la version salvaje o “larga” de la proteina que constaria de unos 555 residuos.
Por otro lado, unas 114 bases (o 38 residuos) corriente abajo del codon de inicio de la forma
larga de la G6PDH se ubica un sequndo coddn que codifica para una metionina. La traduccion a
partir de esta sequnda metionina daria lugar a un polipéptido de 518 residuos, denominado
como la forma “corta” o truncada (A37N-G6PDH) de la G6PDH. In vitro, ambas proteinas
resultaron ser funcionales aunque, a nivel celular, la forma larga mostrd ser la isoforma
mavoritaria expresada por el parasito (Igoillo-Esteve and Cazzulo, 2006). La presencia de una
extension N-terminal al plegamiento de Rossmann se repite en las secuencias de G6PDH de
todos los Kinetoplastidos con secuencias disponibles y también en las isoformas plastidicas de
cianobacterias y plantas (Duffieux et al., 2000; Wenderoth et al., 1997; Wendt et al., 2000). Para
las G6PDH de Kinetoplastidos, dichas extensiones comparten un 52% de identidad de secuencia

entre siy en las cuales se destaca la presencia de residuos cargados.

La actividad de la forma salvaje, pero no la truncada, de TcG6PDH resultd ser sensible a agentes
reductores (Igoillo-Esteve and Cazzulo, 2006). Un comportamiento similar se habia reportado
anteriormente para la isoforma plastidica, pero no asi para la citosélica, de la G6PDH de ciertos
organismos fotosintéticos (Wenderoth et al, 1997). En los organismos fotosintéticos, la
requlacion redox de la G6PDH de cloroplastos cumple un rol metabdlico importante en el ciclo
de Calvin (fijacion de carbono). El mecanismo de redqulacion implica la inactivacion reversible de
la G6PDH por el sistema ferredoxina/tiorredoxina durante la etapa de luz, en la cual NADP* es
reducido a través del flujo de electrones de la fotosintesis y su posterior activacion durante la
fase oscura del ciclo (Wendt et al., 2000). Los residuos de cisteina que son blanco de dicha

(in)activacion no se hayan conservados (Cardi et al., 2016).

Un estudio previo, habia reportado que la forma salvaje de la TcG6PDH perdia actividad cuando
era expuesta a altas concentraciones de distintos agentes reductores (fisiologico: GSH, y no

fisioldgicos: el ditiol DTT o el monotiol B-mercaptoetanol), mientras que, de manera opuesta, la
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forma truncada A37N- de esta proteina era activada por estos tratamientos (Igoillo-Esteve and
Cazzulo, 2006). En base a estos resultados los autores propusieron que la forma nativa de la
G6PDH de T. cruzi estaria sujeta a un mecanismo de regulacion redox similar al de los
organismos fotosintéticos. No obstante, los detalles moleculares de esta requlacion resultaban

desconocidos, parte de los cuales fueron abordados en este trabajo de tesis.

Nuestros resultados revelaron que la cisteina 8 de la region N-terminal esta implicada en la
formacion de disulfuros entre las subunidades que forman el dimero de TcG6PDH y que este
enlace covalente es responsable de la incrementada actividad de la enzima en condiciones no
reductoras. Dicho tipo de enlace requiere de un sequndo residuo de cisteina. Las cisteinas: C34,
C528 y €552 eran potenciales candidatos ya que se encuentran localizados en regiones de la
proteina expuestas al solvente. Sin embargo, ninguno de ellos participa en la formacion del
puente disulfuro intermolecular. Una posibilidad es que sea la misma C8 de cada subunidad del
dimero la que forme un homodisulfuro con la C8 de la subunidad opuesta. Sin embargo,
tampoco podemos descartar que C53 o C135 estén involucrados en dicha interaccion entre
subunidades, ya que como se observa en la estructura de la forma truncada de la proteina (PDB
4EM5), dichos residuos son proclives a formar disulfuros intramoleculares. De todas formas, esta
claro que la cisteina que participa en la requlacion redox de la actividad en la TcG6PDH no esta
conservada con la descrita para cianobacterias ni formas plastidicas de vedetales y que por lo
tanto el mecanismo molecular implicado en el control de la actividad enzimatica difiere entre
dichas proteinas. El reemplazo de C8 por una serina impide la formacion del puente disulfuro
intermolecular, llevando a una disminucion de la eficiencia catalitica de la enzima por ambos
sustratos, en gran medida debido al incremento en las Ku vy la disminucion en el kcat para NADP*,
Un comportamiento cinético similar, en particular en lo que refiere a los cambios en afinidad por
sustratos, fue obtenido para la forma salvaje de la enzima ensayada bajo condiciones reductoras.
Esto indica que la oxidacion de la TcG6PDH tiene por principal efecto incrementar la afinidad por

los sustratos.

Con el fin de obtener informacion estructural que nos brindara pistas sobre como esta region de
la proteina estaria influenciando el sitio activo de la enzima es que trabajamos arduamente en la
obtencion de cristales de buena calidad para la forma salvaje de la TcG6PDH en condiciones no
reductoras. Identificamos condiciones de obtencidon de cristales homogéneos y de tamano
aceptable que nos permitieron resolver la estructura de la forma salvaje de la TcG6PDH. Sin
embargo, estos datos no aportaron informacion adicional sobre el segmento N-terminal ya que
en estas regiones no se obtuvieron buenos mapas de densidad electronica para el mismo,

53



sequramente porque se trata de una region con dgran dinamica o flexibilidad (datos no
publicados). También deneramos cristales para el mutante C8S de la forma salvaje en su forma
apo y en complejo con NADP*, los cuales fueron enviados al sincrotron de Soleil (Saint-Aubin,
Francia), pero los mismos no difractaron adecuadamente como para permitir resolver la

estructura de la proteina.

