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Resumen extendido 

A nivel global, la superficie agrícola abarca aproximadamente 5 mil 

millones de hectáreas, lo que representa el 37% de la superficie terrestre 

del planeta. De este total, alrededor del 11% se destina a la producción 

de cultivos, mientras que el 26% restante se emplea como pastizales para 

el ganado. La presión sobre las tierras de cultivo a nivel mundial va en 

aumento, debido a la necesidad de satisfacer la demanda alimentaria de 

una población en constante crecimiento, que se estima alcanzará los 10 

mil millones de personas para el año 2050. Este incremento poblacional 

impulsa una mayor exigencia de alimentos y acentúa la presión sobre 

los recursos terrestres, que son limitados.  

En consecuencia, los sistemas agrícolas deben optimizar su eficiencia, 

principalmente a través de la intensificación (aumento del rendimiento 

de los cultivos) y, en menor medida, mediante la extensificación 

(expansión de las tierras de cultivo). En este contexto, las plagas 

agrícolas representan un desafío crucial, provocando pérdidas anuales 

de entre el 20% y el 40% de la producción global de cultivos. Las 

enfermedades de las plantas generan costes económicos mundiales de 

aproximadamente 220 mil millones de dólares cada año, representando 

las plagas de insectos una pérdida de 70 mil millones de dólares. El 

desarrollo de estrategias eficaces de control de plagas es, por tanto, una 

prioridad urgente para garantizar la seguridad alimentaria y demanda 

agrícola actual y futura.  
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Ejemplos de plagas de insectos que afectan a cultivos agrícolas de gran 

importancia son las especies de lepidópteros del género Spodoptera. 

Popularmente conocidos como gusanos cogolleros, dicho género de 

insectos incluye varias especies de lepidópteros que son plagas agrícolas 

de gran relevancia global debido a su comportamiento invasivo y 

amplia distribución. Sus larvas son altamente polífagas, alimentándose 

de una gran variedad de cultivos, pastos y hortalizas, lo que provoca 

considerables pérdidas económicas en la agricultura. En la presente 

tesis doctoral, dos especies del género Spodoptera han sido empleadas 

para caracterizar el modo de acción de la proteína insecticida Vip3Aa.  

La especie Spodoptera exigua, o gusano cogollero de la remolacha, es 

originaria del sur de Asia y actualmente está ampliamente distribuida 

en África, Asia, Australia, Norteamérica y el sur de Europa, y afecta 

diversos cultivos hortícolas y ornamentales, como algodón, maíz, 

frijoles, tabaco, alfalfa y árboles frutales. La especie Spodoptera littoralis, 

conocida como gusano cogollero del algodón, es nativa del África 

subsahariana y es una de las plagas más destructivas en áreas tropicales 

y subtropicales. Está distribuida en África, Europa mediterránea y 

Oriente Medio, alimentándose de una amplia gama de cultivos, entre 

ellos maíz, algodón, tomate, pimiento, patata, alcachofa, coles, plátanos, 

apio, alfalfa, menta y berros. 

El control de plagas agrícolas ha dependido históricamente de 

pesticidas químicos, pero el uso excesivo de estos, ha provocado 

problemas ambientales y el desarrollo de resistencias en insectos. Como 

alternativa sostenible, se ha recurrido al uso de la bacteria Bacillus 

thuringiensis (Bt), que produce una variedad de proteínas tóxicas para 
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distintos invertebrados con alta especificidad, razón por la cual se ha 

utilizado ampliamente como agente microbiano de control de plagas 

(MPCA) en la agricultura, siendo los productos a base de Bt los MPCAs 

más usados a nivel mundial. Su amplio espectro insecticida, los 

mínimos efectos que provoca sobre organismos no diana, la seguridad 

para los consumidores y el bajo impacto ambiental que implica su uso 

en la agricultura, hacen de los productos de Bt una herramienta ideal 

para la protección de cultivos dentro de los sistemas de manejo 

integrado de plagas (MIP), especialmente por su compatibilidad con 

otras estrategias de manejo agrícola tales como el control biológico 

mediante el uso de enemigos naturales. 

La ingeniería genética de plantas ha dado un gran impulso al control de 

plagas con la introducción en plantas de los genes cry de Bt (codificantes 

para proteínas insecticidas Cry) otorgándoles protección contra el 

ataque de insectos plaga, dando origen a los llamados cultivos Bt que 

han sido empleados en agricultura desde la década de 1990. En la 

actualidad, los cultivos Bt constituyen un componente clave en la 

agricultura y se cultivan en más de 20 países alrededor del mundo, 

principalmente en todo el continente americano, el sureste asiático y 

Australia. Estos cultivos se desarrollan y plantan comercialmente en 

aproximadamente 101 millones de hectáreas a nivel global, 

representando más del 50% del área total de cultivos genéticamente 

modificados en el mundo. 

Entre las proteínas insecticidas producidas por Bt, las más conocidas y 

ampliamente utilizadas en cultivos Bt, son las proteínas Cry, que 
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forman inclusiones cristalinas parasporales durante la fase estacionaria 

de crecimiento de la bacteria y presentan toxicidad frente a un amplio 

espectro de órdenes de insectos como Lepidoptera, Diptera, Coleoptera, 

Hymenoptera y Hemiptera, además de ciertas especies de nematodos.  

Otras clases de proteínas producidas por Bt son las proteínas Vip, Xpp, 

Mpp, Vpa, Vpb, Cyt, Tpp, Sip, Gpp y App. De entre estas proteínas, las 

proteínas Vip (de sus siglas en inglés Vegetative insecticidal proteins) se 

secretan durante la fase vegetativa de crecimiento de la bacteria y son 

tóxicas exclusivamente para insectos lepidópteros, la presente tesis 

doctoral se enfoca en el estudio de la proteína Vip3Aa perteneciente a 

esta clase de proteínas insecticidas.  

Según la base de datos de aprobaciones de organismos modificados 

genéticamente (GMO) del Servicio Internacional para la Adquisición de 

Aplicaciones biotecnológicas Agropecuarias (ISAAA), se han aprobado 

para su comercialización en varios países 67 eventos de maíz, 15 eventos 

de algodón y 2 eventos de soja que contienen genes vip3Aa para la 

expresión de proteínas Vip3Aa y la protección frente a insectos 

lepidópteros que son importantes plagas agrícolas. Aunque algunos 

eventos contienen solo el gen vip3Aa, la mayoría de ellos combinan este 

gen con uno o más genes cry para ampliar el espectro insecticida y evitar 

la aparición de resistencias en insectos. La introducción de varios genes 

que codifican para proteínas insecticidas con diferentes especificidades 

en el mismo cultivo transgénico se conoce como "piramidación génica". 

Esta estrategia permite ampliar el espectro de acción de los cultivos Bt 

y prevenir la aparición de resistencia en los insectos. Además del maíz, 

algodón y soja, los genes vip también han sido introducidos en otros 
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cultivos como el arroz y la caña de azúcar y se espera que el número de 

cultivos que contienen genes vip aumente en el futuro próximo. 

Para optimizar el uso de las proteínas insecticidas en el control de plagas 

agrícolas, es fundamental contar con un conocimiento profundo de su 

espectro de acción y su mecanismo de funcionamiento. Los recientes 

avances en las técnicas de resolución de estructuras proteicas han sido 

clave en este campo, ya que han permitido formular hipótesis sobre el 

modo de acción de estas proteínas, basándose en la homología 

estructural con otras proteínas previamente estudiadas. Esto, a su vez, 

facilita el diseño de variantes modificadas e incluso mejoradas, 

potenciando su efectividad. 

La estructura tridimensional de la proteína Vip3Aa ha sido 

recientemente resuelta mediante criomicroscopía electrónica revelando 

que consiste en una molécula tetramérica estable con estructura 

piramidal, y estando cada monómero compuesto por cinco dominios 

estructurales diferentes. En el extremo N-terminal (N-t) de la proteína 

se localizan los Dominios I y II con estructura secundaria de 

plegamiento en α-hélice. Dichos dominios conforman el núcleo central 

de la proteína y son claves para la oligomerización de la misma. El 

Dominio I contiene cuatro hélices α, siendo la primera altamente 

anfipática. Las segunda y tercera hélices α forman un haz antiparalelo 

que adopta una configuración diferente en los monómeros externos e 

internos del tetrámero debido a la longitud variable del bucle que 

conecta las hélices α1 y α2 y que resulta en la rotación de las hélices α2 

y α3, formándose un haz de ocho hélices que sobresale del núcleo 
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tetramérico de la molécula. Tras el Dominio I, en el bucle que conecta el 

Dominio I con el II, se localiza un sitio de corte proteolítico por tripsina 

(sitio primario de corte proteolítico). El Dominio II comienza después 

del sitio de corte primario y está compuesto por cinco hélices α que 

estabilizan el tetrámero mediante bucles extendidos que proyectan 

hacia subunidades adyacentes. En el extremo C-terminal (C-t) de la 

proteína, se localizan tres dominios con estructura globular y 

plegamiento en hoja-β que permanecen expuestos al solvente 

(Dominios III, IV y V). Dichos dominios presentan homología 

estructural con proteínas de unión a carbohidratos. El Dominio III 

contiene tres hojas β antiparalelas que forman un plegamiento tipo 

prisma β, comúnmente presente en lectinas. Por otra parte, los 

Dominios IV y V tienen homología estructural con motivos de unión a 

carbohidratos (CBM) presentes en hidrolasas de glicósidos, sugiriendo 

una posible función en la unión a glicanos para estos dominios. De esta 

forma, la región C-t de la proteína podría desempeñar un papel en la 

unión de Vip3Aa a sus receptores. 

Además, estos estudios estructurales llevados a cabo con la proteína 

Vip3Aa también revelaron la existencia de un importante cambio 

conformacional de la proteína tras el procesamiento proteolítico en el 

sitio de corte primario, ocurriendo a consecuencia del corte proteolítico 

una reorganización estructural en la parte N-t de la proteína (Dominio 

I) y distinguiéndose por tanto dos conformaciones estructurales 

diferentes: la conformación de protoxina, con forma piramidal y donde 

el Dominio I de los distintos monómeros forma un haz de ocho hélices 

que sobresale del tetrámero; y la de proteína activada tras el remodelado 
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estructural, en el que las hélices del Dominio I de los cuatro monómeros 

forman un coiled-coil tetramérico que sobresale del cuerpo de la proteína 

formando una estructura elongada tipo “aguja” cuyo extremo no 

presenta estructura organizada, (la hélice α1 de naturaleza anfipática) y 

que es capaz de insertarse en membranas lipídicas y actuar como canal 

para el transporte de iones. Estando por tanto el Dominio I implicado 

en la toxicidad de la proteína en su conformación de proteína activada. 

La mayoría de los estudios sobre el modo de acción de las proteínas Vip 

se han realizado utilizando principalmente proteínas Vip3Aa. 

Actualmente, se acepta generalmente que las proteínas Vip ejercen su 

acción tóxica en la siguiente secuencia de eventos: en primer lugar, las 

proteínas son secretadas en el medio en forma de protoxinas solubles 

que auto-oligomerizan en tetámeros. Tras la ingestión por las larvas, las 

proteínas son procesadas por las proteasas intestinales en el lumen, 

facilitando así la transición de la forma de protoxina a la de proteína 

activada. Una vez procesadas, atraviesan la matriz peritrófica y 

alcanzan la membrana del borde en cepillo (membrana apical) de las 

células epiteliales del intestino, donde se unen a sus receptores 

específicos. Dicha unión desencadena la inserción en la membrana y la 

formación de poros que causan la muerte celular por rotura del 

equilibrio osmótico como mecanismo principal de toxicidad, aunque 

otros mecanismos de muerte celular además de la formación de poro 

podrían estar ocurriendo de forma adicional. Sin embargo, muchos 

aspectos del modo de acción de estas proteínas, tales como la identidad 

de sus receptores específicos o los detalles de su mecanismo de 

toxicidad permanecen todavía desconocidos.  
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En este contexto la investigación de esta tesis doctoral se centra en 

caracterizar el modo de acción de la proteína Vip3Aa, especialmente 

centrándose en el estudio de su capacidad de unión a receptores 

específicos del epitelio intestinal de larvas del género Spodoptera y su 

relevancia para la toxicidad. Se ha llevado a cabo un estudio de varios 

aspectos estructurales de la proteína que podrían influir en la unión de 

la misma a sus receptores en el intestino. Los objetivos específicos de la 

tesis consisten en: (1) evaluar la existencia de sitios de unión 

compartidos entre las proteínas Vip en el epitelio intestinal de 

Spodoptera littoralis y la funcionalidad de dichos sitios compartidos; (2) 

evaluar el papel estructural y funcional del Dominio I de la proteína 

Vip3Aa y el cambio conformacional que ocurre tras la activación 

proteolítica para la actividad insecticida contra Spodoptera exigua; (3) 

determinar si la unión de Vip3Aa a receptores específicos y funcionales 

de S. exigua está restringida a la conformación de proteína activada; (4) 

estudiar el papel de los diferentes dominios estructurales de la proteína 

Vip3Aa en la estabilidad y en la unión específica y funcional en S. exigua; 

y (5) explorar la capacidad de la proteína Vip3Aa para unirse a 

moléculas lipídicas extraídas de tejido intestinal de larvas de Spodoptera 

spp. así como a lípidos estándares comúnmente encontrados en 

membranas celulares. 

Para la consecución de los distintos objetivos de la tesis se han utilizado 

diversas técnicas experimentales tales como: la expresión heteróloga de 

proteínas en Escherichia coli y su purificación por diversas técnicas 

cromatográficas (cromatografía de afinidad, cromatografía de exclusión 

molecular y cromatografía de intercambio aniónico); la generación de 



SUMMARIES 

37 
 

versiones modificadas de la proteína Vip3Aa mediante mutagénesis 

dirigida y amplificación de secuencias por PCR y clonaje en vectores de 

expresión; la realización de bioensayos de toxicidad por contaminación 

superficial en dieta artificial para evaluar la toxicidad de las proteínas 

frente a  larvas de Spodoptera spp.; la realización de ensayos de unión in 

vitro a vesículas de membrana del borde en cepillo (BBMV) con 

proteínas Vip3Aa marcadas radioactivamente con I125; la extracción de 

lípidos de tejido intestinal de larvas de Spodoptera spp. y realización de 

ensayos de unión a los mismos mediante dot-blot y cromatografía en 

capa fina; y la visualización de la estructura de distintas versiones 

modificadas de la proteína Vip3Aa mediante microscopía electrónica de 

contraste negativo.  

Los resultados de la tesis doctoral se muestran en cinco capítulos 

diferentes, cada uno de ellos enfocado al abordaje de cada uno de los 

objetivos específicos planteados en la tesis: 

En el Capítulo 1, mediante la realización de ensayos de unión in vitro a 

BBMV de S. littoralis, se demostró que las proteínas Vip3Aa, Vip3Af y 

Vip3Ca comparten sitios de unión específicos en el epitelio intestinal de 

dicha especie. Sin embargo, mientras que Vip3Aa y Vip3Af comparten 

todos los sitios de unión, Vip3Ca solo es capaz de unirse a una parte de 

los receptores de las proteínas Vip3A. Dichos resultados implican la 

existencia de distintas poblaciones de sitios de unión para la proteína 

Vip3Aa. Además, la realización de ensayos de competencia in vivo en 

larvas de S. littoralis permitió distinguir la existencia de sitios 

funcionales y sitios no relevantes para la toxicidad, siendo los sitios 
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compartidos entre Vip3Aa y Vip3Af funcionales mientras que los 

compartidos con Vip3Ca no. Dichos ensayos de competencia in vivo 

consisten en administrar a las larvas combinaciones a ratio creciente de 

una proteína tóxica (versión silvestre de la proteína) y una versión 

modificada de la misma (o de otra proteína heteróloga) que no es tóxica, 

pero sí conserva la capacidad de unión a los receptores intestinales (DIP, 

disabled insecticidal proteins). Si ambas proteínas compartes receptores 

funcionales, se observa un bloqueo de la toxicidad de la proteína 

silvestre con el aumento de proteína competidora no tóxica. En este 

trabajo, también se pudieron observar diferencias en la afinidad de 

unión a receptores entre las distintas proteínas, Vip3Aa es capaz de 

unirse con mayor afinidad que Vip3Af a los sitios de unión, aunque 

Vip3Ca es la más eficiente en unirse a los receptores compartidos con 

Vip3Aa (a pesar de que estos no son funcionales para la toxicidad de las 

proteínas Vip3A). Estos hallazgos son relevantes para el diseño de 

estrategias de control de la aparición de resistencias basadas en la 

combinación de distintas proteínas en cultivos Bt o “piramidación 

génica”.  

En el Capítulo 2, se generaron mutantes de Vip3Aa con alteraciones en 

el Dominio I para evaluar su efecto en la estructura de la proteína y en 

la toxicidad de la misma. Diversos aspectos estructurales se abordaron, 

entre ellos la eliminación de la hélice α1 hipotéticamente implicada en 

la inserción de la proteína en membrana; la alteración del cambio 

conformacional mediante la formación de puentes disulfuro entre las 

hélices α del Dominio I impidiendo su remodelado a la conformación 

activada; la inserción de mutaciones puntuales dentro de la hélice α1 
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(buscando una mejoría en la toxicidad); en el bucle localizado entre la 

hélice α1 y α2 para introducir un sitio de corte proteolítico adicional y 

entre los Dominios I y II para eliminar el sitio proteolítico primario; en 

la región más estrecha del coiled-coil para reducir el diámetro interno del 

mismo y la eliminación de los dominios C-t IV y V para evaluar su efecto 

en el cambio conformacional y la toxicidad.  Los resultados indicaron 

que el corte proteolítico en el sitio primario es esencial para el cambio 

conformacional que a su vez es necesario para la toxicidad, al igual que 

la integridad de la hélice α1, ya que su eliminación causa la pérdida de 

toxicidad, y la inserción de la mutación puntual M34L dentro de la 

misma resulta un aumento de la toxicidad. La ausencia de la hélice α1 

también resultó en una conformación constitutiva de proteína activada, 

demostrando el papel de dicha región de la proteína en el 

mantenimiento de la conformación de protoxina. De forma similar, la 

modificación del bucle localizado entre las hélices α1 y α2 (sustitución 

de residuos de Gly por Lys) afectó la capacidad de remodelado de la 

proteína a su conformación activada, revelando la importancia de la 

existencia de flexibilidad en dicha región para la mecánica apropiada 

del cambio conformacional. Además, se observó que los Dominios IV y 

V juegan un papel en dicho cambio conformacional, ya que su deleción 

resulta en la ausencia de remodelado estructural, pudiendo ser esta la 

causa de la pérdida de toxicidad en el constructo truncado que solo 

contiene los Dominios I-III. Por otra parte, la reducción del diámetro 

interno de la estructura de coiled-coil no mostró efectos drásticos en la 

toxicidad, sugiriendo que el flujo de iones a través de la completa 
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longitud de la molécula no debe ser determinante para la toxicidad y 

que posiblemente, el flujo ocurra en la parte N-t de la estructura.   

En el Capítulo 3, mediante el uso de mutantes estructurales que 

bloquean la conformación de la proteína en su estructura de protoxina 

o de proteína activada, se abordó el estudio de la capacidad de unión de 

las diferentes conformaciones de la proteína al epitelio intestinal del 

insecto S. exigua. Mediante ensayos de unión in vitro a vesículas del 

borde en cepillo, se observó que la protoxina presenta una unión 

fundamentalmente inespecífica, mientras que la proteína activada 

muestra una unión específica y de mayor afinidad. No obstante, ambas 

conformaciones comparten receptores específicos, y además, ambas son 

capaces de unir a receptores funcionales in vivo, dado que se observó 

bloqueo de la toxicidad de la proteína silvestre (wild type, WT) por parte 

de ambos mutantes estructurales en S. exigua. Estos resultados indican 

que la conformación en la que la proteína se encuentra no es relevante 

para la unión a receptores funcionales.  

En el Capítulo 4, se emplearon diferentes constructos truncados de la 

proteína Vip3Aa conteniendo solo algunos de sus dominios 

estructurales. Dichos mutantes fueron analizados en ensayos de unión 

in vitro a vesículas del epitelio intestinal de S. exigua para evaluar el 

papel de los distintos dominios estructurales en la unión específica. Los 

resultados confirman el importante papel del Domino III en la unión 

específica y revelan la contribución parcial de los Dominios IV y V en 

dicha unión. Además, mediante ensayos de estabilidad frente a 

proteasas por digestión in vitro, se observó que la ausencia de la parte 
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N-t de la proteína (Dominios I y II) resulta en una baja estabilidad frente 

a proteasas, lo que puede estar relacionado con la falta de formación de 

tetrámeros y a su vez con la ausencia de competencia total observada en 

los ensayos de unión in vitro. Finalmente, mediante el empleo del 

constructo truncado conteniendo los Dominios I-III (el único que 

conserva la estructura tetramérica, es estable frente a proteasas y es 

capaz de desplazar toda la unión específica de la proteína WT a las 

vesículas de S. exigua) en ensayos de competencia in vivo en larvas de S. 

exigua y S. littoralis, se observó que la ausencia de los Dominios IV y V 

impide la unión a receptores funcionales para la toxicidad, poniendo de 

manifiesto el relevante papel que estos dominios juegan in vivo.  

Finalmente, para explorar el papel de los Dominios C-t (III-V) con 

homología estructural a lectinas y motivos de unión a carbohidratos 

(CBM), en el Capítulo 5 se abordó un estudio preliminar de la capacidad 

de unión de la proteína Vip3Aa a lípidos extraídos del epitelio intestinal 

de larvas de Spodoptera spp. y de lípidos estándares comúnmente 

presentes en membranas celulares. Los resultados muestran que la 

proteína Vip3Aa es capaz de unir a lípidos de la membrana intestinal de 

Spodoptera spp., aunque aún es necesario investigar la especificidad de 

esta unión y su implicación en la toxicidad. Especialmente considerando 

que Vip3Aa también es capaz de interaccionar con extractos lipídicos de 

insectos no susceptibles. Además, derivado de los ensayos de unión a 

lípidos estándares, varios lípidos de membrana fueron identificados 

como interactores de Vip3Aa, siendo estos fosfoesfingolípidos 

(esfingomielina y lisoesfingomielina), glicoesfingolípidos 

(glucosilceramida) y fosfolípidos más simples (fosfatidilcolina), todos 
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ellos moléculas lipídicas comunes en las membranas celulares. Estos 

resultados proporcionan información preliminar sobre los posibles 

residuos que podrían actuar como epítopos de unión a los lípidos que 

componen las membranas celulares del epitelio intestinal (fosfocolina y 

glucosa como principales grupos polares de los lípidos con los que 

Vip3Aa interacciona).  Asimismo, nuestros resultados también sugieren 

que los tres dominios C-t de la proteína podrían estar involucrados en 

dichas interacciones. 

En resumen, esta tesis se centra en el estudio de las características 

estructurales de la proteína insecticida Vip3Aa y la relevancia de las 

mismas para su función, mediante el uso de mutantes de posiciones 

puntuales y constructos truncados en ensayos de estabilidad frente a 

proteasas, ensayos de unión al tejido diana in vitro, y bioensayos con 

larvas para evaluar su toxicidad frente a especies del género Spodoptera. 

Los resultados de esta tesis enfatizan varios aspectos estructurales que 

resultan esenciales para la función de la proteína.  

Una de las características estructurales más importantes para garantizar 

la estabilidad de la proteína frente a proteasas intestinales, la capacidad 

de unión a receptores específicos y la toxicidad, es la formación de 

tetrámeros. El Dominio I de la proteína es esencial para la 

oligomerización, siendo a su vez crucial para la estabilidad de la 

proteína.  

Además de su importante papel en la formación de tetrámeros, el 

Dominio I presenta un rol central en la toxicidad, siendo su cambio 
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conformacional que sufre tras la activación proteolítica, otro aspecto 

estructural clave y de vital importancia para la actividad insecticida de 

la proteína. Además del rol del Dominio I en este cambio 

conformacional, nuestros resultados también ponen de manifiesto que 

los Dominios C-t IV y V son necesarios para el adecuado remodelado 

conformacional de la proteína a la conformación activada. La hélice α1 

(ubicada en el extremo N-t del Dominio I) también es otro aspecto 

estructural esencial para la toxicidad de la proteína en su forma 

activada, conteniendo la región putativa transmembrana y consistiendo 

en una hélice de naturaleza anfipática.  No obstante, esta hélice también 

juega un papel estructural clave en el mantenimiento de la 

conformación de protoxina al interactuar con las hélices del Dominio II, 

manteniendo la formación del haz de ocho hélices que le otorga su 

aspecto piramidal.  

En cuanto a la capacidad de la proteína para unirse a sus receptores 

específicos en la membrana del borde en cepillo del epitelio intestinal, 

se ha reportado que la conformación de la proteína no es un factor 

crítico, ya que tanto la protoxina como la proteína activada muestran 

unión al epitelio intestinal de S. exigua. El Dominio III de la proteína ha 

mostrado ser el dominio más relevante para la unión específica. Sin 

embargo, no se puede descartar una posible contribución de los 

Dominios C-t IV y V en la unión específica de Vip3Aa. La formación de 

tetrámeros tampoco es crítica para la unión específica. Hasta la fecha, se 

han propuesto varios receptores para las proteínas Vip, aunque 

ninguno se ha validado completamente in vivo, por lo que la identidad 

de sus receptores funcionales sigue siendo desconocida. Los datos de 
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unión in vitro obtenidos en ensayos con proteínas Vip3A marcadas 

radiactivamente y vesículas de membrana en cepillo de Spodoptera spp. 

sugieren una gran población de sitios de unión de baja afinidad en 

comparación con las proteínas Cry. Además, la población de sitios de 

unión de Vip3Aa revelada en los ensayos in vitro no refleja 

completamente los receptores involucrados en la toxicidad de la 

proteína, ya que algunos sitios de unión detectados in vitro no son 

funcionales, como hemos demostrado mediante ensayos de 

competencia in vivo entre diferentes proteínas Vip. Adicionalmente, el 

uso de mutantes conformacionales (con conformación constitutiva de 

protoxina o de proteína activada) en estos ensayos de competencia in 

vivo, reveló que la conformación de la proteína no es una característica 

crítica para la unión a receptores funcionales, lo que sugiere que el 

cambio conformacional de la proteína procesada proteolíticamente 

podría ocurrir tanto antes como después de la unión a los receptores 

intestinales. Sin embargo, el contexto y momento en el que ocurre dicho 

cambio de conformación podría tener un importante efecto en la 

capacidad de la proteína de insertarse en la membrana y 

consecuentemente en la toxicidad.   

Aunque la presencia de los Dominios I-III es suficiente para la unión 

específica in vitro, nuestros resultados muestran que la presencia de los 

Dominios IV y V es necesaria para la toxicidad de Vip3Aa in vivo, el 

remodelado estructural de la proteína activada y la unión a receptores 

funcionales. Dado que ambas conformaciones de la proteína se unen a 

receptores funcionales, podemos asumir que la falta de toxicidad en el 

constructo Vip3Aa_I-III no se debe a la ausencia de cambio 
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conformacional, sino que está relacionada con la ausencia de unión a 

sitios de unión funcionales. Dado el reciente descubrimiento de la 

interacción de la proteína Vip3Aa con la matriz peritrófica de larvas de 

Spodoptera frugiperda a través del Dominio V y su relevancia para la 

toxicidad, podemos hipotetizar que una alteración en este paso del 

modo de acción previo a la unión en el epitelio intestinal, podría ser 

causante de la ausencia de unión a sitios funcionales y consecuente 

pérdida de toxicidad del constructo truncado que carece de los 

Dominios IV y V, junto con su incapacidad de adoptar la conformación 

de proteína activada. Más estudios son necesarios para validar esta 

hipótesis y comprender el papel funcional de estos dominios de la 

proteína. 

Dado que los dominios C-t III-V de Vip3A muestran homología 

estructural con lectinas (el Dominio III presenta un plegamiento tipo 

prisma β) e hidrolasas de la familia CBM16 (Dominios IV y V), junto con 

el hecho de que estas proteínas parecen presentar una amplia población 

de sitios de unión de baja afinidad, de los cuales algunos no son 

funcionales para la toxicidad, hemos hipotetizado que las proteínas Vip 

podrían unirse a diferentes tipos de moléculas glicosiladas en la 

membrana apical de las células del epitelio intestinal. Para probar esta 

hipótesis, hemos explorado la capacidad de la proteína Vip3Aa para 

unirse a moléculas lipídicas, que están presentes en gran cantidad en las 

membranas celulares y se han descrito como receptores para otras 

proteínas formadoras de poros. Nuestros hallazgos sugieren que 

Vip3Aa podría estar interactuando con lípidos de membrana tanto en 

su forma de protoxina como en la procesada por tripsina, 



SUMMARIES 

 

46 
 

probablemente mediante la unión a sus grupos hidrofílicos. Sin 

embargo, la especificidad de esta unión y su posible papel en la 

facilitación de la toxicidad aún deben ser determinados, especialmente 

dado que Vip3Aa también se une a extractos lipídicos de insectos no 

susceptibles. No obstante, podemos plantear la hipótesis de la existencia 

de un mecanismo de unión en dos pasos, donde una unión primaria a 

lípidos y glicoconjugados en la superficie de las células del epitelio 

intestinal, incluso si dicha unión no es selectiva o específica, podría 

facilitar el acercamiento de la proteína a la membrana y su interacción 

posterior con receptores específicos, mediando su toxicidad. 

Mecanismos de unión de este tipo se han sugerido para otras proteínas 

de Bt.  

En definitiva, la resolución de la estructura tridimensional de las 

proteínas Vip ha avanzado significativamente nuestra comprensión de 

su modo de acción. Se han realizado descubrimientos clave, como la 

identificación de dos conformaciones estructurales distintas: la 

protoxina y la proteína activada, así como la capacidad de la proteína 

activada para insertarse en las membranas lipídicas a través de su 

región N-t, facilitando el flujo de iones. Además, se ha identificado 

homología estructural entre los dominios C-t y las proteínas de unión a 

glicanos. Estos avances han permitido una investigación más dirigida 

sobre el modo de acción de las proteínas Vip. Nuestra investigación se 

ha centrado en evaluar la capacidad de unión a receptores de ambas 

conformaciones estructurales, explorando el papel crucial de la región 

N-t (Dominio I) y su remodelado para la toxicidad, e hipotetizando 

interacciones potenciales con moléculas de diferente naturaleza 
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bioquímica a través de los dominios C-t. Sin embargo, muchos aspectos 

del modo de acción de las proteínas Vip aún no se comprenden 

completamente. Se requieren estudios adicionales para desentrañar 

completamente estos procesos y comprender sus implicaciones para el 

uso de proteínas Vip en el control biotecnológico de plagas. 

Las conclusiones de la presente tesis doctoral son las siguientes:  

(1) las proteínas Vip comparten sitios de unión en la membrana del 

borde en cepillo de Spodoptera littoralis. Vip3Aa tiene múltiples 

poblaciones de sitios de unión, pero las que comparte con Vip3Ca no 

contribuyen a su toxicidad. En contraste, Vip3Aa y Vip3Af comparten 

sitios de unión funcionales in vivo, siendo Vip3Aa la que muestra una 

mayor afinidad por ellos;  

(2) varias características estructurales de la proteína Vip3Aa son 

esenciales para su toxicidad contra Spodoptera exigua: la formación de 

tetrámeros, el remodelado estructural del Dominio I en su conformación 

activada tras el procesamiento proteolítico en el sitio primario (entre los 

Dominios I y II) y la integridad de la hélice α1 en el extremo N-t;  

(3) tanto la conformación estructural de protoxina como la de proteína 

activada de Vip3Aa se unen a sitios de unión funcionales en S. exigua. 

Aunque la unión de la protoxina es principalmente no específica. La 

proteína activada muestra una unión específica y de mayor afinidad;  

(4) Los Dominios IV y V, localizados en el extremo C-t, no son necesarios 

para la formación del tetrámero ni para la estabilidad de la proteína 
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frente a las proteasas intestinales; sin embargo, su ausencia afecta al 

cambio de conformación a la de proteína activada. Además, estos 

dominios no son esenciales para la unión de Vip3Aa a sitios específicos 

en la membrana del borde en cepillo de S. exigua in vitro, aunque su 

presencia es crucial para la unión in vivo a sitios funcionales en S. exigua 

y S. littoralis; 

(5) Vip3Aa puede unirse a los lípidos extraídos del tejido intestinal de 

larvas de S. exigua y S. littoralis, aunque la especificidad de su unión y el 

papel en la toxicidad siguen sin estar claros. Su capacidad para unirse a 

los lípidos de insectos no susceptibles sugiere un posible mecanismo de 

unión en dos etapas, donde interacciones iniciales no específicas 

podrían ayudar a la proteína a alcanzar receptores específicos en la 

membrana. Además, los residuos de glicanos podrían servir como 

epítopos de unión para estas interacciones a través de los Dominios C-t 

III-V de la proteína. 
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Summary 

This doctoral thesis focuses on characterizing the mode of action of the 

insecticidal protein Vip3Aa from Bacillus thuringiensis. This protein 

specifically targets lepidopteran insects, which are significant 

agricultural pests, making it a valuable tool for genetically modified 

crops that express insecticidal protein genes to confer resistance against 

insect attacks. 

Vip3Aa adopts a pyramidal tetrameric structure, with each monomer 

composed of five distinct structural domains. At the N-terminus (N-t), 

Domains I and II form the protein core, facilitating oligomerization. 

Domain I is crucial for insecticidal activity, as it undergoes a 

conformational change upon proteolytic activation. This transformation 

converts the eight-helix bundle seen in the protoxin structure into an 

elongated coiled-coil structure in the activated protein conformation, 

allowing membrane insertion and ion channel formation, which are 

responsible for its toxicity. Domains III, IV, and V, located at the 

C­terminal (C-t) end, exhibit structural homology with carbohydrate-

binding proteins (lectins and hydrolases), suggesting that these 

domains may play a role in receptor binding. Upon ingestion by larvae, 

Vip3Aa is processed by intestinal proteases, crosses the peritrophic 

matrix, and binds to receptors in the midgut epithelium, forming pores 

that disrupt osmotic balance and trigger cell death. While this toxicity 

mechanism is widely accepted as the primary mode of action, many 

details remain unknown. 
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This thesis investigates the protein’s ability to bind to specific receptors 

in the midgut epithelium of Spodoptera spp. larvae and the relevance of 

this binding for toxicity. The research adopts a structure-function 

relationship approach, addressing several structural aspects of the 

protein that might influence receptor binding and insecticidal activity 

across five objectives: (1) evaluation of shared binding sites among 

different Vip proteins and their functionality in Spodoptera littoralis; (2) 

analysis of the structural and functional role of Domain I and the 

conformational change occurring after proteolytic activation in the 

toxicity against Spodoptera exigua; (3) determination of whether Vip3Aa 

binding to specific receptors in S. exigua is restricted to its activated 

conformation; (4) investigation of the structural domains' role in protein 

stability and functional binding to S. exigua; and (5) exploration of 

Vip3Aa's ability to bind to lipid molecules from the midgut epithelium 

of Spodoptera spp. and standard lipids. 

A variety of experimental techniques were employed: heterologous 

protein expression in Escherichia coli, chromatographic purification, site-

directed mutagenesis, larval toxicity bioassays, binding assays to brush 

border membrane vesicles (BBMV) with radiolabelled proteins, lipid 

extraction from insect midgut tissue, binding to lipids via dot-blot 

assays and TLC-overlays, and negative-stain electron microscopy to 

characterize structural aspects of the protein. 

The results are presented across five chapters, each addressing one of 

the stated objectives: 
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In Chapter 1, through in vitro binding assays to BBMV with 

radiolabelled Vip3Aa, we have demonstrated that Vip3Aa, Vip3Af, and 

Vip3Ca proteins share binding sites in the midgut epithelium of S. 

littoralis, although Vip3Ca binds to only a subset of Vip3Aa’s receptors. 

In vivo competition assays revealed that the shared sites between 

Vip3Aa and Vip3Af are functional for Vip3A’s toxicity, whereas those 

shared with Vip3Ca are not. These findings suggest distinct populations 

of binding sites for Vip3A proteins, with varying relevance for toxicity. 

In Chapter 2, Vip3Aa mutants with alterations in Domain I were 

generated to assess its role in structure and toxicity. Proteolytic cleavage 

at the primary site was found essential for the required conformational 

change, which is also necessary for toxicity, as is the integrity of helix 

α1. The M34L point mutation increased the protein's toxicity against S. 

exigua. Additionally, Domains IV and V were shown to influence the 

conformational change, as their removal resulted in loss of toxicity and 

absence of structural remodelling into the activated conformation. 

In Chapter 3, we investigated the binding capacity of Vip3Aa in its 

different conformations to S. exigua midgut epithelium. The protoxin 

binds non-specifically, whereas the activated protein exhibits specific 

binding with higher affinity. Nevertheless, both conformations share 

specific and functional receptors, suggesting that the conformational 

change might occur either before or after receptor binding. 

In Chapter 4, we assessed the role of the different structural domains in 

the specific binding and stability. Domain III was found crucial for 

specific receptor binding, while the contribution of Domains IV and V 
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could not be ruled out, as their absence prevented binding to functional 

receptors. Furthermore, the absence of Domain I resulted in a lack of 

stability against proteases. 

Finally, in Chapter 5 we explored Vip3Aa's ability to bind lipids 

extracted from the midguts of Spodoptera spp. larvae and standard lipids 

commonly found in cellular membranes. Vip3Aa showed affinity for 

phosphosphingolipids and glycosphingolipids, suggesting a potential 

two-step binding mechanism in which an initial interaction with 

membrane lipids would facilitate proximity and binding to specific 

receptors mediating toxicity. 

