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ABSTRACT 

The Cry toxins produced by Bacillus thuringiensis are an alternative for biological control 

of insects. In the case of Cry1A toxins, it has been proposed that after proteolytic activation 

of the Cry1A protoxin by midgut proteases, the monomeric form of the toxin binds to a 

transmembrane cadherine protein. This interaction promote the formation of an oligomeric 

form of the toxin that binds with high affinity to a glicosyl-phosphatidyl-inositol (GPI) 

anchored aminopeptidase N (APN) that facilitates the membrane insertion of the toxin. In 

Manduca sexta a second GPI-anchored protein (alkaline phosphatase, ALP) binds Cry1Ab 

toxin, however, the role of this protein in toxicity remains to be determined. In this work 

we analyzed the interaction of oligomeric and monomeric structures of Cry1Ab and of 

Cry1Ab mutants in domain II and domain III binding regions, with the midgut purified M. 

sexta ALP and APN to determine if these interactions are important for toxicity. Detection 

of Cry1Ab binding proteins by ligand blot assay revealed that ALP is preferentially 

expressed in earlier larval instars, whereas APN is preferentially expressed at later larval 

instars. This result suggests that ALP has an important role on Cry1Ab toxicity since Cry 

toxins are more effective when assayed with larvae from the first instars. The binding of 

oligomeric Cry1Ab to APN and ALP showed that this structure toxin interacts with both 

receptors with high affinity (apparent Kd= 0.6 nM and Kd= 0.5 nM, respectively) whereas 

the monomeric toxin showed lower affinity interactions (apparent Kd= 101.6 nM and 267.3 

nM, respectively). Several Cry1Ab non-toxic mutants located in the exposed loop 2 of 

domain II or β16 domain III were affected in binding to APN and ALP, depending on their 

oligomeric state of the toxin. In particular, the monomeric non-toxic domain III mutant 

L511A did not bind to ALP, but retained APN binding, suggesting that initial monomer 
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interaction with ALP is critical for toxicity. Oligomers of the non-toxic domain II loop 2 

mutants RR368-369AA and F371A were affected in the interaction with both receptors in 

contrast with toxin monomers that showed similar binding to both GPI anchored proteins as 

Cry1Ab wt toxin. These results suggest that the APN and ALP fulfill two roles in the 

mechanism of action of these toxins. First, the monomeric toxin binds to both GPI 

anchored proteins localized in the midgut microvilli before the toxin binds to cadherin. 

After cadherin interaction, the toxin forms the prepore oligomer and then binds with high 

affinity to APN and ALP mediating the oligomer insertion into the membrane. However, 

the expression pattern of these GPI-anchored receptors and the phenotype of L511A mutant 

suggest that ALP may have a predominant role in the toxicity than APN. 
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RESUMEN 

Las toxinas Cry producidas por Bacillus thuringiensis son una elección importante en el 

control biológico de insectos. En el caso del mecanismo de acción de las toxinas Cry1A se 

ha demostrado que la toxina presenta dos interacciones sucesivas con aminopeptidasa. La 

primera interacción se da como monómero y la segunda después de que oligomeriza. 

Adicionalmente, en M. sexta se ha reportado una segunda proteína anclada por GPI como 

proteína de unión a la toxina Cry1Ab identificada como fosfatasa alcalina; sin embargo, su 

papel en la toxicidad no ha sido determinado. En este trabajo se analizó la interacción de la 

toxina Cry1Ab tanto en su conformación de monómero como de oligómero cuando se une a 

la aminopeptidasa y a la fosfatasa alcalina, para determinar si estas interacciones son 

importantes para la toxicidad y poder establecer el papel como receptor de la fosfatasa 

alcalina. El análisis de la expresión de los receptores en los diferentes estadíos del 

desarrollo muestra que la fosfatasa alcalina se expresa preferencialmente en los primeros 

estadíos y la aminopeptidasa se expresa después del tercer estadio de desarrollo. Esto indica 

que la fosfatasa alcalina es más abundante en los primeros estadíos cuando las larvas son 

más susceptibles a la toxina. La unión del oligómero de la toxina Cry1Ab a fosfatasa 

alcalina y aminopeptidasa purificadas muestran que la toxina interactúa con ambas 

proteínas con alta afinidad (0.5 nM y 0.6 nM, respectivamente), mientras que la afinidad 

del monómero es de 2 ó 3 órdenes de magnitud menor (267.3 nM y 101.6 nM, 

respectivamente). Algunas mutaciones que se encuentran localizadas en regiones expuestas 

del asa 2 del domino II y la β16 del dominio III afectan la capacidad de unión a los dos 

receptores dependiendo de la conformación de la toxina. Particularmente el monómero de 

la toxina L511A que no es tóxica, está afectada en la unión a fosfatasa alcalina pero sigue 

uniendo a aminopeptidasa. Lo que sugiere que la interacción inicial con fosfatasa alcalina 
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es crítica para la toxicidad. Las mutantes no tóxicas RR368-9AA y F371A se encuentran 

afectadas en la interacción con ambos receptores cuando la toxina se encuentra como 

oligómero, pero no como monómero. Estos datos sugieren que la aminopeptidasa y la 

fosfatasa alcalina juegan un papel doble en el mecanismo de acción. Primero, en las 

microvellosidades del intestino, el monómero de la toxina se une a la aminopeptidasa y a la 

fosfatasa alcalina y posteriormente, se da la interacción con el receptor caderina. El 

contacto con caderina induce la oligomerización de la toxina y permite nuevamente la 

unión aminopeptidasa y fosfatasa con alta afinidad, lo que medía la inserción de la toxina 

en la membrana. El fenotipo de la mutante L511A que está drásticamente afectada en la 

unión con fosfatasa alcalina y la toxicidad, además del patrón de expresión de los 

receptores, sugiere que la fosfatasa alcalina tiene un papel predominante en el mecanismo 

de las toxinas Cry.  
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INTRODUCCIÓN. 

CARACTERÍSTICAS GENERALES.  

Bacillus thuringiensis es miembro del grupo de Bacillus cereus que además incluye a 

Bacillus anthracis y a Bacillus mycoides (1). Las características que distinguen a B. 

thuringiensis de los demás miembros son sus propiedades entomopatógenas. B. 

thuringiensis es una bacteria ubicua gram positiva, formadora de esporas que durante la 

fase estacionaria de su crecimiento sintetiza cristales que están constituidos 

predominantemente de una o más proteínas llamadas Cry o Cyt. Estas proteínas son 

selectivamente tóxicas para diferentes insectos y son inocuas para humanos, invertebrados 

y plantas, además son completamente biodegradables. Debido a estas características, el uso 

de B. thuringiensis es una alternativa viable para el control de insectos plaga en la 

agricultura y para insectos vectores de enfermedades importantes en la salud pública.  

A la fecha se han aislado numerosas cepas de B. thuringiensis a partir del suelo, hojas 

secas, insectos muertos, etc., que muestran actividad tóxica contra insectos lepidópteros, 

dípteros o coleópteros (2). Adicionalmente, en años recientes se han reportado cepas con 

actividad contra insectos himenópteros, homópteros, ortópteros y malófagos, así como 

contra ácaros y protozoarios (3-4).  

DIVERSIDAD DE LA TOXINAS.  

La gran variedad de toxinas de B. thuringiensis conocidas a la fecha es el resultado del 

interés y esfuerzos constantes internacionales para aislar y caracterizar nuevas cepas de B. 

thuringiensis, productoras de toxinas con nuevas propiedades que permitan su uso para el 

control agroquímico de insectos. Miles de cepas han sido seleccionadas y de éstas se han 



M. en C. Iván Arenas Sosa  Doctorado en Ciencias  

17 

 

aislado algunos cientos de toxinas de B. thuringiensis 

(http://www.lifesci.sussex.ac.uk/home/Neil_Crickmore/bt/). La extraordinaria diversidad de 

las  toxinas Cry se debe al alto nivel de plasticidad genética de B. thuringiensis. Algunos de 

los genes de las toxinas están asociados a elementos de transposición que al promover la 

amplificación de los genes, da como resultado la evolución de nuevas toxinas (5). 

Adicionalmente, la mayoría de los genes de las toxinas Cry son funcionales en plásmidos y 

la transferencia horizontal puede resultar en la creación de nuevas cepas con combinatorias 

nuevas de genes Cry (6-7). 

El gran número de proteínas Cry conocidas a la fecha ha permitido el análisis comparativo 

de secuencias, lo que ha ayudado a elucidar elementos importantes tanto en la función 

básica de la toxina, como en su especificidad. En 1989 Höfte y Whiteley realizaron el 

primer análisis detallado de la secuencia de las proteínas Cry e identificaron 5 bloques 

conservados de aminoácidos en la mayoría de las secuencias (8). El descubrimiento de 

nuevas proteínas Cry dio lugar a dos análisis más, el primero por Bravo y colaboradores (9) 

y el segundo por de Maag en el 2001 (5). En el análisis más reciente fueron analizadas las 

secuencias de Cry1 a Cry31. La mayoría de las toxinas presentan todos o algunos de los 

bloques conservados identificados en el trabajo de Höfte y Whiteley, sugiriendo que estas 

regiones pueden ser importantes en algunos aspectos de la estabilidad de la toxina o de la 

función. Además, fue evidente que las toxinas muestran diferentes tamaños, desde 70 kDa 

hasta 130-140 kDa (8). Los bloques conservados fueron observados en el amino terminal a 

lo largo de la toxina. Utilizando la información obtenida de la estructura cristalográfica de 

algunas toxinas activas (Cry1Aa, Cry2Aa, y Cry3Aa) fueron alineados cada uno de los tres 

dominios y se realizaron árboles filogenéticos para evaluar la contribución individual de 
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cada dominio a la especificidad (5).  Los diferentes árboles mostraron que en general existe 

una correlación específica  entre la identidad de la secuencia y el orden al que pertenece el 

insecto, pero que varios grupos no relacionados pueden tener algunas veces, la misma 

especificidad.  

CLASIFICACIÓN DE LAS TOXINAS Cry.  

El mayor determinante de las propiedades insecticidas de B. thuringiensis son las δ-

endotoxinas (2). Estas endotoxinas forman dos familias multigénicas denominadas Cry o 

Cyt. Las proteínas Cry son tóxicas contra diferentes órdenes de insectos como lepidópteros, 

coleópteros, himenópteros y dípteros. En contraste, las toxinas Cyt son específicas contra 

dípteros aunque se han documentado algunas cepas que contienen proteínas Cyt que son 

específicas para coleópteros (10). Además de estas proteínas cristalinas, alguna cepas de B. 

thuringiensis y B. cereus producen un tercer grupo de proteínas insecticidas denominadas 

Vip (11). A diferencia de las proteínas Cry, estas proteínas son sintetizadas durante la fase 

vegetativa del desarrollo de la bacteria y secretadas al medio de cultivo sin la formación de 

cristales.   

Las toxinas Cry comprenden 40 subgrupos con más de 200 miembros. La definición de 

toxina Cry es la siguiente: Cualquier proteínas paraesporal de B. thuringiensis que exhibe 

actividad tóxica contra un organismo blanco, verificable mediante bioensayo o cualquier 

otra proteína que tiene identidad en su secuencia de aminoácidos con alguna de las 

proteínas Cry (3). Las proteínas Cyt denotan a cualquier proteína de B. thuringiensis con 

actividad hemolítica o que tenga similitud a las proteínas Cyt. La nomenclatura de las 

proteínas Cry y Cyt está basada en la identidad de la secuencia primaria de las proteínas. 

Las proteínas reciben el mnemónico Cyt o Cry y cuatro rangos jerárquicos que consisten en 
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números, letras mayúsculas, letras minúsculas y números (por ejemplo Cry1Ab1). Los 

rangos están dados dependiendo de la identidad de la secuencia de aminoácidos que 

comparta con otras proteínas Cry o Cyt. Un número diferente (primer rango), está dado a 

una proteína que presenta menos del 45% de identidad con los demás miembros de las 

toxinas Cry (por ejemplo, Cry1, Cry2, etc.). La letra mayúscula (segundo rango), está dada 

si la proteína presenta menos del 78%, pero más del 45% de identidad con un grupo 

particular de toxinas Cry (por ejemplo, Cry1A, Cry1B, etc.). Un tercer rango está dado 

mediante letras minúsculas para distinguir proteínas que tienen más del 78%, pero menos 

del 95% de identidad con otras proteínas Cry (por ejemplo, la toxina Cry1Aa, Cry1Ab etc.). 

Finalmente se les da un número a las toxinas que comparten más del 95% de identidad, 

pero que no son idénticas o pueden ser variantes de la misma proteína (3). En esta 

nomenclatura no se toma en cuenta la especificidad de las toxinas y algunos subgrupos 

muestran toxicidad contra algunos otros órdenes de insectos. De esta manera, las toxinas 

Cry1 muestran toxicidad contra insectos lepidópteros y las toxinas Cry3 son tóxicas contra 

coleópteros. Para el caso de toxinas específicas contra dípteros, resulta interesante el alto 

número de proteínas con baja identidad en su secuencia de aminoácidos (por ejemplo, 

Cry1C, Cry2Aa, Cry4, Cry11, etc.). 

ESTRUCTURA DE LAS TOXINAS Cry.  

La mayoría de las proteínas Cry se sintetizan como protoxinas inactivas, que 

posteriormente son transformadas en toxinas activas por diferentes proteasas del intestino 

de diferentes insectos (8). Este proceso involucra una serie de cortes proteolíticos tanto en 

el extremo C- terminal, como en el N-terminal, hasta que se obtiene un fragmento resistente 

a proteasas (12). La estructura tridimensional de algunas toxinas Cry activadas ha sido 
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determinada mediante cristalografía de rayos X, tal es el caso de las toxinas Cry3Aa (13) y 

Cry3Bb1 (14) específicas para coleópteros, la toxina Cry1Aa específica para lepidópteros 

(15), la toxina Cry2Aa con actividad dual para lepidópteros y dípteros (16) y las toxinas 

Cry4Ba (17) y Cry4Aa con actividad contra dípteros (18).  Estas toxinas muestran 

diferencias importantes en cuanto a su secuencia de aminoácidos y especificidad hacia 

diferentes insectos; sin embargo, todas ellas presentan una topología muy similar 

compuesta por 3 dominios (Figura 1). 

 

 

Figura 1. Estructura tridimensional de toxinas Cry. Se muestra la estructura tridimensional  
determinada por cristalografía de rayos X. El dominio I se muestra en color azul, el 
dominio II se muestra en color verde y en color morado se muestra el dominio III. Además 
se indica la especificidad y la clave correspondiente al PDB de cada una de las estructuras.  
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Dominio I. 

El dominio I fue primero descrito en la toxina Cry3Aa y consiste de 7 hélices α, 6 de las 

cuales rodean a una hélice central (Figura 2). Cada una de las hélices es de naturaleza 

anfipática, en donde los residuos polares y cargados están generalmente expuestos al 

solvente y los residuos hidrofóbicos, típicamente de naturaleza aromática, se encuentran 

proyectados hacia la hélice central. Los grupos polares se encuentran presentes entre los 

espacios de las hélices y están involucrados en puentes de hidrógeno y puentes salinos. La 

mayoría de las hélices presentan una longitud de aproximadamente 30 Å y por su 

naturaleza, podrían atravesar una membrana hidrofóbica. Estas propiedades y la alta 

identidad en la estructura que presentan con otras toxinas formadoras de poro, como son la 

colicina Ia y la toxina de difteria, permiten suponer que el dominio I es el mayor 

determinante de la formación de poro en las toxinas Cry (15, 19). Además de esto, se han 

realizado experimentos con péptidos sintéticos de la hélice α5 de la toxina Cry3A, que 

demuestran que esta región de es capaz de formar poros en capas lipídicas en ausencia del 

receptor (20). Recientemente, se ha reportado otro papel de este dominio, en particular está 

involucrado en la oligomerización de la toxina. Mutaciones en la hélice α3 del dominio I de 

la toxina Cry1Ab, resultan en toxinas que pueden unir al receptor caderina, sin embargo, no 

son capaces de formar oligómero y pierden su actividad contra larvas de M. sexta, estos 

resultados sugieren que este dominio es importante para la oligomerización de la 

toxina(21). Mediante mutantes en la hélice α4 de la toxina Cry1Ab, se logró obtener 

toxinas con dominancia negativa, es decir, al hacer mezclas con la toxina silvestre se 

observó que tienen la propiedad de proteger a larvas de M. sexta y de evitar la formación de 

poro en membranas artificiales, demostrando que el proceso de oligomerización es 

determinante para la toxicidad de estas proteínas (22).   
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Figura 2. Estructura tridimensional del dominio I de la toxina Cry1Aa. El asa α5 de 
naturaleza hidrofóbica está rodeada por las demás asas que integran al dominio I. 

 

Dominio II.  

El dominio II está formado por tres láminas β antiparalelas empacadas en forma de un 

prisma β como se muestra en la Figura 3 (13). Dos de estas tres láminas β están compuestas 

de cuatro hojas empacadas en forma de llave griega y se encuentran expuestas al solvente. 

La tercera lámina β se encuentra empaquetada hacia el dominio I y está constituida por 3 

hojas y una pequeña hélice α. Estructuralmente el dominio II es el más variable entre las 

diferentes toxinas y esto se debe a las asas que unen a estas láminas β (asa 1, asa 2 asa3 y 

asa α8), que difieren considerablemente en cuanto a longitud, conformación y secuencia 

(17). La similitud de las asas de este dominio, con las regiones determinantes de 

complementariedad de las inmunoglobulinas sugiere que este dominio es importante en la 

interacción  con los receptores (13), estudios exhaustivos de mutagénesis en estas regiones 
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han aportado evidencia para comprobar esta hipótesis (23). La primera de estas asas es la 

α8. Un alelo de la toxina Cry1Ab, con sólo 2 cambios en los aminoácidos correspondientes 

a esta región, muestra un aumento en la afinidad de 9 veces a vesículas de la 

microvellosidad media apical (VMMA´s) de Lymantria dispar y presenta un aumento de 

diez veces en la toxicidad.  Sin embargo, estos alelos no difieren en cuanto a su toxicidad o 

unión a M. sexta y Spodoptera exigua (24). Para el caso de la toxina Cry1Ab, se ha 

demostrado mediante competencias con péptidos sintéticos, que el asa α8 participa en la 

interacción con el receptor caderina de M. sexta (25). El asa siguiente es el asa 1 que no 

está específicamente implicada en la interacción para las toxinas Cry1A, sin embargo, una 

triple mutante en esta asa (R345A, Y350A y Y351A) de la toxina Cry3A, resulta en unión 

y toxicidad reducida en larvas del escarabajo Tenebrio molitor, lo que sugiere que esta 

región es importante en la interacción con el receptor para el caso de insectos coleópteros 

(26). Resulta interesante que cambios en estas posiciones (R354A, Y350F y Y351F), dan 

como resultado un aumento en la toxicidad de 10 veces con respecto a la toxina silvestre, 

en larvas de T. molitor (27). En el caso del asa 2, mutaciones en esta región de la toxina 

Cry1Ab afectan dramáticamente la unión a VMMA´s y la toxicidad en Bombix mori (28).  

De la misma manera, en la toxina Cry1Ab, mutaciones en los residuos 368RRP370 resultan 

en la pérdida de unión a VMMA´s de M. sexta y Heliothis virescens. La doble mutante 

368RR369 por alanina en la toxinas Cry1Ab y Cry1Ac, resulta en una toxina con defectos 

en la unión a VMMA´s de M. sexta y L. dispar (29). Una mutación con propiedades únicas 

es la F371A en la toxina Cry1Ab que muestra toxicidad reducida, pero no presenta 

diferencias en la unión a VMMA´s con respecto a la toxina silvestre (30). Sin embargo, esta 

mutación en la toxina Cry1Ac no altera la toxicidad de esta toxina en larvas de L. dispar, lo 

que sugiere que esta propiedad puede no estar conservada entre toxinas relacionadas con 
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diferentes insectos (31). Mediante el uso de la tecnología de despliegue en fago, se logró 

aislar un anticuerpo que reconoce el asa 2 del dominio II de la toxina Cry1Ab, que además 

mimetiza al receptor caderina y tiene la capacidad de inhibir el efecto tóxico de la toxina en 

bioensayos, la caracterización de este anticuerpo permitió determinar que el asa 2 es 

importante para la interacción con el receptor caderina en M. sexta (25). Finalmente, 

mutaciones en el asa 3 de  las toxinas Cry1Aa y Cry1Ab resultan en toxinas con defectos en 

la unión a VMMA´s de M. sexta y H. virescens (32). Este resultado sugiere que esta región 

es importante en la interacción con los receptores. Mediante la caracterización de un 

anticuerpo que reconoce el asa 3 de la toxina Cry1Ab, que tiene la propiedad de evitar el 

efecto de la toxina en bioensayos con larvas de M. sexta, se demostró que esta región es 

importante en la interacción con el receptor caderina de este insecto (33). Si bien, este 

dominio ha sido el mejor caracterizado mediante mutaciones puntuales, aun falta 

determinar su relevancia en la interacción con los receptores anclados por GPI cuando la 

toxina se oligomeriza.    
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Figura 3. Estructura tridimensional del dominio II de la toxina Cry1Aa. Se muestran las 
asas (α8, 2 y 3) involucradas en la interacción del monómero con los receptores. 

 

Dominio III.  

El dominio III está constituido por dos láminas β antiparalelas y muestra menor 

variabilidad estructural que el dominio II, las diferencias más importantes se encuentran en 

la longitud, orientación y secuencia de las asas que unen estas láminas (Figura 4) (17). La 

importancia de estas diferencias resalta en las toxinas Cry1Aa y Cry1Ac, donde la 

extensión de una de estas asas en la toxina Cry1Ac forma un sitio único de unión al azúcar 

N-acetilgalactosamina (GalNAc) que se encuentra en el receptor aminopeptidasa de M. 

sexta (34-36). Mediante el intercambio de este dominio entre las toxinas Cry1Ab y Cry1C, 

se obtuvieron toxinas con actividad incrementada contra larvas de S. exigua con respecto a 
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la toxina Cry1Ab silvestre, lo que sugiere que este dominio juega un papel en la toxicidad 

(37). En el caso de la toxina Cry1Aa, se ha demostrado que este dominio interacciona 

directamente con la aminopeptidasa de B. mori (38). Más recientemente, la caracterización 

de un fago-anticuerpo seleccionado específicamente contra el dominio III de la toxina 

Cry1Ab, que tiene la capacidad de inhibir la interacción de la toxina con el receptor 

aminopeptidasa e inhibe la toxicidad en bioensayos con larvas de M. sexta, demostró que la 

β16 del dominio III está involucrada en la interacción del receptor aminopeptidasa (33). 

Todos estos experimentos demuestran que el dominio III está involucrado en la interacción 

con los receptores, sin embargo, hay que tomar en cuenta que todos los experimentos se 

han realizado con el monómero de la toxina y la interacción del oligómero no ha sido 

explorada a la fecha.   

 

Figura 4. Estructura tridimensional del dominio III de la toxina Cry1Aa. Se muestran las 
láminas β que conforman al dominio III.  
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EVOLUCIÓN DE LAS TOXINAS Cry.  

