Universidad del VNiVSi])A])
Rosario P SALAMANCA
ESTUDIO DE INTERACCIONES HOSPEDERO-PATOGENO Y
PROTEINA-PROTEINA EN Plasmodium vivax: EVALUACION DE LAS
PROTEINAS DEL CUELLO DE ROPTRIAS -2, -4 Y -5Y DEL ANTIGENO
APICAL DE MEMBRANA-1

Gabriela Arévalo Pinzon M.Sc.

Trabajo de grado presentado como requisito para optar al titulo de Doctor en Ciencias
Biomédicas de la Universidad del Rosario y Doctor de la Universidad de Salamanca dentro del

Programa de Salud y Desarrollo en los Tropicos

BOGOTA D.C., 2018



Universidad.del VNiERSiD AD
Rosario P SALAMANCA

ESTUDIO DE INTERACCIONES HOSPEDERO-PATOGENO Y
PROTEINA-PROTEINA EN Plasmodium vivax: EVALUACION DE LAS
PROTEINAS DEL CUELLO DE ROPTRIAS -2,-4Y -5 Y DEL ANTiGENO
APICAL DE MEMBRANA-1

Gabriela Arévalo Pinzon M.Sc.

Directores
Manuel Alfonso Patarroyo Gutiérrez M.D., Dr.Sc.

Fundacién Instituto de Inmunologia de Colombia (FIDIC) - Universidad del Rosario

Manuel Fuentes Garcia M.D., PhD

Centro de Investigacion del Céancer - Universidad de Salamanca

Tutor
Pedro Fernandez-Soto PhD

Universidad de Salamanca

DOCTORADO EN CIENCIAS BIOMEDICAS
UNIVERSIDAD DEL ROSARIO
DOCTORADO EN SALUD Y DESARROLLO EN LOS TROPICOS
UNIVERSIDAD DE SALAMANCA
BOGOTA D.C., 2018



v

Aprobado por el tribunal evaluador en cumplimiento de los
requisitos exigidos para otorgar al titulo de Doctor en Ciencias
Biomédicas de la Universidad del Rosario y Doctor de la
Universidad de Salamanca.

Dr. Paul Laissue Hormaza M.D., M.Sc., PhD

Jurado Universidad del Rosario

Dra. Concepcion Judith Puerta Bula PhD

Jurado Pontificia Universidad Javeriana

Dr. Julio Lopez Aban PhD

Jurado Universidad de Salamanca



A lo mas preciado de mi mundo: mi familia:

Marlén, Juan Manuel, William y Elena



Vi

AGRADECIMIENTOS

A mi director, Manuel Alfonso Patarroyo, quien considero ha sido mi maestro y me ha guiado por este
mundo de la ciencia y a quien admiro por su perseverancia en seguir formandonos...gracias por creer en
mi, incluso mas de lo que yo confio en mi.

A mi jefe, Manuel Elkin Patarroyo, por permitir formarme en uno de los mejores institutos de
investigacion...que sepa que, en tanto pueda, seguiré alli.

A mi amigo, compaiiero y jefe de grupo, Hernando Curtidor....por escucharme, tenerme paciencia, pero
lo mas importante, apoyarme en cada paso en esta formacion doctoral.

Al Dr Manuel Fuentes por recibirme en su laboratorio y por ser parte de este proyecto de investigacion.

A Julio Lépez Aban, quien me acompafio en una de las experiencias mas enriquecedoras para mi
investigacion, y quien, con su insistencia, permitié hacer realidad el vinculo Rosario-Salamanca.

A todas aquellas personas que pertenecen y a las que pasaron por el grupo de Receptor-Ligando, e hicieron
parte de este proyecto.

Al grupo funcional de Biologia Molecular e Inmunologia, por ensefiarme parte de sus conocimientos y
acogerme en su grupo durante mucho tiempo.

A mis amigas, compafieras y estudiantes, Maritza Bermudez y Diana Hernandez, ...;qué satisfactorio ha
sido conocer y trabajar con personas como ustedes!

A Andrés Moreno, un compafiero excepcional, con quien comparto y disfruto de la investigacion en
malaria.

A todos mis estudiantes de pregrado de la Universidad Colegio Mayor de Cundinamarca, a quienes
tuve el privilegio de dirigir su tesis.

A mi mas sincera amiga Giovanna Fernanda....amiga, que sean muchos aflos mas...que sigas ahi,
...siempre.

A mi amiga y profesora Ruth Sanchez, quién sino ella, para creer en mi talento.
A mi Tia Martha por hacer mi vida sencilla...por cuidar de lo que mas amo.

A la Universidad del Rosario y en especial a la Escuela de Medicina y Ciencias de la Salud y a la Facultad
de Ciencias Naturales y Matematicas, por abrirme la puerta hacia mi formacion doctoral y brindarme los
medios para culminar satisfactoriamente mis estudios.

A los Doctores Luisa Matheus y Paul Laissue, por su ayuda en este proceso de formacion doctoral.
Gracias por sus ensefianzas.

A la Universidad de Salamanca y, en especial, a los Doctores Antonio Muro y Esther del Olmo, por su
ayuda y colaboracion en este proceso de doble titulacion.

A COLCIENCIAS, por su apoyo en la financiacion de mis estudios doctorales.



Vil

LISTA DE FIGURAS

Figura 1. Paises endémicos de paludismo en 2000 y 2016..........cocuirriiriiiinieniieieeieeeeeeeeee e 2

Figura 2. Modelo de formacion del enlace fuerte propuesto para los parasitos Apicomplexa 7.

GONAILY P. fAICIDATUN. ...ttt ettt ettt ettt e st e b e aaeenneas 5
Figura 3. Ciclo de vida de Plasmodium en el humano. ...........ccccoceviiniiiiniiniininincceicneee 10
Figura 4. Proceso de invasion de los merozoitos de Plasmodium a eritrocitos humanos............ 12
Figura 5. Interacciones proteina-proteina descritas en P. falciparum. .............cccccceveveveenenanen. 78

Figura 6. Modelo propuesto para las interacciones hospedero-patdgeno y proteina-proteina
durante la invasion de merozoitos de P. vivax a reticulocitos humanos. ...........ccccceevveeiienienneen. 82

Figura 7. Esquema general de NAPPA.........oooiiiii s 85



Vil

LISTA DE ANEXOS

Anexo 1 “Self-assembling functional programmable protein array for studying protein-protein

Interactions in MAalaria PATASIEES™ ........cevieeriierieeiieriie et eete et e it e et eesteeebeeaeeesbeeseeenseenseesnseenseas 101



LISTA DE ABREVIATURAS
Abreviatura Término
ADNc ADN complementario
AMAL1 Apical Merozoite Antigen-1
ARP Asparagine Rich Protein
AVEXIS Avidity-based Extracellular Interaction Screen
CME Células Madre Embrionicas
CMH Complejo Mayor de Histocompatibilidad
CMHem Células Madre Hematopoyéticas
CSp Circumsporozoite Protein
CyRPA Cysteine-Rich Protective Antigen
cHABPs Conserved High-Activity Binding Peptides
DAPA protein arrays from DNA
DARC Duffy Antigen Receptor for Chemokines
DBL Dufty Binding Ligand
DBP Dufty Binding Protein
EBA Erythrocyte Binding Antigen
EBL Erythrocyte Binding-Like
EBP Erythrocyte Binding Protein
FIDIC Fundacion Instituto de Inmunologia de Colombia
GAMA GPI-Anchored Micronemal Antigen
GPI Glycosylphosphatidylinositol
GST Glutathione S-Transferase
INS Instituto Nacional de Salud
IMPIPS Immune Protection-Inducing Protein Structures
IPP Interacciones Proteina-Proteina
kD Dissociation equilibrium constant
Kon Velocidades de asociacion
Ko Velocidades de disociacion
MSPs Merozoite Surface Proteins
MTI Mosquiteros Tratados con Insecticidas
mHABPs Modified HABPs
NAPPA Nucleic Acids Programmable Protein Arrays
OMS Organizacion Mundial de la Salud
PISA Protein in situ arrays
PvAMA-DI-II Dominio [ y IT de PvAMAL
PvAMA-DII-III Dominio II y III de PvAMAL
PYRON2-RI Region central de PVRON2
PyRON2-RII Region carboxi-terminal de PvRON2
RAP Rhoptry-Associated Proteins
RRL Rabbit Reticulocyte Lysate
RONs Rhoptry Neck Proteins
RBP Reticulocyte Binding Protein
Rh Reticulocyte-binding protein homologues
RCT Receptor de Células T
SCU Sangre de Cordon Umbilical
SIVIGILA Sistema de Vigilancia en Salud Publica
TRAMP Thrombospondin-Related Apical Merozoite Protein
VCG-1 Vivax Colombia Guaviare 1

WGE

Wheat Germ Extract



TABLA DE CONTENIDO

RESUMEN L.ttt ettt st ettt e b ettt sbe et st e sbeebeeanenaeenee XI
SUMMARY ..ttt ettt ettt ettt sae ettt s bt e sbe et e e et e sbeetesaeesbeentens XIV
1. Introduccion General..............cccooiiiiiiiiiiiiiiiet et 1
20 HEPOTESIS ..ottt ettt ettt sttt e et e e bee et e eneeenee 7
Je ODBJEEIVOS.......oiiiiiiieeee ettt sttt st e s e 8

3.1 ODbjJetivo General.............cocoooiiiiiiiiiiiiecc e 8

3.2 ODbjetivos eSPecifiCos. ..........ccooriiiiiiiiiiiiii e 8
4 Identificacion de Nuevos Antigenos en Plasmodium vivax...................ccccccovveeioienienanene. 9
5 Caracterizacion de Interacciones Hospedero-Patégeno en P. vivax ...........c.ccccceeeneee. 41
6. Caracterizacion de Interacciones Proteina-Proteina en P. vivax ............c..cccccoceveennenne. 77

6.1 Aplicando arreglos de proteinas programable de acidos nucleicos para medir

interacciones proteina-proteina e€n P. VIVAX ............ccccoooiiiiiiiiiniiieiieeie et 82
CONCLUSIONES ...ttt ettt ettt s b e s bbbttt et et e saesbe i 87
PERSPECTIVAS GENERALES .....ooiiitiiiiiiteeeereese ettt 88
REFERENCIAS BIBLIOGRAFICAS.........oouoeoeeeeeeeeeeeeeeeeeeeeeeee e ees s, 89

ANEXOS ettt 100



Xl

RESUMEN

La malaria es una de las enfermedades tropicales transmitidas por vectores mas importantes a nivel
mundial, donde Plasmodium vivax representa una de las especies mas ampliamente distribuidas,
afectando ~13.8 millones de personas por afio. Pese a ello, el progreso aparentemente lento de la
infeccion y los niveles bajos de parasitemia en el humano, comparados a lo reportado en
Plasmodium falciparum, han llevado a clasificar a la infeccion por P. vivax errbneamente como
benigna. Esto, sumado a los retos experimentales que trae consigo el cultivo de este parasito,
obstaculizan en gran medida el conocimiento a nivel biologico, celular y molecular, necesario para
el desarrollo de métodos de control efectivos contra P. vivax.

Hoy en dia, se conoce que un inadecuado diagnostico, el mal manejo terapéutico y/o el retraso en
el tratamiento, pueden llevar a recaidas y estados de enfermedad grave, similares a los reportados
para la malaria producida por P. falciparum, lo que impone retos en la busqueda de nuevas
alternativas especificas contra esta especie. Teniendo en cuenta la necesidad de identificar posibles
blancos terapéuticos contra P. vivax, este trabajo se enfoco en estudiar interacciones del tipo
receptor-ligando y proteina-proteina de moléculas de P. vivax localizadas en los organelos apicales
de esquizontes intraeritrociticos.

Basados en estudios previos en P. falciparum y Toxoplasma gondii, donde se describe la
importancia funcional de las proteinas localizadas en el cuello de las roptrias (RONs) -2, -4y Sy
del antigeno apical de membrana 1 (AMAL1), se caracteriz6 en P. vivax la unién de cada una de
estas proteinas con reticulocitos humanos y se evalu6 la capacidad de PvRON2 para establecer
interacciones con las proteinas PYRON4, PvRONS5 y PvAMAI. Para esto, inicialmente se

caracterizoO mediante herramientas bioinformaticas y experimentales la presencia de los genes
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pvrondy pvron5 en el genoma y transcriptoma de esquizontes de la cepa Vivax Colombia Guaviare
1 (VCG-1) de P. vivax. Estos dos genes codifican proteinas de alto peso molecular que se expresan
en el polo apical de esquizontes y co-localizan con proteinas presentes en las roptrias. Para evaluar
la capacidad de interaccion de las proteinas PYVRON2, PvYRON4, PYRONS y PvAMAI1 con
receptores sobre la membrana de reticulocitos humanos, todas ellas fueron producidas de forma
recombinante y purificadas mediante cromatografia de afinidad.

Se encontrd que la proteina recombinante PYRONS se uni6 tanto a normocitos como a reticulocitos
CD71", con una marcada preferencia por reticulocitos humanos. Por su parte, las proteinas
recombinantes que incluyen los dominios [ y I de PvAMA-1 (PvAMA-DI-DII), la region central
de la proteina PYVRON2 (PvRON2-RI) y la region carboxi-terminal de PvRON4, interactian
especificamente con reticulocitos CD71°CD45". Los estudios de competencia de union con
péptidos sintéticos que cubren las secuencias de las proteinas recombinantes mostraron que los
péptidos 21270 (derivado del DI de PvAMAT), 40305 (de PvRON4) y 40595 (de PYRON2-RI)
fueron capaces de inhibir la union de las proteinas recombinantes a reticulocitos CD71"CD45", lo
que sugiere que estas secuencias peptidicas contienen parte de las propiedades de union de cada
una de las proteinas de las que derivan. Los tres péptidos se unen especificamente y con alta
afinidad a eritrocitos con porcentajes de unidn mayores al 2% (obtenidas de las curvas de union
especifica), permitiendo catalogarlos como péptidos con alta capacidad de union a eritrocitos
(HABPs, del inglés High Activity Binding Peptides). La union de las proteinas PvAMALI y
PvRON4 a eritrocitos humanos fue sensible al tratamiento de los eritrocitos con diferentes enzimas
(tripsina, quimotripsina y/o neuraminidasa), sugiriendo que la naturaleza de los receptores para
estas proteinas es de tipo proteico. Estos resultados destacan la funcion de adhesina de las proteinas

evaluadas y revelan las regiones minimas de interaccion con la célula hospedera, que sumado a la
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expresion de estas proteinas en esquizontes intraeritrociticos y su localizacién en organelos
apicales, sugieren una fuerte participacion de estas moléculas durante el proceso de invasion de
los merozoitos de P. vivax a reticulocitos humanos.

Finalmente, mediante resonancia de plasmones de superficie, se caracterizaron las interacciones
entre la proteina PVRON2 con las proteinas PVRON4, PvRONS y PvAMA. Los andlisis revelaron
que la region carboxi-terminal de la proteina PYRON2 (PvRON2-RII) y PYRON2-RI interactian
especificamente y con alta afinidad con el dominio Il y III de PvAMA1 (PvAMA-DII-DIII) y con
una menor afinidad con las proteinas PvAMA-DI-DII, PPRON4 y PvRONS. Al modificar algunos
residuos de la proteina PvAMAI1, reportados en P. falciparum como criticos en la interaccion
RON2-AMALI, no se encontraron diferencias importantes en los valores de las velocidades de
asociacion (Kon), disociacion (Kofr) y en la constante de disociacion de la interaccion (kD). Esto
sugiere que, si bien existen interacciones proteina-proteina (IPP) conservadas entre estos parasitos
(Pv-Pf), cada parésito utiliza distintas regiones de las proteinas para interactuar, lo que resalta su
capacidad para especializarse o restringirse para invadir un tipo de célula especifica y pone de

manifiesto atin mas la necesidad de disefiar medidas de control especificas contra P. vivax.
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SUMMARY

Malaria is one of the most important tropical diseases transmitted by vectors worldwide;
Plasmodium vivax represents one of the most widely distributed species (affecting ~ 13.8 million
people worldwide per year). Despite this, the apparently slow progress of infection and low
parasitaemia levels in humans compared to those reported in Plasmodium falciparum have
erroneously led to P. vivax infection being classified as benign. Added to this, the experimental
challenges involved in culturing this parasite greatly hinder accumulating the biological, cellular
and molecular knowledge necessary for developing effective control methods against P. vivax.

It is known nowadays that unsuitable diagnosis, poor therapeutic management and/or delayed
treatment can lead to relapses and severe disease states similar to those reported for P. falciparum
malaria, thereby imposing challenges regarding the search for new, specific, alternative
approaches to tackling this species. The present work has been focused on studying receptor-ligand
and protein-protein interactions of P. vivax molecules located in intra-erythrocyte schizonts’ apical
organelles regarding the need for identifying therapeutic targets against P. vivax.

Protein interaction with human reticulocytes was characterised in P. vivax and PvRON?2 ability to
establish interactions with PvRON4, PYRONS and PvAMA 1 was evaluated, based on previous P.
falciparum and Toxoplasma gondii studies, describing the functional importance of rhoptry neck
proteins. Work began by using bioinformatics and experimental tools for predicting pvron4 and
pvron$ genes in the P. vivax VCG-1 (Vivax Colombia Guaviare 1) strain’s genome and schizonts
transcriptome. These two genes encode high molecular weight proteins which are expressed at
schizonts’ apical poles and co-localise with proteins in the rhoptries. Such proteins were produced
recombinantly and purified by affinity chromatography for evaluating PvRON2, PvRON4,

PvRONS and PvAMA1 ability to interact with receptors on human reticulocyte membrane.
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Recombinant PYVRONS5 bound to both CD71" normocytes and reticulocytes, having a marked
preference for human reticulocytes. PvAMA1 domains I and II (PvAMA-DI-DII), PvRON2
central region (PvVRON2-RI) and PvRON4 carboxy-terminal region specifically interacted with
CD71°CD45 reticulocytes. Competition studies with synthetic peptides covering recombinant
protein sequences showed that PvAMA 1-derived peptide 21270, PvRON4-derived 40305 and
PvRON2-RI-derived 40595, were capable of inhibiting recombinant protein binding to
CD71°CD45" reticulocytes, suggesting that these peptide sequences contained some of the
evaluated proteins’ binding properties.

The three peptides bound specifically and with high affinity to erythrocytes having higher (2%)
binding percentages (obtained from specific binding curves), thereby allowing their classification
as high erythrocyte binding capacity peptides (HABPs). PvAMA1 and PvRON4 binding to human
erythrocytes was sensitive to erythrocytes treatment with different enzymes (trypsin, chymotrypsin
and/or neuraminidase), suggesting the receptors’ protein type nature. These results highlighted the
adhesin function of the proteins evaluated and revealed minimum host cell interaction regions
suggesting these molecules’ active participation during P. vivax merozoite invasion of human
reticulocytes (along with these proteins’ expression in intra-erythrocytic schizonts and location in
apical organelles).

Surface plasmon resonance was used for characterising PvRON2 interactions with PvRON4,
PvRONS and PvAMAL. This revealed that PPRON2-RI and carboxy-terminal regions (PvRON2-
RII) specifically interacted and with great affinity with PvAMA 1 domain II and III (PvAMA-DII-
DIII) but with less affinity with PvAMA-DI-DII, PvRON4 and PvRONS. No significant
differences were found in interaction association (Kon) or dissociation (Koff) rates or dissociation

constant (kD) values when modifying some PvAMA1 residues reported as being critical in the P.
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falciparum RON2-AMA-1 interaction, suggesting that although conserved interactions between
these parasites (Pv-Pf) have been observed, each parasite uses different regions to interact, thereby

highlighting their ability to specialise or restrict themselves to invading a specific cell type and the

need for designing specific control measures against P. vivax.



1. Introduccion General

La malaria es un problema de salud publica global, causada por parasitos del género
Plasmodium y transmitida a través de la picadura del mosquito Anopheles hembra. Aunque en los
ultimos afos se ha reportado una disminucién del 41% en la incidencia global de malaria y un 62%
en la mortalidad [1], la Organizacion Mundial de la Salud (OMS) reportdé que en 2016 se
presentaron cerca de 216 millones de casos por malaria con un total de muertes a nivel global de
~445.000 [2]. Estas cifras que indican disminucion en el nimero de casos anuales, reflejan los
esfuerzos focalizados en contra de la especie de Plasmodium mas prevalente y mortal en Africa
Subsahariana: P. falciparum. Sin embargo, no se ha prestado igual atencion a controlar la malaria
causada por P. vivax, que es la segunda especie con mayor distribuciéon a nivel mundial y la
causante de la enfermedad tropical mas importante en las Américas (responsable del 64% de las
infecciones) y en algunas regiones del sureste asiatico y del Mediterraneo oriental [2]. Durante el
2016, la transmision de malaria se intensificé de manera significativa en algunos paises de la region
de las américas como Colombia, Ecuador y Venezuela [3] (Figura 1). En Colombia, la malaria
representa un grave problema de salud publica, debido a las condiciones climaticas y geograficas
que lo hacen apto para la transmision de enfermedades tropicales. En el pais durante el 2016, se
notificaron al Sistema de Vigilancia en Salud Publica (SIVIGILA) del Instituto Nacional de Salud

(INS) 83.356 casos de malaria, siendo las especies mas prevalentes P. falciparum 'y P. vivax [3].



[ Paises endémicos de paludismo, 2016 [ Paises endémicos de paludismo en 2000, no endémicos en 2016
1 Paises no endémicos de paludismo, 2000 B8 No aplica

Figura 1. Paises endémicos de paludismo en 2000y 2016.
Fuente: Figura tomada de la base de datos del Reporte Mundial de Malaria del 2016 [1].

Es de resaltar que, aunque por mucho tiempo la infeccion por P. vivax ha sido considerada
benigna, alrededor del 35% de la poblacion mundial (2.500 millones de personas) se encuentra en
riesgo de infeccion [1, 4] y actualmente existen reportes que muestran un incremento en el nimero
de casos de enfermedad severa y muerte atribuidos exclusivamente a esta especie parasitaria [5-
71]. Por otra parte, las caracteristicas biologicas y epidemioldgicas de P. vivax, como su capacidad
de invadir selectivamente reticulocitos, de permanecer latente en forma de hipnozoito durante el
estadio hepatico (que conduce a recaidas y ataques clinicos repetidos) [8], de formar gametocitos
infecciosos en las fases tempranas de la infeccion, incluso antes de la aparicion de los sintomas, y
de la capacidad del vector transmisor de sobrevivir en zonas templadas, imponen retos importantes,
no solo en el tratamiento y eliminacion de la malaria por P. vivax, sino en abordar el estudio a

nivel bioldgico de este parasito [9-11].

Teniendo en cuenta que el conocimiento de la biologia de P. vivax puede aumentar los blancos

de accidn sobre este patdogeno, una de las alternativas es identificar antigenos de P. vivax presentes



en las formas invasivas del parasito y caracterizar, ademas, la capacidad de estos nuevos antigenos
para formar complejos macromoleculares y/o interactuar con receptores sobre reticulocitos
humanos durante el proceso de invasion. Hoy en dia, se conoce que en muchos procesos celulares
de los microorganismos, las proteinas median, a través de la formacion de complejos reversibles
o irreversibles con otras macromoléculas (tales como proteinas o 4cidos nucleicos), una red de
estructuras y respuestas biologicas claves para la patogenicidad, invasion a la célula hospedera y

supervivencia [12-14].

Sin embargo, existen diferentes retos metodologicos a la hora de abordar el estudio a nivel
molecular de P. vivax, principalmente porque no se cuenta con una fuente estable y continua de
material genético y proteinas de esta especie, sumado a la dificultad de obtener altas cantidades de
muestras enriquecidas en reticulocitos humanos para los estudios funcionales [15, 16]. Estos dos
inconvenientes, se traducen en la falta de un cultivo continuo in vitro, lo que impide ademas, el
uso de aproximaciones genéticas para estudiar el rol de las proteinas durante el ciclo de invasion
a los reticulocitos [16]. Estudios utilizando cepas de P. vivax adaptadas a primates no-humanos
[17, 18] o el uso de sangre de pacientes infectados [19], han permitido el desarrollo de
aproximaciones comparativas con otras especies de Plasmodium [20] y han proporcionado una
fuente importante de material parasitario para el desarrollo reciente de ciencias 6émicas con este

parésito [19, 21-24].

En este contexto, la Fundacion Instituto de Inmunologia de Colombia (FIDIC), ha desarrollado
una aproximacion comparativa para caracterizar e identificar en P. vivax, antigenos involucrados
en la invasion, previamente descritos en P. falciparum, como potenciales candidatos a vacuna [25-
27]. Con esta metodologia, hasta el 2013 se habian caracterizado cerca de 16 proteinas a nivel

mundial en P. vivax [20], en comparacion con las ~60 proteinas identificadas en P. falciparum, de



las cuales, la mayoria ya han sido caracterizadas en detalle y se conocen sus receptores sobre la

membrana de los eritrocitos [28, 29].

El ciclo de invasion de Plasmodium es bastante complejo e involucra dos organelos presentes
en los esporozoitos (invaden células hepaticas) y merozoitos (invaden eritrocitos), denominados
micronemas y roptrias [30]. Ambos organelos contienen un gran numero de proteinas que son
liberadas secuencialmente justo en el momento de invasion, siendo las responsables, junto al motor
actina-miosina, de la reorientacion del parasito sobre su célula hospedera y la formacion de un
enlace fuerte con la membrana del eritrocito que le permite invadir eficientemente [29]. En P.
falciparum, la formacion del enlace fuerte e irreversible estd a cargo de un complejo
macromolecular formado entre proteinas del cuello de las roptrias (RONSs, del inglés Rhoptry Neck
Proteins) -2, -4 y -5 [31-33] y del antigeno apical de membrana 1 (AMAI, del inglés Apical
Membrane Antigen-1) [34]. Se ha propuesto que este complejo actiia a través de la interaccion
independiente de receptores de la célula hospedera, donde los parésitos secretan las proteinas
RONS dentro de la célula diana y RON2 es utilizado por el parésito como receptor para la proteina
AMAL, lo que le permite al pardsito culminar exitosamente su proceso de invasion [35] (Figura
2).

El uso de anticuerpos monoclonales, péptidos o moléculas quimicas orientadas al bloqueo de la
formacion del complejo AMA1-RON2, ha sido una estrategia utilizada por algunos investigadores
para inhibir la entrada de merozoitos de P. falciparum a los eritrocitos [34, 36]. Por otro parte,
estudios de interacciones receptor-ligando han mostrado que la proteina PPAMA-1 (dominio III)
se une a un receptor denominado Kx en la superficie del eritrocito [37], mientras que la proteina
PfRON2 utiliza la region carboxi-terminal para interactuar con la membrana del eritrocito [38].

Péptidos de 20 residuos derivados de la proteina P/RONS interactiian especificamente con



receptores sobre la superficie del eritrocito, que son capaces de inhibir in vitro la invasion de los
merozoitos a la célula hospedera [39]. Lo anterior destaca la importancia de estas proteinas y sus

interacciones, en el proceso de invasion al eritrocito de P. falciparum.

Taquizoito (7. gondii) T. gondii P. falciparum @
) B : AMA1-RON2

T N S

Merozoito (P. falciparum)

Célula
hospedera

Traslocacion a la
membrana de la
célula hospedera

Figura 2. Modelo de formacion del enlace fuerte propuesto para los pardsitos Apicomplexa T. gondii y P.
falciparum.

La proteina RON2 (verde) es anclada sobre la membrana de la célula hospedera mientras la proteina AMAI (morado)
interactua con la region extracelular de RON2. De esta forma, el parasito se une irreversiblemente a la célula
hospedera. El enlace fuerte se mueve progresivamente hacia la parte posterior del pardasito, impulsandolo dentro de
la vacuola parasitofora. Figura modificada a partir de [40, 41].

Basados en la importancia de las proteinas RONs en P. falciparum y en otros parasitos
Apicomplexa como T. gondii, se caracterizo el primer miembro del cuello de las roptrias de P.
vivax, denominado RON2, el cual es ortdlogo a P/RON2 [42]. Este hallazgo nos permite sugerir
que, en P. vivax, la formacion del enlace fuerte puede contener las mismas proteinas encontradas
en P. falciparum y pueden estar participando en interacciones del tipo receptor-ligando e
interacciones proteina-proteina del parésito. Este trabajo estuvo orientado, en primera instancia, a

la identificacion y caracterizacion a nivel bioinformatico y experimental de los genes pvron4 y



pvron5, asi como a la localizacion sub-celular de las proteinas codificadas por estos genes. Una
vez caracterizadas estas nuevas proteinas, se establecid una metodologia para evaluar la capacidad
de union de las proteinas PvAMA1, PYRON2, PYRON4 y PvRONS a reticulocitos humanos.
Finalmente, se midieron las interacciones binarias proteina-proteina de PvRON2 con PvAMALI,

PvRON4 y PYRONS.

La caracterizacion de estas interacciones, permitio definir las regiones conservadas minimas de
interaccion de las proteinas PVRON2, PYRON4, PvYRONS5 y PvAMAI, con receptores sobre la
membrana de reticulocitos humanos. Igualmente, se determinaron las regiones de interaccion de
las proteinas PYRON4, PvRONS y PvAMA1 con PvRON2, lo que contribuira a definir nuevos
blancos moleculares para el desarrollo de vacunas contra esta especie parasitaria. Es de resaltar
que las regiones de interaccion identificadas en este trabajo, particularmente las de union a la célula
hospedera, interactian especifica y selectivamente con reticulocitos humanos CD71%, lo que lleva
a sugerir que, si bien existen proteinas ortdlogas entre P. falciparum y P. vivax, cada parasito se
ha especializado en utilizar diferentes regiones de cada proteina para interactuar con los receptores
particulares de su célula blanco, enfatizando aun mas la necesidad de disefiar intervenciones y

estrategias de prevencion dirigidas especificamente contra P. vivax.



2. Hipétesis

Los genes ron4 y ron5 estan presentes en el genoma de P. vivax, se transcriben y expresan en
esquizontes tardios de la cepa VCG-1 de P. vivax.

Regiones de las proteinas PYRON2, PvRON4, PvRONS5 y PvAMAI interactian con
receptores sobre la membrana de reticulocitos humanos.

Diferentes regiones de PvRON2 interactiian con PVRON4, PVRONS o PvAMAL.



3. Objetivos

Para dar respuestas a las hipdtesis planteadas, se establecieron los siguientes objetivos:

3.1 Objetivo General

Estudiar las interacciones hospedero-patdégeno y proteina-proteina de las proteinas del cuello de
las roptrias PVRON2, PvRON4, PvRONS vy el antigeno apical de membrana-1 (AMA1) en P.
vivax.

3.2 Objetivos especificos

1. Identificar y caracterizar los genes pvron4 y pvron5 en P. vivax, asi como las proteinas que
codifican.

2. Caracterizar la interaccion de las proteinas PvRON2, PvRON4, PYRONS y PvAMAL1 con
reticulocitos humanos.

3. Evaluar las interacciones binarias entre la proteina PYRON2 con PvRON4, PvRONS y
PvAMAL.



4 Identificacion de Nuevos Antigenos en Plasmodium vivax

La malaria es una enfermedad parasitaria causada por protozoarios del género Plasmodium, que
se transmite al humano a través de la picadura de un vector artrépodo (mosquito Anopheles). En
el humano, el pardsito sufre una serie de transformaciones morfoldgicas y cambios a nivel
transcripcional y proteico, que le permiten llevar a cabo una invasion eficiente (a dos diferentes
células hospederas), y a su vez, escapar del sistema inmune humano. El ciclo del parésito inicia
con la inoculacion de los esporozoitos dentro del torrente sanguineo, éstos alcanzan el higado e
invaden a los hepatocitos, donde se dividen y se diferencian para producir miles de merozoitos
[43]. Una vez los merozoitos son liberados del esquizonte hepéatico, se da inicio a la fase sanguinea
o intraeritrocitica, donde cada uno de los merozoitos liberados tiene la capacidad de invadir
eritrocitos humanos. Durante esta fase, los parasitos desarrollan ciclos repetidos de replicacion,
egreso y re-invasion de nuevos eritrocitos, donde el parésito pasa de anillo a trofozoito y finalmente
a la fase de esquizonte. Este proceso toma entre 48-72 horas, dependiendo de la especie de
Plasmodium (Figura 3), y da lugar a las manifestaciones clinicas y patoldgicas de la enfermedad
[44, 45]. Entender los mecanismos moleculares responsables del proceso por el cual los merozoitos
se unen e invaden eritrocitos [29, 46], ha sido uno de los mayores focos de investigacion basica en

malaria, cuyo objetivo final es el desarrollo de medicamentos y vacunas contra esta parasitosis.
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Figura 3. Ciclo de vida de Plasmodium en el humano.

El parasito de la malaria alterna entre dos formas parasitarias con distinta preferencia celular: el esporozoito invade
células hepaticas, mientras que el merozoito invade eritrocitos. Una parte de los merozoitos que ingresan al eritrocito
pasan a anillos y luego se diferencian a gametocitos, que son tomados por el mosquito, para perpetuar el ciclo de
vida. Tomado y modificado de [47].

En contraste a los procesos de invasion de virus y bacterias, los merozoitos invaden activamente
los eritrocitos, a través de un proceso altamente organizado y orquestado por la interaccion
secuencial de ligandos del merozoito presentes sobre la membrana del parasito o descargados
desde las roptrias y micronemas (organelos especializados de Plasmodium), con receptores sobre
la célula hospedera [29, 40] (Figura 4). La informacidn respecto a este proceso de invasion, se ha
obtenido a partir de los estudios realizados con Plasmodium knowlesi 'y P. falciparum [41, 48] y

ha sido conceptualmente divido en cuatro fases: 1) reconocimiento inicial a través de interacciones
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débiles y transitorias, que se asocian con ondas de deformacion de la membrana del eritrocito,
mediadas por la interaccion de moléculas del parasito pertenecientes a las proteinas de superficie
del merozoito (MSPs, del inglés merozoite surface proteins), entre ellas MSP-1, con la superficie
del eritrocito [29, 49]. 2) Después de la union, el eritrocito presenta una mayor deformacion y el
parasito reorienta su polo apical para quedar en contacto directo con la membrana de la célula
hospedera [29]. Este proceso en P. falciparum, denominado reorientacion, es mediado por el motor
actina-miosina y por la liberacion temprana de las proteinas de union a eritrocitos (EBAs, del
inglés Erythrocyte Binding Antigens) desde los micronemas y las proteinas homdlogas a las de
unién a reticulocito (Rhs, del inglés Reticulocyte-binding protein homologues) a partir de las
roptrias, que se unen con alta afinidad a un rango amplio de receptores sobre la célula hospedera
[50, 51]. Estas proteinas, ademas, definen en P. falciparum vias de invasion alternas, donde
distintas combinaciones receptor-ligando pueden operar independientemente, para mediar la
reorientacion durante el proceso de invasion [52, 53]. 3) Luego de la reorientacion, se da la
formacion de un pre-enlace fuerte, donde la proteina P/RhS (presente solo en P. falciparum y P.
reichenowi) es translocada a la membrana del eritrocito, formando un complejo proteico con otros
antigenos del parasito, para unirse al receptor basigina (CD147) presente en el eritrocito, lo que
desencadena la liberacion de las RONs. Esta liberacion favorece la transferencia de las RONs
dentro de la membrana del eritrocito [29]. 4) Finalmente, se forma el enlace fuerte caracterizado
por la presencia de una estructura similar a un anillo, que inicia desde el polo apical del parésito y
se mueve progresivamente hacia la parte posterior, a medida que éste entra en la célula hospedera
dentro de la vacuola parasitofora [54]. En T. gondii y P. falciparum se ha encontrado que este
proceso es mediado por la translocacion de las proteinas RONs hacia el citosol de la célula

hospedera; alli, RON2 es insertada dentro de la membrana de la célula para servir de receptor a la
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proteina AMAL, y esta interaccion proporciona un punto de anclaje fuerte, que le permite al

parasito una invasion exitosa [35, 55].