In summary, this thesis identifies several structural aspects essential for 

Vip3Aa’s function: tetramerization is crucial for stability, receptor 

binding, and toxicity; Domain I is central to the conformational change 

required for the insecticidal activity, while Domains IV and V influence 

binding to functional receptors; the protein's activated conformation is 

not determinant for receptor binding but is essential for membrane 

insertion and toxicity; additionally, Vip3Aa's interaction with 

membrane lipids may facilitate its approach to specific receptors, 

suggesting a complex mode of action that warrants further study to 

enhance its agricultural applications. 
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I. Agricultural pests 

 

Globally, agricultural land encompasses approximately 5 billion 

hectares, accounting for 37% of the Earth's land surface. Of this, about 

11% is dedicated to crop production and the remaining 26% is used as 

pasture for livestock (FAO, 2024). The global cropland base faces 

mounting pressure to meet the food demands of a growing population, 

projected to reach 10 billion by 2050 (United Nations, 2024). This 

increasing population drives higher food demand and intensifies the 

strain on finite land resources. Consequently, agricultural systems must 

become more efficient, primarily through intensification (increased crop 

yields) and, to a lesser extent, extensification (expansion of cropland) 

(Sands et al., 2023). In this context, agricultural pests present a critical 

challenge, causing annual losses of 20% to 40% of global crop 

production (FAO, 2024). Plant diseases incur global economic costs of 

approximately $220 billion each year, while invasive insects account for 

$70 billion, as reported by the Food and Agriculture Organization of the 

United Nations. Addressing these issues with effective pest control 

strategies is therefore an urgent priority to sustain current and future 

food consumption needs. 

 

I.1 The Spodoptera genus  

 

The Spodoptera genus, commonly known as armyworms owing to the 

gregarious behavior of their larvae (Fitzgerald and Costa, 1999), 

comprises several lepidopteran species widely recognized as major 

global pests. These insects have become major invaders, colonizing 

multiple continents outside their native range (Allen, 2022; Kergoat et 
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al., 2021). Their larvae are extremely polyphagous, causing extensive 

damage by feeding on a wide range of crops, grasses and vegetables, 

resulting in significant financial losses for agriculture globally (Allen, 

2022; Pogue et al., 2002; Sharma et al., 2017). In this thesis, two different 

species of the genus have been used as a model to study the mode of 

action of the Vip3Aa insecticidal protein. 

 

Spodoptera exigua 

S. exigua (Lepidoptera: Noctuidae) (Hübner, 1808), is commonly known 

as the beet armyworm. This pest originated in South Asia and is 

nowadays widely distributed, affecting crop production in Africa, Asia, 

Australia, America and the south of Europe. It affects many 

horticultural and ornamental crops including vegetables, cotton, corn, 

beans, tobacco, alfalfa, flowers, and fruit trees (Azidah et al., 2006; Kranz 

et al., 1978; Mehrkhou et al., 2012; Saeed et al., 2010; Showler et al., 2001). 

The life cycle of this lepidopteran is divided in four different stages: (1) 

egg, (2) larvae (with five different larval instars), (3) pupa, and (4) the 

adult moth (imago) (Figure I1). 

 

Spodoptera littoralis 

S. littoralis (Lepidoptera: Noctuidae) (Boisduval, 1833), is commonly 

known as the Egyptian cotton leafworm. It is native to Sub-Saharan 

Africa, and is one of the most destructive agricultural pests in 

subtropical and tropical areas, being widely distributed throughout 

Africa, Mediterranean Europe and the Middle East. It feeds on a wide 

range of commercial and ornamental crops such as: corn, cotton, 

tomato, pepper, potatoes, artichoke, cabbages, banana, celery, lucerne, 
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mint and watercress (Allen, 2022; EFSA, 2015; Hosny et al., 1986; Sallama 

et al., 1971). The life cycle of this lepidopteran is divided in four different 

stages: (1) egg, (2) larvae (with six different larval instars), (3) pupa, and 

(4) the imago (Figure I1). 

 

II. Bacillus thuringiensis general aspects and applications 

Bacillus thuringiensis (Bt) (Firmicutes: Bacillaceae) (Berliner, 1915), was 

first identified in 1902 by Japanese biologist Shigetane Ishiwata, who 

discovered it in dead silkworms (Bombyx mori) (Lepidoptera: 

Bombycidae) (Linnaeus, 1758) suffering from a previously unknown 

disease affecting the silk industry. Ishiwata initially named it “Sottokin-

Bacillus” which translates into English as “Sudden-death Bacillus” 

(Ishiwata, 1901, 1905). Shortly after, in 1911, German biologist Ernst 

Berliner isolated Bt from infected chrysalids of the Mediterranean flour 

moth (Ephestia kuehniella) (Lepidoptera: Pyralidae) (Zeller, 1879) from 

Figure I1. Life stages of Spodoptera spp. S. exigua eggs and adult moth photos by 

Kansas State University, Department of Entomology (entomology.k-state.edu) larva 

photo by Jeff Gore, pupa photo by Oregon State University (uspest.org). S. littoralis 

eggs photo by Nigel Cattlin, larva photo by Biologische Bundesanstalt für Land-und 

Forstwirtschaft (bugwood.org), pupa photo by Manuel Ramírez Mogrera, adult 

moth photo by Koppert España (koppert.es). 
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the province of Thuringe, describing the bacterium and naming it after 

the German region as “Bacillus thuringiensis” (Berliner, 1911, 1915).  

Bt is a gram-positive and endospore-forming bacterium that belongs to 

the Bacillus cereus group (Figure I2). It is a ubiquitous microorganism, 

its spores can be found in a wide variety of environments including soil, 

dead and living insects, stored grains and stagnant water surfaces. 

While the persistence of Bt in soil and on leaf surfaces is debated, the 

bacterium does not require insects to multiply, therefore being 

considered as an opportunistic pathogen (de Maagd et al., 2001; Dubois 

et al., 2012; Martin, 1994).  

Figure I2. Bacillus thuringiensis phase photomicrographs of vegetative cells (a) 

and spores (b) at 1000X. Transmission electron micrographs of longitudinal sections 

of B.thuringiensis towards the end of sporulation, showing the spore (black ovoid 

structure) and the toxins with insecticidal properties (c), that accumulate to form a 

large bipyramidal crystal inclusion (d). Figure modified from Sanchis et al. (2011). 
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Bt produces a variety of proteins which are toxic to different 

invertebrates with high specificity, reason why it has been widely 

utilized as a microbial pest control agent (MPCA) for controlling 

agricultural pests, being Bt products the most widely used MPCAs 

globally (Deshayes et al., 2017; Lacey et al., 2015; Trajković and Žikić, 

2023). Bt’s broad insecticidal spectrum, minimal effects on non-target 

organisms, safety for consumers, and low environmental impact make 

Bt products an ideal tool for crop protection within Integrated Pest 

Management (IPM) systems (Belousova et al., 2021; Betz et al., 2000; 

Deshayes et al., 2017). Especially given their compatibility with other 

crop management strategies, such as biological control using natural 

enemies (Koller et al., 2023; Trajković and Žikić, 2023). The first 

commercial Bt biopesticides were developed between the 1930s and 

1960s. However, after World War II, the widespread use of synthetic 

pesticides began as agricultural systems intensified (Alexandratos and 

Bruinsma, 2012; Sanchis, 2011). The overuse of chemical pesticides led 

to environmental contamination, health issues, and the appearance of 

resistance in insect populations, prompting the search for more 

sustainable agricultural solutions. In this context, efforts to develop new 

MPCAs or expand their applications have grown in recent decades to 

support more sustainable agriculture. 

Plant genetic engineering has given a tremendous boost to pest control 

with the introduction of cry genes from Bt coding for Cry insecticidal 

proteins into plants (so called Bt-crops) since the 1990s, conferring them 

protection against the attack of insects (James, 1997; Estruch et al., 1997; 

Gassmann and Reisig, 2023; Shelton, 2012). Nowadays, Bt-crops 
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constitute a key component in agriculture and are found in over 20 

countries distributed across the globe, mainly in North and South 

America, South and East Asia and Australia (ISAAA, 2024). They are 

commercially developed and planted in approximately 101 million 

hectares worldwide and represent more than 50% of the global 

genetically modified (GM) crops cultivated area (ISAAA, 2024; James, 

2015, 2017; Moar et al., 2017).  

Beyond its role as an insect pathogen, additional applications have been 

attributed to Bt (Jouzani et al., 2017; Kumar et al., 2021). For instance, Bt 

has been shown to promote plant growth as a rhizobacterium 

(Azizoglu, 2019) and has gained interest in medicine for its parasporins, 

which exhibit strong activity against human cancer cell lines (Santos et 

al., 2022). In addition to these, other Bt industrial applications include 

bioremediation of heavy metals (Wróbel et al., 2023), biosynthesis of 

silver nanoparticles (Banu et al., 2014), and production of 

polyhydroxyalkanoate biopolymers (Singh et al., 2013). 

 

III. Bt insecticidal proteins 

Among the insecticidal proteins produced by B. thuringiensis, the most 

well-known and widely utilized are the Cry proteins which conform 

parasporal crystalline inclusions that are formed during the stationary 

growth phase of the bacterium (Figure I2) and target a wide range of 

insect orders including Lepidoptera, Diptera, Coleoptera, Hymenoptera 

and Hemiptera, as well as certain species of nematodes (Rhabditida) 

(Crickmore et al., 2024; Palma et al., 2014) (Figure I3).  



INTRODUCTION 

67 
 

Other commercially important Bt proteins are Vip proteins, which are 

toxic against many Lepidopteran pests (Chakroun et al., 2016a; 

Crickmore et al., 2024; Schnepf et al., 1998) (Figure I3).  Other types of Bt 

toxins include Xpp proteins, toxic against Lepidoptera, Hymenoptera, 

Coleoptera and Rhabditida. Mpp proteins, active against Lepidoptera 

and Coleoptera. Vpa and Vpb proteins, toxic against Hemiptera and 

Coleoptera. Cyt and Tpp proteins, toxic against Diptera and Coleoptera. 

Sip and Gpp proteins with activity against Coleoptera, and App 

proteins which are toxic against Rhabditida (Crickmore et al., 2024; 

Palma et al., 2014) (Figure I3). Besides these proteins, Bt also produces 

several broad-spectrum virulence factors, including α- and β-exotoxins, 

hemolysins, enterotoxins, chitinases, and phospholipases, all 

contributing to Bt's necrotrophic nature (de Maagd et al., 2001; 

Malovichko et al., 2019). 

Figure I3. Host spectrum of Bt proteins according to invertebrate order. 

Information on toxicity adapted from Palma et al. (2014). Updated nomenclature of 

proteins according to Crickmore et al. (2021). 
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III.1. Vegetative insecticidal proteins (Vip) 

Despite the success of Bt-crops expressing Cry proteins, some important 

insect pests have shown to be recalcitrant and the evolution of resistance 

to these proteins prompted the search for alternative insecticidal 

proteins (Bravo et al., 2023; Downes and Mahon, 2012; Storer et al., 2012; 

Tabashnik and Carrière, 2019). In this context, screening programs were 

started with the aim to find novel insecticidal proteins. Vip proteins 

were described in the late 90s in a screening focused on the search for 

insecticidal proteins produced before sporulation (Estruch et al., 1996). 

In contrast to Cry proteins that accumulate in the parasporal crystal, Vip 

proteins are secreted to the culture media during the vegetative growth 

phase, and their name “Vip” is an acronym from “Vegetative 

Insecticidal Protein”. However, the notion that Vip proteins are entirely 

secreted to the media has recently been challenged by a study 

suggesting the potential retention of Vip3Aa molecules within the 

mother cell (Wang et al., 2021).  

In Estruch et al. (1996), three different protein families were described, 

Vip1 and Vip2 were isolated from a Bacillus cereus strain and were active 

against Diabrotica spp. (Coleoptera: Chrysomelidae) (Estruch et al., 1996). 

Whereas the third family, Vip3 proteins, were isolated from culture 

supernatants of B. thuringiensis strains highly toxic to Agrotis ipsilon 

(Lepidoptera: Noctuidae) (Hufnagel, 1766) and other lepidopterans 

(Estruch et al., 1996). These new insecticidal proteins, Vip1, Vip2 and 

Vip3, were given names according to the Bt Toxin Nomenclature 

Committee, which classified insecticidal proteins mainly based on 

amino acid sequence similarity (Crickmore et al., 1998). However, more 
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recently, a new nomenclature has been proposed based not only on the 

previous criteria but also based on structural features (Crickmore et al., 

2021). In this new nomenclature system, Vip1 and Vip2 are now named 

Vpa and Vpb respectively, whereas the use of the name “Vip” is 

restricted just to the previously named Vip3 proteins (Crickmore et al., 

2021). Vip proteins are classified into three different subfamilies based 

on their sequence homology: Vip3A, Vip3B and Vip3C. Among them, 

Vip3A is the most studied and widely used in pest control. In turn, 

Vip3A subfamily comprises several subtypes, such as Vip3Aa, Vip3Ab 

and Vip3Ac, with up to 95% sequence identity.  

 

III.1.1. Vip insecticidal spectrum 

Among Vip proteins, Vip3A show strong insecticidal activity against 

many lepidopterans (Chakroun et al., 2016a). Figure I4 shows a 

qualitative classification of some important agricultural pests according 

to their susceptibility to Vip proteins. In general, Vip3Aa, Vip3Ac, 

Vip3Ae, Vip3Af and Vip3Ag are active against most species tested, 

whereas Vip3Ab, Vip3B and Vip3C have activity against a limited 

number of them and Vip3Ad has no activity to any of the species tested. 

Figure I4. Toxicity of Vip proteins. Only insect pests tested against at least 3 different 

Vip proteins are included. Data was extracted from BPPRC (https://www.bpprc.org). 

Toxicity is indicated as strong when LC50 is < 500 ng/cm2, mL or mg (green circles), 

moderate (yellow circles, with LC50 > 500 ng/cm2, mL or mg), and non-active (red). 
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III.1.2. Vip structure  

Several conclusions can be drawn after alignment of Vip3A, Vip3B and 

Vip3C sequences (Figure I5). First of all, the N-terminal (N-t) part of the 

protein is highly conserved and contains a signal peptide responsible 

for the secretion of the protein, similar to other signal peptides 

described for Bacillus genus (a number of positively charged amino 

acids followed by a hydrophobic region) that ranges from 11 to ∼30 

amino acids in Vip3Aa (Doss et al., 2002; Estruch et al., 1996; Palma et al., 

2012; Rang et al., 2005; Sauka et al., 2013; Sellami et al., 2018; Zhang et al., 

2022). Unlike most secreted proteins, the signal peptide region is not 

processed during Vip export (Chen et al., 2003; Doss et al., 2002; Estruch 

et al., 1996) and it has been recently reported that it is crucial for Vip3Aa 

secretion via membrane vesicles (Zhang et al., 2022). On the contrary, 

the C-terminal (C-t) part of the protein is the most variable part among 

Vip proteins. In the majority of the Vip members the sequence of the C­t 

half reveals a predicted carbohydrate binding module (CBM), generally 

present between amino acid positions ∼535 to ∼670 (Boonyos et al., 2021; 

Chakroun et al., 2016a; Chi et al., 2019; Sellami et al., 2018). It is also worth 

noting that there is a highly conserved trypsin processing site around 

amino acid residue 200, which splits the protein in two main fragments 

of 19 kDa and 65 kDa that remain attached after cleavage (Banyuls et al., 

2018; Bel et al., 2017; Chakroun and Ferré, 2014; Quan and Ferré, 2019; 

Zack et al., 2017). At the N-t of Vip proteins, there is also a conserved 

cleavage site (R⁎ALPSF) which is responsible for the removal of the first 

10–20 amino acids during the proteolytic processing of the protein (Zack 

et al., 2017). 
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Figure I5. Multiple sequence alignment of the Vip family. Sequence identity is indicated 

using colours, where dark blue is 100–80% sequence identity, cobalt blue is 80–70%, light 

blue is 70–40% and white is < 40%. Structural domains are highlighted in coloured boxes. 

Secondary structure assignments refer to the Vip3Aa protoxin structure. SP, signal peptide. 

Figure modified from Núñez-Ramírez et al. (2020), published as supplementary 

information. 
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The Vip3Aa protein structure was recently solved at the near-atomic 

level by cryo-electron microscopy (cryo­EM) (Núñez-Ramírez et al., 

2020), confirming that it assembles into highly stable tetramers in 

agreement with previous reports (Zack et al., 2017; Kunthic et al., 2017; 

Palma et al., 2017; Quan and Ferré, 2019). The 3D reconstruction of the 

protoxin revealed that the tetramer is in fact a dimer of dimers with a 

pyramid-shaped structure where the N-t region forms the core and apex 

of the molecule, and the C-t domains are exposed to the solvent (Figure 

I6) (Núñez-Ramírez et al., 2020).  

Figure I6. Protoxin structure of Vip3Aa. (a) Two orthogonal views of the protoxin with 

monomers coloured differently. Yellow stars indicate main trypsin cleavage site. 

Unsharpened EM maps are shown on the left. (b) Primary structure of Vip3Aa with 

domains organization. (c) Vip3Aa is formed by two types of monomers, outer (left), and 

inner (right), that exhibit a ~90° rotation of the α2–α3 helical bundle. (d) Vip3Aa protoxin 

tetramer coloured according to domain organization. Two orthogonal views of the EM 

reconstruction are shown on the right. Figure from Núñez-Ramírez et al. (2020). 
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The cryo-EM structure also confirmed that the Vip3Aa protein is 

composed of five distinct domains (Figure I6b–d) in agreement with 

earlier predictions (Quan and Ferré, 2019). The N-t domains I and II 

adopt secondary structure with α-helical folding whereas the C-t 

domains III-V show -sheet folding (Figure I6) (Núñez-Ramírez et al., 

2020). Domain I extends up to the primary proteolytic site (K195) (Bel et 

al., 2017; Zhang et al., 2018) and contains four α-helices (α1–α4). The first 

helix is highly amphipathic and the second and third helices form an 

antiparallel bundle that adopts a different configuration in the outer and 

inner monomers (chains A, C and B, D respectively) (Figure I6c). 

Specifically, the variable length of the α1–α2 loop allows α2 and α3 of 

the internal monomers to rotate ∼90° compared with the external 

subunits (Núñez-Ramírez et al., 2020). This leads to the formation of an 

eight-helix bundle that protrudes from the tetrameric core of the 

protoxin molecule (Figure I6a, d). Domain II (residues 200-325) starts 

immediately after the trypsin cleavage site, which is located in a fully 

exposed loop that connects helix α4 and α5 (Figure I6c). This second 

domain is composed of five α helices and embodies the core of the 

tetramer (Figure I6d), playing an important structural role stabilizing 

the tetramer mainly through two extended loops (comprising residues 

221–226 and 239–247, respectively) that project towards the adjacent 

subunit of the oligomer (Núñez-Ramírez et al., 2020). The C-t region of 

the protein is composed of three globular domains that are mostly 

solvent exposed and do not show interactions between different 

monomers (Núñez-Ramírez et al., 2020), existing a minimum separation 

gap of ~14 Å between neighbouring monomers (Figure I6d). Domain III 
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comprises residues 328–532 and contains three antiparallel β-sheets that 

form a β-prism fold with high structural similarity to the -prism 

domain found in members of the Cry family, which has been associated 

to the binding function of these other insecticidal proteins (Figure I7a) 

(Bravo et al., 2023; Li et al., 1991; Núñez-Ramírez et al., 2020). This third 

domain of the Vip3Aa, interacts and clamps the N-t helix α1 of Domain 

I (residues 14–23), against the core of the tetramer (Núñez-Ramírez et 

al., 2020) (Figure I7b). The last two domains Domain IV (residues 536–

668) and Domain V (681-789), bear similar CBM folds and are connected 

by a long linker (Núñez-Ramírez et al., 2020). The DALI server (Holm 

and Sander, 1995) revealed that they show structural similarity to 

CBM16 modules present in glycoside hydrolases (Bae et al., 2008), often 

found in tandem to increase affinity of these enzymes for 

polysaccharides (Borastom et al., 2004). Domains IV and V show a high 

flexible nature maintaining the putative glycan binding sites exposed to 

the solvent (Núñez-Ramírez et al., 2020) (Figure I7c). 

Figure I7. The C-terminal domains contain motifs found in other toxins. (a) Domain 

III forms a β-prism fold similar to that found in Domain II of the Cry toxins. (b) The 

N­t helix 1 of the four monomers (red) is inserted into a groove formed between 

Domain III (green) and the core of the particle. (c) Superposition of domains III, IV and 

V, docked into the three most distant positions found in the focused 3D classification, 

showing the flexibility of these domains in the Vip3Aa reconstruction. Figure modified 

from Núñez-Ramírez et al. (2020). 
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The resolution of the structure of Vip3Aa after trypsin incubation 

revealed that the proteolytic processing at the primary site triggers a 

large molecular reorganization of the protein (Núñez-Ramírez et al., 

2020) where the four monomers adopt an identical conformation 

arranged around the fourfold symmetry axis of the particle (Figure I8a), 

and confirmed that the cleaved fragments remain tightly associated. 

Interestingly, although the efficiency of the tryptic digestion was 

elevated (>95% according to the SDS-PAGE gel), approximately 30% of 

the molecules maintained a configuration similar to that of the 

undigested sample (protoxin conformation from now on). However, the 

majority of the particles (~70%) adopted a syringe-like structure 

(activated protein or toxin conformation from now on) (Núñez-Ramírez 

et al., 2020).  

The activated conformation of Vip3Aa shows the same domain 

organization described for the protoxin, and domains II–V maintain a 

similar global architecture (Figure I8b). However, Domain I suffers a 

large conformational change that remodels the helix-bundle conforming 

the apex of the pyramid in the protoxin into a ~200 Å-long extended 

stalk in the activated protein (Núñez-Ramírez et al., 2020). During this 

remodelling, the three antiparallel N-t helices α2–α4 undergo a set of 

rotations, to form a long continuous helix that assembles into a parallel 

four-helical coiled-coil that extends for 160 Å in the activated Vip3Aa 

tetramer (Figure I8c), with an average internal radius of 1.46 Å (Núñez-

Ramírez et al., 2020). This coiled-coil is relatively ordered starting at α2 

(~D45) but has a flexible end formed by the most N-t region of the 

protein, the helix α1 (Figure I8c). The length of this helix matches the 
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width of the membrane (Hildebrand et al., 2004), which together with 

its highly amphipathic nature, suggest that it could become ordered in 

contact with the lipid bilayer to form a four-helix bundle which could 

transport protons and divalent metals through the membrane as has 

been reported for other structurally similar proteins such as influenza 

M2 protein (Cady et al., 2010; Hong et al., 2012; Joh et al., 2014; Wang et 

al., 2009).  

 

 

 

Figure I8. Molecular architecture of the trypsin activated Vip3Aa. (a) Two 

orthogonal views of the Vip3Aa toxin show that the four monomers are organized 

around a central pore. The different monomers have been coloured as in Figure I5a. 

Yellow stars indicate the position of the trypsin cleavage site. (b) Similar views of 

the Vip3Aa protoxin and activated toxin conformations coloured by domain 

organization as in Figure I5b. Domains are labelled as D-I-V. (c) The α-helices that 

comprise Domain I undergo a large reorganization that leads to the formation of an 

extended coiled-coil. The four helical bundle is ordered starting from residue ~45 

and the most N-t region appears to be flexible. Figure modified from Núñez-

Ramírez et al. (2020). 
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Classic coiled-coils are structures with repeating patterns where certain 

positions correspond to hydrophobic residues (Crick, 1952, 1953). In the 

Vip3Aa protein, while most residues at these positions are hydrophobic 

(~80%), some are polar, with asparagine being the most common 

(Núñez-Ramírez et al., 2020). These hydrophilic residues, called N@d 

layers, can bind ions or water molecules in the central cavity of the 

tetrameric coiled-coil (Hartmann et al., 2009; Tarbouriech et al., 2000). 

Interestingly, in the case of Vip3Aa, a cluster of four symmetry related 

asparagines (N163) likely binds a divalent ion, that was assigned to a 

magnesium ion based on the buffer composition (Núñez-Ramírez et al., 

2020). 

In addition to the structure of Vip3Aa, three other structures of Vip 

proteins have been reported at the atomic level. The structure of a Vip3B 

protoxin and two truncated constructs of Vip3B and Vip3Aa lacking 

Domain I were solved by X-ray crystallography (Zheng et al., 2020; Jiang 

et al., 2020a). The lack of Domain I resulted in dimer formation instead 

of tetramers, pointing to the necessity of Domain I for the correct 

oligomerization of these proteins.  

The structure of Vip3Bc was also solved by cryo-EM both as protoxin 

and trypsin-activated toxin (Byrne et al., 2021), revealing a significant 

structural similarity between Vip3Bc and Vip3Aa in both 

conformations. In addition, cryo-electron tomography (cryoET) allowed 

the visualization of how the activated Vip3Bc protein partially inserted 

into artificial liposomes via the N-t region (Figure I9a, b) and suggested 

that the helical bundle in the coiled-coil structure forms a pore of ~5 Å 

that could shuttle small ions, altering membrane permeability (Byrne et 
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al., 2021). These results also indicated that receptor binding is not 

required for membrane insertion and pore formation, since activated 

Vip3Bc was able to insert into large unilamellar vesicles (LUVs) of 

artificial composition (DOPC:DOPE, 6:4), allowing for the measurement 

of membrane permeability and ion transport (Figure I9c).  

 

Altogether, the obtaining of high-resolution structures of Vip proteins 

has confirmed previous hypotheses suggesting that the N-t region is 

involved in toxicity via membrane interaction, while the C-t region 

might play a role in receptor-binding functions (Banyuls et al., 2018; 

Quan and Ferré, 2019; Chakroun et al., 2016a).  

 

Figure I9. Vip3Bc activated protein insertion and pore formation in artificial 

liposomes. (a)Cryo-ET shows interaction of activated Vip3Bc1 (coloured) with the 

unilamellar vesicle (DOPC:DOPE, 6:4) (white). Images inset show section through the 

tomogram of the matching particle in segmentation. Scale bar 20 nm. (b) scaled 

comparison between segmented density for a single particle in the tomogram, with 

5 nm scale bar (bi) compared to activated Vip3Bc1 model (bii) and with an overlay 

showing that the stalk density fits the 4-helix bundle well (biii). The helical stalk 

modelled in activated Vip3Bc1 does not account for all of the stalk density observed 

in the sub-volume, suggesting membrane insertion. (c) CF dye release from LUVs 

upon addition of ActVip3Bc1 (red) and ProVip3Bc1 (grey). Plotted data represents the 

mean and the error bars the standard deviation of the measurements from three 

independent replicates. Figure modified from Byrne et al. (2021). 
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III.1.3. Vip proteins mode of action 

Most studies on the mode of action have been performed using mainly 

Vip3Aa proteins, whereas there is limited information on other Vip 

proteins. It is generally accepted that Vip exert their toxic action in the 

following sequence of events: they are secreted into the medium as 

soluble protoxin forms which self-oligomerize into tetramers. After 

ingestion by the larvae, the proteins are processed by midgut proteases 

in the lumen, thereby facilitating the transition from the inactive to the 

active form. Once processed, they cross the peritrophic matrix (PM) and 

reach the brush border membrane (apical membrane) of midgut 

epithelial cells where they bind to specific receptors. This leads to 

membrane insertion and pore formation and/or other mechanisms 

causing cell death (Figure I10).  

Figure I10. Proposed mode of action of Vip proteins. After ingestion (1), the full-length 

protoxin is proteolytically processed (2) and crosses the peritrophic matrix either in 

protoxin or activated conformation (3). Both scenarios are represented as it is not clear 

when the conformational change of the proteolytically-processed protein takes place. 

Then, the protein binds to receptors on the apical membrane of gut cells, followed by 

membrane insertion (4) and eventually the insect death (5). 
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III.1.3.1. Proteolytic processing  

For other Bt proteins such as Cry proteins, it has been reported that 

different susceptibilities among insect species can be correlated with 

proteolytic processing capability (Abdelgaffar et al., 2019). Similar 

studies have been carried out with Vip3A proteins, showing that the 

rate of protoxin processing into the active form accounts for differences 

in toxicity to several insect species (Abdelkefi-Mesrati et al., 2011; Caccia 

et al., 2014; Chakroun et al., 2012; Gomis-Cebolla et al., 2017; Jiang et al., 

2023a; Sun et al., 2025). Vip proteins can be processed in vitro by the gut 

fluids of different non susceptible insects, rendering the expected 

activated form (Chakroun et al., 2012; Gomis-Cebolla et al., 2017; Lee et 

al., 2003) which is toxic when fed to susceptible insects (Yu et al., 1997). 

Therefore, as for Cry proteins, proteolytic activation of Vip proteins is a 

necessary step in the mode of action but not sufficient to cause toxicity 

in vivo. 

Nowadays, there is agreement regarding the essential role of the five 

domains of Vip proteins in insect toxicity. However, previously there 

was a significant debate regarding which was the minimal fragment 

required for toxicity. Early studies claimed that the Vip3A toxic core 

was contained within a fragment ranging from 62 to 70 kDa (Abdelkefi-

Mesrati et al., 2011; Ben Hamadou-Charfi et al., 2013; Gayen et al., 2012; 

Lee et al., 2003, 2006; Li et al., 2007; Liu et al., 2011). However, some 

studies with deletions in the N-t pointed out that the integrity of the 20 

kDa fragment beyond residue 39 was needed for toxicity (Li et al., 2007; 

Selvapandiyan et al., 2001). Later, it was shown that the 20 kDa fragment 

remains strongly attached to the main fragment (62–70 kDa) after 
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activation by proteases (Bel et al., 2017; Chakroun and Ferré, 2014; Quan 

and Ferré, 2019; Zack et al., 2017). Finally, the resolution of the activated 

protein structure suggested the essential role that the N-t part of the 

protein (Domain I) might play in Vip toxicity (Byrne et al., 2021; Núñez-

Ramírez et al., 2020).  

It is important to note that several studies have shown that Vip proteins 

may have different modes of action depending on whether they are 

activated or not. It has been proposed that activated Vip proteins are 

able to insert into the membrane and induce pore formation (Byrne et 

al., 2021; Lee et al., 2003; Liu et al., 2011), causing the larval death. On the 

other hand, studies carried out with cultured insect cells (ex vivo assays) 

have shown that Vip3A protoxins are toxic to cells, inducing apoptosis 

after being internalized (Hou et al., 2020; Jiang et al., 2016; Nimsanor et 

al., 2020). However, a small fraction of activated Vip3Aa protein was 

detected after incubation of Vip3Aa protoxin with Sf9 cells (Jiang et al., 

2018a). Therefore, the presence of some activated Vip3Aa in other 

experiments performed with cultured insect cells cannot be excluded. 

 

III.1.3.2. Interaction with the peritrophic matrix 

The PM is a semi-permeable acellular structure composed mainly of 

chitin, proteins and glycoproteins (Terra, 2001). Besides improving 

digestion, it protects the epithelium from mechanical abrasion, 

pathogens and/or their virulence factors (Erlandson et al., 2019). For 

other Bt toxins such as Cry1Ac, it has been reported that the passage 

through the PM is restricted via protein entrapment by binding to 

glycosylated proteins and chitin (Hayakawa et al., 2004). However, 
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retention by the PM does not necessarily correlate with a lack of Cry 

proteins toxicity (Bravo et al., 1992; Denolf et al., 1993; Aranda et al., 

1996). In the case of Vip proteins, early histopathological observations 

suggested that the PM did not provide an efficient barrier for the Vip3A 

toxin in susceptible insects (Yu et al., 1997). However, no direct 

information was available about this step until a recent study showing 

that Vip3Aa proteins bind to the PM via Domain V (Jiang et al., 2023b). 

The authors proposed that this interaction contributes to Vip3Aa 

insecticidal activity, though it is not clear the mechanism by which this 

interaction can enhance toxicity. In addition, glycan array assays with 

purified biotin-labelled Vip3Aa indicate that it is able to bind chitin and 

chitosan, major components of the PM, as well as Lacto-N-tetraose and 

several monosaccharides including 6-deoxy-hexose, D-Fucose, 

L­Fucose and and L-Rhamnose (Jiang et al., 2020b). Binding to these 

glycan molecules could explain the interaction of the protein to the PM, 

most likely through the CBM modules found in Domains IV and V.  

 

III.1.3.3. Binding to the midgut epithelium 

After crossing the PM, Vip proteins bind to their specific midgut 

receptors. It is generally accepted that this interaction eventually leads 

to cell death either by forming pores in the midgut cells or through other 

mechanisms that are discussed in more detail below. Binding of Vip 

proteins to the midgut epithelial cells has been extensively described by 

different approaches, including histological sections of the midgut 

probed with antibodies (Chakroun and Ferré, 2014; Yu et al., 1997), 

ligand blots of brush border membrane vesicles (BBMV) (Lee et al., 2003, 
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2006) and in vitro quantitative binding analysis using labelled proteins 

and BBMV (Chakroun and Ferré, 2014; Gomis-Cebolla et al., 2017; Lee et 

al., 2003, 2006; Quan et al., 2021a; Sena et al., 2009). In vivo 

immunolocalization of Vip proteins in the midgut of intoxicated larvae 

showed binding to the brush border membrane of midgut cells (Figure 

I11), confirming that midgut is the target site for these proteins 

(Chakroun and Ferré, 2014; Yu et al., 1997).  

 

Specific binding to BBMV was shown for the first time using biotin-

labelled Vip3Aa (Lee et al., 2003). As well as for Cry proteins, binding 

was proven necessary though not sufficient for toxicity, as Vip3A 

proteins also bind specifically to BBMV from non-susceptible insects 

(Gomis Cebolla et al., 2017; Lee et al., 2003). Quantitative binding 

parameters have been obtained using 125I labelled Vip3Aa, Vip3Af, and 

Figure I11. Immunolocalization of Vip3Aa in midgut tissue sections (10 μm) after 

in vivo ingestion by Spodoptera frugiperda larvae. Binding of Vip3Aa was revealed 

by Alexa Fluor-conjugated secondary antibody (green signal) using fluorescence 

microscopy. Nuclei were stained with DAPI (blue), and the apical and the basal 

membranes were stained with phalloidin (red). Magnification × 400. (Left) Larvae 

not exposed to Vip3Aa; (Right) larvae that ingested Vip3Aa. BM, basal membrane; 

AM, apical membrane; L, gut lumen. White arrows show the Vip3Aa protein bound 

to the midgut apical membrane. Figure from Chakroun and Ferré, (2014). 
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Vip3C proteins with BBMV from several insect species (Chakroun and 

Ferré, 2014; Chakroun et al., 2016b; Kahn et al., 2018; Pinos et al., 2020; 

Quan et al., 2021a; Quan et al., 2021b). Interestingly, both equilibrium 

dissociation constants (Kd) and the concentration of binding sites (Rt) are 

higher (around 10-fold) than the ones obtained for Cry proteins 

(Chakroun and Ferré, 2014), suggesting lower binding affinity and a 

higher number of binding sites. 

The lack of shared binding sites among different insecticidal proteins 

makes them appropriate to be used in combination in transgenic crops 

and in spray products, even when the molecular identities of their 

surrogate receptors are not known (Jakka et al., 2015). A large number 

of independent studies have shown that Vip3A and Cry proteins do not 

share binding sites (Bergamasco et al., 2013; Chakroun and Ferré, 2014; 

Gouffon et al., 2011; Hamadou-Charfi et al., 2013; Lee et al., 2006; Liu et 

al., 2011; Quan et al., 2021a; Sena et al., 2009). Exceptionally, Bergamasco 

et al. (2013) reported partial competition of Cry1Ia for Vip3Aa-binding 

sites in Spodoptera eridania (Lepidoptera: Noctuidae) (Stoll, 1782). Within 

Vip proteins, all tested Vip3A proteins competed for the same binding 

sites, with no main differences in their binding affinity (Chakroun and 

Ferré, 2014; Quan et al., 2021a).  

Nowadays some putative Vip3Aa receptors have been proposed, 

including the ribosomal S2 protein (Singh et al., 2010), the scavenger 

receptor class C protein (SRCC) (Jiang et al., 2018b), the fibroblast 

growth factor receptor protein (FGFR) (Jiang et al., 2018a), the prohibitin 

2 (An et al., 2022), and a tenascin-like glycoprotein (Estruch and Yu, 

2001; Osman et al., 2018, 2019). It is important to note that all the putative 
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receptors, except the tenascin-like glycoprotein, have been identified 

from Spodoptera frugiperda (Lepidoptera: Noctuidae) (Smith, 1797) ovary 

derived cultured cell lines (Sf9 and Sf21 cells). The tenascin-like 

glycoprotein was characterized as a potential receptor for Vip3A 

proteins from BBMV of A. ipsilon, though its role as functional receptor 

has not been shown (Osman et al., 2018; Osman et al., 2019). The role of 

the S2, SRCC, FGFR and prohibitin 2 proteins as receptors of Vip3Aa 

has been validated using cell cultures (Jiang et al., 2018a; Jiang et al., 

2018b; An et al., 2022). Nevertheless, since the ribosomal S2 protein is 

not localized in the plasma membrane, it seems unlikely that this 

protein is a binding molecule for the membrane interaction of Vip3Aa. 

The role of SRCC and FGFR as Vip3A receptors has been challenged by 

a recent study (Shan et al., 2022) in which the authors showed that 

knocking out the genes encoding these two proteins using the 

CRISPR/Cas9 system on S. frugiperda larvae, did not alter susceptibility 

to Vip3Aa compared to that of the control strain. It is evident that more 

studies are necessary to shed light on the interacting membrane 

partners of Vip3A proteins. 