El incremento de toxinas Cry y la gran variedad  de organismos blanco que estas proteínas 

matan, permite plantearse la pregunta de ¿cómo la evolución de esta familia de proteínas ha 

creado un amplio arsenal de toxinas? Se ha propuesto que las toxinas han coevolucionado 

con los insectos blanco (5); sin embargo, no hay estudios que correlacionen la distribución 

geográfica de las proteínas Cry que contienen las diversas cepas de B. thuringiensis, con la 

distribución de las diferentes especies de insectos blanco en la naturaleza. Un estudio 

realizado con una colección de cepas de B. thuringiensis provenientes de diferentes 

regiones climáticas de México, reveló que genes nuevos de toxinas Cry son encontrados 

más frecuentemente en cepas aisladas en regiones tropicales, en donde la diversidad de 

insectos es mayor (39). Adicionalmente, genes específicos para dípteros como Cry11 y Cyt, 

fueron encontrados más frecuentemente en regiones tropicales que en regiones semiáridas, 

lo que correlaciona con la distribución de dípteros (39). En otro estudio realizado por 

Bernhard en 1997 se mostró que un alto número de cepas de B. thuringiensis activas contra 

H. virescens fueron colectadas en norte América, en donde este insecto es la mayor plaga 

en la agricultura. Estos resultados sugieren que las toxinas Cry y los insectos blanco 

parecen estar presentes en el mismo lugar (40).  

Análisis filogenéticos de toxinas o protoxinas, muestran una amplia correlación con la 

toxicidad (9), sin embargo, análisis filogenéticos de los dominios de las toxinas, muestran 

características interesantes en lo que se refiere a la evolución de esta familia de proteínas 

(5, 9). El análisis de los árboles filogenético de las secuencias de los dominio I y II por 

separado, reveló que estos dominios han coevolucionado (9). En el caso del dominio II, el 

análisis de los arboles filogenéticos muestra  una topología que correlaciona con la 
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especificidad de estas proteínas. Este resultado no sorprende pues se sabe que el dominio II 

está involucrado en la unión al receptor y es un determinante de selectividad de los insectos 

(5, 9). Sorprendentemente, el análisis de los árboles filogenéticos del dominio I, que es el 

responsable de la formación de poro, mostró una topología que correlaciona con la 

selectividad de estas proteínas (5, 9). Esto sugiere que diferentes tipos de dominio I, han 

sido seleccionados para actuar en condiciones particulares de la membrana de sus insectos 

blanco. El análisis filogenético del dominio III, revela una topología diferente de los 

árboles filogenéticos de los dominios I y II, debido a intercambios del dominio III que se 

han dado en la naturaleza. Algunas toxinas con especificidad dual (coleópteros, 

lepidópteros), son claros ejemplos de intercambios del dominio III entre toxinas específicas 

contra lepidópteros y coleópteros. La toxina Cry1B es un claro ejemplo del intercambio del 

dominio III, en donde se han descrito 5 diferentes toxinas, que presentan el dominio I y II 

idénticos, sin embargo, el dominios III de estas toxinas muestra un proceso activo de 

intercambio de este dominio con el correspondiente de otras toxinas. Esta característica ha 

permitido el cambio de especificidad, por ejemplo, la toxina Cry1Ba es activa contra el 

coleóptero Leptinotarsa decemlineata, pero la toxina Cry1Bb, es activa contra el 

lepidóptero Plutella xylostella. Un análisis más profundo de las toxicidades de las toxinas 

Cry1B podría demostrar la relevancia del intercambio del dominio III en la toxicidad. In 

vitro se han realizado intercambios de dominios III de algunas toxinas Cry1, resultando en 

cambios en la especificidad. Un ejemplo es la construcción de una quimera que tiene el 

dominio I y II de la toxina Cry1Ab que no es tóxica para S. exigua, y el dominio III de la 

toxina Cry1C. La quimera muestra toxicidad contra S. exigua (5, 41). El análisis 

filogenético de la familia de las toxinas Cry, muestra que la gran variabilidad en la 

actividad insecticida de estas proteínas se debe fundamentalmente a dos procesos 
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evolutivos: La evolución independiente de los tres dominios estructurales y al intercambio 

horizontal del dominio III entre diferentes toxinas. Estos dos procesos han permitido la 

generación de proteínas con mecanismos de acción similares, pero con diferentes 

especificidades (5, 9).   

MECANISMO DE ACCIÓN DE LAS TOXINAS Cry.  

La primera acción de las toxinas Cry es la de lisar las células epiteliales del intestino medio 

de insectos (2, 5, 42). Para obtener este efecto tóxico, las protoxinas Cry son modificadas 

para formar oligómeros que le permiten la inserción en la membrana y para causar la lisis 

de las células. Los cristales producidos por B. thuringiensis son ingeridas por el insecto 

blanco y se disuelven en el ambiente del intestino, las protoxinas inactivas son cortadas por 

proteasas propias del intestino, liberando una toxina de 60 kDa (12). La activación de la 

toxina involucra el corte proteolítico en la región N-terminal, de aproximadamente 25-30 

aminoácidos para las toxinas Cry1 y aproximadamente la mitad del carboxilo terminal en 

protoxinas de 130 kDa. La toxina activa se une a receptores específicos localizados en la 

microvellosidad apical de las células columnares del intestino medio del insecto susceptible 

y posteriormente se inserta en la membrana (2). La inserción en la membrana da lugar a la 

formación de poros, la lisis celular y el rompimiento del epitelio intestinal, liberando el 

contenido celular que provee a las esporas de un medio rico, necesario para su germinación, 

causando una severa septicemia al insecto, que finalmente le causa la muerte (2, 5).  

Solubilización y activación proteolítica. 

La solubilización de los cristales para liberar las protoxinas (130 kDa) depende del pH 

alcalino presente en el intestino los insectos lepidópteros y dípteros, a diferencia de los 

insectos coleópteros, que presentan un pH neutro o ligeramente ácido (43). El carboxilo 
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terminal de las protoxinas Cry contiene muchas regiones ricas en cisteínas, que forman 

puentes disulfuro cuando estás se encuentran en forma de cristales, por lo tanto, la 

reducción de estos puentes disulfuro es una paso necesario para su solubilización (44). 

Adicionalmente, el procesamiento proteolítico de estas toxinas es un paso crítico 

involucrado en la activación de la toxina. El pH del intestino de insectos lepidópteros y 

coleópteros define la población de proteasas que expresan. Se ha reportado que las serin-

proteasas son abundantes en lepidópteros y dípteros, en contraste con los coleópteros que 

presentan cistein o aspartil-proteasas (45). Se ha reportado que la baja toxicidad de la 

toxina Cry1Ab a S. frugiperda, puede ser explicada en parte por la rápida degradación de la 

toxina, debido a que las proteasas propias de este insecto, a diferencia de la activación de la 

toxina en M. sexta cuyas proteasas intestinales son diferentes. Estos resultados sugieren que 

las proteasas de cada insecto son importantes para la activación correcta de la toxina (46).  

Para algunas toxinas la inactivación involucra un procesamiento intramolecular de la 

proteína (12, 46); sin embargo, en otras toxinas este proceso no está relacionado con la 

pérdida de toxicidad y en algunos casos, favorece la activación de la toxina (47). Con estos 

antecedes, se propone que el proceso proteolítico de diferentes insectos puede ser un paso 

limitante en la toxicidad de las proteínas Cry (46). 

Unión al receptor, oligomerización y formación de poro. 

La unión de las toxinas Cry a receptores en el epitelio intestinal del insecto es determinante 

en la toxicidad y en la especificidad. La correlación entre unión y toxicidad fue demostrada 

usando VMMA´s purificadas del intestino de algunos insectos, mediante una técnica 

desarrollada por Wolfersberger (48). Algunos estudios muestran que la toxina Cry1Ba 

tóxica para Pieris brassicae une específicamente a VMMA´s del insecto, pero no a 
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VMMA´s de rata. Posteriormente, se demostró que las toxinas Cry1Ab y Cry1Ba se unen 

específicamente a VMMA´s de P. brassicae, pero además, la toxina Cry1Ab une a 

VMMA´s purificadas de M. sexta. Como ambas proteínas son tóxicas para P. brassicae, 

pero sólo la toxina Cry1Ab es tóxica para M. sexta, esto demostró una correlación entre la 

unión y la toxicidad (49). Para las toxinas Cry se han descrito a la fecha 3 proteínas de 

unión en insectos lepidópteros, una proteína de la súper familia de las caderinas, una 

aminopeptidasa y una fosfatasa alcalina, ambas ancladas por GPI (glicosil-fosfatidil-

inositol) y un glicoconjugado de 270 kDa (50-53). El papel de la interacción toxina-

receptor ha sido examinado con mayor detalle en M. sexta, el modelo propuesto por Bravo 

y colaboradores, propone que una vez que la toxina es solubilizada y activada 

proteolíticamente, ésta se une como monómero al receptor caderina, la unión a esta proteína 

promueve cambios conformacionales en la toxina que la hacen susceptible a un segundo 

corte proteolítico, perdiendo la hélice α1 (25, 46, 54-55). Este corte permite la exposición 

de residuos hidrofóbicos y promueve la oligomerización de la toxina. La formación de 

oligómeros se ha reportado para diferentes toxinas Cry, entre ellas la Cry1Aa, Cry1Ab, 

Cry1Ca, Cry1Da, Cry1Ea y Cry1Fa, que son toxinas activas contra M. sexta y que forman 

oligómeros después de la activación con VMMA´s (56-61). Una vez formado el oligómero, 

se propone que éste se une a la aminopeptidasa que se encuentra localizada en balsas 

lipídicas, donde se lleva a cabo la formación de poro que causa un desbalance osmótico en 

la célula, llevando finalmente a la muerte del inserto (62-63). Recientemente, la 

caracterización de mutantes en el asa 3 del dominio II de la toxina Cry1Ab, dio como 

resultado la adición de más pasos en este mecanismo de acción (64). Con base en el 

mecanismo de acción de la aerolisina, con la que se ha demostrado que se une primero a 

moléculas de baja afinidad pero muy abundantes en sus células blanco, para 
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posteriormente, unirse a moléculas poco abundantes, pero de alta afinidad (65), se propone 

que una vez que los cristales son solubilizados y activados, el monómero de la toxina une 

primero a la aminopeptidasa con una baja afinidad (Kd= 100 nM) y posteriormente a la 

caderina con alta afinidad (kd= 1 nM); cabe mencionar que la aminopeptidasa es más 

abundante que la caderina en el intestino de M. sexta. Una vez que el monómero se une a 

caderina, éste sufre el corte de la hélice α1, lo que permite la formación del oligómero. 

Posteriormente, el oligómero se une nuevamente a la aminopeptidasa para insertarse en la 

membrana y formar el poro, que provocará la muerte del insecto (Figura 5) (64). La 

formación de poro es un paso determinante en el efecto tóxico de estas proteínas y con la 

evidencia que se tiene con otras toxinas bacterianas, se han propuesto dos modelos de 

inserción en la membrana, denominados como abrecartas y paraguas. El modelo de 

abrecartas, propone que las hélices α5 y 6 del dominio I se insertan en membrana como 

consecuencia de un cambio conformacional disparado por el receptor, sin participación de 

los dominio restantes. El modelo de paraguas plantea que una vez que la toxina se une al 

receptor, se insertan la región de la hélice α4-α5, mientras que el resto de la hélices se 

aplanan sobre la superficie de la bicapa lipídica, exponiendo hacia ella su cara hidrofóbica, 

de tal forma que la molécula queda en forma de paraguas (66). A la fecha los trabajos 

reportados respaldan el segundo modelo. Se ha demostrado mediante cambios por cisteínas 

en las hélices del dominio I, para evitar el movimiento de la hélice α5 mediante puentes 

disulfuro, que a diferencia de la toxina silvestre, las toxinas mutantes solo fueron capaces 

de formar poro en bicapas lipídicas cuando se les puso un agente reductor, como el β-

mercaptoetanol que rompe los puentes disulfuro, lo que dejó ver la necesidad de que las 

hélices α4 y α5 conserven su flexibilidad para llevar a cabo la inserción y formación 

eficiente de poro (67).  
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Figura 5. Mecanismo de acción propuesto de las toxinas Cry en M. sexta. Una vez que los 
cristales son solubilizado y activados, el monómero de la toxina se une al receptor 
aminopeptidasa con una afinidad de 100 nM (1). Posteriormente, el monómero se une a la 
caderina con alta afinidad (1 nM) mediante las asas del dominio II (2). Se corta el asa α1 y 
se exponen regiones hidrofóbicas que permiten la oligomerización de la toxina (3). El 
oligómero ahora se une al receptor aminopeptidasa (4) y se lleva a cabo la inserción y 
formación de poro que lleva a la muerte del insecto.  
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ANTECEDENTES 

RECEPTORES Y PROTEÍNAS DE UNIÓN DE LAS TOXINAS Cry.  

Como ya se mencionó, las toxinas Cry son altamente selectivas y matan diferentes especies 

de insectos. Esta selectividad está mediada por la interacción de las toxinas con proteínas 

localizadas en epitelio de las células del intestino. Se han realizado esfuerzos para 

identificar estas proteínas y en la actualidad se han descrito dos tipos: proteínas 

transmembranales como las caderinas, y proteínas ancladas a la membrana de las células 

por GPI. 

La caderina fue la primera proteína descrita como proteína de unión de las toxinas Cry1A 

en M. sexta (50, 68). Posteriormente, se demostró que no sólo está involucrada en la unión 

a la toxina, sino que también es importante para que la toxina tenga su efecto tóxico en 

algunas especies de lepidópteros, como B. mori (69), H. virescens (70), H. armiguera (71), 

Pectinophora gossypiella (72), Ostrinia nubilalis (73) y en el díptero Anopheles gambiae 

(74). Las caderinas de insectos son proteínas modulares compuestas por tres dominios, el 

ectodominio que está compuesto por 11 ó 12 repetidos, el dominio transmembranal y el 

dominio intracelular. A diferencia de las caderinas de vertebrados que están involucradas 

en las uniones entre célula y célula, las caderinas de insectos están localizadas en la 

membrana basolateral del las células intestinales. En el caso de M. sexta y A. gambiae, se 

ha demostrado que la caderina se encuentra localizada en las microvellosidades de las 

células epiteliales del intestino medio (74-75). La caderina de M. sexta se ha expresado de 

manera heteróloga en líneas celulares de mamífero COS7 y HEK193, donde se ha 

demostrado que su presencia da susceptibilidad a estas células cuando se exponen a la 
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toxina Cry1Ab (76). Adicionalmente, la expresión de esta caderina en la líneas celulares de 

Drosophila melanogaster (S2) y de Trichoplusa ni (H5), resulta en  células susceptibles a la 

toxina Cry1Ab en ambos casos, lo que sugiere que esta proteínas está involucrada en la 

toxicidad (77). En el caso de la caderina de H. virescens, ésta fue expresada en células S2 y, 

de la misma manera que sucede con la caderina de M. sexta, también confiere 

susceptibilidad a las toxinas Cry1A (78). Interesantemente, se ha reportado que pequeñas 

regiones del receptor caderina de M. sexta (R12), al ser expresadas en líneas celulares S2 

dan como resultado a células susceptibles a la toxina Cry1Ab, este resultado sugiere que 

esta pequeña región es importante para mediar toxicidad (79). La caderina de B. mori se ha 

expresado en líneas celulares de insecto SF9 y de mamíferos HEK193, en ambos casos las 

líneas celulares fueron susceptibles a la toxina Cry1Aa (80-81). Es importante mencionar 

que estos trabajos se han realizado en líneas celulares y se requieren altas concentraciones 

de toxina para observar el efecto tóxico, a diferencia de las dosis que se utilizan en 

bioensayos con larvas de insectos. Sin embargo, estos datos dejan ver que las caderinas 

juegan un papel importante en la toxicidad de estas toxinas en diferentes insectos. También 

se han empleado otras metodologías para analizar el papel funcional de estas proteínas. En 

nuestro laboratorio se han aislado fago-anticuerpos que reconocen las asas 2 y 3 del 

dominio II y tienen la capacidad de inhibir la interacción de la toxina Cry1Ab con la 

caderina de M. sexta, en experimentos de unión a ligando, así mismo, cuando se alimentan 

larvas neonatas de M. sexta con la toxina preincubada con estos fago-anticuerpos, se 

observa que tienen la capacidad de proteger a las larvas del efecto de la toxina Cry1Ab. 

Esto demuestra por un lado, que las regiones que reconocen los anticuerpos en esta toxina 

(asa 2 y 3) están involucradas en la interacción con caderina y por otro, que esta interacción 

es importante para la toxicidad (25, 33, 55). Experimentos similares empleando un péptido 
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sintético correspondiente con la secuencia del asa α8, indicaron el mismo efecto (25). La 

interacción de la toxina con caderina es un proceso complejo, a la fecha se ha demostrado 

que existen 3 regiones en el receptor que están involucradas en la interacción con las asas 

del dominio II de la toxina Cry1Ab. El asa 2 de la toxina interacciona con los residuos 

865NITIHITDTNN 875 localizado en el repetido 7, mientras que las asas 3 y α8 interaccionan 

con los residuos 1331IPLPASILTVTV1342 localizados en el repetido 11 (25, 54). 

Posteriormente, fue reportada una tercera región de interacción en el receptor que se 

localiza en el repetido 12 (82). A todos estos resultados, se suma la caracterización de 

diferentes poblaciones de insectos resistentes (H. virescens, P. gossypiella y H. armiguera),  

cuya resistencia se encuentra asociada con el receptor caderina (70). Finalmente, en el caso 

de M. sexta, el silenciamiento del transcrito de caderina mediante RNA de doble cadena 

resulta en larvas con resistencia a la toxina Cry1Ab (83). Este receptor además juega un 

papel adicional en la oligomerización de la toxina, la incubación de la protoxina con un 

fragmento de caderina y jugo gástrico de M. sexta promueve el corte de la hélice α1 del 

domino I de la toxina Cry1Ab, lo que permite la formación de un oligómero de 

aproximadamente 250 kDa que es competente para insertarse en las membranas del 

intestino (56). Resultados semejantes se han obtenido cuando se incuba la protoxina con 

jugo gástrico y VMMA´s, en donde la caderina se encuentra completa (25). Estos 

resultados indican que la presencia de caderina en el intestino del insecto es necesaria para 

que las toxinas Cry tengan su efecto tóxico.  

En el caso de las proteínas ancladas por GPI, la primera reportada como proteína de unión 

de las toxina Cry fue la aminopeptidasa de M. sexta (51). La aminopeptidasa es una 

proteína glicosilada que se encuentra anclada a la membrana de las células mediante un 
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enlace GPI. A la fecha se han reportado diferentes aminopeptidasa en diversos insectos 

como H. virescens (84), S. litura (85), H. armiguera (86), B. mori (87), L. dispar (88) y P. 

xylostella (89). Análisis filogenéticos han demostrado que en insectos lepidópteros existen 

al menos 5 familias de aminopeptidasas y que de éstas, al menos 3 unen a las toxinas Cry 

en diferentes especies de insectos (90). Diversos estudios han explorado el papel de esta 

proteína como receptor de las toxinas Cry, entre los que incluyen el bloqueo de la 

interacción de la toxina con esta proteína. En M. sexta se logró aislar un fago-anticuerpo 

(M22), que une a la región β16-β22 del domino III de la toxina Cry1Ab, que tiene la 

capacidad de inhibir la interacción de la toxina con el receptor aminopeptidasa, pero no con 

caderina. En bioensayos con larvas de M. sexta. Este fago-anticuerpo inhibe el efecto tóxico 

de esta toxina (33). Con la toxina Cry1Ac, se ha demostrado que une a la aminopeptidasa 

de M. sexta a través de una cavidad presente en el dominio III y que esta interacción, está 

mediada por el azúcar N-aceltilgalactosamina (GalNAc) que se encuentra en el receptor; sin 

embargo, esta interacción no se ha reportado para ninguna otra proteína Cry (91-92). La 

caracterización de una población de S. exigua resistente a la toxina Cry1Ca, indicó que la 

resistencia estaba ligada a la falta del transcrito correspondiente a la aminopeptidasa, 

sugiriendo su papel en la toxicidad de esta toxina (93). Adicionalmente, en Spodoptera 

litura se logró el silenciamiento de la aminopeptidasa mediante la inyección de RNA de 

doble cadena, lo que resultó en una baja susceptibilidad a la toxina Cry1Ca, lo que da a esta 

proteína un papel en la toxicidad de esta toxina (94). Mediante la expresión heteróloga de la 

aminopeptidasa de M. sexta en el intestino de D. melanogaster, se  demostró que la 

presencia de esta proteína en el intestino de la mosca da como resultado susceptibilidad a la 

toxina Cry1Ac, mientras que las moscas silvestres no son susceptibles (95). Estos 

resultados sugieren que la aminopeptidasa juega un papel importante en la toxicidad de las 
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toxinas Cry, adicionalmente, la aminopeptidasa también ha sido implicada en la inserción 

de la toxina, pues el tratamiento de VMMA´s de M. sexta con fosfolipasa C, que corta el 

enlace GPI, disminuye substancialmente la incorporación de la toxina en balsas lipídicas de 

membrana (96). En Trichoplusa ni,  se analizó la formación de poro en VMMA´s tratadas 

con fosfolipasa C y se observó una drástica reducción de la formación de poro en 

comparación con las VMMA´s no tratadas, lo que sugiere que la aminopeptidasa también 

está involucrada en la inserción de la toxina (97). Todos estos antecedentes aportan 

información que apoyan el papel de la aminopeptidasa como receptor de las toxinas Cry. 