Union inicial y deformacion del ““< Pre-enlace fuerte:
eritrocito Reorientacion Rh5-Basigina Enlace fuerte

AMA1-
MSP1.. u_L Desconodido QP ROSS
AMAL Compleo RON ‘ 5 &; ; ﬁ

Figura 4. Proceso de invasion de los merozoitos de Plasmodium a eritrocitos humanos.
Se muestran cada una de las cuatro fases previas a la entrada del merozoito a su célula hospedera. En cada una de
las fases, se han definido interacciones especificas entre ligandos del merozoito y receptores del eritrocito: CRI
(Complement Receptor 1 ) Modificado a partir de [29].

Datos relacionados con el transcriptoma de P. falciparum involucran cerca de 60 candidatos
que presentan picos transcripcionales justo en las horas finales del ciclo intraeritrocitico y que
estarian codificando proteinas que participan durante las cuatro fases de invasion al eritrocito
descritas previamente [28]. Dentro de estas proteinas, aquellas localizadas en las roptrias, han
tomado gran importancia debido a que este organelo contiene diferentes compartimentos que le
permiten liberar secuencialmente cada antigeno y participar de forma organizada en los procesos
de adhesion, formacion del enlace fuerte, sellamiento de la vacuola parasitéfora y funciones post-
invasion [30, 56]. Entre estos antigenos, las proteinas RONs han sido implicadas en la formacion
de la estructura central del proceso de invasion, denominada enlace fuerte, junto con la proteina

AMA1 liberada de los micronemas [55] (Figura 2). Este complejo es similar en P. falciparumy T.
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gondii, lo que lleva a sugerir que este macro-complejo es conservado a través del phylum
Apicomplexa [35, 56]. Sin embargo, se han encontrado algunas diferencias relacionadas con la
composicion del complejo, entre las que se incluye la ausencia del ortdlogo RONS en parasitos
no-coccidias [57] y la presencia de proteinas paralogas a 7gRON2 y TgAMA1 que cooperan en la
formacion del enlace fuerte, cuando se hace la disrupcion condicional de los genes amal y ron2;
este proceso es distinto en P. falciparum, donde no se reportan paralogos para estas proteinas [58].
Estos hallazgos llevan a sugerir que las diferencias encontradas en la formacion del enlace fuerte
respecto a su composicion proteica, podrian reflejar la especificidad de invasion de cada parasito

por su respectiva célula hospedera.

Si bien este proceso de invasion es conservado dentro del género Plasmodium, aun existen
vacios en el conocimiento respecto a las proteinas involucradas y a las interacciones moleculares
que ocurren durante el proceso de invasion en los esporozoitos y merozoitos de P. vivax. Es de
resaltar, que a diferencia de P. falciparum que es capaz de invadir los eritrocitos de cualquier
estadio madurativo, P. vivax invade preferencialmente reticulocitos que ain expresan el antigeno
CD71 sobre su superficie [59]. Esta preferencia celular, es uno los principales factores que ha
afectado el desarrollo de un cultivo continuo in vitro de P. vivax y por tanto, el uso de
aproximaciones genéticas y moleculares para estudiar el papel funcional de las proteinas en esta
especie de parasito [18, 60].

Hasta hace poco, se creia que la invasion de los merozoitos de P. vivax dependia unicamente
de la interaccion entre la proteina de union a Duffy (DBP, del inglés Duffy Binding Protein) con
su receptor, el antigeno Duffy de union a quimoquinas (DARC, del inglés Duffy antigen receptor

for chemokines) [61] y de la interaccidon entre las proteinas de union a reticulocito (RBPs, del
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inglés Reticulocyte Binding Proteins) con proteinas expresadas solo en reticulocito [62]. Sin
embargo, el antigeno DARC se expresa tanto en normocitos como en reticulocitos y analisis
comparativos del proteoma de reticulocitos versus normocitos, muestran que la mayor diferencia
entre estas dos células se relaciona con la abundancia de proteinas que hay en cada célula, més que
en la exclusividad de alguna proteina en particular, lo cual no explica completamente la
selectividad restringida de P. vivax por su célula hospedera [63]. Recientemente, se reportd la
presencia de P. vivax en células negativas para el antigeno Duffy, lo que soporta la existencia de
vias alternas de invasion (independiente de Duffy) [64], y pone de manifiesto la necesidad de
identificar y caracterizar mas antigenos con relevancia funcional, dentro de las diferentes fases del

proceso de invasion del merozoito al reticulocito.

Apoyados por los estudios comparativos con otras especies de Plasmodium, como P.
falciparum y P. knowlesi, asi como los reportes recientes del genoma, transcriptoma y algunos
estudios de proteoma con esquizontes de P. vivax [19, 22, 23, 65], se ha seguido una metodologia
a nivel bioinformatico y experimental para identificar en P. vivax proteinas con posible funcion en
la invasion a los reticulocitos. De esta forma, hasta el 2013, de las 38 proteinas identificadas en P.
vivax, 16 de ellas fueron identificadas por nuestro grupo usando esta estrategia, entre las que se
incluyen la proteina apical del merozoito relacionada con trombospondina (TRAMP, del inglés
thrombospondin-related apical merozoite protein) [26], PvRON2 [42], PYRONI1 [66], la proteina
rica en asparaginas (ARP, del inglés Asparagine-Rich Protein) [67] y la proteina de superficie
Pv41, entre otros [68]. Dada la relevancia funcional de las proteinas RONs durante el proceso de
invasion en parasitos Apicomplexa, en este trabajo se identificaron los genes pvron4 y pvron5 en

el genoma de la cepa VCG-1 de P. vivax y se determind la transcripcion de ellos en esquizontes
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tardios del ciclo intraeritrocitico. Estos genes codifican para proteinas de ~80kDa (PvRON4) y
~133kDa (PvRONS), que experimentan diferentes procesamientos proteoliticos y se expresan en
el cuello de las roptrias de esquizontes tardios de la cepa VCG-1. Toda esta informacion, fue
recopilada en dos articulos que fueron publicados en la revista Malaria Journal [69, 70], los cuales

se muestran a continuacion.
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Abstract

the rhoptry neck with PYvRON2.

PRON4.

Background: The tight junction (TJ) is one of the most important structures established during merozoite invasion
of host cells and a large amount of proteins stored in Toxoplasma and Plasmodium parasites’ apical organelles are
involved in forming the TJ. Plasmodium falciparum and Toxoplasma gondii apical membrane antigen 1 (AMA-1) and
rhoptry neck proteins (RONSs) are the two main TJ components. It has been shown that RON4 plays an essential
role during merozoite and sporozoite invasion to target cells. This study has focused on characterizing a novel
Plasmodium vivax rhoptry protein, RON4, which is homologous to PlRON4 and PkRON4.

Methods: The ron4 gene was re-annotated in the P. vivax genome using various bioinformatics tools and taking
PRON4 and PKRON4 amino acid sequences as templates. Gene synteny, as well as identity and similarity values
between open reading frames (ORFs) belonging to the three species were assessed. The gene transcription of
pvron4, and the expression and localization of the encoded protein were also determined in the VCG-1 strain by
molecular and immunological studies. Nucleotide and amino acid sequences obtained for pvron4 in VCG-1 were
compared to those from strains coming from different geographical areas.

Results: PvRON4 is a 733 amino acid long protein, which is encoded by three exons, having similar transcription
and translation patterns to those reported for its homologue, PIRON4. Sequencing PYRON4 from the VCG-1 strain
and comparing it to P. vivax strains from different geographical locations has shown two conserved regions
separated by a low complexity variable region, possibly acting as a “smokescreen”. PYRON4 contains a predicted
signal sequence, a coiled-coil a-helical motif, two tandem repeats and six conserved cysteines towards the carboxy-
terminus and is a soluble protein lacking predicted transmembranal domains or a GPI anchor. Indirect
immunofluorescence assays have shown that PvRON4 is expressed at the apical end of schizonts and co-localizes at

Conclusions: Genomic, transcriptional and expression data reported for PYRON4, as well as its primary structure
characteristics suggest that this protein participates in reticulocyte invasion, as has been shown for its homologue

Keywords: Bioinformatics analysis, Invasion, Plasmodium vivax, Rhoptry neck protein, Rhoptry, Tight junction

Background

Malaria is a parasitic disease, primarily affecting preg-
nant females and children aged less than five years in
tropical and subtropical areas around the world, mainly
in sub-Saharan Africa [1]. A substantial increase in cases
of Plasmodium vivax malaria has been reported recently
in Asia and Latin America [2]. Such data, added to an
increase in the number of severe disease reports, death
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and resistance to first-generation anti-malarial drugs
attributed to P. vivax [3-5], emphasize the need for
developing effective control tools and acknowledging
this parasite species as an important agent of vector-
transmitted tropical diseases.

Basic research around the world into P. vivax has lagged
behind compared to Plasmodium falciparum mainly due
to a lack of in vitro continuous culturing as this requires a
large amount of reticulocytes for maintaining and pro-
pagating this parasite species [6]. Among the various stra-
tegies being used to overcome this problem, comparative

© 2013 Arévalo-Pinzon et al,; licensee BioMed Central Ltd. This is an open access article distributed under the terms of the
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analysis with other species, such as P. falciparum and
adapting P. vivax strains to Aotus monkeys [7], have
allowed the identification during the last few years of
several antigens in P. vivax which could be participating
in invasion [8-11].

The merozoite’s rapid and coordinated invasion of red
blood cells (RBC) is mediated by initial contact with the
host cell, re-orientation of the parasite’s apical pole and
active internalization into the host cell involving many
sub-compartmentalized proteins localized in secretory
organelles, such as micronemes and rhoptries [12]. The
rhoptries are pear-shaped structures having two com-
partments called neck and bulb; despite being present in
all parasites belonging to the phylum Apicomplexa, their
size and number varies according to the target cell being
invaded [13]. Transmission electron microscopy studies
of P. falciparum and Toxoplasma gondii have revealed
that some antigens are site-specifically distributed in a
rhoptry [14,15]; such distribution seems to be the rule
concerning important organization facilitating protein
function in tight junction (TJ) and/or parasitophorous
vacuole (PV) formation. Proteomics analysis of 7. gondii
rhoptries has shown minimum overlapping with P. fal-
ciparum proteins, except for some proteins localized in
the rhoptry neck (RON), which could be involved in
functions common to both parasites [16]. RON2 [17],
RON4 [18] and RONS5 [19] proteins have been identified
to date in P. falciparum, forming part of a high molecular
weight complex interacting with a microneme-derived
protein called apical membrane antigen 1 (AMA-1) [20].
The assembly of this macromolecular complex allows TJ
formation or irreversible binding which is important since
this acts as a foothold for the parasite’s motor machinery
to propel the parasite into the PV for successful invasion.

Surface plasmon resonance (SPR) studies have deter-
mined that the PARON2 binding region to PAAMA-1 lies
within residues 2,020-2,059 and contains two conserved
cysteines which are strongly implicated in the peptide’s
structure [21]. Crystallization of the PfAMA-1/PfRON2
complex has shown that the peptide binds in a U-shape
to the AMA-1 ectodomain, inducing a conformational
change in AMA-1 domain II (DII) [21], similar to that
found for the interaction between TgAMA-1/TgRON2
[21]. Interestingly, different methodological approaches
have proposed that blocking the interaction between
AMA-1 and RON2 inhibits parasite invasion of its host
cell [20,22,23]. Knowledge regarding these interactions
has been key in understanding 4G2 antibody’s invasion-
inhibitory action (binding to AMA-1 DII), thereby
impeding displacement in domain II and thus blocking
interaction with RON2 [21].

PRON4 is the second most studied antigen from the
aforementioned complex after AMA-1 and RON2. This
is one of the most important proteins as it is most likely
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essential in merozoite and sporozoite invasion of their
respective host cells [24]. No evidence has been ad-
vanced to date regarding the role played by RON4 in TJ
formation and it is not known which proteins interact
directly with it within the complex. However, RON4 has
been the only protein from the whole complex that has
been convincingly localized to junction constriction
during invasion [25]. In fact, immunoprecipitation as-
says with Plasmodium yoelii merozoite proteins have
supported RON4 (PyP140)-AMAI1 interaction but
PyRON2 and PyRONS5 have not been identified within
the complex. Importantly, immunogenicity studies have
shown that PfRON4 sequences elicit immunogenic re-
sponses in natural human malaria infection, sugges-
ting their exposure to the immune system during
host cell invasion as has been proposed for other im-
portant antigens, such as merozoite surface proteins
(MSP) [26].

The importance of RON proteins in P. falciparum and
in the model Apicomplexa parasite, T. gondii, has led to
interest in identifying the functional characterization of
RON proteins in other genera, such as Neospora, Cryp-
tosporidium, Babesia, and other Plasmodium species
[8,27]. Recent studies have shown that although most
proteins from the complex are conserved within Api-
complexa, some are exclusive to certain members [27].
Such divergence regarding the complex’s molecular
composition suggests differences in T] formation among
Apicomplexa members and partly explains host cell spe-
cificity among parasites [27].

This study was thus aimed at making a correct annota-
tion for pvron4 in the P. vivax genome and characterizing
PvRONY in late-stage schizonts from the VCG-1 strain.
PyRON4 is a 733 amino acid long protein containing
typical characteristics concerning antigens involved in
invasion, such as having a signal peptide, coiled-coil
a-helical motifs, low complexity regions, and long
conserved segments. Immunofluorescence studies using
rhoptry and membrane markers as reference have shown
that PYRON4, just like its homologue in P. falciparum
(PfRON4), is localized in the rhoptries and could thus be
participating in invasion.

Methods

Bioinformatics tools

The Basic Local Alignment Search Tool (BLAST), from
the National Center for Biotechnology Information
(NCBI), was used to find the homologous gene to pfron4
(PF11_0168) and pkron4 (PKH_091340) in the P. vivax
genome. The presence of and boundaries between
pvron4 introns and exons was evaluated using Genscan
[28], Spidey [29] and tBlastn. Gene structure, open read-
ing frame (ORF) transcription direction, nucleotide and
amino acid level identity, and similarity values between
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P. falciparum-P. vivax and Plasmodium knowlesi-P.
vivax were taken into account for synteny analysis.

Bioinformatics tools, such as SignalP [30], were used
for evaluating the presence of a signal peptide in
PyRON4 sequence; TMHMM, Polyphobius and PredGPI
were used to predict transmembranal domains and
glycosylphosphatidylinositol (GPI) anchors, since the
presence of these motifs and domains is typical of
several antigens considered as candidates for an anti-
malarial vaccine [31-33]. Sequence tandem repeats extrac-
tion and architecture modelling (XSTREAM, variable ‘X’)
was used for finding repeat sequences and the simple
modular architecture research tool (SMART) [34] with
Globplot for searching for other important motifs and
domains.

DNA, RNA and protein source and cDNA synthesis

A blood sample taken from an Aotus sp. monkey
infected with the Colombian P. vivax Guaviare 1 strain
(VCG-1) was used for extracting nucleic acids and pro-
teins. The VCG-1 strain had been cultured via successive
passes in vivo in Aotus sp. monkeys from the primate
station in Leticia, Amazonas, as thoroughly described [7].
The monkeys were kept under constant care, supervised
by a primatologist, according to the conditions established
by Colombian Animal Protection law (law 84/1989) and
Corpoamazonia (the Colombian entity regulating environ-
mental matters in the region) (resolution 00066, September
13, 2006).

A schizont-enriched sample was obtained using a
discontinuous Percoll gradient (GE Healthcare) and
genomic DNA (gDNA) was isolated using a Wizard
genomic DNA purification kit (Promega), following the
manufacturer’s recommendations. RNA was isolated
from the parasite using the Trizol method [35], followed
by treatment with RQ1 RNase-free DNase (Promega).
Purified RNA and gDNA integrity was examined by
electrophoresis on agarose gels. Five microlitres of RNA
were taken as template for cDNA synthesis, using a one-
step RT-PCR SuperScript III kit (Invitrogen).

Primer design and pvron4 amplification

Based on bioinformatics analysis, the PVX_091435 gene
ID gene was re-annotated (Figure 1) and such informa-
tion was used to design primers for amplifying pvron4
from gDNA and c¢DNA. pvron4G1l 5- ATG TCT CGT
AAA AGG GTT TT-3 and pvrondG2 5-CAA GTC
TTC AAA AAT GAG ATT T-3 primers amplified from
predicted ATG until the stop codon. These primers were
included in PCR reactions with Gotaq flexi DNA poly-
merase (Promega) with gDNA or RT-PCR products from
samples treated with or without reverse transcriptase (RT"
and RT" respectively) at 25 pL final volume, according to
the manufacturer’s instructions. Amplification conditions
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were as follows: a 5-min cycle at 95°C, followed by 35
cycles of 1 min at 56°C, 3 min at 72°C and 1 min at 95°C.
A final extension step lasted 10 min at 72°C. A pvronl
region (~1053 from cDNA) transcribed during the
erythrocyte phase was amplified using direct 5'- atg GCG
AAG GAG CCC AAG TG-3' and reverse 5'- ATC CCT
AGC AAT GCT TCG -3’ primers for evaluating cDNA
contamination by gDNA [36].

Primers called ExtD: 5-TCC AGA CGT GTC AGA
GTG-3' and ExtR: 5- TAG CTT CGT TCC TTT GGG-
3" were also designed; they were localized 72 bp up-
stream of the start codon and 49 bp downstream the
stop codon of the pvron4d gene, respectively. Amplifica-
tion conditions from gDNA and cDNA were the same as
those used for the pvron4G1 and pvron4G2 primers. The
polymerase chain reaction (PCR) products were visua-
lized on 1% agarose gel and then purified with a Wiz-
ard PCR preps kit (Promega). PCR products from
gDNA and cDNA were cloned in pGEM-T (Promega)
and pEXP5-CT/TOPO vectors (Invitrogen) respect-
ively by TA cloning. Positive clones and PCR prod-
ucts were sequenced in an ABI PRISM 310 Genetic
Analyzer. The sequences were analyzed using CLC
DNA Workbench (CLC bio) and compared to the
Sal-1, Mauritania I and India VII strain sequences [37]
using Clustal W [38].

Obtaining polyclonal antibodies against PvRON4, Pv12
and PvRON2

Taking the amino acid sequence predicted for PvRON4
as reference, two 20 residue-long, B-epitope peptides
were selected, chemically synthesized in solid phase and
cysteine and glycine (CG) were added to amino and
carboxy termini for polymerization. Synthetized peptides
were numbered 36114 (CG'*'GSASESAAPSEEKASEE
NVP?**GC) and 36115 (CG"*? AAEVEKRGFDEDYIQEEI
KN 7*8GC). These peptides were selected based on high
average values for Parker’s antigenicity, hydrophilicity
and solvent accessibility using Antheprot software [39]
and high values obtained when using Bepipred (0.35
default threshold and 75% specificity) [40]. It was also
taken into account that the peptides corresponded to
different protein regions, for detecting fragments in case
of proteolytic processing occurring in PYRON4.

Seven to eight week-old BAlIb/C mice were intraperi-
toneally (ip) inoculated with 75 pg of each polymeric
peptide emulsified in Freund’s complete adjuvant (FCA)
on day O for evaluating PYRON4 expression in VCG-1
strain schizonts. Three boosters were given on days 30,
45 and 60 using the same peptides emulsified in Freund’s
incomplete adjuvant (FIA). Polyclonal antibodies against
Pv12 localized on the membrane and PYRON2 localized
in the rhoptries were obtained for PvRON4 localization
studies. Peptide 35520 (CG'*”*KLQQEQNELNEEKERQ
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Figure 1 Re-annotation of pvron4 within the PviS_CM000450 contig (above) schematic representation of PVX_091435 from the
pvron4 gene in PlasmoDB and annotation suggested after bioinformatics and experimental analysis. The start positions for the ORFs
within the contig are shown and the transcription direction. PVX_091435 was originally annotated as an 8,437 bp gene consisting of six
exons. The re-annotation proposed has two ORFs where pvron4 start codon (shown in bold) is located 5,780 bp downstream the start
codon initially reported in PlasmoDB. Amplification of the expected PCR products for pvron4 from gDNA and cDNA are shown on the
agarose gel. Lane 1: amplification of ron4 from gDNA. Lane 2: amplification of ron4 from a sample of RNA from VCG-1 strain schizonts

amplification from an RT- sample.

treated with reverse transcriptase (RT+). Lane 3: amplification of ron4 from a sample of RNA from VCG-1 schizonts without reverse
transcriptase (RT-). MWM: molecular weight marker. Lane 4. Amplification of a pvronT fragment from an RT+ sample. Lane 5: pvron]

RQEN'3GC) [8] was used for PYRON2 and peptides
CG-AKIRVRKRSGEEYDKEIFNL-GC and CG-AHFEFA
TTPDDQNSVSEPRA-GC were used for Pv12 [10].
These peptides were inoculated into negative New
Zealand rabbits for recognizing P. vivax-derived pro-
teins by Western blot, as described previously [8,10].
Animal sera was collected and stored at -70°C for
later studies. Animal immunization and bleeding was
done according to Colombian animal protection rec-
ommendations (Law 84/1989) and Resolution 8430/
1993 for handling live animals for research or experi-
mentation purposes.

PvRON4 immunodetection assays

ELISA

A previously described ELISA test was used for determi-
ning inoculated peptide immunogenicity [19]. Briefly, each
of the inoculated peptides was sown in 96-well ELISA
plates and incubated at 1:100 dilution of each serum. A
peroxidase-coupled, anti-mouse antibody was used as
secondary antibody (Vector Laboratories), diluted 1:5,000.

Western blot
The proteins were extracted from a P. vivax schizont-
enriched sample and separated on an SDS-PAGE gel, as
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previously described [8]. Proteins transferred to a nitro-
cellulose membrane were incubated with pre-immune or
immune serum. In a parallel assay, immune serum was
pre-incubated with inoculated polymeric peptides before
being incubated with the nitrocellulose membrane. A
peroxidase-coupled, anti-mouse IgG antibody was used
as secondary antibody (Vector Laboratories).

Indirect immunofluorescence

A suspension of erythrocytes parasitized by P. vivax
VCG-1 was washed thrice with PBS (pH 7.2-7.4), then
centrifuged at 2,500xg for 4 min and suspended in a 1:1
PBS—fetal bovine serum solution. This solution was
seeded on eight-well multitest slides and left to dry at
room temperature for 24 hr. Parasites slides were fixed
using a 4% formaldehyde solution followed by three
washes with PBS. The slides were blocked with 1%
skimmed milk in PBS for 30 min and incubated with
anti-PvRON4 primary antibody obtained in mice and
anti-Pv12 or anti-PvRON2 antibodies in 1:40 dilution.
Fluorescein-labelled anti-rabbit IgG (FITC) (Vector
Laboratories) and rhodamine-labelled anti-mouse IgG
(Millipore) were used as secondary antibody for 60 min,
followed by three PBS washes. Parasite nuclei were
stained with a 2 pg/mL solution of 4,6-diamidino-2-
phenylindole (DAPI) for 20 min at room temperature
and fluorescence was visualized in a fluorescence micro-
scope (Olympus BX51) using an Olympus DP2 camera
and Volocity software (Perkin Elmer).

Statistical analysis

Differences in antibody production between pre-immune
and post-third immunization sera obtained from ELISA
were evaluated using non-parametric Wilcoxon signed
rank test.

Results and discussion

In-silico re-annotation of the ron4 gene in Plasmodium
vivax

The search for the pvron4 gene was initially made using
the PARON4 protein amino acid sequence (PF11_0168)
containing 1,201 residues [18]. tBlastn results revealed a
nucleotide region having a high probability of containing
pvron4 in the PviS_CMO000450 contig localized in
chromosome 9. Analysis showed a pvron4 segment run-
ning from nucleotide 516,555 to 514,248 corresponding
to residues 484 to 1,201 in P. falciparum; however, the
beginning of pvron4 could not be found. The P. knowlesi
RON4 (PKH_091340) amino acid sequence reported in
PlasmoDB was used to overcome this. Plasmodium
knowlesi is a parasite which infects Macaca fascicularis
monkeys and shares a close phylogenetic relationship
with P. vivax as shown in small subunit rRNA analysis
and the high identity and similarity values between
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orthologous proteins [9,41]. This led to finding that
pvrond was located between nucleotide 516,904 and
514,248, having a ~2,657 bp length. Interestingly, a puta-
tive gene called PVX_091435 (8,437 bp and six exons)
was found to be annotated in this nucleotide region
which is also found when PARON4 and PkRON4 amino
acid sequences are used as templates for Blastp analysis
(Figure 1). However, analyzing the presence of and
boundaries for the exons/introns proposed for the
PVX 091435 gene indicated that its gene structure had
not been correctly annotated (Figure 1). In-silico analysis
of this genome locus suggested that there were two
OREFs; the first had high similarity (60%) with a P. falcip-
arum serine esterase and began at position 522,681 of
the PviS_CMO000450 contig and ended at nucleotide
518,314 (Figure 1) while the second ORF was found
downstream serine esterase in position 516,904 and
referred to pvron4. The suggested pvron4 structural
region had three exons; a first short one ~78 bp (in ORF -1)
having consensus intron splice sites, a second long ~2,019
bp (in ORF -2) having its respective donor site sequence
ending with a ~189 bp exon (in ORF -3) (Figure 1).

Once ron4 structure had been annotated, a syntenic
analysis was made for evaluating neighboring genes’
structure (number of introns and exons), transcription
orientation and determining identity (ID) and similarity
(SI) values at protein level. PYRON4 amino acid align-
ment with PARON4 and PKRON4 showed that ID and SI
values were greater with PKRON4 (Figure 2) thereby
agreeing with the close relationship between these two
parasite species. This coincided with previous studies
showing greater similarity between P. vivax and P.
knowlesi proteins than with other Plasmodium species
[10,11]. Conservation was also found regarding the
structure of genes upstream and downstream ron4 in P.
falciparum, P. vivax and P. knowlesi, having 61.1%-97%
and 77.6%-99.7% amino acid ID and SI values for Pk-Pv
respectively, and 33.6%-88% and 54%-100% for Pf-Pv,
respectively (Figure 2).

Transcription and analysis of the VCG-1 strain pvron4
sequence

The pvron4 gene was amplified from gDNA and cDNA
to confirm its presence and re-annotation. Figure 1
shows that a ~2,600 bp gDNA product was obtained
and a ~2,200 bp product from cDNA (RT+) thereby
confirming the presence of intron regions. No amplifica-
tion was observed from RT- samples, indicating that the
c¢DNA preparation had no gDNA contamination. PCR
amplification of the pvron4 encoding sequence suggested
the presence of this transcript (~2,200 bp) in mature P.
vivax blood stages, similar to that found for pvronl
(Figure 1) [36]. The pvron4 transcription time coincided
with that displayed by pfron4 (42-48 hr of the intra-
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Figure 2 Syntenic analysis of the chromosome region containing ron4 in Plasmodium knowlesi, Plasmodium falciparum and
Plasmodium vivax. Blue shows ron4 location, grey shows open reading frames (ORFs) upstream and downstream ron4. Each ORF's accession
number in PlasmoDB is indicated, as well as amino acid similarity and identity levels between Pf-Pv and Pv-Pk.

erythrocyte cycle) [42]. Transcriptome and proteome
analysis of P. falciparum has shown that most ORFs
transcribed at the end of the intra-erythrocyte cycle are
expressed during and participate in host cell invasion
[42,43].

When aligning pvron4 gDNA and c¢DNA nucleotide
sequences obtained from sequencing three independent
clones it was found that the gDNA was 2,573 bp while
c¢DNA was 2,202 bp. The gene consisted of three exons
and two intron regions, encoding a 733 residue-long
protein (~80 kDa); this genomic organization coincided
with that proposed by bioinformatics analysis (Figure 1).
When comparing the sequences obtained from VCG-1
to those reported for Sal-1 (PVX_091435), a match was
found from nucleotide 516,904 onwards within the
contig, coinciding with previous analysis proposed for
pvron4 localization and structure (Figure 1). The align-
ment showed that exon 2 was shorter in VCG-1 (1,932
bp) compared to Sal-1 (2,019 bp) due to deletions cor-
responding to a loss of 81 nt (27 amino acid residues)
between amino acids 235-262 and a deletion of two trip-
lets (GTG AGGQG) encoding glycine (G671) and glutamic
acid (E672). According to bioinformatics analysis, exon
two encoded a low complexity region rich in tandem
repeats (TR) (Figure 3). Analysis also revealed a change
at nucleotide level involving T for G in position 810
(T810G); this substitution led to a valine (V) being
changed for a glycine (G) in position 199 (V199G). A
substitution of A for G was found in VCG-1 strain
intron 2 compared to Sal-1. VCG-1 gDNA and cDNA
consensus sequences were deposited in [GenBank:
KF378614 and KF378615].

Comparative analysis between VCG-1 PvRON4
(Colombian), Sal-1 (El Salvador), India VII (southern
Asia) and Mauritania I (Africa) amino acid sequences
revealed differences regarding protein length (see
Additional file 1), mainly due to large deletions bet-
ween residues 179-305 where the TRs occurred. The
first 150 amino acids corresponded to a conserved
region followed by a variable zone having repeat regions
and a highly conserved carboxy-terminal in the strains
evaluated here. Such distribution was similar to that
reported for several antigens proposed as candidates for
an anti-P. falciparum vaccine where proteins’ conserved
regions are surrounded by variable and low complexity
regions acting as immune system distractors, while im-
portant functional regions for the parasite remain poorly
recognized. The circumsporozoite protein (CSP) consists
of a central repeat region, which is diverse across Plasmo-
dium species, and flanking the repeats are two conserved
domains: region I, at the N-terminus of the repeats, and a
known C-terminal cell-adhesive adhesive motif, termed
type I thrombospondin repeat (TSR) [44]. Even though
the repeat regions’ function has not been made clear to
date, it has been found that they are species-specific, low
complexity and (in many cases) are responsible for the
diversity between different parasite isolates [45]. It has
been suggested that the presence of polymorphic repeats
affects antibody affinity maturation, thus suppressing anti-
body response to critical epitopes or adjacent regions [46].

Bioinformatics analysis of PvRON4 primary sequence
The PvRON4 amino acid sequence was scanned for
predicting different characteristics. VCG-1 PvRON4 had
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Figure 3 PvRON4 expression in VCG-1 schizonts. (A) Schematic representation of PvRON4. The most relevant characteristics in the protein’s
primary sequence are shown. Red shows signal peptide location, blue a coiled-coil a-helical motif and grey the tandem repeats. Red lines
indicate conserved cysteines between Sal-1, VCG-1, Mauritania | and India VIl strains. Inoculated peptides’ localization and sequence are shown in
the boxes. (B) PYRON4 recognition in schizont lysate. Lane 1: pre-immune serum; lane 2: immune serum; lane 3: immune serum pre-incubated
with inoculated peptides. (C) Immunofluorescence studies on schizonts. The arrows indicate the presence of the protein (red) and the apical
pattern suggesting its localization in the apical organelles. Blue shows schizont nuclei stained with DAPI.

a signal peptide within the first 24 amino acids 50 to 260 containing two TRs. The first repeat consisted
(Figure 3A) and a probable type I peptidase cleavage site  of seven amino acids (GGEH/SGEH/S) and the second of
between residues S24-F25, suggesting that once the three amino acids having nine imperfect copies of G/AEH
protein has been synthesized, it is transported to be residues. A conserved region between residues 277 and
either secreted or inserted into cell membranes. In fact, 733 was found when comparing RON4 from VCG-1 with
it has been reported that PARON4 and 7gRON4 homolo-  other P. vivax strains, such region being characterized by
gous proteins are secreted by the parasite towards host  having six conserved cysteines. Several functionally rele-
cell membrane [47,48]. Bioinformatics analysis detected  vant malarial antigens, such as AMA-1 and RON2, have
no potential transmembrane domains or GPI anchors in  cysteine-containing regions forming disulphide bridges
PvRON4, TgRON4 and PfRON4, thereby classifying and/or ordered 3D structures for fulfilling their biological
them as soluble proteins. It has been shown that some function [21]. However, further structural and functional
soluble P. falciparum merozoite surface proteins, such as  studies are needed for evaluating this conserved domain’s
MSP 3, 6, 7 and 9, are associated and/or interact with  importance in PvRON4 and the influence of repeat re-
membrane-anchored antigens [49]. Interestingly, P"RON4  gions in an immune response against PYRON4.

contained a coiled-coil a-helical motif in its sequence

between residues 324-347 (Figure 3A) suggesting PYRON4  PvRON4 expression and localization in VCG-1 late-stage
participation in protein-protein interaction and complex schizonts

formation. A low complexity (Figure 3A), highly variable =~ Anti-PvRON4 antibodies were induced in mice for
region was found (see Additional file 1) between residues  evaluating PvRON4 expression and cell localization in P.
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vivax schizonts. ELISA revealed that immune sera
showed high reactivity against 35114 and 35115 peptides
(Ag20 0.63 = 0.22) compared to pre-immune sera (Agyg
0.03 + 0.01) (p=0.00). Sera ability to recognize PvRON4
in VCG-1 schizont lysate was then evaluated using
Western blot. Figure 3B shows that polyclonal antibodies
specifically recognized ~39 kDa and ~34 kDa bands which
were not recognized by either the pre-immune sera or
hyper-immune sera which had been pre-incubated with
the inoculated peptides. Taking a ~80 kDa predicted
PvRON4 size, two bands below the expected molecular
weight were detected, suggesting that PYRON4 under-
goes a similar proteolytic processing to that reported
for most proteins localized in the apical organelles, in-
cluding other RON proteins [47]. It has been suggested
that rhoptry proteins’ proteolytic cleavage is an essen-
tial event for maturation and/or promoting interaction
with cell surface receptors or between parasite proteins
[47,50].

The anti-PvRON4 antisera also recognized the protein
on VCG-1 late-stage schizonts, having the typical apical
organelle punctate pattern (Figure 3C) common to other
apical proteins [8,18]. Co-localization studies using anti-
bodies against PvRON4 and Pv12 showed that while
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Pv12 was expressed on merozoite surface with a bunch
of grapes-like pattern, PvRON4 had a punctate
pattern, not overlapping Pv12 staining (Figure 4).
When anti-PvRON4 antibodies were used with anti-
PyRON2, the staining overlapped, coinciding with
TgRON4 and PfRON4 localization in the rhoptry neck
(Figure 4). Previous studies in T. gondii and P. falcip-
arum have shown that RON4 is the only protein
where strong evidence has been produced concerning
localization in the TJ [25,51] and has been chosen as
a model for studying the dynamics of merozoite inva-
sion of RBC [25].

Conclusions

Bioinformatics and experimental analyses allowed the
identification of a new gene having three exons and
encoding the PvRON4 protein. Like PRON4, its P. fal-
ciparum homologue, PvRON4 is expressed in late schiz-
onts and is localized in the rhoptries. Strong evidence
regarding RON4 association in the TJ] and its conser-
vation in the Plasmodium genus has highlighted this
protein’s importance and the need for evaluating its
mechanism of action and association within the P. vivax
AMA1-RON complex.

PvRON4

Pv12

PyRON4 PyRON2

-~

The arrows indicate PYRON4 presence.

Figure 4 PvRON4 co-localization studies with Pv12 and PYRON2. Anti-Pv12 and anti-PvRON2 antibodies were used for determining the
approximate localization of PYRON4 in late stage VCG-1 schizonts. As seen in the photo, the PYRON4 signal did not overlap with the Pv12
membrane protein fluorescence pattern, while showing overlapping with the pattern for the rhoptries obtained with the anti-PvRON2 antibody.