 

III.1.3.4. Mechanisms of toxicity  

The events that lead to toxicity after binding of Vip3A proteins to their 

specific receptors are not fully understood, though nowadays it is 

widely accepted that after insertion into the membrane Vip3A proteins 

produce osmotically-induced cell lysis by forming ion channels. 

However, additional mechanisms could also account for other aspects 

of toxicity, including the initiation of apoptosis (Jiang et al., 2016). Early 
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studies showed extensive damage to midgut cells when susceptible 

insects were fed with Vip3A proteins (Yu et al., 1997). The symptoms 

(cell swelling and lysis) matched what would be expected from the 

insertion of the protein into the cell membrane forming ion channels. 

Therefore, studies were undertaken to show the ability of Vip3A 

proteins to form pores on the membrane (Kunthic et al., 2017; Lee et al., 

2003; Liu et al., 2011). Using voltage clamping techniques, Lee et al. 

(2003) reported the formation of pores in dissected midguts of 

susceptible insects when incubated with trypsin-treated Vip3Aa, 

whereas the protoxin was unable to form pores. These early results 

showing that proteolytic activation was required for the pore forming 

activity was already evidencing that proteolytic processing is critical for 

the Vip3A mode of action. The trypsin-treated protein was unable to 

form pores in midguts from non-susceptible insects. The study also 

showed that the activated Vip3Aa made pores in planar lipid bilayers 

and that these were different from those formed by Cry1Ab based on 

the conductance stage and cation specificity (Lee et al., 2003). Trypsin-

activated Vip3Aa was also shown to form ion channels in BBMV from 

Helicoverpa armigera (Lepidoptera: Noctuidae) (Hübner, 1808) (Liu et al., 

2011) and permeabilize artificial liposomes (Kunthic et al., 2017). In dye 

release assays with unilamellar vesicles, activated Vip3Bc was much 

more efficient (more than 100-fold) than the unprocessed protein, and 

its insertion into the membrane of the liposomes was directly observed 

(Byrne et al., 2021).  

Although the pore formation mechanism of Vip3A proteins is well 

accepted, different data support the idea that the mechanism of toxicity 
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may not be limited to pore formation, and that other mechanisms may 

also account for Vip toxicity, such as endocytosis (internalization) and 

apoptosis. However, it is important to note that most of the research on 

these other mechanisms used the Vip3Aa protoxin rather than activated 

Vip3Aa and experiments were performed on cultured S. frugiperda 

ovary derived cells. Singh et al. (2010) reported for the first time the 

internalization of the Vip3Aa protoxin into Sf21 cells and suggested that 

this process may be involved in toxicity. Internalization of Vip3Aa was 

suggested after immunolocalization in S. frugiperda midgut tissue 

sections (Chakroun and Ferré, 2014). Finally, another study reported 

internalization, via receptor mediated endocytosis, of the Vip3Aa 

protoxin into Sf9 cells (Jiang et al., 2018b). The role of internalization on 

toxicity was validated using endocytosis inhibitors. Activated Vip3Aa 

was also shown to be internalized in Sf9 cells (Nimsanor et al., 2020). The 

authors suggested that after internalization, the activated Vip3Aa 

protein may interact with cytosolic proteins, leading the disruption of 

cell division that subsequently could trigger cell death via apoptosis. 

Apoptosis has been described as a cellular response mechanism after 

exposure to different pore forming toxins (Cancino-Rodezno et al., 2009; 

Galindo et al., 2004). Indeed, an early report proposed that Vip3Aa may 

trigger an apoptotic pathway after binding to its midgut receptors in 

susceptible insects (Estruch and Yu, 2001). More recently, it has been 

shown that Vip3Aa proteins promote apoptosis in Sf9 cells by 

mitochondrial dysfunction after being internalized (Jiang et al., 2016). 

The same group reported that Vip3Aa protoxin causes cell arrest at 

G2/M phase and induces apoptosis via disruption of mitochondrial 
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membrane potential and activation of Sf-caspase-1 (Jiang et al., 2016). 

Later, Hou et al. (2020), showed the importance of lysosomes in the 

apoptosis process. The Vip3Aa protoxin promotes mitochondrial 

dysfunction, accumulation of reactive oxygen species, and activation of 

two caspases (3 and 9). However, adding a caspase inhibitor (Z-VAD-

FMK) did not block the toxic effect of Vip3Aa protoxin to Sf9 cells, 

suggesting that other apoptosis-independent cell death mechanisms 

might be involved in toxicity (Hou et al., 2020). Interestingly, in vivo 

assays showed that apoptosis occurred in insect midgut epithelial cells 

from S. exigua larvae treated with sublethal concentrations of Vip3Aa 

and Vip3Ca, but not at lethal concentrations (Hernández-Martínez et al., 

2017). Therefore, whether apoptosis is involved in Vip toxicity or it is 

related to the host defence mechanisms needs further study. 

 

III.1.4. Vip expression in transgenic plants 

According to the GM Approval Database from the International Service 

for the Acquisition of Agri-biotech Applications (ISAAA), 67 events of 

maize, 15 events of cotton and 2 events of soybean containing vip3Aa 

genes have been approved for commercialization in several countries 

(ISAAA, 2024). Nowadays, Vip3Aa proteins constitute a valuable 

component of commercialized Bt-maize and Bt-cotton protected against 

insects (Gassmann and Reisig 2023; Gupta et al., 2021). Although a few 

events contain only the vip3Aa gene, most of them combine this gene 

with one or more cry genes. The introduction of various genes coding 

for insecticidal proteins with different specificity in the same transgenic 

crop is known as “gene pyramiding”. This strategy allows to expand the 
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target spectrum of Bt-crops and prevent the appearance of insect 

resistance (Carrière et al., 2015; Moar and Anilkumar, 2007; Tabashnik 

and Carrière, 2017).  

Besides maize, cotton and soybean, vip genes have been introduced in 

other crops such as cowpea, rice and sugar cane, conferring them high 

protection against insect pests (Bett et al., 2017; Riaz et al., 2020; Xu et al., 

2018), and it is expected that the number of crops carrying vip genes 

increases in the future. 

 

III.1.5. Evolution of Vip resistance 

Few cases of resistance to Vip proteins have been reported, primarily 

through laboratory selection (Barkhade and Thakare, 2010; Bernardi et 

al., 2016; Chakroun et al., 2016b; Jin et al., 2023; Liu et al., 2024; Mahon et 

al., 2012; Pickett et al., 2017; Quan et al., 2021b; Yang et al., 2018, 2020; 

Wang et al., 2022; Wen et al., 2023) and, consistently with their 

non­shared binding sites, these Vip3A resistant insects were not 

cross­resistant to Cry1 and Cry2 proteins or this was extremely low. In 

agreement, insects resistant to Cry1 or Cry2 proteins were not cross-

resistant to Vip3Aa or Vip3C proteins (Gomis Cebolla et al., 2018; 

Tabashnik et al., 2022; Qi et al., 2021; Niu et al., 2021; Jackson et al., 2007; 

Anilkumar et al., 2008; Welch et al., 2015; Vélez et al., 2013; Huang et al., 

2014; Fang et al., 2007).  

Studies estimating Vip3Aa resistance allele frequencies in field 

populations found that the appearance of major resistance alleles is not 

negligible (Bernardi et al., 2015; Lin et al., 2022; Mahon et al., 2012; Yang 

et al., 2013, 2018, 2020). In fact, an increase in Vip3Aa tolerance was 
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observed in Helicoverpa zea (Lepidoptera: Noctuidae) (Boddie, 1850) 

field populations in the US (Yang et al., 2021). The majority of Vip3A 

resistance cases have been identified as recessive and likely conferred 

by a single autosomal gene, however a recent report has identified 

potential multi-genic Vip3A tolerance (Pezzini et al., 2024). The 

underlying genetic mechanism of Vip resistance is unclear in most 

species, with a recent report of a midgut-specific chitin synthase 

(SfCHS2) gene being involved in Vip3A resistance in S. frugiperda (Liu 

et al., 2024). Besides chitin synthase, other resistance-associated genes 

have also been reported recently: a previously undescribed gene 

HaVipR1 was first identified in H. armigera (Bachler et al., 2024) and 

corroborated in S. frugiperda (Zhang et al., 2024), and the transcription 

factor SfMyb was reported in S. frugiperda (Jin et al., 2023). How these 

genes are involved in the resistance mechanism is still a matter of study.  

The primary mechanism of resistance to Cry proteins is altered midgut 

binding (Jurat-Fuentes et al., 2021). However, Vip3Aa-resistant strains 

typically exhibit no binding alterations (Chakroun et al., 2016b; Quan et 

al., 2021b; Pinos et al., 2020), except in one Vip3Aa resistant H. zea strain 

where reduced binding was observed (Kerns et al., 2023). Therefore, 

either the current Vip binding assays do not reflect binding to the 

functional receptors or resistance is generally due to the alteration of 

post-binding events. Also, two resistance cases reported in Spodoptera 

litura (Lepidoptera: Noctuidae) (Fabricius, 1775) and H. armigera were 

linked to slower protoxin activation kinetics (Barkhade and Thakare, 

2010; Chakroun et al., 2016b).  

 



 

 
 

  



 

 
 

 



 

93 
 

 

 

 
Objectives 

 
 
 
 
 
 
 
 
 
 
 





OBJECTIVES 

95 
 

The general objective of this thesis is to characterize the mode of action 

of the Bacillus thuringiensis Vip3Aa insecticidal protein, specially 

focusing in its binding to specific receptors in the midgut epithelium of 

Spodoptera spp., and the relevance of this binding for the toxicity. We 

have performed a structure-driven study of several aspects which might 

influence the binding of the protein to its midgut receptors. The specific 

objectives of the thesis are:  

OBJECTIVE 1. Evaluate the existence of shared binding sites among 

Vip proteins in the midgut of Spodoptera littoralis and the functionality 

of shared binding sites; 

OBJECTIVE 2. Evaluate the structural and functional role of Vip3Aa’s 

Domain I and the conformational change occurring after proteolytic 

activation for the insecticidal activity against Spodoptera exigua; 

OBJECTIVE 3. Determine whether binding of Vip3Aa to S. exigua 

specific and functional receptors is restricted to the activated 

conformation; 

OBJECTIVE 4. Study the role of the different structural domains of the 

Vip3Aa protein for the stability and the specific and functional binding 

to S. exigua; 

OBJECTIVE 5. Explore the ability of the Vip3Aa protein to bind lipid 

molecules extracted from Spodoptera spp. midgut cells, and standard 

lipids commonly found in cellular membranes. 
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I. Vip WT proteins, point mutations and truncated constructs 

 

Table M1 summarizes the information on the various Vip WT proteins, 

truncations, and mutations used, detailing their purposes and 

indicating the chapters where the corresponding results are presented. 

 

Table M1. Vip proteins used in the thesis 

Protein Information Uses Results 

Vip3Aa90 

WT 

NCBI Ac. No. 

AAW65132 

In vitro biding to S. littoralis (Sl)a BBMVb 
Chapter 1 

In vivo competition in Sl 

Toxicity bioassays in S. exigua (Se) c 
Chapter 2 

Structure visualization by NS-EMd 

In vitro digestion  

(Trypsin, Se gut juice and Se BBMV) 

Chapters  

2 and 4 

In vivo digestion in Se Chapter 2 

In vitro binding to Se BBMV with 

conformational mutants as competitors Chapter 3 

 In vivo competition with conformational 

mutants in Se 

In vitro binding to Se BBMV with 

truncated constructs competitors Chapter 4 

 In vivo competition with truncated 

constructs in Se 

Binding to Spodoptera spp. lipids 

and standard lipids 
Chapter 5 

Vip3Af1 WT 
NCBI Ac. No. 

CAI43275 

In vitro binding in Sl BBMV 
Chapter 1 

In vivo competition in Sl 

Vip3Ca2 WT 
NCBI Ac. No. 

AEE98106 

In vitro binding in Sl BBMV 
Chapter 1 

In vivo competition in Sl 

Vip3Aa DIP1 S164C L166C 
In vitro binding in Sl BBMV 

Chapter 1 
In vivo competition in Sl 

Vip3Aa DIP2 E168A 

In vitro binding in Sl BBMV 
Chapter 1 

In vivo competition in Sl 

In vivo competition in Se Chapter 3 

Vip2Af DIP E168A 
In vitro binding in Sl BBMV 

Chapter 1 
In vivo competition in Sl 

Vip3Ca DIP S164C L166C 
In vitro binding in Sl BBMV 

Chapter 1 
In vivo competition in Sl 
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Protein Information Uses Results 

Vip3Aa_M34L 

Gain of function, 

point mutation in 

helix α1 (Domain I) 

Toxicity bioassays in Se 

Chapter 2 In vitro digestion  

(Trypsin and Se gut juice) 

Vip3Aa_S-S 

Constitutive 

protoxin 

conformation, point 

mutations in 

Domain I helices α2 

(D66C N69C) and 

α3 (Q96C L100C) 

Toxicity bioassays in Se 

Chapter 2 
Structure visualization by NS-EM 

In vitro digestion  

(Trypsin and Se gut juice) 

In vitro binding to Se BBMV 

Chapter 3 
In vivo competition in Se 

Vip3Aa_α1 

Constitutive 

activated 

conformation, 

deletion of Domain 

I helix α1 

Toxicity bioassays in Se 

Chapter 2 
Structure visualization by NS-EM 

In vitro digestion  

(Trypsin and Se gut juice) 

In vitro binding to Se BBMV 
Chapter 3 

In vivo competition in Se 

Vip3Aa_ 

41-KVKK_44 

Introduction of 

proteolytic site in 

loop helices α1-α2 

(Domain I), 

mutation 

41-DTGG-44 to 

41-KVKK-44 

Toxicity bioassays in Se 

Chapter 2 

Structure visualization by NS-EM 

In vitro digestion  

(Trypsin and Se gut juice) 

Vip3Aa_ 

195-AVAA-198 

Removed primary 

trypsin cleavage 

site (loop Domains 

I-II), mutation  

195-KVKK-198 to  

195-AVAA-198 

Toxicity bioassays in Se 

Chapter 2 

Structure visualization by NS-EM 

In vitro digestion  

(Trypsin and Se gut juice) 

Vip3Aa_L146F 

Reduced coiled-coil 

diameter, point 

mutation in helix 

α3 

Toxicity bioassays in Se 

Chapter 2 In vitro digestion  

(Trypsin and Se gut juice) 

Vip3Aa_L146M 

Reduced coiled-coil 

diameter, point 

mutation in helix 

α3 

Toxicity bioassays in Se 

Chapter 2 In vitro digestion  

(Trypsin and Se gut juice) 

Vip3Aa_I-III 

Truncated 

construct lacking 

Domains IV-V 

Toxicity bioassays in Se 
Chapter 2 

Structure visualization by NS-EM 

In vitro digestion  

(Trypsin and Se gut juice) 

Chapters 

2 and 4 

In vitro binding to Se BBMV 
Chapter 4 

In vivo competition in Se 

 

Binding to Se and standard lipids 

 

Chapter 5 
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Protein Information Uses Results 

Vip3Aa_II-V 

Truncated 

construct lacking 

Domain I 

In vitro digestion  

(Trypsin and Se gut juice) 
Chapter 4 

In vitro binding to Se BBMV 

In vivo competition in Se 

Binding to Se and standard lipids Chapter 5 

Vip3Aa_III-V 

Truncated 

construct lacking 

Domains I-II 

In vitro digestion  

(Trypsin and Se gut juice) 
Chapter 4 

In vitro binding to Se BBMV 

In vivo competition in Se 

  Binding to Se and standard lipids Chapter 5 

Vip3Aa_IV-V 

Truncated 

construct lacking 

Domains I-III 

In vitro digestion  

(Trypsin and Se gut juice) 
Chapter 4 

In vitro binding to Se BBMV 

In vivo competition in Se 

  Binding to Se and standard lipids Chapter 5 
 

a Sl, Spodoptera littoralis     
b BBMV, brush border membrane vesicles  
c Se, Spodoptera exigua  
d NS-EM, negative staining electron microscopy  

 

 

II. Site directed mutagenesis (SDM) 

II.1. Generation of disabled insecticidal proteins (DIPs) 

Disabled insecticidal proteins (DIPs) are mutant proteins engineered to 

retain their ability to bind membrane receptors while lacking 

insecticidal activity. Their use in in vivo competition assays enables the 

identification of shared functional binding sites between different 

proteins. In this thesis, various Vip DIP variants were generated by 

introducing point mutations in Domain I, the region of the protein 

involved in toxicity. The mutants Vip3Aa DIP1 and Vip3Ca DIP 

(carrying mutations S164C and L166C) were generated based on a 

previous report (Wang et al., 2019) where a Vip3Aa DIP variant was 

generated by the introduction of a disulphide bond between Domain I 



GENERAL MATERIALS AND METHODS 

102 
 

-helices impairing its remodelling into the activated conformation. The 

mutant Vip3Aa DIP2 (carrying E168A mutation) was generated based 

on previous studies showing that this point mutation in Vip3Af results 

in a lack of toxicity but retains tetrameric structure and we hypothesized 

that could also behave as a DIP mutant (Quan and Ferré., 2019; Banyuls 

et al., 2018). Site directed mutagenesis (SDM) was performed by the 

technique of the whole plasmid amplification, following the protocol 

described previously (Banyuls et al., 2021). Briefly, plasmid 

amplification reaction was performed with the high-fidelity KAPA 

HiFi™ DNA polymerase kit (KK2101, Kapa Biosystems) using the WT 

clones as templates (Vip3Aa cloned in pET14b and Vip3Ca cloned in 

pMAAB10 vector, both carrying a 6x-His N-t tag) following the 

instructions provided by the manufacturer. Primers pairs used for SDM 

of the different Vip DIPs are collected in Supplementary Table S1.1. 

The remaining parental plasmids were digested with Fast Digest DpnI 

(Thermo Scientific) and mutant plasmids were transformed into 

Escherichia coli DH10β heat-shock competent cells (EC0113, Thermo 

Fisher) following the instructions provided by the manufacturer. 

Plasmid purification was performed for each mutant with NucleoSpin® 

Plasmid Kit (Macherey-Nagel) and mutations were confirmed by DNA 

Sanger sequencing using the primers described in Supplementary 

Table S1.1 prior to their transformation into E. coli BL21 (DE3) heat 

shock competent cells (EC0114, Thermo Fisher) for protein expression. 
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II.2. Generation of Domain I mutants 

The mutant proteins Vip3Aa_S-S (D66C, N69C, Q96C, L100C), 

Vip3Aa_41-KVKK_44, Vip3Aa_195-AVAA-198, Vip3Aa_L146F and 

Vip3Aa_L146M were obtained using the Q5 Site-Directed Mutagenesis 

Kit (E0554S, New England Biolabs) following the instructions provided 

by the manufacturer and using the WT vector (Vip3Aa 10-789 cloned in 

LIC 1.5, pETNKI-StrepII-3C-LIC-AmpillinR vector containing an N-t 

StrepII-tag followed by a 3C PreScission protease cleavage site) as a 

template to generate the mutant proteins. Mutant plasmids were 

checked by DNA sequencing and finally transformed into E. coli C43 

(DE3) for protein expression. The mutant protein Vip3Aa_M34L was 

generated by the technique of the whole plasmid amplification from 

Vip3Aa WT clone in pET14b, following the protocol described above 

and was finally transformed into E. coli BL21 (DE3) competent cells. See 

Supplementary Table S2.1 for description of the primers used to 

generate each Domain I mutant protein and plasmid sequencing.  

 

II.3. Generation of truncated constructs 

The truncated proteins Vip3Aa_α1 (residues 40-789), Vip3Aa_I-III 

(residues 10-532), Vip3Aa_II-V (residues 203-789), Vip3Aa_III-V 

(residues 325-789) and Vip3Aa_IV-V (residues 532-789) were generated 

by amplification of the corresponding sequences from the Vip3Aa WT 

template and subcloning into the same vector LIC 1.5. Primers used for 

amplification of the corresponding sequences are compiled in 

Supplementary Tables S2.1 and S4.1. Mutant plasmids were 

transformed into E. coli BL21 (DE3) for protein expression. 
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III. Protein expression and purification techniques  

III.1. Heterologous expression in Escherichia coli 

Vectors containing Vip3Aa, Vip3Af and Vip3Ca WT proteins and their 

different mutant versions were expressed in E. coli cells (BL21, C43 or 

WK6 depending on the clone). Briefly, cells were grown overnight at 

37°C in Luria-Bertani (LB)-agar plates supplemented with 100 μg/mL 

Ampicillin (Amp). A loop of a single colony was grown overnight in 20 

mL of LB Amp overnight at 37°C with 180 rpm shaking. A final culture 

was inoculated with 7 mL of preculture in 700 mL of LB medium 

supplemented with Amp (100 μg/mL) and grown to exponential phase 

(OD600 ~ 0.6-1.2) by incubating at 37°C with 180 rpm shaking. Then, 

protein expression was induced with 0.5-1 mM isopropyl β-d-1-

thiogalactopyranoside (IPTG) and cultures were incubated at 37°C for 

3-6 h (full length proteins) or 25°C overnight (truncated constructs). 

Induced cultures were centrifuged and cells were collected and stored 

at −20°C until lysis and protein purification. 

 

III.2. Cell lysis and protein purification  

For purification, thawed cells were resuspended in lysis buffer (20 mM 

Tris–HCl, 150 mM NaCl pH 8.6 buffer or 50 mM Tris–HCl, 150-500 mM 

NaCl, 50 mM MgCl2 pH 8.0 buffer) supplemented with 3 mg/mL 

lysozyme, 10 μg/mL DNase and 100 μM PMSF for chemical lysis. 

Lysates were incubated for 30 min at 37°C with 180 rpm shaking. After 

chemical lysis, the lysate was sonicated for 5 min and centrifuged at 

25,000 ×g for 30 min to recover the supernatant containing soluble Vip 

proteins for further protein purification. 
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III.2.1. His Trap affinity chromatography 

His-tagged Vip proteins (Vip3Aa, Vip3Af, Vip3Ca WT proteins, their 

DIP variants and Vip3Aa_M34L point mutation) were purified by 

metal-chelate affinity chromatography using His-trap FF crude 1 mL 

columns (GE Healthcare). Clarified lysate supernatants were loaded 

onto the column previously equilibrated with 50 mM phosphate buffer 

containing 300 mM NaCl and 10 mM imidazole. Then, the column was 

washed with the same buffer and an increased imidazole concentration 

(45 mM), and the proteins were eluted rising imidazole concentration to 

250 mM in the same buffer. Purified proteins were dialyzed overnight 

against 20 mM Tris–HCl, 150 mM NaCl pH 8.6 buffer and clarified by 

centrifugation (16,100 ×g, 4°C, 10 min), quantified by Bradford 

(Bradford, 1976) using bovine serum albumin (BSA) as standard and 

stored at −20°C until use.   

 

III.2.2. Strep Trap affinity chromatography 

StrepII-tagged Vip proteins (Vip3Aa_10-789 WT, all the rest of Domain 

I point mutations and truncated constructs) were purified by affinity 

chromatography using a 5 mL StrepTrap column (Cytiva) previously 

equilibrated in 50 mM Tris–HCl, 150 mM NaCl, 5 mM MgCl2 pH 8.0 

buffer. The proteins were eluted with 5 mM d-desthiobiotin (Sigma-

Aldrich) dissolved in the same buffer. The StrepII tag was removed by 

treating with 3C PreScission Protease (Cytiva) followed by dialysis in 

the same buffer to eliminate d-desthiobiotin. The sample was then 

subjected to another step of affinity chromatography with the StrepTrap 

column to separate the nontagged protein from any remaining tagged 
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molecules, and pure proteins were eluted in 50 mM Tris–HCl, 150 mM 

NaCl, 5 mM MgCl2 pH 8.0 buffer, quantified by Bradford and stored at 

−20°C until use.   

 

III.2.3. Isoelectric point precipitation (IPP) 

Isoelectric point precipitation (IPP) was performed as described 

previously (Chakroun et al., 2012). Briefly, the clarified lysate was 

lowered at pH 5.6 for Vip3Aa and Vip3Af (WT and mutant proteins) 

and at pH 5.9 for Vip3Ca (WT and mutant proteins) with 0.1 M acetic 

acid. Then, the lysate with the adjusted pH was aliquoted and the 

precipitation pellet was recovered by centrifugation (16,100 ×g, 4°C, 10 

min) and stored at –20°C. Before being used in bioassays, pellet aliquots 

were dissolved in 20 mM Tris–HCl, 150 mM NaCl pH 8.6 buffer, and 

clarified by centrifugation (16,100 ×g, 4°C, 10 min). Protein purity was 

checked by SDS-PAGE and protein concentration was calculated by 

densitometry using BSA as standard and TotalLab 1D software. 

 

IV. Proteolytic profiles characterization 

IV.1. In vitro digestion 

Purified proteins were quantified by Bradford and a fixed amount of 

protein (10 μg) was incubated with 10% (w/w; 1 μg) commercial trypsin, 

α-chymotrypsin (both from bovine pancreas, Sigma-Aldrich), 10% 

(w/w) Spodoptera spp. midgut juice or 10% (w/w) S. exigua BBMV. The 

digestion was carried out in a final volume of 20 μL, in Tris-HCl buffer 

(50 mM Tris–HCl, 150-500 mM NaCl, 5 mM MgCl2 pH 8.0), or in 20 mM 
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carbonate buffer at pH 10, depending on the pH conditions required. 

All samples were incubated for 1.5 h at 37°C for trypsin and α-

chymotrypsin digestions and at 30°C for midgut juice and BBMV 

digestions. Then, samples were clarified by centrifugation (16,100 ×g for 

10 min at 4°C) and the supernatant containing the processed proteins 

was incubated for 10 min at room temperature (RT) with 10 mM AEBSF 

[4-(2-aminoethyl) benzenesulfonyl fluoride HCl] serine protease 

inhibitor to avoid further processing of the proteins. Proteolytic 

fragments were separated on 12% acrylamide SDS-PAGE gels. 

Midgut juice of S. exigua and S. littoralis was prepared following the 

protocol described elsewhere (Chakroun et al., 2012). Briefly, last instar 

larvae were dissected and whole guts were extracted and collected in 

pools in 1.5 mL microtubes placed on ice. Midgut samples were 

centrifuged at 16,100 ×g for 10 min at 4°C and supernatant containing 

the gut juice was collected, aliquoted, flash-frozen in liquid nitrogen 

and stored at −80°C until use. BBMV from S. exigua were prepared by 

the differential magnesium precipitation method (Wolfersberger, 1993) 

and stored at −80°C as well (see section VI.1 for protocol description). 

Total protein concentration in the gut juice and BBMV was determined 

by Bradford just before their use in in vitro proteolytic assays.  

 

IV.2. In vivo digestion and western blot 

Purified proteins diluted in 50 mM Tris–HCl, 150 mM NaCl, 5 mM 

MgCl2 pH 7.5 buffer, were mixed with phenol red and sucrose (18 μl of 

2 mg/mL protein, 2 μL of phenol red and 2.5 μL of 1.6 M sucrose). Then, 

S. exigua L3 larvae were starved for at least 4 h and fed by drop-feeding 
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with the protein mixtures. Larvae that ingested the protein mixtures 

were separated and dissected at time intervals (15 min and 16 h post-

ingestion). Control larvae were just fed with the buffer-dye mixture. 

Individual midguts of treated larvae were homogenized in 10 μL of 10 

mM AEBSF and incubated at RT for 10 min to stop any further 

proteolytic processing of the proteins. Samples were subjected to 12% 

SDS-PAGE along with a Dual Color Molecular Marker (Bio-Rad). After 

SDS-PAGE, the proteins were transferred into a nitrocellulose 

membrane (GE Healthcare Armershan™ Hybond™—ECL) by humid 

transference in blotting buffer (39 mM glycine, 48 mM Tris-base, 0.037% 

SDS, 20% methanol) using the Bio-Rad system. The lane of the 

molecular marker was separated from the rest using a clean razor. The 

two pieces of the membrane were blocked overnight with 5% skimmed 

milk dissolved in PBST buffer (PBS 1X, 0.1% Tween 20). The part of the 

membrane containing the proteins was incubated for 1 h at RT (with 

shaking) with a primary antibody anti-Vip3Aa raised in rabbit at 1/5,000 

antibody dilution in PBST containing 0.5% skimmed milk. After 3 

washing steps with PBST (5 min each), the membrane was incubated for 

1 h at RT with the secondary antibody anti-rabbit conjugated with HRP 

peroxidase (Sigma-Aldrich) at 1/20,000 antibody dilution in PBST 

containing 0.5% skimmed milk. The part of the membrane containing 

the molecular marker was incubated for 1 h at RT with Precision Protein 

StrepTactin-HRP (Bio-Rad) at 1/20,000 dilution in PBST. After three 

washing steps (5 min each) with PBST, the bands were visualized with 

the Amersham TM ECL Prime Western Blotting Detection Reagent (GE 

Healthcare) using an Image Quant LAS 4000 (GE Healthcare). 
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V. Insect rearing and bioassays with Spodoptera spp. 

V.1. LC50 bioassays 

Surface contamination bioassays were performed with laboratory 

populations of S. exigua and S. littoralis maintained on semi-synthetic 

diet (Bell and Joachim, 1976) in a rearing chamber at 25 ± 2°C, 70% ± 5% 

RH, and 16:8 h light:dark photoperiod. Increasing concentrations of 

purified proteins dissolved in Tris-HCl buffer (20 mM Tris–HCl, 150 

mM NaCl pH 8.6 buffer or 50 mM Tris–HCl, 150-500 mM NaCl, 5 mM 

MgCl2 pH 8.0 buffer) were prepared and dispensed (50 μL) over the 

surface of 2 cm2 wells filled with semi-synthetic diet. At least 16 wells 

were used for each protein concentration. After the diet surface was dry, 

one neonate was gently placed into each well and plates were sealed. 

Trays were maintained in a climatic chamber under rearing conditions 

and the mortality was recorded after 10 days. At least three biological 

replicates of the assay were performed for each protein. The toxicity of 

the proteins was quantified by Probit analysis using PoloPlus software 

and graphical representations were performed with GraphPad Prism 

software. 

 

V.2. In vivo competition assays 

In vivo competition bioassays were conducted as described for surface 

contamination bioassays (see section V1) by using different toxic 

protein:non-toxic competitor molar ratios (1:0, 1:10, 1:100, 1:1,000, 

1:2,500 and 1:10,000) in Tris-HCl buffer (20 mM Tris–HCl, 150 mM NaCl 

pH 8.6 buffer or 50 mM Tris–HCl, 150 mM, NaCl 5 mM MgCl2 pH 8.0 
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buffer). Different Vip DIPs, Vip3Aa structural mutants (Vip3Aa_Δα1 

and Vip3Aa_S-S) and Vip3Aa_I-III truncated construct were used as 

competitors for the Vip3Aa and Vip3Af WT proteins. Negative controls 

included buffer (labelled as 0) and an excess of non-toxic competitor 

(labelled as 0:1,000, 0:2,500 or 0:10,000 representing the highest 

competitor concentration used). The Cry1Ab R99E mutant protein, 

described previously as nontoxic but able to block the toxicity of its WT 

counterpart, was used as a negative control of competition (Chen et al, 

2021; Hernández-Martínez et al., 2022; Jerga et al., 2019). Vip3Aa and 

Vip3Af proteins at a constant concentration resulting in 60–80% of 

mortality (determined from LC50 bioassays performed in S. exigua and 

S. littoralis neonates), were mixed with corresponding amounts of 

competitor proteins to create the desired ratios. Each in vivo competition 

protein combination was replicated at least three times. Statistical 

analysis of mortality differences between 1:0 and other 

protein:competitor ratios was performed using One-Way ANOVA with 

post hoc Bonferroni tests in Prism (GraphPad), ensuring rigorous 

assessment of significance with P-values higher than an α-value of 0.05. 

 

VI. In vitro binding to BBMV with radiolabelled proteins 

VI.1. Preparation of Spodoptera spp. BBMV 

Brush border membrane vesicles (BBMV) from S. exigua and S. littoralis 

were prepared by the differential magnesium precipitation method 

(Wolfersberger, 1993). This method isolates BBMV through selective 

precipitation based on differences in membrane-MgCl2 aggregates 

charge to separate apical from lateral and basal membranes and enrich 
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the sample in brush border membrane fragments. Last instar larvae 

were previously dissected and midguts were extracted, snap-frozen in 

liquid nitrogen and stored at −80°C. Frozen midguts were used as 

starting material for BBMV preparation. Briefly, midgut tissue was 

homogenised in cold MET buffer (300 mM D-mannitol, 5 mM EGTA, 17 

mM Tris-HCl pH 7.5) with an electric potter homogenizer, 9 mL of 

buffer per gram of tissue were used and 6-9 homogenisation strokes 

were performed. After homogenisation, the suspension was filtered 

with cotton gauze to remove larger debris and the suspension was 

mixed with an equal volume of a 24 mM MgCl2 solution and incubated 

on ice for 15 min to allow aggregates formation. Two sets of low-speed 

(2,500 ×g, 15 min, 4°C) and high-speed (31,000 ×g, 30 min, 4°C) 

centrifugations were performed in a Beckman Avanti JXN-26 

refrigerated centrifuge to enrich the sample in small aggregates 

containing BBMV. Between both centrifuge sets, the sample was 

homogenised in half the original volume of MET buffer by performing 

6-7 strokes with the electric potter homogeniser and the incubation with 

MgCl2 was repeated (15 min on ice). The final BBMV pellet was 

resuspended in 1-2 mL of half-strength MET (1/2 dilution of MET 

solution), aliquots were prepared, flash-frozen in liquid nitrogen and 

stored at -80°C until use. BBMV were quantified by Bradford, 

measuring the amount of total protein present in the samples. 

 

VI.2. Protein radiolabelling with 125I 

Radiolabelling of Vip protoxins was performed by the Chloramine T 

method (Van Rie et al., 1989) following the protocol described 
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previously (Chakroun and Ferré, 2014) with minor modifications. Pure 

Vip protoxins (25 μg) were mixed with 0.3 mCi of [125I]-NaI and 1/3 (v/v) 

of 18 mM Chloramine T and the labelling reaction was carried out for 

45 seconds. The reaction was then stopped by adding 1/4 (v/v) of 23 mM 

sodium metabisulfite and 1/4 (v/v) of 1M NaI solutions. The excess of 

free 125I was separated from the labelled protein using a PD10 desalting 

column (GE Healthcare). The purity of the 125I radiolabelled protein was 

checked by analysing the eluted fractions by SDS-PAGE with further 

exposure of the dry gel to an X-ray film. Labelled proteins were stored 

at 4°C and used up to 1 month after the labelling reaction. 

 

VI.3. Binding assays to BBMV 

All in vitro binding assays with radiolabelled Vip proteins were 

performed by incubation with BBMV for 1 h in 100 μL final volume of 

binding buffer (20 mM Tris–HCl, 1 mM MnCl2, 0.1% BSA pH 7.4). After 

incubation, the reaction was halted by centrifugation at 16,000 ×g for 10 

min at 4°C, and the pellet was washed with 500 μL of binding buffer. 

Radioactivity retained in the pellet was quantified using a model 2480 

WIZARD2 γ-counter (Perkin Elmer) to assess bound labelled protein. 

Bindability assays were performed with a fixed amount of labelled 

protein (0.2 nM), increasing concentrations of BBMV and an excess of 

unlabelled competitor (1,000-fold molar ratio). Competition assays were 

performed by mixing a fixed amount of labelled protein (0.2 nM) with 

increasing concentrations of unlabelled homologous or heterologous 

competitor proteins and a fixed amount of BBMV (0.05-0.1 mg/mL) 

established according to the shape of their respective total binding 
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curves in bindability assays. For measuring binding reversibility, chase-

time experiments were performed by incubating a fixed amount of 

trypsin-processed labelled proteins (0.2 nM) with a fixed amount of 

BBMV (0.05-0.1 mg/mL) for 1 h and afterwards adding a 1,000-fold 

molar excess of unlabelled competitor. Samples were collected after 5 

min, 30 min and 1 h of incubation with the competitor (chase-time). The 

samples were centrifuged and washed as for the rest of binding assays, 

the radioactivity retained in the pellet corresponding to the remaining 

labelled protein bound after the chase time was quantified for the 

different time points. At least two technical replicates were performed 

for each binding assay, competition assay or chase-time experiment. 

Graphical representations were obtained with Prism (GraphPad). The 

binding parameters equilibrium dissociation constant (Kd) and binding 

site concentration (Rt), were estimated using LIGAND (Munson and 

Rodbard, 1980). Trypsin-treatment of labelled proteins and competitor 

samples used in binding assays was performed with commercial trypsin 

from bovine pancreas (Sigma Aldrich) at 1% (w/w), incubating at 37°C 

for 1 h in all cases.  

 

VII. In vitro binding assays to insect midgut lipids  

VII.1. Preparation of insect lipids 

Lipids were purified from midgut tissue of last instar larvae of S. exigua 

and S. littoralis into two chemical phases by the Svennerholm 

partitioning method (Svennerholm and Fredman, 1980). Larvae were 

dissected and midguts were flash frozen in liquid nitrogen and stored 



GENERAL MATERIALS AND METHODS 

114 
 

at -80°C until use. Before extraction, midguts were rinsed in dH2O and 

flash frozen in liquid nitrogen and thawed at RT three times. Pellets 

were sonicated and lipid extraction was performed at 37°C for 2 h with 

agitation in a mixture of chloroform:methanol:water with a final ratio of 

4:8:3 v/v/v. Samples were centrifuged at 1,400 ×g for 5 min to split into 

upper phase (hydrophilic, attracts more polar lipids and glycolipids) 

and lower phase (hydrophobic, attracts simpler and nonpolar lipids). 