Recientemente se han reportado otras proteínas como posibles receptores o proteínas de 

unión a las toxinas Cry, sin embargo, en algunos casos no hay suficiente información para 

determinar si son receptores funcionales. La fosfatasa alcalina es una glicoproteína anclada 

por GPI y en H. virescens es una proteína de 68 kDa que une a la toxina Cry1Ac (98). Esta 

unión fue demostrada en ensayos de unión a ligando y esta interacción es dependiente del 

azúcar GalNAc. Los niveles de expresión de fosfatasa alcalina en una población de H. 

virescens resistente a la toxina Cry1Ac se encuentran disminuidos, lo que sugiere que esta 

proteína puede estar involucrada en el mecanismo de toxicidad (52). La presencia de un 

anclaje GPI en la fosfatasa alcalina y la importancia del azúcar GalNac para esta 

interacción, sugieren una interacción similar a la de la aminopeptidasa con la toxina 

Cry1Ac. En M. sexta, mediante un análisis proteómico y experimentos de unión a ligando 

de VMMA´s con la toxina Cry1Ac, se identificó una proteína de 65 kDa como fosfatasa 

alcalina; sin embargo, no se tienen más datos que apoyen su papel como receptor de las 

toxinas Cry (99). Mediante experimentos de inmunolocalización se ha podido demostrar 

que la fosfatasa alcalina se encuentra distribuida en la microvellosidad del intestino medio 
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y que colocaliza con las regiones donde se une la toxina, lo que sugiere su posible 

participación en la toxicidad de Cry1Ac (75). De la misma manera que en M. sexta, en H. 

armiguera también se reportó una fosfatasa alcalina como proteína de unión y como 

posible receptor de la toxina Cry1Ac (100). En algunos insectos dípteros, también se han 

reportado algunas fosfatasas alcalinas con propiedades similares a las de lepidópteros. En 

A. aegypti se ha reportado una fosfatasa alcalina de aproximadamente 65 kDa que se 

encuentra anclada por GPI, estudios de inmunofluorescencia han demostrado que esta 

proteína se localiza en la ceca y en la región posterior del intestino medio, de la misma 

manera que ocurre con la fosfatasa alcalina de M. sexta, la localización de esta fosfatasa 

coincide con las regiones en las que se une la toxina Cry11Aa (101). Bioensayos realizados 

con toxina Cry11Aa en presencia de un fago-péptido que reconoce a la fosfatasa alcalina y 

que inhibe la unión con la toxina, mostraron que este fago-péptido puede disminuir la 

toxicidad de Cry11Aa, lo que sugiere que la fosfatasa alcalina juega un papel funcional en 

la toxicidad de esta toxina (101). En  A. aegypti también se reportó a la fosfatasa alcalina 

como proteína de unión de la toxina Cry4Ba (102). En Anopheles gambiae se reportó una 

fosfatasa alcalina de 63 kDa que une a la toxina Cry11Ba, esta proteína al expresarse en E. 

coli mantiene su capacidad de unir a la toxina Cry11Ba con alta afinidad (23.9 nM), 

bioensayos realizados con ésta toxina, en presencia de la fosfatasa alcalina purificada, 

muestran que la toxicidad disminuye, lo que sugiere que la fosfatasa alcalina es un receptor 

de la toxina Cry11Ba en A. gambiae (103). Aunque estos antecedentes muestran que la 

fosfatasa alcalina es receptor de las toxinas Cry y es determinante de toxicidad en algunos 

insectos, en el caso de M. sexta falta explorar más al respecto.  
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También se ha reportado otra proteína de unión de las toxinas Cry en Lymantria dispar, una 

glicoproteína de aproximadamente 270 kDa que une a las toxinas Cry1Aa y Cry1Ab con 

alta afinidad, aunque une muy poco a la toxina Cry1Ac (104). A la fecha este es el único 

insecto donde se ha reportado y no se ha caracterizado más sobre él. 

Todos los reportes anteriores dejan ver que la interacción de la toxina con sus receptores es 

un paso determinante en la toxicidad de las toxinas Cry, a la fecha las interacciones más 

estudiadas son las de los monómeros de las toxinas con algunas de las proteínas 

mencionadas anteriormente. En el caso de la toxina Cry1Ab, se ha reportado que puede 

interaccionar tanto con caderina, mediante las asas del dominio II como con 

aminopeptidasa, mediante el asa 3 del dominio II y la β16 del dominio III. Sin embargo, en 

el mecanismo de acción de las toxinas Cry en lepidópteros se propone que el oligómero de 

la toxina tiene interacciones con los receptores anclados por GPI, las cuales son importantes 

para la actividad insecticida de estas proteínas. A la fecha, el conocimiento sobre la 

interacción del oligómero con los receptores es muy escaso. En M. sexta se han realizado 

experimentos de inmunoprecipitación, donde se incubó al monómero y al oligómero de la 

toxina Cry1Ab de manera independiente con VMMA´s solubilizadas, posteriormente, 

fueron analizadas las proteínas que coprecipataron con cada una de las entidades de la 

toxina mediante anticuerpos específicos. Los resultados que se obtuvieron muestran que la 

caderina se une preferencialmente al monómero de la toxina y la aminopeptidasa se une 

preferencialmente al oligómero (96). Adicionalmente, se determinó la constante de afinidad 

aparente mediante ensayo de ELISA utilizando un extracto enriquecido en proteínas 

ancladas por GPI y se determinó que el oligómero se une con mayor afinidad a estas 

proteínas (kd= 0.75 nM), mientras que el monómero se une con menor afinidad (kd= 165 
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nM), sin embargo, este análisis se realizó utilizando una mezcla de proteínas obtenidas al 

tratar con fosfolipasa C las VMMA´s, lo que significa que está compuesto por una 

población de proteínas ancladas por GPI, por lo tanto, no se tiene la certeza de que esta 

interacción se deba exclusivamente a la aminopeptidasa o si también existen interacciones 

con la fosfatasa alcalina, la cual también es una proteína anclada por GPI. En este sentido, 

nos interesa estudiar la interacción del oligómero de la toxina Cry1Ab con las proteínas 

ancladas por GPI, particularmente con la aminopeptidasa y la fosfatasa alcalina. En el caso 

de la aminopeptidasa, ya se ha demostrado que es receptor de estas toxinas; sin embargo, 

los estudios reportados a la fecha se han realizado con el monómero de diferentes toxinas 

Cry, queda por estudiar esta misma interacción utilizando el oligómero de la toxina. Por 

otro lado, falta describir el papel de la fosfatasa alcalina, que a pesar de estar propuesta 

como proteína de unión para la toxina Cry1Ac en diferentes insectos y que en H. virescens 

se ha demostrado que está ligada a la resistencia, no se tienen datos para la toxina Cry1Ab. 

Para el caso de M. sexta, sólo se ha reportado que una fosfatasa alcalina de 65 kDa une a la 

proteína Cry1Ac en condiciones desnaturalizantes, sin embargo, se requiere explorar el 

papel de esta proteína en el mecanismo de toxicidad de las proteínas Cry. Se tienen algunos 

datos que apoyan a la fosfatasa alcalina como un receptor de las toxinas Cry: se ha 

reportado que una mezcla de aminopeptidasa y fosfatasa alcalina de M. sexta, al ser 

incorporadas en vesículas de lípidos, aumentan la unión de la toxina en un 35% y la 

formación de poro 100 veces, sin embargo, en este reporte no se determinó si el efecto es 

causado exclusivamente por una de las dos proteínas (105). También se sabe que la mutante 

R511A de la toxina Cry1Ac a pesar de ya no unir aminopeptidasa, sigue siendo tóxica en 

bioensayos con larvas de M. sexta, este resultado sugiere que probablemente hay otra 

proteína que participa en el mecanismo de toxicidad, probablemente esta proteína sea la 
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fosfatasa alcalina. Por esta razón, es importante determinar si la fosfatasa alcalina es sólo 

una proteína de unión o si tiene un papel funcional como receptor de la toxina Cry1Ac en 

M. sexta. Además, también se requiere determinar que regiones de la toxina son 

importantes para la interacción, lo que aportará información que pueda utilizarse en el 

diseño de toxinas más potentes o con características que puedan abatir la resistencia de 

algunos insectos.       
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HIPÓTESIS  

La aminopeptidasa y la fosfatasa alcalina son componentes del epitelio intestinal de M. 

sexta que funcionan como receptores importantes para el mecanismo de acción de la toxina 

Cry1Ab.  

 

OBJETIVO GENERAL 

Caracterizar la unión de la toxina Cry1Ab con la fosfatasa alcalina y la aminopeptidasa de 

M. sexta. 

 

OBJETIVOS PARTICULARES 

• Purificar las proteínas aminopeptidasa y fosfatasa alcalina a partir el intestino de M. 

sexta. 

• Caracterizar la unión in vitro del monómero y oligómero de la toxina Cry1Ab con 

aminopeptidasa y fosfatasa alcalina purificadas.  

• Determinar regiones en la toxina que participan en la interacción con 

aminopeptidasa y fosfatasa alcalina. 

• Describir el papel de la aminopeptidasa y fosfatasa alcalina como receptores de la 

toxina Cry1Ab en M. sexta. 
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MATERIALES Y MÉTODOS  

Purificación y solubilización de VMMA´s. 

Se disectan los intestinos de cada uno de los 5 estadíos de desarrollo larvario que presenta 

M. sexta y se les agrega la solución 1 (manitol 300 mM, Tris-HCl 17 mM, EGTA 5 mM, 

DTT 2 mM, HEPES 10 mM, EDTA 1 mM, PMSF 0.5 mM, leupeptina 100 µg/ml, 

pepstatina 100 µg/ml y neomicina 100 µg/ml, pH 7.4) en una proporción de 1:10 

(intestino:solución 1). La mezcla se coloca en un homogenizador y se aplican 9 golpes con 

el émbolo a 2,250 rpm. Posteriormente, se agrega suavemente un volumen equivalente de 

solución de MgCl2 24 mM, se mezcla suavemente y se incuba durante 15 minutos en hielo. 

Esta solución se centrifuga a 4,500 rpm. a 4°C en un rotor de ángulo fijo (Beckman JA-20) 

y el sobrenadante se transfiere a un tubo limpio y se centrifuga a 16,000 rpm. por 30 min a 

4°C. Descartar el sobrenadante y la pastilla se suspende en ½ volumen de la solución 1 y ½ 

volumen de MgCl2 24 mM. Se repiten los dos pasos de centrifugación descritos y la pastilla 

finalmente se resuspende en la solución 1 diluida con H20 en una proporción 1:1.  

Para solubilizar las VMMA’s, primero se centrifugan a 70,000 rpm. y la pastilla se 

resuspende a una concentración final de 5 mg/ml en solución amortiguadora de 

solubilización (20 mM de Tris-HCl, pH. 8.5 con NaCl 100 mM, EDTA 5 mM EDTA, 

PMSF 1 mM y CHAPS 1%). La mezcla se incuba  2 horas a 4°C con agitación suave y se 

centrifuga a 70,000 rpm. por 40 minutos. La concentración de proteína en el sobrenadante 

se determina mediante Lowry (DC protein-dye, Bio-rad). 
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Purificación de aminopeptidasa. 

La aminopeptidasa se purifica a partir de VMMA´s de larvas de 4º estadío de desarrollo. 

Las VMMA´s solubilizadas con CHAP´s se dializan en una solución compuesta de: Tris-

HCl 20 mM pH. 8.5, MgCl2 2 mM y KCl 2 mM por 12 horas a 4°C. Posteriormente, la 

muestra se concentra por centrifugación en filtros Amicon YM-50 y se filtra en membranas 

millipore de 0.22 µm. Una alícuota de 2 ml se purifica mediante cromatografía de 

intercambio iónico en una columna mono-Q HR 5/10 (GE Healthcare) equilibrada con  

Tris-HCl 20 mM pH. 8.5, MgCl2 2 mM y KCl 2 mM (106). La muestra es eluída con una 

gradiente de NaCl (0.5-1 M) con un flujo de 1 ml/minuto por 40 minutos. Las fracciones 

que contienen la aminopeptidasa se unen y concentran. La muestra final es analizada en 

geles de acrilamida al 10% seguida por la tinción con plata utilizando el sistema SilverSnap 

Stain Kit II (Pierce) siguiendo las instrucciones del fabricante. 

Purificación de fosfatasa alcalina.  

La fosfatasa alcalina es purificada a partir de VMMA´s purificadas a partir de larvas de M. 

sexta de 3er estadio de desarrollo, mediante una cromatografía de afinidad en una columna 

de fosfatos (L-histidyl-diazo-benzyphosphonic acid agarosa). Las proteínas obtenidas de la 

solubilización con CHAP´s se dializan en solución A (Tris-HCl 20 mM pH 8.5 y MgCl2 1 

mM) por 12 horas a 4°C. Posteriormente, la muestra se concentra por centrifugación con 

filtros Amicon YM-30 y se filtra en membranas millipore de 0.22 µm. Una muestra de 1 ml 

se purifica en la columna equilibrada con solución A y se realizan varios lavados con la 

misma solución. Finalmente, la muestra es eluída con solución A conteniendo KH2PO4 0.5 

M. La muestra final es analizada en geles de acrilamida al 10% seguida de una tinción con 

plata como se mencionó anteriormente.  
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Determinación de concentración de proteína por el método de Bradford. 

La determinación de proteína se realiza midiendo la absorbancia a una longitud de onda de 

595 nm. Se toman 10 µl de las muestras  y se llevan a un volumen final de 800 µl con H2O. 

Posteriormente, se añaden 200 µl del reactivo de Bradford (bio-rad), se incuba por 5 

minutos y se mide la absorbancia. Al mismo tiempo se prepara una curva estándar de 

referencia utilizando BSA. 

Cuantificación de proteínas por el método de Lowry. 

Se prepara una mezcla de la solución A y la solución S del sistema DC protein-dye (1 ml de 

solución A y 20 µl de solución S). Se toman 10 µl de muestra y se le agregan 125 µl de la 

mezcla preparada anteriormente, se incuba por 15 minutos a temperatura ambiente, se 

agrega 1 ml de la solución B y se incuba por 15 minutos. La absorbancia de las muestras se 

mide a 750 nm y los datos obtenidos fueron referenciados empleado una curva estándar de 

BSA. 

Determinación de actividad enzimática específica. 

Actividad de aminopeptidasa. 

Se prepara el sustrato L-leucina-p-nitroanilida (LpNA) 100 mM (2.88 mg de LpNA 

(Sigma) en 1 ml de H20). En un tubo eppendorf se mezclan los siguientes volúmenes: 650 

µl de H2O, 50 µl de NaCl 5 M, 200 µl de Tris-HCl pH 8 y 10 µl de la muestra. A la mezcla 

se le agregan 100 µl del sustrato, se mezcla y se registran las absorbancias a 405 nm cada 

15 segundos de una cinética por 1 minuto para determinar la ∆Ab. Para calcular la actividad 

específica, se consideró que el coeficiente de absorción de la p-nitroanilida es de 9.9 x 10 -3 
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mol 1-1 (107). Una unidad de actividad específica de aminopeptidasa se define como la 

cantidad de enzima que cataliza la hidrólisis de 1 µmol de LpNA min-1 mg de proteína-1.   

Actividad de fosfatasa alcalina. 

Se prepara el sustrato p-nitrofenol fosfato 1 mg/ml en una solución de MgCl2 0.5 mM, Tris-

HCl 100 mM pH 9.5. Se toman 500 µl de esta solución en un tubo eppendorf y se le 

agregan 5 µl de muestra, la mezcla se agita por inversión y se incuba por 15 minutos a 

temperatura ambiente. La reacción se detiene adicionando 500 µl de una solución de EDTA 

250 nM pH 8 y se toma la absorbancia de la muestra a 405 nm. Los valores se refieren a 

una curva estándar de p-nitrofenol (Merck). La actividad enzimática específica se calcula 

considerando la cantidad de proteína necesaria para transformar 1 nmol de p-nitrofenol 

fosfato en un minuto.   

Experimento de unión a ligando. 

5 µg de VMMA´s purificadas de cada uno de los estadíos de desarrollo, se separan en un 

gel de acrilamida al 9%, las proteínas se electrotransfieren a una membrana PVDF. La 

membrana se lava con PBST (PBS 1x + Tween-20 0.1%) y se bloquea durante 1 hora con 

BSA 0.2% en PBST. La membrana se lava con PBST y se incuba por 2 horas con el 

monómero de la toxina Cry1Ab marcada con biotina en PBST con BSA 0.1%. Pasado el 

tiempo de incubación la membrana se lava nuevamente y se incuba con estreptavidina 

acoplada a peroxidasa por una 1 hora. Finalmente, la unión de la toxina se verifica 

mediante quimioluminiscencia (Pierce). 
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Experimentos de unión en ensayo de ELISA. 

En una placa de ELISA se fija 1 ng por pozo de aminopeptidasa o fosfatasa alcalina en 100 

µl de PBS durante 12 horas a 4°C. La placa se lava con PBS 3 veces y se agregan 200 µl de 

leche descremada al 2%  en PBS y se incuba por 2 horas a 37°C. La placa se lava 4 veces 

con PBST y se incuba 1 hora a 37°C con diferentes concentraciones de monómero u 

oligómero según sea el caso, en 100 µl de PBST. El exceso de toxina es removido con 4 

lavados con PBST y se agrega a la placa la dilución correspondiente de anticuerpo 

policlonal anti-Cry1Ab en una dilución 1:10,000. Se lava y se agrega el anticuerpo 

secundario (1:10,000) acoplado a peroxidasa, se incuba 1 hora. La unión se revela 

agregando 100 µl de sustrato (6 mg de o-fenilendiamina (Sigma) en 12 ml de amortiguador 

de fosfatos 0.1 M y 10 µl de H2O2), la reacción se detiene agregando 50µl de HCl 6M. Se 

registra la absorbancia a 490 nm.  

Competencias homólogas y heterólogas.  

Las competencias se realizaron mediante ensayos de ELISA preincubando la toxina 

(oligómero o monómero) con diferentes concentraciones del mismo receptor que se fijó en 

la placa (Competencia homóloga). Para el caso de las competencias heterólogas se fijó a la 

aminopeptidasa (1µg/pozo) y posteriormente se agregó la toxina (oligómero ó monómero) 

preincubada con varias concentraciones de fosfatasa alcalina y viceversa.  

Mutagénesis dirigida de la toxina Cry1Ab. 

Cepas y plásmidos. 

E. coli DH5α Genotipo: F-Φ80lacZ∆M15 ∆ (lacZYA-argF)U169 deoR recA1 endA1 

hsdR17(rk
-, mk

+) phoA supE44 thi-1 gyrA96 relA1 λ- (Invitrogen). 
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E. coli SCS110, deficiente en dos sistemas de metilasas (Dam y Dcm); Genotipo: rpsL 

(Strr) thr leu endA thi-1 lacY galK galT ara tonA tsx dam dcm supE44 ∆(lac-proAB) [F´ 

traD36 proAB lacIqZ∆M15 (Stratagene). 

B. thuringiensis 407 Cry- acristalífera que carece de capacidad para sintetizar toxinas 

debido a la pérdida de los plásmidos Cry (Agaisse y Lereclus, 1995). 

El plásmido pHT315 con el gen de la protoxina Cry1Ab (No de Acceso M13898) fue 

utilizado como templado para realizar la mutagénesis y a partir del mismo se diseñaron los 

oligonucleótidos (Tabla 1) para introducir los cambios deseados. Para introducir las 

mutaciones puntuales se utilizó el sistema QuickChangeTM Site-Directed Mutagenesis kit de 

Stratagene siguiendo las instrucciones del fabricante. 

Tabla 1. Oligonucleótidos diseñados para la generación de mutaciones. 

Mutación Secuencia del oligonucleótido. 

RR368-9AA 
5  ́CAT TAT CGT CCA CTT TAT ATG CAG CAC CTT TTA ATA 

TAG GGA TAA ATA ATC 3  ́

F371A 
5  ́CCA CTT TAT ATA GAA GAC CTG CTA ATA TAG GGA TAA 

ATA ATC 3  ́

L511A 5  ́GGC CAG ATT TCA ACC GCG AGA GTA AAT ATT ACT GCA 3 .́ 
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Fosforilación de oligonucleótidos para la mutagénesis. 

La fosforilación es requerida para la ligación enzimática de ácidos nucleícos pues las 

ligasas requieren de un grupo fosfato en la posición 5’. Los oligonucleótidos liofilizados 

(Invitrogene) se resuspenden en 100 µl de agua Mili-Q  y se toma un volumen de 1 µl 

(~300 pico mol de oligonucleótido) para una mezcla de reacción que contiene: 5 µl 

amortiguador de cinasa (más ATP) 10X, 1 µl PNK (Cinasa de polinucleótidos), 43 µl Agua 

MiliQ para un volumen final de 50 µl. La reacción se incuba a 37°C durante 30 minutos y a 

68°C durante 35 minutos para inactivar a la enzima. La mezcla de polimerasas que contiene 

el sistema de mutagénesis de Stratagene permite generar un nuevo plásmido de doble 

cadena que contiene la mutación deseada. El programa de PCR utilizado en estos 

experimentos se muestra en la Tabla 2. 

Para eliminar el ADN parental se digiere el producto de PCR obtenido con la enzima de 

restricción Dpn I (Stratagene), endonucleasa específica de ADN metilado y hemimetilado, 

por una hora a 37°C. Así se consigue seleccionar el ADN mutado que se transforma en la 

cepa de E. coli DH5α mediante electroporación.  
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Tabla 2. Programa de PCR para la introducción de mutaciones. 

No de Ciclos Temperatura (°C) Tiempo (minutos) 

1 94 3 

35 

94 1 

55 1 

65 15 

1 65 10 

  

Transformación por electroporación. 

Se toman 2µl de ADN y se mezclan cuidadosamente con una alícuota de las células 

electrocompetentes DH5α. Las células más el ADN se transfirieren a celdas de 0.1cm (Bio-

Rad) pre-enfriadas y se les da un choque de 2.5V a 25µF y 200Ω de resistencia. 

Inmediatamente después se agrega 1ml  de medio SOC y se trasfirieren a tubos falcon 

estériles de 15 ml. Las células se incuban a 37°C con agitación durante 1 hora para su 

recuperación. Transcurrido el tiempo se sembraron 200µl de las células recuperadas en 

medio selectivo (LB-agar-ampicilina 200µg/ml) y se incuba a 37°C durante 12 horas. Para 

verificar las construcciones se toman colonias aisladas y se crecieron a  37°C durante 12 

horas en 5 ml de medio LB-ampicilina (100µg/ml) líquido. Se purificaron los plásmidos 

correspondiente y la presencia de las  mutaciones se confirmó mediante secuenciación de 

ADN. La composición de los medio y soluciones se muestran el la Tabla 3. 
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Preparación de células competentes.  

Se inoculan 5 ml de medio LB líquido con una colonia de la cepa SCS110 y se deja crecer 

durante 12 horas a 37º C. Posteriormente se inoculan 100 ml de LB líquido con un volumen 

de 2 ml del pre-cultivo. Este cultivo se incuba a 37°C con agitación hasta alcanzar una 

D.O.600 de 0.60. El matraz se coloca en hielo durante 5 minutos. Se recuperan las células 

centrifugando en tubos estériles a 3,000 rpm durante 10 minutos, el sobrenadante se 

desecha. Las células se resuspenden en 10 ml de CaCl2 100 mM frío y se incubaron durante 

30 minutos en hielo. Posteriormente las células se centrifugan a 3,000 rpm durante 10 

minutos, se desecha el sobrenadante  y la pastilla se resuspende en un volumen final de 2 

ml de CaCl2 100 mM más 180 µl de DMSO.  Se preparan alícuotas de 200 µl y se colocan 

en tubos eppendorf de 1.5 ml estériles. Las células se usan inmediatamente o se mantienen 

hasta su uso a -70°C.  

Transformación por choque térmico. 

Las células competentes se descongelan en hielo y se les añade un volumen de 5µl del 

ADN, se incuban durante 30 minutos en hielo y se les da un choque de calor (42°C) durante 

dos minutos. Posteriormente, se incuban en hielo durante 5 minutos y se les agrega 800µl 

de LB líquido sin antibiótico. Las células se dejan recuperar a 37°C con agitación durante 

una hora. 200µl de las células se esparcen en medio selectivo LB-agar suplementado con 

ampicilina (200µg/ml) y se incuban a 37°C durante 12 horas. Una colonia independiente se 

usó para inocular un volumen de 10 ml de medio LB-ampicilina (10 µg/ml) y el cultivo se 

incubó durante 12 horas a 37°C con agitación, para proceder a la purificación del ADN. 
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Secuenciación de ADN. 

Las secuencias se realizaron en la Unidad de Secuenciación del Instituto de Biotecnología-

UNAM. 

Preparación y transformación de células vegetativas de Bacillus thuringiensis (407 

Cry -). 