DAPI

Merge

DAPI
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Additional file

Additional file 1: PvRON4 amino acid alignment between different
Plasmodium vivax strains. Conserved cysteines between VCG-1
(Colombia), Sal-1 (Salvador), India VII (India) and Mauritania | (Africa)
strains are shown in red.
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Abstract

Background: Different proteins derived from the membrane or the apical organelles become involved in malarial
parasite invasion of host cells. Among these, the rhoptry neck proteins (RONs) interact with a protein component of
the micronemes to enable the formation of a strong bond which is crucial for the parasite’s successful invasion. The
present study was aimed at identifying and characterizing the RON5 protein in Plasmodium vivax and evaluating its
ability to bind to reticulocytes.

Methods: Taking the Plasmodium falciparum and Plasmodium knowlesi RON5 amino acid sequences as template, an
in-silico search was made in the P. vivax genome for identifying the orthologous gene. Different molecular tools
were used for experimentally ascertaining pvron5 gene presence and transcription in P. vivax VCG-1 strain schizonts.
Polyclonal antibodies against PPRON5 peptides were used for evaluating protein expression (by Western blot) and
sub-cellular localization (by immunofluorescence). A 33 kDa PYvRONS fragment was expressed in Escherichia coli and
used for evaluating the reactivity of sera from patients infected by P. vivax. Two assays were made for determining
the RON5 recombinant fragment's ability to bind to reticulocyte-enriched human umbilical cord samples.

Results: The pvron5 gene (3,477 bp) was transcribed in VCG-1 strain schizonts and encoded a ~133 kDa protein
which was expressed in the rhoptry neck of VCG-1 strain late schizonts, together with PvRON2 and PvRON4.
Polyclonal sera against PYRON5 peptides specifically detected ~85 and ~30 kDa fragments in parasite lysate,
thereby suggesting proteolytic processing in this protein. Comparative analysis of VCG-1 strain PvRON5 with
other P. vivax strains having different geographic localizations suggested its low polymorphism regarding
other malarial antigens. A recombinant fragment of the PYRON5 protein (rPvRON5) was recognized by sera
from P. vivax-infected patients and bound to red blood cells, having a marked preference for human reticulocytes.

Conclusions: The pvron5 gene is transcribed in the VCG-1 strain, the encoded protein is expressed at the parasite’s

apical pole and might be participating in merozoite invasion of host cells, taking into account its marked binding
preference for human reticulocytes.
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Background

The rhoptries, together with the micronemes, form the
main secretory organelles of most infective forms of par-
asites from Apicomplexa (the phylum to which Plasmo-
dium belongs) [1]. The importance of the rhoptries is
reflected in the wide range of proteins contained in these
organelles, which are involved in invasion of host cells.
Some of these proteins are restricted to the apical duct
(known as the rhoptry neck) or to the rhoptry bulb, which
is characterized by having a high lipid content [2]. Protein
spatial localization within the rhoptries in malaria allows
the parasite to carry out different functions during the co-
ordinated invasion of its host cell, which has been corre-
lated with each protein’s release time [3]. Proteins from
the rhoptries are thus implicated in specific recognition of
the host cell, in tight or moving junction (T]-M]J) forma-
tion, parasitophorous vacuole formation and host cell
remodelling [3,4].

Rhoptry neck proteins (called RONs) have been
strongly associated with the formation of the TJ, an elec-
tron dense circular structure which is formed between
the parasite and the host cell, constituting the central
axis where the different invasion events become orga-
nized [5]. RON2, RON4 and RONS5 proteins have been
identified in the T] formed by Plasmodium falciparum
(and RONS in Toxoplasma gondii), associated with a
micronemal protein called apical membrane antigen 1
(AMA-1) [6-8]. Besteiro et al.,, described an organizational
model of MJ in T. gondii for the first time, consisting of a
multi-protein rhoptry/microneme complex where it has
been suggested that the parasite supplies its own receptors
(RON proteins) for gaining access to the host cell [9]. The
different interactions between MJ components have been
mapped in detail since these first studies. Crystallization
studies of the AMA-1 ectodomain in complex with a
RON?2 extracellular peptide have revealed a conform-
ational change in AMA-1 domain II leading to a perfect
fit having high affinity between both proteins [10,11]. The
description of this interaction has provided the molecular
basis for understanding the invasion inhibition mecha-
nisms displayed by the 4G2 [12] and 1F9 [13] monoclonal
antibodies directed against PAAMA-1 and peptides identi-
fied from random peptide libraries expressed on phage
surface, such as R1 [14]. P/RON2 binding to P/AMA-1 is
not affected by PAAMAT’s high polymorphism in the para-
site’s distinct strains; furthermore, the PRON2 peptide
which binds to the hydrophobic groove shows crossed
invasion inhibition between strains [11], thereby highlight-
ing its biological importance in developing prophylactic
methods. Interestingly, a recent study has shown that
immunization with the AMA1-RON2 functional com-
plex, but not with individual antigens, induced complete
antibody-mediated protection against homologous experi-
mental challenge with the lethal Plasmodium yoelii YM
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strain [15]. Such protection would seem to be partly
mediated by antibodies having specificity for new epitopes
surrounding the RON2 binding site [15].

While different studies have established the import-
ance of RON2-AMA-1 interaction, other ones obtaining
partial or total AMA-1 knockouts, have led to question-
ing the role of this protein in the TJ formation [16,17]. It
has been shown that the absence of AMA-1 in T. gondii is
complemented and/or compensated by two homologous
genes [18]; however, RON proteins continue to gain im-
portance in spite of such discrepancies. Bearing in mind
that it has not been possible to inactivate the ron4 gene in
Plasmodium berghei, following various attempts to do so,
it has been suggested that the RON4 protein plays an im-
portant role in merozoites [17]. A significant reduction in
the invasion of hepatic cells has been found following con-
ditional silencing of the ron4 gene in P. berghei sporozo-
ites [17]. It has been found to date that the T. gondii
RON4 protein carboxyl terminal region, but not that
of P. falciparum, has been associated with the tubulin
B-chain in mammalian cells, thereby suggesting RON4
translocation to host cell cytoskeleton, acting as anchoring
site for parasite entry [19] and partly confirming the
aforementioned model proposed by Besteiro et al. [9].

Few studies have dealt with a functional role for PARON5
within the TJ, even though some methodological ap-
proaches have shown its association with the RON/AMA1
multi-protein complex [9,12]. It has been shown recently
that the conditioned absence of RON5 in tachyzoites
caused the complete degradation of 7gRON2 and incorrect
TgRON4 localization in the rhoptries, having significant
implications within the parasite’s invasion cycle [20]. The
functional dissection of each TgRON5 region has led to it
becoming established that the TgRONS5 prodomain, to-
gether with the last portion of the TgRON5 amino region
(RON5N), participate in the correct targeting of the rhop-
try neck proteins, while the carboxyl terminal region is
essential for stabilizing TgRON2 [20]. Interestingly, it has
been described that the P. falciparum PRONS5 sequence
contains peptides, which bind saturably, and having high
affinity for binding to receptors on red blood cell (RBC)
membrane which are sensitive to enzyme treatment [21].
Such peptides, called high activity binding peptides (HABPs),
can inhibit merozoite in vitro invasion of their host cells [21],
thereby highlighting the role of PARON5 during parasite
invasion. Although most studies have described the pos-
sible translocation of some RONs to the host cell mem-
brane, its mechanisms and signals have not been explored
in detail. This translocation could be preceded by RON
proteins’ specific interaction with receptors on RBC mem-
brane, as has been previously reported for PARON5 [21]
and PARON2 [22]. Such interaction might have func-
tional relevance when designing control methods aimed at
blocking RON-AMA1 complex formation.
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Taking into account the major role that RON proteins
display in 7. gondii and P. falciparum parasite invasion cy-
cles, a comparative approach together with an adaptation
of a Plasmodium vivax strain in Aotus monkeys [23] has
been used for identifying and characterizing new proteins,
such as PvRON2 [24] and PvRON4 proteins [25] in the
second-most important species causing malaria around
the world: P. vivax [26]. Such approach has provided the
basis for advances made in identifying P. vivax proteins
containing important characteristics which are typical of
vaccine candidates, such as expression in late schizonts,
localization on/in cell membrane or secretory organelles
and, in some cases, high antigenic and immunogenic
capacity [27]. Some antigens, such as merozoite sur-
face protein-1 (PvMSP-1), reticulocyte binding protein-1
(PvRBP-1) and the Duffy binding protein (PvDBP), have
reticulocyte-specific binding sequences and have been
considered to date among the most promising vaccine
candidate antigens [27].

The gene encoding the PvRONS5 protein was identified
in the present work; it consisted of a 1,158 residue antigen
which was found to be conserved among P. vivax strains
from different geographical regions and which was found
to be expressed at P. vivax schizonts’ apical pole, together
with PvRON4 and PvRON2 proteins. PvRON5 anti-
peptide antibodies recognized two bands in P. vivax schiz-
ont lysate, suggesting that proteolytic processing could be
implicated in the protein’s functional activation. Analytical
and molecular biology techniques led to obtaining the
rPvRONS5, which was recognized by sera from patients
having active P. vivax infection. Immunoprecipitation and
immunofluorescence studies have shown that rPvRON5
binds to reticulocyte-enriched samples, suggesting that
this protein might be involved in merozoite invasion of
human reticulocytes.

Methods
In-silico search for pfron5 and pkron5 homologous gene
in Plasmodium vivax
The presence of the pvron5 gene in the P. vivax genome
was evaluated by using the P. falciparum (PF3D7_0817700)
and Plasmodium knowlesi (PKH_051420) RON5 protein
amino acid (aa) sequences deposited in PlasmoDB [28] and
the Basic Local Alignment Search Tool (BLAST) [29], from
the National Center for Biotechnology Information (NCBI)
as template. Genscan [30], Spidey [31] and tBlastn were
used for determining the presence and boundaries of the
exons and introns present in the pvronS gene. The study
of synteny considered the presence of open reading
frames (ORFs), gene structure, transcription direction,
and values regarding identity and similarity between
P. vivax-P. knowlesi and P. vivax-P. falciparum species.
Primers were designed on the ORF having the highest
score in bioinformatics’ analysis based on the results for
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the above. Three sets of primers were designed for the
complete amplification of genomic DNA (gDNA) while
two primers were designed for complementary DNA
(cDNA) covering from the start codon to the stop codon.
Different primers were needed for the complete sequen-
cing of ¢cDNA. Table 1 lists the forward and reverse
primers used for PCR amplification and sequencing for
each amplicon.

Different bioinformatics tools were used for evaluat-
ing important motifs and domains in the hypothetical
PvRONS5 sequence. Signal P software was used for evalu-
ating signal peptide presence [32], Polyphobius for deter-
mining the presence of transmembrane domains [33] and
PredGPI for GPI anchors [33]. The BaCelLo tool was used
for predicting PvRON5 sub-cellular localization [34]. Se-
quence tandem repeat extraction and architecture model-
ling (XSTREAM, variable X’) was used for finding repeat
sequences and the simple modular architecture research
tool (SMART) for searching for other important motifs
and domains [35].

The source of nucleic acids and cDNA synthesis

Vivax Colombia Guaviare 1 (VCG-1) strain parasites were
used as source for DNA, RNA and parasite proteins.
These samples had been obtained as described previously
[23] and after nucleic acid and protein extraction, stored
at —70°C until use. RNA extracted by using the TRIzol
method [36] and Superscript III enzyme (Invitrogen), were
used for ¢cDNA synthesis following the manufacturer’s
specifications.

PCR conditions, cloning and sequencing
KAPA HiFi HotStart DNA polymerase (Kapa Biosystems)
was used for amplifying pvron5 from gDNA in 25 pL final
reaction volume containing 12.5 puL 2x KAPA HiFi Ready
Mix, 1.5 pL of each primer (Table 1) at 5 pM concentra-
tion and 7.5 pL of nuclease-free water. The amplification
conditions for the three products amplifying gDNA con-
sisted of one 3-min cycle at 95°C followed by 35 cycles
lasting 20 sec at 98°C, 15 sec at 60°C and 3 min 30 sec at
72°C with a final extension cycle lasting 5 min at 72°C. cDNA
was amplified with PYRON5-F and PvRON5-R primers
and the TAQXpedite high fidelity enzyme (Epicentre
Biotechnologies) at final 25 pL volume, according to the
manufacturer’s recommendations. A denaturing cycle was
used which lasted 30 sec at 95°C followed by 35 cycles at
95°C for 10 sec, 58°C for 10 sec and 72°C for 2 min. The
same conditions and previously described primers were
used for amplifying the pvrhoph3 gene from cDNA [37].
The amplified products were visualized on 1% agarose
gels and their molecular weights calculated based on a
molecular weight marker. The product obtained from
¢DNA was purified by using an Ultra Clean Gel Spin
DNA purification kit (MOBIO Laboratories), according
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Table 1 Primers used in amplifying and sequencing PvRON5 from gDNA and cDNA

Name Sequence 5 — 3 Amplicon Target

Al CGT CTG TAA GAC CTC CC 3404 bp gDNA

A3 CGA TGA AGC CCT TCT CC gDNA

A5 CGG GAC AAG CTG AAT AAC 1.815 bp gDNA

A7 TGA CGT CGG CGC AGA TG gDNA

A9 AGT GCC TCC ATG GAC AAT A 3.158 bp gDNA

ATl GCT GAT CGG TCG GCT GA gDNA

PYRONS5-F ATG CTG AAG TAC GTG CTA CTC 3477 bp cDNA

PVvRONS5-R GGG TAT CCT CGT GTG CAC cDNA
PvRONS5-sec-F1 CGT CTG TAA GAC CTC CC NA cDNA sequencing
PvRONS5-rev-R1 CGA TGA AGC CCT TCT CC NA cDNA sequencing
PVvRONS5-sec-F2 CGG GAC AAG CTG AAT AAC NA cDNA sequencing
PvRON5-sec-R2 TGA CGT CGG CGC AGA TG NA cDNA sequencing
PVRONS5-sec-F3 AGT GCC TCC ATG GAC AAT A NA cDNA sequencing
PvRONS5-sec-R3 GCT GAT CGG TCG GCT GA NA cDNA sequencing

NA: Not applicable, gDNA: genomic deoxyribonucleic acid, cDNA: complementary deoxyribonucleic acid.

to the manufacturer’s specifications. An additional reac-
tion was needed for adding adenines to the product’s 3"
end for its TA cloning into pGEM-T vector (Promega).
The construct was used for transforming TOP10 cells
and three positive clones were selected which had been
obtained from independent PCR reactions which were sent
for sequencing on an ABI PRISM 310 Genetic Analyzer.
CLC DNA Workbench (CLC bio) software was used for
analyzing the sequences; the resulting cDNA sequence was
deposited in GenBank. Clustal W software was used for
comparing the VCG-1 strain’s cDNA sequence to those of
the Sal-1, Mauritania I, Brazil I, North Korean and India
VII strain sequences [38].

PvRONS5 recombinant fragment cloning, expression and
purification
A nucleotide construct encoding 296 aa from PvRONS5
(residues 863T to 1158P) was commercially synthesized
by GenScript, thereby optimizing a variety of parameters
(i.e. Escherichia coli codon bias, GC content and mRNA
secondary structure), which are critical for the gene frag-
ment’s efficient expression. The synthetic gene was ligated
in pQE30 vector (Qiagen) BamHI and HindIII sites and
the new construct was named pQE30-rRON5. This plas-
mid was used for transforming JM109 strain E. coli cells,
followed by sequencing with the vector’s primers.
Kanamycin-resistant and ampicillin-sensitive M15 cells were
transformed with the pQE30-rRON5 plasmid. rPvRON5
expression was obtained by inoculating 200 mL Luria
Bertani (LB) medium containing 0.1 mg/mL ampicillin
and 25 pg/mL kanamycin with 10 mL culture grown
overnight. The culture was grown in conditions involving
constant shaking at 37°C until 0.4-0.6 optical density was
reached at 620 nm. rPvRON5 expression was induced

by adding isopropyl p-D-1-thiogalactopyranoside (IPTG,
Invitrogen) at 1 mM final concentration for 4 hr at 37°C
with constant shaking. The cell culture was spun at
10,000 x g for 30 min at 4°C and the bacterial pellet
containing the protein in inclusion bodies was washed
twice with buffer A (20 mM Tris—HCI pH 8.0, 1 mM
EDTA, 1 mM iodoacetamide, 1 mM PMSF and 1 pg/mL
leupeptin) supplemented with lysozyme, followed by cell
disruption using a sonicator (Branson). Following the
aforementioned treatment, the inclusion bodies were re-
covered by spinning at 10,000 x g for 30 min at 4°C and
washed once with buffer A supplemented with 2 M urea.
The recombinant protein was then solubilized with lysis
buffer containing 10 mM Tris—HCIl, 100 mM NaH,PO,,
6 M urea, 10 mM imidazole and 10% glycerol. Protein
presence in the supernatant was evaluated by Western
blot using an anti-polyhistidine monoclonal antibody
(Sigma).

The recombinant protein (rPvRON5) was purified by af-
finity chromatography using Ni**-NTA agarose (Qiagen),
as recommended by the manufacturer. Briefly, the super-
natant was placed on a Ni**-NTA column, which had
been previously equilibrated in lysis buffer. The column
was extensively washed with lysis buffer and then washed
with decreasing amounts of urea (6—0 M) in the same lysis
buffer. The recombinant protein was then eluted with an
imidazole linear gradient (0.03 M-0.5 M) in washing buf-
fer (10 mM Tris—HCI, 100 mM NaH,PO, at pH 8.0). The
fractions were analyzed using SDS-PAGE and stained with
Coomassie blue. The fractions containing a single band at
the expected height were pooled and dialyzed against 1X
phosphate buffer. Concentration was determined by the
bicinchoninic acid method (Bio-Rad) using bovine serum
albumin (BSA, Sigma) as standard.
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Producing polyclonal antibodies against PvRON5, PvRON4
and PvRON2 proteins

The hypothetical PvVRONS5 sequence was used for predict-
ing linear B-cell epitopes. Selected peptides were synthe-
sized for rabbit immunization and producing polyclonal
antibodies, as has been described previously [24]. Peptides
were chemically synthesized in solid phase and one cyst-
eine and one glycine (CG) were added to the amino and
carboxy termini during synthesis. Each peptide was lyoph-
ilized and analyzed by reverse phase high performance li-
quid chromatography (RP-HPLC) and MALDI-TOF mass
spectrometry (Auoflex, Bruker Daltonics). Polymer peptides
36927 (CG””’ATRTDHFSRSASMDNNKKSR"*GC) in which
a cysteine (C) had been replaced by threonine (T) in position
778, 36930 (CG**'NASYDLEEYQNEFKPTNTSQ*°GC) and
39274 (CG*’MFDPKDKKFVPSKSKKAHIV®*GC) were
selected for antibody production. Antibodies thus ob-
tained were later used for evaluating protein expression
in late schizonts. Synthetic peptide 39276 (CG®®’
GIDEDNERFYVLQDKTKVPE!*®GC) was inoculated
for producing antibodies recognizing rPvRONS5 in binding
assays.

Four New Zealand rabbits (numbered 2, 3, 32, and 60)
were then selected after having been evaluated by West-
ern blot as being negative for recognition of P. vivax
proteins. Rabbits 2 and 3 were subcutaneously immu-
nized with 500 ug of peptides 39274 and 39276 respect-
ively, emulsified in Freund’s complete adjuvant (FCA),
while rabbits 32 and 60 were inoculated with a mixture
of peptides 36927 (250 pg) and 36930 (250 pg) in FCA.
Booster immunizations on days 20 and 40 were adminis-
tered using the same peptides emulsified in Freund’s incom-
plete adjuvant (FIA). Antibodies directed against PvRON4
and PvRON2 proteins were used for co-localization stud-
ies, inoculating the previously described peptides in mice
[24,25]. This involved taking two BAlb/C mice which were
intraperitoneally immunized (ip) with 75 pg PvRON2
polymer peptides 35519 and 35520 [24] emulsified in
FCA, while another two mice were immunized with
PvRON4 peptides 36114 and 36115 [25]. Three boosters
were given on days 30, 45 and 60 using the same peptides
emulsified in FIA. Rabbit and mouse sera was collected on
day 60 and 75, respectively, and used for further assays.
Animal immunization and bleeding was done according
to Colombian animal protection recommendations (Law
84/1989 and Resolution 8430/1993) for handling live ani-
mals for research or experimentation purposes. All experi-
mental procedures involving animals had been previously
approved by the Fundacién Instituto de Inmunologia’s
ethics committee.

PvRONS5 polymer peptide recognition by rabbit sera
Polymer peptides (1 pg) were sown in 96-well ELISA
plates, as previously described [39]. The plates were
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incubated with sera from each rabbit in 1:100 dilution
for 1:30 min at 37°C, followed by three washes with
0.05% PBS-Tween. Peroxidase-coupled anti-rabbit (Vector
Laboratories) at 1:5,000 dilution was used as secondary
antibody. Immunoreactivity was revealed by using a
TMB Micro-well Peroxidase Substrate System kit (KPL
Laboratories), according to the manufacturer’s instruc-
tions. Absorbance was read at 620 nm on an ELISA reader
(Lab Systems Multiskan MS).

Evaluating PvRON5 expression in late schizonts

PvRONS5 expression was determined by Western blot
(WB) and immunofluorescence. Regarding WB, the para-
site proteins extracted from the VCG-1 strain were electro-
phoresed in reducing conditions on 10% polyacrylamide/
SDS gels (SDS-PAGE). The proteins were then transferred
to polyvinylidene difluoride (PVDF) membranes, which
had been previously activated with methanol. Following
transfer, the membrane containing the parasite proteins
was blocked with a 5% milk solution in 0.05% PBS-Tween
and 3-mm wide strips were cut to be incubated with the
sera (pre-immune or immune) from rabbits immunized
with PYRONS5 polymer peptides (1:40 dilution in blocking
solution). In another assay, immune serum was pre-
incubated with inoculated polymer peptides before being
incubated with the PVDF membrane. Each strip was
washed thrice with 0.05% PBS-Tween and incubated with
anti-rabbit phosphatase-coupled antibodies (Biomedicals)
in 1:5,000 dilution. The reaction was revealed by using a
BCIP/NBT kit (Promega), according to the manufacturer’s
instructions.

Indirect immunofluorescence (IFA) involved using a
previously described protocol, with some modifications
[25]. Briefly, the eight-well chamber slides containing
parasitized RBCs were fixed with 4% formaldehyde and
then permeabilized for 10 min with 1% v/v Triton X-100.
The slides were blocked with 1% PBS/BSA solution at
37°C for 30 min and incubated with primary anti-
PyRONS5, PYRON2 or PvRON4 antibodies in 1:40 di-
lution in blocking solution. Fluorescein-labelled anti-rabbit
IgG (FITC) (Vector Laboratories) and rhodamine-labelled
anti-mouse IgG (Millipore) were used as secondary anti-
bodies. Parasite nuclei were stained with 4, 6-diamidino-
2-phenylindole (DAPI) and fluorescence was visualized
by fluorescence microscope (Olympus BX51) using an
Olympus DP2 camera and Volocity software (Perkin Elmer).

Antigenicity studies with rPvRON5

The rPvRONS5 recombinant protein was electrophoresed
on 12% SDS-PAGE gels and then transferred to PVDF
membranes. The membrane was blocked and cut into 3-
mm wide strips which were incubated with sera from P.
vivax-infected patients (1:100) who were living in differ-
ent endemic regions in Colombia. Healthy individuals’
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sera were used as controls. The membranes were then
incubated with phosphatase-coupled anti-human anti-
bodies (Biomedicals) in 1:4,000 dilution and the reaction
was revealed with a BCIP/NBT Kkit, according to the
manufacturer’s instructions.

The rPvRONS5 recognition was determined by ELISA.
In brief, 96-well plates coated with 2 pg rPvRON5 were
incubated with a 1:100 dilution of serum samples from
P. vivax-infected individuals and 1:5,000 anti-human
IgG as secondary antibody.

Obtaining reticulocyte-enriched fractions

A previously described protocol was followed for reticulo-
cyte enrichment [40], with some modifications. Around
30 ml of umbilical cord blood (n =5) were obtained from
the District Blood Bank in Bogotd, Colombia. The plasma
was removed after being washed in PBS several times. The
packed RBC were diluted ten times in PBS and passed
three times through CF11 columns (Whatman) to elimin-
ate platelets and white cells. A 70% Percoll solution in
0.15 M NaCl was prepared from a Percoll stock in 9:1
Percoll-1.5 M NaCl ratio. The RBC were spun, diluted by
half and placed on the 70% Percoll gradient which was
spun at 2,500 x g for 25 min. The fine reticulocyte band
formed on the Percoll interface was carefully removed and
then washed twice with PBS. Reticulocyte viability and
count were monitored in each process using cresyl blue
supravital stain.

rPvRONS5 binding to reticulocyte-enriched samples

The interaction between rPvRONS5 with reticulocyte-
enriched samples and RBC passed through CF11 columns
was determined in two experiments. The first involved
incubating 100 pL rPvRON5 recombinant protein with
100 pL RBC or enriched reticulocytes, taken to 300 pL
final volume with PBS at 4°C overnight. The mixture was
passed through a 400 pL dibutyl phthalate cushion and
spun at 2,500 x g for 5 min. The supernatant was skimmed
off and the pellet was washed twice with PBS before elut-
ing the protein with PBS/1 M NaCl. The supernatant was
pre-incubated at 4°C for 3 hr with protein G conjugated
sepharose beads (GammaBind Plus Sepharose, GE Health-
care) diluted to 50% in NETT buffer (50 mM Tris—HCI,
0.15 M NaCl, 1 mM EDTA, and 0.5% Triton X-100) sup-
plemented with 0.5% BSA. The recovered supernatants
were incubated with anti-polyhistidine monoclonal anti-
body (Sigma) in 1:4,000 dilution with gentle shaking at
4°C for 5 hr and 20 pL 50% protein G-conjugated beads
were then added. Following incubation, the mixture was
spun at 3,800 x ¢ for 5 min and the beads were washed
once with NETT-0.5% BSA. The immune-precipitated
recombinant protein was extracted from the beads by
incubation with SDS-PAGE reducing loading buffer at
100°C for 3 min. Supernatants were collected for WB
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analysis using peroxidase-coupled anti-histidine mono-
clonal antibody.

The second assay involved 5% reticulocyte-enriched sam-
ples in HEPES buffered saline (HBS) solution being incu-
bated with 15 pug rPvRONS5 at 4°C overnight. The samples
were spun, washed once with HBS buffer and 50 pL
bis (sulfosuccinimidyl) suberate (BS3-Pierce) was added
at 250 pg/mL final concentration for 1 hr at room
temperature (RT) with slow shaking. The samples were
then washed twice with HBS buffer and the RBC or retic-
ulocytes were blocked with 1% BSA in HBS buffer for 1 hr
at 4°C. Following two washes with HBS, the samples were
incubated with primary anti-RON5 antibody (rabbit 3) in
1:40 dilution and anti-CD71 monoclonal antibody (Life
Technologies) in 1:100 dilution for 1 hr at 4°C. Antibody
which did not bind was removed by two washings with
HBS. The samples were then incubated with fluorescein-
labelled anti-rabbit IgG (FITC) (Vector Laboratories) and
rhodamine-labelled anti-mouse IgG (Millipore). Associ-
ated fluorescence was visualized on a fluorescence micro-
scope (Olympus BX51) using an Olympus DP2 camera
and Volocity software (Perkin Elmer). The following negative
controls were included for evaluating non-specific reactivity
between polyclonal antibody (recognizing rPvRON5) and
secondary antibody with proteins on target cell membrane:
reticulocytes or RBC incubated only with polyclonal anti-
body against rPvRON5 followed by FITC-coupled second-
ary antibodies, reticulocytes or RBC incubated with only
FITC-coupled secondary antibodies and reticulocytes or
RBC incubated with rPvRONS5 followed by incubation with
FITC-coupled secondary antibody.

Statistical analysis

Differences in antibody production between pre-immune
and post-third immunization rabbit sera obtained by
ELISA were evaluated using non-parametric Wilcoxon
signed rank test. Ten photos were selected for evaluating
the differences between reticulocyte-associated fluores-
cence compared to RBC-associated in rPvRON5 target
cell binding assays; in each photograph, reticulocytes
and RBCs were numbered. One reticulocyte and one
RBC were randomly chosen in each photo for measuring
256 fluorescence points per cell using Image] 1.48 soft-
ware. The 512 data obtained per photo were loaded into
the SPSS software (version 20.0) and the differences
evaluated by non-parametric Wilcoxon signed rank test.
The images presented in the manuscript are representa-
tive of at least 10 individual observations.

Results

In-silico identification and molecular characterization of
the pvron5 gene

In spite of a lack of an in vitro P. vivax continuous
culture providing sufficient parasite samples for study, a
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comparative approach involving other important species
such as P. falciparum and the use of Aotus monkeys for
maintaining a P. vivax-adapted strain [23] has led to the
identification of a significant number of antigens (16 new
proteins) which could be participating in invasion [27].
The gene encoding the PvRONS5 protein was identified
in this study; this antigen is expressed in the schizont
phase of the intra-erythrocyte cycle. An initial search
was made in tBlastn regarding the pvron5 gene using the
PRONS aa sequence (1,156 aa). The analysis revealed a
high probability that the target gene would be localized in
chromosome 5 (Pv_sall_chr05) of the P. vivax genome
between base pairs 635,954 to 642,743 (i.e., PARON5 aa
105 to 1,156). The P. knowlesi RON5 aa sequence was
used for searching for the start codon, as this parasite was
phylogenetically closest to P. vivax. This analysis revealed
that the pvron5 gene’s structural region began in position
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634,671 and ended in chromosome 5 nucleotide 642,743;
a gene (PVX_089530) having a putative function was
found in this position (Figure 1A). Such analysis has been
indispensable in re-annotating genes such as pvron4 [25]
and pvrhoph3 [37] where incorrect annotations have been
found regarding the start and termination of the gene as
well as the number of exons.

It was also found that transcription direction, pvron5
gene structure regarding pfron5 and pkron5 and the pres-
ence of 31 exons in each species analyzed was conserved
(Figure 1A). ronS gene identity (ID) and similarity (SI)
values between the three species were above 60%, ID and
SI being greater between P. vivax-P. knowlesi (92% ID;
99% SI) regarding P. vivax-P. falciparum (68% ID; 90%
SI); such values agreed with the evolutionary relationships
between these parasites. Gene structure, transcription
orientation and SI values above 35% were taken into
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Figure 1 In-silico, genomic and transcriptional analysis of the pvron5 gene in the Plasmodium vivax VCG-1 strain. (A) Schematic

representation of the pvron5 gene (blue) localized in Pv_Sall_chr05:629000.649500 (21 kb) and comparative analysis with P. falciparum:
Pf3D7_08_v3:798000..818000 (20 kb) and P. knowlesi: Pk_strainH_chr05:663000..682000 (19 kb) and Pk_strainH_chr05:709,700..711,400 (1.7 kB).
The transcription direction is shown for each gene and the identity and similarity values between ron5 and adjacent genes regarding the
three Plasmodium species. Analysis was made concerning the information available in PlasmoDB [28] (B) pvron5 amplification from gDNA.
Above, a representation of the pvron5 gene and the localization of the three sets of primers used for amplifying the gene are shown,
along with the size of the expected products. ~3,404 bp (lane 1), ~1,815 bp (lane 2) and ~3,158 bp (lane 3) bands can be observed on
the agarose gel, showing the weight of the expected products for pvron5. MWM: molecular weight marker. (C) pvron5 transcription in
VCG-1 strain late schizonts. Lane 1: pvron5 positive RT-PCR. Lane 2: pvrhoph3 positive RT-PCR. Lane 3: pvron5 negative RT-PCR.
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account for determining the existence of conserved syn-
teny in the chromosome region where pvron5 was local-
ized [41]. The results revealed conservation regarding the
number of introns and exons of the genes upstream and
downstream ron5 as well as SI values extending up to
100% in some genes (Figure 1A), thereby suggesting that
the pvron5 gene is an orthologue of the pfron5 and pkrons
genes.

Following bioinformatics analysis, the presence of the
pvron5 gene in the VCG-1 strain genome was investi-
gated by PCR amplification of ~8,076 bp comprising the
gene from gDNA (Figure 1B); ~3,404 bp, ~1,815 bp
and ~3,158 bp fragments were amplified with three sets of
overlapping primers (by about 100 bp), two of which were
designed upstream (+51) and downstream (-33) of the
gene of interest (Figure 1B).

pvron5 gene transcription in the late phase
intra-erythrocyte cycle

Merozoite invasion of RBC is a complex process, during
which the parasite recognizes its target cell, orientates its
apical pole and becomes internalized through the para-
site’s machinery and RBC membrane invagination [42].
These invasion events are accompanied by a large number
of receptor-ligand interactions between proteins localized
on/in the membrane or the parasite’s apical organelles
with RBC membrane proteins [42]. Plasmodium falcip-
arum transcriptome studies have shown that ~500 ORFs
have a transcription peak in late-schizont stage and that
60 to 90 antigens could be participating in invasion [43].
The pfron5 gene has a maximum transcription peak after
41 hr of the intra-erythrocyte cycle, this being an appro-
priate time for its participation in the invasion cycle. In
fact, it has been reported that PARONS5 is associated with
important antigens involved in invasion, such as RON2
and AMA1 [6,8].

PCR amplification of a product having around 3,477 bp
from cDNA synthesized with reverse transcriptase (RT+)
confirmed pvron5 gene transcription (Figure 1C). The
pvrhoph3 gene was amplified as transcription control dur-
ing schizont stage. Amplification was not obtained from RT
negative samples, showing that synthesized cDNA was free
of contamination with gDNA (Figure 1C). pvron5 transcrip-
tion in the VCG-1 strain agreed with previous studies of
the P. vivax transcriptome carried out with three clinical
isolates, showing that the PVX_089530 gene had a max-
imum transcription peak between 35 (TP7) and 40 hr
(TP8) of the intra-erythrocyte cycle, similar to that reported
for proteins which have been well characterized regarding
invasion, such as Pv200, or new antigens, such as PYRON2
[44]. Large differences regarding the size of the amplified
pvron5 product from gDNA (~8,076 bp) and cDNA
(3,477 bp) suggested the presence of intron regions, this be-
ing consistent with the bioinformatics prediction (Figure 1).
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The pvron5 cDNA sequence (VCG-1 strain) was depos-
ited in the NCBI (GenBank accession number: KP026121)
and was compared to strains distributed throughout dif-
ferent geographic regions, such as India, Brazil, Asia and
Africa, taking the Sal-1 strain deposited in PlasmoDB as
reference. Analysis at nucleotide level revealed a 27 nt de-
letion towards the 5” extreme in the India VII strain, coin-
ciding with the absence of nine amino acids between
positions 100 to 108 (Figure 2A and Additional file 1).
Six changes were also found, four of which were non-
synonymous mutations in positions 544, 547, 730, and
929 at amino acid level (Figure 2A). Such amount of
change in PvRONS5 is low when compared to that present
in other malarial antigens, such as MSP-1 and AMA-1
[45,46]. In fact, amino acids conserved physical-chemical
properties in the first three changes mentioned (544, 547
and 730). However, it cannot be ruled out that such
changes could have been associated with parasite eva-
sion mechanisms. This is important when designing a
completely effective anti-malaria vaccine as antigens having
high genetic variability involve the expression of different
alleles in different parasite strains, inducing allele-specific
responses partly reducing vaccine efficacy [47,48].