Silica-based hydrophobic cartridges (WAT036810, Sep-Pak tC18) were 

used to purify and concentrate upper phase lipids. All samples were 

dried under N2 at 40°C and resuspended in 50 μL methanol (upper 

phase) and 200 μL 1:1 chloroform to methanol (lower phase). Lipid 

samples from other insect species representative of all insect orders 

were also extracted from whole insects following the same extraction 

protocol. 

 

VII.2. Thin-Layer Chromatography (TLC) 

Thin-layer chromatography (TLC) was performed using HPTLC plates 

(M5631-5, Fisher-Scientific) equilibrated in a mobile phase of 

chloroform:methanol:water (65:25:4, v/v/v). TLC chambers were 

prepared by adding the mobile phase to cover the middle edge of the 

chamber, and the system was equilibrated for 30 min at RT. TLC plates 

were marked 2.5 cm from the bottom with lanes spaced 1.5 cm apart and 

equilibrated in the chamber for 1 h before drying at 100°C for 10 min. 

Lipid samples were dissolved by incubation in a humid bath at 42°C 

with sonication for 15 min. Samples were applied to the plates in 1-cm 

bands with volumes of 5–30 μL depending on the analysis, and plates 
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were dried at 50–70°C for 10 min. Plates were developed in the 

equilibrated chamber until the mobile phase reached the upper edge 

(approximately 1 h) and dried again at 50–75°C for 10 min. Visualization 

was performed by spraying the plates with a solution of 50 mL acetic 

acid, 1 mL sulfuric acid, and 0.5 mL p-anisaldehyde in a fume hood, 

followed by heating at 75–120°C until bands were clearly visible. 

 

VII.3. Lipid dot-blot assays  

Dot-blots were performed as described previously (Best et al., 2022) with 

some modifications. PVDF membranes with 0.2 μm pores (ISEQ00010 

Immobilon-PSQ PVDF) were used for blotting. Lipid standards were 

added at 2 μg in a volume no larger than 4 μL, while larvae-extracted 

lipids were applied as 5 μL (upper phase) or 2 μL (lower phase) of the 

final suspension. Blots were dried for 30 min at RT, blocked with TBS 

containing 5% BSA for 4 h at 4°C with agitation, and washed three times 

with TBS (5 min each wash). Protoxin, trypsin-processed Vip3Aa_Wt, 

or truncated constructs (4 μg/mL or equimolar concentrations for 

truncated constructs) were incubated overnight at 4°C in TBS with 1% 

BSA and shaking. After washing three times with TBS, membranes were 

probed for 1h at RT with a primary anti-Vip3Aa antibody raised in 

rabbit (1/5,000 dilution in TBS-0.1% BSA), followed by three more 

washing steps with TBS and incubation with an anti-rabbit HRP-

conjugated secondary antibody (Sigma-Aldrich; 1/20,000 dilution) for 1 

h at RT. All steps were performed with shaking. After three final washes 

with TBS, visualization was performed using a LI-COR C-Digit 



GENERAL MATERIALS AND METHODS 

116 
 

chemiluminescence western blot scanner and the WESTAR ECL-Sun 

HRP detection kit (K1-0052, GENEFLOW LIMITED). 

Lipid standards were also used in dot-blot assays, the following species 

were sourced from Avanti Polar Lipids: sphingomyelin (ref: 860062, at 

10 mg/mL dissolved in chloroform), lyso-sphingomyelin (ref: 860600, at 

10 mg/mL dissolved in chloroform), glucosylceramide (ref: 131304, at 2 

mg/mL dissolved in ethanol), phosphatidylcholine (ref: 131601, at 10 

mg/mL dissolved in chloroform), ceramide phosphoethanolamine 

(CPE, ref: 860066, at 10 mg/mL dissolved in chloroform), porcine brain 

total ganglioside extract (ref: 860053P, at 2 mg/mL dissolved in a 

chloroform:ethanol 2:1 mixture) and C20 ceramide (ref: 860520P, at 10 

mg/mL dissolved in ethanol). Mixed bovine gangliosides (ref:1065, at 10 

mg/mL dissolved in a chloroform:ethanol 2:1 mixture) was sourced 

from Matreya LLC. 

 

VII.4. TLC-overlay assays 

TLC for overlay assays was performed by using glass-backed silica-60 

HPTLC plates (Merck). Plates equilibration, sample application, 

running, drying and visualization of the stained plates was performed 

as described above (see section VII.2). For overlay assays with protein, 

Vip3Aa was trypsin-activated (10% w/w for 1.5 h at 37°C with T8002 

bovine pancreas trypsin from Sigma Aldrich) and Biotin-labelled with a 

Biotinylation Kit (ab201795, abcam) following the instructions provided 

by the manufacturer. Plates were fixed with 50 mL hexane for 2 min and 

50 mL of 0.1% polyisobutyl methacrylate (PIBM) in hexane for 2 min. 

Plates were dried at 50°C for 10 min and blocked with 0.5% BSA in PBS 



GENERAL MATERIALS AND METHODS 

117 
 

containing 0.01% Tween-20 for 30 min at RT. Plates were probed with 

biotin-labelled trypsin-activated Vip3Aa (4 μg/mL in blocking buffer) 

for 2 h at RT with shaking. Then, plates were washed twice with 10 mL 

of blocking solution and incubated with streptavidin-linked alkaline 

phosphatase (ALP, AK-5000 Vectastain Kit, Vector Labs) in blocking 

buffer for 1 h at RT without shaking. After three 1-min washes, plates 

were incubated with a solution of 5‐Bromo‐4‐Chloro‐Indolyl‐

Phosphatase (BCIP) and Nitro blue Tetrazolium (NBT) solution 

(BCIP/NBT-Blue, B3679 Sigma-Aldrich) for 10–15 minutes until bands 

were visible and air-dried overnight. 

 

VIII. Negative-Staining Electron Microscopy (NS-EM) 

Purified protein samples were analysed by electron microscopy after 

being adsorbed to glow-discharged carbon-coated grids and stained 

with 2% (w/v) uranyl acetate as described previously (Núñez-Ramírez 

et al., 2020). Grids were observed using a JEOL JEM-1230 transmission 

electron microscope, operated at 100 kV, at a nominal magnification of 

40,000. EM images were taken under low dose conditions with a CMOS 

TvipsTemCam-F416 camera at 2.84 Å per pixel. Image processing was 

performed using the SCIPION package (de la Rosa-Trevín et al., 2016). 

The contrast transfer function of the microscope for each micrograph 

was estimated using CTFFIND4 (Rohou and Grigorieff, 2015). Particles 

were then automatically picked using the Xmipp routine inside 

SCIPION (Abrishami et al., 2013) and subjected to 2D classification 

using RELION (Scheres, 2012). 
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I. Introduction 

 

Genetically modified crops expressing cry insecticidal genes from 

Bacillus thuringiensis (Bt-crops), have been used since the mid-90s to 

control insect pests. However, their extensive use has led to the 

phenomenon of field-evolved resistance to Cry proteins, for some 

lepidopteran and coleopteran pests (Downes and Mahon, 2012; Storer 

et al., 2012; Tabashnik and Carrière, 2019). Pyramided Bt-crops (which 

combine different insecticidal proteins with different specificity and 

mode of action) have been proposed as an interesting tool to delay or 

avoid the appearance of insect resistance (Carrière et al., 2015; Moar and 

Anilkumar, 2007). In this context, Vegetative Insecticidal Proteins (Vip), 

known as a second generation of Bt proteins, are gaining importance in 

crop protection strategies. Most studies have dealt with Vip3Aa 

proteins, which are already expressed in commercial Bt-crops, are active 

against lepidopteran species that have already developed resistance 

against Cry proteins, and do not share binding sites with them 

(Chakroun and Ferré, 2014; Gouffon et al., 2011; Lee et al., 2006; Quan et 

al., 2021a; Sena et al., 2009). 

Vip proteins have a tetrameric structure, with each monomer containing 

five structural domains (Byrne et al., 2021; Núñez-Ramírez et al., 2020; 

Zheng et al., 2020). The N-terminal (N-t) domains I–II are highly 

conserved and play a crucial role in maintaining the tetramer (Núñez-

Ramírez et al., 2020; Quan and Ferré, 2019). Domain I has been shown to 

form, upon activation, a coiled-coil structure that inserts into the 

epithelial membrane (Byrne et al., 2021; Núñez-Ramírez et al., 2020). 

Domain III has recently been proposed as responsible of binding to the 
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midgut specific receptors (Jiang et al., 2020a; Quan et al., 2021a), whereas 

the C-terminal (C-t) domains IV–V have a highly variable sequence and 

are not essential for maintaining the tetrameric structure, though they 

are critical for the insecticidal activity in vivo (Banyuls et al., 2018; Quan 

and Ferré, 2019). These domains show structural homology to 

carbohydrate binding motifs (CBM) and their function remains still 

unknown (Byrne et al., 2021; Núñez-Ramírez et al., 2020; Zheng et al., 

2020).  

In vitro binding assays to midgut binding sites have been used to 

establish binding site models which are useful to predict the appearance 

of cross-resistance and select the best protein combinations for 

pyramided Bt-crops (Gouffon et al., 2011; Höfte and Whiteley, 1989; Lee 

et al., 2006). More recently, in vivo competition assays have been 

proposed as a novel tool to complement the in vitro binding models and 

obtain information about protein interactions in vivo (Chen et al., 2021; 

Hernández-Martínez et al., 2022; Jerga et al., 2019; Wang et al., 2019). 

Studies based on in vitro binding of 125I-Vip3A to brush border 

membrane vesicles (BBMV) using heterologous Vip proteins as 

competitors led to propose a binding site model in which Vip proteins 

share binding sites in Spodoptera frugiperda and Spodoptera exigua (Quan 

et al., 2021a; Chakroun and Ferré 2014). In the present study, using a 

125I­Vip3Aa labelled protein, we have extended the in vitro binding site 

model of Vip proteins to another Spodoptera species, Spodoptera littoralis, 

with the aim to understand the relevance of binding to the midgut 

binding sites observed in vitro on the insecticidal activity of these 

proteins. For this purpose, we have performed in vivo competition 
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assays with S. littoralis larvae, using Vip Disabled Insecticidal Proteins 

(DIP) carrying mutations in Domain I as competitors for blocking the 

toxicity of Vip3Aa and Vip3Af wild type (WT) proteins. DIP mutants 

are engineered in such a way that they lack insecticidal activity without 

losing the capacity of binding to membrane receptors with the aim to 

see if they compete with WT proteins in vivo for functional binding sites, 

as detected in toxicity assays (Hernández-Martínez et al., 2022; Jerga et 

al.,2019). The results of our in vivo competition assays confirm the 

occurrence of functional shared binding sites for Vip proteins and 

confirm the binding site model proposed by in vitro binding using 125I-

Vip3A proteins. 

 

II. Materials and methods 

II.1. Expression of Vip proteins and engineering of DIP mutants  

All Vip proteins contained an N-t 6x-His tag. Vip3Aa90 (ac. no. 

AAW65132) was expressed in recombinant Escherichia coli BL21 cells 

following the protocol described elsewhere (Chakroun et al., 2012). 

Vip3Ca2 (ac. no. AEE98106) (Palma et al., 2012), Vip3Af1 (ac. no. 

CAI43275) and mutant Vip3Af E168A (kindly provided by BASF 

Belgium Coordination Center – Innovation Center Ghent) were 

expressed in recombinant E. coli WK6 cells following the protocol 

described previously (Ruiz de Escudero et al., 2014). Briefly, E. coli cells 

were grown in 700 mL of Luria-Bertani (LB) with 100 μg/mL Ampicillin 

to exponential phase (OD600 ~ 0.6-1.2) and protein expression was 

induced with 1 mM isopropyl β-d-1-thiogalactopyranoside (IPTG), 

incubating at 37°C with 180 rpm shaking overnight. Then cultures were 



CHAPTER 1 

124 
 

centrifuged and cells were stored at −20°C until lysis and protein 

purification was carried out. 

For constructing the Vip DIPs, the mutation S164C L166C was selected 

based on a previous report (Wang et al., 2019) where a Vip3Aa DIP 

variant was generated by the introduction of two cysteines in enough 

proximity to make a S–S bond and prevent Domain I to unfold, a critical 

step in the activation of the Vip proteins (Byrne et al., 2021; Núñez-

Ramírez et al., 2020). The mutation E168A was selected based on 

previous studies showing that Vip3Af E168A loses toxicity but retains 

the tetrameric structure and we hypothesized that could also behave as 

a DIP mutant (Quan and Ferré., 2019; Banyuls et al., 2018). The DIP 

proteins Vip3Aa S164C L166C (DIP1), Vip3Aa E168A (DIP2) and 

Vip3Ca S164C L166C were generated for this work by SDM following 

the protocol described elsewhere (Banyuls et al., 2021), using the WT 

clones as templates. Primers and annealing temperatures used for SDM 

Polymerase Chain Reaction (PCR) and sequencing are collected in 

Supplementary Table S1.1. Mutant clones were expressed and lysed 

following the same conditions used for their WT homologues. 

 

II.2. Purification of Vip proteins  

For the in vitro binding assays, proteins were purified by metal-chelate 

affinity chromatography using His-trap FF crude (GE Healthcare) 1 mL 

columns (Chakroun et al., 2012). Briefly, cells were lysed by 

resuspending them in 20 mM Tris-HCl, 150 mM NaCl pH 8.6 buffer 

supplemented with 3 mg/mL lysozyme, 10 μg/mL DNase and 100 μM 

PMSF and incubated for 30 min at 37°C with shaking. The lysate was 
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then sonicated for 5 min and centrifuged at 25,000 ×g for 30 min. 

Clarified lysates were loaded onto the column previously equilibrated 

with 50 mM phosphate buffer containing 300 mM NaCl and 10 mM 

imidazole. Then, the column was washed with the same buffer and an 

increased imidazole concentration (45 mM), and the His-tagged Vip 

protein was eluted rising imidazole concentration to 250 mM in the 

same buffer. Purified proteins were dialyzed overnight against 20 mM 

Tris–HCl, 150 mM NaCl pH 8.6 buffer and clarified by centrifugation 

(16,100 ×g, 4°C, 10 min), quantified by Bradford (Bradford, 1976) using 

bovine serum albumin (BSA) as standard, aliquoted and stored at 

−20°C. The purity of the protein preparations was checked by SDS-

PAGE (Supplementary Figure S1.1). Just before use, Vip proteins used 

as competitors were trypsin-treated (1% w/w) with trypsin from bovine 

pancreas (SIGMA T8003, Sigma-Aldrich) at 37°C for 1 h, clarified by 

centrifugation (16,100 ×g for 10 min at 4°C), and quantified by Bradford. 

In the in vivo competition assays, we observed that His-trap purified 

proteins rendered less reproducible results compared to the isoelectric 

point precipitation (IPP) purified proteins, most probably due to a 

higher stability of the latter on the surface of the diet for 10 days at 25°C. 

For this reason, proteins meant to be used for in vivo competition assays 

were purified by IPP (Chakroun et al., 2012). Briefly, the clarified lysate 

was lowered at pH 5.6 for Vip3Aa and Vip3Af (WT and mutant 

proteins) and at pH 5.9 for Vip3Ca (WT and mutant protein) with 0.1 M 

acetic acid. Then, the lysate with the adjusted pH was aliquoted and the 

precipitation pellet was recovered by centrifugation (16,100 ×g, 4°C, 10 

min) and stored at –20°C. Before being used in bioassays, the pellet 



CHAPTER 1 

126 
 

aliquots were dissolved in 20 mM Tris–HCl, 150 mM NaCl pH 8.6 

buffer, and clarified by centrifugation (16,100 ×g, 4°C, 10 min). Protein 

purity was checked by SDS-PAGE (Supplementary Figure S1.2) and 

protein concentration was calculated by densitometry using BSA as 

standard and the TotalLab 1D v 13.01 software. 

 

II.3. S. littoralis brush border membrane vesicles (BBMV) preparation 

Last instar larvae of S. littoralis were dissected and midguts were kept 

at −80°C. BBMV were prepared from the midguts by the differential 

magnesium precipitation method (Wolfersberger et al., 1987), flash 

frozen in liquid nitrogen, and stored at −80°C until use. The protein 

concentration in the BBMV preparations was determined by Bradford. 

 

II.4. Vip3Aa 125I radiolabelling 

Radiolabelling of Vip3Aa protoxin was performed by the Chloramine T 

method (Van Rie et al., 1989) following the protocol described 

previously (Chakroun and Ferré, 2014) with some modifications. His-

trap purified Vip3Aa (25 μg) was mixed with 0.3 mCi of [125I]-NaI and 

1/3 (vol/vol) of 18 mM Chloramine T. The excess of free 125I was 

separated from the labelled protein using a PD10 desalting column (GE 

Healthcare). The purity of the 125I labelled protein was checked by 

analysing the eluted fractions by SDS-PAGE with further exposure of 

the dry gel to an X-ray film (Supplementary Figure S1.3). The specific 

activity of the labelled 125I-Vip3Aa was 5.7 μCi/μg. 
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II.5. In vitro binding assays with 125I -Vip3Aa and S. littoralis BBMV 

Before use, labelled 125I-Vip3Aa protein was trypsin treated (1% w/w 

with bovine pancreas trypsin, 37°C, 1 h) and stored at 4°C. BBMV were 

thawed on ice, centrifuged (10 min at 16,000 ×g and 4°C) and 

resuspended in binding buffer (20 mM Tris–HCl, 1 mM MnCl2, 0.1% 

BSA pH 7.4). For all the assays, trypsin-treated 125I-Vip3Aa was 

incubated with BBMV for 1 h at room temperature (RT) in a 0.1 mL final 

volume of binding buffer. The reaction was stopped by centrifuging the 

tubes at 16,000 ×g for 10 min at 4°C, and the pellet was washed once 

with 500 μL of cold binding buffer (Chakroun and Ferré, 2014). The 

radioactivity retained in the pellet was measured in a model 2480 

WIZARD2 gamma counter (Perkin Elmer). A binding assay with a fixed 

amount of 125I-Vip3Aa (0.2 nM), increasing concentrations of BBMV and 

an excess of unlabelled competitor (1,000-fold His-trap purified, 

trypsin-treated, Vip3Aa) was performed to determine the appropriate 

amount of BBMV to use in the binding competition assays and estimate 

nonspecific binding (Supplementary Figure S1.4). Competition assays 

were performed by mixing a fixed amount of 125I-Vip3Aa (0.2 nM) with 

increasing concentrations of unlabelled competitor (His-trap purified, 

trypsin-treated, Vip proteins) and a fixed amount of BBMV (0.05 

mg/mL). At least three replicates were performed for each binding or 

competition assay. Graphical representations were performed with 

GraphPad Prism. Equilibrium dissociation constants (Kd) and the 

concentration of binding sites (Rt) were estimated using the LIGAND 

software (Munson and Rodbard, 1980). 
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II.6. Insect rearing and bioassays  

Surface contamination bioassays were performed with a laboratory 

population of S. littoralis maintained on semi-synthetic diet (Bell and 

Joachim, 1976) in a rearing chamber at 25 ± 2°C, 70 ± 5% RH and 16:8 h 

L:D photoperiod. To calculate the LC50 values of WT proteins, increasing 

doses of proteins purified by IPP and dissolved in Tris buffer (20 mM, 

150 mM NaCl pH 8.6) were prepared. Protein preparations were 

dispensed (50 μL) over the surface of the assay wells (2 cm2 diameter) 

filled with semi-synthetic diet, 16 wells were used for each protein dose. 

After the diet surface was dry, one neonate was gently placed into each 

well and the plates were sealed. Trays were maintained in a climatic 

chamber at the same conditions used for colony rearing and mortality 

was recorded after 7 and 10 days of incubation. At least three replicates 

were performed for each protein, and the LC50 values and FL95% were 

calculated using PoloPlus software. 

For in vivo competition assays, protein:competitor ratios of 1:0, 1:10, 

1:100 and 1:1,000 were prepared in Tris buffer (20 mM, 150 mM NaCl 

pH 8.6). Controls consisted of just buffer (labelled as 0) and just 

competitor (labelled as 0:1,000 corresponding to the maximum amount 

of competitor used in the assay). Constant concentrations of IPP-

purified Vip3Aa (13 ng/cm2) and Vip3Af (30 ng/cm2), which resulted in 

60–80% of mortality, were mixed with the corresponding amount of 

IPP-purified competitor to prepare the different ratios. Bioassays were 

performed following the same protocol described previously, and at 

least three biological replicates were performed for each in vivo 

competition protein combination. Graphical representations were 
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performed with GraphPad Prism, and for assessing the statistical 

significance of mortality differences between 1:0 and the rest of 

protein:competitor ratios, a One-Way ANOVA with post-hoc 

Bonferroni test was performed using the same software. 

 

III. Results 

III.1. Toxicity of Vip WT and Domain I mutant proteins 

Surface contamination bioassays were performed to determine the 

toxicity of Vip WT and disabled proteins against S. littoralis (Table 1.1). 

LC50 values (concentration resulting in 50% of mortality) of the WT 

proteins served to establish the doses to perform in vivo competitions. 

Vip3Aa and Vip3Af proteins are both highly toxic to S. littoralis, 

whereas for Vip3Ca, limited mortality though a strong growth 

inhibition was observed as already reported by Palma et al., 2012. The 

Vip DIP mutants lacked of detectable insecticidal activity (Table 1.1). 

Table 1.1. Toxicity of Vip proteins against S. littoralis neonate larvae.  

Protein LC50 (FL 95%) (ng/cm2) a Slope ± SEM χ2 

Vip3Aa WT 13.9 (5.8 - 41.7) 2.4 ± 0.6 5.1 

Vip3Aa DIP1 (S164C L166C) >13000 - - 

Vip3Aa DIP2 (E168A) >30000 - - 

Vip3Af WT 28.8 (22.7 - 39.3) 2.3 ± 0.2 3.0 

Vip3Af DIP (E168A) >30000 - - 

Vip3Ca WT >1000 - - 

Vip3Ca DIP (S164C L166C) >30000 - - 

a The LC50 and the 95% fiducial limits (FL 95%) after 10 days. At least three biological 

replicates were performed for each protein except Vip3Ca WT which was estimated 

from a single assay. 
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III.2. 125I-Vip3Aa in vitro binding assays 

Specific binding of 125I-Vip3Aa to S. littoralis BBMV was shown by the 

competition with unlabelled Vip3Aa (Figure 1.1, black line; 

Supplementary Figure S1.4). The unlabelled protein displaced at least 

70% of the labelled protein’s initial binding, indicating that in our 

experimental conditions around 30% was non-specific binding. The 

analysis of the competition curve provided an equilibrium dissociation 

constant (Kd) of 51.0 ± 8.3 nM, with a concentration of binding sites (Rt) 

of 170 ± 32 pmol/mg of BBMV protein (Supplementary Table S1.2).  

 

Heterologous competitors (Vip3Af and Vip3Ca) were used to evaluate 

the existence of shared binding sites with 125I-Vip3Aa. The results 

showed that Vip3Af was able to displace all 125I-Vip3Aa specific binding 

Figure 1.1. In vitro binding competition assays among Vip WT proteins. Labelled 125I-

Vip3Aa was used with a fixed concentration of BBMV (0.05 mg/ml) and increasing 

concentrations of unlabelled Vip3Aa (black) and the heterologous proteins Vip3Af 

(red) and Vip3Ca (blue) as competitors. Each data point represents the mean of at least 

three replicates (± SEM).    
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(Figure 1.1, red line) in a similar way as homologous Vip3Aa does. The 

analysis of the heterologous curve using Vip3Af WT as competitor 

yielded an estimated Kd of 130 ± 39 nM and an Rt of 492 ± 202 pmol/mg 

of BBMV protein (Supplementary Table S1.2). However, though 

Vip3Ca could compete for 125I-Vip3Aa binding, it could not do it 

completely (Figure 1.1, blue line); the competition curve reaches a 

plateau at 50% of the binding which indicates that Vip3Aa had more 

than one population of binding sites and that not all are shared with 

Vip3Ca. Accordingly, the analysis of the heterologous curve using 

Vip3Ca WT as competitor yielded an estimated Kd of 6.6 ± 1.3 nM and 

an Rt of 18.3 ± 3.4 pmol/mg of BBMV protein (Supplementary Table 

S1.2), indicating a high affinity for the receptors shared with Vip3A 

proteins. However, according to the low Rt value, Vip3Ca protein only 

shares with Vip3A proteins a small number of its binding sites. 

 

III.3. Effect of Domain I mutations on in vitro binding 

The ability of Domain I mutant proteins to bind to BBMV has been 

shown by using 125I-Vip3Aa and the unlabelled mutant proteins as 

competitors. The results showed that all mutants were able to compete 

with the labelled protein similarly to the unlabelled Vip3Aa WT 

homologous competitor (Figure 1.2), indicating that they maintained 

the ability to bind despite having lost their insecticidal activity. The 

estimation of the binding parameters (Kd and Rt) from the heterologous 

competitions with 125I-Vip3Aa and DIP competitors indicated that the 

mutations did not significantly affect the binding properties compared 

to their respective WT proteins (Supplementary Table S1.2). 
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III.4. Vip3Aa in vivo competition assays.  

In vivo competition assays were performed to test whether the in vitro 

binding model drawn using Vip heterologous competitors actually 

reflected competition for functional binding sites. At ratios 1:100 or 

higher of WT:mutant protein, both Vip3Aa Domain I mutants (Vip3Aa 

DIP1 and DIP2) were able to block the toxicity of Vip3Aa WT (Figure 

1.3A, B). Therefore, both disabled Vip3Aa mutants presumably bind to 

the same sites as the Vip3Aa WT protein, preventing it to exert its toxic 

action. The same type of approach was used with heterologous Vip 

competitors (Vip3Af DIP and Vip3Ca DIP). The Vip3Af mutant protein 

was able to block Vip3Aa WT’s toxicity in vivo at the highest ratio tested 

Figure 1.2. In vitro binding competition assays of Domain I Vip mutants. Labelled 
125I-Vip3Aa was used with a fixed concentration of BBMV (0.05 mg/ml) and increasing 

concentrations of unlabelled Vip3A Domain I mutants: Vip3Aa DIP1 (red), Vip3Aa 

DIP2 (blue), and Vip3Af DIP (green). The homologous competition with unlabelled 

Vip3Aa WT (black, overlapped with that of Vip3Aa DIP2 in blue) is included as a 

control. Each data point represents the mean of at least three replicates (±SEM).    
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(1:1,000), whereas the Vip3Ca mutant was not able to block the toxicity 

of Vip3Aa WT event at the highest competitor ratio (Figure 1.3C, D). 

 

 

 

 

Figure 1.3. Vip3Aa in vivo competition assays against Domain I mutants. Vip3Aa WT 

protein was used at a constant concentration (13 ng/cm2) with increasing ratios of 

homologous Vip3Aa mutant competitors (A) Vip3Aa DIP1 and (B) Vip3Aa DIP2, and 

heterologous competitors (C) Vip3Af DIP and (D) Vip3Ca DIP. The mean percent 

mortality (±SEM) of at least three replicates is represented for each protein ratio. The 

two first columns of each graph correspond to the negative controls 0 (just buffer) and 

0:1,000 (no WT but highest amount of competitor used in the assay, 13 μg/cm2). The 

rest of the columns represent the different protein:competitor ratios used in the assays. 

The asterisks over the bars indicate level of significance (* P < 0.05, ** P < 0.01 and *** P 

value < 0.001) compared to the ratio 1:0 in a One-Way ANOVA with Bonferroni post 

hoc test. 
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III.5. Vip3Af in vivo competition assays 

In vivo competition assays were also performed using the Vip3Af WT 

protein. In the homologous in vivo competition assay using the Vip3Af 

DIP mutant, the competitor blocked the toxicity of Vip3Af WT at a 

1:1,000 ratio (Figure 1.4A). In agreement with the results obtained in the 

in vivo competition assays with Vip3Aa WT, Vip3Aa DIP2 blocked the 

toxicity of Vip3Af WT (Figure 1.4B), whereas Vip3Ca DIP did not block 

it even at the highest ratio tested (Figure 1.4C). Interestingly, Vip3Aa 

DIP2 was very efficient, significantly blocking the toxicity of the Vip3Af 

WT protein at a ratio as low as 1:10. 

 

Figure 1.4. Vip3Af in vivo competition assays against Domain I mutants. Vip3Af WT 

protein was used at a constant concentration (30 ng/cm2) with increasing ratios of 

homologous mutant competitor (A) Vip3Af DIP, heterologous mutant competitors (B) 

Vip3Aa DIP2 and (C) Vip3Ca DIP. The mean percent mortality (± SEM) of at least three 

replicates is represented for each protein ratio. The two first columns correspond to the 

negative controls 0 (just buffer) and 0:1,000 (no WT but highest amount of competitor 

used in the assay, 30 μg/cm2). The rest of the columns represent the different 

protein:competitor ratios used in the assay. The asterisks over the bars indicate level of 

significance (*P < 0.05, and *** P < 0.001) compared to the ratio 1:0 in a One-Way 

ANOVA with Bonferroni post hoc test. 
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IV. Discussion 

 

Understanding Vip proteins mode of action is essential for guiding a 

better application of these insecticidal proteins in pest management and 

crop protection strategies. Special emphasis must be placed on their 

binding properties, which drive their insect specificity and help 

designing the best protein combinations for pyramided Bt-crops. In vitro 

binding assays with radiolabelled proteins has proven to be a useful 

method for studying protein binding to insect midgut receptors 

(Gouffon et al., 2011; Höfte and Whiteley, 1989; Lee et al., 2006). Here, by 

using 125I-Vip3Aa and S. littoralis BBMV in in vitro binding assays we 

have shown that Vip3Aa and Vip3Af proteins share all the binding sites 

whereas Vip3Ca only competes partially for Vip3A binding sites. This 

binding model is in agreement with the one proposed for S. exigua and 

S. frugiperda using 125I-Vip3Af (Quan et al., 2021a). The partial 

competition of Vip3Ca for Vip3A binding sites was not detected in a 

previous study with S. frugiperda BBMV (Kahn et al., 2018). In that study 

the binding conditions were different from ours, such as the lower 

purity of the proteins used as competitors and the presence of NaCl in 

the binding buffer, which has been shown to interfere with Vip3Af 

binding, potentially by blocking electrostatic interactions (Quan et al., 

2021a).  

Disabled insecticidal proteins have been proposed as a novel tool for 

studying the occurrence of shared receptors between different proteins 

in vivo. These proteins are engineered with mutations that eliminate 

their insecticidal activity without affecting their binding to membrane 

receptors (Hernández-Martínez et al., 2022; Jerga et al., 2019). We have 
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now applied this approach to Vip proteins in S. littoralis with the aim to 

test the relevance of in vitro derived binding site models to predict the 

interaction of these proteins in vivo. Vip disabled proteins were 

generated by the introduction of mutations in Domain I and they were 

used as competitors in in vivo competition assays, which consist on 

giving a constant dose of a toxic protein and increasing concentrations 

of the disabled competitor. If the toxicity is blocked by an excess of 

competitor, it can be assumed that the proteins share functional 

receptors, and thus, the binding of the non-toxic protein prevents the 

binding and the subsequent toxicity of the WT protein (Chen et al., 2021; 

Hernández-Martínez et al., 2022; Jerga et al., 2019; Wang et al., 2019). 

However, in this type of approach, a dominant-negative phenotype can 

happen if, at very low concentrations of nontoxic competitor, an 

important inhibition of toxicity is observed, indicating that the 

competitor is sequestering the WT protein by forming hetero-oligomers 

(Carmona et al., 2011; Jiménez-Juárez et al., 2007; Rodríguez-Almazán et 

al., 2009). This is not happening in this case, since Vip proteins 

spontaneously form very stable tetramers (Núñez-Ramírez et al., 2020; 

Byrne et al., 2021) and because the inhibition of toxicity at very low 

concentrations of competitors is not observed. Our results from in vitro 

binding assays show that, as expected, the Vip disabled proteins 

carrying point mutations in Domain I were all able to bind specifically 

to S. littoralis BBMV, but none of them was toxic against S. littoralis 

larvae, confirming the essential role that Domain I plays on the toxicity 

(Banyuls et al., 2018; Jerga et al., 2019). In addition, from the in vivo 

competition assays we can also draw some conclusions that allow us to 
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better understand the behaviour of Vip proteins in vivo. Disabled 

Vip3Aa and Vip3Af proteins blocked the toxicity of their respective 

homologous WT proteins, though they did it at different ratios. While 

disabled Vip3Aa proteins blocked Vip3Aa WT at a 1:100 ratio, a 1:1,000 

ratio was needed for disabled Vip3Af to block Vip3Af toxicity. In the 

heterologous competition assays, disabled Vip3Aa DIP2 blocked 

Vip3Af WT at a ratio 1:10, whereas disabled Vip3Af DIP blocked 

Vip3Aa WT only at a ratio as high as 1:1,000. The fact that Vip3Aa and 

Vip3Af disabled proteins blocked each other’s WT proteins confirms the 

occurrence of shared binding sites in vivo, in agreement with the in vitro 

binding assays. Furthermore, the different ratios WT:disabled required 

to block toxicity reveal differences in the efficiency between Vip3Aa and 

Vip3Af proteins, being disabled Vip3Af less efficient than disabled 

Vip3Aa in competing for the WT proteins. These results are in 

agreement with the differences in affinity of these two proteins for the 

binding sites observed in vitro. Vip3Af has a higher Kd than Vip3Aa, 

indicating lower affinity for the binding sites, in agreement with the 

lower efficiency in blocking the toxicity in the in vivo competition assays. 

Despite Vip3Ca being able to compete in vitro for part of the binding 

sites of Vip3Aa, the disabled Vip3Ca did not block the toxicity of either 

of these two proteins even at the highest ratio tested in in vivo 

competition (Figures 1.3D and 1.4C). The partial competition of Vip3Ca 

in vitro for Vip3A binding sites implies that Vip3Aa has distinct types of 

binding sites, in agreement with recent reports proposing different 

receptors for this protein (Jiang et al., 2018a; Jiang et al., 2018b; Osman et 

al., 2019; Singh et al., 2010). Therefore, one explanation for the result 
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obtained in vivo is that Vip3Ca cannot block all functional binding sites 

of Vip3A proteins and, thus, the non-shared binding sites are sufficient 

for Vip3A proteins to exert their toxic effect. Alternatively, the Vip3A 

binding sites shared with Vip3Ca may be those of less relevance for 

Vip3A toxicity or those occurring in less abundance compared to other 

Vip3A sites. Since Vip3Ca was not labelled (for the in vitro binding 

assays) or used as the WT protein in the in vivo competition assays, we 

cannot discard that it could have additional binding sites not shared 

with Vip3A proteins. The existence of redundant binding sites for 

Vip3A proteins could also help explain the fact that resistance to Vip3Aa 

has not so far been associated with a lack of in vitro binding to BBMV in 

any of the lepidopteran Vip3Aa-resistant populations studied 

(Chakroun et al 2016b; Pinos et al., 2020; Quan et al., 2021b).  

An unexpected result observed in our in vivo competition assays using 

disabled Vip3A proteins as competitors is the increase of toxicity of the 

WT protein when mixed with the disabled protein at low ratios (Figures 

1.3C and 1.4C). One possible explanation for this effect is that the excess 

of disabled protein would block non-specific binding sites that 

otherwise would trap some of the WT molecules. Also, the excess of 

disabled proteins could have a protective effect to the WT protein in the 

lumen by reducing the ratio proteases:Vip3A molecules. This slight 

enhancement of the mortality disappears when the ratio of disabled 

protein increases due to the greater contribution of the binding-sites 

blocking effect, except when using Vip3Ca DIP as competitor since this 

protein is unable to block Vip3A WT binding sites. 
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V. Conclusions 

In summary, the in vivo competition assays are a good complement to 

the in vitro competition binding assays. In this study, in addition to 

proposing a binding site model for S. littoralis based on in vitro binding 

competition using radiolabelled proteins, the in vivo competition assays 

confirm the occurrence of functional shared binding sites for Vip 

proteins. The results point out to the existence of multiple binding sites 

for Vip proteins, which might have different relevance in the toxicity or 

different abundance in the midgut membrane. The occurrence of 

redundant receptors may have the effect of masking the importance of 

the ones most involved in the toxicity by providing an average picture 

of the overall binding to the membrane sites.  

Here, we propose the model shown in Figure 1.5 as the most likely 

binding site model for Vip proteins in Spodoptera spp. based both on in 

vitro binding and in vivo competition assays among Vip proteins. 
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Figure 1.5. Proposed binding site model for Vip proteins in Spodoptera spp. Based 

on in vitro binding of 125I-Vip3Aa and 125I-Vip3Af (Quan et al., 2021b) and in vivo 

competition assays, Vip3Aa and Vip3Af share all the binding sites including functional 

binding sites as shown in vivo for S. littoralis. Vip3Ca competes only partially for Vip3A 

binding sites and does not block Vip3A functional receptors in S. littoralis. Cry proteins 

do not share receptors with Vip proteins. Thickness of the arrows represents differences 

in the binding affinity (thicker arrows indicate higher affinity according to Kd 

parameters). Dashed lines indicate lack of shared binding sites. Figure modified from 

Ferré et al., 2023 and Lázaro-Berenguer et al., 2022b. 
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I. Introduction 

Vegetative insecticidal proteins (Vip) are produced during the 

vegetative growth phase of the bacterium Bacillus thuringiensis, and are 

toxic against a wide range of lepidopteran pests (Chakroun et al., 2016a; 

Estruch et al., 1996; Palma et al., 2014; Ruiz de Escudero et al., 2014). 

Notably, members of the Vip3A family have been used in Bt-crops 

(expressing one or more B. thuringiensis genes) in combination with the 

Cry insecticidal proteins to prevent the evolution of insect-resistant 

populations (Carrière et al., 2015; Tabashnik and Carrière, 2017), since 

they are toxic for insect species that have already developed resistance 

against Cry proteins and do not share binding sites with them 

(Chakroun and Ferré, 2014; Gouffon et al., 2011; Lee et al., 2006; Quan et 

al., 2021a; Sena et al., 2009). 