Se estría una caja petri con medio LB-agar sin antibiótico y se  incuba 12 horas a 30°C, a 

partir de se toman colonias para extenderlas sobre una caja de LB-agar sin antibiótico 

fresca y se incuba a 30°C, hasta que se observan colonias transparentes (aproximadamente 

3 horas). En este punto, las células se cosechan en su totalidad y se resuspenden en 500 µl 

de medio BHI y se homogenizan completamente con la ayuda de una pipeta. Se inocula un 

volumen de 100 ml de medio BHI y se incuba a 30°C con agitación hasta alcanzar una 

D.O.600 de 0.6. Posteriormente el cultivo se centrifuga a 5000 rpm durante 5 minutos. Se 

elimina el medio de cultivo y el paquete celular se resuspende en 50 ml de solución EB fría. 

Las células se centrifugan  a 5000 rpm durante 5 minutos y se resuspenden en un volumen 

final de 3 ml de solución EB fría para preparar alícuotas de 300 µl en tubos eppendorf de 

1.5 ml que se utilizan inmediatamente. Para la transformación se agregan 10µl de ADN, 

recuperados a partir de los cultivos de las mutantes en la cepa SCS1100 de E. coli. Se 

incuba durante 5 minutos en hielo,  las células más el ADN fueron transferidos a celdas de 

0.4 cm pre-enfriadas y se les aplicó un choque de 2.5V a 25µF y 1000Ω de resistencia. Las 

células electroporadas se incubaron en hielo durante 5 minutos y se les agregaron 700 µl de 

medio BHI. Estas alícuotas se transfieren a tubos falcon estériles de 15ml y se incuban a 

30°C con agitación durante una hora para su recuperación. Se tomó un volumen de 250 µl 
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de las células recuperadas y se esparcieron en medio selectivo LB-agar-eritromicina (10 

µg/ml). 

Purificación de los cristales de la toxina Cry1Ab y las mutantes. 

La cepa que expresa la toxina silvestre Cry1Ab y las mutantes construidas se crecieron en 

cajas petri con medio LB-agar suplementado con eritromicina (10 µg/ml) durante 12 horas 

a 30ºC. Posteriormente, se inoculó el medio de esporulación HCT líquido (50 ml)  que 

contiene 10 µg/ml del antibiótico de selección (eritromicina), en el cual se sintetizan los 

cristales de las toxinas. El crecimiento se realizó a 30ºC con agitación hasta observar al 

microscopio los cristales correspondientes (72 horas aproximadamente). 

Para recuperar los cristales de las toxinas primero se recupera la pastilla celular que 

contiene la mezcla de esporas-cristales por centrifugación a 10,000 rpm durante 15 

minutos. Posteriormente se lava tres veces con solución de lavado (NaCl 5 M, EDTA 0.5 M 

pH 8). Se centrifuga a 10,000 rpm durante 15 minutos entre cada lavado. El sobrenadante 

se elimina y la pastilla se lava 3 veces más con una solución de PMSF 1 mM centrifugando 

a 10,000 rpm durante 15 minutos. Los cristales se purifican mediante  un gradiente 

discontinuo de sacarosa  de 84%, 79%, 72% y 67% complementado con amortiguador TTN 

(NaCl 10 mM, Tris-HCl 50 mM y Tritón X-100 0.01% pH 7.2). Las soluciones  de mayor 

concentración se colocan en el fondo del tubo y por último la muestra de espora cristales es 

sonicada dando dos pulsos de 1 minuto con un minuto de descanso a 4°C. Los gradientes se 

centrifugan a 23000 rpm durante 30 minutos a 15°C en una ultracentrífuga Beckman. 

Las fracciones que contienen los cristales se identifican mediante observación al 

microscopio, se colectan por separado y se lavan con agua mili-Q más PMSF 1mM  3 

veces, para eliminar el exceso de sacarosa. Se centrifuga a 10,000 rpm durante 15 minutos 
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entre cada lavado. Finalmente, los cristales se resuspenden en 1 ml de PMSF 1mM y se 

transfieren a tubos eppendorf y se almacenan a 4°C. 

Bioensayos con larvas de M. sexta. 

Los bioensayos se realizan con larvas neonatas de M. sexta por el método de contaminación 

de superficie. En placas de 24 pozos se coloca dieta artificial hasta llenar la mitad de cada 

pozo. Una vez que la dieta se seca, se agregan las diferentes dosis de la toxina en un 

volumen final de 35 µl con H2O, las cajas se dejan secar y se coloca una larva en cada 

pozo. Después de 7 días se monitorea la mortalidad. Las concentración requerida para 

matar el 50% de la las larvas (LC50) fue estimada mediante un análisis probit con el 

software Polo-PC Leotra. 

Inmunoblot.  

Las fracciones purificadas de los oligómeros de la toxina silvestre y las toxinas mutantes, se 

separan mediante SDS-PAGE y se transfieren a una membrana de nitrocelulosa. 

Posteriormente, después de bloquear la membrana por 1 hora con PBST y leche 

descremada al 5%, se incuba con un anticuerpo anti-cry1Ab (1:80,000) por una hora. La 

membrana se lava con PBST y se incuba con un anticuerpo anti-conejo acoplado a 

peroxidasa en una dilución  1:25,000 (Amersham) por una hora. Finalmente se detecta la 

toxina con un sistema de luminiscencia (Super signal chemiluminiscence, pierce). 
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Tabla 3. Composición de medios y soluciones 

Nombre Composición Comentarios 

Cloruro de 

Calcio 
CaCl2⋅2H2O 100 mM Se esteriliza en autoclave. 

Amortiguador 

EB 

Sacarosa 

MgCl2 

0.625 M 

1 mM 
Se esteriliza en autoclave. 

Solución I 

(para 

complementar 

el medio 

HCT) 

KH2PO4 68 g /l Se esteriliza en autoclave. 

Solución II 

(para 

complementar 

el medio 

HCT) 

MgSO4⋅7H2O 

MnSO4⋅H2O 

ZnSO4⋅7H2O 

12.3 g/l 

0.169 g/l 

1.4 g/l 

Se esteriliza en autoclave. 

Solución III 

(para 

complementar 

el medio 

HCT) 

FeSO4⋅7H2O 

H2SO4 

2 g/l 

100 ml/l 
Se esteriliza en autoclave. 

Solución IV 

(para 

complementar 

el medio 

HCT) 

CaCl2⋅2H2O 14.7 g/l Se esteriliza en autoclave. 
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Amortiguador 

de Laemli 4X 

Tris-HCl 1.5 M pH 6.8 

Glicerol 

SDS 

Azul  de bromofenol 

β-mercaptoetanol 

5 ml/10 ml 

4 ml/10 ml 

0.4 g/10 ml 

0.1% 

1ml/10 ml 

Disolver y mantener a 4ºC. 

Amortiguador 

de corrida 

TGS 

Tris 

Glicina 

SDS 

144 g/l 

30 g/l 

10g/l 

Filtrar en membranas 

millipore de 0.22 µm. 

Medios para Bacterias 

Nombre Composición Comentarios 

LB 

Bacto Triptona 

Extracto de levadura 

NaCl 

10 g/l 

5 g/l 

10 g/l 

Ajustar el pH a 7 con NaOH 

y esterilizar en autoclave. 

LBagar 
Medio LB pH 7.0 

Agar 

1l 

15 g 

Se esteriliza en autoclave y se 

dejar enfriar hasta  ~50ºC y 

añadir, si procede, el 

antibiótico de selección. 

Distribuir en cajas petri y 

dejar solidificar. Conservar a 

4ºC 

SOC 
Bacto Triptona 

Extracto de levadura 

20 g/l 

5 g/l 

Se ajusta el pH a 7.0 con 

NaOH y se esteriliza en 

autoclave. Antes de usar 

agregar 10 ml/l de una 
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NaCl 

KCl 

0.5 g/l 

0.186 g/l 

solución de MgCl2 2M y 10 

ml de Glucosa 1M ambas 

previamente esterilizadas en 

autoclave. 

BHI 
Infusión cerebro-

corazón 
37 g/l Se esteriliza en autoclave. 

HCT 
Bacto Triptona 

Casa-amino-ácidos 

5 g/l 

2 g/l 

Ajustar el pH a 7.25 con 

KOH y se esteriliza en 

autoclave. Antes de usar 

complementar con 50 ml de 

la Sol I, 1 ml de la Sol II, 10 

ml de la Sol III, 10 ml de la 

Sol IV y 30 ml de Glucosa al 

10% por cada litro. 
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RESULTADOS. 

PURIFICACIÓN DE AMINOPEPTIDASA Y FOSFATASA ALCALINA . 

Actividad enzimática en las VMMA´s de cada uno de estadíos larvarios de M. sexta.  

Para obtener las proteínas necesarias para este trabajo primero se determinó el estadío de 

desarrollo más adecuado para purificar las proteínas. Se sabe que las larvas son menos 

susceptibles a las toxinas Cry conforme van creciendo, por lo que se decidió recuperar 

intestinos de M. sexta de los diferentes estadíos de desarrollo, a partir de una colonia del 

laboratorio que se mantiene con dieta artificial. El ciclo larvario de este insecto comprende 

5 estados larvarios que van de 3 a 5 días dependiendo del estadío de desarrollo y de las 

condiciones ambientales. A partir de larvas de cada uno de los estadíos se disectaron 

intestinos, para purificar VMMA´s mediante precipitación diferencial con Mg2 (48). En las 

VMMA´s, se determinaron las actividades enzimáticas específicas de la fosfatasa alcalina y 

de la aminopeptidasa utilizando como sustratos ρ-nitrofenol-fosfato y L-leucina-ρ-

nitroanilida, respectivamente. Una gráfica con los resultados de actividad obtenidos para 

estas dos enzimas se presenta en la Figura 6.  
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Figura 1. Actividad específica de aminopeptidasa y fosfatasa alcalina en los diferentes 
estadíos de desarrollo de larvas de M. sexta.  

 

Brevemente se observa, que existen diferencias en cuanto a los niveles de la actividad de 

cada una de las enzimas en cada uno de los estadíos de desarrollo. Ambas actividades 

aumentan conforme avanza el desarrollo de las larvas; sin embargo la actividad de la 

fosfatasa alcalina es mayor a la de la aminopeptidasa. También se puede notar que el nivel 

máximo de actividad para la aminopeptidasa se alcanza en el cuarto estadío de desarrollo y 

posteriormente, disminuye en el último estadio de desarrollo. En el caso de la fosfatasa 

alcalina, es en el tercer estadío en donde se encuentra la mayor actividad enzimática, 

disminuyendo en el cuarto y quinto estadío. Hay que tomar en cuenta que se analizó la 

actividad total de las enzimas y no se puede concluir cuanta corresponde a la proteína que 
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puede unir a la toxina Cry1Ab. Es claro que en todos los estadíos de desarrollo hay 

actividad enzimática de ambas proteínas, pero en diferentes niveles. 

Ensayo de unión de la toxina Cry1Ab a VMMA´s de los 5 estadíos de desarrollo. 

Para determinar si las actividades enzimáticas específicas de cada una de la enzimas 

coinciden con la unión de la toxina Cry1Ab a la VMMA´s se realizó un ensayo de unión a 

ligando. 2.5 µg de proteína total de VMMA´s se separaron en un gel de acrilamida y se 

transfirieron a una membrana de PVDF. La membrana fue incubada con 2.5 nM de la 

toxina Cry1Ab marcada con biotina y la unión se verificó mediante estreptavidina acoplada 

a peroxidasa. En la Figura 7 se muestra el resultado en donde se aprecia que la toxina 

Cry1Ab se une a una proteína de aproximadamente 65 kDa en las muestras 

correspondientes a los primeros estadíos de desarrollo, siendo en el primer estadío, donde 

notamos la mayor unión de la toxina. En contraste, en los estadíos cuarto y quinto, se 

observa que la toxina se une preferencialmente a una proteína de aproximadamente 120 

kDa que corresponde al peso molecular de la aminopeptidasa. En estos últimos estadíos no 

se observa la unión a la proteína de 65 kDa. Con base a estos resultados se determinó 

purificar la aminopeptidasa de larvas de cuarto estadío de desarrollo y la fosfatasa alcalina a 

partir de larvas de tercer estadío de desarrollo, en la decisión también influyo el tamaño de 

las larvas y la cantidad de material que se puede recuperar.  
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Figura 2. Unión de la toxina Cry1Ab a VMMA´s de los 
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rendimiento de recuperación del 19 % aproximadamente (Tabla 4). Para la fosfatasa 

alcalina se observó un enriquecimiento en la actividad específica de 3.5 a 11.3 U/mg entre 

las VMMA´s y la fracción purificada, con un rendimiento del 3.8 % (Tabla 5).  

 

Tabla 1. Purificación de aminopeptidasa a partir del VMMA´s de larvas de M. sexta 

de cuarto estadío de desarrollo. 

Fracción 

Actividad 

total 

(U) 

Proteína 

total 

(mg) 

Actividad 

específica 

Rendimiento 

(%) 

VMMA´s 87.3 20 4.3 100 

VMMA´s/CHAP´s 49.3 5.4 9.1 56.4 

Mono Q 16.6 0.212 78.2 19.01 



M. en C. Iván Arenas Sosa  Doctorado en Ciencias 

64 

 

Tabla 2. Purificación de la fosfatasa alcalina a partir del VMMA´s de larvas de M. 

sexta de tercer estadío de desarrollo. 

Fracción Actividad 

total (U) 

Proteína 

total (mg) 

Actividad 

específica 

Rendimiento 

(%) 

VMMA´s 33.6 10 3.56 100 

VMMA´s/CHAP´s 21.6 4.5 4.8 60.6 

Columna de fosfato 1.135 0.1 11.35 3.18 

 

Evaluación de la eficiencia de purificación. 

La pureza de las muestras recuperadas  se evaluó en gel de poliacrilamida (SDS-PAGE) y 

se realizó una tinción con plata como se describe en materiales y métodos. En los carriles 1 

y 2 de la Figura 8 se muestran  las fracciones correspondientes a aminopeptidasa (120 kDa) 

y fosfatasa alcalina (65 kDa), respectivamente. Se nota que para la aminopeptidasa se logró 

un mayor grado de purificación ya que en el caso de la fracción que corresponde a la 

fosfatasa alcalina, se observan algunas bandas adicionales de aproximadamente 60 kDa que  

se han reportado como producto de degradación de la de 65 kDa. 
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Figura 3. Tinción con plata de las proteínas purificadas. La aminopeptidasa se muestra en el 
carril 1 y la fosfatasa alcalina en el carril 2.  

 

Ensayo de unión de la toxina Cry1Ab con las fracciones purificadas. 

Para determinar si en el proceso de purificación se afectó las propiedades de las proteínas 

para unir a la toxina Cry1Ab, se realizó un ensayo de unión a ligando, incubando una 

membrana PVDF conteniendo las fracciones purificadas con la toxina Cry1Ab marcada con 

biotina. La unión se verificó con estreptavidina acoplada a peroxidasa. Los resultados 

obtenidos se muestran en la Figura 9, donde se observa que las fracciones correspondientes 

a aminopeptidasa (carril 1) y fosfatasa alcalina (carril 2) unen a la toxina Cry1Ab. Esto 

resultados confirman que ambas proteínas purificadas mantienen su capacidad de unión a la 

toxina.  
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Figura 4. Unión de la toxina Cry1Ab a los receptores purificados. En el carril 1 se muestra 
la unión a aminopeptidasa y en el carril 2 la unión a fosfatasa alcalina.

 

LA FOSFATASA ALCALINA Y LA AMINOPEPTIDASA SON RECEP TORES DE 

LA TOXINA  Cry1Ab. 

Caracterización de la unión del monómero de la toxina Cry1Ab a la aminopeptidasa y 

fosfatasa alcalina. 

La cinética de interacción del monómero de la toxina Cry1Ab con la aminopeptidasa y 

fosfatasa alcalina purificadas

proteínas purificadas de manera independiente

incubadas con diferentes concentraciones de monómero de la toxina

activación de la protoxina con tripsina. Con los datos obtenidos se realizó un análisis de 

Scatchard para determinar la constante de disociación aparente 

Figura 10 se presentan las cinéticas de unión del monómero co

fosfatasa alcalina. Ambas interacciones son dependientes de la concentración

lo que indica que ambas proteínas pueden unir a la toxina Cry1Ab

 Doctorado en Ciencias

  

. Unión de la toxina Cry1Ab a los receptores purificados. En el carril 1 se muestra 
la unión a aminopeptidasa y en el carril 2 la unión a fosfatasa alcalina. 

LA FOSFATASA ALCALINA Y LA AMINOPEPTIDASA SON RECEP TORES DE 

Caracterización de la unión del monómero de la toxina Cry1Ab a la aminopeptidasa y 

a cinética de interacción del monómero de la toxina Cry1Ab con la aminopeptidasa y 

purificadas, se realizó mediante ensayo de ELISA, fijando ambas 

purificadas de manera independiente, en cajas de 96 pozos de ELISA, que

incubadas con diferentes concentraciones de monómero de la toxina, obtenida

activación de la protoxina con tripsina. Con los datos obtenidos se realizó un análisis de 

Scatchard para determinar la constante de disociación aparente de las 

10 se presentan las cinéticas de unión del monómero con la aminopeptidasa y la 

fosfatasa alcalina. Ambas interacciones son dependientes de la concentración

lo que indica que ambas proteínas pueden unir a la toxina Cry1Ab en forma de monómero

Doctorado en Ciencias 

66 

. Unión de la toxina Cry1Ab a los receptores purificados. En el carril 1 se muestra 

LA FOSFATASA ALCALINA Y LA AMINOPEPTIDASA SON RECEP TORES DE 

Caracterización de la unión del monómero de la toxina Cry1Ab a la aminopeptidasa y 

a cinética de interacción del monómero de la toxina Cry1Ab con la aminopeptidasa y 

e ELISA, fijando ambas 

, en cajas de 96 pozos de ELISA, que fueron 

obtenida mediante la 

activación de la protoxina con tripsina. Con los datos obtenidos se realizó un análisis de 

 interacciones. En la 

n la aminopeptidasa y la 

fosfatasa alcalina. Ambas interacciones son dependientes de la concentración y saturables, 

en forma de monómero. 



M. en C. Iván Arenas Sosa  Doctorado en Ciencias 

67 

 

Mediante el análisis de Scatchard se determinó que la constante de disociación para la 

interacción del monómero de la toxina con la aminopeptidasa es de 101.6 nM, que coincide 

con la afinidad reportada por otros grupos para esta interacción en experimentos de SPR 

(68). Para la interacción del monómero de la toxina Cry1Ab con la fosfatasa alcalina se 

determinó una constante de disociación de 267.3 nM, siendo este dato el primer reporte de 

este tipo de interacción.   

 

 

Figura 5. Unión del monómero de la toxina Cry1Ab a la aminopeptidasa y fosfatasa 
alcalina. La constante de disociación aparente se obtuvo mediante análisis de Scatchard. 
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Caracterización de la unión del oligómero de la toxina a la aminopeptidasa y a la 

fosfatasa alcalina.  

En el mecanismo de acción propuesto para las toxinas Cry se indica que el oligómero es 

importante en la interacción con las proteínas ancladas por GPI, de tal manera, que las 

propiedades de unión de ambas proteínas con el oligómero de la toxina Cry1Ab se 

determinó mediante ensayos de ELISA de manera similar a como se hizo con el monómero. 

La unión se verificó de la misma manera que en el experimento con el monómero y los 

datos se analizaron mediante Scatchard, como en el caso del monómero. Como se muestra 

en la Figura 10, la unión del oligómero con aminopeptidasa y la fosfatasa alcalina también 

es saturable y dependiente de concentración, sin embargo, las constantes de disociación 

para esta interacción son de 0.6 y 0.5 nM, respectivamente. Indicando claras diferencias en 

cuanto a la interacción del monómero y el oligómero de la toxina Cry1Ab. El oligómero se 

une con mayor afinidad a las proteínas ancladas por GPI, lo que coincide con el mecanismo 

de acción reportado, donde la toxina se une primero como monómero a aminopeptidasa con 

baja afinidad y posteriormente, existe una segunda unión con alta afinidad, pero ya en 

forma de oligómero. Estos datos concluyen que además de la aminopeptidasa, la fosfatasa 

alcalina también es un receptor de las toxinas Cry y puede participar tanto en la interacción 

con el monómero (con baja afinidad) así como con el oligómero de la toxina (alta afinidad).  
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Figura 6.Unión del oligómero de la toxina Cry1Ab a la aminopeptidasa y fosfatasa alcalina. 
La constante de disociación aparente se obtuvo mediante análisis de Scatchard. 

 

Competencias homólogas de la unión del oligómero y monómero. 

Para determinar si la unión de la toxina en sus dos conformaciones (monómero u 

oligómero) es específica, se realizaron competencias homólogas en ensayos de ELISA. 

Para estos experimentos, se fijó a la aminopeptidasa o a la fosfatasa alcalina a las cajas de 

ELISA a las que posteriormente, se agregó el monómero o el oligómero de la toxina 

preincubado con diferentes concentraciones de la proteína que fue fijada en la placa. Como 

se muestra en la Figura 12 la unión del monómero, tanto a la aminopeptidasa como a la 

fosfatasa alcalina, se abate al competirla con la misma proteína. En el caso del oligómero 

también se observó competencia (Figura 13). Estos resultados confirman que ambas 

interacciones descritas son específicas.  
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Figura 7. Competencias homólogas de la unión del monómero de la toxina Cry1Ab con 
aminopeptidasa y fosfatasa alcalina purificadas. Unión con aminopeptidasa (A) y fosfatasa 
alcalina (B) compitiéndose con el mismo receptor. 

 

 

Figura 8. Competencia homóloga de la interacción del oligómero de la toxina Cry1Ab con 
la aminopeptidasa y fosfatasa alcalina purificadas. Unión con aminopeptidasa (A) y 
fosfatasa alcalina (B) compitiéndose con el mismo receptor.  
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LA AMINOPEPTIDASA Y LA FOSFATASA ALCALINA COMPARTEN  SITIOS 

DE INTERACCIÓN CON EL OLIGÓMERO DE LA TOXINA. 

Competencia heteróloga del oligómero de la toxina con aminopeptidasa y fosfatasa 

alcalina.   

De acuerdo a los resultados presentados, surgió la pregunta sobre si estas proteínas 

comparten sitios de interacción con la toxina. Para contestarla se realizaron competencias 

heterólogas similares a las descritas, pero retando las placas con el oligómero de la toxina 

preincubada con diferentes concentraciones de la proteínas que no se fijó en la placa. Los 

resultados obtenidos muestran que la aminopeptidasa tiene la capacidad de inhibir la unión 

del  oligómero con fosfatasa alcalina y la fosfatasa alcalina tiene la capacidad de inhibir la 

interacción del oligómero con aminopeptidasa (Figura 14). Sin embargo, la fosfatasa 

alcalina es menos eficiente para competir la unión con aminopeptidasa, que por su parte 

compite muy bien la unión de la toxina con fosfatasa alcalina. Posiblemente esto se debe a 

que en la interacción del oligómero con aminopeptidasa pudiese estar mediada por 2 sitios 

de interacción y uno de estos se comparta con la fosfatasa alcalina. Para determinar cuáles 

son estas regiones en el receptor se deberán realizar más experimentos. 
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Figura 9. Competencias heterólogas de la unión del oligómero de la toxina Cry1Ab. Unión 
del oligómero a aminopeptidasa compitiendo con fosfatasa alcalina (A) y la unión del 
oligómero de la toxina con fosfatasa alcalina compitiendo con aminopeptidasa (B). 