Ante esta limitacion decidimos analizar las diferentes estructuras cristalinas disponibles para la
enzima de T. cruzi y la humana, asi como un modelo catalitico de la primera, prestando especial
atencion al dominio N-terminal de la enzima. El analisis realizado muestra que varias regiones
de este dominio poseen dgran dinamica conformacional la cual es influenciada por la union de
sustratos y la formacion de disulfuros intramoleculares (presentes en la forma truncada
TcG6PDH). Varios de estos elementos estructurales moviles conectan con el extremo N-terminal
y contienen residuos claves en la unidn de sustratos y/o en la catalisis (Kotaka et al., 2005; Ortiz
et al,, 2016; Rowland et al., 1994). Entre ellos se destacan L80, K83 y K84, localizados entre 1y
a2, e importantes en dar forma al sitio catalitico y la unién de G6P. Si bien a nivel de secuencia
K217 aparece mas alejada de la region N-terminal (K217 se ubica en el loop que conecta 35 con
a8), en realidad este residuo se halla en estrecho contacto con esta region a partir de una red de
puentes de hidrogeno (K217-E216-Y183) que lo aproximan a 31. De hecho, el modelo de

dinamica molecular del complejo ternario, complementado con el analisis cinético del mutante
K2171, demostrd que este residuo, al igual que la cis-Pro que lo sucede (P218), jueda un rol clave
en la catalisis, posiblemente actuando como una sequnda base complementaria a H309 en la
transferencia del hidrogenion de G6P a NADP*. Por lo tanto, proponemos que cambios
conformacionales en la extension N-terminal de TcG6PDH producto de la formacion/ruptura del
enlace disulfuro entre C8 y otra cisteina de la subunidad opuesta podrian desencadenar cambios
en la dinamica de los elementos contiguos del dominio Rossmann, los cuales afectarian a
residuos importantes para la union de ligandos y catalisis. Alternativamente, la extension N-
terminal podria estar afectando la accesibilidad de los sustratos al sitio activo mediante
impedimento estérico. Esta hipotesis es adn compatible con las alteraciones cinéticas
observadas para las distintas formas de TcG6PDH ya que de acuerdo al mecanismo y modelo
catalitico la unién de ligandos induce cambios conformacionales a nivel del sitio catalitico. Por lo
tanto, una unidn de baja afinidad o alterada de uno o ambos sustratos no seria un estimulo
suficiente para disparar dichas adaptaciones estructurales, necesarias para que tenda lugar la
catalisis. Si bien adn estamos lejos de comprender los detalles moleculares de esta regulacion,

esta tesis contribuy6 a dilucidar uno de los tioles involucrados en este mecanismo asi como el
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impacto de la misma sobre la actividad enzimatica, ademas de aportar posibles modelos
mecanisticos. La activacion de la proteina de T. cruzi en condiciones no reductoras es moderada
y se puede observar un aumento del 20% de actividad enzimatica con respecto al mutante de
(C8S. Teniendo en cuenta que el ambiente intracelular es reductivo, nos permite estipular que
este tipo de requlacion significa una ventaja en condiciones de estrés oxidativo como las
deneradas por la respuesta inmune del hospedero. En este sentido T. cruzi no sélo depende de la
induccion de la expresion de la proteina para adaptarse a este nuevo ambiente sino que,
rapidamente empleando este mecanismo puede reqular su actividad, incrementandola
aproximadamente un 20%. Si bien es un aumento discreto creemos podria ser una rapida
solucidn ya que otros estudios indican que tras la induccion de stress oxidativo se observa un

incremento de un 10% de la tasa de utilizacion de la PPP (Maugderi and Cazzulo, 2004).

Dado que los elementos/residuos que ejercen control alostérico sobre la actividad de TcG6PDH
son Unicos para la proteina de este patddeno vy otros tripanosomatidos, en principio esto los
convierte en posibles blancos moleculares para el desarrollo de inhibidores selectivos. En la

seccion final se realiza un analisis critico de dicho potencial.

4.3 EL modo de union de los compuestos esteroideos a TcG6PDH implica el bloqueo

estérico de la catalisis

A nivel de las enfermedades no transmisibles, la bisqueda de inhibidores contra la G6PDH
estuvo motivada porque la misma ha sido propuesta como un blanco farmacoldgico para el
tratamiento del cancer ya que varios estudios destacan niveles elevados de esta enzima en
tumores de distinto origen, y lo cual en general esta asociado a resistencia a quimioterapicos
como a metastasis (Jiang et al., 2011). En el caso de las enfermedades infecciosas, la G6PDH de
los patdégenos humanos P. falciparum y T. cruzi despertaron interés dada la relevancia de dichas
enzimas en la supervivencia y virulencia de ambos parasitos (Gupta et al., 2011a; Jortzik et al.,
2011). Las campanfas de bisqueda de posibles candidatos farmacologicos contra la G6PDH ha
dado ludar a la identificacion de varias moléculas inhibidoras que ademas de diferir en sus
estructuras quimicas presentan, mecanismos de accion variado incluyendo aquellos de tipo
competitivo, no competitivo y acompetitivo, ver Figura 5 (Mercaldi et al., 2014; Preuss et al,,
20123, 2012b). Estos Gltimos son considerados como inhibidores ideales, ya que los mismaos
interfieren con la catalisis y no con la unidn de los sustratos a la enzima. De hecho, la unién de

los inhibidores acompetitivos a la enzima requiere la formacion previa de un complejo enzima-
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sustrato por el cual los mismos presentaran una dgran afinidad, no siendo el caso para la forma
apo de la enzima (Cornish-Bowden, 1986). El hecho que estos inhibidores no compitan con los
sitios de unidn de sustratos sino que, por el contrario, su unidn a la enzima se ve beneficiada por
la unidn del ligando nativo a la misma, tiene importantes implicancias biolégicas. A nivel in vivo,
la inhibicion de la enzima conlleva a la acumulacion de sustrato lo cual desplaza el equilibrio
hacia una mayor formacion del complejo enzima-sustrato que es el blanco molecular del
inhibidor, por lo que a lo largo del tiempo se vera un incremento gradual de la fraccion de
enzima inhibida. En resumen, el poder de estos inhibidores radica en que su inhibicién no puede
ser competida por sustratos sino que la acumulacion in vivo de los mismos ejerce un loop

positivo de inhibicion enzimatica.