Vip proteins are secreted as protoxins of ~89 kDa which, once ingested 

by the larvae, are processed by midgut proteases into two different 

fragments of ~20 and ~65 kDa that remain attached and conform the 

activated protein (Bel et al., 2017; Chakroun and Ferré, 2014; Quan and 

Ferré, 2019; Zack et al., 2017). Once processed, Vip proteins are able to 

bind to specific receptors located on the brush border membrane of the 

midgut epithelium cells (Chakroun and Ferré, 2014; Quan et al., 2021a) 

where they exert their toxic effect. Regarding their mode of action, it has 

been shown that Vip proteins get inserted into the membrane and 

induce pore formation, leading to the death of the larvae (Lee et al., 2003; 

Liu et al., 2011). In addition, and mainly in studies with cultured cells, it 

has been reported that Vip3A proteins can induce apoptosis through the 



CHAPTER 2 

146 
 

mitochondrial apoptotic pathway after being internalized into the cells 

(Hou et al., 2020; Jiang et al., 2016; Nimsanor et al., 2020).  

Recently, the structure of Vip proteins has been determined by cryo-

electron microscopy (cryo-EM), revealing that they consist of a tetramer 

in which each subunit is composed of five structural domains (Byrne et 

al., 2021; Núñez-Ramírez et al., 2020; Zheng et al., 2020) (Figure 2.1). 

Comparison between Vip protoxin and trypsin-activated protein 

structures has demonstrated a major conformational change at the 

N­terminal (N-t) Domain I (Figure 2.1A, B). In the protoxin 

conformation, the N-t forms a helix bundle that is remodelled into a 

tetrameric coiled-coil as observed in the activated protein conformation, 

with a flexible end that most probably is formed by helix α1 (Byrne et 

al., 2021; Núñez-Ramírez et al., 2020). The tip of this coiled-coil structure 

has been shown to get inserted into the membrane of liposomes (Byrne 

et al., 2021). At the C-terminus (C-t), Domains IV and V (Figure 2.1C) are 

carbohydrate-binding motifs that do not contact the N-t part of the 

protein or directly interact with other subunits, and are dispensable for 

oligomer formation (Byrne et al., 2021; Núñez-Ramírez et al., 2020; Quan 

and Ferré, 2019; Zheng et al., 2020). Also, it has recently been shown that 

they are not necessary for the specific binding of Vip3Af to Spodoptera 

spp. brush border membrane vesicles (BBMV) and Spodoptera frugiperda 

Sf21 cultured cells, or for exerting cell toxicity (Jiang et al., 2020a; Quan 

et al., 2021a). Nevertheless, many reports have shown that they are 

necessary for the toxicity of Vip3A proteins in vivo (Banyuls et al., 2018, 

2021; Gayen et al., 2012, 2015; Li et al., 2007; Quan and Ferré, 2019; 

Selvapandiyan et al., 2001). 
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To better understand the relevance of Domain I for Vip3Aa’s toxicity 

and the role of the C-t Domains IV and V in vivo, we have engineered a 

deletion mutant of these domains in addition to mutations aimed to 

restrict remodelling of Domain I as well as to modify it. Since activation 

of Vip3A proteins by the insect midgut proteases is a key step for the 

insecticidal activity (Chakroun et al., 2016a; Hernández-Martínez et al., 

2013; Lee et al., 2003), the behaviour of these mutants upon proteolytic 

processing has been characterized. Also, we have performed negative 

staining electron microscopy (NS-EM) and toxicity bioassays against the 

lepidopteran species Spodoptera exigua, to determine the effect of these 

mutations on the protein structure and how this affects the insecticidal 

activity. The results demonstrate that the integrity and the remodelling 

of Domain I (coiled-coil formation) are essential for the insecticidal 

activity of Vip3Aa in vivo. 

 

II. Materials and methods 

II.1. Mutagenesis of Vip3Aa 

Vip3Aa90 (NCBI accession No. AAW65132) (residues 10–789) was 

cloned in LIC 1.5, as previously described (Núñez-Ramírez et al., 2020), 

and then was used as a template vector to prepare the mutant vectors 

used in this study. Specifically, the sequences of Vip3Aa_Δα1 and 

Vip3Aa_ΔIV-V were prepared by amplification of the vector template 

from residue 40 to 789 and residue 10 to 535, respectively, then cloned 

in LIC 1.5. The rest of the mutants were obtained using the Q5 

Site­Directed Mutagenesis Kit (New England Biolabs) with the vector 
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template to obtain the corresponding mutant vectors containing the 

mutant proteins. See Supplementary Table S2.1 for description of the 

primers used to prepare each mutant protein. 

 

II.2. Protein expression and purification 

Vip3Aa WT and mutants were produced as described previously 

(Núñez-Ramírez et al., 2020). Briefly, protein expression was conducted 

in Escherichia coli C43 (DE3) cells grown in Luria-Bertani (LB) broth 

supplemented with 100 g/mL Ampicillin to exponential phase (OD600 

~ 0.6) and induced with 0.5 mM isopropyl β­d­1­thiogalactopyranoside 

(IPTG), incubated at 37°C for 3 h and then centrifuged and stored at 

−20°C. For purification, thawed cells were resuspended in buffer A (50 

mM Tris–HCl, 0.5 M NaCl, 50 mM MgCl2) at pH 8.0, with 1 mM 

phenylmethanesulfonyl fluoride and 1 mM Tris (2-carboxyethyl) 

phosphine hydrochloride, and sonicated for 5 min. The cell lysate was 

centrifuged at 25,000 xg for 30 min and the clarified supernatant was 

loaded into a 5 mL StrepTrap column (GE, Healthcare). The protein was 

eluted with 5 mM d-desthiobiotin dissolved in buffer A. The StrepII-tag 

was removed with 3C PreScission protease (GST-tagged) at a 1:1/25 

(protein:protease) molar ratio followed by dialysis in buffer A. The 

sample was then subjected to two other steps of affinity 

chromatography with StrepTrap and GST-Trap columns to separate the 

non-tagged protein from any remaining tagged protein and protease. 

The non-tagged protein was further purified by gel filtration 

chromatography using a ProteoSEC 16/60 6–600 HR (Generon). Pure 

proteins were stored at −80°C for further use. 
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II.3. In vitro proteolytic assays 

Purified proteins diluted in buffer A at pH 7.5 were quantified by the 

Bradford method (Bradford, 1976). A fixed amount of protein (10 μg) 

was incubated with 10% (w/w; 1 μg) commercial trypsin or 

α­chymotrypsin (both from bovine pancreas, Sigma-Aldrich), or 10% 

(w/w) midgut juice or 10% (w/w) BBMV from S. exigua. Midgut juice of 

S. exigua was prepared following the protocol described elsewhere 

(Chakroun et al., 2012), flash-frozen in liquid nitrogen and stored at 

−80°C. BBMV from S. exigua were prepared by the differential 

magnesium precipitation method (Wolfersberger, 1993) and stored at 

−80°C as well. Total protein concentration in the midgut juice and 

BBMV was determined by the Bradford method just before use. The 

reaction was carried out in a final volume of 20 μL, in buffer A at pH 7.5 

or in 20 mM carbonate buffer at pH 10, depending on the pH conditions 

required. All samples were incubated for 1.5 h at 37°C for trypsin and 

α-chymotrypsin digestions and at 30°C for midgut juice and BBMV 

digestions. Then, samples were clarified by centrifugation (16,100 xg for 

10 min at 4°C) and the supernatant containing the processed proteins 

was incubated for 10 min at room temperature (RT) with 10 mM AEBSF 

[4-(2-aminoethyl) benzenesulfonyl fluoride HCl] serine protease 

inhibitor to avoid further processing of the proteins. Proteolytic 

fragments were separated on 12% acrylamide SDS-PAGE gels. 
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II.4. Protein structure visualization by NS-EM 

Purified samples were analysed by electron microscopy after being 

adsorbed to glow-discharged carbon-coated grids and stained with 2% 

(w/v) uranyl acetate as described previously (Núñez-Ramírez et al., 

2020). Grids were observed using a JEOL JEM-1230 transmission 

electron microscope, operated at 100 kV, at a nominal magnification of 

40,000. EM images were taken under low dose conditions with a CMOS 

TvipsTemCam-F416 camera at 2.84 Å per pixel. Image processing was 

performed using the SCIPION package (de la Rosa-Trevín et al., 2016). 

The contrast transfer function of the microscope for each micrograph 

was estimated using CTFFIND4 (Rohou and Grigorieff, 2015). Particles 

were then automatically picked using the Xmipp routine inside 

SCIPION (Abrishami et al., 2013) and subjected to 2D classification 

using RELION (Scheres, 2012). 

II.5. Insect rearing and toxicity bioassays 

Surface contamination bioassays were performed with a laboratory 

population of S. exigua maintained on semi-synthetic diet (Bell and 

Joachim, 1976) in a rearing chamber at 25 ± 2°C, 70% ± 5% RH, and 16:8 

h light:dark photoperiod. Increasing concentrations of purified proteins 

dissolved in buffer A at pH 7.5, were prepared and dispensed (50 μL) 

over the surface of 2 cm2 wells filled with semi-synthetic diet; at least 16 

wells were used for each protein concentration. After the diet surface 

was dry, one neonate larva was gently placed into each well and plates 

were sealed. Trays were maintained in a climatic chamber under rearing 

conditions and the mortality was recorded after 10 days. At least three 

biological replicates of the assay were performed for each protein. The 
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toxicity of the proteins was quantified by Probit analysis using PoloPlus 

software. Graphical representations (Supplementary Figure S2.1) were 

performed with GraphPad Prism. 

II.6. In vivo digestion with S. exigua larvae and western blot 

Purified WT and Vip3Aa_195-AVAA-198 proteins, diluted in buffer A 

at pH 7.5, were mixed with phenol red and sucrose (18 μl of 2 mg/ml 

protein + 2 μL of phenol red + 2.5 μL of 1.6 M Sucrose). Then, S. exigua 

L3 larvae were starved for at least 4 h and fed by drop-feeding with the 

protein mixtures. Larvae that ingested the protein mixtures were 

separated and dissected at time intervals (15 min and 16 h post-

ingestion). Control larvae were just fed with the buffer-dye mixture. 

Individual midguts of treated larvae were homogenized in 10 μL of 10 

mM AEBSF and incubated at RT for at least 10 min to stop any further 

proteolytic processing of the proteins. Samples were subjected to 12% 

SDS-PAGE along with a Dual Color Molecular Marker (Bio-Rad). After 

SDS-PAGE, the proteins were transferred to a nitrocellulose membrane 

(Ge healthcare Armershan™ Hybond™—ECL) by humid transference 

in blotting buffer (39 mM glycine, 48 mM Tris-base, 0.037% SDS, 20% 

methanol) using the Bio-Rad system. The lane of the molecular marker 

was separated from the rest using a clean razor. The two pieces of the 

membrane were blocked overnight with 5% skimmed milk dissolved in 

PBST buffer (PBS + 0.1% Tween 20). The part of the membrane 

containing the proteins was incubated for 1 h at RT (with shaking) with 

a primary antibody anti-Vip3Aa raised in rabbit at 1/5,000 antibody 

dilution in PBST containing 0.5% skimmed milk. After 3 washing steps 

with PBST (5 min each), the membrane was incubated for 1 h at RT with 
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the secondary antibody anti-rabbit conjugated with HRP peroxidase 

(Sigma-Aldrich) at 1/20,000 antibody dilution in PBST containing 0.5% 

skimmed milk. The part of the membrane containing the molecular 

marker was incubated for 1 h at RT with Precision Protein StrepTactin-

HRP (Bio-Rad) at 1/20,000 dilution in PBST. After three washing steps 

(5 min each) with PBST, the bands were visualized with the Amersham 

ECL Prime Western Blotting Detection Reagent using an Image Quant 

LAS 4000. 

III. Results 

III.1. Engineering of Vip3Aa mutant proteins 

To better understand the role of the structural features of Domain I in 

the toxicity, we have engineered several mutants targeting different 

regions or processes which can be grouped into four categories: (i) 

mutants directed to affect the N-t part of the protein, named as 

Vip3Aa_Δα1, Vip3Aa_41-KVKK-44 and Vip3Aa_M34L, (ii) mutants 

directed to affect the proteolytic processing and conformational change 

of the activated protein, named as Vip3Aa_195-AVAA-198 and 

Vip3Aa_S-S, (iii) mutants directed to reduce the internal diameter of the 

tetrameric coiled-coil observed in the activated conformation, named as 

Vip3Aa_L146F and Vip3Aa_L146M, and (iv) a mutant lacking the C-t 

Domains IV and V (Vip3Aa_ΔIV-V). Details of the mutations and their 

expected effect on the structure and/or properties of the protein, 

according to the structural data, are summarized in Table 2.1. 
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III.2. In vitro proteolytic processing of the Vip3Aa WT and mutants 

The Vip3Aa WT and mutant proteins were subjected to proteolytic 

processing in vitro under two conditions: using commercial trypsin and 

using midgut juice of S. exigua larvae (SeMJ). As can be observed in 

Figure 2.2, the WT protein (~85 kDa), rendered two fragments of 20 and 

65 kDa (corresponding to N-t Domain I and C-t Domains II–V, 

respectively) in both proteolytic conditions. The mutant Vip3Aa_Δα1, 

which lacks helix α1 (Figure 2.1C), showed a doubled band pattern 

before proteolysis (bands of ~80 and ~75 kDa) (Figure 2.2), probably due 

to different unfolding stages of the dissociated subunits under 

denaturing conditions affecting the electrophoretic mobility of 

protein­SDS interaction. MALDI-TOF analysis of the two bands 

indicated that they were the same protein with 99.5% of confidence. 

Indeed, upon processing by trypsin, both bands disappeared rendering 

the 65 kDa band shown in the WT and an N-t band that runs as ~16 kDa, 

instead of 20 kDa, due to the absence of helix α1. Using SeMJ, only the 

65 kDa band was observed (Figure 2.2), presumably by the degradation 

of the ~16 kDa fragment by midgut proteases. The mutant 

Vip3Aa_41­KVKK-44, which includes a proteolytic site in the loop α1α2 

aimed to remove helix α1 (Figure 2.1C), unexpectedly showed the same 

proteolytic pattern as the WT in both digestion conditions (Figure 2.2), 

indicating that this site was not sufficiently exposed to be cleaved by 

proteases. The mutant Vip3Aa_195-AVAA-198, designed to eliminate 

the trypsin proteolytic site KVKK located in the loop α4α5 between 

Domains I and II (Figure 2.1C), was not digested by the commercial 

trypsin, as previously described (Zhang et al., 2018). However, a slight 
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band corresponding to the 65 kDa fragment was observed upon 

incubation with SeMJ, pointing to slight processing by the mixture of 

proteases in the midgut juice (Figure 2.2). The mutant Vip3Aa_S-S, 

which contained mutations D66C and N69C located in helix α2, as well 

as, mutations Q96C and L100C located in helix α3, (Figure 2.1C) was 

designed to cross-link helices α2-α3 by two disulphide bonds 

(D66C­L100C and N69C-Q96C) to avoid remodelling of both helices 

upon activation. This mutant showed a similar proteolytic pattern to the 

WT protein under reducing conditions (Figure 2.2). However, under 

non-reducing conditions the 20 kDa band runs faster in SDS-PAGE 

(Supplementary Figure S2.2) indicating a more compact conformation 

of Domain I probably due to the cross-link between helices α2 and α3. 

The presence of the disulphide bonds was also confirmed by 

MALDI­TOF (Supplementary Figure S2.3) and LC–MS tandem MS 

(Supplementary Figure S2.4). The three single residue mutants, the 

mutant Vip3Aa_M34L, having a mutation within helix α1 (Figure 2.1C), 

and the mutants Vip3Aa_L146F and L146M designed to reduce the 

internal diameter of the tetrameric coiled-coil upon activation (Figure 

2.1D), as L146 is located in α3 (Figure 2.1B, C), all showed a similar 

pattern to the WT (Figure 2.2). Finally, the mutant Vip3Aa_ΔIV-V, 

lacking the C-t Domains IV and V, showed a proteolytic pattern in both 

conditions composed of two bands, the 20 kDa for the Domain I and a 

~38 kDa comprising Domains II and III (Figure 2.2). Overall, all the 

mutants, except Vip3Aa_195-AVAA-198, showed proteolytic 

processing upon incubation with SeMJ or trypsin, although some of 

them had changes in the electrophoretic mobility of the protein bands 
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compared to the WT. The fact that Vip3Aa_195-AVAA-198 could not be 

processed by trypsin but was slightly processed by SeMJ indicates that 

a different type of proteases may cleave the mutated binding site in vivo, 

or that there is an alternative cleavage site close to the mutated one. 

 

III.3. NS-EM visualization of Vip3Aa WT and mutants 

Mutant proteins Vip3Aa_Δα1, Vip3Aa_41-KVKK-44, Vip3Aa_195-

AVAA-198, Vip3Aa_S-S and Vip3Aa_ΔIV-V, (all except single point 

mutations), were analysed by NS-EM before and after trypsin-treatment 

to explore their effect at the structural level to influence the switch from 

protoxin to activated protein conformation (Figure 2.3).  

Figure 2.3. Negative staining transmission electron microscopy of Vip3Aa WT and 

selected mutants. Pictures were taken both before and after trypsin treatment of the 

samples. The bar at the bottom right represents 10 nm. 



CHAPTER 2 

159 
 

As expected, the WT shows the protoxin conformation before 

incubation with trypsin and the activated conformation after it, in a 

large fraction of the molecules (Figure 2.3). From our previous 

structural studies, we know that proteolytic processing is necessary to 

trigger the remodelling into the activated conformation, though the 

percentage of molecules that undergo the conformational change is 

variable (50–70%) (Núñez-Ramírez et al., 2020). Interestingly, we 

observed that the mutant Vip3Aa_Δα1 adopted the activated 

conformation independently of the incubation with trypsin (Figure 2.3). 

This result indicated that the N-t comprising helix α1 had a relevant role 

in the stabilization of the helices at Domain I. Indeed, in the protoxin 

conformation helix α1 interacts with the core of the tetramer formed by 

Domain II and it is also connected to the loop α1α2 that allows the twist 

of helix α2 (Figure 2.1C). Thus, its absence might release the tension 

generated by the twist, lowering the energetic barrier required to trigger 

the remodelling of helices α2 and α3. For the mutants 

Vip3Aa_41­KVKK-44, Vip3Aa_S-S, and Vip3Aa_ΔIV-V, the majority of 

the molecules showed the protoxin conformation before and after 

incubation with trypsin (Figure 2.3), which indicates that despite the 

trypsin cleavage is produced, the shift towards the activated 

conformation was not favoured. In the case of Vip3Aa_41-KVKK-44, the 

mutation may have reduced the flexibility of the loop α1α2 in the WT 

(41-DTGG-44) provided by two Gly residues, slowing down the 

remodelling of the helices. As originally intended, mutant Vip3Aa_S-S 

might have cross-linked helices α2 an α3 by disulphide bonds, 

impairing remodelling. The lack of remodelling of Vip3Aa_ΔIV-V 
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suggests that the C-t domains IV and V may provide a frame to sustain 

Vip3Aa during remodelling. In the case of the mutant 

Vip3Aa_195­AVAA-198, just the protoxin conformation was observed 

as no cleavage was produced by trypsin (Figure 2.3). Thus, our results 

indicate that remodelling of Domain I is driven by a fine-tuned 

mechanism where not only proteolytic cleavage is necessary but also an 

appropriate free energy barrier to favour the conformational change. 

 

III.4. Insecticidal activity of Vip3Aa and its mutants against S. exigua 

To test the effect of the mutations on the toxicity of the protein, all the 

mutants were bioassayed against neonate larvae of S. exigua. The WT 

protein showed LC50 and LC90 values of 19.5 (8.6–28) and 62.9 (47–98) 

ng/cm2, respectively (Table 2.2). The mutant Vip3Aa_Δα1, lacking helix 

α1, was non-toxic (Table 2.2 and Supplementary Figure S2.1A); 

however, the mutant Vip3Aa_41-KVKK-44, designed to eliminate the 

same helix α1 by trypsin digestion, retained toxicity at the LC50 level 

with a value of 55.1 (26–129) ng/cm2, whereas it essentially lost all 

toxicity at the LC90 level, indicating a different dose–response compared 

to the WT (Table 2.2 and Supplementary Figure S2.1A). The mutant 

Vip3Aa_M34L showed enhanced toxicity compared to the WT (Table 

2.2 and Supplementary Figure S2.1A), with LC50 and LC90 values of 4.5 

(1.2–8.6) and 27.7 (17–46) ng/cm2, respectively. The mutant 

Vip3Aa_195­AVAA-198, in which the cleavage site was eliminated, 

showed toxicity values very similar to that of the WT (Table 2.2 and 

Supplementary Figure S2.1B).
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In contrast, the mutant Vip3Aa_S-S, in which the conformational change 

that follows the proteolytic activation is prevented, showed a complete 

lack of toxicity (Table 2.2 and Supplementary Figure S2.1B). That lack 

of toxicity could hardly be attributed to the individual mutations, as the 

single mutant N69C or the double mutant D66C/N69C showed toxicity 

values similar to the WT protein (LC50 values of 7.5 with FL 4.3–10.5 

ng/cm2, and 21.0 with FL 15.3–27.4 ng/cm2, respectively) and the single 

mutants Q96C and L100C also showed similar toxicity as the WT (LC50 

values of 9.6 with FL 6.3–12.8 ng/cm2, and 18.4 with FL 6.4–33.3 ng/cm2, 

respectively). The mutants Vip3Aa_L146F and Vip3Aa_L146M, which 

according to the amino acid substitutions in the atomic models likely 

count with a reduced internal diameter in the tetrameric coiled-coil 

(Supplementary Figure S2.5), did not differ from the WT at the LC50 

level, but had significantly lower toxicity at the LC90 level, with a 

different dose–response compared to the WT protein (Table 2.2 and 

Supplementary Figure S2.1C). Finally, the mutant Vip3Aa_ΔIV-V, 

lacking the C-t Domains IV and V, also showed a complete lack of 

toxicity (Table 2.2 and Supplementary Figure S2.1D).  

Overall, these results indicate that helix α1 is essential for Vip3Aa 

activity, as well as remodelling of helices α2 and α3 and the presence of 

the C-t domains. The increased activity of Vip3Aa_M34L reinforces the 

role of helix α1 as a hot spot in the mode of action of this protein. 

Moreover, Vip3Aa_41-KVKK-44 has a decreased activity, as do 

Vip3Aa_L146F and Vip3Aa_L146M. The fact that Vip3Aa_195-

AVAA­198 showed the same insecticidal activity as the WT suggests an 

alternative in vivo proteolytic cleavage site. 
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III.5. Proteolytic processing of the Vip3Aa_195-AVAA-198 mutant 

The observation that the mutant Vip3Aa_195-AVAA-198, engineered to 

destroy the cleavage site, showed similar toxicity values compared to 

the WT despite the fact that it was not activated in vitro by commercial 

trypsin and only barely by SeMJ, made us search for other in vitro 

conditions that emulated better the in vivo conditions. Thus, we 

performed the in vitro digestion with trypsin at higher pH, incubating 

with S. exigua BBMV, and replacing trypsin with α-chymotrypsin, 

another relatively common serine peptidase in the lepidopteran larvae 

midgut (Caccia et al., 2014) (Figure 2.4A). The mutant protein could not 

be processed under any of these new in vitro conditions, whereas the 

WT protein was completely processed by trypsin at both pH conditions 

and partially processed by S. exigua BBMV and α-chymotrypsin. 

Since we failed to show the in vitro processing of the 

Vip3Aa_195­AVAA-198 mutant, we set out to demonstrate that this 

protein was processed at an alternative cleavage site in vivo. The in vivo 

digestion assay was performed by drop-feeding S. exigua larvae with 

either the mutant or the WT protein and then dissecting the larvae at 

different times. The processed proteins were detected by western blot 

(Figure 2.4B). The results showed that both, the WT and mutant 

Vip3Aa_195-AVAA-198 were completely processed in vivo at 16 h after 

ingestion. However, the kinetics of activation for the mutant protein 

seemed to be slower, since at 15 min after ingestion the WT protein was 

completely processed whereas almost half of the mutant proteins still 

remained undigested. The in silico analysis of the proteolytic cleavage 
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sites in the surroundings of 195-AVAA-198, using the ExPASy Peptide 

Cutter tool (Bioinformatics Resources, Swiss Institute of 

Bioinformatics), predicts 14 potential trypsin/chymotrypsin cleavage 

sites in a range from 8 to 22 amino acids upstream and downstream of 

the 195-AVAA-198 sequence. Most probably, in vivo, some of these sites 

become available for trypsin or chymotrypsin cleavage. 

 

Figure 2.4. Proteolytic processing of the Vip3Aa_195-AVAA-198 mutant under 

different conditions. (A) The proteins were incubated in vitro under different conditions 

and then subjected to SDS-PAGE. P, protoxin samples; T7.5, samples digested with 

trypsin (10% w/w) at pH 7.5; T10, samples digested with trypsin (10% w/w) at pH 10; 

B7.5, samples digested with S. exigua BBMV (10% w/w) at pH 7.5; C7.5, samples digested 

with α-chymotrypsin (10% w/w) at pH 7.5. Band sizes were estimated according to the 

Blue Star molecular marker (M) (NIPPON Genetics). (B) Larvae fed with either protein 

were dissected after 15 min or 16 h and the midgut sample was subjected to SDS-PAGE. 

The Vip3Aa (WT and mutant) digestion fragments were detected by western blot. C, 

control midgut sample from non-intoxicated larvae; P, controls of protoxin samples (100 

ng); T7.5, controls of in vitro trypsin-treated proteins at pH 7.5 (100 ng); 15 min, in vivo 

processed proteins after 15 min of ingestion; 16 h, in vivo processed proteins after 16 h of 

ingestion. Band sizes were estimated according to the Dual Color molecular marker (M) 

(NIPPON Genetics). 
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IV. Discussion 

The recent structures of Vip3Aa and Vip3Bc in the protoxin and 

activated conformations have revealed that remodelling events at 

Domain I may impact insecticidal activity. To shed light on this 

mechanism, we engineered several Vip3Aa mutants, in highly 

conserved residues of Domain I (Supplementary Figure S2.6), and then, 

characterized their proteolytic profile and insecticidal activity, as well 

as their conformational flexibility trying to correlate their structural 

features with their activity in vivo.  

Our data indicate that remodelling and toxicity are interconnected by a 

fine-tuned mechanism where the free energy that involves remodelling 

depends on the appropriate coordination of several structural features. 

One of these structural features corresponds to helix α1 which has 

proven to be essential. Its absence leads to a complete loss of toxicity, in 

agreement with previous reports showing that the lack of the first 33 

and 39 residues at the N-t abolished the insecticidal activity of the 

protein (Bhalla et al., 2005; Selvapandiyan et al., 2001). Our data also 

reveal that the absence of helix α1 induces the spontaneous 

conformation of activated protein. Thus, we can envision that helix α1 

may be holding Domain I in the protoxin conformation through 

interactions with Domain II until the protein has been proteolytically 

processed in the surroundings of the membrane of the midgut cells, to 

favour remodelling and interaction with the membrane at the 

appropriate location and timing. The mutant Vip3Aa_M34L, which 

carries a point modification within helix α1, shows enhanced toxicity 
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compared to the WT protein, in agreement with previous results 

obtained with the Vip3Af protein and the related species Spodoptera 

littoralis (Banyuls et al., 2021). The fact that a point mutation inside this 

region increases the toxicity can be related to the amphipathic nature of 

helix α1, increasing its hydrophobicity to improve the interaction with 

the hydrophobic nature of the membrane since the hydrophobic index 

of Leu (0.943) is higher than Met (0.738) (Black and Mould, 1991). In 

amphipathic helices (AH), the hydrophobic side of the helix inserts into 

the interior of the bilayer, while the hydrophilic side interacts with the 

lipid headgroups (Drin and Antonny, 2010; Roberts et al., 2013), thus, 

promoting membrane curvature and membrane fission (Campelo et al., 

2008; Martyna et al., 2017). AHs of many fission-inducing proteins 

contain at least two basic residues (Arg and/or Lys) each at the polar-

non-polar interface (Zhukovsky et al., 2019). Helix α1 (with aa sequence 

23-IYGFATGIKDIMNMIFK-39) contains two Lys, K31 and K39 which 

may indicate that Vip3Aa could induce membrane fission. Then, that 

would lead to a better insertion in the membrane to further interact with 

some transmembrane or intracellular compounds to lead the cell death, 

possibly through its internalization and activation of the apoptotic 

pathways as has already been described (Hernández-Martínez et al., 

2017; Hou et al., 2020; Jiang et al., 2016; Nimsanor et al., 2020). Vip 

proteins can get inserted into the membrane of liposomes through the 

N-t part of Domain I (Byrne et al., 2021) and have been described as pore-

forming proteins (Lee et al., 2003; Liu et al., 2011). The tetrameric 

coiled­coil in the structure of Vip3Aa holds a divalent ion bound in an 

internal diameter of ~3 Å (Núñez-Ramírez et al., 2020) which size could 
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impact pore formation, although it is much narrower compared to the 

pore diameters described for other pore-forming proteins (Dal Peraro 

and van der Goot, 2016; Meusch et al., 2014; Mueller et al., 2009). Thus, 

mutations at L146 to Phe and Met were aimed to reduce the diameter 

and possibly affect ion transportation, as these are more voluminous 

residues than Leu. However, just a reduction of toxicity at the LC90 level 

was detected, indicating that the inside diameter of the coiled-coil is not 

a critical feature for Vip3Aa insecticidal activity. Thus, ion binding to 

the tetrameric coiled-coil might help to maintain the structural stability 

and dynamics of the coiled-coil (Hartmann, 2017) and not serve for ion 

transportation, though it cannot be ruled out that the interaction of 

Domain I with the membrane might facilitate ions crossing the 

membrane through other mechanisms. 

A second structural feature that is essential for the Vip3Aa activity is the 

remodelling of helices α2 and α3, as the mutant Vip3Aa_S-S which 

locked the protein in the protoxin conformation impaired the 

insecticidal activity. These two long helices comprise the total length of 

the tetrameric coiled-coil (Figure 2.1B) and possibly serve as a scaffold 

for the action of helix α1 in the toxicity exerted by the activated protein.  

A third structural feature that has been demonstrated to be relevant is 

the loop α1α2 (residues 40–47). We mutated the sequence 41-DTGG-44, 

which contains two Gly, for 41-KVKK-44, resulting in the reduction of 

the toxicity of this mutant. Although our mutation was intended to 

introduce a cleavage site for the release of helix α1, the mutation has 

demonstrated that stiffness in the loop between helices α1 and α2 is 
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deleterious. Thus, flexibility in this region is important for remodelling 

and therefore, for the insecticidal activity of the protein.  

A fourth structural feature that unexpectedly has resulted to be critical 

for remodelling is the C-t part of the protein, formed by Domains IV and 

V which are not interacting with Domain I. Their absence in Vip3Aa 

favoured the protoxin conformation and abrogated toxicity. This is in 

agreement with previous reports showing a drastic lack of toxicity of 

Vip3Aa truncations at the C-t when tested in bioassays with several 

lepidopteran pests, including S. exigua (Banyuls et al., 2018, 2021; Gayen 

et al., 2012, 2015; Li et al., 2007; Quan and Ferré, 2019; Selvapandiyan et 

al., 2001). The fact that the protoxin conformation was favoured in the 

absence of Domains IV and V points out a role for the C-t during 

remodelling, most likely through the interaction with the epithelial 

membrane of the cells. Thus, the absence of both domains may impair 

Vip3A from targeting the membrane, affecting recognition to find an 

interacting surface. However, we cannot discard that the lack of these 

domains could affect the proteolytic activation process of the protein in 

vivo, and so, the absence of toxicity could be the result of different 

factors.  

Finally, the 195-AVAA-198 cleavage site is also an essential structural 

feature for remodelling and toxicity. Surprisingly, we have found that 

alternative proteolytic processing may also take place in vivo, and this 

explains why the toxicity of this mutant does not differ from that of the 

WT, at least against S. exigua. Our results are in contrast to those 

obtained by Zhang et al. (2018), where the same mutant protein showed 
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a significant reduction of toxicity to S. exigua. It is important to note that 

the mortality values obtained by these authors for all the Vip3Aa 

proteins tested were much lower than ours, suggesting important 

differences in the susceptibility of the S. exigua colonies against Vip3Aa 

proteins. 

 

V. Conclusions 

In conclusion, we have demonstrated here the crucial role of helix α1 

and the remodelling which takes place in the activated conformation at 

Domain I for the insecticidal activity of the Vip3Aa protein. We have 

proposed several structural features that are relevant for the timing in 

which Vip3Aa remodelling occurs to drive its biological activity: the 

role of helix α1, essential for toxicity, holding the Domain I in the 

protoxin conformation and most probably interacting with the 

membrane in the activated conformation, the flexibility of the loop 

α1α2, the remodelling of helices α2 and α3, the proteolytic processing 

that takes place at the loop α4α5 between Domains I and II and the role 

of the C-t Domains IV and V to sustain the conformational change. 
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I. Introduction 

 

The Spodoptera genus, commonly known as armyworms owing to the 

well-known gregarious behaviour of their larvae, comprises several 

lepidopteran species widely recognized as major global pests (Allen and 

DEFRA, 2024). These insects have become major invaders, colonizing 

multiple continents outside their native range (Kergoat et al., 2021). 

Their larvae are extremely polyphagous, causing extensive damage by 

feeding on a wide range of crops, resulting in significant financial losses 

for agriculture on a global scale (Sharma et al., 2017). 

Entomopathogenic bacteria can help to control these pests by providing 

us with a variety of insecticidal compounds. Cry proteins produced by 

Bacillus thuringiensis (Bt) are the most widely used and better studied 

among insecticidal proteins (Bravo et al., 2023; Palma et al., 2014). The 

genes coding for these proteins have been incorporated into transgenic 

plants (Bt-crops), offering effective pest control since the mid-90s 

(Estruch et al., 1997; James, 2015; Shelton, 2012). However, resistance 

evolution to Cry proteins in some insect pests has prompted the search 

for alternative insecticidal proteins (Bravo et al., 2023; Downes and 

Mahon 2012; Storer et al., 2012; Tabashnik and Carrière, 2019). In this 

context, Vip proteins, also produced by Bt, have emerged as valuable 

candidates as a consequence of their potency against lepidopteran 

insects and, most important, the fact that they do not share binding sites 

with Cry proteins (Chakroun and Ferré, 2014; Gouffon et al., 2011; 

Hamadou-Charfi et al., 2013; Lee et al., 2003; Liu et al., 2011; Quan et al., 

2021a; Sena et al., 2009), and there is no reported case of cross-resistance 

between them (Tabashnik and Carrière, 2020). Therefore, Vip proteins 
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have become excellent partners for Cry proteins in pyramided Bt-crops, 

which combine different insecticidal proteins with different specificity 

to expand the target spectrum and prevent the appearance of insect 

resistance (Carrière et al., 2015; Moar and Anilkumar, 2007; Tabashnik 

and Carrière, 2017). To date, numerous events of maize and cotton 

containing vip3Aa genes combined with cry genes have been approved 

for commercialization globally, with expectations for their adoption in 

many more crops in the future (Gupta et al., 2021). 

Vip proteins are produced by Bt during its vegetative growth phase and 

are secreted into the media as tetrameric molecules. Each tetramer 

comprises four identical monomers, with each monomer composed by 

five structural domains (Byrne et al., 2021; Núñez-Ramírez et al., 2020; 

Zheng et al., 2020). The N-terminal (N-t) Domains I and II play roles in 

tetramer maintenance and toxicity (Ferré et al., 2023; Jiang et al., 2020a; 

Jiang et al., 2023b; Lázaro-Berenguer et al., 2022a). Domains II–III, have 

been associated with binding functions (Quan et al., 2021a; Jiang et al., 

2023b), whereas the C-terminal (C-t) Domains IV–V are carbohydrate 

binding motifs, and it has been proposed that they may be involved in 

peritrophic matrix interactions and glycosylated molecules engagement 

(Byrne et al., 2021; Jiang et al., 2020a; Jiang et al., 2023b; Núñez-Ramírez 

et al., 2020).  

Cryo Electron Microscopy (cryo-EM) resolution of trypsin processed 

Vip3Aa and Vip3Bc proteins revealed a structural remodelling 

occurring at the N-t region. This enabled the distinction between two 

different structural conformations: the protoxin and the activated 

protein (Byrne et al., 2021; Núñez-Ramírez et al., 2020). In the protoxin, 
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the tetramer adopts a pyramidal structure in which the N-t (Domains I 

and II) forms a helix bundle. That region of the protein gets unfolded 

and remodelled into a tetrameric coiled-coil in the activated protein, 

which consists of a central core from which a long stalk protrudes. This 

coiled-coil structure is formed by Domain I and has a flexible end 

consisting of helix α1 (residues 23–39) (Figure 3.1).  

 

 

Figure 3.1. Vip3Aa protein structural remodelling. Vip proteins form tetramers 

composed by four identical subunits. In the protoxin conformation (left), the N-t 

composed by Domains I and II, forms a helix bundle that, after proteolytic cleavage at 

the primary site (residues 195–198 in the loop between Domains I and II), is remodelled 

into a tetrameric coiled-coil (involving Domain I) in the activated conformation (right), 

with a flexible end consisting of helix α1 (residues 23–39). The bottom panel (modified 

from Byrne et al., 2021) shows the remodelling process proposed for Vip proteins. 
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The end of the stalk structure has been observed to insert into the 

membrane of liposomes (Byrne et al., 2021; Shao et al., 2024), in 

agreement with the DeepTMHMM transmembrane prediction tool 

(Hallgren et al., 2022) which indicates a putative transmembrane region 

in residues 12–30 of Vip3Aa (Supplementary Figure S3.1). 