Analyzing RON5 expression and localization in
Plasmodium vivax

RONG is a 1,158 residue-long protein in the P. vivax VCG-1
strain and, according to SignalP and BaCelLo, it is a secreted
protein containing a classical eukaryotic signal sequence
towards the amino terminal extreme in the first 21 amino
acids, having a short potential site for a type I peptidase
between aa 21(S) and 22(R) (Figure 2A). This allows entry
to the secretory pathway for traffic from the endoplasmic
reticule through the Golgi complex by a conserved path-
way before being packaged into the apically located
secretory organelles. It also contains two predicted trans-
membrane domains localized in its sequence in the
protein’s central portion between residues 555-574 and
643-664 (Figure 2A). The protein’s topology in parasite
membrane would thus have amino and carboxyl terminal
ends facing outwards, probably in contact with the host
cell. Previous studies regarding PRON5 have provided
contradictory results regarding the number of transmem-
brane domains in the sequence. Richard et al., predicted
six transmembrane regions (TMs) for PfRON5 based
on a hydrophobicity profile analysis [8]. A later study
used different bioinformatics tools (Phobius, Polyphobius,
TMHMM2.0, ConpredIl and TMpred) for constructing
a consensus regarding the transmembrane domains in
PRON5 [39]. Such analysis led to concluding that, as
well as the different models and statistics involved in using
each tool, the dissimilar results may well have been
due to protozoan protein sequences having been under-
represented in the training data sets of most tools in
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Figure 2 PvRONS5 expression in Plasmodium vivax schizonts. (A) Representation to scale of the P. vivax RON5 protein. The signal peptide and
the two transmembrane domains predicted by bioinformatics tools and the localization and sequence of the linear B-cell epitope peptides
selected for polyclonal antibody production are shown. Comparative analysis of amino acid sequences from different P. vivax strains revealed

the deletion of a nine-residue-long region; black dotted lines show synonymous and non-synonymous changes. Aligning P. vivax, P. falciparum and

P. knowlesi RON5 revealed nine conserved cysteines (red dotted lines). The recombinant protein (rPvRON5) produced in E. coli is shown in purple.
(B) PYRON5 expression in VCG-1 strain schizont lysate. Lane 1, pre-immune serum 60; lane 2, immune serum 60; lane 3, immune serum
60 pre-incubated with peptides 36930 and 36927; lane 4, pre-immune serum 2; lane 5, immune serum 2 and lane 6, immune serum 2
pre-incubated with peptide 39274. (C) PvRON5 sub-cellular localization in P. vivax-infected RBCs in schizont stage. Green shows serum reactivity
for PPRONS, having a dotted pattern similar to that observed for PYRON4 and PYRON?2 (red). The arrows show the dotted pattern and the overlaying of
the images (merging). DAPI (4’,6-diamidino-2-phenylindole) was used for staining the parasite nucleus.

relation to other eukaryotic sequences, thereby ham-
pering predicting transmembrane domains in these or-
ganisms [39]. Regarding PyRONS5, two transmembrane
domains were predicted by Polyphobius which had not
been predicted by OCTOPUS and Phobius [49]. Interest-
ingly, ultracentrifuge analysis supported the idea that
PyRONS is a protein lacking transmembrane domains, be-
ing mostly isolated in the soluble fraction compared to the
fractions obtained with triton and SDS [49]. However, if
the T] model proposed by Besterio et al., [9] is taken into
account, it may be assumed that the protein should con-
tain at least one hydrophobic region affording passage
towards host cell cytoplasm. No repeat sequences or
low complexity regions were found in PYRON5, con-
trasting with that reported for PYRON2 and PvRON4,
where several tandem repeats have been detected be-
tween both antigens’ amino and central regions [24,25].
Repeats in malaria have been associated with evasion of
the immune system regarding functionally important
regions and the production of low affinity antibodies and
independent T-cell activation. Interestingly, nine con-
served cysteines were detected in P. falciparum, P. vivax
and P. knowlesi RON5, distributed throughout the protein
(Additional file 1), possibly being involved in conserved
protein fold (Figure 2A).

Antibodies against PVRON5 peptides were produced
in rabbits for investigating the protein’s presence and ex-
perimental molecular weight in VCG-1 strain late schiz-
onts (Figure 2A). The polyclonal antibodies so obtained
had high reactivity (by ELISA) for the inoculated pep-
tides compared to pre-immune sera (p < 0.01). Rabbit 32
and 60 sera recognized a single band of around 85 kDa
in schizont protein extract whose intensity became re-
duced when the antibodies had been previously incu-
bated with the immunized peptides (36930 and 36927)
(Figure 2B). This band had a molecular weight which that
was below the predicted molecular weight (133 kDa) for
PvRONS. Bearing studies about some rhoptry proteins
(i.e., TgRONS5, TgRON4, PvRON4, PvRON2, PRAP1 and
PyRONS5) in mind where proteolytic processing was identi-
fied and suggested for maturation and/or functional activa-
tion [9,24,25,49,50], anti-peptide antibodies were produced
against PYRON5 amino- and carboxyl-terminal extremes

for identifying bands from proteolytic cleavages. Sera
from rabbit 3 immunized with peptide 39276 localized
towards the carboxyl-terminal extreme recognized a sin-
gle ~85 kDa band, similar to sera 32 and 60 (Figure 2B),
while sera from rabbit 2 inoculated with peptide 39274
located in the amino-terminal extreme recognized ~15
and ~30 kDa bands (Figure 2B), the latter band being
specifically recognized, as sera previously incubated
with peptide 39274 only recognized the ~15 kDa band
(Figure 2B, lane 6). The ~85 and ~30 kDa specific prod-
ucts detected in P. vivax suggested that PvRONS5 is
expressed in VCG-1 strain schizonts and undergoes pro-
teolytic processing towards the amino terminal extreme.
Even though processing in RON5 has not been detected
to date in P. falciparum, recent studies in 7. gondii have
shown that RON5 undergoes a minimum of two cuts, one
being mediated by subtilisin 2 (SUB2) [20]. When charac-
terizing RONS5 in P. yoelii, the authors described a specific
87 kDa band and small ~33, ~31, and ~26 kDa fragments,
suggesting physiologically processed products [48]. The
PyRON5 sequence was scanned for identifying possible
candidate processing sites and evaluating whether they
matched the consensus sequences for SUB2 (S$XE where
¢ was a hydrophobic residue and X any amino acid) [51]
and SUBI1 (I/L/V/TXG/APaa (not Leu), where X was any
residue and Paa tended to be a polar residue) [52]. Two
probable cleavage sites were identified for SUBI, one
being located in the PYRON5 amino terminal region
(VCGQ, residues 261-264). Such cleavage produced
two fragments partly coinciding with the electrophoretic
migration observed for both products recognized by
WB (Figure 2B). Analysis of PyRON5 protein sequence
(GenBank: CDZ11526.1) revealed two putative cleav-
age sites for SUB1 which did not coincide with the
number of previously shown fragments [49]. Such marked
differences in the number of fragments obtained with
RONS5 in P. falciparum, P. vivax, P. knowlesi and T. gondii
indicated that RON5 has differing cleavage patterns
and thus involves the action of different enzymes. It
cannot be ruled out that differences in processing may
have been due to the particular moment of the para-
site’s lifecycle when the samples were taken for Western
Blot analysis. However, further studies are required for
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evaluating putative cleavage and function regarding these
proteins.

Anti-RON5 polyclonal antibodies produced in rabbits
were used for determining RON5 sub-cellular localization
in P. vivax schizonts. The images revealed that PYRON5
had a dotted pattern characteristic of apical localization
(Figure 2C). Including antibodies against proteins local-
ized in the rhoptry neck, such as PYRON2 and PvRON4
in IFA, showed that PvRONS5 overlapped with the fluores-
cence for these two proteins, suggesting that PYRON5
could be localized in the same compartment as PYRON2
and PvRON4 (Figure 2C) and was similar to that re-
ported by electron microscope for PRON5 [21] and
PyRONS5 [49]. This expression and localization data agreed
with antigen transcription time and coincided with the
results from a previous study of the VCG-1 strain prote-
ome where PvRONS5 peptides in schizont phase were
identified [53].

Determining the antigenicity of a PvRON5 fragment

A ~33 kDa fragment was expressed in E. coli and puri-
fied by affinity chromatography based on the predicted
topology for PYRON5 and findings regarding the func-
tion of the RON5 carboxy terminal region in 7. gondii
(Figure 3A). This recombinant protein was used for inves-
tigating (by ELISA and WB) antibodies’ natural response
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against PYRON5 in samples from P. vivax-infected pa-
tients. Preliminary results showed that the sera recognized
a 33 kDa band with differing reactivity, which was corre-
lated with ELISA assay data (Figure 3B). The differences so
observed in recognition of rPvRON5 by sera from infected
patients from different geographical regions in Colombia
may have been due to the temporary acquisition of anti-
bodies against the PYRON5 carboxyl-terminal region, as
has been described for the RON6 carboxyl terminus in P.
falciparum regarding sera from patients from Papua New
Guinea and Vietnam [54]. Sera from healthy individuals
did not recognize rPvRONS5. It is worth emphasizing
that reactivity was only evaluated regarding the protein’s
carboxyl-terminal extreme. Future antigenicity studies could
deal with evaluating the protein’s other regions.

rPvRON5 bound to samples enriched with human
reticulocytes

Designing an anti-malarial vaccine has been based on a
functional approach for several years now; this has in-
volved identifying conserved regions from antigens specif-
ically binding to host cell receptors with high affinity. An
attempt was made to block regions actively involved in
RBC entry and whose sequences have a significant role in
invasion characterized by being much more conserved
than non-critical regions [55]. This concept has led to the
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Figure 3 rPvRON5 expression and antigenicity studies. (A) rPvRON5 expression and purification. Lane 1, rPvRON5 purified by affinity
chromatography with Coomassie blue staining. A single ~33 kDa band was observed which coincided with the expected molecular
weight. Lane 2, WB recognition of rPvRON5 using anti-polyhistidine monoclonal antibody. (B) P. vivax patients’ sera reactivity with rPvRONS. Top panel,
recognition of recombinant protein by WB. H: reactivity by monoclonal anti-polyhistidine serum. Lanes 1 to 11, recognition of rPvRONS5 by sera from

P. vivax-infected patients. A single ~33 kDa band can be seen. Lanes 12 to 15, sera from healthy individuals. R: Polyclonal serum 2 reactivity with
rPYRONS. Bottom panel, ELISA recognition of rPvRONS5 by sera from P. vivax-infected patients (grey bars) and healthy individuals (black bars).
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functional regions of most P. falciparum proteins partici-
pating in merozoite entry to RBC, having been identified
and named HABPs. Interestingly, when HABPs were
immunized in Aotus monkeys it was found that such con-
served HABPs (cHABPs) were poorly immunogenic and
thus did not induce protection against experimental chal-
lenge. A second approach was adopted which was orien-
tated towards identifying HABP critical residues, which
were then modified by replacing them with other amino
acids having similar mass but different polarity and called
mHABPs; many of these mHABPs were found to be im-
munogenic and protection-inducing [56]. The explan-
ation for such immunological response was correlated
with mHABP binding to purified molecules from the major
histocompatibility complex (MHC) and its 3-D structure.
This information led to suggesting that changes in cHABPs
improve peptide coupling in the MHC thereby optimizing
immunological presentation and thus inducing a protect-
ive immune response [57].

The lack of a continuous source of reticulocyte-enriched
samples regarding P. vivax has hampered the identifica-
tion of regions where P. vivax antigens bind to their target
cells, using the methodology adopted concerning P. falcip-
arum. Binding regions have been identified in three P.
vivax proteins to date: PvMSP1, PvDBP and PvRBP-1
[58-60]. Two qualitative methodologies have been adopted
to make further advances in identifying these regions;
they require fewer target cells for evaluating whether the
PvRONS5 carboxyl terminal region interacts with umbilical
cord samples and reticulocyte-enriched samples.

Figure 4A shows that rPvRON5 bound to umbilical
cord RBC and reticulocyte-enriched samples. IFA involv-
ing reticulocytes labelled with anti-CD71 antibody and
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polyclonal serum (rabbit 3) against rPYRON5 having
high reactivity for the recombinant protein as shown by
WB (Figure 3, lane R), were used for determining re-
combinant protein preference and/or tropism for human
reticulocytes or mature RBC. The results showed that
rPvRON5 bound to both mature RBC and reticulocytes
(Figure 4B). The differences between cell-associated fluor-
escence measured by Image J 1.48 in RBCs compared to
reticulocytes showed that rPvRON5 had greater ability to
bind human reticulocytes (p <0.01) than RBCs (as ex-
pected), as reticulocytes are target cells for P. vivax. This
pattern was similar to that reported for PvMSP1 which
contains reticulocyte binding HABPs, binding to erythro-
cytes to a lesser degree [58,61]. The foregoing could de-
pend on the few RON5 receptors on RBC membrane
compared to reticulocytes as part of RBC maturation and
differentiation [62]. No fluorescence was observed in the
negative controls (Additional file 2). All the above data
suggested that PYRON5 appears to be an adhesin, which
might participate in invasion by binding to reticulocyte
surface.

Conclusions

Identifying and characterizing new antigens in P. vivax
is an indispensable step for making advances in designing
a vaccine against this parasite species. The present study
identified the pvron5 gene consisting of 8,076 bp, which
was transcribed during the parasite’s intra-erythrocyte
cycle and expressed at the apical pole of VCG-1 strain
schizonts. The PYRONS5 protein contained a hydrophobic
signal sequence, two transmembrane domains and was
conserved between distinct strains of the parasite distrib-
uted around the world. The PYRON5 carboxyl-terminal

35—
<=33kDa

25—

Figure 4 rPvRON5 binding to human reticulocytes. (A) Immunoprecipitation and WB assays with reticulocytes (lane 1) and packed RBC (lane 2)
with rPYRONS. 15 pg rPvRON5 was incubated with human reticulocytes or packed RBC passed through CF11 columns, followed by separation by
dibutyl phthalate gradient. Cell-associated protein was eluted with 1 M NaCl in PBS and the eluted fraction was immunoprecipitated with
anti-polyhistidine antibodies. The precipitate was run on an SDS-PAGE gel and revealed with anti-polyhistidine antibodies. (B) Indirect immunofluorescence
binding studies. (i) reticulocyte labelling with antibodies against the transferrin receptor (CD71) which is expressed at high levels during erythroid
development phases and is absent in mature cells (RBO). (ii) rPYRONS5 recognition by polyclonal antibodies directed against the recombinant
bound to reticulocytes and RBC. (iii) The cells were seen in white light and those which were positive for CD71 (red). (iv) The cells were observed in
white light simultaneously with rPvRONS binding (green) to cell membrane. (v) Merging between red fluorescence (CD71) and green (rPvRONS5).
Greater rPYRONS preference for reticulocytes than mature RBCs was observed.
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region bound to RBC, having a high preference for human
reticulocytes, and was recognized by sera from P. vivax-
infected patients. All these characteristics led to cata-
loguing this new antigen as an important candidate to be
included in immunogenicity and protection assays in
experimental models.

Additional files

Additional file 1: RON5 was aligned with Plasmodium strains. Red
shows the cysteines which were conserved among P. vivax, P. falciparum
and P. knowlesi; blue shows the cysteines which were only conserved
between P. vivax and P. knowlesi.

Additional file 2: Figure S1. Negative controls included in rPvRONS
reticulocyte binding assays. This shows the fluorescence obtained for:

a) reticulocytes or RBC incubated only with polyclonal antibody against
rPvRONS followed by FITC-coupled secondary antibodies; b) reticulocytes or
RBC incubated with only FITC-coupled secondary antibodies; ) reticulocytes
or RBC incubated with rPvRONS followed by incubation with FITC-coupled
secondary antibody.
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5 Caracterizacion de Interacciones Hospedero-Patégeno en P. vivax

La malaria es una enfermedad infecciosa que afecta a las zonas tropicales y subtropicales del
mundo, especialmente a nifios menores de cinco afios y mujeres en estado de embarazo. En los
ultimos afios, seglin reportes de la OMS, se ha observado una disminucion en el nimero de casos
nuevos al ano, lo que destaca el esfuerzo internacional en la implementacion de medidas de control
como el uso combinado de mosquiteros tratados con insecticida (MTI), el rociado residual en
interiores y el uso de terapia combinada basada en artemisinina [71]. Pese a ello, el informe de la
malaria para el 2016 reportd cerca de 216 millones de casos de paludismo y alrededor de 445.000
muertes a nivel mundial y deja un preocupante balance, donde la tendencia a la reduccion en los
casos y muertes por malaria se ha estancado, e incluso revertido en las Américas y en algunas
regiones de Asia Sudoriental [2, 3]. La aparicion de cepas de Plasmodium resistentes a cloroquina
y artemisinina, la resistencia de los mosquitos Anopheles a los insecticidas y la presencia de
hipnozoitos (esquizontes hepaticos latentes en P. vivax) que ocasionan recaidas y desencadenan
infecciones en el estadio intraeritrocitico incluso en ausencia de transmision continda, son de los
principales obstaculos en el control y eliminacion de la malaria [2, 72, 73]. Esto, sumado a la
complejidad del ciclo de vida del parasito que involucra multiples fases, tanto en el vector como
en el humano (Figura 3), muestran la necesidad de un control multiple, que involucre la

combinacion de farmacos, control de vectores y el desarrollo de una vacuna efectiva.

Diferentes aproximaciones metodoldgicas para el desarrollo de una vacuna contra la malaria
han sido utilizadas, entre las que se incluye el uso del microorganismo completo, como
esporozoitos vivos atenuados genéticamente o por radiacion [74, 75] o esporozoitos vivos

administrados bajo tratamiento con cloroquina [76]. Desafortunadamente, aunque estas vacunas,
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son capaces de inducir proteccion esterilizante, presentan desventajas relacionadas con la

produccion masiva de esporozoitos para la vacunacion [77].

En otra aproximacion con P. falciparum, el tamizaje de librerias genomicas o de ADN
complementario (ADNc) con anticuerpos aislados de pacientes infectados, ha permitido la
identificacion, purificacidon, caracterizacion y evaluacidn como inmundgenos (aproximacion
inmunolédgica) de importantes antigenos derivados del parasito [77]. En esta aproximacion, donde
se han utilizado antigenos recombinantes, péptidos sintéticos y mas recientemente vectores virales,
aquellas regiones con capacidad antigénica o inmunogénica son las consideradas candidatas a
vacuna [78-80]. Adicionalmente, la era de las ciencias 6micas, ha permitido la identificacion
masiva de blancos potenciales con capacidad protectiva [77]. En muchos casos, los mismos
candidatos a vacuna han sido probados sobre diferentes plataformas, con diferentes adyuvantes, e
inclusive en combinacién con otros antigenos [81-83], sin embargo, a pesar de los logros con las
diferentes propuestas, aun no se encuentra disponible una vacuna contra la malaria para uso en

humanos.

Parte del fracaso en el desarrollo de una vacuna contra la malaria puede ser explicado por la
presencia de diferentes rutas de invasion que utiliza el Plasmodium y por la respuesta inmune
alelo-especifica que dirige la atencion contra epitopes polimorficos no relevantes [84, 85]. De esta
forma, una vacuna basada en antigenos polimdrficos antigénicos, seria so6lo capaz de proteger
contra el reto homodlogo (respuesta cepa-especifica), o en otros casos, s6lo servir como una “cortina
de humo” para dirigir la respuesta inmune contra las regiones no funcionales [86, 87]. La respuesta

alelo-especifica podria ser entonces la responsable de la falla observada en muchas formulaciones
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que han avanzado a ensayos clinicos, utilizando proteinas como Pf/AMA1 [88], PAMSP1 [86, 89]
y PfCSP [90], entre otros. Basados en estos hechos, atin no es claro en cudles antigenos se debe
priorizar y como predecir e identificar las regiones ideales de las distintas proteinas, para ser

incluidos en una vacuna multiantigeno, multiestadio contra la malaria.

Utilizando como modelo de estudio la malaria, en la Fundacion Instituto de Inmunologia de
Colombia (FIDIC), se ha establecido una metodologia universal para el desarrollo de vacunas [91].
Esta se enfoca en una aproximacion funcional, donde el objetivo principal es generar respuesta
inmune contra las regiones conservadas (sin cambios a nivel de aminoéacidos) de las proteinas del
parasito, que se unen especificamente y con alta afinidad a la célula hospedera durante el proceso
de invasion [91, 92]. Estas regiones (20 residuos de longitud), se han denominado péptidos
conservados con alta capacidad de union (cHABPs, del inglés Conserved High Activity Binding
Peptides) a eritrocitos y han sido identificados para la mayoria de las proteinas del merozoito y en
cerca de 12 proteinas del esporozoito de P. falciparum [93-95]. Algunos cHABPs derivados de
merozoitos inhiben la invasién de este parasito, lo que indica una asociacién importante con
algunas de las funciones presentes en la invasion como son: adhesion, reorientacion, formacion

del pre-enlace fuerte o del enlace fuerte [92, 95].

Cuando monos Aotus spp. fueron inmunizados con cHABPs, se encontré que la mayoria de
estos péptidos carecian de capacidad inmunogénica y protectiva, indicando que estos cHABPs son
silentes inmunoldgicamente, es decir que, en condiciones de infeccidon natural, estas regiones
funcionales y criticas en el proceso de invasion, no estimulan la produccion de anticuerpos y, por

lo tanto, no inducen respuesta inmune protectora. Estudios posteriores, mostraron que parte de este
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fenomeno, se explica por el ajuste imperfecto de los cHABPs en el complejo mayor de
histocompatibilidad (CMH) clase II, lo que se traduce en un complejo trimérico CMH-péptido-
receptor de las células T (RCT) inestable. Para solucionar este problema, cada cHABP fue utilizado
como plantilla para el disefio de péptidos anédlogos, a los cuales se les substituian los residuos
criticos en la invasion, de acuerdo a los principios fisicoquimicos previamente definidos [91, 96].
Algunos de estos HABPs modificados (mHABPs, del inglés modified HABPs), fueron capaces de
inducir respuesta inmune protectiva frente al reto experimental en monos Aofus [97, 98]. La
determinacion de la estructura tridimensional de cada péptido, asi como la unién de algunos
cHABPs y mHABPs a moléculas purificadas del HLA-DRB1 humano, mostré que las
modificaciones hechas sobre la secuencia de los cHABPs inducian cambios estructurales que le
permitian un mejor ajuste dentro del CMH y que se correlacionaban con la proteccion en monos
Aotus [97, 99]. De esta forma, los cHABPs se estarian convirtiendo en estructuras proteicas
inductoras de proteccion inmune (IMPIPS, del inglés IMmune Protection-Inducing Protein

Structures) y serian las subunidades a ser incluidas en una vacuna contra la malaria [97, 100].

En P. falciparum han sido identificados y modificados todos los componentes minimos
necesarios para bloquear la invasion a nivel de esporozoito y merozoito en las distintas poblaciones
humanas (restriccion genética de los haplotipos del antigeno leucocitario humano), donde P.
falciparum es prevalente [97]. En P. vivax, tan solo tres proteinas: PvMSP-1 [101], PvDBP [102]
y PvRBP-1 [101], han sido incluidas en ensayos de interaccidon receptor-ligando para identificar
las regiones relacionadas con la union a la célula hospedera: cHABPs. Por consiguiente, el

descubrimiento de nuevos antigenos y la caracterizacion e identificacion de las regiones



45

funcionales que se unen a los reticulocitos, son de vital importancia para el desarrollo de una

vacuna contra P. vivax.

Desafortunadamente, la realizacion de estudios funcionales de adhesion en P. vivax se
encuentra limitada por la dificultad en la obtencion y enriquecimiento de reticulocitos humanos,
que ocupan cerca del 1 al 2% del total de sangre periférica. Esta limitante, impone retos a la hora
de utilizar la misma metodologia aplicada en P. falciparum para identificar cHABPs en P. vivax.
Los estudios hechos con las proteinas PvDBP, PyMSP1 y PvRBP-1 se realizaron con sangre de
un paciente con [-talasemia, que mantenia alrededor de un 85% de reticulocitos en sangre
periférica [101, 102]. Sin embargo, el acceso a estos pacientes y las implicaciones de su
enfermedad, les impiden la donacidn constante de sangre.

Es por esto, que diferentes fuentes de reticulocitos humanos han sido exploradas, entre las que
se incluyen la produccion de reticulocitos a partir de células madre hematopoyéticas (CMHem) o
embrionicas (CME), uso de sangre de animales (primates o ratones) con anemia inducida, o sangre
de cordon umbilical (SCU) [103]. El uso de estas fuentes, ha sido combinado con varios métodos
de enriquecimiento, como el uso de gradientes de densidad, soluciones hipotdnicas y separacion
inmunomagnética [104]. Aunque se han obtenido distintos rendimientos y volumenes de
reticulocitos a partir de las diferentes fuentes mencionadas [16, 104], el uso de SCU combinado
con gradientes de densidad o separacion inmunomagnética, promete ser la fuente mas asequible,
econdmica y con rendimientos aceptables [104, 105]. La SCU contiene alrededor del 3 al 8% de
reticulocitos y es capaz de soportar el crecimiento de P. vivax por periodos cortos de tiempo [106].

Cuando se comparan a nivel protedmico las cé€lulas eritroides de adultos con las células de cordon
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umbilical, solo se han observado pequefias diferencias relacionadas a los perfiles de expresion de
las globinas, anhidrasas carbonicas y acuaporina 1 [63].

Teniendo como objetivo la caracterizacion de regiones conservadas de union de las proteinas
de P. vivax a reticulocitos humanos, el disefio experimental consistid en buscar técnicas que
requiriesen la menor cantidad de reticulocitos para el ensayo. De esta forma, se estandarizé un
protocolo de enriquecimiento de reticulocitos a partir de SCU, para evaluar la uniéon de una region
conservada de la proteina PYRONS a reticulocitos humanos, mediante inmunofluorescencia
cuantitativa e inmunoprecipitacion. El ensayo de inmunoprecipitacion mostré que la proteina
recombinante (rPvRONS) es capaz de unirse tanto a normocitos como a reticulocitos. Al comparar
la fluorescencia asociada a reticulocitos (marcados con CD71) versus eritrocitos (negativos para
CD71), se encontrd que rPYRONS se uni6é mas a reticulocitos que a normocitos, lo que muestra
una preferencia de union de esta proteina por las células hospederas de P. vivax. Estos resultados
fueron publicados en el articulo titulado “The Plasmodium vivax rhoptry neck protein 5 is
expressed in the apical pole of Plasmodium vivax VCG-1 strain schizonts and binds to human

reticulocytes” [70], adjunto arriba.

Para avanzar en la caracterizacion de las regiones minimas de union en P. vivax, las proteinas
PvAMA-1 (PvAMA1, PvAMA-DI-Il y PvAMA-DII-IIT) y PvRON4 fueron expresadas sobre la
membrana de las células COS-7 e incubadas con SCU. Este ensayo, evalua la asociacion directa
de los eritrocitos con las células COS-7 que expresan las proteinas de P. vivax sobre la membrana,
lo que lleva a la formacidén de rosetas. La expresion de las proteinas del parésito en células
eucariotas, asegura un adecuado plegamiento de las proteinas, similar a como se expresan en el

parasito.
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Una vez evaluadas las regiones de interaccion positiva, se obtuvieron las proteinas
recombinantes en E. coli (PvAMA1, PvAMA-DI-II, PvAMA-DII-III, PPRON2-RI, PvRON2-RII
y PvVRON4) y se purificaron mediante cromatografia de afinidad. Estas proteinas fueron incubadas
con SCU y la interaccion proteina-reticulocito fue medida por citometria de flujo. En este ensayo,
se utilizaron anticuerpos anti-histidina acoplados a fluoresceina (FITC, del inglés Fluorescein
Isotiocyanate) para reconocer las proteinas recombinantes, mientras que para reconocer a los
reticulocitos, se utilizé un anticuerpo anti-CD71 acoplado a APC-H7, y se incluy6 un anticuerpo
anti-CD45 acoplado a aloficocianina (APC, del inglés Allophycocyanin) para reconocer y
descartar de la poblacion aquellos linfocitos activados CD71". Posteriormente, con las proteinas
PvRON2-RI, PYRON2-RII y PYRON4, se determiné si la union a reticulocitos es especifica,
radiomarcando las proteinas e incubdndolas en presencia o ausencia de la misma proteina no-
radiomarcada. Para determinar la region minima de interaccion de las proteinas PvAMA1-DI-II,
PvyRON2-RI y PYRON4, se sintetizaron los péptidos conservados que cubrian las secuencias de
cada proteina recombinante. Cada péptido fue utilizado en un ensayo de competicion, en el cual
se incubd cada uno con la proteina recombinante correspondiente. Los péptidos que inhibieron la
union de la proteina recombinante, fueron incluidos en un ensayo de interaccion receptor-ligando,
para evaluar si correspondian a cHABPs.

A partir de estos ensayos, se encontrd que los péptidos 21270 (derivado de PvAMA-DI-II),
40305 (derivado de PvRON4) y 40595 (derivado de PvRON2-RI), correspondian a regiones
minimas conservadas de union (cHABPs), que eran capaces de inhibir la unién de la proteina
recombinante y que, a su vez, se unian con alta afinidad y especificidad a los eritrocitos, de acuerdo

a las condiciones previamente reportadas [95]
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Aunque, en términos generales, se espera que la mayoria de los eventos de invasion e
interaccion entre P. falciparum y P. vivax sean similares debido a la cantidad de genes ortdlogos
entre estas dos especies, con los resultados encontrados en este estudio [107] y los derivados de
trabajos previos [101], se puede sugerir que cada parasito utiliza diferentes regiones de las mismas
proteinas para interactuar con la célula hospedera. Es asi como en P. falciparum la proteina AMALI
utiliza el dominio III para interactuar con la membrana de los eritrocitos [37], mientras que en P.
vivax se utiliza de preferencia el dominio I [107]. Por otro lado, mientras P. falciparum utiliza la
region carboxi-terminal de la proteina PARON2 para unirse [38], P. vivax con su ortdlogo utiliza
la region central. Este hallazgo define, en parte, la existencia de especificidad de cada uno de los
parasitos por sus respectivas células hospederas, y pone de manifiesto que las regiones que se
incluyan en el disefio de una vacuna contra P. falciparum, deben ser diferentes a las incluidas para

P. vivax.

Los resultados de esta investigacion fueron reportados en dos articulos cientificos titulados:
“Plasmodium vivax ligand-receptor interaction: PvAMA-1 domain I contains the minimal regions
for specific interaction with CD71+ reticulocytes” publicado en la revista Scientific Reports y el
articulo “Receptor-ligand and parasite protein-protein interactions in Plasmodium vivax: analysing
rhoptry neck proteins 2 and 4" publicado en la revista Cellular Microbiology, los cuales se

muestran a continuacion.
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. The malarial parasite’s invasion is complex, active and coordinated, involving many low and high
affinity interactions with receptors on target cell membrane. Proteomics analysis has described around
40 proteins in P. vivax which could be involved in reticulocyte invasion; few have been studied with the
aim of elucidating how many of them establish specific interactions with their respective host cells.

: Given the importance of knowing which of the parasite’s protein regions are functionally important

. forinvasion, minimum regions mediating specific interaction between Plasmodium vivax apical
membrane antigen 1 (PvAMA-1) and its host cell were here elucidated. The region covering PvAMA-1
domains | and Il (PvAMA-DI-II) specifically bound to the CD71* red blood cell subpopulation. A 20
residue-long region ((.EVENAKYRIPAGRCPVFGKG!?) located in domain | was capable of inhibiting

: PvAMA-DI-Il recombinant protein binding to young reticulocytes (CD71+*CD45~) and rosette formation.

. This conserved peptide specifically interacted with high affinity with reticulocytes (CD71+) through a

. neuraminidase- and chymotrypsin-treatment sensitive receptor. Such results showed that, despite

© AMA-1 having universal functions during late Plasmodium invasion stages, PvAMA-1 had reticulocyte-

. preferring binding regions, suggesting that P. vivax target cell selection is not just restricted to initial

: interactions but maintained throughout the erythrocyte invasion cycle, having important implications

. for designing a specific anti-P. vivax vaccine.

© Plasmodium vivax is one of five species causing human malaria; it is responsible for more than half the cases
reported outside Africa, accounting for ~100 million cases and around 2.5 billion people at risk of infection®2.
In spite of this, worldwide malaria control strategies and advances regarding vaccine design have mainly been
focused on P, falciparum?®. However, clinical, epidemiological and biological differences between these two spe-
© cies regarding infection severity, blood phase dynamics, geographical distribution, type of target cell and disease
© transmission dynamics®™ suggest that P. falciparum-related control mechanisms might not be effective against
. P vivax and provide an initiative for in-depth research concerning P. vivax biology directed towards developing
© drugs and vaccines against this species.
: One of the main thrusts of research is concerned with elucidating the repertoire of receptor-ligand com-
. plexes used by P. vivax to enter host cells. Four steps define multistep erythrocyte invasion; there is initial contact
. with the host cell followed by merozoite (Mrz) reorientation of the apical pole to ensure direct contact with the
: membrane, leading to high affinity interactions being established for forming a strong bond/tight junction (T7)
acting as anchor so that myosin actin motor can enable parasite sliding within a nascent parasitophorous vacuole
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in which it resides and multiplies®. Merozoite surface protein-1 (MSP-1) interaction with heparin® has been
described for P, falciparum, followed by its interaction with band 37 and glycophorin A on erythrocyte surface®
which is continued by interaction between erythrocyte binding antigens (EBA-175, EBA-140, EBA-181 and EBL-
1) and/or reticulocyte-binding-like homologues (PfRh2a, PfRh2b and PfRh4) with receptors such as glycophorin
A, glycophorin C'°, protein 4.1'}, glycophorin B!* and complement receptor-1 (CR1)**. EBA and Rh proteins
define one of the main P, falciparum evasion mechanisms depending on receptor availability and/or changes in
the expression of such antigens, forcing the parasite to alternate between invasion pathways'* !°. Afterwards, Rh5
interaction with Basigin triggers rhoptry content release associated with calcium flux on parasite/host interface®,
followed by an interaction between apical membrane antigen-1 (AMA-1) and rhoptry neck protein-2 (RON2)
leading to TJ formation, facilitating parasite penetration'®.

Such host-parasite interactions are poorly understood in P. vivax. The main interactions evaluated regarding
this species are orientated towards proteins involved in Duffy-positive reticulocytes’ initial contact and selection
as target cells. Research published in 1994 showed that Duffy binding protein (DBP) region II was involved
in interaction with the Duffy antigen receptor for chemokines (DARC)'” while Galinski et al., described two
members from the reticulocyte binding protein (RBP) family (RBP-1 and RBP-2) having reticulocyte specific-
ity and binding to yet-to-be-defined receptors'®. Moreover, PvMSP-1 also contains specific regions involved in
interaction with reticulocytes'. P. vivax genome sequencing has revealed new RBP family members believed to
provide recognition and specificity in reticulocyte binding* and which could be involved in an alternative path-
way in an attempt to justify the presence of P. vivax in Duffy-negative patients®. However, flow cytometry-based
erythrocyte-binding assays have shown that PVRBP2a recognizes a receptor on both reticulocytes and mature
erythrocytes*! while RBP1a (known earlier as RBP1) and RBP1b recombinant proteins only bind to reticulo-
cytes®?; on the contrary, another study showed that RBP1a and RBP1b displayed preferential normocyte bind-
ing?'. A novel protein named erythrocyte binding protein-2 (EBP-2), representing a new member of the DBP
family, preferentially binds to young (CD71"8") Duffy-positive reticulocytes and has minimal Duffy-negative
reticulocyte binding capability, suggesting that EBP-2 mediates a Duffy-independent infection pathway?’. Recent
research has highlighted a molecule expressed in rhoptries named PvRON5 which, despite binding to all RBC,
displayed a marked preference for human reticulocytes®.