Los compuestos esteroides como la epiandrosterona (EA) y la dehidroepiandrosterona (DHEA) v
sus derivados (Cordeiro and Thiemann, 2010; Cordeiro et al., 2009; Hamilton et al., 2012; Marks
and Banks, 1960), a asi como mas recientemente nuevas series de quinazolinonas vy
tienopirimidinas (Cordeiro and Thiemann, 2010; Cordeiro et al., 2009; Gupta et al, 2011b,
2011a; Mercaldi et al., 2014) han sido reportados como inhibidores acompetitivos de la G6PDH
humana y/o la enzima de T. cruzi. Para el caso de los esteroides, la 16-Br epiandrosterona
presentd una marcada potencia y selectividad contra la enzima del patddeno respecto de la
humana (Cordeiro and Thiemann, 2010), planteando la posibilidad de selectividad en el modo
de union del mismo. A la fecha de iniciada esta tesis se carecia de evidencia estructural sobre el
sitio de union de estos inhibidores a GBPDH de cualquier especie. Ailos mas tarde, el grupo del
Dr. Hamilton de la Universidad de Manchester (Inglaterra) publico la sintesis y caracterizacion de
nuevos analogos de esteroides que alun no habian sido explorados contra la G6PDH de
ordanismos patdgenos (Hamilton et al., 2012). Consideramos por lo tanto interesante estudiar
el modo de unidn de los esteroides a la TcG6PDH vy la actividad de una seleccion de analogos de
EA evaluados contra la enzima humana, de manera tal de poder inferir si es posible duiar el
disefio de moléculas, que pertenecientes a esta familia, que presenten buena potencia

y selectividad contra la G6PDH del patogeno.

En primera instancia, nuestros mayores esfuerzos estuvieron dirigidos a la obtencion de cristales
de la forma truncada de la TcG6PDH en complejo con EA y DHEA mediante la estrategia de
inmersion de cristales o “soaking”. Lamentablemente, los cristales se dafaban al entrar en
contacto con estos derivados esteroideos. Por lo tanto, optamos por una estratedia que combind
el modelado in silico del modo de union de diferentes esteroides a la TcG6PDH con a una
validacion bioquimica de los modelos generados. Los estudios computacionales fueron
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realizados en colaboracion con el grupo del Dr. Maurizio Botta de la Universidad de Siena (Italia),
mientras que en nuestro grupo llevamos a cabo el analisis y validacién bioquimica de dichos
modelos mediante el estudio de los parametros cinéticos y de inhibicion de la TcG6PDH en su

forma salvaje y distintos mutantes para los distintos compuestos esteroides estudiados.

La inhibicion de tipo acompetitiva puede darse tanto con la union del inhibidor en una region
proxima o alejada al sitio activo de la enzima, siendo lo importante que esta no interfiera con la
union de los sustratos pero si con la catalisis. Existen algunos ejemplos de inhibidores
alostéricos que se unen en sitios lejanos al sitio activo y mediante cambios conformacionales
logran alterar a distancia la actividad de la enzima (Ghosh and Fishman, 1966). Por lo tanto, en
primer lugar se explord la presencia de potenciales bolsillos de unién a ligandos sobre la
estructura cristalina completa de la TcG6PDH unida a G6P (PDB 4EM5), que resultd en la
identificacion de 7 potenciales sitios de unién a ligandos, ubicandose proximos al sitio activo
aquellos 3 que presentaban los scores mas altos. Esto permitio confinar la bisqueda del sitio de
union de esteroides a esta zona de la proteina. Tal como se menciond anteriormente, la union a
la proteina de este tipo de inhibidores requiere de la formacion del complejo ternario y dado que
se carecia de dicha informacion para G6PDH, primero fue necesario generar y validar el modelo
de complejo ternario obtenido. El modelo fue generado a partir de los datos cristalograficos de la
TcG6PDH con G6P unido (PDB 4EM5) y las coordenadas de la union del NADP* provenientes de la
estructura de la enzima humana. Luedo, se realizd el docking con los diferentes derivados
esteroideos, donde la estabilidad de dichos complejos fue evaluada mediante dinamica
molecular. Segun lo observado, la EA se posiciona entre ambos sustratos interaccionando con los
residuos L80, K83 y K84 (localizados en la region N-terminal que conecta con el dominio de
unidn a nucledtidos). Validamos dicho modelo mediante la generacion de mutantes puntuales
de dichos residuos, observandose que dichas sustituciones impactan negativamente en la
afinidad por el inhibidor. De esta forma se pudo comprobar que el residuo K84 participa de la
union del sustrato, ademas de interaccionar por puente de hidrogeno con la EA. Que la lisina 80
provee de un ambiente hidrofobico para estabilizar la EA y posicionarla correctamente proxima
al sitio catalitico. Y finalmente se probamos, que L80 y K83 forman parte de un motivo (hélice-
a1) que da forma al sitio catalitico de la TcG6PDH vy participa también en la union de NADP*

durante la catalisis.