Regarding Vip proteins’ mode of action, it is generally accepted that 

upon ingestion by larvae, the proteins are proteolytically cleaved 

between helices α4 and α5 by midgut proteases, bind specifically to 

their receptors in the apical membrane of the midgut epithelium (which 

identity is still under debate) and get inserted into the cell membrane 

after remodelling into the activated conformation (Byrne et al., 2021; 

Ferré et al., 2023; Lázaro-Berenguer et al., 2022a). Because it is not clear 

whether the remodelling to the activated protein conformation requires 

binding to the membrane receptors or can take place before binding, this 

study aims to examine if Vip3Aa is able to bind to Spodoptera exigua 

midgut binding sites in both structural conformations. To address this 

question, we have used protoxin and trypsin-processed Vip3Aa 

proteins in in vitro binding assays to S. exigua brush border membrane 

vesicles (BBMV) and in vivo competition assays. In addition, two 

different structural mutants that lock the protein in either its protoxin 

or its activated-protein conformation have been used. On the one hand, 

the mutant Vip3Aa_Δα1, which lacks α-helix 1, has a constitutive 

activated-protein conformation owing to the loss of contacts between 

helix α1 and Domain II α-helices that stabilize the protoxin structure 

(Lázaro-Berenguer et al., 2022a). On the other, the mutant Vip3Aa_S-S 

displays a constitutive protoxin conformation as a result of the 
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introduction of disulphide bonds cross-linking Domain I α-helices 2 and 

3 which avoids its remodelling to the coiled-coil structure that is formed 

in the activated conformation (Lázaro-Berenguer et al., 2022a). Both 

mutants were described as nontoxic against S. exigua larvae, indicating 

the importance of the helix α1 and the conformational change for the 

toxicity of the protein (Lázaro-Berenguer et al., 2022a). Our results show 

that both structural conformations of the Vip3Aa protein share binding 

sites in S. exigua midgut epithelium.  

 

II. Materials and methods 

II.1. Protein expression and purification 

The production of the Vip3Aa wild type (WT) protein (Vip3Aa_Wt) and 

its structural mutants (Vip3Aa_Δα1 and Vip3Aa_S-S) was performed as 

described previously with minor modifications (Lázaro-Berenguer et al., 

2022a; Núñez-Ramírez et al., 2020). Briefly, protein expression was 

conducted in Escherichia coli C43 (DE3) cells containing each of the 

construct vectors. Cells were grown in 700 mL Luria-Bertani broth 

supplemented with Ampicillin (100 μg/mL) to exponential phase 

[optical density at 600 nm (OD600) ∼ 0.6–0.8], then induced with 1 mM 

isopropyl b-D-1-thiogalactopyranoside (IPTG) and incubated at 25°C 

overnight. Cells were collected and stored at −20°C. For purification, 

thawed cells were resuspended in buffer A (50 mM Tris–HCl, 150 mM 

NaCl, 5 mM MgCl2 pH 8.0) supplemented with 3 mg/mL lysozyme, 10 

μg/mL DNase and 100 μM PMSF and incubated for 30 min at 37°C with 

shaking. The lysate was then sonicated for 5 min and centrifuged at 

25,000 ×g for 30 min. The clarified supernatant was loaded onto a 5-mL 
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StrepTrap column (Cytiva) for protein purification. The protein was 

eluted with 5 mM d-desthiobiotin dissolved in buffer A at pH 8.0. The 

Strep II-tag was removed by treating with 3C PreScission Protease 

(Cytiva) followed by dialysis in buffer A. The sample was then subjected 

to another step of affinity chromatography with the StrepTrap column 

to separate the nontagged protein from any remaining tagged 

molecules, and pure proteins were eluted in buffer A. The mutant 

protein Vip3Aa DIP (disabled insecticidal protein) E168A was used as 

positive control for in vivo competition assays. The protein was 

produced as described previously (Banyuls et al., 2018; Lázaro-

Berenguer et al., 2022b). The mutant protein Cry1Ab R99E was used as 

negative control for in vivo competition assays. Heterologous expression 

in E. coli, cell lysis, protoxin solubilization, trypsin-activation and 

purification by anion-exchange were performed as described 

previously (Martínez-Solís et al., 2018). Pure proteins were checked in 

12% acrylamide SDS-PAGE gels (Supplementary Figure S3.2), 

aliquoted, flash-frozen with liquid nitrogen, and stored at −80°C for 

further use. 

 

II.2. Preparation of S. exigua brush border membrane vesicles (BBMV) 

The BBMV were obtained using the differential magnesium 

precipitation method (Wolfersberger, 1993) starting with frozen midgut 

tissue from last instar larvae of S. exigua. After preparation, vesicles 

were divided into aliquots, rapidly frozen in liquid nitrogen, and stored 

at −80°C. Before their utilization in in vitro binding assays, BBMV were 

thawed, centrifuged and resuspended in binding buffer. The protein 
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concentration in the BBMV samples was then quantified using the 

Bradford assay (Bradford, 1976). 

 

II.3. Protein 125I radiolabelling 

Vip3Aa_Wt and Vip3Aa_Δα1 protoxins were radiolabelled by the 

Chloramine T method (Van Rie et al., 1989) following the protocol 

described elsewhere (Quan et al., 2021a; Lázaro-Berenguer et al., 2022b). 

Briefly, 25 μg of pure protein were mixed with 0.3 mCi of [125I]-NaI and 

1/3 (v/v) of 18 mM Chloramine T. The excess of free 125I was separated 

from the labelled protein using a PD10 desalting column (Cytiva). The 

purity of the labelled proteins was checked by analysing the eluted 

fractions by SDS-PAGE with 12% acrylamide gels and autoradiography 

(Supplementary Figure S3.3). Vip3Aa_Wt was labelled twice being the 

specific activity 5.07 and 5.90 μCi/μg, respectively. The specific activity 

of radiolabelled Vip3Aa_Δα1 was 2.60 μCi/μg. Labelled proteins were 

stored at 4°C and used up to 1 month. 

 

II.4. In vitro binding assays with radiolabelled proteins and BBMV 

In vitro binding assays were performed as described previously (Lázaro-

Berenguer et al., 2022b). Briefly, for all kind of assays, labelled proteins 

were incubated with BBMV for 1 h in 100 μL final volume of binding 

buffer (20 mM Tris–HCl, 1 mM MnCl2, 0.1% BSA pH 7.4). After 

incubation, the reaction was halted by centrifugation at 16,000 ×g for 10 

min at 4°C, and the pellet was washed with 500 μL of binding buffer. 

Radioactivity retained in the pellet was quantified using a model 2480 

WIZARD2 γ-counter (Perkin Elmer) to assess bound labelled protein. 
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Bindability assays with a fixed amount of labelled protein (0.2 nM), 

increasing concentrations of BBMV and an excess of unlabelled 

competitor (1,000-fold molar ratio) were performed for both 

non­processed and trypsin-treated samples of Vip3Aa_Wt and 

Vip3Aa_Δα1 labelled proteins. Competition assays were performed by 

mixing a fixed amount of trypsin-processed labelled proteins (0.2 nM) 

with increasing concentrations of unlabelled homologous and 

heterologous competitors and a fixed amount of BBMV established 

according to the shape of their respective total binding curves in 

bindability assays (0.05 mg/mL for Vip3Aa_Wt and 0.1 mg/mL for 

Vip3Aa_Δα1 radiolabelled proteins based on BBMV concentration in 

which total binding is not saturated). For measuring binding 

reversibility, chase-time experiments were performed by incubating a 

fixed amount of trypsin-processed labelled proteins (0.2 nM) with a 

fixed amount of BBMV (0.05 mg/mL for Vip3Aa_Wt and 0.1 mg/mL for 

Vip3Aa_Δα1). After an incubation time of 1 h, a 1,000-fold molar excess 

of unlabelled competitor was added to the tubes and samples were 

collected after 5 min, 30 min and 1 h chase-time. The samples were 

centrifuged and washed as for the rest of binding assays; radioactivity 

retained in the pellet corresponding to the remaining labelled protein 

bound after the chase time was quantified for the different time points. 

Trypsin-treatment of labelled proteins and competitor samples was 

performed at 1% w/w with commercial trypsin from bovine pancreas 

(Sigma Aldrich), incubating at 37°C for 1 h in all cases. The proteolytic 

profile of Vip3Aa_Wt, Vip3Aa_Δα1 and Vip3Aa_S-S competitor 

proteins after trypsin-incubation can be observed in Supplementary 
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Figure S3.2. At least two technical replicates were performed for each 

binding assay, competition assay or chase-time experiment. Graphical 

representations were obtained with Prism (GraphPad). The binding 

parameters equilibrium dissociation constant (Kd) and binding site 

concentration (Rt), were estimated using LIGAND (Munson and 

Rodbard, 1980) for the homologous competition curves of both 

Vip3Aa_Wt and Vip3Aa_Δα1 radiolabelled proteins. 

 

II.5. S. exigua colony rearing and in vivo competition assays 

For surface contamination bioassays, a laboratory population of S. 

exigua was reared on semi-synthetic diet (Bell and Joachim, 1976) under 

controlled conditions: 25 ± 2°C, 70 ± 5% RH and a photoperiod of 16:8 h, 

light:dark. In vivo competition bioassays were conducted using different 

protein:competitor molar ratios (1:0, 1:10, 1:100 and 1:1,000) in buffer A, 

the structural mutants Vip3Aa_Δα1 and Vip3Aa_S-S were used as 

competitors. Negative controls included buffer (labelled as 0) and an 

excess of competitor (labelled as 0:1,000 representing the highest 

competitor concentration used). A Vip3Aa DIP mutant carrying the 

point mutation E168A, which lacks toxicity but maintains its binding 

capacity, was used as a positive control of in vivo competition based on 

previous results found in Spodoptera littoralis (Lázaro-Berenguer et al., 

2022b). The Cry1Ab R99E mutant protein, described previously as 

nontoxic but able to block the toxicity of its WT counterpart, was used 

as a negative control of competition (Chen et al, 2021; Hernández-

Martínez et al., 2022; Jerga et al., 2019). Pure Vip3Aa at a constant 

concentration of 20 ng/cm2 determined from previous median lethal 
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concentration (LC50) values (Lázaro-Berenguer et al., 2022a) was mixed 

with corresponding amounts of pure competitor proteins to create the 

desired ratios. Dispensing 50 μL of protein preparations onto the 

surface of assay wells (2 cm2 diameter) filled with semi-synthetic diet, 

we employed 16 wells per protein dose. Following drying of the diet 

surface, a single neonate larva was gently introduced into each well, and 

the plates were sealed. Trays were kept in a climatic chamber mimicking 

rearing conditions, and mortality was recorded after 7 and 10 days of 

incubation. Each in vivo competition protein combination underwent at 

least three biological replicates. Statistical analysis of mortality 

differences between 1:0 and other protein: competitor ratios was 

performed by a One-Way ANOVA with post hoc Bonferroni test in 

Prism (GraphPad), ensuring rigorous assessment of significance with 

P­values higher than an α-value of 0.05. 

 
III. Results 

 

III.1. In vitro binding assays to S. exigua BBMV with radiolabelled 

Vip3Aa proteins 

In order to examine the ability of protoxin conformation and activated 

toxin conformation to bind to midgut receptors, radiolabelled Vip3Aa 

non-processed and trypsin-processed samples were used in binding 

assays to BBMV from S. exigua. Our results showed that Vip3Aa was 

able to bind in both conformations (Figure 3.2A, B). However, although 

the protoxin showed a higher total binding (60%) (Figure 3.2A) than the 

trypsin-processed protein (20% at the highest BBMV dose tested), 

practically most of the binding of the protoxin was nonspecific, in 
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contrast to the binding of the trypsin-processed Vip3Aa (Figure 3.2B). 

We also performed in vitro binding assays with the Vip3Aa_Δα1 

mutant, which shows a constitutive activated-protein conformation 

without the need of proteolytic cleavage. Both non-processed and 

trypsin-treated samples showed specific binding (Figure 3.2C, D). 

Interestingly, the nonspecific binding was not dose-dependent. In 

addition, the trypsin-processed Vip3Aa_Δα1 showed lower nonspecific 

binding than the non-processed Vip3Aa_Δα1. 

Figure 3.2. 125I-Vip3Aa_Wt and 125I-Vip3Aa_Δα1 binding assays in S. exigua BBMV. In 

vitro binding assays were performed using non-processed 125I-Vip3Aa_Wt (A) with only 

protoxin molecules, trypsin-processed 125I-Vip3Aa_Wt (B) having a mixture of molecules 

in protoxin and activated conformations, non-processed 125I-Vip3Aa_Δα1 (C) and 

trypsin-processed 125I-Vip3Aa_Δα1 (D), both samples having only activated structure, in 

combination with increasing concentrations of S. exigua BBMV. Full circles and open 

circles represent total and nonspecific binding (determined with 1000-fold unlabelled 

homologous competitors), respectively. Each data point represents the mean of at least 

two replicates (±SEM). Wt, wild type. 
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III.2. In vitro binding competition assays 

Competition assays were performed using trypsin-treated 

125I­Vip3Aa_Wt and increasing concentrations of non­labelled 

homologous competitor. The analysis of the curve provided a 

dissociation constant (Kd) of 117 ± 43 nM, with a concentration of 

binding sites (Rt) of 129 ± 52 pmol/mg of BBMV protein. We also used 

two Vip3Aa structural mutants that lock the protein in its protoxin 

(Vip3Aa_S-S) or its activated conformation (Vip3Aa_Δα1) as 

heterologous competitors. Both trypsin-processed mutant proteins were 

able to compete for the specific binding of trypsin-treated 

125I­Vip3Aa_Wt (Figure 3.3A–C). Using trypsin-processed Vip3Aa_Δα1, 

Vip3Aa_S-S and Vip3Aa_Wt as competitors for trypsin-processed 

125I­Vip3Aa_Δα1, the three proteins were able to compete for the specific 

binding of the labelled protein (Figure 3.3D–F) confirming that both 

conformations bind to the same sites. The analysis of the homologous 

competition curve for trypsin-treated 125I­Vip3Aa_Δα1 provided a Kd of 

22.7 ± 5.2 nM and an Rt of 11.8 ± 2.0 pmol/mg of BBMV protein. 

 

III.3. In vitro binding reversibility assays 

Chase-time experiments were performed to assess the binding 

reversibility of 125I-Vip3Aa_Wt and 125I-Vip3Aa_Δα1 to the BBMV. 

Trypsin-processed 125I-Vip3Aa_Wt showed 50% irreversible binding, 

occurring the binding displacement at the beginning of the chase-time 

(Figure 3.4A), whereas trypsin-processed 125I-Vip3Aa_Δα1 exhibited 

higher irreversible binding (80%) and the binding displacement took 

place later (Figure 3.4B).
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III.4. Vip3Aa in vivo competition against conformational mutants 

Finally, to evaluate the functionality of the Vip3Aa binding in its both 

structural stages, we performed in vivo competition assays using the 

conformational mutants as competitors, since none of them is toxic 

against S. exigua larvae (Lázaro-Berenguer et al., 2022a) and both are able 

to compete with Vip3Aa in vitro. The Vip3Aa E168A and Cry1Ab R99E 

mutant proteins were used as positive and negative controls of 

competition, respectively. The bioassays showed that in a similar way 

to the Vip3Aa DIP mutant used as positive control (Figure 3.5A), both 

structural mutants Vip3Aa_Δα1 and Vip3Aa_S-S, were able to block the 

Vip3Aa_Wt's toxicity (Figure 3.5B, C), indicating that both 

conformations of the protein bind to functional receptors in vivo. 

However, as expected given the lack of shared receptors among Cry1A 

Figure 3.4. 125I-Vip3Aa_Wt and 125I-Vip3Aa_Δα1 binding reversibility assays in 

Spodoptera exigua brush border membrane vesicles (BBMV). Chase-time experiments 

were performed by pre-incubating trypsin-processed 125I-Vip3Aa_Wt (A) (containing a 

mixture of both structural conformations), and trypsin-processed 125I-Vip3Aa_Δα1 (B) 

(containing only molecules in the activated-protein conformation), with a fixed amount 

of S. exigua BBMV before adding an excess (1000x) of homologous nonlabelled 

competitors. Samples were collected after 5, 30 and 60 min of incubation with competitor 

proteins to quantify the remaining binding and evaluate binding reversibility. Each data 

point represents the mean of at least two replicates (± SEM). Wt, wild type. 
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and Vip3A proteins, the mutant Cry1Ab R99E did not block the 

Vip3Aa_Wt's toxicity (Figure 3.5D). 

IV. Discussion 

The present study focuses on examining how both the protoxin and 

activated protein structural conformations of the Vip3Aa insecticidal 

protein, bind to S. exigua midgut receptors. Employing an experimental 

approach comprising in vitro binding assays to BBMV and in vivo 

Figure 3.5. Vip3Aa in vivo competition assays against conformational mutants in 

Spodoptera exigua larvae. Bars represent the mortality recorded after 10 days for each 

protein: competitor molar ratio. 0, just buffer; 0:1000, just nontoxic competitor at the highest 

concentration tested; 1:0 just Vip3Aa_Wt at the LC50 dose; 1:10, 1:100 and 1:1000 ratio of 

Vip3Aa_Wt (at the LC50 dose) and nontoxic competitor. Error bars show the standard 

deviation (SD) among replicates. The asterisks over the bars indicate significance (P < 0.05) 

compared to the ratio 1:0 in a One-Way ANOVA with Bonferroni post hoc test. Wt, wild 

type. 
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competition toxicity assays, our objective was to determine how the 

structural conformation of the protein affects its binding capacity. 

The initial in vitro binding assays, employing radiolabelled 

trypsin­treated Vip3Aa_Wt, yielded results consistent with previous 

findings on Vip3A proteins in Spodoptera spp. BBMV, showing 50% of 

specific binding and a rapid binding saturation (Figure 3.2B) (Chakroun 

and Ferré, 2014; Lázaro-Berenguer et al., 2022b; Quan et al., 2021a). Based 

on prior cryo-EM and Negative Staining EM (NS-EM) observations 

(Núñez-Ramírez et al., 2020; Lázaro-Berenguer et al., 2022a), the 

trypsin­processed Vip3Aa sample contains a mixture of both protein 

conformations, with the proportion of molecules in the sample 

undergoing structural remodelling varying across replicates (50–70%). 

Considering these previous observations, to characterize the binding of 

the activated protein conformation alone, we decided to label the 

mutant protein Vip3Aa_Δα1 which shows a constitutive activated 

protein structure without the need of proteolytic processing owing to 

the lack of α-helix 1, which is critical for maintaining the protoxin 

structure (Lázaro-Berenguer et al., 2022a). Compared with the WT 

protein, Vip3Aa_Δα1 had a lower nonspecific binding, which could be 

related with the protein conformation, but also with the lack of helix α1. 

In addition, comparing the non-processed Vip3Aa_Δα1 with the 

trypsin-treated Vip3Aa_Δα1, the non-processed protein had a higher 

nonspecific binding, indicating that not only the structural 

conformation, but also the proteolytic cleavage as well has an impact on 

binding specificity (Figure 3.2C, D). 
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Binding competition assays using trypsin-processed Vip3Aa_Δα1 and 

Vip3Aa_S-S structural mutants as competitors for the WT radiolabelled 

protein provided further insights into the binding mechanism. Despite 

differences in their structural conformations, both mutants effectively 

competed with trypsin-processed Vip3Aa_Wt for its binding sites on S. 

exigua BBMV, indicating that both conformations of Vip3Aa are able to 

recognize the same binding sites (Figure 3.3B, C). If the different 

conformations of Vip3Aa would bind to different binding sites, the 

mutant proteins could not compete completely with the Vip3Aa_Wt 

labelled protein and the competition curves would differ. Competition 

assays with the trypsin-processed Vip3Aa_Δα1 radiolabelled protein 

confirmed that Vip3Aa in its two conformations binds to the same 

binding sites in vitro (Figure 3.3E, F). Furthermore, in vivo competition 

assays with the structural mutants confirmed the results found in vitro, 

showing that the two Vip3Aa conformations bind to functional 

receptors in the insect midgut because both effectively blocked the 

toxicity of Vip3Aa_Wt against S. exigua larvae (Figure 3.5B, C). 

Interestingly, Vip3Aa_Wt protoxin is able to bind to S. exigua BBMV and 

shows higher total binding (60%) compared to the trypsin-processed 

protein (20%). However, this binding is mainly nonspecific (Figure 

3.2A). Therefore, despite that almost all of the protoxin's binding is 

nonspecific, it includes the specific and functional binding sites of the 

activated protein, explaining the competition observed in vitro for the 

BBMV binding sites, and the ability of the Vip3Aa_S-S mutant to block 

the WT's toxicity in vivo. The observation that both structural 

conformations are able to bind to the same receptors supports the 
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proposed role of Domains II–III in receptor binding (Jiang et al., 2023b; 

Quan et al., 2021a), as this part of the protein does not undergo any 

dramatic structural remodelling after proteolytic processing (Núñez-

Ramírez et al., 2020) (Figure 3.1). 

Nonetheless, our results of binding reversibility suggest potential 

differences in membrane interactions possibly attributable to the 

remodelling into the activated structure, because the trypsin-processed 

Vip3Aa_Δα1 mutant (constitutive activated conformation), despite 

lacking of the putative transmembrane region, shows a higher level of 

irreversible interactions with the BBMV compared to the 

trypsin­processed WT protein (mixture of both structural 

conformations) (Figure 3.4). Thus, binding irreversibility may not 

reflect membrane insertion, and although the primary role in receptor 

binding may reside in Domains II–III, the involvement of the N-t part of 

the activated protein in membrane engagement cannot be disregarded, 

as these irreversible interactions could be highly relevant for the 

protein's function. Differences in the binding properties of both 

structural stages are further supported by the analysis of binding 

parameters performed 

with the homologous competition curves of Vip3Aa_Wt and 

Vip3Aa_Δα1 trypsin-processed radiolabelled proteins. For the 

Vip3Aa_Δα1 protein, a lower Kd value was obtained, indicating a higher 

affinity for its binding sites in the BBMV compared to the affinity of the 

WT protein. Also, the higher binding affinity observed for the 

Vip3Aa_Δα1 mutant protein could be related with the higher 

percentage of irreversible interactions displayed by this mutant. 
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V. Conclusions 

In this study, we have investigated how the structural conformation of 

Vip3Aa affects its capacity of binding to midgut receptors in S. exigua. 

Altogether, our findings point to both protoxin and activated protein 

structural conformations contributing to receptor binding. Therefore, 

either spontaneous structural shift upon proteolytic cleavage or 

receptor-mediated remodelling could be occurring in vivo. In terms of 

binding, protein conformation seems not to be a critical feature, because 

the protoxin structure, despite its high nonspecific binding observed in 

vitro, is nonetheless able to block functional binding sites in vivo. 

However, the timing and context in which the conformational change 

into the activated protein structure occurs, could profoundly influence 

membrane insertion and subsequent toxicity. Our results show the 

complex interplay between proteolytic processing, protein structure 

and receptor interactions in Vip3Aa's toxicity against S. exigua. 

Nonetheless, the higher binding affinity observed for the Vip3Aa_Δα1 

mutant protein suggests that the activated conformation would be 

favoured in vivo. 
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I. Introduction 

Vip insecticidal proteins are produced by the bacterium Bacillus 

thuringiensis (Bt) during its vegetative growth phase (Estruch et al., 

1996). They are valuable candidates for the use in transgenic Bt-crops 

due to their insecticidal activity against lepidopteran pests and lack of 

shared binding sites with Cry proteins (Chakroun and Ferré, 2014; 

Gouffon et al., 2011; Hamadou-Charfi et al., 2013; Lee et al., 2003; Liu et 

al., 2011; Quan et al., 2021a; Sena et al., 2009), with no reported cases of 

cross-resistance between them (Tabashnik and Carrière, 2019). To date, 

more than 80 events of maize, cotton and soybean containing vip3Aa 

genes in combination with cry genes have been approved for 

commercialization in several countries (ISAAA, 2024; Gupta et al., 2021). 

There is consensus that upon ingestion by larvae, Vip proteins are 

processed by midgut proteases in the lumen, cross the peritrophic 

matrix (PM), bind specifically to their receptors in the apical membrane 

of the midgut epithelium (which identity is still under debate) and get 

inserted into the cell membrane after remodelling into the activated 

conformation, exerting their insecticidal activity mainly through pore 

formation (Ferré et al., 2023). They are secreted into the media as 

tetrameric molecules, with each tetramer consisting of four identical 

monomers, and each monomer comprising five distinct structural 

domains (Byrne et al., 2021; Núñez-Ramírez et al., 2020; Zheng et al., 

2020). Many efforts have been made to understand the role of each of 

the structural domains of the Vip3A protein on the different steps of its 

mode of action. It is known that the N-terminal (N-t) Domain I (residues 

1–198) is strongly related with toxicity (Banyuls et al., 2018; Byrne et al., 
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2021; Jiang et al.,2023b; Lázaro‐Berenguer et al., 2022a; Selvapandiyan et 

al., 2001; Shao et al., 2024), and plays a key role in structure maintenance. 

It is composed by 4 α-helices and has proven to be essential for 

oligomerization (Jiang et al., 2020a; Zheng et al., 2020), the remodelling 

into the activated protein conformation after proteolytic processing 

(Byrne et al., 2021; Lázaro-Berenguer et al., 2022a; Núñez-Ramírez et al., 

2020) and membrane interaction through pore formation (Byrne et al., 

2021; Shao et al., 2024). Domain II (residues 200–325) is composed of five 

α-helices, it embodies the core of the tetramer and plays an important 

structural role stabilizing the oligomer (Banyuls et al., 2018; Byrne et al., 

2021; Núñez-Ramírez et al., 2020). In addition to its structural role, its 

participation in receptor binding functions in combination with other 

domains of the protein has also been suggested (Jiang et al., 2023b). The 

C-terminal (C-t) part of the protein is composed by three globular 

domains that are exposed to the solvent. Domain III (residues 328–532) 

contains three antiparallel β-sheets that form a β-prism fold (Byrne et 

al., 2021; Núñez-Ramírez et al., 2020; Zheng et al., 2020). It has been 

related with specific binding to the midgut epithelium of several 

Spodoptera spp. and Sf cultured cells (Jiang et al., 2020a; Jiang et al., 2023b; 

Quan et al., 2021a). However, Domain III alone has shown low or no 

ability to bind Sf9 cells or the midgut epithelium (Jiang et al., 2020a; Jiang 

et al., 2023b), pointing out to the need of additional domains for the 

binding. Domains IV and V (residues 536–668 and 681-789 respectively), 

show similar carbohydrate binding module (CBM) folds and are 

connected to the core of the molecule by a long and flexible loop 

(Núñez-Ramírez et al., 2020). In silico DALI analysis of these domains 
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(Holm and Sander, 1995) identifies a number of structural homologs 

with glycan binding capabilities (Byrne et al., 2021; Núñez-Ramírez et 

al., 2020; Zheng et al., 2020). It has therefore been suggested that they 

may play a role in receptor engagement through binding to 

glycosylated molecules. However, these domains were not necessary 

for Vip3Af specific binding to Spodoptera spp. brush border membrane 

vesicles (BBMV) and Sf21 cells (Quan et al., 2021a), nor Vip3Aa binding 

to Sf9 cells (Jiang et al., 2023b). Also, point mutations and truncations in 

Domains IV and V significantly reduce protein toxicity by causing 

instability, as shown in multiple studies (Banyuls et al., 2018; Gayen et 

al., 2012, 2015; Li et al., 2007; Quan and Ferré, 2019; Selvapandiyan et al., 

2001). Additionally, the absence of these domains completely abolishes 

the protein's toxicity in vivo, which can be due to the possible role of 

Domains IV and V on driving the structural remodelling into the 

activated conformation (Lázaro‐Berenguer et al., 2022a), but could also 

be associated to a reduced stability against midgut proteases or an 

alteration in receptor binding in vivo.  

This study aims to clarify the role of the different structural domains in 

the specific and functional binding of Vip3Aa to the midgut epithelium 

of Spodoptera spp. larvae. We have generated several truncated 

constructs having only some of the structural domains of Vip3Aa, and 

used them as competitors for the WT protein in in vitro binding assays 

to Spodoptera exigua BBMV and in vivo competition assays in S. exigua 

and Spodoptera littoralis larvae. Our findings reinforce the critical role of 

Domain III in the binding, while demonstrating the important role of 

Domains IV and V for Vip binding to functional receptors in vivo. 
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II. Materials and methods 

II.1. Vip3Aa truncated constructs generation 

Vip3Aa (residues 10–789) was cloned in LIC 1.5 vector, as previously 

described (Núñez-Ramírez et al., 2020), and served as a template vector 

to prepare the truncated constructs used in this study by amplifying the 

sequences coding for the desired domains and cloning them in LIC 1.5. 

Primers used for amplification of the sequences coding for the 

corresponding protein fragments and molecular mass of the resulting 

truncated proteins are compiled in Supplementary Table S4.1. 

 

II.2. Protein expression and purification 

The production of Vip3Aa WT (full length protein) and truncated 

constructs Vip3Aa_I-III, Vip3Aa_II-V, Vip3Aa_III-V and Vip3Aa_IV-V 

containing only the selected domains, was performed as described 

previously (Lázaro-Berenguer et al., 2024). Briefly, proteins were 

expressed in Escherichia coli C43 (DE3), cells were grown in 700 mL 

Luria-Bertani broth supplemented with 100 μg/mL Ampicillin to 

exponential phase (OD600 ∼ 0.6–0.8), expression was induced with 1 mM 

isopropyl -D-1-thiogalactopyranoside (IPTG) by incubating at 25°C 

overnight with shaking. Cells were collected and stored at −20°C. For 

purification, thawed cells were resuspended in buffer A (50 mM Tris–

HCl, 150 mM NaCl, 5 mM MgCl2 pH 8.0) supplemented with 3 mg/mL 

lysozyme, 10 μg/mL DNase and 100 μM PMSF and incubated for 30 min 

at 37°C with shaking. The lysate was then sonicated for 5 min and 

centrifuged at 25,000 ×g for 30 min. The clarified supernatant was loaded 

onto a 5-mL StrepTrap column (Cytiva) for protein purification and the 

protein was eluted with 5 mM d-desthiobiotin dissolved in buffer A at 
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pH 8.0. The Strep II-tag was removed by treating with 3C PreScission 

Protease (Cytiva) followed by dialysis in buffer A. The sample was 

subjected to a second step of affinity chromatography with the 

StrepTrap column to separate nontagged protein from remaining 

tagged molecules. Pure proteins were eluted in buffer A, checked by 

12% SDS-PAGE, aliquoted, flash-frozen with liquid nitrogen and stored 

at −80°C for further use. 

 

II.3. Preparation of S. exigua brush border membrane vesicles (BBMV) 

The BBMV were obtained by the differential magnesium precipitation 

method (Wolfersberger, 1993) starting with frozen midgut tissue from 

last instar larvae of S. exigua. After preparation, vesicles were aliquoted, 

flash-frozen in liquid nitrogen, and stored at −80°C until use.  

 

II.4. Protein 125I radiolabelling 

Vip3Aa protoxin was radiolabelled by the Chloramine T method (Van 

Rie et al., 1989) following the protocol described elsewhere (Quan et al., 

2021a; Lázaro-Berenguer et al., 2022b). Briefly, 25 μg of pure protein 

were mixed with 0.3 mCi of [125I]-NaI and 1/3 (v/v) of 18 mM Chloramine 

T. The excess of free iodine was separated from the labelled protein 

using a PD10 desalting column (Cytiva). The purity of the radiolabelled 

proteins was checked by 12% SDS-PAGE and autoradiography 

(Supplementary Figure S3.3A, B). Vip3Aa was labelled twice being the 

specific activity 5.07 and 5.90 μCi/μg, respectively.  
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II.5. In vitro binding assays with 125I-Vip3Aa to S. exigua BBMV 

Before their used in in vitro binding assays, BBMV were thawed, 

centrifuged and resuspended in binding buffer. Protein concentration 

in the BBMV samples was quantified by the Bradford assay (Bradford, 

1976). In vitro binding assays were performed as described previously 

(Lázaro-Berenguer et al., 2022b; Lázaro-Berenguer et al., 2024). Briefly, 

125I-Vip3Aa was trypsin-processed with commercial trypsin from 

bovine pancreas (Sigma Aldrich) at 10% w/w for 1 h at 37°C, and 

incubated with BBMV for 1 h in 100 μL final volume of binding buffer 

(20 mM Tris–HCl, 1 mM MnCl2, 0.1% BSA pH 7.4). After incubation, the 

reaction was stopped by centrifugation (16,000 ×g for 10 min at 4°C) and 

radioactivity retained in the pellet was quantified using a model 2480 

WIZARD2 γ-counter (Perkin Elmer) to assess bound labelled protein. A 

bindability assay was performed with 0.2 nM trypsin-processed 

125I­Vip3Aa, increasing concentrations of BBMV and an excess of 

unlabelled trypsin-processed Vip3Aa_Wt (1,000-fold molar ratio). 

Competition assays were performed by mixing 0.2 nM of 

trypsin­processed 125I-Vip3Aa, 0.05 mg/mL BBMV, and increasing 

concentrations of unlabelled competitor proteins. Vip3Aa_Wt and 

truncated construct Vip3Aa I-III were used trypsin-activated; the rest of 

the constructs lacking Domain I were not trypsin-treated for their use in 

competition assays. At least two technical replicates were performed for 

each binding assay. Graphical representations were obtained with 

Prism (GraphPad).  
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II.6. In vitro proteolytic assays 

A fixed amount of protein (10 μg) was incubated with 10% (w/w; 1 μg) 

commercial trypsin (from bovine pancreas, Sigma-Aldrich), or 10% 

(w/w) midgut juice. Gut juice of S. exigua and S. littoralis was prepared 

following the protocol described elsewhere (Chakroun et al., 2012), 

flash-frozen in liquid nitrogen and stored at −80°C. Total protein 

concentration in the midgut juice was determined by Bradford just 

before use. The reaction was carried out in a final volume of 20 μL in 

buffer A (50 mM Tris–HCl, 150 mM NaCl, 5 mM MgCl2 pH 8.0). All 

samples were incubated for 1.5 h at 37°C for trypsin digestions and at 

30°C for midgut juice digestions. Then, samples were clarified by 

centrifugation (16,100 xg for 10 min at 4 °C) and the supernatant 

containing the processed proteins was incubated for 10 min at room 

temperature with 10 mM AEBSF [4-(2-aminoethyl) benzenesulfonyl 

fluoride HCl] serine protease inhibitor to avoid further processing of the 

proteins. Proteolytic fragments were separated by 12% SDS-PAGE. 

 

II.7. Spodoptera spp. colonies rearing and in vivo competition assays 

For surface contamination bioassays, laboratory populations of S. exigua 

and S. littoralis were reared on semi-synthetic diet (Bell and Joachim, 

1976) under controlled conditions: 25 ± 2°C, 70 ± 5% RH and 16:8 h 

light:dark photoperiod. In vivo competition assays were conducted as 

described previously (Lázaro-Berenguer et al., 2022b; Lázaro-Berenguer 

et al., 2024). Vip3Aa at 20 ng/cm2 for S. exigua and 3.7 ng/cm2 for S. 

littoralis, was mixed with Vip3Aa_I-III at the desired molar ratios in 

buffer A (1:0, 1:10, 1:100, 1:1,000, 1:2,500 for S. exigua and 1:0, 1:10, 1:100, 
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1:1,000, 1:10,000 for S. littoralis). Negative controls included buffer 

(labelled as 0) and an excess of Vip3Aa_I-III (labelled as 

0:2,500/0:10,000). At least three replicates were performed for each 

species. Statistical analysis was performed by a One-Way ANOVA with 

post hoc Bonferroni test in Prism (GraphPad) with an α-value of 0.05. 

 

III. Results 

 

III.1. In vitro binding of 125I-Vip3Aa to S. exigua BBMV 

Radiolabelled Vip3Aa showed a 20% of total binding to S. exigua BBMV, 

with half of this binding (50%) being non-specific (Supplementary 

Figure S4.1). Truncated constructs were used as heterologous 

competitors for the radiolabelled WT protein to evaluate their binding 

capacity. The results show that all constructs were able to displace 

totally or partially the specific binding of the radiolabelled full-length 

(WT) activated protein (Figure 4.1), pointing out to the participation of 

several domains in the specific binding of the protein. The only 

construct showing complete competition for the WT binding sites was 

Vip3Aa_I-III (Figure 4.1A), with a competition curve identical to the 

homologous curve (open circles and dashed lines in Figure 4.1). The 

construct containing all C-t domains (Vip3Aa_III-V) could displace 

almost all the specific binding (∼35% of the total binding) (Figure 4.1B), 

whereas the construct containing only the CBM domains 

(Vip3Aa_IV­V) and the construct containing all structural domains 

except Domain I (Vip3Aa_II-V) could only displace ∼20% of the total 

binding (Figure 4.1C, D respectively).   
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III.2. In vitro proteolytic assays  

To test the stability of the truncated constructs against proteolytic 

conditions, in vitro assays were performed using commercial trypsin 

and S. exigua gut juice. The incubation of the WT protein with proteases 

renders a proteolytic profile with two main bands of 65 and 19 kDa in 

SDS-PAGE, corresponding to domains II-V and Domain I respectively 

(Ferré et al., 2023; Figure 4.2, lanes 2 and 3). To test the stability of the 

Figure 4.1. 125I-Vip3Aa competition binding assays vs truncated constructs in 

Spodoptera exigua brush border membrane vesicles (BBMV). Trypsin-processed 
125I-Vip3Aa was used with a fixed concentration of BBMV and increasing 

concentrations of unlabelled competitors: Trypsin processed Vip3Aa_I-III (A), 

Vip3Aa_III-V (B), Vip3Aa_IV-V (C) and Vip3Aa_II-V (D). Full circles and black lines 

represent the competition observed for each truncated construct. Open circles and 

dashed lines represent the homologous competition vs the trypsin-processed 

Vip3Aa WT protein (full-length protein) for comparison. Each data point represents 

the mean of at least two replicates (± SEM). 
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different truncated constructs against midgut proteases, we performed 

in vitro proteolytic assays incubating them with commercial trypsin and 

gut juice extracted from midgut samples of S. exigua larvae (SeMJ). Our 

results show that only the construct Vip3Aa_I-III was stable after 

proteolysis with trypsin and gut juice, rendering an SDS-PAGE 

proteolytic profile with two main bands of 35 and 19 kDa (Figure 4.2, 

lanes 5 and 6), corresponding to domains II-III and Domain I 

respectively (Quan and Ferré, 2019). On the contrary, all truncated 

constructs lacking the N-t Domain I showed reduced stability against 

midgut proteases, exhibiting overprocessing in SDS-PAGE (Figure 4.2).  