 

IDENTIFICACIÓN DE REGIONES EN LA TOXINA Cry1Ab IMPO RTANTES 

PARA LA INTERACCIÓN CON LA AMINOPEPTIDASA Y FOSFATA SA 

ALCALINA. 

La interacción toxina-receptor es un paso determinante para el efecto tóxico de las toxinas 

Cry, se ha reportado que la mayoría de los mecanismos de resistencia a estas proteínas se 

dan por defectos en la unión con el receptor. Por lo tanto, es importante obtener 

información acerca de la naturaleza de estas interacciones que nos pueda ser útil para 

diseñar toxinas que puedan abatir la resistencia o dirigir su toxicidad. Con esta idea, se 

analizó la interacción de la toxina con la aminopeptidasa y la fosfatasa alcalina, con 

versiones mutantes de la toxina Cry1Ab que se encuentran afectadas en toxicidad contra 

larvas de M. sexta. Para analizar la interacción del oligómero de la toxina con 
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aminopeptidasa y fosfatasa alcalina, se generaron 2 mutantes en el dominio II (RR368-9AA 

y F371A) y una mutante en la β16 del dominio III (L511A) de la toxina Cry1Ab.  

Caracterización de mutantes en el dominio II y III de la toxina Cry1Ab. 

Activación de las toxinas mutantes y tipo silvestre. 

Lo primero que se analizó fue que las mutaciones no hubiesen provocado cambios 

importantes en la estructura tridimensional que afectaran su activación. Los cristales de 

cada mutante fueron solubilizados en amortiguador de carbonatos y activados con tripsina 

comercial por 1 hora a 37°C, la reacción se paró con PMSF y la mezcla resultante se 

analizó mediante SDS-PAGE. Como se muestra en la Figura 15 la activación de las toxinas 

mutantes es similar a la de la toxina tipo silvestre, en todos los casos se obtuvo una proteína 

de 65 kDa que corresponde con el peso molecular de la toxina tipo silvestre, indicando que 

las mutaciones no afectan su activación, ni tampoco inducen su degradación. 

 

Figura 10. Activación con tripsina de la toxina Cry1Ab y las mutantes del dominio II y 
dominio III. 
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Toxicidad de las mutantes de los dominios II y III de la toxina Cry1Ab. 

La toxicidad de las mutantes contra larvas de M. sexta, se determinó mediante un 

bioensayo, en el que se probaron diferentes dosis para determinar los valores de dosis letal 

media para cada una de las toxinas mutantes y tipo silvestre. Como se observa en la Tabla 6 

ninguna de las mutantes fue tóxica para las larvas, por lo que resultan útiles para  

determinar si la pérdida de toxicidad puede asociarse a la unión de estas mutantes, con la 

aminopeptidasa y fosfatasa alcalina. 

 

Tabla 3. Toxicidad de la toxina Cry1Ab y las toxinas mutantes a larvas de M. sexta de 

primer estadio de desarrollo. 

Toxina LC50 (ng/cm2)a Toxicidad relativab 

Cry1Ab  3.9 (2.2-6.6) 1 

RR368-9AA >1000 >260 

F371A >1000 >260 

L511A >1000 >260 

a. Concentración que mata el 50% de las larvas. Los números entre paréntesis 
muestran el 95% del límite de confianza de la LC50. 

b. LC50 de la toxina silvestre/LC50 de la toxina mutante. 
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Obtención de oligómero. 

Para analizar la unión del oligómero de las toxinas Cry1Ab mutantes y tipo silvestre, se  

realizaron activaciones en presencia de un fragmento de caderina (fragmento 7-12) que 

promueve la formación de los oligómeros. Para comprobar la presencia de oligómeros, 

después de la activación se realizó un inmunoblot con los oligómeros purificados mediante 

cromatografía de exclusión molecular, los resultados se muestran en la Figura 16. 

 

Figura 11. Oligómeros purificados de la toxina Cry1Ab y las mutantes de los dominios II y 
III. 

 

Como se puede ver en la Figura 16 aunque la producción de oligómero de las mutantes fue 

menor, tanto en la toxina silvestre como en las mutantes, se lograron purificar los 

oligómeros correspondientes, mismos que fueron concentrados y cuantificados para su uso 

en los experimentos posteriores.  
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EL DOMINIO II ES IMPORTANTE PARA LA INTERACCIÓN DEL  

OLIGÓMERO CON LOS RECEPTORES. 

Unión del oligómero de las mutantes en el dominio II y III. 

La determinación de la participación del dominio II y dominio III de la toxina Cry1Ab en la 

interacción del oligómero de la toxina con los receptores aminopeptidasa y fosfatasa 

alcalina, se realizó mediante ensayo de ELISA en placas en donde ambas proteínas fueron 

fijadas de manera independiente e incubadas con los oligómeros de las toxinas mutantes y 

tipo silvestre purificados. Los resultados de la interacción se muestran en la Figura 17, 

donde se ve que los oligómeros de las mutantes RR368-9AA y F371A, están afectadas en 

la unión en más del 50%, con respecto a la unión que muestra el oligómero de la toxina tipo 

silvestre, mientras que la mutante L511A, sólo muestra una pequeña disminución en su 

capacidad de unión. Estos resultados indican que los residuos del asa 2 del dominio II están 

involucrados en la interacción del oligómero de la toxina Cry1Ab con los receptores 

aminopeptidasa y fosfatasa alcalina, mientras que el dominio III no parece ser determinante 

para esta interacción.  
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Figura 12. Unión del oligómero de la toxina Cry1Ab y de las toxinas mutantes a la 
aminopeptidasa y fosfatasa alcalina. 

 

EL DOMINIO III ES IMPORTANTE PARA LA INTERACCIÓN DE L 

MONÓMERO CON LOS RECEPTORES. 

Unión del monómero de las mutantes en el dominio II y III. 

Para comparar si los sitios de interacción del oligómero de la toxina son los mismos sitios 

de interacción que los del monómero, se realizó un experimento de ELISA con los 

monómeros purificados de las mutantes y la toxina tipo silvestre (Figura 18). 
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Figura 13. Unión del monómero de la toxina Cry1Ab y las toxinas mutantes a 
aminopeptidasa y fosfatasa alcalina. 

 

 Los resultados muestran que los monómeros de las mutantes RR368-9AA y la F371A no 

se encuentran afectados en la unión a aminopeptidasa y fosfatasa alcalina, sin embargo, la 

mutante L511A si se encuentra severamente afectada en la unión a fosfatasa alcalina (más 

del 80%) y también se encuentra afectada, aunque en menor grado en la unión a 

aminopeptidasa (cerca del 50%). Estos resultados sugieren que el dominio III es importante 

para la interacción del monómero con los receptores aminopeptidasa y fosfatasa alcalina, a 

diferencia de cuando la toxina se encuentra en forma de oligómero que interacciona con 

esos receptores mediante el dominio II. Estos resultados son evidencia de que además de la 

aminopeptidasa la fosfatasa alcalina es un  receptor de las toxinas Cry1Ab en M. sexta.  
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DISCUSIÓN.  

Las toxinas Cry son una alternativa viable para el control biológico de insectos plaga 

importantes en la agricultura o de insectos vectores de enfermedades en humanos, debido a 

su alta toxicidad y especificidad contra diferentes órdenes de insectos. Sin embargo, la 

mayor limitante sobre el uso de estas toxinas es el riesgo a la aparición de poblaciones 

resistentes, tal y como ha sucedido con los insecticidas químicos que se utilizan a la fecha 

en el campo. En la actualidad se han reportado algunos casos de insectos resistentes a las 

toxinas Cry y se ha demostrado que en la mayoría de los casos la resistencia está ligada a 

defectos en la interacción con los receptores (108). Para combatir esta resistencia es 

necesario conocer a fondo el mecanismo de acción de estas toxinas y mapear las regiones 

importantes para su interacción con sus receptores, lo que permitirá el diseño de toxinas 

mejoradas que puedan abatir la resistencia. El mecanismo de acción propuesto a la fecha 

para M. sexta, involucra varios pasos secuenciales comenzando con la ingestión de los 

cristales, solubilización y activación proteolítica, que dan como resultado el monómero de 

la toxina, que se une a aminopeptidasa con baja afinidad para localizarse en la membrana y 

posteriormente se une al receptor caderina, lo que promueve un segundo corte proteolítico 

que conlleva a la oligomerización de la toxina. Una vez que se forma el oligómero, se 

propone que este se une a proteínas ancladas por GPI, adicionalmente se lleva a cabo la 

inserción de la toxina y la formación de poro, que finalmente lleva a la muerte del insecto. 

El papel que juega el oligómero en la toxicidad se ha demostrado en diferentes 

experimentos. Se ha reportado que mutantes en la hélice α3 del dominio I de la toxina 

Cry1Ab, que mantienen su capacidad de unión a caderina, son incapaces de formar 

oligómeros y no son tóxicas para larvas de M. sexta (21). Por otro lado, se ha demostrado 
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que el oligómero de la toxina es más eficiente en la formación de poro que el monómero en 

membranas artificiales (56). Adicionalmente, mutantes en la α4 del dominio I de la toxina 

Cry1Ab resultan en toxinas dominantes negativas, que al formar hetero-oligómeros con la 

toxina tipo silvestre inhiben el efecto tóxico de esta proteína (22). Estos datos sugieren que 

el oligómero es una identidad importante en la toxicidad, sin embargo, hasta este trabajo no 

se había explorado la manera en que interacciona con los receptores anclados por GPI, 

como se propone aquí el mecanismo de acción. En este sentido, se analizó la interacción del 

oligómero de la toxina Cry1Ab con dos proteínas ancladas por GPI, la aminopeptidasa de 

120 kDa y la fosfatasa alcalina de 65 kDa, del insecto lepidóptero M. sexta. La 

aminopeptidasa es la proteína más caracterizada y ha sido reportada como receptor de las 

toxinas Cry. Se han realizado experimentos con la proteína pura para determinar su papel 

en la toxicidad y para determinar su afinidad por la toxina; sin embargo, todos los trabajos 

reportados están realizados con el monómero de la toxina. A la fecha, el único reporte de la 

interacción de esta proteína con el oligómero de la toxina se realizó mediante experimentos 

de inmunoprecipitación determinándose que el oligómero presenta una unión preferencial 

con aminopeptidasa, mientras que el monómero presenta una unión preferencial por 

caderina, sin embargo, en este estudio no se analizó la unión con la fosfatasa alcalina (63).  

A pesar de que existen reportes que le dan un papel funcional a la aminopeptidasa en el 

mecanismo de acción de estas toxinas, también hay datos que sugieren que esta proteína no 

es importante para la toxicidad. Se han reportado mutantes en el dominio III de la toxina 

Cry1Ac afectadas en la unión a aminopeptidasa, pero que siguen siendo tóxicas para las 

larvas de M. sexta (109). Estos datos dan la pauta para pensar que existen receptores 

alternativos que podrían jugar el mismo papel que la aminopeptidasa. Por su parte, la 

fosfatasa alcalina se ha reportado como proteína de unión de la toxina Cry1Ac en M. sexta 
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y H. armiguera, sin embargo, exclusivamente en H. vierescens se le ha dado el papel de 

receptor, pues se ha demostrado que su baja expresión resulta en la resistencia del insecto. 

En el caso de M. sexta, no se sabe si esta proteína funciona como receptor o simplemente es 

una proteína de unión (52, 99-100). En este trabajo se analizó la unión del oligómero y del 

monómero de la toxina Cry1Ab con aminopeptidasa y fosfatasa alcalina purificadas. Los 

resultados muestran que el monómero de la toxina se une tanto a aminopeptidasa como a 

fosfatasa alcalina, con afinidades aparentes de 101.6 nM y 267.3 nM, respectivamente. La 

afinidad que se determinó en este trabajo es muy parecida a la reportada para la unión del 

monómero de la toxina con aminopeptidasa purificada (100 nM) en análisis con resonancia 

de plasmones (109) y a la calculada mediante competencia en ensayo de ELISA para la 

unión del monómero con extractos ricos con proteínas ancladas por GPI (63).Para la 

fosfatasa alcalina no se ha reportado ninguna afinidad, por lo que éste es el primer reporte 

de la afinidad del monómero por esta proteína. Cuando se analizó la interacción del 

oligómero con aminopeptidasa y fosfatasa alcalina se determinó un aumento en la afinidad 

de más de 200 veces, con respecto a las obtenidas con el monómero de la toxina. Para el 

caso de la unión del oligómero con aminopeptidasa, se determinó una afinidad aparente de 

0.6 nM y para el caso de la fosfatasa alcalina de 0.5 nM. Estos resultados sugieren que 

deben existir cambios conformacionales en la toxina que permiten que, una vez que el 

oligómero se forme, se aumente su afinidad por las proteínas ancladas por GPI. En este 

sentido, ya se ha reportado que existen cambios estructurales entre el oligómero y el 

monómero de la toxina. Experimentos con ANS, que es un colorante que emite 

fluorescencia cuando se une a regiones hidrofóbicas, mostraron que el oligómero de la 

toxina muestra una mayor hidrofobicidad con respecto al monómero (56). También se sabe 

que la conformación del monómero es diferente a la del oligómero, porque un anticuerpo 
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monoclonal, aislado mediante la metodología de Despliegue en Fagos, que reconoce 

específicamente al asa 2 de la toxina en su conformación de monómero, no une a la toxina 

en su conformación de oligómero. Todos estos resultados sugieren que tanto la 

aminopeptidasa, como la fosfatasa alcalina, pueden ser receptores de la toxina Cry1Ab en 

M. sexta. La unión del oligómero con la fosfatasa alcalina puede ser competida por la 

aminopeptidasa y viceversa, aunque con menor eficiencia. Este dato sugiere que ambas 

proteínas comparten al menos un sitio de interacción con el oligómero de la toxina. 

Adicionalmente, en este trabajo se caracterizó la unión de dos mutantes de la toxina 

Cry1Ab localizadas en el asa 2 (RR368-9AA y F371A), con los receptores aminopeptidasa 

y fosfatasa alcalina.  Las dos toxinas mutantes se unen de la misma manera que la toxina 

tipo silvestre a aminopeptidasa y fosfatasa alcalina cuando se encuentran como monómeros. 

Sin embargo, se encuentran severamente afectadas en la unión en forma de oligómeros. 

Estos resultados sugieren que el asa 2 del dominio II de la toxina Cry1Ab, es un epítope 

importante en la interacción del oligómero de la toxina con estos dos receptores. En un 

trabajo previo se reportó que la mutante F371A no se encuentra afectada en la interacción 

con aminopeptidasa, pero si estaba afectada en la toxicidad. Este resultado causó 

controversia, pues como la unión no correlacionaba con la toxicidad, se sugería que algún 

otro receptor podría estar involucrado, si bien los estudios se realizaron exclusivamente con 

el monómero de la toxina (109). En este trabajo se demuestra, que efectivamente que la 

unión del monómero no está afectada como se había reportado, sin embargo, la unión de la 

mutante como oligómero se encuentra severamente afectada, lo que correlaciona con la 

pérdida de toxicidad. Interesantemente la mutante se encuentra afectada de manera similar 

en la unión tanto a aminopeptidasa como a fosfatasa alcalina y aparentemente, los defectos 

en la unión no permiten la inserción de la toxina en la membrana para la formación de poro, 
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por lo que no es tóxica para la larvas. Recientemente se reportó un mecanismo de acción 

que involucra a la aminopeptidasa en dos pasos. El primero se da cuando el monómero de 

la toxina se une a este receptor, vía el asa 3 del dominio II para localizarse en el intestino,  

se propone que esta unión es de baja afinidad, pero con abundantes sitios de interacción, ya 

que esta proteína es muy abundante en el intestino del insecto. El segundo se da cuando se 

forma el oligómero de la toxina (después de contacto con caderina) y se propone que es de 

alta afinidad (64). En nuestro trabajo, se demostró por un lado, que la fosfatasa alcalina 

también se puede unir de manera similar al monómero y al oligómero de la toxina, como lo 

hace la aminopeptidasa y por otro, que la interacción del oligómero de la toxina con ambos 

receptores, se da mediante el asa 2 del dominio II. Interesantemente, mutantes en el asa 3 se 

encuentran afectadas en la interacción con aminopeptidasa cuando se encuentran como 

monómeros, sin embargo, no se encuentran afectadas en la unión cuando se encuentran 

como oligómeros (64). Estos resultados sugieren un papel secuencial de las asas, cuando la 

toxina se encuentra como monómero, se une mediante el asa 3 y cuando se encuentra como 

oligómero, se une por el asa 2. Adicionalmente, los cambios en las afinidades de la 

interacción del monómero con respecto al oligómero correlacionan con el mecanismo de 

acción propuesto, en donde el monómero se une con baja afinidad, mientras que el 

oligómero se une con alta afinidad a las proteínas ancladas por GPI. En el caso de la 

interacción del dominio III con los receptores, se ha demostrado mediante la 

caracterización de un anticuerpo que reconocen esta región de la toxina, que la β16 está 

involucrada en la interacción con el receptor aminopeptidasa, sin embargo, no se determinó 

si esta región también es importante en la interacción del oligómero o si esta región es 

importante en la interacción con la fosfatasa alcalina. Aquí se caracterizó la unión de la 

mutante L511A, localizada en la β16 con los receptores anclados por GPI. Los resultados 
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obtenidos muestran que cuando se probó la unión del oligómero de esta mutante con los 

receptores purificados, no se observaron defectos en la unión, sin embargo, cuando se 

probó la unión del monómero, sí se observaron defectos en la unión, pero estos defectos 

son particulares para cada receptor. En el caso de la unión con aminopeptidasa, se observó 

una ligera disminución en la unión, mientras que la unión con la fosfatasa alcalina está 

severamente afectada. Estos datos corroboran que la unión del monómero con 

aminopeptidasa se da mediante la β16 del dominio III, epítope que parece no ser importante 

en la interacción cuando la toxina se oligomeriza, como sucede con el asa 2. La falta de 

toxicidad de esta mutante no puede justificarse con los defectos en la unión con 

aminopeptidasa, sin embargo, si se justifica con los defectos en la unión con fosfatasa 

alcalina. Estos resultados sugieren que la fosfatasa alcalina juega un papel más importante 

que la aminopeptidasa en la toxicidad. Otra observación que soporta la importancia de la 

fosfatasa es la unión de la toxina a las VMMA´s de los diferentes estadíos, donde la unión 

de la toxina en los primeros estadíos está o puede estar mediada por la fosfatasa alcalina y 

no por la aminopeptidasa. El papel exacto de estas dos proteínas, en cada uno de los pasos 

en el mecanismo de acción de las toxinas, podrá ser determinado mediante otras 

metodologías como el silenciamiento genético con RNA de doble cadena o mediante la 

caracterización de líneas celulares de insecto que expresen los receptores de manera 

independiente. Los datos obtenidos en este trabajo aportan más información al mecanismo 

de acción denominado como “ping-pong”(64).  En primer lugar, una vez que la toxina es 

activada después de la solubilización de los cristales, el monómero se une a 

aminopeptidasa, como se había reportado, pero también a la fosfatasa alcalina, mediante el 

asa 3 del dominio II y la β16 del dominio III. Las afinidades de unión para aminopeptidasa 

y para fosfatasa alcalina son de 101.6 nM y 267.3 nM, respectivamente. Posteriormente, la 
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toxina se une a la caderina mediante el dominio II (con una afinidad de 1 nM), para sufrir 

una segunda activación que permite la oligomerización. En este paso de oligomerización 

aparentemente existen cambios conformacionales en el dominio II de la toxina que 

incrementan la afinidad de la toxina por los receptores anclados por GPI. En el caso de 

aminopeptidasa, de 101.6 nM como monómero a 0.6 nM cuando se oligomeriza, para la 

fosfatasa alcalina, de 267.3 nM como monómero a 0.5 nM cuando se oligomeriza. Una vez 

formado el oligómero, éste se une a aminopeptidasa y a fosfatasa alcalina, que se localiza 

en balsas lipídicas, donde se lleva a cabo la inserción de la toxina (Figura 19).  
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CONCLUSIONES. 

o La unión del monómero de la toxina cambia a lo largo de los estadíos de desarrollo, 

en los primeros estadíos se une a fosfatasa alcalina y en los estadíos tardíos se une a 

la aminopeptidasa. 

o La toxina Cry1Ab se une a aminopeptidasa y fosfatasa alcalina con diferentes 

afinidades dependiendo de su conformación. El monómero se une con una afinidad 

de 101.6 nM a aminopeptidasa y con una afinidad de 267.3 nM a fosfatasa alcalina. 

Cuando la toxina se oligomeriza aumenta su afinidad en más de 200 veces por 

ambos receptores, 0.6 nM para aminopeptidasa y 0.5 nM para fosfatasa alcalina. 

o Dos mutantes en el asa 2 RR368-9AA y F371A, están afectadas en la toxicidad 

contra larvas de M. sexta debido a defectos en su interacción con aminopeptidasa y 

fosfatasa alcalina cuando la toxina se encuentra como oligómero. Dado que cuando 

está como monómero la unión no se ve afectada, se sugiere que la interacción del 

oligómero con los receptores es importante en la toxicidad y que esta interacción 

está dada mediante el asa 2 de la toxina.  

o La mutación L511A en la β16 del dominio III afecta drásticamente la toxicidad, 

aparentemente debido a la pérdida de unión del monómero a fosfatasa alcalina. El 

papel de la fosfatasa alcalina es más importante en la toxicidad de las toxinas Cry, 

pues esta proteína es abundante en los estadios tempranos y la mutante L511A al 

perder la unión con esta proteína, pierde la toxicidad.  

o Los resultados contribuyen y soportan el mecanismo de acción denominado ping-

pong.  
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Figura 1. Mecanismo de acción para las toxinas Cry. 1) Después de que los cristales de la 
toxina son solubilizados y activados proteolíticamente se libera al monómero de la toxina 
que se une con los receptores anclados por GPI fosfatasa alcalina y aminopeptidasa a través 
de el asa 3 del Dominio II de la región la β16 del Dominio III  con afinidades de 267.3 nM 
y 101.6 n M, respectivamente; 2) La toxina se une con alta afinidad (1 nM) al receptor 
caderina a través de las asas 2, 3 y α8; 3) La toxina sufre nuevamente un procesamiento 
proteolítico perdiendo la hélice α1, lo que permite la formación del oligómero de la toxina; 
4) La formación del oligómero conlleva cambios conformacionales que permiten un 
aumento de afinidad (0.6 nM para aminopeptidasa y 0.5 nM para fosfatasa alcalina) y la 
unión con los receptores anclados por GPI; 5) Posteriormente se lleva a cabo la inserción de 
la toxina, la formación de poro que causa el desbalance osmótico que lleva a la muerte del 
insecto. 
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PERSPECTIVAS. 

• Determinar los parámetros cinéticos de las interacciones entre la toxina en sus dos 

conformaciones estructurales, con los receptores anclados por GPI en tiempo real 

utilizando la técnica de SPR (Resonancia de plasmones). 