Observamos que presentan mejor selectividad por la proteina del parasito se posicionan proximo

al sitio catalitico sin interferir con la unidn de los sustratos, y son capaces de desestabilizar dicho
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sitio e impedir estéricamente la aproximacion de los sustratos, necesaria para que tenga

lugar la catalisis.

El modelado in silico también nos permitid comprender el rol del bromo en la posicion 16 del
androstano, pudimos observar que las interacciones entre el halégeno voluminoso y el NADP+,
no solo mejoran la estabilidad de la union del inhibidor, sino que aumentan su efecto estérico,
interfiriendo de manera eficaz con la catalisis. Esto explica porque la 16BreA es al menos 10
veces mas potente que EA contra la TcG6PDH (Cordeiro and Thiemann, 2010). Por otro lado, el
hecho que la enzima humana sea significativamente menos sensible (un factor de 65 veces) a la
inhibicion por 16BrEA que TcG6PDH sugiere la existencia de diferentes modos de union

dependiendo de la especie.

Los estudios de SAR realizados con diferentes analogos esteroideos nos permitieron identificar
que posiciones y dgrupos quimicos contribuyen a la selectividad por la proteina del parasito
(Hamilton et al., 2012). Por ejemplo, notamos que las sustituciones por grupos polares y

voluminosos en la posicion 3 del androstano son bien toleradas y mejoran la inhibicion de
TcG6PDH. Mientras que, la inclusion en la posicion 17 de un dgrupo polar como la hidroxil ketona
(B-COCH20H) mejora la inhibicion de la hG6PDH pero afecta nedativamente la union a la
proteina del parasito. También pudimos determinar que la presencia de un grupo sulfamida en
la posicion 3B contribuiria a estabilizar la union del esteroide mejorando el drado de

interferencia con la catalisis y la selectividad por la TcG6PDH.

En paralelo evaluamos los potenciales sitios de union de EA, con la hG6PDH y la G6PDH de
Leishmania mexicana. Este abordaje tuvo como fin obtener evidencias estructurales sobre la
selectividad de especie observada en nuestros experimentos y la reportada previamente por
otros grupos (Cordeiro et al., 2009; Gupta et al., 2011b). Los derivados esteroideos como la DHEA
0 EA presentan actividad inhibitoria frente a las G6PDHs de Trypanosoma cruzi y brucei pero no
muestran efecto sobre las G6PDHs provenientes de Leishmania mexicana, Spinacia oleracia,
Sccharomyces cervisae o del lactobacilo Leuconostoc mesenteroides (Cordeiro et al., 2009; Gupta
et al.,, 2011b; Marks and Banks, 1960). Los resultados del docking de EA con la LmG6PDH
evidenciaron que EA se une de manera transitoria y muy inestable a regiones alejadas de los
sitios de unidon de los sustratos, imposibilitando asi la interferencia del compuesto con la
catalisis, lo que fortalece nuestra hipotesis de especificidad de especie por parte de algunos de

los derivados esteroideos.
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Un abordaje similar se empled para investigar el sitio de unién de EA y varios de sus derivados a
la G6PDH humana. Nuestros datos indican que EA se une de manera estable a una region
proxima al sitio catalitico que no se corresponde con la determinada para la enzima de T. cruzi,
ver figura 6. Si bien aun nos resta validar bioquimicamente dicho modelo estos resultados son
compatibles con la selectividad especie-especifica mostrada por EA y algunos de sus derivados

contra estas enzimas.

Figura 6. Sitio de unién a Epiandrosterona.

La imaden corresponde a la superposicion de tres G6PDHs, donde se muestran en amarillo el sitio de
unién a cofactor y sustrato, en verde el sitio de union de EA para la proteina humana, en anaranjado el
sitio de union del esteroide al modelo catalitico de la proteina de T. cruzi. Y en violeta el sitio de union a
EA para un modelo de la G6PDH de Leishmania mexicana.

En principio, el conjunto de estos resultados no deja de sorprender dado que las secuencias de
las G6PDH de estos organismos muestran una conservacion de secuencia cercana al 100% a
nivel del sitio catalitico y de union a sustratos. No obstante, los estudios de relacién estructura-
actividad llevados a cabo con distintas formas de la TcG6PDH (tetramero, dimero, condiciones
reductoras y no reductoras, C8S, A37N-) y con la enzima humana (Filosa et al., 1992; Gomez-
Manzo et al, 2014, 2015; Mizukawa et al, 2011; Ortiz et al., 2016) demuestran que la
conformacion del sitio activo no esta determinada Unicamente por los residuos cataliticos o
aquellos que interaccionan con los ligandos sino que también por residuos secundarios e
influenciables por la estructura cuaternaria de la proteina. Por lo tanto no es extrafio que ambas
enzimas difieran en su mecanismo enzimatico con la G6PDH de T. cruzi ajustandose a uno del
tipo bi-bi secuencial ordenado, donde la enzima presenta preferencia por unir en primer lugar

NADP+*y luego G6P para dar ludar a la formacion del complejo ternario (Jortzik et al., 2011),
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mientras que la humana sigue un mecanismo de equilibrio rapido de tipo bi-bi al azar o Theorell
Chance, donde los sustratos se unen a la enzima de manera indistinta e independiente uno del

otro para formar el complejo catalitico (Birke et al., 1989).

Que el mecanismo de accion sea ordenado sugiere que previo a la union de G6P es necesaria la
union del NADP®, que probablemente induzca cambios conformaciones a nivel del sitio de union
de G6P que permitan el correcto posicionamiento del mismo para la catalisis. Seguramente asi
como estos mismos residuos secundarios al sitio activo pueden influenciar el mecanismo de

reaccion de la enzima, estos también pueden condicionar la interaccion con inhibidores.