 

 

Figure 4.2. In vitro proteolytic processing of Vip3Aa Wt and truncated constructs. 

The proteins were incubated in vitro under different conditions and then subjected 

to SDS-PAGE. Lanes 1, 4, 7, 10 and 13 correspond to protoxin samples; lanes 2, 5, 8, 

11 and 14 correspond to samples digested with trypsin (10% w/w); lanes 3, 6, 9, 12 

and 15 correspond to samples digested with S. exigua gut juice (10% w/w). Band 

sizes were estimated according to the Blue Star molecular marker (M) (NIPPON 

Genetics).  WT (I-V), full length protein. Truncated constructs: Domains I-III, 

Vip3Aa_I-III; Domains II-V, Vip3Aa_II-V; Domains III-V, Vip3Aa_III-V; Domains 

IV-V, Vip3Aa_IV-V. 
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III.3. In vivo competition assays vs Vip3Aa_I-III in Spodoptera spp. 

The only truncated construct which was stable in proteolytic conditions 

and able to displace all the specific binding of the full-length protein to 

the BBMV, was Vip3Aa_I-III. To evaluate its capacity of binding to 

functional receptors in the gut of S. exigua larvae, we performed in vivo 

competition assays using this truncated construct as competitor for the 

WT protein, since we know that this truncation results in a complete 

lack of toxicity in S. exigua (Lázaro-Berenguer et al., 2022a; Table 2.2 in 

chapter 2) while retaining the ability to bind to specific receptors in vitro. 

Our results show that the construct lacking domains IV and V was not 

able to block the WT’s toxicity in S. exigua, even at the highest 

competitor ratio tested (a 2,500-fold higher molar ratio of competitor 

protein compared to the WT protein) (Figure 4.3A). 

To evaluate if higher ratios of competitor Vip3Aa_I-III would result in 

toxicity blocking, we decided to perform this same experiment in the 

related species S. littoralis. The mean lethal concentration (LC50) of 

Vip3Aa in this insect species was significantly lower compared to that 

found for S. exigua: 3.7 ng/cm2 (1.1-6,9 95% F.L.) in S. littoralis 

(Supplementary Figure S4.2) compared to 19.5 ng/cm2 (8.6-28 95% F.L.) 

in S. exigua (Lázaro-Berenguer et al., 2022a; Table 2.2 in chapter 2). The 

higher toxicity of the protein in S. littoralis allowed us to use lower doses 

of the WT protein to reach 50% of mortality and therefore reduce the 

amount of competitor Vip3Aa_I-III used, reaching higher 

WT:competitor molar ratios. Our results show that the construct 

Vip3Aa_I-III was not able to block the WT’s toxicity in S. littoralis either, 

even at the 1:10,000 protein:competitor molar ratio (Figure 4.3B) despite 
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being stable against midgut proteases of this insect species 

(Supplementary Figure S4.3). These results confirm that the lack of 

domains IV and V someway prevents Vip3Aa to bind to functional 

receptors in vivo.  

 

IV. Discussion 

 

In this study, we have generated several Vip3Aa truncated constructs 

and used them in in vitro binding assays and in vivo competition assays 

to evaluate the role of the different structural domains of the protein in 

the specific and functional binding to the midgut epithelium of 

Spodoptera spp. Our results confirm previous reports defining Domain 

III as the most relevant domain for the specific binding to the brush 

border membrane of the midgut epithelium (Quan et al., 2021a; Jiang et 

Figure 4.3. Vip3Aa in vivo competition assays against Vip3Aa_I-III in Spodoptera spp. 

S. exigua larvae (A) and S. littoralis larvae (B), were used in in vivo competition assays 

with the truncated construct lacking Domains IV and V (Vip3Aa_I-III). Bars represent 

the mortality recorded after 10 days for each Vip3Aa:Vip3Aa_I-III molar ratio. 0, just 

buffer; 0:2500/0:10000, just nontoxic competitor at the highest concentration tested; 1:0 

just Vip3Aa_Wt at the LC50 dose (20 ng/cm2 for S. exigua and 3.7 ng/cm2 for S. littoralis); 

1:10, 1:100, 1:1000, 1:2500 and 1:10000 ratio of Vip3Aa_Wt (at the LC50 dose) and nontoxic 

competitor fold. Error bars show the standard deviation (SD) among replicates. Wt, wild 

type; I-III, Vip3Aa_I-III. 



CHAPTER 4 

207 
 

al., 2023b; Infante et al., 2024; Hou et al., 2024), since we could only 

observe complete competition for the radiolabelled Vip3Aa_Wt (full 

length) specific binding with the construct containing domains I-III 

(Vip3Aa_I-III, Figure 4.1A). Previous reports have suggested that the 

presence of Domain II together with Domain III could be relevant for 

the binding (Jiang et al., 2023b, Quan et al., 2021a). Our results show that 

the presence of Domain II in combination with the C-t domains 

(Vip3Aa_II-V construct, Figure 4.1D) does not improve the binding 

compared to the construct containing just the C-t domains 

(Vip3Aa_III­V construct, Figure 4.1B). It has been reported by X-ray 

crystallography that the C-t fragments of Vip proteins lacking Domain 

I form dimers (Jiang et al., 2020a, Zheng et al., 2020). The differences in 

binding observed between the constructs Vip3Aa_II-V and 

Vip3Aa_III­V in our in vitro assays could then be related with the 

different quaternary structure observed for these two constructs, 

indicating that dimer formation might have reduced specific binding 

capacity compared to monomeric form. Most importantly, our results 

highlight that tetramer formation might be a critical feature for the 

specific binding of the protein, since none of the truncated constructs 

lacking the N-t part of the protein would be able to form tetramers (Jiang 

et al., 2020a; Zheng et al., 2020) and none of them could displace all the 

specific binding of the full-length protein despite having all the C-t 

domains (Figure 4.1B-D). However, the lack of the N-t part of the 

protein also results in reduced stability of the truncated constructs 

against S. exigua midgut proteases (Figure 4.2). Thus, in addition to the 

lack of tetrameric structure, the partial competition observed for the 
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truncated constructs lacking Domains I and II could also be associated 

with a reduced stability during the incubation with S. exigua BBMV in 

the binding assays, which have shown ability to partially process the 

Vip3Aa protein when incubated with them due to the effect of 

membrane-associated proteases (Lázaro-Berenguer et al., 2022a; Figure 

2.4A in chapter 2). In our in vitro proteolysis assays, only the construct 

I-III was completely stable against S. exigua midgut proteases, and only 

this construct was able to displace all the specific binding of the full-

length WT protein to the BBMV. Altogether, these results emphasize the 

crucial structural role that the N-t part of the protein plays in 

oligomerization and the importance of tetramer formation for protein 

stability in the midgut conditions.  

While the presence of Domains IV and V was not necessary for protein 

stability against midgut proteases from Spodoptera spp. (Figure 4.2, 

Supplementary Figure S4.3) and specific binding to S. exigua BBMV 

(Figure 4.1A), 20% of the WT’s specific binding to the BBMV could be 

displaced by the Vip3Aa_IV-V construct (having only domains IV and 

V) (Figure 4.1C) in our in vitro binding assays. These results suggest that 

Domains IV and V might also be involved in the binding of Vip3Aa to 

the brush border membrane of midgut cells. In the case of the Vip3Af 

protein, domains IV-V were not able to compete for the Vip3Af 

full­length radiolabelled protein in binding assays with S. exigua BBMV 

(Quan et al., 2021b). This discrepancy could be related with protein 

subtype, as we have already reported differences in the binding of 

Vip3Aa and Vip3Af to their shared receptors (Lázaro-Berenguer et al., 

2022b), showing Vip3Aa a higher binding affinity than Vip3Af 
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(Supplementary Table S1.2; Figure 1.5 in chapter 1). Furthermore, the 

contribution of Domains IV and V to Vip3Aa binding capacity in vivo 

seems critical, given that the construct Vip3Aa_I-III lacking domains IV 

and V could not block the toxicity of the WT protein in S. exigua nor S. 

littoralis (Figure 4.3) despite being stable against midgut proteases of 

both insect species. Meaning that the presence of these domains of the 

protein could be important for the binding to occur in vivo. Interestingly, 

a previous report showed that a construct containing the predicted CBM 

in Domain IV of Vip3Aa was able to block the toxicity of the WT protein 

in in vivo competition assays performed in Spodoptera litura and S. exigua 

(Boonyos et al., 2021). However, given the instability of monomeric 

constructs containing the C-t domains against midgut proteases, it is 

surprising that a small fragment of Domain IV could withstand protease 

action and block Vip3Aa toxicity in vivo. Additionally, the lack of in vivo 

competition observed for the construct Vip3Aa_I-III could also be the 

consequence of an alteration in a different step of the mode of action 

occurring prior to the binding, such as the interaction with the PM, 

affecting the capacity of the truncated protein to reach the midgut 

epithelium and bind to the brush border membrane. In fact, a recent 

study shed light on the capacity of Vip3Aa’s Domain V to bind the PM 

of Spodoptera frugiperda (Jiang et al., 2023b), which is a semi-permeable 

structure composed mainly of chitin and glycosylated proteins (Terra, 

2001; Erlandson et al., 2019). The authors proposed that this interaction 

contributes to the protein’s insecticidal activity although the mechanism 

by which this interaction can enhance the toxicity is not clear. The ability 

of other Bt proteins such as Cry1A and Cry1I to bind to the PM has also 
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been reported (Feng et al., 2015; Hayakawa et al., 2004; Rees et al., 2009; 

Valaitis and Podgwaite, 2013). However, for Cry proteins this 

interaction has been described as detrimental for their toxicity, with 

protein trapping in the PM resulting in reduced activity.       

 

V. Conclusions 

In summary, our results confirm previous reports defining Domain III 

of the Vip3Aa protein as the most relevant domain for specific binding 

to the brush border membrane of the midgut cells. However, while the 

presence of Domains IV and V is not necessary for Vip3Aa to specifically 

bind in vitro to all its binding sites in the BBMV of S. exigua, the 

contribution of these domains in vivo seems critical, since they are 

required for the insecticidal activity of the protein and the binding in 

vivo to functional binding sites. This could be related with an alteration 

of pre-binding events, such as the recently described interaction with 

the peritrophic matrix or with the need for a correct positioning of the 

protein while interacting with the membrane. In any case, the details of 

Domains IV and V binding properties and their role in vivo still needs 

further characterization.  
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Preliminary insights into Vip3Aa binding to lipid 

molecules in the midgut epithelium of Spodoptera spp. 
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I. Introduction 

The cellular plasma membrane is primarily composed of phospholipids 

which are arranged in a bilayer with hydrophilic heads (headgroups) 

facing outward and hydrophobic tails facing inward. Embedded within 

this bilayer are proteins which perform various functions, including 

transport, enzymatic activity, signal transduction, cell recognition, and 

structural support (Alberts et al., 2015; Nelson and Cox, 2021a). Sterol 

molecules, found interspersed within the bilayer, modulate membrane 

fluidity, stability and permeability (Alberts et al., 2015; Nelson and Cox, 

2021a). Some membranes also contain specialized lipids like 

sphingolipids, which are important for signalling processes and 

structural roles (Best et al., 2023; Hannun and Obeid, 2008). 

Additionally, carbohydrates are attached to proteins (forming 

glycoproteins) or lipids (forming glycolipids) on the extracellular side 

of the membrane, these glycoconjugates play crucial roles in cell-to-cell 

recognition, signalling processes, and adhesion (Alberts et al., 2015; 

Nelson and Cox, 2021b; Varki et al., 2009).  

It is well established that glycoconjugates in cell membranes serve as 

receptors for toxins (Best et al., 2023; Zuverink and Barbieri et al., 2018). 

For instance, Pertussis toxin and Aerolysin rely on glycoprotein binding 

(Stein et al., 1994; Diep et al., 1998), whereas Lysenin, Cytolysin or 

Ostreolysin bind glycolipid molecules (Sepcić et al., 2004; Tweten, 2005; 

Yamaji et al., 1998). And, others like Ricin bind to specific carbohydrate 

moieties found on either glycolipids or glycoproteins (Fu et al., 1996). 

Particularly in the mode of action of the bacterial entomopathogen 

Bacillus thuringiensis (Bt), several proteins located in the apical 
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membrane of insect midgut cells serve as surrogate receptors for 

different members of the Cry family (Adang et al., 2014; Bravo et al., 

2023; Heckel, 2020). Some of these midgut receptors are known 

glycoproteins (i.e. cadherins and aminopeptidase N, APN) (Best et al., 

2023), and it has been described that Cry proteins mainly bind 

specifically to them through a lectin-like domain (Domain II), which 

leads to toxicity (Bravo et al., 2023; Pardo-Lopez et al., 2013; Pigott et al., 

2007; Zavala et al., 2011; Zhao et al., 2017). Additionally, for the Cry1Ac 

protein, a low-affinity binding to N-acetylgalactosamine (GalNAc) 

mediates its further specific interaction with these receptors in some 

lepidopteran species (Burton et al., 1999; Derbyshire et al., 2001; Jenkins 

et al., 2000). Glycosphingolipids are also known toxin receptors (Geny 

and Popoff, 2006), they are found enriched in lipid rafts (Bieberich, 

2018), membrane microdomains involved in signal transduction and 

transport functions (Simons and Ikonen, 1997; Brown and London, 

1998). For instance, Cholera toxin and Shiga toxin bind to lipid rafts 

(Kabbani et al., 2020; Smith et al., 2006). Also, some Bt nematicidal 

proteins (i.e., Cry5Ba and Cry14A) specifically bind glycosphingolipids, 

with this binding being carbohydrate-dependent and relevant for the 

toxicity against Caenorhabditis elegans (Griffitts et al., 2003, 2005). 

Additionally, other Bt proteins such as the Tpp family with 

mosquitocidal activity, have also been reported to bind glycan motifs 

common in glycoconjugates, with this interaction involved in toxicity 

(Best et al., 2022; Broadwell and Baumann, 1987; Sharma et al., 2018). 

Therefore, both glycoproteins and glycolipids are of interest when 

considering potential membrane receptors for insecticidal proteins. 
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Vip proteins are also produced by Bt and are specifically toxic against 

Lepidoptera insects (Chakroun et al., 2016a; Estruch et al., 1996; Ferré et 

al., 2023). They are of special interest given that they do not share 

binding sites with Cry proteins (Chakroun and Ferré, 2014; Gouffon et 

al., 2011; Hamadou-Charfi et al., 2013; Lee et al., 2003; Liu et al., 2011; 

Quan et al., 2021a; Sena et al., 2009) and there is no cross-resistance 

between them (Tabashnik and Carrière, 2020), suggesting that their 

receptor molecules are different, therefore being good partners for 

pyramided Bt-crops (Carrière et al., 2015; Moar and Anilkumar, 2007). 

Vip proteins contain five different structural domains, the N-terminal 

(N-t) Domains I-II are involved in toxicity and structure maintenance 

(Byrne et al., 2021; Jiang et al., 2020a; Jiang et al., 2023b; Lázaro-Berenguer 

et al., 2022a; Núñez-Ramírez et al., 2020; Shao et al., 2024). The C-terminal 

(C-t) part of the protein is composed by three globular domains 

(Domains III-V). Domain III contains three antiparallel β-sheets that 

form a β-prism fold (Byrne et al., 2021; Jiang et al., 2020a; Núñez-Ramírez 

et al., 2020) and it has been reported that it is involved in the specific 

binding to Spodoptera spp. midgut cells (Jiang et al., 2023b; Quan et al., 

2021a). Similar β-prism folding patterns have been noted in numerous 

carbohydrate-binding proteins which are referred to as β-prism fold 

lectins (Sharma et al., 2007). Interestingly, Vip proteins Domain III 

resembles Domain II of the Cry proteins (Byrne et al., 2021; Núñez-

Ramírez et al., 2020). In addition to their lectin-like Domain III, Vip 

proteins also have additional domains with structural similarity to 

carbohydrate binding proteins, Domains IV and V strongly resemble to 

hydrolases of the CBM16 family (Byrne et al., 2021; Jiang et al., 2020a; 
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Núñez-Ramírez et al., 2020) which bind polysaccharide substrates (Bae 

et al., 2008). It has therefore been hypothesized that these domains might 

also contribute to Vip binding by engaging glycosylated molecules. 

However, only the interaction of Vip3Aa with the peritrophic matrix 

(PM, a chitin-rich acellular structure that surrounds the midgut) 

through Domain V has been reported so far (Jiang et al., 2023b).  

In this work, we have explored the ability of Vip3Aa to bind lipid 

molecules, which are present in high numbers in cellular membranes. 

We have used lipids extracted from midgut tissue of Spodoptera exigua 

and Spodoptera littoralis larvae, as well as standard lipids in dot-blot 

binding assays and thin-layer chromatography (TLC)-overlay assays. 

Our results provide preliminary insights into lipid molecules which 

could act as putative receptor moieties for the Vip3Aa protein in the 

midgut epithelium of lepidopteran pests. 

 

II. Materials and methods 

II.1. Protein expression and purification 

The production of WT Vip3Aa and truncated constructs (Vip3Aa_I-III, 

Vip3Aa_III-V, and Vip3Aa_IV-V) was carried out as described 

previously (Lázaro-Berenguer et al., 2024). Proteins were expressed in 

Escherichia coli C43 (DE3) grown in 700 mL Luria-Bertani broth 

supplemented with 100 μg/mL Ampicillin to an OD600 of 0.6–0.8, with 

expression induced using 1 mM IPTG at 25°C overnight with shaking. 

Cells were harvested and stored at −20°C. For purification, thawed cells 

were resuspended in buffer A (50 mM Tris–HCl, 150 mM NaCl, 5 mM 

MgCl2, pH 8.0) containing lysozyme (3 mg/mL), DNase (10 μg/mL), and 
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PMSF (100 μM), incubated at 37°C for 30 min with shaking, sonicated 

for 5 min, and centrifuged at 25,000 ×g for 30 min. The supernatant was 

purified using a 5-mL StrepTrap column (Cytiva), with proteins eluted 

using 5 mM d-desthiobiotin in buffer A. The Strep II-tag was removed 

with 3C PreScission Protease (Cytiva), followed by dialysis in buffer A. 

A second StrepTrap purification step was performed to isolate 

nontagged proteins, which were eluted in buffer A, aliquoted, 

flash­frozen in liquid nitrogen, and stored at −80°C. 

II.2. Insect lipids extraction  

Lipid samples were extracted from midgut tissue of last instar larvae of 

S. exigua and S. littoralis into two chemical phases by the Svennerholm 

partitioning method (Svennerholm and Fredman, 1980). This protocol 

allows to separate lipids from the mixture into an upper phase which is 

more hydrophilic and is enriched in charged lipids and complex 

glycolipids with bigger polar carbohydrate structures, and a lower 

phase which is more hydrophobic and collects lipids with lower 

complexity and nonpolar lipids including sterols. Larvae were dissected 

and midguts were flash frozen in liquid nitrogen and stored at -80°C 

until use. Before extraction, midguts were rinsed in dH2O and flash 

frozen in liquid nitrogen and thawed at room temperature (RT) three 

times. Pellets were sonicated and lipid extraction was performed at 37°C 

for 2 h with agitation in a mixture of chloroform, methanol, and water 

with a final ratio of 4:8:3 v/v/v. Samples were centrifuged at 1,400 ×g for 

5 min to split into upper phase and lower phase. Silica-based 

hydrophobic cartridges (WAT036810, Sep-Pak tC18) were used to 

purify and concentrate upper phase lipids. All samples were dried 
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under N2 at 40°C and resuspended in 50 μL methanol (upper phase) and 

200 μL 1:1 chloroform to methanol (lower phase). Lipid samples from 

other insect species representative of all insect orders were also 

extracted from whole insects following the same protocol. Manduca sexta 

(Lepidoptera), Aedes aegypti (Diptera), Culex quinquefasciatus (Diptera), 

Drosophila melanogaster (Diptera), Acanthoscelides obtectus (Coleoptera), 

Zophobas morio (Coleoptera), Pachnoda marginata (Coleoptera), Diabrotica 

virgifera (Coleoptera) and Periplaneta americana (Blattodea) were used.  

II.3. Insect lipids analysis by Thin-Layer Chromatography  

TLC was performed using HPTLC plates (M5631-5, Fisher-Scientific) 

equilibrated in a mobile phase of chloroform:methanol:water (65:25:4, 

v/v/v). TLC chambers were prepared by adding the mobile phase to 

cover the middle edge of the chamber, and the system was equilibrated 

for 30 min at RT. TLC plates were marked 2.5 cm from the bottom with 

lanes spaced 1.5 cm apart and equilibrated in the chamber for 1 h before 

drying at 100°C for 10 min. Lipid samples were dissolved by incubation 

in a humid bath at 42°C with sonication for 15 min. Samples were 

applied to the plates in 1 cm bands with volumes of 5–30 μL depending 

on the analysis, and dried the plates at 50–70°C for 10 min. Plates were 

developed in the equilibrated chamber until the mobile phase reached 

the upper edge (approximately 1 h) and dried again at 50–75°C for 10 

min. Visualization was performed by spraying the plates with a solution 

of 50 mL acetic acid, 1 mL sulfuric acid, and 0.5 mL p-anisaldehyde in a 

fume hood, followed by heating at 75–120°C until bands were clearly 

visible. At least two replicates were performed for each TLC assay.  
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II.4. Dot-blot binding assays 

Trypsin-activation of Vip3Aa WT and Vip3Aa_I-III proteins was 

performed by incubating them with trypsin from bovine pancreas 

(T8003, Sigma-Aldrich) at 10% (w:w) for 1h at 37°C. Proteins were left 

overnight at 4°C before using them for dot-blot incubation. Dot-blots 

were performed as described previously (Best et al., 2022) with some 

modifications. PVDF membranes with 0.2 μm pores (ISEQ00010 

Immobilon-PSQ PVDF) were used for blotting. Lipid standards were 

added at 2 μg in a volume no larger than 4 μL, while larvae-extracted 

lipids were applied as 5 μL (upper phase) or 2 μL (lower phase) of the 

final suspension. Blots were dried for 30 minutes at RT, blocked with 

TBS containing 5% BSA for 4 hours at 4°C with agitation, and washed 

three times with TBS (5 min each wash). Protoxin, trypsin-processed 

Vip3Aa_Wt, or truncated constructs (4 μg/mL or equimolar 

concentrations for truncated constructs) were incubated overnight at 

4°C in TBS with 1% BSA and agitation. After washing three times with 

TBS, membranes were probed for 1h at RT with a primary anti-Vip3Aa 

antibody raised in rabbit (1/5,000 dilution in TBS-0.1% BSA), followed 

by three more washing steps with TBS and incubation with an anti-

rabbit HRP-conjugated secondary antibody (Sigma-Aldrich; 1/20,000 

dilution) for 1 h at RT. All steps were performed with agitation. After 

three final washes with TBS, visualization was performed using a 

LI­COR C-Digit chemiluminescence western blot scanner and the 

WESTAR ECL-Sun HRP detection kit (K1-0052, GENEFLOW 

LIMITED). At least two replicates were performed for each dot-blot 

assay.  
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The following lipid standards were sourced from Avanti Polar Lipids 

with the following references and concentrations: sphingomyelin 

(860062, 10 mg/mL in chloroform), lyso-sphingomyelin (860600, 10 

mg/mL in chloroform), glucosylceramide (131304, 2 mg/mL in ethanol), 

phosphatidylcholine (131601, 10 mg/mL in chloroform), ceramide 

phosphoethanolamine (CPE, 860066, 10 mg/mL in chloroform), porcine 

brain total ganglioside extract (860053P, 2 mg/mL in chloroform:ethanol 

2:1) and C20 ceramide (860520P, 10 mg/mL in ethanol). Mixed bovine 

gangliosides (1065, 10 mg/mL in chloroform:ethanol 2:1) was sourced 

from Matreya LLC. 

II.5. TLC-overlay assays 

TLC for overlay assays was performed by using glass-backed silica-60 

HPTLC plates (Merck). Plates equilibration, sample application, 

running, drying and visualization of the stained plates was performed 

as described above. For overlay assays with protein, Vip3Aa was 

trypsin-activated as described above and Biotin-labelled with a 

Biotinylation Kit (ab201795, abcam) following the instructions provided 

by the manufacturer. Plates were fixed with 50 mL hexane for 2 min and 

50 mL of 0.1% polyisobutyl methacrylate (PIBM) in hexane for 2 min. 

Plates were dried at 50°C for 10 min and blocked with 0.5% BSA in PBS 

containing 0.01% Tween-20 for 30 min at RT. Plates were probed with 

biotin-labelled trypsin-activated Vip3Aa (4 μg/mL in blocking buffer) 

for 2 h at RT with shaking. Then, plates were washed twice with 10 mL 

of blocking solution and incubated with streptavidin-linked alkaline 

phosphatase (ALP, AK-5000 Vectastain Kit, Vector Labs) in blocking 

buffer for 1 h at RT without shaking. After three 1-min washes, plates 
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were incubated with a solution of 5‐Bromo‐4‐Chloro‐Indolyl‐

Phosphatase (BCIP) and Nitro blue Tetrazolium (NBT) solution 

(BCIP/NBT-Blue, B3679 Sigma-Aldrich) 10–15 min until bands were 

visible and air-dried overnight. At least two replicates were performed 

for each TLC-overlay assay.  

III. Results 

III.1. Spodoptera spp. midgut lipids separation by TLC 

S. exigua and S. littoralis lipid extracts were obtained by the 

Svennerholm partitioning method and separated by TLC (Figure 5.1). 

The midgut lipids profile obtained for both insect species was very 

similar. Both phases of the extract (upper and lower phase) showed 

similar patterns as well, displaying differences on the relative 

abundance of some lipid species which were enriched in the lower 

phase, resulting in an overall higher concentration for this phase.    

Figure 5.1. Spodoptera spp. lipids separation by TLC. Increasing amounts (2, 10, 20 

and 30 l) of upper phase (lanes 1-4) and increasing amounts (5, 10 and 20 l) of lower 

phase (lanes 5-7) of S. exigua (left panel) and S. littoralis (right panel) lipid final extracts 

were run in TLC plates and stained with p-anisaldehyde.  
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III.2. Vip3Aa binding to Spodoptera spp. and standard lipids 

Vip3Aa was used as protoxin and trypsin-processed to probe dot-blots 

loaded with S. exigua and S. littoralis midgut lipids and standard lipid 

samples. The results showed that the protein was able to bind upper 

and lower phases of lipid extracts of both insect species (Figure 5.2 row 

A). In addition, the protein clearly bound lyso-sphingomyelin (Figure 

5.2 position B1), phosphatidylcholine (Figure 5.2 position B3) and 

glucosylceramide (Figure 5.2 position C2). A milder interaction was 

observed for gangliosides (Figure 5.2 position B2 and C3), 

sphingomyelin (Figure 5.2 position C1), and ceramide 

phosphoethanolamine (CPE, Figure 5.2 position B4), whereas it did not 

interact with C20 ceramide (Figure 5.2 position C4). Overall, no 

differences were observed between protoxin and trypsin-processed 

Vip3Aa (Figure 5.2).   

 

Figure 5.2. Protoxin and trypsin-processed Vip3Aa binding to lipids. Spodoptera 

spp. upper and lower phase lipids extracts (5 l) were loaded in row A: (A1) S. exigua 

upper phase; (A2) S. exigua lower phase; (A3) S. littoralis upper phase and (A4) S. 

littoralis lower phase. Standard lipid samples (2 l) were loaded in rows B and C: 

(B1) lyso-sphingomyelin; (B2) gangliosides (porcine); (B3) phosphatidylcholine; (B4) 

ceramide phosphoethanolamine (CPE); (C1) sphingomyelin; (C2) glucosylceramide; 

(C3) gangliosides (bovine); (C4) C20 ceramide. Membranes were incubated with 

Vip3Aa (as protoxin and trypsin-processed) and bound protein was 

immunodetected. Organic solvents (5 l) were loaded as negative controls in row D: 

(D1) methanol; (D2) chloroform:methanol 1:1, as well as 5g of Vip3Aa as positive 

control for the antibody detection (D3). 
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III.3. Vip3Aa truncated constructs binding to lipids 

In order to evaluate the capacity of the different structural domains of 

the protein to bind lipid molecules, different truncated constructs 

containing only some domains were used in dot-blot assays along with 

the full-length protein (Vip3Aa_WT). Increasing concentrations of 

upper and lower phases of S. exigua midgut lipids and standard lipids 

were used. Overall, the truncated construct Vip3Aa_I-III showed the 

same binding pattern as the full-length protein, whereas the constructs 

containing only the C-t domains displayed slight differences with the 

WT pattern and membranes exhibited lower background (Figure 5.3). 

All truncated constructs could bind to the upper phase of S. exigua 

midgut lipids extract (Figure 5.3 row A). However, the interaction 

observed for the construct Vip3Aa_IV-V was milder, only being 

detected at the highest lipid concentration used (Figure 5.3 position A1). 

The constructs Vip3Aa_I-III and Vip3Aa_III-V could also bind to the 

lower phase of S. exigua midgut lipids extract, whereas no signal was 

detected for the Vip3Aa_IV-V construct (Figure 5.3 row B). More 

concentrated lipid samples (neat samples) exhibited white dots due to 

the saturation of the signal (i.e., Figure 5.3 positions A1 and B1), 

indicating strong interaction.  

As the WT protein, the truncated construct lacking Domains IV and V 

(Vip3Aa_I-III) bound to lyso-sphingomyelin, sphingomyelin, 

phosphatidylcholine and glucosylceramide standards (Figure 5.3 

positions C1, C2, C3-C4 and D1 respectively), whereas it could not bind 

to C20 ceramide (Figure 5.3 position D2). Similarly, the truncated 

constructs containing only the C-t domains displayed complementary 
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binding patters: Vip3Aa_III-V bound to lyso-sphingomyelin (Figure 5.3 

position C1) and Vip3Aa_IV-V bound to sphingomyelin (Figure 5.3 

position C2), phosphatidylcholine (Figure 5.3 position C3-C4), and 

glucosylceramide (Figure 5.3 position D1), together showing the same 

binding pattern as the WT protein to standard lipids.  

 

III.4. TLC-overlay of Spodoptera spp. midgut lipids with Vip3Aa 

 To further characterise Vip3Aa’s ability to bind Spodoptera spp. midgut 

lipids, we decided to compare the TLC profiles of S. exigua and S. 

littoralis lipid extracts in TLC-overlay assays with trypsin-activated 

Vip3Aa. Our results revealed very similar binding patterns for both 

species, with some lipid bands to which Vip3Aa was binding, present 

both in upper and lower phases of lipid extracts (Figure 5.4). 

Figure 5.3. Vip3Aa truncated constructs binding to lipids. Serial dilutions of 

Spodoptera exigua upper phase lipids (5 l) were loaded in row A: (A1) neat; (A2) 1/2 

dilution; (A3) 1/5 dilution; (A4) 1/10 dilution.  Serial dilutions of S. exigua lower 

phase lipids (2 l) were loaded in row B: (B1) neat; (B2) 1/2 dilution; (B3) 1/5 dilution; 

(B4) 1/10 dilution. Rows C and D were loaded with standard lipids and organic 

solvents (2 l): (C1) lyso-sphingomyelin; (C2) sphingomyelin; (C3) 

phosphatidylcholine (neat); (C4) phosphatidylcholine (1/10 dilution); (D1) 

glucosylceramide; (D2) C20 ceramide; (D3) methanol; (D4) chlorophorm:methanol 

1:1. Membranes were incubated with trypsin-processed Vip3Aa (T-Vip3Aa) or 

equimolar concentrations of the truncated constructs T-Vip3Aa_I-III (trypsin-

processed domains I-III), Vip3Aa_III-V (domains III-V) and Vip3Aa_IV-V (domains 

IV-V). Bound Vip3Aa (WT or truncated versions) was immunodetected. 
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III.5. Vip3Aa binding to lipids from different insect orders 

Finally, to investigate the existence of a correlation between the toxicity 

spectrum of the Vip3Aa protein and its lipid-binding ability, lipid 

samples were extracted from various insect species belonging to 

different taxonomic orders and dot-blot assays were conducted using 

trypsin-processed Vip3Aa. Lipid samples from S. exigua and M. sexta 

were included as examples of lepidopteran insects susceptible to 

Vip3Aa (Figure 5.5 row A). Lipid samples from two different mosquito 

species (A. aegypti and C. quinquefasciatus) and from D. melanogaster were 

used as representative samples from dipteran insects (Figure 5.5 row B), 

which are not susceptible to Vip proteins. A. obtectus, Z. morio, P. 

marginata and D. virgifera lipids were included as examples of 

coleopteran species (Figure 5.5 positions C1-4), also non-suceptible to 

Vip proteins. Lipids from P. americana were used as an example of 

Figure 5.4. Vip3Aa TLC-overlay assays with Spodoptera spp. lipids. Spodoptera 

exigua and Spodoptera littoralis upper phase (20 l, left panel) and lower phase (2.5 l 

right panel) of lipid extracts were separated by TLC in duplicate plates. One plate was 

stained with p-anisaldehyde (right plates on each panel), while the other was used in 

overlay assays with Biotin-labelled trypsin-processed Vip3Aa (T-Vip3Aa, left plates 

on each panel) and bound-protein signal was developed by Streptavidin-linked ALP 

reaction.  
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Blattodea insects (Figure 5.5 position C5). The results showed that the 

protein is capable of binding to lipids of non-susceptible insects 

regardless of its lepidopteran-specific activity. 

 

IV. Discussion 

Several proteins have been proposed as Vip receptors, primarily based 

on studies with Sf9 cultured cells (An et al., 2022; Estruch and Yu, 2001; 

Jiang et al., 2018a, 2018b; Osman et al., 2018, 2019; Singh et al., 2010), but 

none have been validated in vivo, leaving their midgut receptors 

unidentified (Ferré et al., 2023). In vitro binding assays to brush border 

membrane vesicles (BBMV) indicate lower binding affinity and a broad 

range of binding sites for Vip3A proteins compared to Cry proteins 

Figure 5.5. Vip3Aa binding to lipid samples from different insect orders. (A1 and 

D3) Spodoptera exigua upper phase  (neat); (A2 and D4) S. exigua lower phase (1/5 

dilution); (A3) Manduca sexta upper phase (neat); (A4) M. sexta upper phase (1/5 

dilution); (A5) M. sexta lower phase (1/5 dilution); (B1) Aedes aegypti upper phase 

(neat); (B2) A. aegypti lower phase (neat); (B3) Culex quinquefasciatus upper phase (1/5 

dilution); (B4) C. quinquefasciatus  lower phase (neat); (B5) Drosophila melanogaster 

total lipids (1/5 dilution); (C1) Acanthoscelides obtectus total lipids (1/5 dilution); (C2) 

Zophobas morio total lipids (1/5 dilution); (C3) Pachnoda marginata total lipids (1/5 

dilution); (C4) Diabrotica virgifera total lipids (1/5 dilution); (C5) Periplaneta americana 

total lipids (1/5 dilution); (D1) methanol; (D2) methanol:chlorophorm 1:1. Total 

lipids corresponds to 1:1 mixture of upper and lower phases of the extract. 

Membrane was incubated with trypsin-processed Vip3Aa and bound protein was 

immunodetected. 
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(Chakroun and Ferré, 2014; Lázaro-Berenguer et al., 2022b, 2024; Quan 

et al., 2021a), though not all contribute to toxicity (Lázaro-Berenguer et 

al., 2022b). Unlike Cry protein resistance, which usually involves altered 

midgut binding (Jurat-Fuentes et al., 2021), Vip3Aa-resistant strains 

generally do not show binding changes (Chakroun et al., 2016b; Pinos et 

al., 2020; Quan et al., 2021b), except in one Helicoverpa zea strain with 

reduced binding (Kerns et al., 2023). Altogether, and given the structural 

homology of Vip C-t domains with glycan-binding proteins, it is 

reasonable to think that Vip proteins could be interacting with different 

types of glycoconjugates in the apical membrane of midgut cells. 