 

• Demostrar la funcionalidad in vivo de la aminopeptidasa y fosfatasa alcalina en 

larvas de M. sexta, mediante interferencia con RNA de doble cadena. 

 

• Disectar el papel de la aminopeptidasa ó fosfatasa alcalina en la toxicidad mediada 

por monómero u oligómero de la toxina, a través de la construcción de líneas 

celulares de insecto que expresen a los receptores de manera independiente. 

 

• Determinar regiones de interacción en cada uno de los receptores, analizando la 

unión de la toxina con fragmentos de aminopeptidasa y fosfatasa alcalina 

expresados heterólogamente.  
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Role of alkaline phosphatase from Manduca sexta in the mechanism of action of 
Bacillus thuringiensis Cry1Ab toxin. 
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Cry toxins produced by Bacillus thuringiensis have been rec-
ognized as pore-forming toxins whose primary action is to lyse
midgut epithelial cells in their target insect. In the case of the
Cry1A toxins, a prepore oligomeric intermediate is formed after
interaction with cadherin receptor. The Cry1A oligomer then
interacts with glycosylphosphatidylinositol-anchored recep-
tors. Two Manduca sexta glycosylphosphatidylinositol-an-
chored proteins, aminopeptidase (APN) and alkaline phospha-
tase (ALP), have been shown to bindCry1Ab, although their role
in toxicity remains to be determined.Detection ofCry1Abbind-
ing proteins by ligand blot assay revealed that ALP is preferen-
tially expressed earlier during insect development, because it
was found in the first larval instars, whereas APN is induced
later after the third larval instar. The binding of Cry1Ab olig-
omer to pure preparations of APN and ALP showed that this
toxin structure interacts with both receptors with high affinity
(apparent Kd � 0.6 nM), whereas the monomer showed weaker
binding (apparent Kd � 101.6 and 267.3 nM for APN and ALP,
respectively). Several Cry1Ab nontoxic mutants located in the
exposed loop 2 of domain II or in �-16 of domain III were
affected in binding to APN and ALP, depending on their oligo-
meric state. In particular monomers of the nontoxic domain III,
the L511Amutant did not bind ALP but retained APN binding,
suggesting that initial interaction with ALP is critical for toxic-
ity. Our data suggest that APN and ALP fulfill two roles. First
APN andALP are initial receptors promoting the localization of
toxin monomers in the midgut microvilli before interaction
with cadherin. ThenAPNandALP function as secondary recep-
torsmediatingoligomer insertion into themembrane.However,
the expression pattern of these receptors and the phenotype of
L511Amutant suggest thatALPmay have a predominant role in
toxin action because Cry toxins are highly effective against the
neonate larvae that is the target for pest control programs.

The Cry toxins produced by Bacillus thuringiensis are used
worldwide as effective biological control agents for many spe-
cies of insects including agricultural and forest pests and several
vectors of human and animal diseases. Its insecticidal property

results from crystalline inclusions produced during sporulation
that are formed by �-endotoxins known as Cry toxins (1).
The Cry protein family is composed of more than 54 groups,

among which the three-domain Cry family forms the major
group, having members that show toxicity to different insect
orders and to nematodes. The crystal structure has been solved
for six three-domain Cry toxins and one protoxin that display
different insect specificities (2). The activated Cry toxins are
globular molecules consisting of a bundle of seven �-helices
(domain I), a three-�-sheet prism (domain II), and a �-sand-
wich (domain III) (3, 4). TheN-terminal domain I is involved in
oligomer formation, membrane insertion, and pore formation
(5–8). Domain II and III are involved in the recognition and
binding interaction with receptors in midgut cells (9–11).
Themodeof actionofCry toxinshasbeenextensively studied in

lepidopteran insects and to some extent in coleopteran, dipteran,
and nematodes. In the case of lepidopteran insects, a sequential
binding of Cry1A toxins with at least two receptor molecules
located in the midgut epithelium cells was proposed that resulted
in toxin insertion into the membrane, pore formation, and cell
death (12, 13). Susceptible larvae ingest Cry1A crystals formed of
130-kDa protoxins that after solubilization in the gut lumen are
subject to proteolysis by midgut proteases, resulting in a 60-kDa
toxic fragment composedof the three-domain structuredescribed
above. Cry1A monomers then bind to the primary receptor that
has been identified in several species as a cadherin protein that is
located in themicrovilli of columnarmidgut cells. This interaction
provokes a conformational change of the toxin that facilitates fur-
ther proteolytic cleavage of the domain I N-terminal helix �-1,
resulting in toxin oligomerization (14, 15). In favor of this model,
engineeredmodifiedCry1Ab andCry1Ac toxins lacking helix�-1
have been shown to retain toxicity to resistant insects that have
mutations affecting the cadherin gene (16). The oligomer gains
binding affinity to a second receptor that is anchored to themem-
brane by GPI2 and located in lipid rafts (13). Two proteins have
been identified as secondary receptors, APN and ALP (17). Bind-
ing of the oligomeric toxin to the GPI-anchored receptors results
in the insertion of the oligomer into themembrane and formation
of pores, resulting in osmotic shock and cell death (13, 18).
Although APN was the first Cry1Ac-binding molecule iden-

tified inManduca sexta (19, 20), its role as functional receptor is
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still controversial. Incorporation of M. sexta APN-1 in black
lipid bilayers enhanced the Cry1Aa pore formation activity
(21). Also, the transgenic expression ofM. sextaAPN-1 inDro-
sophila melanogaster resulted in sensitivity to Cry1Ac toxin
(22). Nevertheless, Cry1Ac mutants in domain III that are
affected in binding to APN-1 had a marginal effect on toxicity
againstM. sexta larvae (23). Also, in the case of Bombyxmori, it
was shown that anti-cadherin antibodies protected detached
midgut cells from the toxic effects of Cry1Aa, in contrast to
anti-APN antibodies that had no effect on the toxicity of
Cry1Aa (24). These apparently contradictory data could be
explained if an additional secondary receptor could play the
same role as APN in M. sexta midgut cells. In this regard, a
GPI-anchored ALP was also identified as a binding protein of
Cry1Ac toxin inM. sexta, although its role as a Cry1A receptor
has not been analyzed until now (25, 26).
To determine whether the GPI-anchored ALP could act as a

functional receptor of Cry1Ab toxin inM. sexta, we compared
the binding interaction of monomeric and oligomeric forms of
Cry1Ab toxin to pure preparations of both APN and ALP
enzymes. Also, we analyzed the binding of Cry1Ab mutants
located in regions of domain II and domain III previously char-
acterized as APN-binding epitopes (27, 28). Our data suggest
that both APN and ALP are functional receptor molecules that
bind the oligomeric structure of Cry1Ab toxin with high affin-
ity, facilitatingmembrane insertion and pore formation, andwe
also found that ALP may a have a predominant and more
important role in Cry1Ab toxicity at earlier stages of larval
development.

EXPERIMENTAL PROCEDURES

M. sexta Midgut BBMV Purification and Solubilization—
Larvae ofM. sextawere froma laboratory colonymaintained on
an artificial diet. BBMVwere prepared frommidgut tissue from
each of the different larval instar by the magnesium precipita-
tion method (29). The BBMV were centrifuged at 70,000 rpm
for 40min at 4 °C and suspended at 5mg/ml in 20mMTris-HCl
pH 8.5 buffer containing 100 mM NaCl, 5 mM EDTA, 1 mM

phenylmethylsulfonyl fluoride, and 1% CHAPS for detergent
solubilization. After 2 h at 4 °C, the solution was centrifuged at
70,000 rpm for 40 min. Protein content in the supernatant was
measured by the DC protein dye method (Bio-Rad) using
bovine serum albumin as a standard (Pierce).
Purification of Aminopeptidase-N—The APN protein was

purified from fourth instar BBMV. The BBMV proteins that
were solubilized with CHAPS as stated above were concen-
trated by Amicon YM-50 ultrafiltration, and a 2-ml aliquot was
applied to a HR 5/10 Mono Q (GE Healthcare) column equili-
brated with 20 mM Tris-HCl pH 8.5 buffer containing 2 mM

MgCl2, 2 mM KCl (28, 30). The column was eluted with a gra-
dient of NaCl (0.5–1 M) with a flow rate of 1 ml/min for 40min.
Fractions containing APN activity were pooled and concen-
trated by Amicon YM-50 ultrafiltration. The final sample
was analyzed by SDS-PAGE and silver staining using the
SilverSNAP II stain kit (Pierce) following the manufacturer’s
instructions.
Purification of Alkaline Phosphatase—ALP was purified by

affinity chromatography using L-histidyl-diazo-benzylphos-

phonic acid agarose (Sigma) (31, 32). CHAPS-solubilized pro-
teins from BBMV of third instar larvae were concentrated by
Amicon YM-30 ultrafiltration, and a 1-ml aliquot was loaded
into the column equilibrated with 20 mM Tris-HCl pH 8.5
buffer containing 1 mM MgCl2. After a washing step with the
same buffer, ALP was eluted using 0.5 M KH2PO4. The final
sample was analyzed by SDS-PAGE and silver staining as men-
tioned above.
EnzymeAssays—APNactivity was assayed using L-leucine-p-

nitroanilide as substrate, and ALP activity was assayed using
p-nitrophenyl phosphate as substrate (33). Protein content was
measured by the DC protein dye method (Bio-Rad) using
bovine serum albumin as a standard (Pierce). The initial rate at
405 nm (Ultrospec II spectrophotometer; GE Healthcare) was
used to calculate specific enzymatic activity of both enzymes.
The absorption coefficient of p-nitroanilide used was 9.9 �
10�3 mol 1�1. One unit of specific APN activity was defined as
the amount of enzyme catalyzing the hydrolysis of 1 �mol of
L-leucine-p-nitroanilide min�1 mg of protein�11 at 25 °C. One
unit of specific ALP activity was defined as the amount of
enzyme producing 1 �mol of nitrophenol min�11 mg of pro-
tein�11 at 25 °C. Nitrophenol concentration was calculated by
using a standard curve of 4-nitrophenol in 0.5 mM MgCl2, 100
mM Tris, pH 9.5.
Construction of Cry1Ab Mutants—Substitutions R368A/

R369A, F371A, and L511A were produced by site-directed
mutagenesis (QuikChange; Stratagene) using the pHT315Ab
plasmid harboring the cry1Ab gene as template and the corre-
sponding mutagenic primers: R368A/R369A, 5�-CAT TAT
CGT CCA CTT TAT ATG CAG CAC CTT TTA ATA TAG
GGA TAA ATA ATC-3�; F371A, 5�-CCA CTT TAT ATA
GAAGACCTGCTAATATAGGGATAAATAATC-3�; and
L511A, 5�-GGC CAG ATT TCA ACC GCG AGA GTA AAT
ATT ACT GCA-3�. Automated DNA sequencing at facilities
of the Instituto de Biotecnología-Universidad Nacional
Autónoma de México verified the single-point mutations.
Acrystalliferous B. thuringiensis strain 407 was transformed
with the recombinant plasmids containing the mutated
cry1Ab genes as reported (34) and selected in Luria broth at
30 °C supplemented with 10 �g ml�1 of erythromycin.
Cry1Ab Toxin Purification—Crystal inclusions of Cry1Ab

toxin and their mutants were produced in B. thuringiensis
strains described above. The cellswere grown for 3 days at 30 °C
in nutrient broth sporulation medium supplemented with
erythromycin at 10 �g ml�1. After complete sporulation, the
crystal inclusions were purified using discontinuous sucrose
gradients, and the protein concentrationwas determined by the
protein dye method of Bradford (35).
Themonomeric toxinswere obtained by trypsin activation in

amass ratio of 1:50 (1 h at 37 °C). Phenylmethylsulfonyl fluoride
(final concentration, 1 mM) was added to stop proteolysis. The
oligomeric Cry1Ab structure was produced by incubation of
the crystals for 1 hwith cadherin fragment CR7-CR12 (residues
Met810–Ala1485) in a mass ratio 1:1 and digestion with midgut
juice (5%) for 1 h at 37 °C in extraction buffer (50mMNa2CO3 at
pH 10.5, 0.02% mercaptoethanol). Phenylmethylsulfonyl fluo-
ride (1 mM) was added to stop the reaction (36). Purification of
monomeric and oligomeric structures of Cry1Ab toxin was
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achieved by size exclusion chromatography using a Superdex
200HR10/30 columnon anAKTAExplorer (GEHealthcare) as
reported previously (15).
Western Blots of Cry1Ab Toxin—Fractions of the purified

toxin oligomers were separated in SDS-PAGE and transferred
onto nitrocellulose membrane. The proteins were detected
with polyclonal anti-Cry1Ab (1/80,000; 1 h) and a goat anti-
rabbit secondary antibody coupledwith horseradish peroxidase
(AmershamBiosciences) (1/10,000; 1 h), followed by Super Sig-
nal chemiluminescence substrate (Pierce) as indicated by the
manufacturer.
Ligand Blot—Cry1Ab toxin was biotinylated using bioti-

namidocaproateN-hydroxysuccinamide ester (AmershamBio-
sciences) according to the manufacturer’s instructions. Sam-
ples of 5 �g of BBMV were separated by SDS-PAGE (9%) and
transferred to polyvinylidene difluoride; after renaturation and
blocking, the blots were incubated for 2 h with 10 nM of biotin-
ylatedCry1Ab toxin inwashing buffer (0.05%Tween 20 in PBS)
at room temperature. Unbound toxin was removed by washing
three times for 10 min in washing buffer, and bound toxin was
identified by incubating the blots in PBS containing streptavi-
din-peroxidasa conjugate (1:5000 in PBS) for 1 h. The excess of
streptavidin was removed by washing in three changes of wash-
ing buffer, and the membrane-bound complex was visualized
by Super Signal chemiluminescence substrate (Pierce) as indi-
cated by the manufacturer.
Toxicity Assays—Bioassays were performed with M. sexta

neonate larvae by a surface contaminationmethod. Toxin solu-
tionwas poured on the diet surface and allowed to dry. Neonate
M. sexta larvae were placed on the dried surface, and the mor-
tality was monitored after 7 days. The lethal concentration
required to kill 50% of the larvae (LC50) was estimated by Probit
analysis (Polo-PC LeOra Software).
ELISA Binding Assays—One ng/well of purified APN or ALP

was suspended in PBS buffer and used to coat a 96-well ELISA
plate. After overnight incubation at 4 °C, 200�l of PBS contain-
ing 2% skimmilk was added to each well and incubated at 37 °C
for 2 h. Then each well was washed three times with PBS buffer
followed by incubation with different Cry1Ab toxin dilutions

in PBS buffer (monomeric or oli-
gomeric structures) at 37 °C.
Excess toxin was removed by
washing, and each well was incu-
bated with anti-Cry1Ab antibody
(1/10,000) for 1 h at 37 °C. After
washing, peroxidase-conjugated
rabbit antibodywas added and incu-
bated again at 37 °C for 1 h. After
washing, substrate solution was
added, and absorbance at 490 nm
was measured. The data were ana-
lyzed using SigmaPlot version 10.

RESULTS

Expression of Aminopeptidase
and Alkaline Phosphatase Proteins
inM. sexta Larvae—The expression
of both APN and ALP in the differ-

ent states of larval development was determined by ligand blot
assays using biotinylated Cry1Ab toxin. The BBMV were iso-
lated frommidgut tissue of insects at different larval instar. Fig.
1A shows that Cry1Ab bound preferentially to a 65-kDa pro-
tein, previously identified as ALP (25) in BBMV isolated from
first and second instar larvae. In contrast, these assays revealed
that at the latter stages of larval development, such as the fourth
and fifth instar, only the 120-kDa corresponding to APN pro-
tein but not the 65-kDa band was observed. However, it is
important to mention that both proteins, APN and ALP, are
present during all instar stages, although at different levels.
Overexposure of the ligand blots revealed detectable low levels
of APN in the first and second instar larvae and detectable low
levels of ALP in the fourth and fifth instar larvae (data not
shown). APN and ALP specific activities were determined in
BBMV obtained from larvae in the different instars showing
higher ALP enzymatic activity than APN during the first
instars, whereas APN activity increased after the third instar,
showing higher APN activities than ALP in the fifth instar
(Fig. 1B).
Analysis of Binding of Cry1Ab Oligomer and Monomer to

APN and ALP—To determine the role of M. sexta ALP in
Cry1Ab toxicity, we decided to analyze the binding of Cry1Ab
oligomer to pure ALP preparations and compare it with the
binding to pure APN samples. APN was purified from fourth
instar larvae to avoidALP contamination, andALPwas purified
from third instar larvae because first and second instar larvae
are too small. The BBMV were solubilized with detergent, and
APN and ALP were purified by ion exchange and affinity chro-
matography, respectively, as described under “Experimental
Procedures.” The purified fractions containing only APN or
ALP activity were examined by SDS-PAGE and silver staining
to assess their quality (Fig. 2, lanes 1 and 2). APN appears as a
single band at �120 kDa, whereas ALP appeared as two bands
of �65 and 60 kDa. The purity of both receptors was further
examined by a Cry1Ab toxin ligand blot showing that both the
120-kDaAPN and the 65-kDaALP boundCry1Ab (Fig. 2, lanes
3 and 4). Tables 1 and 2 show the results of representative puri-
fication experiments of APN and ALP, respectively. These data

FIGURE 1. Expression of aminopeptidase N and alkaline phosphatase during larval development.
A, ligand blot analysis of biotin-labeled Cry1Ab toxin to BBMV proteins from M. sexta larvae isolated from each
instar larvae (first through fifth indicated). B, specific enzymatic activities of APN (black bars) and ALP (gray bars)
determined in BBMV from each larval instar.
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also indicate that the 65- and 120-kDa bands previously identi-
fied by Cry1Ab binding in BBMV samples (Fig. 1A) correspond
to ALP and APN proteins, respectively. The identity of the
65-kDa band as ALP protein was confirmed bymass spectrom-
etry analysis (data not shown).
We then analyzed the interaction of the two Cry1Ab struc-

tures, corresponding to the oligomeric or monomeric Cry1Ab
structures, with both receptors, APN or ALP. The Cry1Ab olig-
omers were purified by size exclusion chromatography from
Cry1Ab protoxin samples activated withM. sextamidgut juice
in the presence of a cadherin fragment that contains cadherin
repeats (CR) 7–12, whereas monomeric Cry1Ab was prepared
by activating Cry1Ab protoxin with trypsin as described under
“Experimental Procedures.” Fig. 3 shows the Cry1Ab trypsin-
activated 60-kDa monomer and the 250-kDa oligomer after
purification (Fig. 3, A and B, respectively, lanes 1).
Specific binding of Cry1Ab oligomer to both receptors, APN

andALP, proved to be concentration-dependent and saturable.
Oligomer binding to APN was saturated at 1 nM (Fig. 4A),
whereas saturable binding of Cry1Ab monomer was observed
with a much higher toxin concentration, 400 nM (Fig. 4B).
Determination of binding parameters indicated that the olig-
omer structure bound APN and ALP with an apparent binding
affinity (Kd) in the range of 0.5–0.6 nM, whereas the monomer
boundAPNorALPmoleculeswith an apparent binding affinity

of 100 and 260 nM, respectively. These results suggest that the
Cry1Ab oligomeric structure gains at least 200-fold higher
affinity to both APN and ALP proteins in comparison with the
Cry1Ab monomeric structure.
Cry1Ab-binding Regions Involved in APN and ALP

Interaction—Domain II loop 2 and 3mutants were previously
shown to be affected in APN binding (27, 37, 38). Also, a scFv
antibody that bound the domain III �16-�22 region com-
peted the binding of Cry1Ab to APN (10). However, the role
of these binding regions in the interaction of Cry1Ab olig-
omer with APN has not been analyzed, nor whether the same
regions are involved in the interaction with ALP. To gain
insight on the role of these Cry1Ab epitopes in the binding
interaction of Cry1Ab oligomer with both APN and ALP, we
characterized the binding of monomeric and oligomeric
structures of three Cry1Ab mutants to APN and ALP. Two
mutants were located in loop 2 of domain II (R368A/R369A
and F371A), and the third mutant was located in the �-16 of
domain III (L511A). Toxicity assays showed that the three
mutants were not toxic to M. sexta (Table 3). The protoxins
of the three Cry1Ab mutants characterized produced a
60-kDa protein after trypsin activation, indicating no major
structural constraints for these mutants (Fig. 3A). Although

FIGURE 2. Purification of M. sexta APN and ALP proteins. Silver stain 10%
SDS-PAGE of APN (lane 1) and ALP (lane 2) pure fractions from Mono Q (Table
1) and affinity chromatography (Table 2), respectively, are shown. Ligand
blots with biotin-labeled Cry1Ab toxin of APN (lane 3) and ALP (lane 4) frac-
tions are shown. Molecular mass markers are shown at the left of the figure.

FIGURE 3. Cry1Ab domain II loop 2 and domain III mutants are structur-
ally stable. A, SDS-PAGE electrophoresis pattern of trypsin activated Cry1Ab
(lane 1), L511A (lane 2), R368A/R369A (lane 3), and F371A (lane 4) toxins.
B, Western blot of pure oligomer samples obtained after size exclusion chro-
matography of toxin samples activated in the presence of cadherin fragment
CR7-CR12. Cry1Ab (lane 1), L511A (lane 2), R368A/R369A (lane 3), and F371A
(lane 4) toxins are shown. Molecular mass markers are shown at the left of the
figure.

TABLE 1
Purification of aminopeptidase-N from midgut brush border
membrane vesicles of fourth instar M. sexta larvae

Fraction Total
activity

Total
protein

Specific
activity Recovery

units mg units/mg %
BBMV 87.3 20 4.3 100
BBMV/CHAPS 49.3 5.4 9.1 56.4
Mono Qa 16.6 0.212 78.2 19.01

a Fig. 2 (lane 1) shows the protein profile of purified APN.

TABLE 2
Purification of alkaline phosphatase from midgut brush border
membrane vesicles of third instar M. sexta larvae

Fraction Total
activity

Total
protein

Specific
activity Recovery

units mg units/mg %
BBMV 35.6 10 3.56 100
BBMV/CHAPS 21.6 4.5 4.8 60.6
Affinity columna 1.135 0.1 11.35 3.18

a Fig. 2 (lane 2) shows the protein profile of purified ALP.
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the loop 2 mutants produced lower amounts of oligomer
after proteolytic activation in the presence of the cadherin
fragment CR7-CR12, enough oligomer was obtained to per-
form binding assays (Fig. 3B).

ELISA binding assays of monomeric (25 nM) or oligomeric
(0.1 nM) structures of Cry1Ab mutants to APN and ALP were
performed under nonsaturated conditions. These studies
showed that the monomeric structure of the L511A mutant,
located in domain III, was severely affected in binding to ALP
protein (Fig. 5A). In contrast, it is clear in this figure that this
mutant retained significant binding to APN (Fig. 5A). Fig. 5A
also shows that monomeric structures of the domain II loop 2
mutants, F371A and R368A/R369A, were not affected in their
binding interaction with both APN and ALP. The binding of
oligomeric structures of the Cry1Ab mutants to both APN and
ALP revealed that domain II loop 2 mutations are affected on
binding to both receptors, whereas the domain III mutant
L511A had just a marginal effect in its interaction with both
receptors (Fig. 5B).