A la fecha de iniciada la tesis, existia un reporte demostrando que la causa principal del efecto
tripanocida de EA contra T. brucei era debido a la inhibicion de la G6PDH (Cordeiro et al.,
2009). Sin embardo, esto no habia sido verificado para T. cruzi. Para abordar esta interrodante,
debido a la baja concentracion de G6PDH en epimastigotas no detectable por WB o
inmunifluorescencia indirecta, se adaptd un ensayo citoquimico empleado originalmente para
detectar actividad G6PDH en células de mamifero (Frederiks et al., 2006). Esto nos permitio
detectar la presencia de la G6PDH vy a su vez confirmar que efectivamente EA inhibe la actividad
G6PDH enddgena o inducible artificialmente (copia ectopica del gen de G6PDH inducible por
tetraciclina) en epimastigotas de diferentes cepas de T. cruzi. Ademas el analisis de las
imagenes de citoquimica indicaba que la proteina presentaba una localizacion citosolica, la cual
fue confirmada mediante ensayos de inmufluorescencia indirecta con anticuerpos especificos
contra esta enzima v diferentes marcadores de estructuras subcelulares celulares (mitocondria,
ndcleo, membrana) en una cepa sobreexpresante de G6PDH. Estos resultados coinciden en parte
con un trabajo anterior del grupo del Dr. Cazzulo (Universidad de San Martin, Argentina) que
mediante la sobreexpresion de la TcG6PDH fusionada a una proteina GFP habia reportado que la
TcG6PDH se localizaba principalmente en el citosol y también en glicosomas, a pesar que esta
proteina carece de secuencias de sefial de exportacion al glicosoma (PTS1 o PTS2) (Duffieux et
al., 2000; Igoillo-Esteve and Cazzulo, 2006), para las formas amastigosta, tripoamastigota vy
tripoamastigota metaciclico (Igoillo-Esteve, 2005). Dado que la fusion de un tag proteico a una
proteina multimérica como lo es la TcG6PDH puede alterar su estado oligomeérico nativo y/o
enmascarar sitios de exportacion, es que realizamos varios intentos por co-localizar con
glicosomas la proteina expresada sin tag en T. cruzi. Sin embargo los anticuerpos recibidos no
fueron lo suficientemente especificos para cumplir ese proposito. No obstante, adn no podemos
descartar que TcG6PDH presente una distribucion subcelular similar a la determinada para T.

brucei. Esta distribucion dual también se observa en células de mamiferos, donde las
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proporciones de localizacion en citosol y peroxisomas, varian dependiendo del tipo celular o si se

trata de células normales o tumorales (Frederiks et al., 2006).

En resumen, este estudio permitid definir el sitio de unidén de esteroides a la TcG6PDH,
aproximarnos a comprender las bases estructurales que determinan la especificidad de varios
analogos por esta enzima, identificar derivados selectivos contra la proteina del patdgeno,
confirmar G6PDH como blanco molecular de la accion tripanocida de EA y proponer como

predominantemente citosolica a la localizacion de esta proteina en epimastigotas de T. cruzi.

4.4 Implicancias de los hallazgos de esta tesis para el disefio de inhibidores selectivos

contra la G6PDH de tripanosomatidos

Los aportes de este trabajo representan informacion valiosa para el disefio de nuevas estrategias

para la inhibicion selectiva de la G6PDH de tripanosomatidos.

Comprobamos que existen diferencias relevantes a nivel de conformacion oligomeérica entre la
TcG6PDH y su contraparte humana. Por un lado tenemos a la proteina humana que presenta un
equilibrio muy dinamico y sensible a las condiciones del ambiente que involucra la
interconversion de tres especies, mondmero (inactivo), dimero y tetramero (activos), siendo la
forma dimérica la predominante en condiciones fisiolégicas. En contraposicion tenemos a la
proteina de T. cruzi que presenta una conformacion tetrameérica no covalente muy estable,
donde la disrupcion de la misma lleva a la formacion de especies diméricas que son
significativamente menos activas (70% menos activas que el tetramero). La interfase
tetramérica de la proteina de T. cruzi presenta una cavidad polar capaz de admitir la entrada de
moléculas pequefas, ademas de estar estabilizada por interacciones simétricas, lo que significa
que de identificar un compuesto o generar un péptido que sea capaz de desestabilizar la
interaccion R323/D332/E333, podria conducir a la ruptura del tetramero y de esta manera
disminuir significativamente su actividad. La ventaja de esta técnica es que la selectividad del
“compuesto hipotético” por la proteina del parasito no es tan relevante, visto que la proteina
humana no sblo carece de esta cavidad polar en su interfase tetramérica (requisito
indispensable para poder unir inhibidores) sino que en caso de disociar su estructura tetramérica
no estariamos afectando su actividad, porque como mencionamos anteriormente el dimero es
activo. Para validar la factibilidad de esta estrategia de inactivacion antes deberia comprobarse