AMA-1, one of the leading blood stage vaccine candidates involved in later contact events during P. falciparum
Mrz and sporozoite (Spz) invasion, was selected to increase knowledge about specific interactions between P
vivax and reticulocytes? 2%, AMA-1 is a micronemal type I transmembrane protein which is translocated to par-
asite surface via the rhoptry neck just prior to or during host cell invasion and is conserved among apicomplexan
parasites?”- 8. This protein forms the ectodomain within which 16 conserved cysteines contribute to eight disul-
phide bonds folding the protein into three major domains (DI; DII and DIII)?. Plasmodium spp. and T. gondii
AMA-1 crystal structures have shown that core domains I and II are based on the Plasminogen Apple Nematode
(PAN) folding motif, defining a superfamily of protein folding implicated in receptor binding® and hydrophobic
pocket formation3!32,

The 83 kDa precursor protein (PAMA-143) becomes converted to PAMA-14,* during Mrz release and eryth-
rocyte invasion; this protein undergoes two C-terminal cleavages during invasion, giving rise to 48-kDa and
44-kDa soluble forms*. No viable parasites were obtained when the gene encoding PFAMA-1 was disrupted in
P. falciparum asexual blood stages and/or other Plasmodium species, indicating that the encoded protein has an
essential function during this part of the parasite cycle?”**. Several studies have implicated Plasmodium AMA-1
in erythrocyte binding®*-* as well as P. knowlesi Mrz reorientation on RBC surface® and more recently in medi-
ating T formation together with rhoptry-derived proteins (RON proteins)'® . PFAMA-1 conditional expression
during the intra-erythrocyte cycle has directly or indirectly involved this protein in resealing erythrocytes at the
end of invasion*!. T. gondii TgAMA-1-depleted tachyzoites have significant defects regarding rhoptry secretion,
compromising their ability to invade host cells*.

Even though it is still not completely clear how this protein mediates and integrates all these tasks during inva-
sion, monoclonal antibodies or synthetic peptides binding close to or in the PPAMA-1 hydrophobic pocket inhibit
erythrocyte invasion, some of them blocking interaction between PFAMA-1 and P/RON2%-%, Immunization
with AMA-1 induced invasion-inhibiting antibodies, conferring protection in animals*~*; however, this pro-
tection has shown to be strain specific. In fact, immunizing mice with P. chabaudi DS strain-derived AMA-1 has
conferred complete protection against homologous challenge but poor protection has been observed regarding
challenge with P. chabaudi 556KA strain®. Likewise, naturally-acquired antibodies against PAAMA-1 has strongly
inhibited 3D7 strain Mrz invasion but has had a poor effect on other P. falciparum strains®'. Naturally-acquired
immunity to PvAMA-1 is associated with the appearance of cytophilic antibodies (IgG1 and IgG3) related to
protection®?. Different AMA-1 formulations found during vaccine clinical development have been based on one
or two P, falciparum strains inducing strain-specific protective responses® > or, in some cases, the vaccine has
not been efficient even against homologous parasites®. Although AMA-1 is the major target in naturally-acquired
invasion inhibitory antibodies, this protein has a high degree of allelic diversity>® ’; several studies analyzing
AMA-1 sequences from different geographical regions have shown that the ama-1 gene is under balancing
selection, thereby posing a challenge when designing a vaccine based on this antigen®*-°!. Even though different
authors have suggested including multiple alleles in a vaccine to induce antibodies having wide-scale reactivity
and thus covering the parasite population’s global genetic diversity®> %, it is also important to ascertain which
AMA-1 regions are involved in this protein’s vital functions to guide any immune response towards these regions
thereby leading to developing control methods covering Plasmodium’s broad allele spectrum.

Within the framework of developing a specific vaccine against P. vivax there is enormous interest in identi-
fying and characterizing the functional binding regions which this parasite uses to invade its target cells. Taking
into account the important experimental antecedents mentioned above, a series of experiments was thus carried
out; this led to identifying a conserved region of PvAMA-1 located in domain I (DI) specifically interacting
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Figure 1. COS?7 cells expressing PvAMA-DI-DII bound to UCB RBC. (a) Schematic representation of
PvAMA-1 primary structure. Signal peptide (SP) is indicated in red, pro-sequence (Pro) in light grey,
ectodomain (consisting of domain I (DI), domain II (DII) and domain III (DIII)) in dark grey, transmembrane
region (TR) in black and cytoplasmic tail in white. The three fragments were expressed both on COS-7 cell
membrane and as soluble recombinant proteins in E. coli. Black shows the complete PvAMA-1 ectodomain
(rPvAMA-1), dark grey represents domains I-II (rPvAMA-DI-II) and light grey domains II-III (rPvAMA-DII-
III). The first and last residues in each region are indicated. (b) Immunofluorescence assay. Each of the three
PvAMA-1 fragments was cloned in the pRE4 vector and expressed on COS-7 cell membrane. The presence

of HSV gD protein signal peptide and transmembrane domain in pRE4 vector enabled the expression of each
fragment on cells surface, as shown by green fluorescence. Cell nuclei were stained with DAPI. (c) Rosette
formation assays. The binding assay was performed with UCB RBC or reticulocyte-depleted normocytes. Only
PvAMA-DI-DII and DBPRII transfected cells could form rosettes (black arrows).The amount of rosettes for
each protein expressed on COS-7 cells is shown. DBPRII was used as positive control while non-transfected
cells and DBPRII binding to chymotrypsin-treated UCB were used as negative controls. (d) Trypsin-,
chymotrypsin- and neuraminidase-treated UCB RBC binding assays. It can be seen that the amount of rosettes
became reduced with PvDI-DII protein when RBC were treated with chymotrypsin and neuraminidase.

Only intact erythrocyte and chymotrypsin-treated DBPRII binding was evaluated. At least three independent
experiments (with replicates) were performed for all experiments. The error bars indicate the standard
deviation.

with reticulocytes which could be used as template for inclusion in a synthetic multistage, multi-antigen vaccine
against P. vivax.

Results

PvAMA-DI-Il bound to total RBC. The full PvAMA-1 ectodomain, PvAMA-DI-IT and PvAMA-DII-III
(Fig. 1a) were expressed on the COS-7 cell surface (Fig. 1b) to evaluate whether PvAMA-1 bound to human
RBC. The herpes simplex virus (HSV) gD gene’s signal peptide and transmembrane domain, included in pRE4
mammalian expression vector®, allowed different PvAMA-1 constructs to become translocated to the surface of
transfected COS-7 cells. Immunofluorescence assays using non-permeabilized transfected COS-7 using DL67
or F8.12.19% antibodies confirmed these proteins’ correct orientation on COS-7 cell surface (Fig. 1b); no stain-
ing with these antibodies was observed in non-transfected cells. Transfection efficiency was seen to be 4%-5%
for all constructs, including transfection of the pHVDR22 plasmid which expresses DBPRII used as a positive
control" (Fig. 1b), agreeing with transfection efficiency obtained in other studies with Plasmodium antigens®® .
The transfected cells incubated with umbilical cord blood (UCB) (about 5-7% of reticulocytes) showed that only
PyAMA-1 domains I and II (PvAMA-DI-II) bound to RBC, although the amount of rosettes was lower than for
the DBPRII construct (p >0.05) (Fig. 1c). Negative controls with either non-transfected COS-7 with human RBC
or COS-7 expressing DBPRII with chymotrypsin-treated RBC (which removes the Duffy antigen receptor)® gave
no rosettes or significantly decreased (p < 0.05) the amount of rosettes compared to untreated RBC (Fig. 1c). No
significant amount of rosettes was found for the full PvAMA-1 ectodomain or PvAMA-DII-III, suggesting that
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the domain I and II region is responsible for PvAMA-1 binding. PvAMA-DI-II binding was affected regarding
neuraminidase- or chymotrypsin-treated RBC, being reduced by 71% or 73%, respectively, while limited impact
on binding was observed concerning trypsin-treated RBC (Fig. 1d). Enzyme treatment of RBC led to no sig-
nificant change in the amount of rosettes for either of the other two PvAMA-1 fragments, different from what
has been reported for PFAMA-1 domain III which only binds to its receptor (known as Kx) on trypsin-treated
erythrocytes.

Taking into account that P. vivax preferentially infects reticulocytes, an evaluation was made of whether
PyAMA-DI-II binding concerns interaction with all RBC populations or only a minor subpopulation (reticu-
locytes). As purified intact reticulocytes (>99%) could not be obtained, peripheral blood (containing only 1%
reticulocytes) depleted in white blood cells and reticulocytes was used to obtain only normocytes and deter-
mine binding properties regarding the latter cells. The amount of rosettes decreased with normocytes regarding
UCB (p=0.01) for COS-7 expressing PvAMA-DI-II (Fig. 1d), suggesting that these domains bound to a specific
non-normocyte RBC sub-population while only a slight reduction in the el amount of rosettes was observed for
DBP region II thereby agreeing with that published previously for this region®.

CD71* cells were the main PvAMA-DI-Il binding targets. Previous studies have shown that immature
reticulocytes (CD71%, I-II-11I stages) are the major P. vivax target cells, whereas older CD71~ (IV stage) reticu-
locytes were rarely invaded®. A cytometry-based erythrocyte-binding assay was thus used to evaluate whether
PvAMA-DI-II binding was dependent on a specific RBC subpopulation (i.e. reticulocytes (CD717"). Three soluble
recombinant proteins (rPvAMA-1, rPvAMA-DI-II and rPvAMA-DII-III) (Fig. 1a) were obtained in E. coli and
purified by affinity chromatography (Fig. 2a). These proteins displayed a molecular mass of ~54kDa (rPvAMA-1),
~40kDa (rPvAMA-DI-II) and ~27 kDa (rPvAMA-DII-1II) in SDS-PAGE, and were recognized by WB with a
monoclonal anti-histidine antibody (Fig. 2a). rPvAMA-1 and rPvAMA-DII-III were recognized by mAb F8.12.19
in dot blot and ELISA assays, confirming correct recombinant protein folding (Fig. 2a). This mAb recognized a
conformational epitope on full-PvAMA-1, specifically in domain III%.

Each recombinant protein was incubated with UCB and reticulocytes were stained with transferrin receptor
(CD71) antibodies; this receptor is known to be expressed during the earliest erythroid precursor stages and
becomes progressively depleted during reticulocyte maturation into normocytes”. It has also been found in acti-
vated lymphocytes”’; an antibody against the CD45 marker (found in all leukocytes) having greater expression
in lymphocytes was thus included to rule out this population from the binding study (Supplementary Fig. S1).
The study population thus consisted of CD717CD45~ cells (mean 2.07%: 3.58% maximum and 1.54% mini-
mum) (Fig. 2b) corresponding to the population of preference in P. vivax invasion. Each recombinant protein’s
binding to CD71*CD45~ cells was detected with a phycoerythrin-conjugated anti-histidine monoclonal anti-
body. The histograms show that soluble recombinant DBPRII bound to CD71*CD45 cells (16.1% % 2.5) as
did rPvAMA-DI-II (9.3% = 1.2) whereas only 2.5% =+ 0.6 binding was found for rPvAMA-1 and 2.9 £ 0.5 for
rPvAMA-DII-III (p < 0.05) (Fig. 2b and c). Only 0.8% binding of DBPRIII-IV was found; earlier studies have
shown that this fragment did not bind to either normocytes or reticulocytes, so it was considered as a nega-
tive control'”>72. rPvAMA-DI-II binding activity was shown to increase in a concentration-dependent manner
and was saturated at 50 ug/mL, similar to DBPRII (Fig. 2d). Only 0.03% to 0.3% binding was found when each
PvAMA-1 recombinants’ binding to the CD71-CD45" population (normocytes and stage IV reticulocytes) was
evaluated (Supplementary Fig. S2). 3.4% £ 0.5 binding was found for PvDBP RII thereby agreeing with previous
work showing that DBPRII-DARC interaction is more abundant with reticulocytes than total RBC*.

Conserved peptide 21270 had binding properties which were CD71" reticulocyte-specific for
the PvAMA-DI-Il region. Seventeen peptides covering the whole PvAMA-1 domains I and II (residues 41
to 380) were chemically synthesized and included in a CD71* cell binding inhibition experiment where each
peptide competed with rPvAMA-DI-II to delineate the specific region within PvAMA-DI-II involved in CD71"
reticulocyte interaction. Figure 3a shows that adding peptide 21270 (located in DI) produced a 52% reduction
regarding rPvAMA-DI-II binding to CD71*CD45 cells and 14% concerning 21289 (located in DII).

We have previously reported a sensitive and specific binding test for detecting receptor-ligand interactions
between peptides and receptors on RBC surface”. Each synthetic peptide derived from malarial Spz and Mrz
antigens was radiolabeled and incubated with human hepatocytes or RBC in the presence or absence of the same
unlabeled peptide. The specific binding plot was obtained from the difference between total binding (binding in
the absence of non-radiolabeled peptide) and unspecific binding (binding in the presence of non-radiolabeled
peptide) plots”. Peptides having >0.02 slope specific binding plot were considered high activity binding pep-
tides (HABPs) and used as templates for designing an anti-malarial vaccine’>. Some HABPs were conserved (no
amino acid sequence variation) and others had genetic variability and elicited a strain-specific immune response
allowing malarial parasites to escape vaccine-induced immunity, meaning that they were discarded from further
immunological studies™.

Taking into account that AMA-1 is significantly polymorphic in all Plasmodium species®®®, the specific bind-
ing activity of PvAMA-1 peptides which did not have amino acid changes was measured (Supplementary Fig. S2)
to describe this protein’s conserved functional regions involved in interaction with specific target cells. Five con-
served peptides were selected, three of them in DI and two in DII, peptides 21268 and 21270 being found to be
HABPs having >2% specific binding activity (Fig. 3b). Only 0.7% to 1.2% specific binding (not surpassing the
>2% threshold) was found when these peptides were assayed for normocyte binding showing that the specific
binding activity measured for these two peptides was directed towards their interaction with reticulocytes, as
already shown by cytometry (Fig. 2).

Due to HABP 21270 being able to inhibit recombinant protein interaction by more than 50% (1:20 molar
ratio) (Fig. 3a), it was evaluated whether it could inhibit rosette formation. Adding UCB RBCs pre-incubated
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Figure 2. Soluble recombinant protein PvAMA-DI-II only interacted with CD717 reticulocytes. (a) Three
soluble PvAMA-1 recombinant fragments were obtained and purified by affinity chromatography. Lanes 1,
3 and 5 show recombinant proteins resolved by SDS-PAGE followed by Coomassie blue staining. A single
expected molecular weight band was observed for each protein fragment. Lanes 2, 4 and 6 show Western
blot recognition of each recombinant protein by anti-histidine tag monoclonal antibody. (b) Dot plot
showing the CD717CD45~ study population (black box). This population was used for determining each
recombinant protein’s binding. Histograms showing each recombinant protein’s binding to CD717CD45~
cells (reticulocytes). Each protein’s cell binding was detected with PE conjugated anti-His Tag antibodies.
Displacement (red lines) regarding control was observed in rPvAMA-DI-II and DBPRII histograms. (c)
CD71"CD45™ cell binding percentages for each protein evaluated on the X axis. At least three independent
experiments (with replicates) were performed for all experiments. The error bars indicate the standard
deviation. Soluble recombinant protein DBPRII was used as positive binding control and DBPRIII-IV as
negative binding control. (d) Saturation assay showing rPvAMA-DI-II and DBPRII total binding at different
protein concentrations.

with peptide 21270 to COS-7 cells expressing PvAMA-DI-II inhibited the amount of rosettes by 87% compared to
control (Fig. 3¢). Measuring HABP 21270 binding to UCB RBC at different radiolabeled peptide concentrations
in the presence or absence of unlabeled peptide yielded a 1.9 +0.34 uM K, Hill coefficient = 3.0 - 0.47 indicating
positive cooperativity (Fig. 3d).

HABP 21270-CD71" reticulocyte interaction was sensitive to treatment with neuraminidase and chymot-
rypsin (Fig. 3e), similar to the pattern observed for the whole of domains I-II, suggesting that this peptide located
in domain I had PvAMA-1-specific binding properties.
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Figure 3. PvAMA-1 domain I contained peptides specifically interacting with reticulocytes. (a) Flow cytometry
inhibition experiments. 20 residue-long synthetic peptides covering the complete PvAMA-1 domain I and

I sequence were used. Peptide numbers were assigned according to FIDIC’s serial numbering system. Each
peptide was pre-incubated with UCB RBC and then incubated with rPvAMA-DI-II. Recombinant protein
binding percentages were detected with PE conjugated anti-Histidine tag antibodies. (b) Binding profile of
conserved peptides within PvAMA-1 domains I-II to UCB RBC. Black bars represent percentage binding
activity defined as the amount of peptide (picomoles) binding specifically per added peptide (picomoles).
Peptides having >2 binding percentage (red line) were considered HABPs, according to previously described
criteria’. Each assay was carried out in triplicate. A tyrosine residue was added at the C-terminus of peptides
21268 and 21287 to enable radiolabeling. (c) Inhibition experiments involving rosetting assay. Peptide 21270
was pre-incubated with UCB RBC; RBC were then incubated with COS-7 cells expressing the PvAMA-DI-II
region. The values show PvAMA-DI-II average relative UCB RBC binding percentage in the absence (100%) or
presence of peptide 21270. (d) HABP 21270 saturation curves. The curve represents specific binding. The x-axis
in the Hill plot (inset) shows log F = free peptide and the y-axis log (B/Bmax—B), where B is the amount of
bound peptide and Bmax the maximum amount of bound peptide. (e) The effect of enzyme treatment on HABP
21270 binding to RBC. Each bar represents peptide 21270 specific binding activity percentages upon incubation
with neuraminidase-, chymotrypsin- and trypsin-treated RBC. Untreated RBC were used as control (black).
Standard deviations were below 5%.

PvAMA-1 HABPs were located near the hydrophobic binding Groove. The PvAMA-1 structure
was solved by Pizarro et al.*!, who described three domains comprising the antigen’s ectodomain. When HABPs
21268 and 21270 were located on PvAMA-1 structure it was found that both peptides were located on the same
face (Fig. 4), opposite to the face where most polymorphic sites which contribute towards PvAMA-1’s overall
diversity®! were found.

Discussion

Determining P. vivax antigens functional regions could be one of the best strategies for blocking this parasite’s
biological functions during host cell entry. Comparative studies involving P. falciparum have led to a significant
amount of new antigens being identified in P. vivax”’; in spite of this, few studies have emphasized the identifi-
cation of P. vivax proteins’ functional regions during invasion, mainly due to this species preferentially invading
reticulocytes (low concentration in peripheral blood) together with the inherent characteristics in each P. vivax
strain impeding the development of a continuous culture in vitro’®. Even though short-term cultures have been
developed, it has been observed that parasite density becomes reduced as intra-erythrocytic cycles advance, even
when adding fresh reticulocytes™. The foregoing, plus variability concerning parasitemia percentages depending
on the isolate’ ®, could lead to a poor interpretation of the role played by a particular antigen during P. vivax
Mrz invasion.

Evaluating some P, vivax proteins binding to human reticulocytes represents an approach to begin describing
the possible antigens involved in host cell invasion. Some regions having specific binding to and high affinity
for receptors on reticulocyte membrane suggested the participation of the proteins evaluated here in some steps
related to host cell invasion. Using recombinant proteins and reticulocytes in host-pathogen interaction has pro-
vided one of the best alternatives to date*> %81,

Bearing in mind that obtaining pure reticulocytes in high amounts for binding assays is extremely difficult due
to their low concentration in blood and little stability, UCB RBC or reticulocyte-depleted normocytes were here
used for characterizing specific PvAMA-1 reticulocyte binding properties using three different receptor-ligand
interaction techniques. Rosette formation led to recombinant expression in a mammalian system containing all
the machinery for the correct P. vivax protein folding. Flow cytometry was used for determining which specific
RBC population each recombinant protein assayed here bound to and which short regions might be mediating
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Figure 4. HABP 21270 formed part of the PvAMA-1 hydrophobic trough. Surface view of the PvAMA-1
ectodomain, showing HABP 21268 (pink) and HABP 21270 (green) localization. Red shows part of the
hydrophobic trough formed between both PAN domains and grey shows the cluster of polymorphic residues in
PvAMA-1 contained in domain I and I1°!. The molecule’s secondary structure is shown, yellow highlighting the
(-sheets, violet the a-helices, blue the turns and white shows random structure. This representation was built in
the VMD (Visual Molecular Dynamics) software, taking PDB 1W81 as source™.

such binding. Finally, a robust methodology was used for confirming peptide-cell interaction specificity and
determining physicochemical parameters.

Binding assays using the aforementioned methodologies (including soluble recombinant proteins and proteins
expressed on COS-7 cell membrane) showed that PvAMA-DI-II recognized a receptor just on CD717 reticulo-
cytes (i.e. a P vivax target cell) (Fig. 1 and 2). Receptor-ligand interaction was affected by treating UCB RBC with
chymotrypsin and neuraminidase. The same enzymatic profile observed for PvAMA-DI-II has been described for
glycophorin B which is a receptor for erythrocyte binding ligand-1 (EBL-1)!2 and the receptor for Rh1 binding;
however, future experiments should explore the identity of the PvAMA-DI-II receptor. “Why do only AMA-1
domains I and II bind to CD71" reticulocytes if the full PvAMA-1 ectodomain contains domains I-II-III?” rep-
resents an interesting question which emerged from the binding assays. Miss-folding could explain this pat-
tern; however, these fragments were expressed in COS-7 ensuring correct protein folding (Fig. 1). mAb F8.12.19
which recognized a conformational epitope in DIII® recognized both complete rPvAMA-1 and rPvAMA-DII-III
(Fig. 2a). Some studies have shown that different AMA-1 recombinant domain combinations (i.e. DI-DII or DIII
only) maintain the same structure as the complete AMA-1 protein®.

A previous study found that PFAMA-1 domain III was the only fragment which could specifically interact with
a receptor on RBC membrane, only becoming exposed when RBC were treated with trypsin, while the complete
ectodomain did not interact. The authors suggested that this might have been due to PFAMA-1 cleavage and
that DIII acts as a receptor for invasion®. Even though the presence of fragments has not been determined for
PvAMA-1, it cannot be ruled out that the protein undergoes proteolytic processing similar to that for PFAMA-1
and that the resulting fragments play a role in binding. A similar pattern has been described for PAMSP-1 and its
cleavage products® 2.

It has been suggested that AMA-1 participates in the invasion stage which is conserved for most apicomplexa,
as well as having similar tertiary structure in Plasmodium spp.%’; however, different binding properties have been
reported for its homologues. It has been reported through rosetting assays that different PFPAMA-1 domains did
not bind to intact human RBC*; however, DIII have bound to human erythrocytes pre-treated with trypsin®
while PYAMA-1 DI-DII has only interacted with intact mouse and rat erythrocytes but not with trypsin- or
chymotrypsin-treated erythrocytes®. Complementing other authors’ reports®?, the results presented here sug-
gested that AMA-1 recognizes specific receptors on different Plasmodium host cells in close relationship with
target cell preference.

Comparative analysis of the proteome of human RBC and reticulocytes has shown that membrane or cytosol
protein detected thereby was not unique to just erythrocytes or reticulocytes®. The difference between these two
cells thus lying in the abundance of each protein, having around 500 membrane proteins, being lower in erythro-
cytes than in reticulocytes®. It seems that such differences could be critical for P. vivax to have tropism regarding
reticulocytes compared to normocytes; however, it is still not clear whether P. vivax selectivity for its target cells
could be just mediated during initial invasion stages where low affinity interactions occur, or whether this hap-
pens during late stages where high affinity interactions are established or simply that selectivity is maintained
throughout reticulocyte invasion.

When defining domain I and II regions responsible for binding to CD717 reticulocytes it was found that pep-
tide 21270 located between residues®'E to'® G in domain I significantly inhibited the soluble recombinant protein
(rPvAMA-DI-II) binding and rosette formation, strongly suggesting that this peptide has PvAMA-1 binding
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properties. Furthermore, to reinforce this inhibition experiment, it was found that peptide 21270 is a HABP
which binds specifically and with high affinity to reticulocytes, having an enzyme binding profile similar to that
reported for the soluble recombinant protein (rPvAMA-DI-II). Interestingly, this peptide’s amino acid sequence
is conserved among strains having various geographical origins. Several studies have shown that AMA-1’s pol-
ymorphic nature prevents it being considered a vaccine candidate®’; in fact, the results of different PFAMA-1
formulations assayed at clinical level have shown that a protective response has been strain specific. Thus, finding
conserved regions of PvAMA-1 having a binding function could be used for resolving one of the parasite’s main
evasion mechanisms: antigenic polymorphism®. No binding peptides were found in PvAMA-1 domain II; it
has been found in other species, such as P. falciparum, that AMA-1 domain II does not participate in binding to
RBC?® but does play a role during PfRON?2 interaction-related invasion'® %. Structural studies have suggested
that DII protects a significant portion of the binding site in AMA-1 against a host’s immune response and can be
readily displaced to extend the hydrophobic groove for effective binding to P/RON2'C. Such structural changes
regarding AMA-1-RON2 interaction have been used for explaining invasion inhibiting antibodies (i.e. 4G2)
which have recognised the base of a loop in PAMA-1 ectodomain DII**. MAb 4G2 binding has prevented DII
loop displacement for effective PARON2 binding, thereby affecting tight junction formation during parasite inva-
sion and thus inhibiting invasion'®. Even though such interactions have not been studied in P. vivax, PvAMA-1
DII participation in invasion cannot be ruled out.

A methodology based on identifying conserved sequences having high specific host cell binding capability has
been used with P. falciparum and other microorganisms such as Mycobacterium tuberculosis during the last 25
years for characterizing conserved HABPs (cHABP) directly involved in target cell binding” ®S.

Regarding P. falciparum it has been described that many cHABPs form niches or clefts where they or the
receptors can bind®. For example, PFAMA-1 cHABPs 4313 ("**DAEVAGTQYRLPSGKCPVFG!®) and 4325
(**MIKSAFLPTGAFKADRYKSH?*?®) formed a channel where a yet-to-be characterized receptor bound dur-
ing Mrz invasion. P. falciparum circumsporozoite (PfCSP) cHABP 4397 formed a hydrophobic cavity where
hepatocyte heparan sulphate proteoglycans (HSPG) bound, while cHABP 3279, located in the P. falciparum
thrombospondin-related anonymous protein (PfTRAP) von Willebrand domain, folded to create a cavity where
the cholesterol molecule bound during Spz invasion®.

Previous studies have highlighted AMA-1’s role as adhesin during invasion®. It has been described recently
that P. falciparum and T. gondii AMA-1 DI-II domains interact with a RON2-derived protein which might be
mediating TJ formation'® . Structural and inhibition studies regarding this interaction have supported the
argument concerning TJ/complex formation being crucial for parasite entry'®*. However, AMA-1 conditional
knockout studies have shown that modified parasites can form the characteristic T ring®, suggesting varied roles
for AMA-1 during invasion. The present work thus found that PvAMA-1 domain I and II were interacting with
reticulocytes, i.e. acting as an adhesin.

Two P. vivax cHABPs were identified here (both located in PvAMA-1 domain I) having structural differences
regarding their localization; cHABP 21270 formed part of the trough formed between PAN domains and (as in
PfAMA-1) could be the critical pocket where the receptor binds. Out of the 8 HABPs identified previously in the
whole PAMA-1 ectodomain®, cHABP 4313 was a homolog of cHABP 21270, having 95% similarity. Interestingly,
cHABP 4313 inhibited Mrz invasion of erythrocytes by 75% suggesting that this region s critical role during this
stage of the cycle. However, this region does not participate as adhesin during Spz invasion of hepatocytes; rather,
the parasite uses different PAMA-1 regions to interact. P. vivax cHABP 21268 was located on the same face as
HABP 21270 but opposite the trough; even though this cHABP did not inhibit rPvAMA-DI-II binding by flow
cytometry in 1:20 molar ratio, it displayed a low inhibition of rosette formation (by 25%) (Supplementary Fig. $4).

Bearing cHABP 21268 location in mind and its low inhibitory capacity, it can be suggested that, even though
it might specifically interact with a receptor on reticulocyte membrane, it is not the determinant region in pro-
tein binding. When PvAMA-1 polymorphisms were located on the 3D structure, it was found that most were
located on the opposite face of the identified cHABPs, suggesting that one face of PvAMA-1 is more exposed to
the immune system than others®. It has been reported that different microorganisms hide relevant regions from
the immune system while exposing immunodominant (but non-functional) regions under immune pressure, to
protect antigen function during invasion?!.

To date, PvMSP-1'°, PyRBP-1a°2 and PvDBP’2 HABPs have been identified which bind specifically to
reticulocytes; this, together with characterizing PvAMA-1 regions, has increased current knowledge about P.
vivax Mrz specific binding properties used for invading reticulocytes. Future work should address evaluating
naturally-acquired antibodies capability for blocking PvAMA-1 binding to reticulocytes and correlate the results
with some degree of protection. Future work should also be aimed at identifying critical binding residues which
could be modified (mHABP) to increase cHABP immunogenicity and protection-inducing capability, following
the methodology proposed for developing a vaccine against P. falciparum?®>.

Methods

Constructing recombinant plasmids. Three PvAMA-1 fragments corresponding to the ectodomain
(residues 43-487), domain I and II (residues 43-386) and domain II and III (249-487) were amplified from
Plasmodium vivax VCG-I strain genomic DNA for PvAMA-1 expression as a recombinant protein and expression
on COS-7 cells (American Type Culture Collection CRL-1651). Gene specific primers were designed using the
PvAMA-1 genomic sequence (PVX_092275) available in PlasmoDB?? as template. Each fragment was amplified
using a KAPA HiFi HotStart ReadyMix PCR kit at 25 pL final reaction volume, containing 12.5pL 2x KAPA HiFi
Ready Mix, 1.5pL of each primer (Supplementary Table S1) at 5pM concentration and 7.5 pL of nuclease-free
water. The amplification conditions for the three products consisted of one 5-min cycle at 95 °C followed by 35
cycles lasting 20 sec at 98 °C, 45 sec at 56 °C and 2 min at 72 °C with a final extension cycle lasting 5 min at 72 °C.
Purified products were digested with Dral or Pvull and Apal restriction enzymes and cloned in pRE4 vector®
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in frame with the HSVgD signal sequence and transmembrane segment!” to express these fragments on COS-7
cells membrane or digested with BamHI and Sall and cloned in pQE30 vector in frame with histidine tag at
the N-terminal to be expressed in E. coli. Each construct was transformed in JM109 cells and selected on Luria
Bertani (LB) plates containing ampicillin and confirmed by sequencing. The resulting plasmids were labelled
pRE4-PvAMA-1, pRE4-PvAMA-DI-II, pRE4-PvAMA-DII-III, pQE30-PvAMA-1, pQE30-PvAMA-DI-II and
pQE30-PvAMA-DII-IIL

COS-7 cell culture and transfection. COS-7 cells were cultured in Dulbecco-Modified Eagle Medium
(DMEM) with 10% FCS in a humidified 5% CO, incubator at 37 °C. For all transfection experiments, 3 x 10* cells
were seeded in 3.5-cm diameter wells (40-60% confluent) and then transfected with 300 ng of each recombinant
plasmid using FuGENE HD transfection reagent (Promega), following the manufacturer’s protocol, in the pres-
ence of OptiMEM medium for 48 h in a humidified 5% CO, incubator at 37 °C. The cells were grown on coverslips
for use in immunofluorescence to verify the correct protein expression on COS-7 cell surface.

Immunofluorescence assay. Transfected cells grown on coverslips were washed in phosphate buffered
saline (PBS), fixed with 2% formaldehyde (in PBS) for 15 min at room temperature (RT) and blocked with 10%
FCS in PBS for 1 hr to verify correct protein expression on COS-7 cell surface. The cells were stained overnight
with anti-DL6 antibodies (Santa Cruz) in 1:1,000 dilution at 4 °C which recognized a proline-rich region adjacent
to the mature HSV gD protein transmembrane segment or F8.12.19 monoclonal antibody which recognized
a conformational epitope in PvAMA-1 domain I1I%. Fluorescein-conjugated goat anti-mouse antibodies were
used as secondary antibodies. Cell nuclei were stained with 4/,6-diamidino-2-phenylindole (DAPI) and fluores-
cence was visualized by fluorescence microscope (Olympus BX51) using an Olympus DP2 camera and Fiji soft-
ware. Transfection efficiency (%) was calculated as total amount of fluorescent COS-7 cells x 100/total amount of
COS-7 cells counted in 30 fields, as described previously®’.

COS-7 cells used for erythrocyte binding assays. Human RBC from UCB containing about 5-7%
reticulocytes were washed three times in PBS (pH 7.4) and then treated with neuraminidase, chymotrypsin or
trypsin, as described earlier®. Briefly, an erythrocyte suspension (60% haematocrit) was incubated at 37 °C for
60 min with either neuraminidase (150 pU/mL; ICN 900-67-6), trypsin (1 mg/mL; Sigma T-1005) or chymot-
rypsin (1 mg/mL; Sigma C-4129). Erythrocytes were then washed twice by spinning with PBS at 2,500 x g for
5min. The UCB blood used in this study came from Bogotd’s District Blood Bank (Colombia).

COS-7 cells were tested 48 h after transfection with pRE4-PvAMA-1, pRE4-PvAMA-DI-II or
pRE4-PvAMA-DII-III plasmids regarding their binding to normal, neuraminidase-treated, chymotrypsin-treated
and trypsin-treated human RBC from UCB (10%) or reticulocyte-depleted erythrocytes (10% haematocrit)
from peripheral blood without any treatment for 2 hr at 37 °C. Regarding competition assays, UCB (10%) was
pre-incubated with 10 L peptide 21270 (1 mg/mL) for 1 hr at 37 °C followed by two washes with incomplete
DMEM and then added to transfected COS-7 cells. After incubation, the cells were washed twice with PBS. The
COS-7 cells with adherent erythrocytes or normocytes (i.e. rosettes) were scored in 20 randomly-chosen fields
at 200 x magnification. Rosettes were considered positive when adherent erythrocytes covered more than 50%
of COS-7 cell surface. COS-7 cells transfected with plasmid pHVDR22 (which expressed DBP RII) were used as
positive control'” while non-transfected cells were used as negative control. At least three independent experi-
ments were performed with replicates.

Soluble recombinant expression and purification. E. coli (JM109) recombinant proteins transformed
with pQE30-PvAMA-1, pQE30-PvAMA-DI-II or pQE30-PvAMA-DII-III were grown in 25mL LB broth sup-
plemented with 0.1 mg/mL ampicillin and 0.1% D-glucose for 12 hr at 37 °C with constant shaking. This starting
culture was used to inoculate 475 mL LB broth containing 0.1 mg/mL ampicillin and 0.1% D-glucose maintained
at 37°C with constant shaking until reaching 0.6-0.8 optical density (OD) at 620 nm. Recombinant protein
expression was induced with isopropyl 3-D1-thioglactopyranoside (IPTG) at 1 mM final concentration. The
cultures were grown for another 16 hr at 30 °C and E. coli cells were harvested by centrifugation. The cell pellet
was suspended in lysis buffer (50 mM Tris pH 8.0, 300 mM NaCl, 25 mM imidazole) supplemented with 15 mM
2-3-mercaptoethanol, 0.1 mM ethylene glycol-bis (3-aminoethyl ether)-N,N,N’,N’-tetraacetic acid (EGTA),
0.1 mg/mL lysozyme, 0.5% Tween 20 and a protease inhibitor cocktail. Bacterial cells were lysed by sonication
(Torebeo Ultrasonic Processor 36800). The lysate was spun at 15,000 x g for 30 min at 4 °C and the supernatant
was incubated with nickel-nitrylotriacetic acid (Ni>*-NTA) agarose resin for purifying recombinant proteins by
affinity chromatography. Bound protein was eluted with increasing imidazole gradients (50-500 mM). The eluates
were analyzed on SDS-PAGE and by Western Blot and the fractions containing the recombinant protein having
a clear single band were pooled. Protein concentration was determined using the BioRad protein assay system
(BCA method) and a standard bovine serum albumin (BSA) curve.