DISCUSSION

In the pore forming model describing the mode of action of
Cry1Ab toxin (33), binding to cadherin receptor results in a
conformational change that allows further toxin proteolysis,
this cleavage induces the formation of a toxin prepore struc-
ture. Then the GPI-anchored receptors, APN and ALP, have
been proposed to bind the prepore oligomeric structure and
drive it into lipid rafts where pore formation takes place (12, 13,
33, 39). The role of the prepore oligomeric structure in Cry1A
toxicity was demonstrated by isolation of single-point muta-

tions in helix �-3, which were
affected in oligomerization and
were severally affected in toxicity.
Also, it was reported that Cry1Ab
mutants in helix �-4 were affected
in pore formation activity and were
inactive. The mutants in helix �-4
are dominant-negative inhibitors of
Cry1Ab toxin (5, 40).
We previously reported that the

Cry1Ab oligomeric structure bound
a protein extract enriched in M.
sextaAPN activity with an apparent
binding affinity of 1 nM, in contrast
with the monomeric toxin that
bound this protein extract with 160
nM apparent binding affinity. The
protein extract was enriched in

GPI-anchored proteins because it was prepared by treatment of
M. sexta BBMV with phospholipase-C that cleaves out GPI-
anchored proteins (13). Nevertheless, we did not rule out the
contribution of GPI-anchored ALP to the binding of the
Cry1Ab oligomer to that protein extract. To directly determine
the properties of toxin receptor binding interaction, the GPI-
anchored APN and ALP receptors were purified, and their
interaction with Cry1Ab oligomeric or monomeric structures
was analyzed. We found that Cry1Ab oligomer bound to APN
and ALP from M. sexta with similar high affinities, suggesting
that both proteins could act as receptors for Cry1Ab toxin.
These results suggest that both APN and ALP could have a
similar role in the binding of Cry1Ab prepore oligomer and in
mediating toxicity. However, it was also reported that APN and
ALP are differentially expressed within M. sexta gut, because
APN was preferentially expressed in the posterior part of the
gut, whereas ALP was expressed at similar levels through out
the gut (41). Interestingly, we show in this work that both APN
and ALP have also a differential expression through larval
development. ALP was expressed at higher levels than APN in
the two first larval instars, whereas APN was the predominant
GPI-anchored Cry1Ab binding protein in the fourth and fifth
instar (Fig. 1A). The identities of both the 65- and 120-kDa
proteins as ALP and APN were confirmed by purification of
these proteins and determination of their enzymatic activities
(Tables 1 and 2). In addition the 65-kDa band was confirmed to
be ALP by mass spectrometry analysis (data not shown). Over-
all, these data suggest that ALP could have a predominant role
in toxicity because toxicity bioassays are performed with neo-
nate larvae where ALP is highly abundant and present in the
anterior region of the gut. The susceptibility ofM. sexta larvae
to Cry1Ab is greatly diminished through larval development,
showing lower susceptibility to this toxin in higher instars (42),
and these data correlate with the developmental expression
pattern of ALP protein (Fig. 1A).
We characterized two Cry1Abmutants, located in domain II

loop 2 (R368A/R369A and F371A), with respect to their bind-
ing interaction with APN and ALP. Accordingly, we found that
the monomeric structures of these nontoxic mutants were not
affected in their binding interaction with APN or ALP. How-

FIGURE 4. Binding of Cry1Ab oligomer and monomer structure to APN and ALP proteins. The purified APN
(Table 1) and ALP (Table 2) were immobilized on ELISA plates and incubated with Cry1Ab oligomer (A, 0 –2 nM)
or monomer (B, 0 –1000 nM). Kd values obtained by Scatchard analysis are indicated inside the graphs.

TABLE 3
Toxicity of Cry1Ab and mutant toxins to M. sexta larvae

Toxin LC50
a Relative toxicityb

ng/cm2

Cry1Ab 3.9 (2.2–6.6) 1
R368A/R369A �1000 �260
F371A �1000 �260
L511A �1000 �260

a LC50 indicates the concentration required to kill 50% of the tested larvae. The
numbers in parentheses are 95% confidence limits.

b LC50 mutant/LC50 wild type.
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ever, these mutations had an important effect on the binding of
their corresponding oligomeric structure to APN or ALP.
These results show that domain II loop 2 of Cry1Ab oligomer is
an important epitope in the interaction with APN and ALP
receptors. It was previously reported that F371A mutation did
not affect APN binding, but these studies were done only with
the monomeric structure of the mutant toxin (37). Also it was
proposed that this mutant was affected inmembrane insertion,
and this effect was used as an argument to say that domain II
loop 2 may be participating in triggering membrane insertion
(43). Here we show that F371Amutation greatly affects binding
of the oligomeric structure to both APN and ALP. Because it
was shown that binding of the Cry1A oligomer to APN facili-
tates insertion of the toxin into the membrane (18), the results
presented here suggest that the previously observed effect of
F371A mutation in regard to its membrane insertion is due to
the severe effects of this mutation on the binding interaction of
the oligomeric structure with APN and ALP.
Recently we proposed that APN fulfills two roles in themode

of action of Cry1Ab: first as a low affinity and highly abundant
binding site that locates monomeric toxin in the vicinity of the
microvilli before cadherin binding and second as a secondary
high affinity receptor that mediates insertion of the oligomeric
Cry1Ab structure into the membrane, suggesting a ping-pong
binding mechanism (38). Interestingly, characterization of
nontoxic domain II loop 3 mutants revealed an opposite phe-
notypewhen comparedwith the loop 2mutations regarding the
binding of monomeric or oligomeric Cry1Ab to APN. Domain
II loop 3mutants affectedmonomer binding toAPN in contrast
to the binding of the oligomeric structure that was not affected
(38). Here we show that themonomeric structures of domain II
loop 2mutations had no effect on their binding to APN or ALP,
whereas oligomer binding to both GPI-anchored molecules
was greatly affected. These results show that domain II loops 2
and 3 mediate different steps of Cry1Ab interaction with GPI-
anchored receptors depending on their oligomeric state.
In relation to the interaction of domain III with APN and

ALP, previous work identified domain III �-16 of Cry1Ab as an

important binding determinant toM. sextaAPN (10). The non-
toxic L511Amutant is located in this �16, and this mutant was
specially affected in its interaction with ALP retaining signifi-
cant binding to APN (Fig. 5A). The severe effect on toxicity
shown by L511Amutant indicates an important role for ALP
binding in vivo and suggests that ALP has a predominant
role, in comparison with APN, on Cry1Ab toxicity. Never-
theless, the precise role of both GPI-anchored proteins on
Cry1Ab toxicity should be determined in the future; proba-
bly toxicity assays of larvae that are specifically silenced by
RNA interference for either APN or ALP could help in
answering this specific question.3
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Mexico and the §Department of Cell Biology and Neuroscience, University of California, Riverside, California 92506

Bacillus thuringiensisCry toxins are usedworldwide as insec-
ticides in agriculture, in forestry, and in the control of disease
transmission vectors. In the lepidopteran Manduca sexta, cad-
herin (Bt-R1) and aminopeptidase-N (APN) function as Cry1A
toxin receptors. The interaction with Bt-R1 promotes cleavage
of the amino-terminal end, including helix�-1 and formation of
prepore oligomer that binds to APN, leading to membrane
insertion and pore formation. Loops of domain II of Cry1Ab
toxin are involved in receptor interaction. Here we show that
Cry1Abmutants located indomain II loop3are affected inbind-
ing to both receptors and toxicity againstManduca sexta larvae.
Interactionwith both receptors depends on the oligomeric state
of the toxin.Monomers of loop 3mutants were affected in bind-
ing to APN and to a cadherin fragment corresponding to cad-
herin repeat 12 but not with a fragment comprising cadherin
repeats 7–12. In contrast, the oligomers of loop 3 mutants were
affected in binding to both Bt-R1 fragments but not to APN.
Toxicity assays showed that either monomeric or oligomeric
structures of Cry1Ab loop 3mutations were severely affected in
insecticidal activity. These data suggest that loop 3 is differen-
tially involved in the binding with both receptor molecules,
depending on the oligomeric state of the toxin and also that
possibly a “ping pong” binding mechanism with both receptors
is involved in toxin action.

Bacillus thuringiensis is a bacterium that produces crystalline
inclusions formed by insecticidal proteins, called Cry toxins,
during the sporulation phase of growth. Cry toxins are toxic to
different insect orders as well as to other invertebrates, such as
nematodes, mites, and protozoa (1). Cry toxins have been used
worldwide in the control of insect pests in agriculture, either as
transgenic crops or as spray formulations.
The molecular mechanism proposed to describe the action

of Cry1A toxins, which are active against different lepidopteran
insect species, involves several steps. After larval ingestion of
the crystalline inclusions, these are solubilized inmidgut lumen

and activated by proteases releasing a toxic 65-kDa fragment
that binds, in a sequential manner, with at least two receptors
located in midgut microvilli. The first interaction occurs with
cadherin protein (Bt-R1

2 in the case of Manduca sexta). This
interaction promotes further proteolytic processing of the
N-terminal end, including helix�-1 of the toxin, resulting in the
formation of a prepore oligomeric structure (2). The oligomer
has higher affinity to secondary receptors, which are anchored
byglycosylphosphatidylinositol, suchasaminopeptidase-N(APN)
or alkaline phosphatase in the case of M. sexta or Heliothis vire-
scens, respectively (3, 4). Glycosylphosphatidylinositol-anchored
receptors are located in specific membrane regions called lipid
rafts, where the oligomer inserts into the membrane-forming
pores, disrupting theosmotic equilibriumand leading to cell death
(1, 5). Although this mechanism of action is generally accepted, it
may involve additional binding molecules, such as glycolipids, or
more than one glycosylphosphatidylinositol-anchored receptor
(5, 6). Furthermore, it was shown that Bt-R1 that is normally not
located in lipid rafts changes its location to lipid rafts after treat-
ment of M. sexta microvilli membranes with Cry1Ab protoxin,
suggesting that it remains attached to toxin oligomer after binding
to APN (3).
The three-dimensional structures of several Cry toxins with

different insect specificity have been solved, including Cry1Aa,
Cry2Aa, Cry3Aa, Cry3Ba, Cry4Aa, and Cry4Ba (for a review,
see Ref. 1). Overall, these proteins show a similar organization
in three different domains, suggesting a conserved mode of
action as follows. Domain I contains seven �-helixes and is
involved in oligomer formation, insertion into the membrane,
and pore formation (1, 7); domain II consists of three antipar-
allel �-sheets, and its structure is the most variable of three
domains and is implicated in receptor recognition; and domain
III is composed of two antiparallel �-sheets and is also involved
in receptor binding (1).
Cry1A toxins bind to cadherin proteins of at least six lepi-

dopteran species,M. sexta, Bombyxmori,H. virescens,Helicov-
erpa armigera, Pectinophora gossypiella, andOstrinia nubilalis
(8–13). Insect cadherins are composed of an ectodomain
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Grant 1R01 AI066014. This work was also supported by Consejo Nacional
de Ciencia y Tecnologia Grants 83135 and 81639, DGAPA-UNAM Grants
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ELISA, enzyme-liked immunosorbent assay; scFv, single-chain Fv; MS, sin-
gle mutant; MD, double mutant; MT, triple mutant; PBS, phosphate-buff-
ered saline; CHAPS, 3-[(3-cholamidopropyl)dimethylammonio]-1-pro-
panesulfonic acid.
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formed by 11 or 12 cadherin repeats (CRs), a transmembrane
domain, and an intracellular domain (14). The exposed loops of
Cry1A domain II have been directly involved in binding with
cadherin in M. sexta, H. virescens, and B. mori (15–18). Three
Cry1Ab binding sites were mapped in CR7, CR11, and CR12 of
the M. sexta Bt-R1 (15, 19). The interaction between Cry1Ab/
Cry1Ac toxins andH. virescens cadherinwas analyzed, showing
that loop 3 of domain II binds to CR12 of this receptor (17).
Accordingly, loop 3 of Cry1Aa binds the corresponding site of
B. mori cadherin (Bt-R175) (18). Cry1Ab loop �-8 and loop 2
bind withM. sexta Bt-R1 CR7 and CR11 epitopes (15).
Regarding interaction of Cry1A toxins with the second

receptor, Cry1Ac toxin binds to APN by means of domain III,
which recognizesN-acetylgaloctosaminemoieties in the recep-
tor (20). Also, recent reports indicate that the region �16–�22
located in domain III of Cry1Aa and Cry1Ab toxins is involved
in the interaction with B. mori andM. sextaAPNs, respectively
(16, 21). In addition, domain II is involved in Cry1A toxin inter-
action with APN because mutations in domain II loop regions
that affected toxicity were shown to affect binding of Cry1Ac or
Cry1Ab to M. sexta and Lymantria dispar APNs (22, 23). It is
important to mention that these binding studies were per-
formedwithmonomeric toxins, and thesemutations could also
affect binding to the cadherin receptor. In another study, scFv
antibodies that bind specifically to Cry1Ab domain II loop 2 or
loop 3 or to domain III (�16–�22 region) were used to show
that these domain II loop regions, in contrast to domain III,
undergo a conformational change upon oligomerization, sug-
gesting that this structural change may be involved in the
sequential interaction of the Cry1Ab toxin with cadherin and
APN receptors (16).
To determine the role of domain II loop 3 residues in the

sequential interaction of Cry1Ab toxin with cadherin and APN
receptors, we characterized Cry1Ab domain II loop 3 mutants.
We analyzed the ability of either monomers or oligomers of
these mutants to bind Bt-R1 and APN and analyzed their effect
on toxicity. Our data show that mutations in domain II loop 3
differentially affect the binding with both receptors, depending
on the oligomeric state of the toxin.We propose that possibly a
“ping pong” bindingmechanismwith both receptors is involved
in toxin action.

MATERIALS AND METHODS

Site-directed Mutagenesis—pHT315-Cry1Ab was used as a
template for site-directed loop 3mutagenesis usingQuikChange�
Multi following themanufacturer’s instructions (Stratagene).
Purification and Activation of Cry1Ab Toxins—The acrystal-

liferous B. thuringiensis strain 407� was transformed with
pHT315-Cry1Ab or the same plasmid containing loop 3 substi-
tutions. B. thuringiensis transformant strains were grown for 3
days at 30 °C in LBmedium supplementedwith 10�g/ml eryth-
romycin. After sporulation, crystals were purified by sucrose
gradients. For monomer production, Cry1Ab crystals were sol-
ubilized in alkaline buffer and activated by trypsin as reported
previously (24). In order to obtain oligomeric structure, the
crystals were activated with 5% M. sexta midgut juice in the
presence of scFv73 antibody as described (16). The oligomers
were purified by size exclusion chromatography with a Super-

dex 200HR 10/30 (Amersham Biosciences) fast protein liquid
chromatography system. Protein concentration was deter-
mined by the Bradford assay, using bovine serum albumin as a
standard and the extinction coefficient method, where EM280 �
82,280 M�1/cm�1 for Cry1Ab toxin.
Expression and Purification of Cadherin Proteins—Frag-

ments of cadherin protein (CR7–CR12 or CR12) were cloned
into pET22b vector as reported previously (7, 25, 26). These
constructions were transformed into Escherichia coli ER2566
cells; protein expression was induced by the addition of 1 mM

isopropyl-thio-�-galactopyranoside. Proteins expressed as in-
clusion bodies were solubilized with 8 M urea solution. Bt-R1
peptides were purified with nickel affinity columns according
to the manufacturer’s instructions (Qiagen) and eluted with
250 mM imidazole in PBS buffer to eliminate urea.
Secondary Structure Analysis of CR12 and CR7–CR12 by CD

Spectroscopy—CD spectra were recorded with a JASCOmodel
J-715 spectropolarimeter equipped with a Peltier temperature
control supplied by Jasco. Spectra were collected from 200 to
240 nm. Buffer conditions were 10 mM potassium phosphate,
pH7.6, and 25 °C. Eight replicate spectrawere collected on each
sample to improve signal/noise ratio. The final purified protein
(CR12 or CR7–CR12) concentration was 0.3 mg/ml, and spec-
tra were collected in a 0.01-cm path length cell. The secondary
structure prediction was performed using the CDSSTR algo-
rithm, which requires data from 200 to 240 nm (27–29).
Expression and Purification of scFv Antibodies—The soluble

scFv73 and scFv3L3 antibodies were expressed in E. coli BL21
(DE3) cells and purified (16, 24).
Preparation of BBMV—Insect midguts of fourth instar

M. sexta larvae were dissected and used to prepare brush
border membrane vesicles by differential precipitation using
MgCl2 (30) and stored at �70 °C until use.
Toxin Overlay Assay—One hundred micrograms of BBMV

protein were loaded in a single long lane, separated by 9% SDS-
PAGE, and electrotransferred to polyvinylidene difluoride
membrane (AmershamBiosciences). Single gel blotswere incu-
bated with different Cry1Ab proteins using the PR 150 Mini
Deca-Probe (Amersham Biosciences) that was designed to
incubate each lane of the blot in different conditions, avoiding
the need of cutting lanes for different conditions. Ten parallel
troughs milled in one side of the upper plate become individual
incubation chambers when the unit is assembled. After block-
ing with PBS-M (PBS, 5% skim milk), the membrane was incu-
bated with 5 nM wild type or mutant Cry1Ab toxins. Unbound
toxins were removed by washing the membrane with PBS-T
(PBS, 0.1% Tween 20). Themembrane was then incubated with
rabbit anti-Cry1Ab antibody followed by secondary anti-rabbit
antibody conjugated with horseradish peroxidase (Amersham
Biosciences). Blots were visualized using luminol (ECLTM,
Amersham Biosciences).
Binding Assay of Cry1Ab Toxins with BBMV—For binding

assays of wild type and mutant Cry1Ab toxins to BBMV, 10 �g
of BBMV protein were incubated in binding buffer (PBS, 0.1%
bovine serum albumin, 0.1% Tween 20) with 5 nM Cry1Ab or
loop 3 mutants. The unbound toxin was removed by centrifu-
gation (10 min at 14,000 rpm). BBMVwere washed three times
with binding buffer and suspended in 10 �l of PBS, 3 �l of
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Laemmli sample buffer 4� (0.125 M Tris/HCl, 4% SDS, 20%
glycerol, 10% �-mercaptoethanol, 0.01% bromphenol blue).
The samples were separated by 10% SDS-PAGE and electro-
transferred to polyvinylidene difluoride membrane. The mem-
brane was revealed using rabbit anti-Cry1Ab (1:5000) and
secondary anti-rabbit (1:5000) conjugated with horseradish
peroxidase antibodies.
For competition binding assays, Cry1Ab toxin was labeled

with biotin using biotinyl-N-hydroxysuccinimide ester
according to the manufacturer’s instructions (Amersham
Biosciences). Ten micrograms of BBMV protein were incu-
bated in binding buffer (PBS, 0.1% bovine serum albumin,
0.1% Tween 20) with 5 nM biotinylated Cry1Ab toxin in the
presence or absence of a severalfold molar excess of unla-
beled wild type or Cry1Ab-activated mutants. The unbound
toxin was removed by centrifugation (10 min at 14,000 rpm).
BBMVwere washed three times with binding buffer and sus-
pended in 10 �l of PBS, 3 �l of Laemmli sample buffer 4�.
The samples were separated by 10% SDS-PAGE and electro-
transferred to polyvinylidene difluoride membrane. The
membrane was incubated with streptavidin-peroxidase con-
jugate (Amersham Biosciences) for 1 h, and blots were visu-
alized using luminol (Amersham Biosciences).
APN Purification—Aminopeptidase-N was purified from

BBMV of fifth instar M. sexta larvae as reported (31). BBMV
were incubated in solubilization buffer (1% CHAPS, 5 mM

EDTA, 0.1 MNaCl, 1mM phenylmethylsulfonyl fluoride, 20mM

Tris/HCl, pH 8.5) for 2 h at 4 °C. After centrifugation, superna-
tant was recovered and dialyzed in buffer A (2mMMgCl2, 2mM

KCl, 20 mM Tris/HCl, pH 8.5). The sample was loaded into an
ion exchange column (Mono-Q) connected to a fast protein
liquid chromatography system, APN was eluted using a 0–1 M

NaCl gradient, and finally the eluted APN was visualized by
SDS-PAGE andWestern blot. The activity of purified APNwas
determined using L-leucine-p-nitroanilide as substrate as
reported previously (32).
ELISA Binding Assay of Cry1Ab Toxins—ELISA plates were

coated with 1 �g of either cadherin protein fragment (CR7–
CR12 or CR12), APN fromM. sexta, or scFv antibodies (scFv73
or scFv3L3) in 100 ml of PBS/well overnight at 4 °C. The plates
were washed three times with PBS, blocked with 200 �l/well
PBS-M for 2 h at 37 °C, and washed three times with PBS. Dif-
ferent non-saturated concentrations of monomeric or oligo-
meric Cry1Ab were used in the different binding assays as indi-
cated throughout. The unbound toxins were removed by three
washes with PBS-T and three washes with PBS. The bound
toxins were detected using rabbit anti-Cry1Ab and anti-rabbit
conjugated with horseradish peroxidase antibodies. Finally,
ortho-phenylenediamine (Sigma) plus H2O2 was used as sub-
strate for detection. The reaction was stopped adding 50 �l of 1
M H2SO4 and measured at 490 nm using an ELISA microplate
reader. Data were analyzed using GraphPad Prism software
(version 5.0b), and data curves were transformed by the Scat-
chard equation for obtaining relative binding affinities (Kd).
Insect Bioassay—Bioassays were performed with M. sexta

neonate larvae by the surface contamination method (2). Dif-
ferent doses of toxin-activated proteins (from 0.1 to 2000
ng/cm2) were applied onto the diet surface contained in 24-well

polystyrene plates (Cell Wells, Corning Glass). A total of 24
larvae/plaque were fed with different doses of trypsin-activated
toxins. The plates were incubated at 28 °Cwith 65� 5% relative
humidity and a light/dark photoperiod of 16/8 h. Mortality was
recorded after 7 days, and the 50% lethal concentration (LC50)
was analyzed with Probit software. For single dose assays, 2
ng/cm2 of pure oligomer or 25 ng/cm2 of monomer samples
were used with 24 larvae per concentration, and mortality was
recorded after 5 days.