si T. cruzi seria capaz de subsistir sdlo con un 30% de actividad G6PDH en condiciones normales
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0 de estrés, como podria representar su exposicion a un farmaco citotoxico (por ej. terapia
combinada). Alternativamente, podria trabajarse en el disefio de moléculas que a su vez
interfieran con la dimerizacion de la proteina. Esta propuesta esta fundamentada en las bases de
la inactivacion que ejerce la proteina oncogénica p53 de células mamiferas sobre la G6PDH. En
células normales, p53 interacciona con la hG6PDH, induciendo un cambio conformacional capaz
de desensamblar el estado dimérico (forma activa) de la enzima y mantenerla en su estado
monomeérico (inactivo), esta unidn ocurre de manera transitoria y conlleva a la pérdida de un
20% de la actividad enzimatica (Jiang et al., 2011). Se ha observado que para algunos tipos de
cancer, p53 presenta mutaciones especificas que le impiden desensamblar el dimero de la
G6PDH, lo que se acompana de un incremento en la actividad de hG6PDH que se correlaciona
con diferentes prondsticos y sitios de metastasis. Haciendo uso de la informacién derivada de
esta interaccion selectiva entre ambas proteinas, el grupo de Obiol ha reportado la generacion de
un péptido de 14 residuos que es capaz de impedir la formacion del dimero dando ludar a la
inactivacion de la G6PDH (Obiol-Pardo et al.,, 2014) Si bien resulta atractiva esta estratedia,
consideramos que el descubrimiento de moléculas con caracteristicas de farmacos (bajo peso
molecular, equilibrio entre polaridad v lipofilicidad) capaces de monomerizar o dimerizar a la

TcG6PDH podria ser complejo.

Otra de las caracteristicas diferenciales que presenta esta enzima es la capacidad de
incrementar en un 20% su actividad en condiciones no reductoras. Este tipo de redqulacion se
encuentra confinada a una region N-terminal comin a los kinetoplastidos (datos no mostrados)
gue contiene a la cisteina 8, que es exclusiva de la proteina de T. cruzi. Si bien esto permitiria
disefar inhibidores selectivos contra esta enzima, esta estrategia de inhibicion, al igual que la de
disrupcion del tetramero, requiere de estudios adicionales que demuestren que impedir un
incremento del 20% en la actividad de la TcG6PDH es deletérea para la sobrevida del parasito.
Ademas, vale la pena recordar que se ha reportado que frente a estrés oxidativo T. cruzi es capaz
de incrementar la expresion de la misma, lo cual hace suponer que inhibir su activacion podria
ser compensada con una mayor expresion de la misma. También debe tenerse en cuenta que al
tratarse de una region exclusiva de la enzima de T. cruzi un abordaje de este tipo no seria luego

trasladable a otras especies.

A pesar que las G6PDHs presentan una elevada conservacion de secuencia a nivel de sitio
catalitico, existen diferencias estructurales y variaciones en los residuos secundarios que dan
forma al sitio activo. Uno de los aportes mas importantes de este proyecto fue la resolucion de la
estructura tridimensional de la TcG6PDH asi como la identificacion del sitio de unidn de los
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derivados esteroides. A su vez pudimos confirmar que la selectividad especie-especifica
observada para algunos derivados esteroideos (serie de derivados esteroideos especificos de
hG6PDH, 16 BreA, y la refractariedad de LmG6PDH frente a EA y DHEA) tiene su correlacion a
nivel estructural. Por otro lado, existe evidencia experimental que muestra que derivados
esteroideos son capaces de inhibir a la G6PDH de T. cruzi y T. brucei, y pre-clinica donde el
tratamiento de animales chagasicos con DHEA se ha correlacionado con una disminucion
significativa de la parasitemia y mejor pronostico de sobrevida de los animales infectados
(Filipin et al., 2010; Santos et al., 2010). Tal como lo sudiere nuestro estudio, los esteroides aln
presentan potencial como scaffolds que pueden ser optimizados para incrementar su
selectividad contra las G6PDH de tripanosomas vy para anular su actividad hormonal. Ejemplos
de esto Ultimo lo constituyen los analogos producidos por el Dr. Donald Pourier los cuales
carecen de actividad androgénica y estrogénica (Maltais et al., 2015; Poairier, 2013) vy seria

interesante testear contra TcG6PDH.

Contar con la informacion estructural y los modelos dgenerados en este proyecto, aporta
herramientas e informacion valiosa para investidar el sitio de union de los recién descubiertos,
inhibidores acompetitivos de TcG6PDH que son no esteroideos y pertenecen a las familias de las
quinazolinonas vy las tienopirimidinas. Estos compuestos presentan la ventaja de no presentar
efectos secundarios androgénicos. Ademas se reportd que el compuesto mas potente del grupo
de las quinazolinonas presenta actividad tripanocida similar a la del benznidazol y compite con
el sitio de union de la EA (Mercaldi et al. 2014). Segun estos resultados podemos inferir que esta
quinazolinona se estaria uniendo a la misma region que EA, la cual identificamos en este trabajo
de tesis. Esto es muy alentador en términos de disefio racional de farmacos ya que los modelos
estructurales con los cuales contamos han sido validados bioguimicamente y permitirian realizar

dockings para quiar el disefio racional de farmacos selectivos y potentes.

En base a los aspectos diferenciales que hemos identificado para la G6PDH humana y del
patégeno podemos destacar que la estratedia mas viable para el desarrollo de moléculas con
potencial farmacoldgico deberia centrarse en inhibidores acompetitivos que presenten un

mecanismo de union selectivo, tal como parece ser el caso de los esteroides (o quinazolinas).
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4.5 ¢Es la G6PDH de Trypanosoma cruzi un buen blanco de farmacos?

Para validar a la TcG6PDH como blanco molecular de farmacos se deben cumplir varios
requisitos, entre ellos: debe ser indispensable para el parasito, estar ausente o en su defecto, no
ser esencial para el hospedero, y ademas ésta debe presentar diferencias bioquimicas o
estructurales con su contraparte humana que permitan el disefio de farmacos selectivos vy
potentes (Gashaw et al,, 2011; Wyatt et al.,, 2011). Estas caracteristicas se detallan y discuten

para la TcG6PDH de manera critica y a continuacion, ver figura 7.