ELISA and dot blot assays. The ELISA assay described elsewhere*® had some modifications. Briefly, 1 ug
recombinant protein (rPvAMA-1 or rPvAMA-DII-III) was pre-absorbed onto 96-well plates in coating buffer
(15mM sodium carbonate and 35 mM sodium bicarbonate) and then blocked with 5% BSA in PBS and 1% Tween
20 at 37°C. The plates were incubated for 1 hr with F8.12.19 monoclonal antibody in 1:16,000 dilution at 37 °C,
followed by three washes with 1% PBS-Tween. Peroxidase-conjugated anti mouse IgG was used as secondary
antibody, diluted 1:5,000 for 1 hr. Antigen-antibody reaction was detected using a TMB Microwell peroxidase
substrate system kit (KPL Laboratories). The reaction was stopped after 10 min incubation with 1 M phosphoric
acid. Absorbance was measured at 405 nm using a microtiter reader.

The dot blot assay involved seeding 10 uL rPvAMA-1 or rPvAMA-DII-III on nitrocellulose membrane and
then incubating for 15 min in a damp chamber at 37 °C. The membrane was blocked with 5% milk in 0.5%
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PBS-Tween for 30 min; the membrane was then incubated with F8.12.19 monoclonal antibody (1:16,000) for 1 hr.
Alkaline phosphatase conjugated anti-mouse antibody was used as secondary antibody. A BCIP/NBT (Promega)
kit was used for revealing the reaction, according to the manufacturer’s instructions.

Flow cytometry assays. The flow cytometry-based RBC-binding assay was performed as previously
described, with the following modifications*'. Twenty-five micrograms of each recombinant protein were incu-
bated with 500 uL UCB suspension overnight at 4 °C with constant shaking. Competition assays involved adding
each PvAMA-1 DI- and DII-derived synthetic peptide (>99% purity) in a 1:20 (protein:peptide) molar ratio. The
erythrocytes were washed with 1% BSA/PBS and then incubated with anti-human CD45 allophycocyanin (APC)
(Becton Dickinson) and anti-human CD71-APC-H7 monoclonal antibodies (Becton Dickinson) for 20 min at
RT following incubation with mouse anti-histidine phycoerythrin conjugated monoclonal antibody (Miltenyi
Biotec). RBC were washed and suspended in 2 mL PBS. One million events were read on a FACSCanto II (BD
Bioscience) and the results were analyzed using FlowJo software (TreeStar). DBPRII recombinant soluble protein
was used as positive binding control and DBPRIII-IV as negative control. At least three independent experiments
were performed with different UCB samples.

PvAMA-1 peptide synthesis and radio-labeling. PvAMA-1 domain I and I (PVX_092275) were syn-
thesized in sequential peptides (20-mer) using the t-Boc amino-acid strategy and p methylbenzhydrylamine
resin (0.5 mequiv/g, Bachem), following solid-phase multiple peptide synthesis methodology®> . Peptides were
cleaved by the low-high hydrogen fluoride technique and analyzed by RP-HPLC and MALDI-TOF mass spec-
trometry (Bruker Daltonics). Conserved peptides were radiolabeled using 3 uL -Na!*I (100 mCi/mL; ARC) and
15 L chloramine T (2.75 mg/mL). The reaction was stopped after 15 min by adding 15 uL sodium metabisulphite
(2.3mg/mL), as described previously”. Radiolabeled peptides were separated by size-exclusion chromatography
on a Sephadex G-25 column (Pharmacia). Each eluted fraction was then analyzed by gamma counter (Packard
Cobra II).

Radiolabeled peptide binding assays. 2 x 107 RBC from UCB were incubated at RT for 90 min
with different concentrations of each radiolabeled peptide (0-800nM) in the absence (total binding)
or presence (non-specific binding) of the same unlabeled peptide dissolved in 4-(2-hydroxyethyl)-1-pi
perazineethanesulphonic acid buffered saline (HBS; 200 pL final volume). Following incubation, cells were
washed twice with HBS and the amount of cell-bound radiolabeled peptide was quantified on an automatic
gamma counter.

Peptides’ specific binding activity was evaluated in a binding assay with enzyme-treated RBC from UCB.
The RBC were treated as described in the COS-7 cell RBC binding assay. 2 x 107 untreated RBC and trypsin-,
chymotrypsin- or neuraminidase-treated RBC were incubated at RT for 90 min with 400 nM of each radiolabeled
peptide in the absence or presence of the same unlabelled peptide, as described previously?’.

Determining dissociation constants. Modified binding assays were used for determining HABP 21270
dissociation constants (Kj), and Hill coefficients (nH). Briefly, 1.5 x 107 RBC were incubated with increasing con-
centrations of radiolabeled peptide (0-4,000 nM) in the absence or presence of unlabelled peptide (20 uM), using
a 255pL final volume. Cell-bound radioactivity was quantified as in binding assays®”. GraphPad Prism software
v5 was used for calculating K, and #H, following an interaction model, one by one.

Statistical analysis. SPSS v20.0 was used for statistical analysis of RBC-binding assays. Comparative sta-
tistics were reported from non-parametric univariate analysis. Differences between means were compared by
Kruskal-Wallis tests when comparing multiple groups or Mann-Whitney U-test for comparing two groups.

Ethics approval and consent to participate. All parents from the donors of umbilical cord samples
here used signed an informed consent form after receiving detailed information regarding the study’s goals. The
umbilical cord samples were collected by Bogotd’s District Blood Centre (Colombia), following the protocols
established by this institution, in accordance with Colombian laws and regulations. All procedures were approved
by FIDIC’s ethics committee.
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Summary

Elucidating receptor-ligand and protein-protein interactions represents an attractive
alternative for designing effective Plasmodium vivax control methods. This article describes
the ability of P. vivax rhoptry neck proteins 2 and 4 (RON2 and RON4) to bind to human
reticulocytes. Biochemical and cellular studies showed that two conserved regions of
PVRON2 and PvVRON4 specifically interact with protein receptors on CD71'CD45
reticulocytes. Mapping each protein fragment’s binding region led to defining the specific
participation of two 20 amino acid-long regions selectively competing for PvRON2 and
PVRON4 binding to reticulocytes. Binary interactions between PYRON2 (ligand) and other
parasite proteins, such as PvRON4, PvRONS and apical membrane antigen 1 (AMAL1) were
evaluated and characterised by surface plasmon resonance (SPR). The results revealed that
both PYRONZ2 cysteine-rich regions strongly interact with PvAMAL1 domains Il and IlI
(equilibrium constants in the nanomolar range) and at a lower extent with the complete
PVAMAL1 ectodomain and domains I and 11. These results strongly support that these proteins
participate in P. vivax’s complex invasion process, thus providing new pertinent targets for

blocking P. vivax merozoites’ specific entry to their target cells.

Keywords: malaria; Plasmodium vivax; reticulocytes; rhoptry neck proteins; synthetic

peptide.



Introduction

The invasion cycle of parasites from the phylum Apicomplexa (i.e. Toxoplasma gondii or
Plasmodium spp), represents one of the most complex pathogen invasion processes which is
actively orchestrated by the parasite itself through a series of events involving a diverse set
of molecular interactions %' 2. Such process requires a sequence of coordinated activities,
including recognition, host cell attachment, protein secretion (from micronemes and
rhoptries) and motility, supported by an actin/myosin-based gliding in apicomplexan
parasites 3. One of its most outstanding features concerns the formation of stable, high-avidity
merozoite (Mz) apex binding to a host cell, resembling a form of ring moving progressively
(moving junction - MJ) from the apical pole towards the back of the parasite, propelling it
into a nascent parasitophorous vacuole, thereby allowing it to survive and replicate within a
target cell 4,

Studies orientated towards identifying the components forming the circumferential ring have
shown that it appears to be mainly formed by a multimeric protein complex, involving the
parasite’s apical membrane antigen 1 (AMAL) and rhoptry neck (RON) proteins -2, -4, -5
and -8 (the latter only in T. gondii) %% 78 The RON/AMAL1 complex acts independently of
host cell receptors as Apicomplexans secrete RON proteins into a host cell, using RON2 as
receptor on target cell membrane. RON2 is anchored to host cell surface and the carboxyl
terminal region remains exposed for binding to AMAL which acts as parasite ligand 5 % 1°,
Regarding the other RONSs, it has been described that RON5 and RONS8 in T. gondii are
involved in stabilising and organising the complex in a host cell 12, It has been found that
conditional knockdown involving a loss of TJRONS has led to the complete degradation of

TgRON?2 and mistargeting of TJRON4 1, whilst a loss of TJRON4 has significantly reduced
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TgRONS and TgRON2 levels 2. It has also been shown that four host proteins (ALIX-
CD2AP-CIN85 and TSG101) are specifically recruited to the MJ through specific binding
motifs present on TJRON proteins %2,

Structural studies of the complex formed between AMAL and a RON2 peptide have shown
the participation of the AMAL hydrophobic trough, so that a binding pocket accepts the
RON2 critical loop region, having significant shape and complementary charge *4 16, This
interaction’s importance in P. falciparum has been established by using antibodies, peptides
or small molecules directed against the PFAMAL-PfRON2 complex interface, thereby
significantly inhibiting invasion & % . Immunising mice with the AMA1-RON2L complex
(but not with individual antigens) has induced qualitatively higher growth inhibitory
antibodies capable of protecting mice against experimental challenge with a lethal P. yoelii
strain, highlighting such protein—protein interaction’s important role during invasion 8,
AMAL1 was initially identified in P. knowlesi *° and then found throughout all Apicomplexa,
being essential for T. gondii and P. falciparum survival 2% 2!, Regarding AMA1’s function in
MJ formation, various roles involved in P. falciparum invasion have been attributed to it,
including Mz reorientation on red blood cell (RBC) surface 22, participation in resealing RBC
at the end of invasion 23, interaction with aldolase which provides extracellular linkage for
the actin/myosin motor 2* and interaction with receptors on RBC surface 2 25, Previous
observations showed that tachyzoites (Tz) and sporozoites (Spz) having conditional
knockouts for AMAL1 were capable of invading a host cell and appeared to form normal MJ,
suggesting that AMAL1 was acting independently of RONs and that AMA1-RON2 interaction
was not essential 2" 28, However, later studies showed that Tz used paralogues of the generic
AMA1-RON2 pair as substitutes, partially compensating for the loss of TJAMAL 2°,

Alternative pathways for the lack of AMA1 and RON2 have not been reported in P.
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falciparum 2°, unlike that observed in other invasion steps (such as reorientation) using
functionally redundant proteins, such as erythrocyte binding antigens (EBAs) and
reticulocyte-binding-like protein homologues (RH) *. This would suggest that whilst it might
be a conserved mechanism amongst Apicomplexa, differences concerning regulation of MJ
components, composition and interaction regions could partly define selectivity by their
respective host cells.

P. falciparum RONs were identified by co-immunoprecipitation assays showing AMAL
association with high molecular weight components located in the rhoptry neck 3!
homologues of those reported in T. gondii 3% 3% 34 Even though there is no clear evidence of
PfRON2, PfRON4 and PfRONS translocation across/onto host cell membrane and RBC
cytosol in P. falciparum, previous studies have shown that PfRON2 uses a cysteine-rich
region (PFRON2-C) located in the carboxyl terminal extreme for interacting with receptors
on a host cell; these are sensitive to treatment with trypsin and neuraminidase *°. However,
the cysteine-rich region located in PFRON2’s central portion (PfRON2-M) and the PFRON2-
C region interact with PFAMA1 5. PFRONS contains peptides having high affinity binding
to receptors on RBC which are capable of inhibiting Mz entry to target cells. Such data
highlight RON and AMAL participation in establishing receptor-ligand and protein-protein
interactions 3637,

Regarding P. vivax, the geographically most widespread cause of human malaria 38, there is
little information concerning the proteins participating in binding (ligand-receptor
interaction) or protein-protein interactions, partly due to difficulties in culturing P. vivax in-
vitro thereby impeding genetic approaches for studying proteins’ role during the cycle of
invasion of reticulocytes. Such limitations have been a barrier to studying the biological,

clinical and immunological characteristics necessary for designing control measures against
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P. vivax. Using P. vivax strains adapted in non-human primates *° or infected patients’ blood
40 has enabled comparative approaches with other Plasmodium species #* or using omic
sciences % *3 to identify a significant amount of proteins expressed in P. vivax schizonts
(Sch) and Mz #'. PvRON2 #, PvRON4 % and PVRONS5 “¢ have been identified recently; these
are homologous to those identified in P. falciparum which are located in the apical extreme
of P. vivax Colombia Guaviare 1 (VCG-1) strain Sch. Different biochemical techniques have
been used to report a conserved PYRONS fragment located towards the carboxyl-terminal
extreme interacting with RBC, having a preference for CD71* cells %6, suggesting that RONs
could be participating in host-parasite interactions, similar to that found in P. falciparum.

PVRON2 and PVRON4 ability to interact specifically with RBC was thus evaluated to
advance the functional characterisation of P. vivax RONs; this was followed by determining
binary interactions between PvRON2, PvRON4, PvRON5 and PvAMAL1 by surface plasmon
resonance (SPR). The data indicate that the PvRON2 central region and PvRON4 carboxyl
terminal region specifically interact with protein receptors on CD71"CD45" reticulocyte
membrane. It was also shown here that PvRON2 also participates in interaction with other
parasite proteins, such as PvAMAL, PvRON4 and PVRONS5, highlighting P. vivax RON

participation in establishing several protein-protein and host-pathogen interactions.



Results and Discussion

The PVvRON4 carboxyl terminal region interacted with umbilical cord blood RBC
Recombinant plasmids were constructed based on evidence regarding two P. falciparum
RONZ2 cysteine-rich regions’ binding and interaction activity % 3; they contained the regions
encoding the P. vivax central (PvRON2-RI) and carboxyl terminal (PvRON2-RII) regions
(Figure 1A). A PvRONA4 region located towards the carboxyl terminal extreme was amplified
(Figure 1A); it is highly conserved at intra- and inter-species level and is under purifying
selection, contrary to that reported for the amino terminal region having extensive size
polymorphism #’. Selected regions were cloned in pRE4 vector in frame with herpes simplex
virus (HSV) glycoprotein D signal peptide and transmembrane domain thereby enabling
proteins to be expressed and anchored to cell membrane “8. Following transfection and
immunofluorescent studies on non-permeabilised cells, it was found that only PvRON4 was
correctly and efficiently expressed on COS-7 cell membrane (Figure 1B).

The P. vivax infection has been seen to be limited to Duffy (Fy) positive reticulocytes, also
known as the Duffy antigen/receptor for chemokines (DARC). Such preference seems to be
mediated by specific receptor-ligand interactions between the DBP protein expressed by the
parasite and the DARC receptor on RBC membrane “°. DBP-DARC interaction was taken as
positive control based on the above information where PvDBP cysteine-rich region Il was
expressed on COS-7 cell membrane (Figure 1B). As expected, PvDBPRII interacted with
DARC whilst having low negative Duffy cell binding capacity (ANOVA-Tukey: F
3,12=24.8, p<0.0001) (Figure 1B and 1C). The PvRON4 C-terminal cysteine-rich region
(pPRE4-PVRON4 construct) bound to umbilical cord blood (UCB) RBC having different
Duffy phenotypes, although their binding activity was lower than that found for PvDBP-RI1I

(Figure 1B and 1C). PvRON4 binding to Fya*Fyb™ had statistically significant differences
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regarding binding to FyaFyb- RBC (ANOVA-Tukey: F (312)=4.26, p=0.020). When
PVRON4 binding to RBC (m=34+£2.7) was compared to binding to normocytes (m=11+1.4)
it was observed that the amount of rosettes compared to normocytes became significantly
reduced (t-test: t(10=18.68, p=0.001) (Figure 1B and C). This suggested that PvRON4
binding to RBC depends on a more immature RBC population, similar to that reported for
other P. vivax antigens, such as PvAMAL 0, PyvGAMA °! and EBP2 °2, whilst PvDBPRII
bound to both RBC and normocytes (Figure 1C).

Several reports have shown that different P. falciparum strains differ regarding their ability
to invade RBC treated with different enzymes, such as trypsin, chymotrypsin and
neuraminidase, removing different receptors from RBC surface °* %, Such assays enabled
ascertaining that proteins like erythrocyte binding antigen 175 (EBA175) recognised the
sialic acid component in glycophorin A %° whilst EBA 140 bound to glycophorin C *. It has
been reported (and also found here) that PvDBP binding to DARC was susceptible to
enzymatic treatment with chymotrypsin °7 (t-test: t=24.4, p=0.001) (Figure 1D). It has also
been reported that PvAMAL binding was susceptible to neuraminidase and chymotrypsin
action *. Interestingly, it was found here that PvRON4 interacted with RBC membrane
protein receptors susceptible to treatment with the three enzymes evaluated (ANOVA-Tukey:
F (38)=59, p=0.001) (Figure 1D). Such binding profile did not fit any enzymatic behaviour
typical of previously-described malaria receptors.

Concerning other parasites such as T. gondii, a 17kDa region in TJRON4 proximal C-
terminus was sufficient for binding to host cell B-tubulin carboxyl-terminal region %8, Even
though the overall similarity between T. gondii, P. falciparum or P. vivax RON4 is not very
high (Supplementary Material), a pattern of conservation could be observed towards these

proteins’ carboxyl terminal region. This suggested that functional RON4 binding region was
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located towards this region, even though receptor type differed according to species, as
shown by TJRON4 %8 and PYRON4 interaction results (Figure 1). Although it is still not clear
whether RON4 is exported towards host cell cytosol, its participation in MJ formation is
crucial for target cell invasion by T. gondii and P. falciparum 2’. Recent studies have found
that the PvRON4 central region contained a sterease/lipase domain which could be associated
with ester bonds rupture in the phospholipids constituting host cell membrane #’. This
suggested the presence of several functional domains in RON4, where the C-terminal region
could interact with RBC membrane whilst the sterease/lipase (central region) domain could
then enable RON4 internalisation. Future studies aimed at elucidating such functional

domains’ coordinated involvement in invasion should be carried out.

PVRON4 and PvRON2-RII bound specifically to CD71"CD45 cells

Three protein fragments were obtained in recombinant form in E. coli for determining
PVRONA4-RBC interaction specificity and evaluating PvRON2-RI and PvRON2-RI1 specific
binding capability (Figure 1A); these regions were then purified by affinity chromatography.
A single band was found for each fragment by western blot and Coomassie blue staining,
coinciding with the expected molecular weights (Figure 2A-left). Every recombinant
fragment was radiolabelled, quantified and incubated in a UCB RBC competition assay with
high concentrations of the same non-radiolabelled recombinant protein. The results showed
that even though the three fragments did bind (total binding), only PvRON4 and PvRON2-
RI bound specifically to RBC, since radiolabelled protein binding became reduced (by ~55%)
in the presence of non-radiolabelled protein (non-specific binding) (Figure 2A-right). When

graphing specific binding it was observed that PvRON4 and PYRONZ2-RI specific binding



activity was 1%-PVvRON4 to 2.6%-PvRON2-RI (curve slope) compared to PvRON2-RI
0.22% specific activity (Figure 2A-right).

As P. vivax Mrz have a strong preference for reticulocytes expressing transferrin receptor 1
(CD71) (becoming sequentially lost as reticulocytes mature), cytometry was used for
determining whether PvRON4 and PvRON2-RI binding was restricted to interaction with
this type of immature cell (reticulocyte stages I-111). Figure 2B shows that PvRON2-RI had
6.56% binding to CD71°CD45 cells (m=7.6+0.94%: 5.2-9.9) and PVvRON4 5.60%
(m=5.15+0.55%: 3.7-6.5), whilst low CD71°CD45" cell interaction (~0.1%) was found (data
not shown). PvDBPRII recombinant protein had 10.5% binding (positive control)
(m=12.3+1.47%: 8.6-15.95 95%CI) whilst PvDBPRIII-IV recombinant protein, expressing
regions Il and IV (negative control), had low binding capacity (m=1.0+£0.55%: -0.3-2.4),
thereby coinciding with previous studies showing that these regions do not participate in
target cell binding °% 9,

It has been reported that the PFRON2 fragment involved in interaction with RBC is located
in the carboxyl-terminal region 3%, different to that found for PvRON2 where, even though
both regions bound, only the region located towards the protein’s central portion (called
PVRONZ2-RI here) specifically interacted with UCB RBC (Figure 2). Such data, added to that
available for P. vivax proteins (e.g. PvMSP1, PvAMAL %0 and now PvRONZ2), has shown
that some P. vivax proteins having orthologues in P. falciparum have different functional
regions, which could partly be responsible for the specificity of the interaction with
respective target cells.

It is still not clear why P. vivax has tropism for CD71" reticulocytes; the interaction defined
between DBP and DARC was initially considered essential for parasite binding; however,

DARC is expressed on both reticulocytes and erythrocytes. Recent studies have managed to
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show that DARC epitope recognised by DBP has increased its exposure during early stages
of reticulocyte maturation and decreased it during maturation into normocytes ®. DARC
epitope exposure during reticulocyte stages I-11l enables greater DBP association with
CD71M"/TOMI" reticulocytes, but not in mature reticulocytes or erythrocytes, partly
explaining P. vivax tropism for reticulocytes ®*. It is worth noting that specific tropism for
CD71" reticulocytes has also been shown for other P. vivax proteins, including those studied
here. Receptor remodelling during reticulocyte maturation, added to the fact that proteins
have distinct binding domains in each species, could complement each parasite’s selectivity

for its respective host cell.

20-residue-long peptides were capable of specifically competing for PvRON4 and PvRON2
binding

Competition assays were carried out between peptides covering radiolabelled protein and
recombinant protein fragments” amino acid sequences to define the regions responsible for
PVRON2 and PYRON4 interaction with CD71*CD45" cells. The results showed that PvRON4
fragment-derived peptides 40305, 40306, 40312 and 40313 could inhibit recombinant protein
binding by 40% (40305) (Figure 3A). Three peptides (40592, 40593 and 40595) inhibited
PVRONZ2-RI radiolabelled protein binding by up to 41% (Figure 3B).

Peptides 40305, 40313, 40592 and 40595 were radiolabelled and tested in a RBC binding
assay, in the presence or absence of non-radiolabelled peptide for characterising PvRON4
and PvRON2-RI specific binding activity as such peptides were capable of inhibiting
recombinant protein binding. This method required peptides having >0.02 or 2% specific
binding activity (according to the specific binding curve, named here high activity binding

peptides - HABPs) 82, This assay gave PvRON4 peptide 40305 and PvRON2-R1 40595 slopes

11



greater than 2% (Figure 3C and 3D), thereby cataloguing them as HABPs. Flow cytometry
showed that HABP 40305 could inhibit protein binding to CD71"CD45" reticulocytes by up
to 23% and HABP 40495 by 40% (Figure 3C and 3D). HABP 40305 was also able to inhibit
rosette formation by 41% compared to negative control (absence of peptide) (Figure 3C).

A significant amount of HABPs have been identified in most P. falciparum proteins
participating in Spz and Mz invasion of their respective target cells % 63, After HABPs have
undergone a series of chemical modifications and structural and immunological studies, they
have been able to induce a strong protection-inducing immune response in experimental
challenge in a non-human primate animal model ®. Such HABPs have now been defined as
immune protection-inducing protein structures (IMPIPS) and some of them are strong
candidates for a multi-antigen, multi-stage, subunit-based anti-P. falciparum vaccine %. The
~40 proteins identified in P. vivax could play important roles during reticulocyte invasion #;
PvDBP %, PvMSP1 %, PvRBP1 ¢ and PvAMAL1 > HABPs had only been identified to date

but now PvRON2 and PvRON4 can be added to the list.

Both PVRONZ2 regions had a high affinity interaction with PvAMA1 domain Il and 111

Previous P. falciparum and T. gondii immunoprecipitation and confocal microscopy studies
have defined an AMA1-RON2-RON4-RON5 macromolecular complex participating in MJ
formation (plus RONS8 in T. gondii). Studies about this complex’s stability in denaturing
conditions (including sodium dodecyl sulphate) have shown that only the interaction between
AMA1 and RON2 is maintained °. It has been reported that a 39-residue-long peptide derived
from PfRONZ2, TJRON2 and PvRONZ2 externally-exposed regions specifically interacts with

the AMA1 hydrophobic groove 4 1516,
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SPR was used for determining the parameters for PVRON2-RI and PVRONZ2-RII
(immobilised ligands) binding to PvAMAL, PvAMA-DI-11, PvAMA-DII-I11, PvRON4 and
PVRONS5 (as analytes). Equilibrium binding constant (kD) was calculated from association
rate constant (kon) and dissociation rate constant (koff); both PvRON2-RI and PvRON2-RII
both bound specifically to PvAMA1 domains Il and Il (i.e. PvAMA-DII-111) with kD of
11.7nM and 19.8nM, respectively (Figure 4, Table 1), indicating both PvRONZ2 regions could
independently establish a specific interaction with PvAMA1, having greater affinity for
PVAMA-DII-I11 than for the whole PvAMAL ectodomain or PvAMA-DI-I1I (Table 1).
Previous structural work concerning P. falciparum, P. vivax and T. gondii AMAL
relationship with RON2 has convincingly shown AMAZ1 domain Il loop and some domain |
residues participating in interaction with RON2 located in the carboxyl terminal extreme
(RON2spl) 1516 Sych data has led to establishing that the domain Il loop causes an
important conformational change, revealing a RON2 binding site and becomes responsible
for complex stability during invasion . It should be stressed that even though PvRON2-RI|
(containing PVRON2sp1 binding to PvAMA1) ** bound specifically to PvAMAL (1.74uM
kD) (Table 1) in the present work, such interaction had less affinity than that reported for the
PVRON2sp1-PvAMAL complex (50nM kD) *°. However, a stronger interaction was found
for PvYAMA-DII-111 with PvRONZ2, suggesting other PvAMA1 regions’ participation in the
interaction with PvRONZ2. It should also be stressed that another PvRON2 functional region
located towards the central region participates in interaction with reticulocytes (Figure 2) and
also interacts strongly with PvAMAL (Figure 4, Table 1), as also proposed for P. falciparum
35.

Guided by PFAMA1-PfRON2 structural studies, where some PFAMAL (Phel83 and Tyr234)

residues were seen to be key elements in the interaction with PFRON2sp1 ¢, the PvAMAL1

13



Phel28 or Tyrl79 homologous residues’ functional importance was evaluated regarding
interaction with PvRON2-RI and PvRON2-RII. Two soluble recombinant proteins were
generated and purified by affinity chromatography (Supplementary Material). Both mutant
recombinant proteins were then used as analytes against PvRON2-RI or PVRONZ2-RII
immobilised on sensor chip. Interestingly, both PvAMAL mutants displayed an order of
magnitude increase in binding by SPR (107" kD vs 10 kD) (Table 1), which suggested that
such residues are not essential for the interaction with PvRON2, as opposed to what has been
reported for their P. falciparum counterparts (PFAMA1-PfRON2) 16,

It was found that both PYRON2 regions interacted with PvRON4 and PvRONS5 but with
lower affinity than that reported for interaction with PvAMA-DII-I1I. Previous T. gondii
studies have shown that TJRON5 stabilised TJRON2 and that a loss of TJRON4 significantly
reduced TJRON5 and TgRON2 levels. Although it is not clear during which process such
interaction might occur, the three proteins were located in the same compartment and
released together during invasion. This does not rule out a transitory interaction during their
stay in the rhoptry necks and subsequent organisation in host cell cytosol.

Altogether, these results highlight PvRON2 and PvRON4 importance in active P. vivax
receptor-ligand and protein-protein complex formation as they could be key elements during
parasite invasion. It was clear that P. vivax functional regions could be different to those
involved in P. falciparum, despite these proteins’ conservation in most Apicomplexa; this
highlights important implications for designing an effective synthetic vaccine against P.

vivax.
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Experimental procedures
Recombinant plasmids

A gene fragment encoding a PYvRONA4 region (residues 403-680) and two fragments encoding
PVRON2 (residues 957-1288 encoding R and residues 1850-2085 RII) were amplified from
Plasmodium vivax VCG-I strain complementary DNA (cDNA) for PvRON4 and PvRON2
expression as recombinant proteins in E. coli or expression on COS-7 cell membrane
(American Type Culture Collection CRL-1651). Gene specific primers were designed using
pvrond (PVVX_091434) and pvron2 cDNA sequences (PVX_117880) available in PlasmoDB
as template %. A KAPA HiFi HotStart ReadyMix PCR kit was used for amplifying each
fragment at 25 pL final reaction volume, containing 12.5 pL 2x KAPA HiFi Ready Mix, 1.5
pL of each primer (Supplementary Table S1) at 5 uM and 7.5 pL of nuclease-free water. The
amplification conditions for the three products consisted of one 5-min cycle at 95°C,
followed by 35 cycles lasting 20 sec at 98°C, 45 sec at 56°C for PvRON2 fragments or 60°C

for PvRON4 fragments and 2 min at 72°C with a final extension cycle lasting 5 min at 72°C.

Purified products were digested with Pvull and Apal restriction enzymes and cloned in pRE4
vector “8 in frame with the HSVgD signal sequence and transmembrane segment *° to express
these fragments on COS-7 cell membrane or digested with BamHI and Sall for PvRON4 or
BamHI and Pstl for the PvRON2-RII fragment. They were then cloned in pQE30 in frame
with a histidine tag at the N-terminal to be expressed in E. coli whilst the PvRON2-RI
amplified product was cloned in pEXP5-CT/TOPO expression vector using TOPO TA
cloning in frame with a histidine tag at the C-terminus. Each construct was transformed in

JM109 cells and selected on Luria Bertani (LB) plates containing ampicillin and confirmed
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by sequencing. Only the PvRON2-RI plasmid was used to transform BL21DE3 cells and
selected on LB plus ampicillin. The resulting plasmids were labelled pRE4-PVvRON4, pRE4-
PVRONZ2RI, pRE4-PVvRONZ2RII, pQE30-PvRON4, pQE30-PvRON2RII and pEXP5-

PVRONZRI.

Recombinant plasmids encoding PvAMAL ectodomain, domain | and Il (PvAMAL1-DI-I1),
domain Il and 1l (PvAMA-DII-111) and the C-terminal fragment of PvRON5 were taken
from previous studies to express such fragments in E. coli 46%°, The pHVDR22 plasmid was
used to express the Duffy-binding region 1l on COS7 cell membrane as positive control

(PvDBP-RII) 5.

Transfecting COS7 cells and immunofluorescence assays

COS-7 cells were cultured in Dulbecco-Modified Eagle Medium (DMEM) with 10% FCS in
a humidified 5% CO2 incubator at 37°C. All transfection experiments involved using 3 x 10*
cells seeded in 3.5-cm diameter wells (40%-60% confluent) and then transfected with 300ng
of each recombinant plasmid using FUGENE HD transfection reagent (Promega), following
the manufacturer’s protocol. Transfected cells grown on coverslips were washed with
phosphate buffered saline (PBS) and the immunofluorescence assay was done as described
in previous studies °% . Fluorescence was visualised by fluorescence microscope (Olympus
BX51) using an Olympus DP2 camera and Fiji software. Transfection efficiency (%) was
calculated as total amount of fluorescent COS-7 cells x 100 / total amount of COS-7 cells
counted in 30 fields, as described previously .

Rosetting assays

Human UCB RBC, containing about 5%-7% reticulocytes (Fya*Fyb’), were washed three

times in PBS (pH 7.4) and then treated with neuraminidase, chymotrypsin or trypsin, as
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described earlier " Briefly, an erythrocyte suspension (60% haematocrit) was incubated at
37°C for 60 min with either neuraminidase (150pU/mL; ICN 900-67-6), trypsin (Lmg/mL;
Sigma T-1005) or chymotrypsin (Img/mL; Sigma C-4129). Erythrocytes were then washed
twice by spinning with PBS at 2,500xg for 5 min. Untreated RBC having Fya*Fyb*; Fya
Fyb*; Fya'Fyb’; Fya'Fyb™ Duffy phenotypes were used for binding assays. The UCB used in
this study came from Bogota’s Instituto Distrital de Ciencia, Biotecnologia e Innovacion en

Salud (IDCBIS).

COS-7 cells, 48 hr after transfection with pRE4-PvRON4 or pHVDR22 plasmids, were tested
for binding to normal, neuraminidase-treated, chymotrypsin-treated and trypsin-treated
human UCB RBC (10%) or reticulocyte-depleted erythrocytes (10% haematocrit) from
peripheral blood without any treatment for 2 hr at 37°C. Competition assays involved UCB
(10%) pre-incubated with 10 pL peptide 40305 (1mg/mL) for 1 hr at 37°C followed by two
washes with incomplete DMEM and then added to transfected COS-7 cells, as previously
described >°. COS-7 cells with adherent erythrocytes or normocytes (i.e. rosettes) were scored
in 20 randomly-chosen fields at 200x magnification. Rosettes were considered positive when
adherent erythrocytes covered more than 50% of COS-7 cell surface. COS-7 cells expressing
PvVDBP-RII on membrane were used as positive control *° whilst the same cells but incubated
with chymotrypsin-treated RBC or non-transfected cells were used as negative control. At

least three independent experiments were performed with replicates.
Obtaining and purifying recombinant proteins
E. coli (JM109) transformed with pQE30-PvAMA-1, pQE30-PvAMA-DI-II, pQE30-

PVAMA-DII-I1I, pQE30-PvRON4 or pQE30-PvRONZ2RII and E. coli BL21DE3 strain
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transformed with pEXP5-PVRONZ2RI or M15 cells transformed with pQE30-rRON5 were
grown in 25 mL LB broth supplemented with 0.1 mg/mL ampicillin (JM109-BL21DE3-M15
cells), 25 pg/mL kanamycin (M 15 cells) and 0.1% D-glucose for 12 hr at 37°C with constant
shaking. This starting culture was used to inoculate 475 mL LB broth containing 0.1 mg/mL
ampicillin, 25 pg/mL kanamycin and 0.1% D-glucose maintained at 37°C with constant
shaking until reaching 0.6-0.8 optical density (OD) at 620 nm. Recombinant protein
expression was induced with isopropyl p-D1-thiogalactopyranoside (IPTG) at 1 mM final

concentration.

Recombinant proteins rPvAMA-1, rPvAMAL-DI-Il and rPvAMAL-DII-I11 were obtained in
soluble form, following previously described conditions °°; rPvRON4, rPvRONS5, rPVRON2-
RI and rPvRON2-RII were expressed and purified according to a previous study %6, with
some modifications. Briefly, 4-5 hr after IPTG induction, cell cultures were spun at 10,000xg
for 30 min at 4°C and the bacterial pellet containing the protein in inclusion bodies was
washed twice with buffer A (20 mM Tris—HCI pH 8.0, 1 mM EDTA, 1 mM iodoacetamide,
I mM PMSF and 1 pg/mL leupeptin) supplemented with lysozyme, followed by cell
disruption using a sonicator (Branson); 20 mM EDTA, 2% Triton X100 and 0.5 M NaCl
were then added. Inclusion bodies were recovered by spinning at 10,000xg for 30 min at 4°C
and washed once with buffer A. The recombinant protein was then solubilised with lysis
buffer containing 10 mM Tris—HCI, 100 mM NaH2PQO4, 4 M urea, 10 mM imidazole and
10% glycerol. Western blot, using an anti-polyhistidine monoclonal antibody (Sigma), was
used for recognising recombinant proteins in supernatant.

The supernatant was incubated with nickel-nitrilotriacetic acid (Ni?*-NTA) agarose resin for

purifying recombinant proteins by affinity chromatography. Bound protein was eluted with
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increasing imidazole gradients (50-500 mM). The eluates were analysed on SDS-PAGE and
by western Blot and the fractions containing the recombinant protein having a clear single
band were pooled. Soluble proteins and those obtained with urea were exhaustively dialysed
against 1X PBS. Protein concentration was determined using the BioRad protein assay
system (Bicinchoninic Acid Kit) and a standard bovine serum albumin (BSA) curve.