 

In this study, we have evaluated the ability of the Vip3Aa protein to 

bind to Spodoptera spp. midgut lipids and standard lipid molecules 

commonly present in cellular membranes. We have used protoxin and 

trypsin-processed Vip3Aa, as well as different truncated constructs to 

infer the role of the different structural domains of the protein in the 

binding to lipid samples. Results from dot-blot assays revealed that 

Vip3Aa is able to bind to both phases of midgut lipid extracts of 

Spodoptera spp. (Figure 5.2 row A), binding to upper phase lipids 

suggests binding to carbohydrate containing lipids, as this phase is 

enriched in glycolipids. In addition, Vip3Aa was able to bind both as 

protoxin and after trypsin treatment, suggesting that both structural 

conformations (protoxin and activated protein) are able to interact with 

lipid molecules, and that binding epitopes are not affected by the 

proteolytic activation of the protein, in agreement with previous reports 

on in vitro binding assays to BBMV and in vivo competition assays in S. 
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exigua (Lázaro-Berenguer et al., 2024). Furthermore, S. exigua and S. 

littoralis lipid TLC profiles were very similar, in agreement with the 

observed binding to extracts of both species (Figures 5.1 and 5.4). 

Identifying the lipid molecules to which Vip3Aa binds in the 

TLC­overlays would provide valuable insights on putative midgut lipid 

receptors. Also, dot-blot assays performed with different Vip3Aa 

truncated constructs revealed that all C-t domains of the protein 

(Domains III-V) seem to participate in the binding to midgut lipids, 

since all constructs were able to bind to S. exigua upper phase lipids 

(Figure 5.3 row A), and that the lack of Domain III seems to affect 

binding to the lower phase lipids (Figure 5.3 row B). In addition, we 

have reported that this binding might not be species-specific, since we 

have detected the ability of Vip3Aa to bind lipid extracts from 

non­susceptible insects (Figure 5.5) regardless of its 

lepidopteran­specific insecticidal activity. Interestingly, it has also been 

described that Vip3A proteins can bind specifically to BBMV from 

non­susceptible insects (Gomis Cebolla et al., 2017; Lee et al., 2003), and 

therefore, as for Cry proteins, binding to the midgut epithelium was 

proven necessary though not sufficient for toxicity. In agreement with 

this observation, truncated Vip3A constructs lacking the C-t CBM 

Domains IV and V, are able to specifically bind to Spodoptera spp. BBMV 

in vitro (Quan et al., 2021a; Figure 4.1 in Chapter 4) but lack of toxicity in 

vivo (Lázaro-Berenguer et al., 2022a). These data suggest that factors 

beyond specific binding to midgut receptors play a crucial role in the 

protein's toxic action. 
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Additionally, Vip3Aa also interacts with some standard lipids, among 

which sphingomyelin, lyso-sphingomyelin, glucosylceramide and 

phosphatidylcholine were the most evident interactors (Figure 5.2 rows 

B and C and Figure 5.3 rows C and D). Sphingomyelin and 

lyso­sphingomyelin are phosphosphingolipids, and glucosylceramide 

is a cerebroside (a type of glycosphingolipid), all of them having a 

ceramide backbone attached to a polar headgroup. Sphingomyelin and 

lyso-sphingomyelin share the phosphocholine hydrophilic headgroup, 

whereas glucosylceramide contains a glucose headgroup instead. 

Phosphatidylcholine however, is a glycerophospholipid with a glycerol 

backbone linking the hydrophobic tail to the phosphocholine 

headgroup. The structures of these molecules are summarized in Figure 

5.6. All these lipids are integral components of cellular membranes in 

eukaryotic cells (van Meer et al., 2008). Phosphatidylcholine is one of the 

most abundant phospholipids in the outer leaflet of the plasma 

membrane (Alberts et al., 2015; Sakuragi and Nagata, 2023; van Meer et 

al., 2008), it plays an essential role in maintaining membrane 

permeability barriers and serves as a substrate for generating second 

messenger signalling molecules (Boumann et al., 2006; de Kroon et al., 

2007; van Meer et al., 2008). Sphingomyelin, lyso-sphingomyelin and 

glucosylceramide are present in lipid rafts (Bieberich, 2018; Quinn, 

2014), these sphingolipid-rich membrane microdomains behave as 

major modulators of membrane geometry, membrane trafficking and a 

wide number of signal transduction processes (Simons and Ikonen 1997; 

Brown and London 1998), including cell survival and apoptosis (Deans 

et al., 2002; George et al., 2012; Mollinedo and Gajate, 2015).  
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Figure 5.6. Molecular structure of cell membrane lipids. Sphingomyelin and 

lyso­sphingomyelin are phosphosphingolipids, containing a phosphocholine headgroup 

attached to a sphingosine backbone. Glucosylceramide is a cerebroside 

(glycosphingolipid), containing a glucose headgroup attached to a ceramide backbone (a 

sphingosine amid-linked to a fatty acid chain). Ceramide phosphoethanolamine CPE is 

also a ceramide and a phosphosphingolipid, containing a phosphoethanolamine 

headgroup attached to a ceramide backbone. Phosphatidylcholine is a class of 

phospholipid (a glycerophospholipid), containing a glycerol backbone linking two fatty 

acid chains to the phosphocholine hydrophilic headgroup. Gangliosides, such as GM1, are 

glycosphingolipids that include a ceramide backbone and an oligosaccharide chain with 

terminal galactose residues and one or more sialic acids attached as headgroup. 
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Given the amphipathic nature of lipids, only hydrophilic headgroups 

remain exposed to the solvent and therefore Vip3Aa would most likely 

interact with these lipid molecules through them. Based on the results 

obtained, we can establish a binding pattern where Vip3Aa 

preferentially binds to the glucose headgroup found in 

glucosylceramide, and the phosphocholine headgroup present in 

sphingomyelin, lyso-sphingomyelin and phosphatidylcholine (Figure 

5.6). While phosphocholine is a headgroup mainly found in lipids 

(phosphospingolipids) (Nelson and Cox 2021b; Varki et al., 2009), 

glycoproteins generally have glycans that consist of monosaccharides 

like glucose, mannose, galactose, fucose, and N-acetylglucosamine 

(GlcNAc) (Nelson and Cox, 2021b; Varki et al., 2009). However, 

phosphocholine can be involved in specialized glycosylation processes 

such as the formation of glycosylphosphatidylinositol (GPI) anchors, 

which link proteins to the cell surface (Kinoshita, 2016; Varki et al., 2009), 

as happens for Cry receptors ALP and APN (Bravo et al., 2023). Vip 

proteins could be binding to the cell membrane by interacting with 

lipids or glycoproteins containing these motifs, which could mediate 

toxicity. Interestingly, a previous report showed the ability of Vip3Aa 

to interact with chitin and chitosan (Jiang et al., 2020b), long-chain 

polymers composed of GlcNAc units, lacto-N tetraose (also containing 

GlcNAc) and several monosaccharides such as deoxy-hexoses and 

fucoses which also originate from glucose metabolism and are common 

glycan moieties found in glycoproteins (Nelson and Cox, 2021b; Varki 

et al., 2009). Later, it was reported that the interaction of Vip3Aa with 

the PM (mainly composed by chitin and glycoproteins), occurred 
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through Domain V and had implications in the toxicity against 

Spodoptera frugiperda (Jiang et al., 2023b). Also, all membrane insertion 

experiments involving Vip proteins have been conducted using 

artificial liposomes composed of DOPC:DOPE in 6:4 and 1:1 ratios 

(Byrne et al., 2021; Kunthic et al., 2017; Shao et al., 2024). Based on this, 

we hypothesize that binding to phosphatidylcholine (or DOPC) could 

play a role in triggering membrane insertion. However, since 

phosphocholine and glucose residues are not exclusive residues found 

in the membrane of Lepidoptera midgut cells, other Vip3Aa receptors 

may exist to provide both, target species specificity and tissue 

specificity. Besides, based on our results with lipid standards, Vip3Aa 

would show diminished binding to the amino alcohol headgroup 

present in all ceramides, the phosphoethanolamine headgroup present 

in ceramide phosphoethanolamine (CPE), or the terminal galactose 

found in oligosaccharide chains of gangliosides (Figure 5.6). The 

preference of Vip3Aa for sphingomyelin and lyso-sphingomyelin over 

CPE is puzzling, as CPE is the predominant sphingolipid in arthropods 

and acts as specific receptor of other insecticidal proteins such as 

Ostreolysin A6 (Milijaš Jotić et al., 2021), whereas sphingomyelin is more 

common in mammalian and Nematoda cells (Best et al., 2023; Panevska 

et al., 2019). Gangliosides, which are complex glycosphingolipids 

composed of a ceramide backbone with long oligosaccharide chains and 

sialic acid residues, are also abundant in mammalian cells (Best et al., 

2023; Yu et al., 2011). However, their presence in insect membranes 

remains debated (Ghosh et al., 2018; Marchal et al., 2001), making it less 

likely that these glycolipids function as receptors for insecticidal toxins.  
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V. Conclusions 

Overall, we have showed the ability of Vip3Aa to interact with 

Spodoptera spp. midgut lipids although the specificity of the binding and 

whether this facilitates toxicity is still to be investigated. Specially given 

that Vip3Aa also binds to lipid extracts of non-susceptible insects. 

Nevertheless, we can hypothesize that a primary binding to lipids and 

glycoconjugates on the midgut cell surface, even if it is in a non-selective 

or non-specific way, may assist the protein in approaching the 

membrane, thereby facilitating further interactions with specific 

receptors and mediating toxicity. Similar two-stage binding 

mechanisms have been also hypothesised for other Bt proteins (Best et 

al., 2022; Bravo et al., 2004, 2007; Jenkins et al., 2000). In addition, we have 

identified different standard lipids which Vip3Aa is able to bind: 

phosphosphingolipids (sphingomyelin, lysosphingomyelin) and 

glycosphingolipids (glucosylceramide), as well as simpler 

phospholipids (phosphatidylcholine), all common molecules in cellular 

membranes. These results provide preliminary insights into residues 

which could act as putative receptor moieties for the binding to cellular 

membranes (phosphocholine and glucose headgroups). Furthermore, 

we have reported that the three C-t domains of the protein seem to be 

involved in these interactions.  
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Bacillus thuringiensis (Bt) insecticidal proteins have been widely used in 

Bt-crops to control major agricultural pests since the 1990s (Estruch et 

al., 1997; Gassmann and Reisig, 2023; James, 1997). Among these 

proteins, Vip proteins are particularly important for managing 

lepidopteran insects that have developed resistance to the 

conventionally used Cry proteins (Ferré et al., 2023; Gupta et al., 2021). 

To enhance insect control and delay resistance development, both Vip 

and Cry proteins are often combined in pyramided Bt-crops (Carrière et 

al., 2015; Moar and Anilkumar, 2007). A deeper understanding of their 

toxic mechanisms and unique characteristics is crucial for optimizing 

their commercial application.  

In this thesis, we have investigated the mode of action of the 

lepidopteran-specific Vip3Aa insecticidal protein by studying the 

behaviour of several point mutations and truncations of the protein in 

its structure, the stability against midgut proteases, the ability to bind to 

specific and functional receptors in the midgut epithelium and the 

toxicity against Spodoptera spp. pests. Overall, our results point out to 

several structural features which are essential for the protein’s function.  

Firstly, tetramer formation is essential for protein stability, binding to 

functional receptors and toxicity. The presence of the N-terminal (N-t) 

Domain I is key for tetramer formation (Jiang et al., 2020a; Núñez-

Ramírez et al., 2020), as none of the constructs lacking of this part of the 

protein would be able to form tetramers and none is stable against 

midgut proteases (Figure D1).  
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In addition to its structural role allowing oligomerization, Domain I 

undergoes a dramatic structural remodelling after proteolytic activation 

by midgut proteases (Byrne et al., 2021; Núñez-Ramírez et al., 2020) 

which has also shown to be an essential feature for the protein’s toxicity 

(Lazaro-Berenguer et al., 2022a), since structural mutants unable to 

remodel into the activated conformation due to crosslinking of Domain 

I α-helices (Vip3Aa_S-S and Vip3Aa DIP1), show a lack of toxicity 

against S. exigua larvae (Figure D1). Furthermore, the presence of the 

C­terminal (C-t) Domains IV and V has shown to be essential for the 

structural remodelling of the protein into the activated conformation, as 

the lack of these domains (Vip3Aa_I-III construct) results in an impaired 

remodelling (Lázaro-Berenguer et al., 2022a), which could be the cause 

of the lack of toxicity exhibited by this truncated protein (Figure D1).  

The N-t helix α1 of Domain I (residues 1 to 39) has also shown to be 

critical for the protein’s toxic action, given that its absence (Vip3Aa_α1 

mutant) results in a lack of toxicity against S. exigua (Lazaro-Berenguer 

et al., 2022a; Figure D1). This region of the protein contains a predicted 

transmembrane region between residues 12 and 30 (Lázaro-Berenguer 

et al., 2024) and several reports have shown the ability of the protein to 

insert into artificial liposomes through it (Byrne et al., 2021; Shao et al., 

2024). Furthermore, a point mutation located within helix α1 

(Vip3Aa_M34L) has shown enhanced toxicity against S. exigua (Figure 

D1), potentially due to improved membrane insertion given the higher 

hydrophobicity index of Leu compared to Met (Lázaro-Berenguer et al., 

2022a), this was also observed for Vip3Af in S. littoralis (Banyuls et al., 

2021). However, though nowadays it is widely accepted that after 
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insertion into the membrane Vip3A proteins produce 

osmotically­induced cell lysis by pore formation (Byrne et al., 2021; 

Kunthic et al., 2017; Lee et al., 2003; Liu et al., 2011), the details of the 

events that lead to toxicity are not fully understood. 

Figure D1. Role of the different domains of the Vip3Aa in the mode of action as 

deduced by truncations and point mutations. The upper part of the figure schematizes 

the most likely sequence of events based on available data (summarized in Figure I10). 

Wt (I-V) refers to the full length wild type protein, roman numbers refer to structural 

domains; Δα1 denotes deletion of N-t helix α1; S–S indicates a crosslink by two 

disulphide bridges between α-helices 2 and 3 of Domain I (by introduction of mutations 

D66C, N69C, Q96C and L100C); DIP refers to disabled insecticidal Vip3Aa variants, 

having DIP1 also a disulphide bridge introduced in Domain I (mutations S164C and 

L166C) and DIP2 a point mutation in the same domain (E168A); M34L refers to a point 

mutation within helix α1; N/A, not applicable.  
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In addition to its role in the toxic action of the protein, helix α1 also plays 

an important structural role in maintaining the protoxin conformation 

by interacting with Domain II helices (Núñez-Ramírez et al., 2020). Thus, 

its absence results in the spontaneous remodelling into the activated 

conformation without the need of proteolytic processing to occur at the 

primary trypsin site located in the loop between Domains I and II of the 

Vip3Aa protein (Lázaro-Berenguer et al., 2022a).  

Regarding the protein’s ability to bind to specific receptors in the brush 

border membrane of midgut cells, we have reported that protein 

conformation is not critical, given that both protoxin and activated toxin 

conformations (inferred by the use of structural mutants with locked 

conformations Vip3Aa_α1 and Vip3Aa_S-S) showed specific binding 

to S. exigua BBMV in in vitro binding assays with radiolabelled Vip3Aa 

(Lázaro-Berenguer et al., 2024; Figure D1). Domain III of the protein has 

shown to be the most relevant domain for the specific binding, as the 

construct lacking Domains IV and V (Vip3Aa_I-III) shows complete 

competition for the binding sites of Vip3Aa (Figure 4.1 and Figure D1) 

and Vip3Af (Quan et al., 2021a) in Spodoptera spp. BBMV. However, a 

potential contribution of the C-t domains IV and V in the specific 

binding of Vip3Aa cannot be ruled out, as the truncated construct 

containing only these domains (Vip3Aa_IV-V) partially displaced the 

WT’s specific binding to S. exigua BBMV (Figure 4.1 and Figure D1). 

Tetramer formation is neither critical for the specific binding, as 

truncated constructs lacking of Domain I which could not tetramerize 

(Vip3Aa_II-V, Vip3Aa_III-V and Vip3Aa_IV-V) can partially displace 
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the full-length protein’s binding in in vitro assays with S. exigua BBMV 

(Figure 4.1 and Figure D1). 

To date, various receptors have been proposed for Vip proteins (An et 

al., 2022; Estruch and Yu, 2001; Jiang et al., 2018a; Jiang et al., 2018b; 

Osman et al. 2018; Singh et al., 2010), although none have been fully 

validated in vivo, so the identity of Vip surrogate receptors remains 

unknown (Ferré et al., 2023). The in vitro binding data obtained from 

assays with radiolabelled Vip3A proteins and BBMV from Spodoptera 

spp. suggest a large population of binding sites with lower affinity 

compared to Cry proteins (Chakroun and Ferré, 2014; Lázaro-Berenguer 

et al., 2022b; Lázaro-Berenguer et al., 2024; Quan et al., 2021a). 

Furthermore, the population of Vip3Aa binding sites revealed in in vitro 

assays does not fully reflect the receptors involved in the protein’s 

toxicity, as some binding sites detected in vitro are not functional as 

revealed by in vivo competition assays (Lázaro-Berenguer et al., 2022b), 

a technique which has proved to be very useful for the distinction of 

functional shared binding sites between different insecticidal proteins 

(Chen et al., 2021; Hernández-Martínez et al., 2022; Jerga et al., 2019; 

Wang et al., 2019). By performing in vivo competition assays among 

different Vip proteins in S. littoralis, we have reported that despite the 

observed partial competition of Vip3Ca for the binding sites of Vip3Aa 

in vitro, it is unable to block the toxicity of Vip3Aa and Vip3Af WT 

proteins in vivo (Lázaro-Berenguer et al., 2022b). This indicates the 

existence of various binding sites for Vip3A, proteins among which, the 

sites shared between Vip3A and Vip3C are not involved in Vip3A’s 

toxicity (Lázaro-Berenguer et al., 2022b). In vivo competition assays also 
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allow for the detection of differences in receptor binding affinity, as 

observed between Vip3Aa and Vip3Af in S. littoralis, with Vip3Aa 

showing a higher affinity by blocking the toxicity of Vip3Af at a lower 

competitor ratio (Lázaro-Berenguer et al., 2022b). Additionally, through 

in vivo competition assays performed with the structural mutants 

Vip3Aa_α1 and Vip3Aa_S-S in S. exigua, we have observed that 

protein conformation is not a critical feature either for the recognition of 

functional receptors (Figure D1), as both protoxin and activated protein 

conformations are able to block the WT’s toxicity, suggesting that the 

conformational change of the proteolytically-processed protein could 

occur either in a pre-binding or a post-binding to midgut receptors stage 

(Ferré et al., 2023; Lázaro-Berenguer et al., 2024).  

Although the presence of Domains I-III is sufficient for the specific 

binding to BBMV in vitro, the presence of Domains IV and V is necessary 

for Vip3Aa’s toxicity in vivo (Lázaro-Berenguer et al., 2022a). Given that 

both conformations of the protein bind to functional receptors, we can 

assume that the lack of toxicity in the Vip3Aa_I-III construct is not due 

to the absence of conformational change or protein instability, as this 

construct remains stable against midgut proteases of Spodoptera spp. 

(Figures 4.2 and S4.3). Therefore, we hypothesize that the lack of 

toxicity in this truncated protein must be related to the absence of 

binding to functional sites (Figure D1), as no inhibition of Vip3Aa’s 

toxicity was observed in in vivo competition assays conducted on S. 

exigua and S. littoralis (Figure 4.3). This could be linked to the disruption 

of a step in the mode of action prior to the binding step, such as the 

interaction with the peritrophic matrix recently described through the 
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protein’s Domain V (Jiang et al., 2023), although further studies are 

needed to validate this hypothesis. 

Given the structural homology of Vip3A C-t domains III and IV-V to 

β­prism fold lectins and CBM16 hydrolases, respectively (Bae et al., 

2008; Jiang et al., 2020a; Núñez-Ramírez et al., 2020; Sharma et al., 2007), 

together with their broad population of low-affinity binding sites 

(Chakroun and Ferré, 2014; Lázaro-Berenguer et al., 2022b; Lázaro-

Berenguer et al., 2024; Quan et al., 2021a), and the existence of some 

non­functional binding sites (Lázaro-Berenguer et al., 2022b), we 

hypothesised that Vip proteins could be binding to different types of 

glycosylated molecules in the apical membrane of midgut cells. To test 

this hypothesis, we have explored the ability of the Vip3Aa protein to 

bind lipid molecules, which are present in high numbers in cellular 

membranes and have been described as receptors for other pore 

forming proteins (Geny and Popoff, 2006; Griffitts et al., 2003; Sepcić et 

al., 2004; Tweten, 2005; Yamaji et al., 1998). Our findings suggest that 

Vip3Aa could be interacting with midgut lipids of Spodoptera spp. both 

as protoxin and trypsin-processed (Figure 5.2), most probably by 

binding to their hydrophilic headgroups. However, the specificity of 

this binding and its potential role in facilitating toxicity remain to be 

determined, especially since Vip3Aa also binds to lipid extracts from 

non-susceptible insects (Figure 5.5). Nevertheless, we propose that a 

two-step binding mechanism could be occurring, where an initial 

interaction with lipids and glycoconjugates on the midgut cell surface 

may help the protein approach the membrane and enable further 

interactions with specific receptors mediating toxicity, as has been 
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suggested for other Bt proteins (Best et al., 2022; Bravo et al., 2004, 2007; 

Jenkins et al., 2000). Furthermore, our findings suggest that the three C­t 

domains III-V of Vip3Aa could participate in these interactions, as all 

truncated constructs used in the assays were able to bind to midgut and 

standard lipid samples (Figure 5.3). 

 

In summary, the resolution of the 3D structure of Vip proteins has 

significantly advanced our understanding of their mode of action. Key 

discoveries include the identification of two distinct structural 

conformations—protoxin and activated protein (Núñez-Ramírez et al., 

2020)— as well as the activated protein’s ability to insert into lipid 

membranes via its N-t region, facilitating ion flow (Byrne et al., 2021). 

Additionally, structural homology has been identified between the C-t 

domains and glycan-binding proteins (Byrne et al., 2021; Jiang et al., 

2020a; Núñez-Ramírez et al., 2020; Zheng et al., 2020). These insights 

have enabled a more targeted investigation into the mode of action of 

Vip proteins. Our research has focused on evaluating the receptor-

binding capacity of both structural conformations, exploring the critical 

role of the N-t region (Domain I) and its remodelling for the toxicity, 

and hypothesizing potential interactions with biomolecules of different 

biochemical natures through the C-t domains. However, many aspects 

of Vip proteins’ mode of action remain unknown, requiring further 

research. Key open questions include the identity of functional receptor 

molecules in the midgut epithelium of target species, the in vivo role of 

Domains IV and V, the biological significance of the interaction with the 

peritrophic matrix, the biochemical basis of insect resistance and the 
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characterization of the mechanisms underlying toxicity, such as 

membrane disruption, pore formation, and potential alternative 

pathways like apoptosis. Expanding our knowledge in these areas will 

enhance their application as powerful biotechnological tools for 

agricultural pest control. 
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CONCLUSIONS  

1. Vip proteins share binding sites in the brush border membrane of 

Spodoptera littoralis. Vip3Aa has multiple binding site populations, 

but the ones it shares with Vip3Ca do not contribute to its toxicity. 

In contrast, Vip3Aa and Vip3Af share functional binding sites in 

vivo, with Vip3Aa showing a higher affinity for them. 

 

2. Several structural features of the Vip3Aa protein are essential for its 

toxicity against Spodoptera exigua: tetramer formation, the 

remodelling of Domain I into the activated conformation after 

proteolytic cleavage at the primary site (in the loop between 

Domains I and II) and the integrity of the N-terminal helix α1. 

 

3. Both protoxin and activated protein structural conformations of the 

Vip3Aa protein bind to functional binding sites in S. exigua. 

Although binding of the protoxin is mainly non-specific whereas 

activated protein shows specific binding and higher binding 

affinity.  

 

4. Domains IV and V are not required for tetramer formation nor 

protein stability against midgut proteases; however, their absence 

impairs the remodelling into the activated conformation. 

Furthermore, these domains are not essential for the binding of 

Vip3Aa to specific binding sites in the brush border membrane of S. 

exigua in vitro, though their presence is essential for the in vivo 

binding to functional sites and toxicity in S. exigua and S. littoralis. 
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5. Vip3Aa can bind to lipids extracted from S. exigua and S. littoralis 

midgut samples, though its binding specificity and role in toxicity 

remain unclear. Its ability to bind non-susceptible insect lipids 

suggests a potential two-stage binding mechanism, where initial 

non-specific interactions might help the protein reach specific 

receptors in the membrane. Additionally, glycan residues may serve 

as binding epitopes for these interactions through Vip3Aa’s 

C­terminal Domains III-V. 
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CONCLUSIONES 

1. Las proteínas Vip comparten sitios de unión en la membrana del 

borde en cepillo de Spodoptera littoralis. Vip3Aa tiene múltiples 

poblaciones de sitios de unión, pero las que comparte con Vip3Ca no 

contribuyen a su toxicidad. En contraste, Vip3Aa y Vip3Af comparten 

sitios de unión funcionales in vivo, siendo Vip3Aa la que muestra una 

mayor afinidad por ellos.   

2. Varias características estructurales de la proteína Vip3Aa son 

esenciales para su toxicidad contra Spodoptera exigua: la formación de 

tetrámeros, el remodelado estructural del Dominio I en su conformación 

activada tras el procesamiento proteolítico en el sitio de corte primario 

(entre los Dominios I y II) y la integridad de la hélice α1 en el extremo 

N-terminal.   

3. Tanto la conformación estructural de protoxina como la de proteína 

activada de Vip3Aa se unen a sitios de unión funcionales en S. exigua. 

Aunque la unión de la protoxina es principalmente no específica, la 

proteína activada muestra una unión específica y de mayor afinidad. 

4. Los Dominios IV y V no son necesarios para la formación del 

tetrámero ni para la estabilidad de la proteína frente a las proteasas 

intestinales; sin embargo, su ausencia afecta cambio de conformación de 

la proteína activada. Además, estos dominios no son esenciales para la 

unión de Vip3Aa a sitios específicos en la membrana del borde en 

cepillo de S. exigua in vitro, aunque su presencia es crucial para la unión 

in vivo a sitios funcionales y la toxicidad en S. exigua y S. littoralis.   
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5. Vip3Aa puede unirse a los lípidos extraídos del tejido intestinal de 

larvas de S. exigua y S. littoralis, aunque la especificidad de su unión y el 

papel en la toxicidad siguen sin estar claros. Su capacidad para unirse a 

los lípidos de insectos no susceptibles sugiere un posible mecanismo de 

unión en dos etapas, donde interacciones iniciales no específicas 

podrían ayudar a la proteína a alcanzar receptores específicos en la 

membrana. Además, los residuos de glicanos podrían servir como 

epítopos de unión para estas interacciones a través de los Dominios 

C­terminales III-V de la proteína. 
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Supplementary Table S1.1. List of SDM primers for Vip DIP variants generation and 

sequencing. Forward (F) and reverse (R) primers flaking the target sequences and 

carrying the mutations were designed for introducing the desired modifications. 

Changed bases compared to the wild type sequence are underlined. The annealing 

temperature used for each primer pair (Tm) is indicated in °C. Primers flanking the 

modified regions were also used for DNA sequencing. 

  

Mutant  5’ → 3’ primer sequence Tm (°C) 

  SDM primers  

Vip3Aa DIP1 
(S164C 
L166C) 

F ATT AAC TGT ACA TGT ACT GAA ATT ACA CCT GCG TAT CAA AG 
56 

R GTA ATT TCA GTA CAT GTA CAG TTA ATA AGT ACA TTT ACA TTA ATA ATA TCC 

    

Vip3Aa DIP2 
(E168A) 

F CTT ACT GCA ATT ACA CCT GCG TAT CAA AG 
56 

R GGT GTA ATT GCA GTA AGT GTA GAG TTA ATA AGT AC 

    
Vip3Ca DIP 

(S164C 
L166C) 

F ATT AAT TGT ACT TGT ACT GAA ATC ACA CCT TCA TAT CAA CGT 
56 

R TGT GAT TTC AGT ACA AGT ACA ATT AAT TAA AAC ATT TAA ATT AAC ATC 

  Sequencing primers  

Vip3Aa DIPs 
F TGG ATG GGG TGA ATG GAA GCT T 58 

R TCC GAC CTC ACT GCC ACT TGT T 60 

Vip3Ca DIP F ACT AAA TTA AAC GCA AGG GCC TT 55 

 R AGC TGT TTT TAA AGC CGA TCG TCC 58 
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Supplementary Table S1.2. Binding parameters of 125I-Vip3Aa in vitro competition 

binding assays. The equilibrium dissociation constant (Kd) and the concentration of 

binding sites (Rt) were calculated for the homologous and heterologous competitors. At 

least three replicates were used for the data analysis, and the mean values ± SEM are 

represented.  

 

Protein Kd ±SEM (nM) Rt ± SEM (pmol/mg) 

Vip3Aa WT 51.0 ± 8.3 170 ± 32 

Vip3Aa DIP1 81 ± 25 324 ± 128 

Vip3Aa DIP2 57.7 ± 11.8 190 ± 42 

Vip3Af WT 130 ± 39 492 ± 202 

Vip3Af DIP 180 ± 63 605 ± 317 

Vip3Ca WT 6.6 ± 1.3 18.3 ± 3.4 
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Supplementary Figure S1.1. SDS-PAGE of His-trap purified proteins used as 

competitors for in vitro binding assays. Lanes 1, Vip3Aa WT; 2, Vip3Af WT; 3, Vip3Ca 

WT; 4, Vip3Aa DIP1; 5, Vip3Aa DIP2, and 6, Vip3Af DIP. M, Blue Star molecular marker 

(NIPPON Genetics).  
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Supplementary Figure S1.2. SDS-PAGE of IPP purified proteins used for in vivo 

competitions assays. Lane 1, Vip3Aa WT; 2, Vip3Af WT; 3, Vip3Aa DIP1; 4, Vip3Aa 

DIP2; 5, Vip3Af DIP, and 6, Vip3Ca DIP. M, Blue Star molecular marker (NIPPON 

Genetics).  
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Supplementary Figure S1.3. Vip3Aa labelling with 125I-Na. A) Separation of the 

labelled protein by gel filtration on a PD10 column; B) an equivalent number of cpm of 

each fraction were analysed in SDS-PAGE and autoradiography of the gel was 

performed.  (M) PiNK Prestained  Protein Marker (NIPPON Genetics).
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Supplementary Figure S1.4. Binding assays with 125I-Vip3Aa and S. littoralis BBMV. 

In vitro binding assays using increasing concentrations of S. littoralis BBMV. Squares and 

triangles represent total and nonspecific binding (determined with 1000-fold unlabeled 

Vip3Aa), respectively. Each data point represents the mean of at least three replicates 

(±SEM). 
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Supplementary Table S2.1. Primers used for Domain I mutagenesis, C-t deletion and 

sequencing 

 

Vip3Aa_mutant (residues) 5’ → 3’ primer sequence 

 SDM primers 

∆α1 (residues 40-789) CAG GGA CCC GGT ACG GAT ACA GGT GGT GAT CTA AC 

CGA GGA GAA GCC CGG TTA CTT AAT AGA GAC ATC GTA AAA ATG TAC  

S-S (residues 10-789) 

1st Double mutation 

D66C-N69C 

D66C-N69C 

2nd Double mutation over 1st 

Q96C-L100C 

Q96C-L100C 

 

 

GTG TGC GGA AGC TTA AAT GAT CTT ATC 

CCC GCA CAA TTT ACC AGA AAT ATC ATT TAG 

 

AGT TTG CAA TGA TGT TAA TAA CAA ACT CG 

TGA TTG CAT TCA TTT GCA ATT TTT AAT ATT TCC 

195-AVAA-198 (residues 10-789) GCG GCG GAT GGC TCT CCT GCA GAT 

TAC CGC TGA ACT AGT TTC TGT AGC AAA AG 

41-KVKK-44 (residues 10-789) AAA AAG GAT CTA ACC CTA GAC GAA ATT TTA AAG 

TAC TTT CGT TTT AAA AAT CAT GTT CAT AAT GTC 

L146M (residues 10-789) AAG TAA ACA AAT GCA AGA GAT TTC 

AAG TAT TCT ATT TGC AGA CTT AG 

L146F (residues 10-789) AAG TAA ACA ATT CCA AGA GAT TTC TG 

AAG TAT TCT ATT TGC AGA CTT AG 

∆IV-V (residues 10-532) CAG GGA CCC GGT ACA AGA GCC TTA CCA AGT TTT ATT G 

CGA GGA GAA GCC CGG TTA ACT TGG CGG GAC GAT CAA TTT AG 

M34L (residues 1-789) AGA CAT TTT GAA CAT GAT TTT TAA AAC GGA TAC AGG TG 

TCA TGT TCA AAA TGT CTT TGA TAC CAG TGG C 

Sequencing primers 

N-terminal sequencing  CAG GGA CCC GGT ACA AGA GCC TTA CCA AGT TTT ATT G 

C-terminal sequencing TGA TCG TCC CGC CAA GTG GTT T 
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Supplementary Figure S2.2. Electrophoretic mobility of Vip3_S-S mutant in SDS-PAGE. 

Proteolytic processing in the presence of BBMV or trypsin together with the absence and 

presence of the reducing agent β-mercaptoethanol. Arrowheads indicate the bands 

corresponding to Domain I.
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Supplementary Figure S2.5. Modelled mutations in the toxin structure of Vip3Aa 

(PDB: 6TFK) of L146 to Phe and Met. Minimization steps have been conducted after 

the mutations have been modelled using Chimera UCSF, then, distances between side 

chains are shown. 

L146 L146F L146M

4.9 Å 3.6 Å 4.7 Å
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Supplementary Figure S2.6. Multiple sequence alignment of Vip family members 

showing conservation of residues mutated. The protein sequences used are as follows: 

Vip3Aa1 (GenBank accession number Vip3Aa (AAC37036), Vip3Ab1 (AAR40284), 

Vip3Ad2 (CAI43276), Vip3Ae1 (CAI43277), Vip3Af1 (CAI43275), Vip3Ag2 (ACL97352), 

Vip3Ah1 (ABH10614), Vip3Ai1 (KC156693), Vip3Aj1 (KF826717), Vip3Ba1 (AAV70653), 

Vip3Bb2 (ABO30520), and Vip3Ca1 (ADZ46178). 
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Supplementary Figure S3.1. Transmembrane region prediction on Vip3Aa helix α1 

performed with Depp TMHMM prediction tool. The graph shows the probability of 

transmembrane region for each amino acid of the helix. The blue line indicates the 

probability of being inside the membrane (cytosolic region), the orange line indicates the 

probability of being outside the membrane and the purple lines indicate the probability 

of being in transmembrane position. 
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Supplementary Figure S3.2. Visualization of the different proteins used in in vitro and 

in vivo competition assays. 5 µg of protoxins (trypsin -) and processed proteins (tyrpsin 

+) incubated in vitro with trypsin (10% w/w) at pH 7.5 were analysed in SDS-PAGE gels. 

Band sizes were estimated according to the Blue Star molecular marker (M) (NIPPON 

Genetics).  
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Supplementary Figure S3.3. Visualization of the radiolabelled proteins used in in vitro binding 

assays to BBMV. The upper panel shows the labelled protein fraction elution from the PD-10 

desalting column after each radiolabelling reaction (Vip3Aa_Wt’s first and second labelling and 

Vip3Aa_1 labelling. The lower panel shows the corresponding SDS-PAGE (12% acrylamide) 

and autoradiograph of each fraction from each radiolabelling reaction, the amount of protein 

corresponding to 10,000 cpm was loaded on each lane. 
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 Supplementary Table S4.1. Amplified residues and primers used for Vip3Aa 

truncated constructs generation. Forward (F) and reverse (R) primers flaking the target 

sequences were designed for amplifying the desired sequences coding for determined 

protein fragments, resulting in truncated proteins having only some of the structural 

domains of the protein. 

 

Construct Primer 5’ → 3’ sequence aa kDa 

Vip3Aa I-III 

F 
CAG GGA CCC GGT ACA AGA GCC TTA CCA AGT TTT ATT G 

10-532    54 

R CGA GGA GAA GCC CGG TTA ACT TGG CGG GAC GAT CAA TTT AG 

Vip3Aa_II-V F CAG GGA CCC GGT GCA GAT ATT CTT GAT GAG TTA ACT G 203-789 65 

Vip3Aa_III-V F CAG GGA CCC GGT ACA CTT TCT AAT ACT TTT TCT AAT CC 325-789 48 

Vip3Aa_IV-V F CAG GGA CCC GGT AGT GGT TTT ATT AGC AAT ATT GTA GAG 532-789 27 

All C-t constructs R CGA GGA GAA GCC CGG TTA CTT AAT AGA GAC ATC GTA AAA ATG TAC 
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Supplementary Figure S4.1 Binding assays with 125I-Vip3Aa and S. exigua BBMV. In 

vitro binding assays using increasing concentrations BBMV. Full circles and open circles 

represent total and nonspecific binding (determined with 1,000-fold unlabeled Vip3Aa), 

respectively. Each data point represents the mean of at least three replicates (±SEM). 
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Supplementary Figure S4.2 Toxicity of Vip3Aa in Spodoptera littoralis. Different 

doses of the protein were given to neonate larvae of S. littoralis. Bars represent mortality 

recorded after 10 days. Error bars show the standard deviation (SD) among replicates. 

LC50 value and FL95% were calculated using PoloPlus software.
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Supplementary Figure S4.3. In vitro proteolytic processing of Vip3Aa WT and 

truncated constructs in Spodoptera littoralis. The proteins were incubated in vitro under 

different conditions and then subjected to SDS-PAGE. Lanes 1 and 4 correspond to 

protoxin samples; lanes 2 and 5 correspond to samples digested with trypsin (10% w/w); 

lanes 3 and 6 correspond to samples digested with S. littoralis gut juice (SlMJ, 10% w/w). 

Band sizes were estimated according to the Blue Star molecular marker (M) (NIPPON 

Genetics).   
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