@ Indispensable para el parasito

@ No escencial en el hospedero mamifero @ Cumple con el requisito

@ Drog_]l.)le Cumple parcialmente con el requisito
@ No cumple con el requisito

@ Ensayo disponible para monitorear su funcion

Potencial resistencia

@ Codificada por una sola copia
@ No isoformas

@ No existen vias metabdlicas o proteinas que
reviertan el efecto de inhibicion

@ Informacion estructural disponible

@® Huesped
@ Hospedero
@ En complejo con ligandos

@ Diferencias bioquimicas y/o estructurales con su homlogo

Figura 7. Requisitos necesarios para ser un buen blanco de farmacos.
Se muestran los requisitos que debe cumplir la TcG6PDH para ser validada como potencial blanco de
farmacos. En circulos y codigo de colores se muestra el grado de cumplimiento de dichos requisitos.

Como mencionamos anteriormente, la TcG6PDH cumple un rol central en el metabolismo del
parasito y suprimir su actividad conduce a su muerte. Como se pudo probar para los
tripanosomas, la inhibicion selectiva de la misma afecta simultaneamente tres vias metabdlicas
vitales. A pesar que la hG6PDH cumple funciones similares a la proteina del parasito, bajo
condiciones fisioldgicas su actividad es totalmente dispensable para los humanos. De hecho, la
deficiencia de G6PDH es la enzimopatia mas comin en nuestra poblacion, afectando a mas de
400 millones de personas en el mundo y cuyo fenotipo se caracteriza principalmente por una
anemia hemolitica que puede presentar distintos grados de severidad dependiendo el grado de

inactivacion de la enzima. Inclusive, se ha observado que en rediones endémicas para malaria
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esta enzimopatia muestra los fenotipos mas severos, aportando resistencia contra Plasmodium
falciparum, lo que significa una ventaja adaptativa para los portadores. Si bien esta dependencia
parcial del ser humano por la enzima permitiria reducir el nivel de exigencia farmacologica para
los compuestos candidatos, en realidad la deficiencia en G6PDH vy los riesgos para la salud que
una inhibicion adicional de la enzima podria acarrear en los pacientes, no hace mas que destacar
que el disefo de inhibidores contra la enzima del patdédeno debe apuntar a la creacion de

compuestos altamente selectivos.

Tal como lo destaca la presencia de inhibidores contra esta enzima, la TcG6PDH presenta
regiones que son accesibles a moléculas que pueden unirse a las mismas e interferir con la
actividad o estabilidad de la proteina. Ademas de cumplir este requisito, la existencia de
inhibidores selectivos para la TcG6PDH (ej. ciertos derivados de esteroideos, tioenopirimidinas o
quinazolinonas) sudiere que dichos sitios no estan compartidos con la enzima del hospedador o

bien son sustancialmente diferentes.

Por otro lado, para ser considerado como un buen blanco debe ser posible contar con un método
versatil para evaluar su funcionalidad. La GBPDH cumple con dicho requerimiento, ya que existen
ensayos enzimaticos directos para monitorear su funcion, como es el caso del sequimiento de la
produccion de NADPH por espectrofotometria o fluorescencia. También se puede acoplar la
medicion de su actividad a la reaccion de la diaforasa (Preuss et al.,, 2012b), lo cual rinde un
ensayo mas robusto y significativamente menos costoso que el anteriormente mencionado.
Otras de las limitantes que debe sortear un buen blanco de farmacos son los bajos niveles de
expresion de proteina activa y los problemas de estabilidad. En este sentido, tanto en trabajos
anteriores a esta tesis (Ortiz, 2012; Whenert, 2012) como durante la misma, se han logrado
optimizar los niveles de expresion y purificacion de la TcG6PDH asi como también identificar

condiciones Optimas para su almacenamiento a largo plazo.

Otro punto importante es que el blanco molecular posea una baja probabilidad de dar lugar al
desarrollo de resistencia. Al respecto, es ideal que el blanco no esté codificado por mas de una
copia ni que presente distintas isoformas. Ademas no deberia tratarse de una especie abundante
en las formas infectivas del parasito o presentar redundancia funcional con otras proteinas o
vias metabdlicas accesorias que subroguen su funcion. De todas estas caracteristicas, los puntos
débiles que presenta la proteina de T. cruzi es hallarse codificada por 3 genes, lo cual por otro
lado destaca la relevancia funcional que la misma tiene para el parasito, y que sus niveles de

expresion se ven incrementados en las formas infectivas o bajo condiciones de estrés oxidativo.
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Por otro lado, creemos que es poco probable que otras proteinas productoras de NADPH (malato
deshidrogenasa, isocitrato desidrogenasa y glutamato deshidrogenasa) puedan revertir el efecto
letal que conlleva la inhibicion de la G6PDH ya que su inhibicién no solo afecta el pool de
NADPH, sino que también impacta en la sintesis de ribonucle6tidos y en la generacion de

intermediarios de la glicolisis.

El tener acceso a informacion estructural del blanco molecular se considera ventajoso ya que
facilita el disefio racional de inhibidores selectivos asi como el screening virtual de grandes
bibliotecas de compuestos. Tal como quedd demostrado en este trabajo de tesis, el contar con la
estructura de la G6PDH del huésped y el patddeno nos permitid estudiar en detalle ambas
estructuras, posibilitando la identificacion de regiones relevantes para la modulacion especie-
especifica de la actividad enzimatica y la interaccién con ligandos, asi como la realizacion de
estudios de dinamica molecular que facilitaron comprender el modo de unién de ciertos
inhibidores. De la caracterizacion estructural y bioquimica se desprende que la TcG6PDH
presenta caracteristicas diferenciales respecto de la enzima humana como ser la region N-
terminal con funcion reguladora redox o el residuo R323 responsable de la tetramerizacion, asi
como la ausencia de sitio de unidon de NADP estructural o la disposicion de los residuos
secundarios que dan forma al sitio activo de la proteina. Tal como se menciond en la seccion
anterior, la disrupcion de la estructura oligomeérica de la proteina como estrategia de inhibicion
de la actividad enzimatica no es la mas adecuada, y tampoco parece serlo el blogueo de la
formacion del disulfuro intermolecular que activa a la proteina. Sin embargo, diferencias sutiles
en el sitio activo de la enzima de T. cruzi podrian explotarse con el fin de ganar selectividad en la

inhibicion de esta enzima, tal como lo indican nuestros resultados con los analogos de EA.