PVRON2- and PvRON4-derived peptide synthesis and purification

Twenty-residue-long, non-overlapping peptides derived from PvRON4 (15 peptides) and
PVRON2 (17 peptides) sequences (Supplementary Material) were chemically synthesised
using solid-phase, multiple peptide synthesis, 4-methylbenzhydrylamine hydrochloride resin
(0.5 meg/g), and t-Boc protected amino acids (Bachem) 7% 7. The synthetic peptides were
cleaved using low-high hydrogen fluoride cleavage. Peptides having greater than 99% purity
were obtained by combining analytical reversed-phase high-performance liquid
chromatography (RP-HPLC), semi-preparative RP-HPLC and matrix-assisted laser
desorption/ionisation time-of-flight mass spectrometry (MALDI-ToF MS) (Bruker

Daltonics).
Radiolabelling recombinant proteins and synthetic peptides

Briefly, 15ug PYRON2-RI or PvRON2-RI1I recombinant proteins were radiolabelled with 4
puL de Na!®l (100 mCi/mL; ARC) and lodination Beads (Pierce-Thermo Scientific),
following the manufacturer’s instructions. Following 12 minutes’ incubation, radiolabelled
recombinant proteins were separated by solution throughout on a SigmaSpin column; 3 uL -
Nal?®l (100 mCi/mL; ARC) and 25 pL chloramine T (2.75 mg/mL) were used for

radiolabelling the synthetic peptides. The reaction was stopped after 15 min by adding 25 pL
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sodium metabisulphite (2.3 mg/mL), as described previously . Radiolabelled peptides were
separated by size-exclusion chromatography on a Sephadex G-25 column (Pharmacia). Each

eluted fraction was then analysed by gamma counter (Packard Cobra I1).
Radiolabelling proteins and peptide binding assays

Briefly, 2 x 10’ UCB RBC were incubated at room temperature (RT) for 90 min with
different concentrations of each radiolabelled recombinant protein (0-400nM) or
radiolabelled peptide (0—800 nM) in the absence (total binding) or presence (non-specific
binding) of the same unlabelled recombinant protein or unlabelled peptide (200 pL final
volume). Competition assays involved adding each PVvRON4 and PvRON2-RI-derived
synthetic peptide (Supplementary Material), at a 1:100 (labelled protein:unlabelled peptide)
molar ratio. Following incubation, cells were washed twice with HBS and the amount of cell-
bound radiolabelled recombinant protein or peptide was quantified on an automatic gamma

counter.

Peptides’ specific binding activity was evaluated in a binding assay with enzyme-treated
UCB RBC; 2 x 107 untreated RBC and trypsin-, chymotrypsin- or neuraminidase-treated
RBC were incubated at RT for 90 min with 400 nM of each radiolabelled peptide in the
absence or presence of the same unlabelled peptide, as described previously 7.

Flow cytometry binding assays

Flow cytometry assays were carried out according to previously described protocols °% 7°,
Briefly, 25 pg PvRON4 or PvRON2-RI recombinant protein were incubated with 5% UCB
RBC and then incubated with antibodies against the transferrin receptor (CD71) on

reticulocytes, against cluster of differentiation 45 (CD45) in leukocytes (some activated
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leukocytes are CD71", but reticulocytes are CD45", so the reticulocyte population selected
was CD71* CD45") and antibodies against the 6X-His-tag in recombinant proteins. UCB
RBC were pre-incubated with peptides before adding recombinant protein for competition
assays with peptides 40305 and 40595. The events were acquired on a FACSCanto Il (BD
Bioscience); results were analysed using FlowJo software (TreeStar). DBP-RII recombinant
soluble protein was used as positive binding control and DBP-RIII-1V as negative control.

At least three independent experiments were performed with different UCB samples.

Surface plasmon resonance (SPR)

SPR involved using BIACORE 3000 system (Uppsala, Sweden), sensor chip CM5 (GE
Healthcare Life Sciences), surfactant P20 and amine coupling kit containing N-
hydroxysuccinimide (NHS) and N-Ethyl-N’-dimethylaminopropyl carbodiimide (EDC). All
biosensor assays were performed with HEPES-buffered saline (HBS-P) as running buffer (10
mM HEPES, 150mM sodium acetate, 3mM magnesium acetate, 0.005% surfactant P20 and
5mM CaCl2, pH 7.4). Compounds were dissolved in running buffer. Immobilisations were
performed by injecting 40 uL PvRON2-RI and PvRON2-RI1 (100 pg/mL in formate buffer,
pH 4.3) onto a CM5 sensor chip’s activated surface by EDC/NHS, giving 300 RU (PvRON2-
RI) and 1,500 (PvRON2-RII) RU signal, followed by 20 pL ethanolamine hydrochloride, pH

8.5, to saturate the matrix’s free activated sites.

Increasing concentrations of each purified analyte (PvAMA1, PvAMA-DI-11, PvYAMA-DII-
11, PvRON4, PVAMA1M2A PyAMAL1Y®A and PYRONS) were injected at constant 30
puL/min flow rate at 25°C. The sensor chip surface was regenerated after each experiment by

injecting 20 puL 10mM HCI. BlAeval 4.1 software was used for calculating kinetic
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parameters. A simple Langmuir binding model was used for overall analysis. The specific
binding profiles were obtained after subtracting the response signal from the channel control
(activated/deactivated by ethanolamine). Fitting to each model was judged by reduced chi
square test values and residue distribution randomness.

Statistical analysis

SPSS v20.0 was used for statistical analysis of RBC-binding assays. Mean values and
standard deviations (SD) were calculated from the measurements of three independent
experiments. Student’s t-test and analysis of variance (ANOVA) were used for comparing
the means of each experimental group using a 0.05 significance level for testing a stated
hypothesis. Tukey’s multiple comparison test was used for multiple comparison of
experimental group means to those for control.

Ethical approval and consent to participate
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Figure legends

Figure 1. PvRON4 binding to RBCs. (a). PvRON2 and PvRON4 schematic representation.
Each protein’s main characteristics are shown. Signal sequence (dark blue), transmembrane
domains (black), coiled-coil domains (grey) and cysteine residues conserved amongst P.
vivax strains (dotted red lines) % %°. The locations are shown of two PvRON2 fragments
(PVRON2-RI and PYRON2-RII) and one PYRON4 fragment, which were cloned in vectors
to be expressed in COS-7 cells and E. coli. (b). PvDBPRII and PvRON4 expression and
location on COS-7 eukaryote cell surface. Above: Green shows expressed proteins and blue
shows DAPI-stained cell nuclei. Transfection efficiency was ~5% which was used for
normalising the rosetting data. Below: an example of a rosette indicating RBC bound to COS-
7 cell surface. (c). Rosette formation assay. Computation of the amount of rosettes counted
in 20 fields using UCB RBC from different Duffy phenotypes with COS-7 cells transfected
with PvDBPRII or PvRON4. A rosette assay involving normocytes having Fya*Fyb
phenotype was also included (d). Enzyme treatment assays. The amount of rosettes formed
between cells transfected with PvDBPRII or PvRON4 and UCB RBC treated with different

enzymes is shown. All rosetting assays were performed three times in triplicate.

Figure 2. PvRON2-RI and PvRON4 proteins interacted specifically with CD71"
reticulocytes. (a) PvRON2 and PvRON4 expression and specific binding to UCB RBC. Left-
hand side: protein recognition by western blot (1) with monoclonal anti-histidine antibody
and Coomassie blue staining (2) after the purification of the three proteins obtained in E. coli.
Right-hand side: specific binding assays. All recombinant proteins were radio-labelled with
Na'?®l and made to compete for binding to UCB RBC in the absence (total binding) or
presence of the same non-radio-labelled protein (non-specific binding). A specific binding
curve was obtained from the two curves. CPM: counts per minute. Data is shown as the mean
values (x SD) of at least 3 independent experiments. (b) PvRON2-RI and PYRON4 binding
to CD71" CD45 as measured by flow cytometry. Dot plots show the evaluated recombinant
proteins’ binding to a CD71" CD45  reticulocyte population. Binding was detected by a PE-
conjugated monoclonal anti-histidine antibody. The percentage obtained for negative control

(cells without recombinant protein) was subtracted from each binding assay. The bar graph

29



represents each protein’s average binding to CD717CD45 cells obtained in three assays

performed in triplicate.

Figure 3. Ascertaining PvRON2-RI and PvRON4 RBC binding regions. (a) Competition
assays between synthetic peptides and PvRON4 recombinant protein (left) or PvRON2-RI
(right) regarding RBC binding. RBC binding percentage in the absence (100% binding) or
presence of each synthetic peptide covering each recombinant protein complete sequence
(inhibition). Peptides were numbered according to our institute’s serial system. Data is shown
as mean values (£SD) regarding at least 3 independent experiments. (b) Determining
PVRON4 and PvRON2 HABPs and competition studies. PvRON4-derived peptides 40305
and 40313 and PvRONZ2-RI-derived 40592 and 40595 binding profiles. Horizontal black bar
length indicates each peptide’s specific binding activity. The location of each sequence in
PVRON4 or PvRONZ2 is also shown in superscript. Peptides having specific binding activity
equal to or greater than 2% were considered HABPs °2, (c) Flow cytometry competition
assays. Dot plots of PvRON4 or PvRON2-RI binding to CD71"CD45 cells in the presence
of HABPs 40305 and 40595. Inhibition percentages are indicated regarding protein total
binding (100%). (d) Peptide 40305 inhibition of rosette formation on COS-7 cells transfected
with PvRON4.

Figure 4. Measuring PvRON2-RI and PvRON2-RII interactions with PvAMA-DII-111 by
surface plasmon resonance. (a) Sensorgrams showing PVvAMA-DII-I11 (analyte) binding to
PVRON2-RI (immobilised). PvAMA-DII-IlI concentrations are indicated for each curve
(nM). (b). Sensorgrams showing PVAMA-DII-1Il (analyte) binding to PvRONZ2-RII

(immobilised), PvAMA-DII-111 with concentrations indicated.
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Supplementary Material

Figure S1. Aligning PFRON4, PvRON4 and TgRON4 amino acid sequences. Grey shows
the carboxyl-terminal region; black shows the sterease/lipase domain in just PfRON4 and
PVRON4 sequences. Aligned sequences’ access codes: PlasmoDB accession numbers
PF3D7_1116000 for PfRON4, PV X _ 091434 for PvRON4 and ToxoDB accession number
TGME49 229010 for TJRONA4.

Figure S2. PVAMAL-F128A and PVAMAL-Y179A mutant protein expression and
purification. Four primers (A, B, C and D) were designed for amplifying mutant fragments;
B and C contained mutations for changing F128A (mutant 1) or Y179A (mutant 2) (Table
S1). A Taq polymerase KAPA HiFi HotStart (Kapa Biosystems) kit was used for amplifying
the mutants, according to the manufacturer’s recommendations, and VCG-1 strain DNA.
Two initial PCRs were run for each mutant to amplify F1 (primers A-B) and F2 products
(primers C-D). 1uL of each fragment (FI and FII) in 1/10 dilution was used as template for
obtaining the PvAMAL construct with the specific mutation. Each purified product was
ligated in pEXP5-CT/TOPO vector by TOPO TA cloning. Each construct confirmed by
sequencing was used for transforming E. coli BL21DE3. Expression was achieved after IPTG
induction. The protein so obtained was purified by affinity chromatography. Western blot
revealed a single expected molecular weight band (51kDa) recognised by anti-histidine

antibodies. A single band was also observed by Coomassie blue staining.
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Table 1. Dissociation equilibrium constants (kD) obtained from interactions between
PVRON2-RI and PYRON2-RII as ligands having different P. vivax analytes

Ligand: PvRON2-RI

Analyte Kon, IMs 1 | Ko, 1/s 2 | kD, M 3
PVAMA-DII-IIl | 5.07 x 10° 5.96 x 103 1.17 x 10°®
PVAMA-DI-1I 4.21x 10° 2.29x 103 5.44 x 107
PVAMAL 5.31 x 10° 6.09 x 10° 1.15x 107
PVRON4 1.30 x 10 462 x 103 3.56 x 106
PVRON5 577 1.91x 10° 3.31x 10°
P;’i‘z'\gﬁl 1.47 x 10° 5.0x 10° 3.4x10°®
P\‘ﬁ‘%ﬁl 1.28 x 10° 4.93x 10° 3.86 x 10°®

Ligand: PvRON2-RI|I

Analyte Kon, 1/Ms Kott, 1/s kD, M
PVAMA-DII-11I 3.49 x 10° 6.69 x 10’3 1.92 x 108
PVAMAL 8.64 x 103 1.15 x 10 1.74 x 10°
PVRON4 6.44 x 10° 2.92x 1073 4.54 x 107
PVRONS5 2.19 x 10° 7.93x 1073 3.62 x 10°
PVAMAL1 5 3 -9

F128A 3.18x 10 2.49x 10 7.83x 10
PVAMAL1 s 3 8

V179A 7.68 x 10 6.33 x 10 8.24 x 10

1 complex formation rate is represented by association constant (Kon)
2: complex decay rate is represented by the dissociation constant (Kos)
3. interaction dissociation constant (kD) was calculated from Kon and Ko
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6. Caracterizacion de Interacciones Proteina-Proteina en P. vivax

Las interacciones proteina-proteina (IPP) juegan un rol esencial en practicamente todos los
procesos bioldgicos, incluidos los relacionados con el proceso de invasion de los microorganismos
a sus cé€lulas hospederas. En malaria, se ha encontrado que, ademds del amplio repertorio de
interacciones receptor-ligando necesarios para la invasion [29, 52, 108], el panorama podria ser
ain mds complejo. Hay un creciente nimero de evidencias sobre la formacién de complejos
macromoleculares entre los ligandos de P. falciparum [109-111], que podrian favorecer e
incrementar la fuerza de interaccion con los receptores sobre el eritrocito [112, 113]. Analisis
cromatograficos y estudios de interaccion muestran que PMSP1 es una plataforma de unién para
la mayoria de las proteinas solubles que forman una variedad de complejos de diferentes tamafios
sobre la superficie del merozoito [111, 114]. Asi, PAMSP1 es capaz de formar un macrocomplejo
con las proteinas PfMSP6, P/MSP7, la proteina de alto peso molecular de las roptrias 3
(PfRhopH3, del inglés High molecular weight Rhoptry Protein 3), la proteina asociada a las
roptrias 1 (RAPI1, del inglés Rhoptry-Associated Protein-1), PfRAP2, PfMSPIDBLI,
PMSP1DBL2 y un complejo co-ligando con la proteina PAIMSP9, mientras diferentes fragmentos
de PAMSPI1 interactiian con glicoforina A, banda 3 y otros receptores asociados a la membrana del
eritrocito aun no identificados [109-111, 114-116] (Figura 5). De otra parte, la proteina soluble
PfRhS, secretada desde las roptrias, forma un complejo con el antigeno protectivo rico en cisteinas
(PfCyRPA, del inglés Cysteine-Rich Protective Antigen), que se ancla a la superficie del parasito
a través de la proteina PfP113 via glicosilfosfatidilinositol (GPI, del inglés
Glycosylphosphatidylinositol). De esta forma, la proteina PfRhS interactia con el receptor

Basigina sobre la membrana de los eritrocitos [117-119]. El uso de anticuerpos policlonales IgG
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contra P/ARHS y CyRPA, inhiben fuertemente la invasion de cepas de P. falciparum con diferentes
fenotipos de invasion [118], lo que indica el papel crucial de la formacion del complejo y de la

interaccion con el receptor.

Merozoito

Eritrocito

¥
Raceptor del
eritrocito desconocide

Rh5
.Basigina
Figura 5. Interacciones proteina-proteina descritas en P. falciparum.

Se muestran los complejos proteicos mas representativos identificados en P. falciparum. Dos ellos se han identificado
en la fase de adhesion al eritrocito donde participa varias proteinas del pardsito entre ellas los diferentes fragmentos
de la proteina MSP1 y los otros dos complejos se forman luego de la reorientacion y estan implicados en la formacion
del pre-enlace fuerte (Rh5-CyRPA-P113) y enlace fuerte (AMA1-RONs).

Membrana del

eritroci iy

Como se menciond previamente, el enlace fuerte también es formado por un macrocomplejo de
proteinas liberadas desde las roptrias y micronemas, donde AMA1, RON2, RON4 y RONS son
importantes [34, 35, 56, 120]. A diferencia de otras fases durante el proceso de invasion, donde se
reporta redundancia funcional entre las proteinas del parasito, en Plasmodium falciparum, s6lo
existe una copia de AMA1 y RON2 y no se han reportado proteinas que complementen la funcion
de las mismas. En contraste, 7. gondii contiene dentro de su genoma varias proteinas paralogas
que complementan la funcion de RON2, RON4 y AMAL [58, 121]. A través de varios ensayos de

interaccion entre AMA-1y RON2 en P. falciparum, T. gondii y mas recientemente, en P. vivax,
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se ha encontrado que un péptido localizado en la region conservada carboxi-terminal de la proteina
RON?2, interactia especificamente con el canal hidrofobico de la proteina AMA-1 [122-124].
Estudios estructurales de esta interaccion han sido fundamentales para describir la accion del
anticuerpo inhibitorio de la invasion 4G2, el cual interactia con el DII de PFAMAI, impidiendo
cambios conformacionales en PFAMA1 que bloquean su interaccion con PARON2 [34]. El péptido
R1, derivado de una libreria de expresion en fagos, es conocido por ser un potente inhibidor de la
entrada de los merozoitos a los eritrocitos y lo hace a través de su interaccion con el bolsillo
hidrofobico de PFAMA1 [34, 35]. Adicionalmente, se han identificado pequefias moléculas
derivadas de una libreria de 21.000 compuestos, que tienen la habilidad de bloquear la invasion,
previniendo la formacién del enlace fuerte. Los compuestos se unen a PFAMA1 y bloquean su
interaccion directa con PARON2 [36]. Estos datos indican, que el bloqueo de los puntos calientes
de la interaccion pueden ser utilizados como una nueva estrategia para impedir la invasion de los
parasitos de la malaria [36, 109, 114]. Estudios previos han mostrado que la inmunizacion de
ratones con el complejo AMA1-RON2, pero no con AMAT1 sola, indujo una completa proteccion
en los animales frente a reto experimental homodlogo con una cepa letal de P. yoelii [125]. De
manera interesante, el analisis de interaccion con mutantes de la proteina PARON2, mostro que los

residuos 2M4/R, 2044p, 2035F y

2033p son criticos para su interaccion con PFAMA1, mientras que los
residuos 'Y, 224Y y '8F, localizados en el canal hidrofobico de PAMAL1, son esenciales para la

interaccion con el péptido de PARON2 [124].

Aunque no estd completamente elucidado como las proteinas RON4 y RONS estan
interactuando dentro del complejo RONs/AMA1, estudios previos en 7. gondii, muestran que estas

proteinas se localizan en el citosol de la célula hospedera y son capaces de reclutar e interactuar
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cooperativamente con componentes de la maquinaria del complejo de clasificacion endosomal
requerido para el transporte (ESCRT, del inglés Endosomal Sorting Complexes Required for
Transport) para acceder y forzar el acceso a la célula blanco [126]. Adicionalmente, se ha reportado
que el knockdown o knockout condicional de las proteinas del complejo RONs/AMA1 reducen
significativamente la capacidad de invasion de los parasitos [120, 127]; asi mismo, el knockdown
de TgRON4 o TgRONS afecta la expresion y estabilidad de los otros componentes del complejo
como 7gRON2, lo que indica la dependencia de cada proteina en la formacion del complejo [120,
126]. En resumen, existe una amplia evidencia acerca de la importancia de la formacion del
complejo RONs/AMALT durante el proceso de invasion de los parasitos Apicomplexa, que lo hace
un blanco para la busqueda de métodos de control y de ampliar su estudio en otros pardsitos como

P. vivax.

En P. vivax aun no se han explorado los complejos macromoleculares que se forman durante el
proceso de invasion a reticulocitos. Sin embargo, un estudio reciente de IPP con 37 proteinas de
P. vivax, mediante tamizaje de interaccion extracelular basado en avidez (AVEXIS, del inglés
AVidity-based EXtracellular Interaction Screen), reportd la presencia de interacciones entre las
proteinas P12-P41, P12-PVX 110945 y MSP3.10-MSP7.1 [128]. Hasta el momento, no se conoce
exactamente el papel funcional de estas proteinas ni de sus interacciones dentro del proceso de
invasion de P. vivax a los reticulocitos. Para incrementar el conocimiento en esta area basica de P.
vivax y, basados en los antecedentes sobre el complejo RONs/AMAL, en este trabajo se evaluo la
interaccion entre RON2 de P. vivax y las proteinas PvRON4, PvRONS5 y PvAMAI1, utilizando
resonancia de plasmones de superficie (SPR, del inglés Surface Plasmon Resonance). Mediante

esta técnica, se encontro que las dos regiones de PvRON2 (PvRON2-RI y PvRON2-RII) tienen la
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habilidad de interactuar con PvAMA1, PvAMA-DI-II, PvAMA-DII-III, PvRON4 y PvRONS,
siendo la interaccion entre los dos fragmentos de PYRON2 con PvAMA-DII-III la que presentd
mayor afinidad y constantes de disociacion (kD, del inglés dissociation equilibrium constant) que
se encuentran en el rango nanomolar. Al evaluar la importancia de los residuos 'F y 'Y de
PvAMA1 en su interaccion con PYRON2, se encontrd que estos residuos no son esenciales para la
interaccion, contrario a lo reportado para la interaccion entre PFAMA1-PfRON2 [124], sugiriendo
que, si bien ciertas interacciones intermoleculares son comunes entre AMA1/RON2 en P.
falciparum y P. vivax [123, 124], otras son exclusivas para cada especie, similar a lo encontrado
para las interacciones hospedero-patogeno. Estos resultados fueron publicados en la revista
Cellular Microbiology en un articulo titulado “Receptor-ligand and parasite protein-protein
interactions in Plasmodium vivax: analysing rhoptry neck proteins 2 and 4", que se mostré en el

capitulo anterior.

A partir de los resultados obtenidos en este trabajo, se propone un modelo de interacciones
receptor-ligando y proteina-proteina en P. vivax basados en las proteinas PYRON2, PvRON4,
PyRONS y PvAMAL1 (Figura 6). En este modelo, la proteina PvRON2 anclada a la membrana del
merozoito via un dominio transmembranal (DT) [42], interactua especificamente a través de la
region central rica en cisteinas (PvRON2-RI) con un receptor (desconocido) sobre la membrana
del reticulocito. A su vez, el dominio I de PvAMAL, y las regiones carboxi-terminal de PvRON4
y PYRONS (ancladas mediante DT), interactuan con receptores de tipo proteico sobre la membrana
del merozoito [70]. Finalmente, las dos regiones ricas en cisteina de PvRON?2 interactian con el
dominio II y III de PvAMAT y con PYRON4 y PvRONS5 (Figura 6). Aunque no es claro si estas

interacciones ocurren al mismo tiempo, la interaccion hospedero-patdgeno puede abrir la puerta
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para la translocacion de las proteinas RONs al citosol de la célula hospedera, que podria servirle
de anclaje a la proteina PvAMA1 para formar el enlace fuerte durante el proceso de invasion de

los merozoitos de P. vivax a los reticulocitos.

Membrana

Merozoito de P, vivax

P. vivax

Reticulocito

CD71"

“w ] b : A « Membrana
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. PVRON2 .P»’AMAl O Receptor del RBC

— Citoesqueleto de la célula hospedera

Figura 6. Modelo propuesto para las interacciones hospedero-patégeno y proteina-proteina durante la invasion de
merozoitos de P. vivax a reticulocitos humanos.
Se muestra la membrana del merozoito (azul) y la membrana del reticulocito (rojo)

6.1 Aplicando arreglos de proteinas programable de acidos nucleicos para medir
interacciones proteina-proteina en P. vivax
Diferentes técnicas genéticas, celulares y bioquimicas han sido desarrolladas en los Gltimos afios
para la deteccion in vivo e in vitro de las IPP [129-131]. Las aproximaciones in vivo incluyen el
sistema de dos hibridos y sus variantes, que permiten la identificacion de interacciones binarias
[132, 133], mientras la transferencia de energia de resonancia fluorescente (FRET, del inglés
fluorescence resonance energy transfer) y la resonancia de energia bioluminiscente (BRET, del
inglés bioluminescence resonance energy transfer), miden las IPP en células vivas en tiempo real
[134, 135]. Las técnicas in vitro incluyen purificacion en tandem [136], co-inmunoprecipitacion
[56], resonancia de plasmones de superficie (SPR, del inglés Surface Plasmon Resonance) [137],

espectrometria de masas [138] y microarreglos de proteinas [139, 140], entre otros.
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Los arreglos de proteinas han surgido como una herramienta util para el analisis simultaneo a larga
escala de cientos de proteinas a nivel miniaturizado, permitiendo el analisis de varios pardmetros
en un solo experimento [141]. La estrategia mas comun para la fabricacion de los microarreglos,
consiste en la inmovilizaciéon de proteinas purificadas sobre soportes solidos, que son luego
expuestas a muestras que contienen las moléculas de unién [142, 143]. Estos microarreglos han
sido utiles en investigacion clinica para el descubrimiento de biomarcadores [144, 145], estudios
de niveles de proteinas con sus respectivas modificaciones postraduccionales (glicosilacion,
fosforilacion, acetilacion), enfermedades autoinmunes [ 146, 147] y han sido aplicados para evaluar
la respuesta inmune humoral en enfermedades infecciosas causadas por Pseudomonas aeruginosa,
P. falciparum y Mycobacterium tuberculosis, entre otros [148-150]. Recientes desarrollos en el
campo de los microarreglos, muestran aplicaciones como la evaluacion enzimatica [151] e

interacciones DNA-proteina y proteina-proteina [131].

Los microarreglos presentan como ventaja importante (ademas de la medicion multiparamétrica),
la capacidad de detectar proteinas en baja abundancia, lo que incrementa la sensibilidad y
especificidad, respecto a otras técnicas de medicion de IPP. La sensibilidad se incrementa debido
a que la reaccion de union y de captura del complejo presa-cebo ocurre sobre la mas alta
concentracion de blanco inmovilizado en una pequefia area del microarreglo, incrementando la
sefial de interaccion [141]. Sin embargo, los microarreglos presentan algunas desventajas que
limitan su uso a nivel de proteinas. Tipicamente, la expresion y purificacion de proteinas incluye
la clonacion de cada gen dentro de un vector de expresion, que se utiliza para transformar un

sistema de expresion heterdlogo (comunmente E. coli) e inducir la expresion y produccion de la
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proteina recombinante, seguido de un laborioso proceso de purificaciones por cromatografia de
afinidad, intercambio o exclusion por tamafio. Este proceso, aunque eficiente a baja escala, puede
resultar en problemas relacionados con diferencias hasta de 1.000 veces en la produccion de una
proteina a otra; ademas, estas proteinas requieren una cadena de frio para no perder su actividad,
lo que limita la vida media de la proteina. En muchos casos, el sistema de expresion carece de la
maquinaria necesaria para proveer las modificaciones postraduccionales requeridas para una
adecuada actividad y plegamiento de la proteina. Por ultimo, la expresion, purificacion y la
impresion sobre la placa de miles de proteinas recombinantes es una tarea laboriosa que eleva su
costo, reduce su reproducibilidad y limita su utilizacién [152-154].

Como alternativa a estos inconvenientes, en los ultimos afios, se han desarrollado varios
microarreglos con expresion de proteinas in-situ, tales como: impresion de arreglos de proteinas a
partir de ADN (DAPA, del inglés printing protein arrays from DNA), arreglos de proteinas in-situ
(PISA, del inglés Protein in situ arrays), y arreglos de proteinas programables de 4cidos nucleicos
(NAPPA, del inglés Nucleic Acids Programmable Protein Arrays). Estos microarreglos utilizan
diversos extractos libres de células eucariotas, que proporcionan la maquinaria transcripcional y
de traduccion necesaria para obtener proteinas funcionales. Dentro de esta aproximacion, se ha
utilizado exitosamente el extracto de reticulocitos de conejo (RRL, del inglés Rabbit Reticulocyte
Lysate), extracto de germen de trigo (WGE, del inglés Wheat Germ Extract) y el extracto de células

HeLa [140, 155-157].

Uno de los microarreglos funcionales mas novedosos es el NAPPA, una tecnologia de alto
rendimiento, que se ha utilizado para evaluar IPP [131, 158-160]. El NAPPA es construido a partir

de la impresion sobre ldminas funcionalizadas de ADNc que codifican para la proteina de interés,
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y clonados en marco con una cola de afinidad como la glutation S-transferasa (GST, del inglés
Glutathione S-Transferase) [156]. E1 ADNc impreso es entonces transcrito y traducido con un
sistema libre de células, que contiene la maquinaria necesaria para la produccioén de proteinas
funcionales. Una vez la proteina es expresada, esta es capturada por un anticuerpo anti-GST que
se encuentra también impreso sobre el microarreglo [152, 156]. De esta forma, las proteinas

estarian fijas sobre el microarreglo listas para llevar a cabo los estudios de interaccion (Figura 7).
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Figura 7. Esquema general de NAPPA.
Se muestran los pasos a seguir en la determinacion de interacciones entre proteinas utilizando el microarreglo
NAPPA. Albumina Sérica Bovina (BSA, del inglés Bovine Serum Albumin).
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Adicionalmente, esta técnica permite expresar, junto con la proteina blanco, la proteina con la que
deseamos conocer la interaccion (Analito). Para esto, el ADNc soluble que codifica para el analito,
es simultaneamente co-expresado con los diferentes blancos inmovilizados sobre el microarreglo.
Este paso se lleva a cabo usando el mismo sistema de expresion libre de células, pero el analito se
expresa en marco con una etiqueta diferente a la de la proteina blanco (Figura 7). Posteriormente,

se adiciona un anticuerpo contra la etiqueta del analito, seguido de la adicién de un anticuerpo
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secundario marcado; si la interaccion blanco-analito ocurre, una sefial positiva de fluorescencia

revelard la posicion de la interaccion dentro del microarreglo.

Teniendo en cuenta que es indispensable ampliar el conocimiento en la red de interacciones
proteina-proteina en P. vivax y basados en las ventajas que ofrece el NAPPA, se disefi¢ un estudio
preliminar para aplicar esta tecnologia a la evaluacion de IPP en P. vivax, a partir de la clonacion
de 20 de genes que codifican para proteinas de P. vivax que se expresan en el estadio
intraeritrocitico. Para validar este microarreglo, se utilizd como analito la proteina P12 de P. vivax,
que se ha encontrado interactia especificamente con la proteina P41 mediante la técnica AVEXIS
y resonancia de plasmones de superficie [128]. Los resultados mostraron que la mayoria de las
proteinas fueron expresadas in-sifu y capturadas sobre el array. La co-expresion de la proteina P12
sobre el array, mostré una sefal de interaccion con cuatro proteinas de P. vivax tales como P41
(reportado previamente), PvRBP1a (region II y IV), PyMSP14kpa, PPMSP8 y PvRAP1. Estos
resultados muestran la factibilidad y viabilidad de NAPPA para medir interacciones en patdogenos
como P. vivax. Los datos de esta investigacion fueron reunidos en una publicacion titulada “Self-
assembling functional programmable protein array for studying protein-protein interactions in
malaria parasites”, que fue sometida y se encuentra en evaluacion por pares en la revista Malaria

Journal (Anexo 1).
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CONCLUSIONES

Los genes pvron4 y pvron) estan presentes en el genoma de la cepa VCG-1 de P. vivax y
se transcriben durante el estadio de esquizontes.

Los genes pvron4 y pvron$ codifican para proteinas de alto peso molecular y se localizan
en el polo apical (roptrias) de esquizontes tardios de la cepa VCG-1.

La region carboxi-terminal de la proteina PvRONS es reconocida por sueros de pacientes
con infeccion natural por P. vivax

La region carboxi-terminal de la proteina PYRONS se une a normocitos y reticulocitos
CD71 positivos, con preferencia de union por los reticulocitos.

El dominio I y I de PvAMA-1, la region central de la proteina PRON2 y la region
carboxi-terminal de la proteina PvRON4, se unen especificamente a reticulocitos
CD71°CD45'.

Los péptidos 21270 (derivado de PvAMA-DI-II), 40305 (derivado de PvRON4) y 40595
(derivado de PvRON2-RI), son las regiones de unién minimas de interaccion con
reticulocitos humanos CD71".

Las dos regiones ricas en cisteinas de la proteina PVRON2, establecen interacciones de alta
afinidad con el dominio II y III de la proteina PvAMAL.

Se estandariz6 una metodologia secuencial para la determinacion de regiones de union de
proteinas de P. vivax a reticulocitos humanos.

Se aplico el NAPPA como una técnica de alto rendimiento para identificar IPP en P. vivax.
Se ampli6 el conocimiento de las interacciones hospedero-patogeno y de las interacciones

proteina-proteina en P. vivax.
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PERSPECTIVAS GENERALES

Teniendo en cuenta que el uso combinado de técnicas de interaccion hospedero-patégeno en P.

vivax puede ampliar el conocimiento de las regiones minimas de interaccion de las proteinas con

reticulocitos humanos, las perspectivas futuras se pueden orientar a:

1.

2.

Incluir mas proteinas que se expresen durante el ciclo intraeritrocitico de P. vivax en
ensayos de interaccion con reticulocitos humanos, siguiendo la metodologia planteada en
este trabajo doctoral. La elucidacion de estas regiones, es clave para avanzar en el disefio
de una vacuna contra P. vivax, siguiendo una metodologia similar a la ya planteada para P.
falciparum.

Evaluar la capacidad de los cHABPs 21270, 40305 y 40595 de inhibir la invasion de
merozoitos de P. vivax a reticulocitos humanos mediante un cultivo a corto plazo. De esta
forma, se podria confirmar el papel funcional de estas regiones durante el proceso de
invasion.

Determinar los residuos criticos que participan en la union de los cHABPs 21270, 40305 y
40595 a reticulocitos humanos, que permitan guiarnos para la modificacion hacia
moléculas IMPIPs.

Aplicar diferentes técnicas de identificacion de receptores, para hallar las proteinas de los

reticulocitos con las que interactian PvAMA-1, PvRON2, PvRON4 y PYRONS.

Respecto a las IPP dentro del parasito, se plantea como perspectiva:

1.

La elucidacién de los puntos calientes de la interaccion entre la proteina PYRON2 y

PvAMA-1, para el disefio de métodos de control que bloqueen la invasion.
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Anexo 1 “Self-assembling functional programmable protein array for studying protein-

protein interactions in malaria parasites”
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Abstract

Background

Plasmodium vivax is the most widespread malarial species, causing significant morbidity
worldwide. Knowledge is limited regarding the molecular mechanism of invasion due to
the lack of a continuous in vitro culture system for these species. Since protein-protein and
host-cell interactions play an essential role in the microorganism’s invasion and replication,
elucidating protein function during invasion is critical when developing more effective
control methods. Nucleic acid programmable protein array (NAPPA) has thus become a
suitable technology for studying protein-protein and host-protein interactions since
producing proteins through the in vitro transcription/translation (IVTT) method overcomes
most of the drawbacks encountered to date, such as heterologous protein production,
stability and purification.

Results

Twenty P. vivax proteins on merozoite surface or in secretory organelles were selected and
successfully cloned using gateway technology. Most constructs were displayed in the array
expressed in situ, using the IVTT method. The Pv12 protein was used as bait for evaluating
array functionality and co-expressed with P. vivax cDNA display in the array. It was found
that Pv12 interacted with Pv4l (as previously described), as well as PVMSP14kpa,
PvRBP1a, PvMSP8 and PvRAPL.