Por Gltimo, considerar a la G6PDH como buen blanco de farmacos va mas alla de la evidencia
experimental y los resultados tedricos, sino también abarca los posibles efectos adversos que
pueden ocasionar sus inhibidores en el hospedero. Y no menos importante, para esta
enfermedad catalodada dentro de las NTDs también se debe considerar el aspecto econémico

con respecto a posibilidades de produccion y accesibilidad de los nuevos farmacos.

Teniendo en cuenta todo lo anteriormente mencionado podemos validar a la G6PDH de

Trypanosoma cruzi como blanco para el disefio racional de farmacos antichagasicos.
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Capitulo 5

CONCLUSIONES Y PERSPECTIVAS
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5.1 Conclusiones

En linea con la necesidad de contar con farmacos mas sequros y eficaces para tratar la

enfermedad de Chagas, se concretaron los objetivos planteados en este Proyecto de Doctorado.

En este trabajo de tesis se emplearon diferentes abordajes para cumplir con los objetivos
propuestos, entre los cuales incluimos: estudios bioquimicos, fisicogquimicos y estructurales;
evaluamos interacciones proteina-ligando, determinamos parametros cinéticos de las formas
salvajes y diferentes mutantes puntuales o de delecion y establecimos su relevancia bioldgica
mediante la validacion quimica con EA. También, estudiamos el modo y mecanismo de accion
de diferentes inhibidores y analizamos en detalle los sitios de unién a ligandos vy los
comparamos con otras G6PDHs para identificar que aminoacidos son esenciales para la catalisis.
Todos estos estudios nos proporcionaron informacion que puede ser muy Gtil para guiar el
disefio racional de farmacos. A su vez, para evaluar la actividad biolégica de los inhibidores a
nivel celular, disefiamos un ensayo citoquimico especifico para la deteccion in situ de actividad
G6PDH. Se caracterizd bioguimica y estructuralmente la glucosa-6-fosfato deshidrogenasa que

mostrd ser esencial para el metabolismo energético y biosintético de Trypanosoma cruzi.

Entre los resultados obtenidos se destaca la resolucion de la estructura tridimensional de la
forma truncada de la G6PDH de T. cruzi, lo que significd un aporte muy importante al area de la
parasitologia y de las ciencias biomédicas en general. Contar con la primer estructura reportada
para una G6PDH proveniente de un organismo patdégeno, nos abrid las puertas para llevar
adelante nuevos estudios con inhibidores ademas de brindar informacion valiosa para

comprender el rol bioldégico de la misma.

Por otro lado la combinacion del analisis estructural junto con la caracterizacion bioquimica y los
ensayos in silico con inhibidores representd un aporte muy valioso al area de la farmacologia, ya
que sientan las bases para el disefio racional de nuevos compuestos y/o la optimizacion de otros
ya existentes. Esto incrementa las posibilidades de generar nuevos farmacos o terapias
combinadas, mas eficaces, selectivas y accesibles que podrian ser la solucidn a este viejo

problema.

En suma, se generd una bateria de resultados variados que complementados con los generados
por otros grupos nos permitieron validar a la glucosa-6-fosfato deshidrogenasa de Trypanosoma

cruzi como blanco para el disefio racional de farmacos anti-chagasicos.
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5.2

Perspectivas

Puesta a punto de un método para el screening in vitro para la identificacion potenciales
inhibidores de la TcG6PDH, adaptando a formato HTS el ensayo enzimatico acoplado a la
reaccion de la diaforasa, que emplea NADPH como sustrato para convertir resazurina en
el compuesto fluorescente resorfurina. Se emplearan los inhibidores mencionados en
este trabajo, para luedo proceder a la evaluacion de nuestra propia biblioteca de
compuestos (mas de 850 entidades quimicas). Finalmente, se planea realizar un cribado
masivo de compuestos contra la TcG6PDH empleando técnicas de alto rendimiento en
unidades robadticas.

Detectar si alguno de los 50 hits obtenidos del screeninig virtual* de mas de 6 millones
de compuestos que se realizd empleando como templado la estructura 3D de la
TcG6PDH vy el scaffold del inhibidor epiandrosterona (EA) se comporta como potencial
inhibidor de la TcG6PDH. Para ello se planea evaluar in vitro y en cultivo de parasitos
parte de los 50 hits obtenidos.

Dado que la obtencion de datos estructurales para cristales de la forma larda de la
TcG6PDH ha sido infructuosa, intentaremos resolver esta region N-terminal mediante la
generacion de modelos estructurales in silico, asi como comprender su funcion mediante
la identificacion del sequndo residuo de cisteina involucrado en le formacion del
disulfuro intermolecular empleando la estratedia de mutantes puntuales.

Evaluar el blanco molecular y modo de accion de los inhibidores identificados

empleando ARNi de TbG6PDH dgenerados por la estudiante.
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“If you assume that there is no hope, you guarantee that there will be no hope. If you assume
that there is an instinct for freedom, that there are opportunities to change things, then there is a

possibility that you can contribute to making a better world.”

-Noam Chomsky-
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