Conclusions

NAPPA is a high-performance technique enabling co-expression of bait and query in situ,
thereby enabling interactions to be analysed rapidly and reproducibly. It offers a fresh
alternative for studying protein-protein and ligand-receptor interactions regarding a parasite

which is difficult to cultivate (i.e. P. vivax).
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Background

Most pathogen invasion processes are mediated by protein-protein interactions (PPI)
leading to the formation of stable or transitory molecular complexes between pathogen and
host proteins which are necessary for successful invasion and replication. PPl networks
have thus been studied in pathogens such as Bacillus anthracis, Francisella tularensis and
Yersinia pestis with human proteins for defining a target/bait set of proteins for
understanding pathogenicity mechanisms [1]; such study has revealed how the different

pathogens interact with crucial host pathways involved in inflammation and immunity [1].

Reports concerning P. falciparum (a protozoan parasite responsible for most mortality
caused by malaria worldwide) have reported that a significant amount of proteins being
expressed in specialised apical organelles and on cell membrane interact with host cell
receptors during sporozoite (Spz) invasion of hepatocytes and merozoite (Mrz) invasion of
red blood cells (RBC) [2-4]. Such interactions are indispensable for parasite entry and
establishment within parasitophorous vacuoles where the parasite resides during its

development within a host cell [5].

Plasmodium parasites have a diverse ligand repertoire [3] and adapt to differing conditions
[6, 7]; however, the scenario is much more complex. Evidence has grown regarding
macromolecular complex formation between ligands [8-10] and host surface molecule
multimeric assemblies which could favour and increase the strength of any receptor-ligand
interaction [11, 12]. It has been seen for P. falciparum (the best characterised Plasmodium
species) that the major Mrz surface protein (PfMSP1) has macromolecular interactions with

PfMSP6, PfMSP7, PfRhopH3, PfRAP1, PfRAP2, PIMSP1DBL1, PfIMSP1DBL2 and forms

4
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a co-ligand complex with PfMSP9, whilst different PfMSP1 fragments interact with
glycophorin A and Band3 and other not-yet-identified receptors on RBC membrane [8-10,

13-15].

Chromatographic and interaction analyses have shown that MSP1 is a binding platform for
several soluble proteins forming a variety of different-sized MSP1 complexes on Mrz
surface [10, 14]. Protein complexes which might play a role in Mrz invasion have been
isolated and purified from detergent-resistant membranes (DRMs), such as low (RAP1/2
and RAP1/3) and high molecular weight rhoptry complexes (RhopH1/H2/H3) and the
invasion motor complex (GAP45/GAP50/myosinA), as well as from proteins like MSP1,
PfP113, PfP12 and Pf41 [16]. It has been reported recently that P. falciparum reticulocyte
homologue 5 (PfRH5, a conserved parasite soluble ligand) forms a multi-protein complex
with cysteine-rich protective antigen-CyRPA and the membrane-anchored parasite P113
protein, thereby enabling PfRH5 to remain anchored to Mrz surface to interact with basigin
on RBC [17-19]. It is known that apical membrane antigen-1 (AMA-1) forms a
macromolecular complex with rhoptry neck (RON) proteins participating in tight junction
(TJ) or moving junction (MJ) formation [20-23], an essential step during which irreversible
and high-affinity interactions are maintained for parasite entry to RBC or hepatocytes [24].
This involves RON proteins being secreted into a host cell where RON2 spans the
membrane serving as ligand for AMA on parasite surface whilst RON4 and RONS5 stabilise
the complex from host cell cytosol [25, 26]. Inhibitory antibody targets/baits from different
forms of the complexes formed by MSP1 and AMA-1 or peptides directed against AMAL-

RON2 complex interaction hotspots provide evidence that targeting critically important
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regions in the core of these complexes could be used as a new strategy for blocking P.

falciparum invasion [8, 14, 27].

Little is known about macromolecular complexes and host-pathogen interactions
concerning P. vivax, the second most important species causing malaria worldwide [28].
Some proteins’ functions have been speculated about to date on the basis of their
counterparts in other species [29]. Although P. vivax invasion is thought to be similar to
that of P. falciparum, some biological differences condition disease severity and hamper its
biological study [30, 31]. This is mainly related to this specie preferentially invading young
RBC, meaning that no continuous in-vitro culture is available for real-time evaluation of

protein interactions during invasion [31].

Genetic, cellular and biochemical approaches have been developed during the last few
years for in vivo and in vitro detection of protein-protein interactions [32, 33]; it should be
stressed that interactions must be identified for a better understanding of invasion and
characterising the specific molecular mechanisms involved in pathogen invasion and
survival within a target host cell [34, 35]. The increased amount of genomes sequenced to
date has led to designing high-performance techniques for analysing a large amount of
samples and resolving problems associated with proteins’ traditional expression (cell-based

systems) and the use of different purification methods [36-38].

Protein microarrays enable direct detection of interactions on a proteomic scale, mainly
being used for identifying biomarkers, PPl and in enzymatic assays [39-41]. However,

conventional protein arrays pose several challenges, including the need for producing and

6
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purifying a large amount of proteins having good yield and purity as well as maintaining
protein stability. Most protein cell expression methods require heterologous systems (i.e.
Escherichia coli) which could cause differences regarding protein yield; post-translational
modification status is highly dependent on the cell system used and such protocols are

extremely time-consuming.

Cell-free protein expression systems (CFPS) are thus an alternative for creating new arrays,
aimed at avoiding some of the aforementioned problems. CFPS are based on PCR products
or plasmids for in vitro protein synthesis using cell extracts (i.e. E. coli, wheat germ extract,
rabbit reticulocyte lysate (RRL), HeLa, etc.) which provide the required machinery for
individual protein transcription and translation [37, 42-44]. CFPS have been used with
different protein microarrays (i.e. NAPPA). NAPPA produces protein microarrays using
CFPS (mainly RRL) to transcribe and translate cDNA-encoded bait proteins directly onto
glass slides [45, 46]. De novo synthesised proteins are directly captured by anti-tag
antibodies co-spotted with specific cDNA. A target/bait in vitro transcription/translation
(IVTT) expressed protein is thus captured onto the surface ready for functional assays; this
approach has been successfully used in applications such as vaccine development and
evaluating autoimmune responses and protein-protein interactions [47-49]. A query protein
is simultaneously IVTT co-expressed with target/bait proteins in protein interaction assays;
however, this approach requires a different C-terminal tag. Such approach has been
successfully used in several applications, i.e. determining Legionella pneumophila effector
(SidM and LidA) interaction network with 10,000 unique human proteins [49] and
evaluating anti-serum profiles and protein interactions in a cDNA expression library from

Ornithodoros moubata salivary glands [50].
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The difficulty of maintaining a continuous P. vivax culture hampers evaluating protein-
protein interactions when using functional approaches such as knockouts (total, conditional
with or without complementation) [6, 51], knockdowns or inhibition assays [52].
Alternatives are needed and NAPPA technology thus stands out as a very good choice for
studying P. vivax host-pathogen and protein-protein interactions. The present study
involved designing and developing a NAPPA array constructed by non-contact printing of
20 P. vivax key genes encoding proteins which might be involved in Mrz invasion of
reticulocytes. Each gene was sub-cloned in a vector compatible with the IVTT expression
system encoding a C-terminal tag. Such array has been optimised and fully-characterised to
study in situ protein interactions enabling new insights regarding the macromolecular

complexes involved in P. vivax protein-protein interactions.
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Methods

Primer design

Primers containing a partial attB recombination sequence flanking a gene-specific sequence
were used for amplifying genes of interest from P. vivax cDNA or gDNA (Table S1). For
example, the forward primer 5'-

AAAGCAGGCTTCGAAGGAGATAGAACCATGGAAACAGAAAGTTATAAGCAGC-

3', having the partial attB sequence (in bold) included a gene-specific portion (underlined)
and Shine Dalgarno and Kozak consensus sequences to enable protein expression (italics);

the reverse primer 5-AGAAAGCTGGGTCTCCTGTTGTTCCAGGCTGTACC-3'

included a partial attB sequence and the gene-specific portion. The stop codon was
removed to enable the PCR product to be fused in frame with a C-terminal GST tag. A set
of universal primers containing complete attB1

(GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAGGAGAT) and attB2

(GGGGACCACTTTGTACAAGAAAGCTGGGTCTCC) sequences were also synthesised.

Regions overlapping the partial attB sequence from gene-specific primers are underlined.

To fuse Pv12 in frame with an N-terminal Halo tag, gene specific primers (underlined)
were designed with the complete attB recombination sequence (in bold) (forward 5'-

GGGGACAAGTTTGTACAAAAAAGCAGGCTCCACGTGCGATTTTAATG-3,

reverse 5'-

GGGGACCACTTTGTACAAGAAAGCTGGGTCCTAGCCCTGCAGAACATTCGC-

3%). The initiation (ATG) codon was deleted in each forward primer and the stop codon was

maintained in all reverse primers (in italics).
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The region encoding the ectodomain was selected for each gene, excluding signal peptide,
transmembrane domain and glycosylphosphatidylinositol (GPI) anchor sequences (when
present). For some proteins (such as PvMSP1, PvRBP1a, PvDBP and PvRONZ2), several
fragments based on functional or previously studied regions were amplified (Table 1).
Cloning and subcloning

The first round of PCR involved 50 pL containing 25 uL 2x KAPA HiFi Ready Mix, 3.0
uL of each specific primer (5 uM concentration partial attB recombination sequence), 15
uL nuclease-free water and P. vivax cDNA or gDNA as template. PCR conditions for each
gene involved an initial denaturing step at 95°C for 3 min, followed by 35 cycles consisting
of denaturing at 98°C for 20 sec, annealing at 58-60°C for 30 sec and an extension step at
72°C for 1-2 min. A final extension cycle lasted 5 min at 72°C. The product obtained from
each gene was purified by Wizard SV Gel and PCR Clean-Up System (Promega),
according to the manufacturer’s specifications. The second round of PCR involved 50 pL
reaction including a set of universal primers (5 uM concentration), 25 pL 2x KAPA HiFi
Ready Mix, 15 pL nuclease-free water and the purified product obtained in the first PCR to
introduce the remainder of the attB sequence needed for recombination using the Gateway
system (Invitrogen) [53]. The product obtained from each gene was purified and then used

for BP recombination.

Obtaining the pPDONR constructs involved transferring 100 fmol of each purified insert into
the attP sequence-containing pDONR221 entry vector (150 ng/ulL) in 2 uL. BP clonase
(Invitrogen). The reaction was incubated for 4 h at 25°C and then used to transform One
Shot TOP10 chemically competent E. coli (Invitrogen). The cells were plated onto LB

agar-kanamycin and colonies were screened by PCR to identify positive clones. Five
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positive clones were sequenced with M13 forward and reverse primers to confirm the

presence of the P. vivax attL gene-specific sequence.

LR reactions for transferring the pDONR221-containing attL sequence into attR-containing
PANT7-cGST or PJFT7-nHalo involved 20 pL LR enzyme (Invitrogen) 1:1 ratio
(donor:destination vector, each at 150 ng/uL) for 1-4 h at 25°C. Transfer reactions were
used to transform the DH5a competent E. coli strain (Invitrogen) which was then plated

onto LB agar-ampicillin.

Plasmid sequencing

The University of Salamanca’s (CSIC) Cancer Research Centre (Spain) sequenced all
PANT7-cGST inserts in both strands using primers flanking the recombination regions
(forward: 5’-TAATACGACTCACTATAG-3’; reverse: 5-
CCGCAAGCTTGTCATCAACCACTT-3’). Ten plasmids from the expression library
were randomly selected to assess insert presence by restriction with BsrGl (New England)
and to discard plasmid degradation.

The pv12 gene cloned into pJFT7-nHalo was sequenced in both strands by using primers
flanking the recombination regions (forward: 5’-CCCATTGTATGGGATCTGATC-3’;
reverse: 5S-TGTTTCGCCATTTATCACCTTC-3") at the sequencing service of the Cancer

Research Centre (University of Salamanca-CSIC, Spain).

Sample preparation, substrate functionalisation and array printing
Sample preparation involved seeding 3 pug of each purified plasmid DNA in a 384-well

microtitre plate and then incubating overnight at 40°C to allow the DNA to dry; 12 pL

11



O©CO~NOOOTA~AWNPE

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266
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268

269
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271

master mix solution (containing 33.3 mg/mL bovine serum albumin (BSA), 2.5 mg/mL
rabbit polyclonal anti-GST antibody and 2 mM Bis-(sulfosuccinimidyl) suberate (BS3))
was added to each precipitated plasmid DNA and then incubated for 30min at 37°C,
following previously described protocols [48, 50]. Microscope glass substrates were

functionalised with aminosilane, as previously described [54, 55].

The 384-well-plates and functionalised substrate slides were loaded into an Ultra Marathon
robotic microarray spotter (Arrayjet Inc.) configured for simultaneously printing 48
samples (including the plasmid from each selected antigen and control samples), producing
150pum features. cDNA-containing master mix samples (500pl per sample containing
approximately 3 ng plasmid DNA/spot) were printed by non-contact inkjet printer
(UltraMarathon, Arrayjet). The printer was set up to print sub-arrays in 8 rows x 6 columns.
Sixteen sub-arrays were printed per slide and each sub-array contained 29 cDNAs encoding
P. vivax proteins and one cDNA encoding a P. falciparum protein. The printed arrays were
then stored at room temperature in an airtight container with silica packets and protected
from light. Several features were included in the array as negative controls, such as clean
buffer, master mix without cONA and master mix components independently (BSA or BS3

or anti-GST antibody).

In situ protein expression using the NAPPA approach

Once the array had been constructed and cDNA evaluated, proteins were expressed using
two CFPS protocols: a rabbit reticulocyte lysate (RRL) (Promega) or 1-step human coupled
in vitro translation (HCIVT) (Thermo Scientific) systems. The IVTT lysate master mix was

prepared with 200 pL reticulocyte lysate (Promega) containing 16 uLL TNT buffer, 8 uL. T7

12
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polymerase, 4 uL -Met, 4 uL. -Leu or -Cys, 8 uL. RNaseOut (Invitrogen Inc) and 160 pL
DEPC water, following the manufacturer’s instructions. The master mix for HCIVT was
prepared by mixing 88 uL HeLa lysate, 5.2 puL accessory proteins, 10.8 uL reaction mix, 1
pL leupeptin and 1 pL aprotinin (both at 1 pg/mL final concentration), as described by the

manufacturer.

A HybriWell (Grace Biolabs Inc.) gasket was pressed onto the slides and each lysate master
mix was individually added onto a slide through the gasket port. The HybriWell was gently
massaged to spread the mix uniformly onto the array. Port seals were applied to both ports
on the HybriWell to avoid evaporation. The arrays were incubated for 90 min at 30°C and
30 min at 15°C for protein expression and capture by the anti-GST polyclonal antibody.
The HybriWell was then removed and the array washed three times with PBS for 5 min on

a rocking platform.

Analysing cDNA and protein display onto the arrays
Prior to functional assays, some control experiments were performed to ensure the quality

of printing and protein expression on the arrays (QC assays).

Printed arrays were washed with phosphate-buffered saline (PBS), pH 7.4, for 15 min with
gentle shaking, followed by a brief washing step with deionised water for 1 min. The array
surface was blocked with 20 mL Superblock PBS for 1 h at room temperature (RT) with
gentle shaking followed by a 5 min wash with deionised water. The arrays were dried under
a stream of filtered compressed air [40]. Blocked slides were incubated with 150 pL/slide

of 1:600 (v/v) diluted PicoGreen dye (Invitrogen Inc.) for staining the cDNA to evaluate

13
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DNA printing quality. The slides were scanned using a ProScanArray HT scanner (Perkin-
Elmer) and the resulting images were analysed and quantified using GenePix Software

version 6.0 (GenePix).

The slides were then incubated with Superblock PBS (Pierce) for 1 h at RT to ascertain
whether protein expression had been universal throughout the whole array and then
incubated with mouse anti-GST antibody (Cell Signaling Technologies Inc.) in Superblock
PBS at 1:200 (v/v) dilution for 1 h at RT to evaluate protein expression throughout the
whole array. After three 5-min washes with washing buffer (PBS 5% milk+0.2% tween
20), the slides were incubated with HRP-linked anti-mouse 1gG (Amersham) for 1 h at
1:200 dilution and washed again three times with PBS (5 min/wash). Signal was developed
by incubating with 200 uL/slide tyramide signal amplification reagent (Perkin-Elmer) for
10 min at RT. The slides were then rinsed with deionised water, dried using compressed air

and scanned (array images were analysed as described above).

Query cDNA was co-expressed by supplementing the IVTT master mix (for RRL) with 1
pg of cDNA encoding the Pv12 protein with a Halo tag to check in situ expressed P. vivax
protein functionality (Table 1 and Table S1); the interaction was then indirectly detected by

incubation with anti-Halo antibody (Promega).

Processing microarray data and statistical analysis
Computational processing of arrays began by acquiring the images, followed by analysing
each spot [56]. Data was normalised (taking sub-array as analysis unit) by dividing the

mean for the master mix (corrected for sub-array) by the difference in value of the spot’s
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total fluorescence minus the average value for empty spot and/or master mix. If such value
was >1 this meant the presence of DNA or protein in the spot. The mean of the previously
normalised values was also obtained for analysing each clone’s expression; if this was >1 it

indicated protein presence [48, 50, 56].

Results

Designing a P. vivax NAPPA

Thirty-five PCR products were obtained from 20 selected P. vivax gene fragments, 29 of
which were successfully cloned using Gateway technology (83% efficiency) (Table 1 and
Figure S1). This methodology used pDONR221 and two destination vectors (PANT7-cGST
or PJFT7-nHalo) to transfer encoding sequences from the first plasmid to the second one
(Figure 1). pANT7-cGST contained a GST protein enabling nascent protein capture by a
fixed polyclonal antibody against GST on the array, whilst query protein was cloned in
pJFT7-nHalo (N-terminus Halo tag) and detected by monoclonal anti-Halo tag antibodies

(Figure 1).

This experimental approach has more advantages than traditional cloning methods because
it does not require the use of restriction enzymes and site-specific recombination enables
DNA fragments to be correctly cloned in frame with GST or Halo tags, thereby simplifying
cloning [57, 58]. All the clones from this expression library were full-sequence validated
and their sequences were analysed by BLAST to confirm their identity. A set of 10 clones
(randomly selected from the expression library) were digested by BsrGl to verify insert
presence and ascertain plasmid DNA quality (Figure 2A). Expression library quality was

validated and the clones were then ready for designing the NAPPA array.

15



O©CO~NOOOTA~AWNPE

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

Glycerol concentration and drop number were tested (data not shown) to homogenise and
avoid aberrant effects as master mix component complexity (BSA, cDNA, cross-linkers,
anti-tag antibody, etc.) could affect non-contact deposition and because viscosity plays a
critical role. Optimal conditions were found to be 50% (v/v) glycerol and 5 drops per spot.
The cDNA staining signal in these arrays was >1 in all the spots after normalisation against
control spots (master mix components without cDNA). This meant that all cDNAs in the
expression library had been successfully deposited on the array by the non-contact strategy.
For example, cDNA staining signal Duffy Binding Protein region-1 (DBP-RI) was detected

in 94% of the spots.

The normalised signal obtained from printed cDNA was then evaluated across intra- and
inter-arrays to evaluate robustness and reproducibility (Figure 2), good intra-array
(R?=0.80) and inter-array reproducibility (R?=0.75) being observed (Figure 2). These
results should guarantee consistent reproducibility levels for further studies with this P.

vivax expression library.

Self-assembling protein array displaying Plasmodium vivax proteins

Spotted P. vivax cDNA was expressed in situ with RRL and protein presence was detected
by anti-GST monoclonal antibody (as described in the Materials and Methods section).
This led to signals being detected for all cDNAs in the P. vivax expression library in all
printed cDNA (100% efficiency) (Figure 1, Figure 3A and 3B). A second Hela lysate-
based in vitro expression system (HCIVT) was used with the same NAPPA P. vivax array.
Nascent protein (C-terminal GST tag) was also detected by anti-GST monoclonal

antibodies (as described in the Materials and Methods section). Figure 3B depicts the
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HCIVT system normalised signal; no expression was detected using this system although a
signal was detected in 10% of the spots for the following 17 proteins ( normalised signal >
1): (PfMSP1gs, Pv4l, PvMSP10, PvMSP1ls, PVvMSP4, PvMSP5, PvMSP8, PVRAP2,
PvRBPla-RIV, PvRBPla-Rl, PvRBPla-RIl, PvRBPla-RIll, PvRON1, PvRONZ2-RII,

PVRON2-RIIl, PvRON4 and PvRONS5C).

Plasmodium vivax in situ protein-protein interaction studies

Recent protein-protein interaction screening has involved using Avidity-based extracellular
interaction screening (AVEXIS) technology to characterise interaction between 34 P. vivax
Mrz proteins (bait and preys) [59]. This intra-library AVEXIS was only able to identify
three P. vivax protein-protein interactions in bait-prey orientation, one such being Pv12
interaction with Pv41l protein. Pv12 protein interaction was then tested with P. vivax
proteins displayed on the array to evaluate whether NAPPA was working properly; Pv12 is
a GPl-anchored 6-Cys protein expressed on parasite schizont surface and associated with
DRM complexes [60], this being where the formation of several of the parasite’s protein

complexes involved in host cell interactions take place [16].

Pv12 was then cloned and sub-cloned (pDONR221 and pJFT7-nHalo) as described in the
Materials and Methods section (Table 1 and Table S1). Pv12 as query protein was co-IVTT
expressed with a P. vivax cDNA library array for in situ protein interaction studies;
interactions were detected by anti-Halo tag antibody (Figure 1), showing that Pv12
interacted with five P. vivax proteins located on surface membrane and in rhoptry

organelles, mainly with PvRBP1a region IV and Pv41 proteins (Figure 4).
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Discussion

Most pathogen (i.e. Plasmodium) invasion is PPI-mediated, leading to stable or transient
molecular complex formation [61]. Identifying and characterising these types of interaction
strongly suggests a functional relationship between participating proteins and enables
understanding the biological mechanisms (replication, transcription, metabolism and
invasion) used by microorganisms for invading and infecting target cells. Blocking PPI has
been suggested as a target for action against pathogens by designing new drugs or small

binding molecules targeting cell surface or the contact region between proteins [27, 62].

NAPPA is one of the chosen methodologies for characterising PPIs. The first step in this
study was thus the rational selection of content and query and evaluating whether a variety
of such P. vivax proteins could be displayed by this format (Figure 1). Twenty proteins
were selected based on P. vivax transcriptomic and proteomic data [63-67] and functional
evidence of these antigens in P. vivax and other species (i.e., P. falciparum) during Mrz

invasion of target cells [29].

Selected antigens (Table 1) were subdivided into three groups according to their subcellular
location on Mrz surface proteins and proteins located in the micronemes and in the
rhoptries. Mrz surface proteins are primarily exposed on Mrz plasma membrane during
invasion and some of them are involved in weak, low-affinity interactions with receptors on
RBC membrane for selecting a specific target cell [3, 68]. Four proteins were selected from
the Mrz surface (MSP) group (PvMSP-1, -4, -8 and -10); all of them are membrane-
anchored via glycosylphosphatidylinositol (GPI) and expressed on P. vivax schizonts [69-

71]. MSP1 is the major MSP and has been implicated in many P. falciparum receptor-
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ligand (glycophorin A, Band 3 and heparin) and protein-protein interactions (MSP6-MSP7-
RhopH3-RAPs) [9, 10, 13]. It has been the object of significant antigenic and
immunological studies highlighting its importance as P. falciparum and P. vivax vaccine
antigen candidate [72, 73]. The other surface antigen group selected here included the
Plasmodium-specific 6-Cys family containing a cysteine-rich domain, the 6-cysteine or
s48/45 domain [74]. This Plasmodium-specific family’s proteins are expressed in a stage-
specific manner and perform important functions during life-cycle (gamete, Spz or Mrz)
stages. P12 and P41 proteins have been characterised as blood-stage 6-Cys proteins in P.
falciparum and P. vivax and have been seen to form a stable complex on the infective

DRM-associated Mrz surface [59, 75].

Microneme and RON proteins are involved in high-affinity interactions initiating parasite
entry to RBC. Native PvRBP1a is colocalised on Mrz microneme with PvDBP [76]; whilst
RBP proteins are responsible for the specificity of P. vivax Mrz binding to reticulocytes,
PvDBP is involved in P. vivax selectivity for invading Duffy antigen cells expressed on
reticulocyte surface [77]; both proteins have been considered important vaccine candidates
[72]. The AMA-1 protein has been implicated in macro-complex formation, together with
RONZ2, -4 and -5 proteins for establishing the TJ necessary for parasite mobilisation inside
its target cell [23]. The content of the rhoptries involved in PV formation is then discharged
onto a host/target cell for successful entry [78]. Many proteins have been seen to be
involved in this last step during Mrz invasion, such as RhopH3, RAP1 and RAP2. P.
falciparum RAP1, RAP2 and RAP3 form a low molecular weight complex in the bulb of
the rhoptries, this being invasion-inhibitory monoclonal antibodies’ target in vitro [79].

Other proteins such as P"TRAMP, PYRONL1 and PvARP have been recently identified and
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characterised in P. vivax schizonts and have been recognised by P. vivax-infected

individuals’ serum [80-82].

The array was designed to display cDNA encoding P. vivax proteins several times so as to
have several replicates but mostly to avoid cross-contamination across features and highly
homogeneous spot morphology. A non-contact printer was used to create these arrays
which, apart from the requirements described above, had an advantage regarding the
amount of cDNA per master mix (3pg) compared to 10-15 pg cDNA/master mix

previously reported in arrays constructed by microcontact printers [50].

One of the greatest challenges when evaluating protein function is being able to obtain
soluble proteins and maintain their stability and functionality during purification; however,
cell-based expression systems have limitations regarding obtaining soluble Plasmodium
proteins, mainly due to codon usage bias and large repeats in antigenic protein sequences
[83]. Cell-based expression systems may well be valuable for studying many proteins’
structure but their use for large-scale analysis is limited; developing CFPS offers an
efficient alternative for developing protein arrays. All P. vivax antigens were efficiently
expressed with the RRL system compared to that found when proteins were expressed

using the HCIVT system (based on HeLa cell lysates) (Figure 3).

The RRL system is one of the most used NAPPA expression systems, producing hundreds
of proteins including various microorganisms’ proteomes and more than 1,000 human
proteins [45, 49, 84]. However, further experiments are required to optimise HCIVT-

expressed array performance regarding P. vivax; this could include increasing lysate
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concentration, expression time, temperature or adding protease inhibitors. Previous studies
have shown NAPPA feasibility by using the HCIVT system, >2,000 proteins being
successfully expressed from various microorganisms (i.e. Vibrio cholera and Bacillus

anthracis) and antigenic human proteins [58].

Malarial proteins expressed in cell-free E. coli or wheat germ extracts and analysed on flat
solid arrays with immune sera is one of the main uses for malaria-related large-scale CFPS
[85, 86]. However, previous P. vivax protein expression studies using wheat germ and E.
coli systems have revealed significant differences regarding production, scalability and
stability, depending on the antigen being expressed. Some studies have indicated that
proteins expressed in a wheat germ cell-free system are more suitable for such analysis as
they are mostly soluble and have retained enzymatic activity [87]. The present study has
shown the feasibility of producing P. vivax antigens from surface membrane, rhoptries and

micronemes in array format with the RRL system.

When P. vivax protein-protein interactions were measured it was found that Pv12 protein
used as bait interacted with Pv41, as previously described using AVEXIS technology [59].
AVEXIS is based on measuring protein-protein interactions between bait (biotinylated and
captured by streptavidin-coated wells) and prey proteins (enzymatically tagged and
containing a pentamerisation domain to increase interaction avidity) [88]. This technology
has been used to ascertain Rh5 interaction with the Basigin receptor [17], Rh5 interaction
with Pf113 protein [19] and recently for evaluating P. vivax protein-protein interactions
[59]. These studies were only able to detect three interactions between 34 bait and prey

proteins (i.e. very few interactions compared to those identified in P. falciparum) [59, 89].
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Although AVEXYS can increase avidity, prey pentamerisation can cause steric hindrance

affecting real detection of protein-protein interactions.

NAPPA detected interaction between Pv12 and other MSP (in addition to Pv12-Pv4l
interaction), such as PvMSPlsakpa and PvMSP8 and proteins located in the apical
organelles, such as PvRAP1 and PvRBP1la (Figure 4). Previous studies have described
Pv12 forming part of DRMs [60], a platform where many Mrz invasion-associated proteins
are organised into multi-protein complexes [16], thereby suggesting that Pv12 could be
involved in forming a complex between parasite proteins. It is worth stressing that, in
addition to NAPPA’s advantages regarding expression, in situ co-expression of analyte and
query and RT storage, it has higher sensitivity than other protein-protein interaction
measurement techniques, mainly because the protein-protein complex is only found in the
small microspot area, resulting in increased high local signal. Although few molecules can

be captured in the microspot, high density molecules can be obtained in it [90].

Conclusions

NAPPA is a high-performance technique for evaluating interactions in P. vivax, offering a
new and useful alternative for studying the biology of this difficult-to-culture parasite. It
enables bait and query co-expression in situ, thereby enabling interactions to be analysed
rapidly and reproducibly. NAPPA seems to be a flexible approach for identifying key PPI
in full- or targeted-proteomes. This article has highlighted the NAPPA and RRL-based
expression system for the successful and reproducible expression of P. vivax proteins which
might be involved in P. vivax Mrz protein-protein interactions. The query protein (Pv12)

was able to interact with parasite surface membrane- and apical organelle-derived Mrz
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proteins. This technique will facilitate studying therapeutic targets and clarifying protein-

protein interaction mechanisms.
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Figure legends

Figure 1. Outline of NAPPA protocol for detecting PPI1 in P. vivax. Step 1. Cloning: 35
DNA fragments from 20 P. vivax genes were amplified, adding attB recombination
sequences for each one. Entry vector (pDONR221) recombination involved using BP
clonase. Step 2. Sub-cloning: A second recombination involved positive clones (pDONR-
Pv gene) and destination vectors (pPANT7-cGST or pJFT7-nHalo) using LR clonase. Step
3. Printing and quality control: P. vivax plasmids were mixed with BSA, a crosslinker
and rabbit polyclonal anti-GST antibody, and printed in spots on aminosilane-coated glass
slides. After blocking, PicoGreen dye or IVTT (RRL or HCIVT) were used for staining
slides. PicoGreen readings were used to calculate intra- and inter-slide correlation for
assessing DNA printing quality. IVTT involved detecting captured proteins using mouse
monoclonal anti-GST (primary) and HRP-linked anti-mouse 1gG (secondary) antibodies,
using tyramide as activated substrate. The amount of positive and negative spots was used
to estimate expression performance. Step 4. Prey/bait co-expression: The IVTT system
(RLL) was added together with prey plasmid to the array containing bait plasmid. Step 5.
PPI detection: The PPl were revealed using mouse anti-Halo monoclonal (primary) and
HRP-linked anti-mouse 1gG (secondary) antibodies, using tyramide as activated substrate.
Step 6. Data analysis: Fluorescence values were normalised to estimate positive signal

values (greater than 1) for DNA printing and protein expression.

Figure 2. Analysing printed DNA reproducibility. (a) Analysis of expression library
quality by enzymatic digestion. The BsrGl enzyme was used for digestion; two DNA
fragments were produced. The smaller fragment was insert release. MWM: molecular

weight marker. At least two fragments were observed in all cases. (b) Scanning images
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showing the spots (i.e. DNA printed onto cell surface before expression). The Figure shows
16 sub-arrays (containing 29 clones and negative controls) for each array. Each region is
represented by two sub-arrays. (c) Inter-slide reproducibility showing the relationship
between normalised PicoGreen signals for clones printed in different arrays. (d) Intra-slide

reproducibility showing the relationship between clones printed on different sub-arrays.

Figure 3. Analysing Plasmodium vivax protein expression using RRL or HCIVT in
NAPPA arrays and Western blot. (a) Scanning images showing the spots for three sub-
arrays for proteins expressed after incubation with anti-GST. (b) Comparing P. vivax
antigen expression with rabbit reticulocyte lysate (RRL) and 1-step human coupled IVT
(HCIVT). The relationship between normalised cDNA signal and normalised protein signal

for each expression system is shown. Values greater than 1 were considered positive.

Figure 4. NAPPA functional assessment of Plasmodium vivax proteins. The Pv12
protein was used as query for evaluating its interaction with 29 P. vivax proteins displayed
on the array. Query DNA encoding an N-terminal Halo tag was added to reticulocyte lysate
for co-expression with bait proteins. The interaction signal was determined with anti-Halo
antibodies. Normalised values are shown for 30 clones evaluated on the array. A > 1 value

was considered positive interaction.

Table S1
List of primers used, amplicon size, expressed products’ molecular weight and destination

vectors for the genes analysed.
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Figure S1. A representative sample of P. vivax gene amplicons.
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Table 1. P. vivax proteins selected for NAPPA array.

Annotation

Pv gene ID

Time N
Localisation

Transcription?

Target P. vivax Proteins

Proteome
data®

Fragments

Regions expressed

Merozoite Surface protein 1

1350y _[£1723 - 761> _-1349
(PYMSP1) PVX_099980 TP7 X 2 D-F1723;701G-E
Merozoite Surface protein 4 307 248
(PYMSP4) PVX_003775 TP7 1 I-S
Merozoite Surface protein 8 PVX_097625 P2 X 1 245y 462
Merozoite( PS\G\lr/I]‘flEj ?orotein 10 Merozoite
Surf 30 _ A459
(PYMSP10) PVX_ 114145 TP7 urface 1 L-A
6-cysteine protein 41 (Pv41) PVX_000995 TP7 X 1 PA-Q38s
6-cysteine protein 12 (Pv12) PVX_ 113775 TP7 1 2AT-G3%
Asparagine Rich Protein 16(~_\ /284
(PVARP) PVX_090210 TP7 1 C-vV
Thrombospondin-related Apical/Merozo 241¢ 1300
protein (PvTRAMP) PVX_123575 P8 ite Surface 1 K-l
Merozoite Surface protein 5 211362
(PYMSP5) PVX_003770 TP8 X 1 R-I
Apical Merozoite Antigen 1 43p_[=343. 43p_L487
(PVvAMAL) PVX_092275 P8 Micronemes/A X 2 P-ET TP
Duffy Binding Protein 1 b pical 26E-C217; 198T-pb524; 5217~
(DBP1) PVX_110810 | transcription 3 1000
Reticulocyte-binding protein SB2E-E 1457, 1549 G178,
1ay(pVRBP1§)p PVX—098585 TP8 4 18808-R2229' 22458_E2832
Rhoptry Neck Protein 1 B _RIT2
(PYRON1) PVX_000945 TP7 e ) 1 K-R
Rhoptry Neck Protein 2 optry nec 735G L1560 gngl 1554 -
P (}ngONZ) PVX_117880 TP7 protein 2 o
Rhoptry Neck Protein 5 PVX_089530 TP7 1 23F-\\/500
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911

912

913

914

(PvRONS5)
Rhoptry Neck Protein 4 251756
(PYRONA) PVX_091434 TP7 F-1
Rhoptry-associated protein 1 2T \/633
(PVRAP1) PVX_085930 TP7 T-Y
Rhoptry-associated protein 2 221414382
(PVRAP?) PVX_097590 TP7 Rhoptries H-H
High molecular weight
rhoptry protein 3 PVX_098712 No data 21Q-F5%
(PvRhopH3)
Rhoptry associated
membrane antigen PVX_087885 TP7 Rho?gé il;ody 2E- G0
(PVRAMA) P
Prey P. vivax Protein
6-cysteine protein 12 (Pv12)  PVX_113775 TP7 Msirrﬁizgéte 2T G336

2 Transcription data from time points (TP) 1 to 9 of 3 vivax malaria isolates [91].
® Low transcriptional levels in all time points measured (TP1-TP9) [91].
¢ Data from proteomic analyses [63, 67].
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