RESULTS

Construction of Cry1Ab Loop 3 Mutants—Previously, we
reported that loop 3 of Cry1Ab toxin showed a hydropathic
complementary patternwith the binding epitope ofH. virescens
cadherin, suggesting a putative interaction through a comple-
mentary hydropathic profile (17). Here we introduce amino
acid substitutions in loop 3 of Cry1Ab toxin designed to disrupt
the hydropathic profile of this region. Threemutants were con-
structed, a single point mutant S446V (named MS), a double
mutant S441R/N442V (MD), and the combination of these sub-
stitutions in a triple mutant S441R/N442V/S446V (named
MT). After mutagenesis, plasmids were sequenced and trans-
formed into an acrystalliferous B. thuringiensis strain, and cells
were sporulated to produce crystal proteins. The crystalline
inclusions produced by the loop 3 mutants, MS, MD, and MT,
and the Cry1Ab toxin were solubilized and activated with tryp-
sin. Fig. 1A shows that trypsin activation of the loop 3 mutants
produced a 65-kDa protein similar to the Cry1Ab toxin. To
determine whether these mutations affect oligomer formation
we activatedmutant protoxinswithM. sextamidgut juice in the
presence of scFv73 antibody. Antibody scFv73 was previously
shown to mimic a cadherin binding region and facilitates for-
mation of the oligomer structure when the Cry1Ab protoxin
was proteolytically activated in the presence of thismolecule (2,
24). Fig. 1B shows the Cry1Ab oligomers revealed by Western
blot using a Cry1Ab antibody that recognizes both the mono-
meric and the oligomeric structures. TheMS andMDmutants
produced 40% lower yields of oligomer than the Cry1Ab pro-
tein, as revealed by scanning the optical density of the 250-kDa
oligomer band (Fig. 1B). However, the MT mutant produced
significantly lower levels of oligomer than Cry1Ab or MS and
MD proteins (Fig. 1B).

To determine if loop 3mutations affect the structure of other
regions of domain II, we analyzed the binding of two anti-do-
main II antibodies (scFv73 and scFv3L3) that recognize either
domain II loop 2 or loop 3, respectively, and competewith bind-
ing of Cry1Ab with Bt-R1 in toxin overlay assays (16, 24, 33).
Anti-loop 2 scFv73 antibody bound to the trypsin-activated
mutants and to Cry1Ab toxin, indicating the same toxin con-
formation in this binding epitope (Fig. 1C). In contrast, the
anti-loop 3 scFv3L3 antibody only recognized the Cry1Ab toxin,
indicating that loop 3 mutations specifically affected the binding
capacities of the loop 3 amino acid region (Fig. 1D).
Binding Assays of Cry1Ab Loop 3 Mutants with M. sexta

BBMVProteins—Todetermine the effect of loop 3mutations in
binding to both cadherin and aminopeptidase receptors, toxin
overlay assays were performed. In these assays, BBMV proteins
were separated by SDS-PAGE and blotted to polyvinylidene
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difluoride membranes. BBMV proteins that bind monomeric
Cry1Ab toxin were identified after incubation with Cry1Ab
proteins and revealed with a polyclonal anti-Cry1Ab antibody.
Fig. 2A shows that the Cry1Ab monomeric toxin bound with
210- and 120-kDa BBMV proteins that were previously identi-
fied as Bt-R1 and APN, respectively (8, 24, 31). In contrast, loop
3 mutants were affected in binding both 210- and 120-kDa
BBMV proteins (Fig. 2A). The MT mutant was the most
affected because it barely bound to Bt-R1 or APN (Fig. 2A, lane
4). These results indicate the loop 3 mutations affect the bind-
ing of Cry1Ab to both Bt-R1 and APN receptor molecules.

To determine the effect of Cry1Ab loop 3 mutations on the
binding toM. sextaBBMV, Cry1Ab and loop 3mutant proteins
were incubated with BBMV, and bound labeled proteins were
observed using an anti-Cry1Ab polyclonal antibody. Fig. 2B
shows that the three loop 3mutants were affected in binding to
BBMV. Binding competition experiments of biotinylated
Cry1Ab to BBMVusing Cry1Ab or loop 3mutants as unlabeled
competitors show that the three mutants did not compete with
the binding of Cry1Ab, suggesting that they bound BBMVwith
lower affinity than Cry1Ab and that the MT mutant was the
most affected in binding (Fig. 2C).
Binding Assays of Cry1Ab Loop 3 Mutants with Bt-R1 and

APN—Toxin overlay assays determined binding of Cry toxins
to partially unfolded proteins after SDS-PAGE. To analyze the
effect of loop 3 mutations on toxin interaction with Bt-R1 and

APN in native conformation, we performed ELISA binding sat-
uration assays of the activated Cry1Ab, MS, MD, and MT pro-
teins to two cadherin fragment proteins produced in E. coli and
to APN protein purified from M. sexta midgut tissue. Previ-
ously, it was shown that the apparent binding dissociation con-
stant of Cry1Ab monomeric toxin with Bt-R1 was in the range
of 1 nM (8). Also, it was shown that bindingwithAPNwas in the
range of 100 nM (20). We previously cloned and produced in
E. coli two cadherin fragments corresponding to CR7–CR12
(residues Met810–Ala1485) and to CR12 (residues Gly1370–
Ala1485) of M. sexta Bt-R1 (7, 25, 26). It was reported that
Cry1Ab bound to a cadherin peptide (CR12-MPED) similar to
CR12 with a binding affinity of 9.5 nM (34). Fig. 3 shows the
analysis of folding of cadherin fragments CR7–CR12 and CR12
by circular dichroism spectra, indicating that both polypeptides
have a similar content of �-helices and �-strand structures,
with the �-fold structure the most abundant secondary struc-
ture. Fig. 4 shows that the Cry1Ab loop 3 mutants were not
affected in binding to CR7–CR12 cadherin fragment but were
affected in binding to CR12 and APN. Calculation of apparent
binding affinities by Scatchard plots (not shown) revealed that
Cry1Ab and the three loop 3 mutants bound CR7–CR12 with
very high binding affinity (Kd � 0.2 nM). In the case of CR12, the

FIGURE 1. Cry1Ab domain II loop 3 mutants are structurally stable. A, SDS-
PAGE electrophoresis pattern of trypsin-activated Cry1Ab (lane 2), MS (lane 3),
MD (lane 4), and MT (lane 5) toxins. Lane 1, molecular weight marker. B, West-
ern blot of toxin-activated samples in the presence of scFv73 antibody,
Cry1Ab (lane 1), MS (lane 2), MD (lane 3), and MT (lane 4). The 250-kDa olig-
omer and 60-kDa monomer bands are shown. Numbers below the 250 kDa
band represent the percentage of oligomer concentration after scanning this
band. C and D, ELISA binding analysis of 2.5 nM trypsin-activated Cry1Ab loop
3 mutants to anti-loop 2 scFv73 antibody (C) or anti-loop 3 scFv3L3 (D).

FIGURE 2. Cry1Ab loop 3 mutants are affected in binding to M. sexta
BBMV proteins. A, toxin overlay binding assays of Cry1Ab (lane 1), MS (lane
2), MD (lane 3), and MT (lane 4) toxins to blotted M. sexta BBMV proteins. The
210-kDa protein corresponds to Bt-R1, and the 120-kDa protein corresponds
to APN. The numbers represent the percentage of binding after scanning
bands. B, binding assays of 10 nM Cry1Ab (lane 1), MS (lane 2), MD (lane 3), and
MT (lane 4) toxins with M. sexta BBMV. The 65-kDa protein corresponds to
bound toxins recovered after centrifugation of BBMV samples and revealed
with antiCry1Ab antibody as described under “Materials and Methods.” The
numbers represent the percentage of binding after scanning bands. C, bind-
ing competitions of biotinylated Cry1Ab toxin to BBMV using different excess
of unlabeled Cry1Ab (�), MS (f), MD (Œ), and MT (�) proteins.
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MT mutant showed a 250-fold reduction on binding affinity,
whereas MT and MD showed a 70- and 80-fold reduction in
binding in comparison with Cry1Ab (Kd � 9.5 nM). Finally, the
MS,MD, andMTmutants were severely affected upon binding
with APN, showing a 28-, 14-, and 23-fold reduction in binding
affinity toAPN, respectively, in comparisonwithCry1Ab (Kd �
85 nM). The apparent binding affinities obtained by the satura-
tion ELISA binding assays are in the range of those previously
reported for cadherin fragment CR12-MPED andAPN (20, 34).
However, binding to CR7–CR12 showed a very high apparent
dissociation of 0.2 nM, 5-fold higher than the reported binding
affinity of 1 nM for Bt-R1 (8). In any case, the data clearly show
that Cry1Ab loop 3 mutations affected binding with CR12 and
APN but not with CR7–CR12.
Interaction of Cry1Ab Loop 3 Mutant Oligomers with M.

sexta Bt-R1—In the proposed model of the mode of action of
Cry1Ab, binding of Cry1Ab to Bt-R1 and APN depends on the
oligomeric state of the toxin (3). To determine the effect of the
loop 3 mutations characterized here on the binding of the oli-
gomeric structure with both receptors, we performed oli-
gomerization assays of Cry1Ab,MS,MD, andMT proteins and
further purified the oligomers by size exclusion chromatogra-
phy. Despite the lower yields of oligomer formation by the MT
mutant (Fig. 1B), we obtained sufficient amounts of oligomer
proteins (Fig. 5A) to perform binding assays with both Bt-R1
and APN.
We performed ELISA binding assays of both oligomeric and

monomeric structures of Cry1Ab proteins with cadherin frag-
ment proteins produced in E. coli. Non-saturated concentra-
tions of oligomers were used in the comparison with the bind-
ing of the loop 3mutants as judged by saturation binding assays

of Cry1Ab oligomer with both cadherin fragments and APN.3
The binding of 0.1 nM Cry1Ab and loop 3 mutant oligomers
with the cadherin fragments revealed that the loop 3mutations
affected significantly the binding of the oligomer with both
CR7–CR12 and CR12 cadherin fragments (Fig. 5, B and C). As
controls, we performed ELISA binding assays using monomers
that confirmed that loop 3 mutations affected monomer bind-
ing with CR12 but not with CR7–CR12 (Fig. 5, D and E).
Interaction of Cry1Ab Loop 3 Mutant Oligomers with M.

sexta APN—To determine the effect of the loop 3mutations on
the binding of Cry1Ab oligomer with APN, we performed
ELISA binding assays with APN purified fromM. sexta BBMV,
using either oligomeric or monomeric structures of each
mutant and of Cry1Ab. As above, non-saturated concentra-
tions were used in the ELISA binding assays. Fig. 6A shows that
0.1 nM Cry1Ab,MD,MS, andMT oligomers bound similarly to
APN protein. In contrast, 25 nM monomeric MD, MS, and MT
proteins were affected in binding to APN in contrast to the wild
type Cry1Ab monomer (Fig. 6B).
Toxicity Effects of Cry1Ab Loop 3 Mutations—We deter-

mined the effect of the Cry1Ab loop 3 mutations on toxicity
againstM. sexta larvae. Table 1 shows that the activatedMS and
MD mutants had a 9-fold reduction in mortality, whereas MT
had a 70-fold reduction inmortalitywhen the LC50 lethal values
were compared with activated Cry1Ab protein. To determine
the effect on mortality in the context of both monomeric and
oligomeric structures, we performed a single dose toxicity assay
of pure monomer or oligomeric structures. Table 1 shows that
a single dose of Cry1Ab monomer (25 ng/cm2) or Cry1Ab oli-
gomer (2 ng/cm2) resulted in 95% larval mortality. In contrast,
the same doses of monomeric and oligomeric structures of the
three loop 3 mutants were severely affected in toxicity to
M. sexta larvae (Table 1).

DISCUSSION

Interaction of pathogens with their target cells involves spe-
cific recognition of surface molecules to modulate cell recogni-
tion, membrane insertion, or cell internalization. In the case of
bacterial pore-forming toxins, the interaction of single recep-
tors seems to be a general strategy, although in the case of sev-
eral toxins, such as diphtheria, anthrax protective antigen, or
aerolysin, more than one surface molecule is involved in the
binding and mode of action of these toxins (35–37). With
viruses, sequential interaction with several surface molecules is
important for infection where structural changes of the viral
proteins are involved in target cell interactions (38, 39).
Regarding insecticidal Cry1A toxins, membrane insertion is

the result of the sequential interaction with at least two recep-
tor molecules in the lepidopteranM. sexta, Bt-R1 and APN (3).
Binding of Cry1Ab toxin with Bt-R1 facilitates removal of helix
�-1, triggering toxin oligomerization (2). The oligomer gains
binding affinity to the second receptor, APN, and this interac-
tion enhances insertion of the oligomer into the membrane (3,
40). We previously hypothesized that sequential interaction of
the Cry1Ab toxin with the two receptors involves structural
changes of binding epitopes upon oligomerization (16). By use

3 I. Arenas and I. Gómez, unpublished data.

FIGURE 3. Analysis of secondary structure composition of cadherin frag-
ments by CD spectra. A, CD spectra of cadherin fragments CR12 (�) and
CR7–CR12 (F). MRE, mean residue ellipticity. B, prediction of content in per-
centage of different secondary structures.
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of scFv antibodies that bind with two different domain II loop
regions, loop 2 and loop 3, or with the domain III �16–�22
region, we showed that antibodies to domain II loop recognized
preferentially the monomeric structure rather than the oli-
gomer, in contrast to the anti-domain III scFv molecule that
recognized equally both structures. This finding suggests a sub-
tle structural change in domain II loop 2 and 3 binding regions

upon oligomerization of the toxin (16). Here we show that
the loop 3 mutations have a differential effect on binding to
both Bt-R1 and APN, depending on the oligomeric state of
the toxin (monomer versus oligomer structures). Thus,
structural changes that occur upon oligomerization also
affect Cry1Ab toxin binding capacities.
In this study, we mutagenized domain II loop 3 to determine

its role in the in vivo binding to both Bt-R1 and APN receptors.
Published data regarding the role of this binding region in the
interaction with both receptor molecules are incomplete
because binding of loop 3mutant oligomerswith the two recep-
tormolecules was not previously analyzed.Mutagenesis studies
of Cry1Ab and Cry1Ac loop 3 previously performed indicated
that this amino acid region was important for binding with
M. sexta BBMV and toxicity (40, 41). In addition, alanine sub-
stitutions of loop 3 residues in Cry1Ab and Cry1Ac toxins
showed a correlative effect on APN binding, suggesting that
their effects on toxicity were due to defects in this binding (22,
23). However, it was also shown that loop 3 is the cognate bind-

FIGURE 4. ELISA saturation binding assays of Cry1Ab, MS, MD, and MT toxins to cadherin fragments CR7–CR12, CR12, and APN.

FIGURE 5. Binding analysis of Cry1Ab and loop 3 mutants to cadherin fragments. A, Western blot of pure oligomer samples obtained after size exclusion
chromatography of toxin samples activated in the presence of scFv73 antibody, Cry1Ab (lane 1), MS (lane 2), MD (lane 3), and MT (lane 4). B, ELISA binding assays
of 0.1 nM Cry1Ab (wild type (WT)), MS, MD, and MT oligomeric structures to cadherin fragment CR7–CR12. C, ELISA binding assays of 0.1 nM Cry1Ab, MS, MD, and
MT oligomeric structures to cadherin fragment CR12. D, ELISA binding assays of 2.5 nM Cry1Ab, MS, MD, and MT monomeric structures to cadherin fragment
CR7-CR12. E, ELISA binding assays of 2.5 nM Cry1Ab, MS, MD, and MT monomeric structures to cadherin fragment CR12.

FIGURE 6. Binding analysis of Cry1Ab and loop 3 mutants to APN. A, ELISA
binding assays of 0.1 nM Cry1Ab (wild type (WT)), MS, MD, and MT oligomeric
structures to APN. B, ELISA binding assays of 25 nM Cry1Ab, MS, MD, and MT
monomeric structures to APN.

TABLE 1
Toxicity of Cry1Ab toxin to M. sexta larvae

LC50
a LC50(mutant)/

LC50(wild type)
Monomer sample

(25 ng/cm2)
mortality

Oligomer sample
(2 ng/cm2)
mortality

ng/cm2 % %
Cry1Ab 10.3 (8.9–11.9) NDb 95 95
MS 94.7 (73–119.7) 9.19 5 5
MD 91.7 (75.7–113.7) 8.9 5 5
MT 723 (341.1–2148.9) 70.12 0 0
a50% lethal concentration of trypsin-activated Cry1Ab proteins.
b ND, not determined.
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ing region of CR12 inH. virescens cadherin and in Bt-R1 recep-
tors (17) (Fig. 4), suggesting that this toxin region may be
involved in the interaction with both Bt-R1 and APN receptors.
Toxin overlay binding analysis of loop 3 mutants confirmed

the hypothesis that this amino acid region may be involved in
the interaction with both Bt-R1 and APN receptors because
binding with both of these proteins was greatly reduced, data
that correlated with the observed reduced binding with M.
sexta BBMV. However, binding analysis of monomeric or oli-
gomeric structures to non-denatured Bt-R1 fragment or APN
revealed unexpected results that indicate that the mode of
action of Cry1Ab toxin may involve multiple binding interac-
tions with both receptor molecules during the intoxication
process. ELISA binding assays showed that loop 3 mutations
had a significant effect on the binding of monomeric toxin with
APN. In the case of aerolysin, another pore-forming toxin, the
first binding event with the target cell involves binding with a
high abundance low affinity binding molecule and then with a
low abundance but high affinity binding site (37). APNhas been
shown to be an abundant molecule inM. sextamidgut, in con-
trast with Bt-R1 that is present in much lower concentrations
(42). We therefore speculate that monomeric Cry1Ab binds
first with the high abundance low affinity APN site before the
high affinity interaction with Bt-R1.
Regarding the interaction of Cry1Ab monomer with Bt-R1

receptor, previous work showed that domain II, loop �-8, loop
2, and loop 3 are involved in the binding of Cry1Ab toxin to this
receptor (2, 16, 32). Loop 2 was the cognate binding epitope of
the CR7 region (869HITDTNNK876) (33); loop �8 and loop 2
interact with the CR11 region (1331IPLPASILTVTV1342) (15),
whereas loop 3 binds to the CR12 region of the cadherin recep-
tors inH. virescens and B. mori (17, 18). Monomeric structures
of the three loop 3 mutants characterized here were only
affected in the bindingwith theCR12 fragment of Bt-R1 and not
with a Bt-R1 fragment corresponding to CR7–CR12 (Fig. 4),
confirming that Cry1Ab loop 3 binds CR12 and that binding
with the CR7–CR12 fragment also involves loops �-8 and 2.
Loop 3mutations had no effect on the binding interaction of

the Cry1Ab oligomeric structure with APN but had a signifi-
cant effect on oligomer bindingwithBt-R1 (Figs. 5 and 6). These
results suggest that when oligomer is formed after interaction
withBt-R1, it remains boundwithBt-R1 through loop 3 and that
oligomer interaction with APN involves other regions as previ-
ously reported, corresponding to the domain III �16–�-22
region (16, 21). Furthermore, the formation of such a protein
complex (Bt-R1-Cry1Ab-APN complex) was previously sug-
gested because Bt-R1 was mobilized into lipid rafts after toxin
interaction (5). What could be the role of such a protein com-
plex (Bt-R1-oligomer-APN) in Cry1Ab toxicity? Loop 3 muta-
tions severely affected the toxicity of Cry1Ab oligomer, sug-
gesting that this protein complexmay be important for toxicity.
However, engineered Cry1Ab- and Cry1Ac-modified toxins
(Cry1AbMod and Cry1AcMod) lacking helix �-1 formed olig-
omers in the absence of cadherin interaction and killedM. sexta
larvae that were silenced for the cadherin gene, showing that
cadherin interaction is not important for toxicity mediated by
Cry1Ab oligomer (25). Therefore, the effect of loop 3mutations
on oligomer toxicity should be due to postbinding APN events.

Previously, it was shown that the APN binding through
N-acetylgaloctosaminemoieties enhancesmembrane insertion
of Cry1Ac toxin (43). It is possible that domain II loop 3 muta-
tions affect structural changes that are triggered by APN and
necessary for membrane insertion of the Cry1Ab oligomer. In
this regard, it has been shown that mutations in domain II loop
2 Phe371 retain binding withM. sexta BBMV but are affected in
membrane insertion (44, 45).
The results shownhere indicate thatCry1Ab toxin specificity

is determined by a complex binding mechanism with two dif-
ferent receptor molecules that depends on the oligomeric state
of the toxin. A “ping pong” binding mechanism may occur
where domain II loop 3 may be involved in the first binding
event with the high abundance low affinity APN receptor. This
interaction is followed by a high affinity binding to Bt-R1 recep-
tor that involves participation of other regions of domain II in
addition to loop 3, such as loops �-8 and 2. Interaction with
Bt-R1 triggers cleavage of helix �-1 and oligomer formation.
The oligomeric structure gains binding affinity with APN
through other regions of the toxin, such as the domain III�16–
�22 region, but remains bound with Bt-R1 through loop 3.
Finally, residues in domain II loop 3 may be also involved in
post-APN binding events important for toxicity, such as oli-
gomer membrane insertion (Fig. 7).
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Bacillus thuringiensis Cry toxins are used in the control of insect pests. They are pore-forming toxins with a
complex mechanism that involves the sequential interaction with receptors. They are produced as protoxins,
which are activated by midgut proteases. Activated toxin binds to cadherin receptor, inducing an extra
cleavage including helix α-1, facilitating the formation of a pre-pore oligomer. The toxin oligomer binds to
secondary receptors such as aminopeptidase and inserts into lipid rafts forming pores and causing larval
death. The primary threat to efficacy of Bt-toxins is the evolution of insect resistance. Engineered Cry1AMod
toxins, devoid of helix α-1, could be used for the control of resistance in lepidopterans by bypassing the
altered cadherin receptor, killing resistant insects affected in this receptor. Here we analyzed the mechanism
of action of Cry1AbMod. We found that alkaline pH and the presence of membrane lipids facilitates the
oligomerization of Cry1AbMod. In addition, tryptophan fluorescence emission spectra, ELISA binding to pure
aminopeptidase receptor, calcein release assay and analysis of ionic-conductance in planar lipid bilayers,
indicated that the secondary steps in mode of action that take place after interaction with cadherin receptor
such as oligomerization, receptor binding and pore formation are similar in the Cry1AbMod and in the wild
type Cry1Ab. Finally, the membrane-associated structure of Cry1AbMod oligomer was analyzed by electron
crystallography showing that it forms a complex with a trimeric organization.
© 2009 Elsevier B.V. All rights reserved.
1. Introduction
Bacillus thuringiensis (Bt) bacteria produce insecticidal Cry proteins
that are toxic to different insect orders, but harmless to vertebrates
and other organisms [1]. Cry toxins are produced as crystal inclusions
during the sporulation phase of the bacteria. They are pore-forming
toxins that kill susceptible insects by destroying the cells of their
midgut epithelium [1,2]. The crystal inclusions are ingested by the
larvae and solubilized in the midgut lumen due to the alkaline and
reducing environment that is present in the larval gut [1–3]. The
soluble protoxins are activated by midgut proteases producing
monomeric toxins. The activated toxins must undergo conformational
changes in order to insert into the target membrane forming ionic
pores [1,2]. In a previous study, it was demonstrated that binding of
roteins; SUV, small unilamellar
escence units; PMSF, Phenyl-
ride; HRP, horseradish perox-
wo-dimensional; OTG, octyl-β-

ll rights reserved.
monomeric Cry1Ac to brush border membrane vesicles isolated from
susceptible Manduca sexta larvae induce aggregation of the toxin and
that the toxin becomes highly resistant to digestion with protease K
since only 60 amino acids in amino terminal region including helix α-
1 were cleaved [4]. Later we showed that in the case of Cry1A toxins
the interaction with the primary cadherin receptor facilitates this
additional cleavage at the N-terminal end of the toxin, which
eliminates helix α-1 of domain I [5]. This cleavage induces the
assembly of the toxin into an oligomeric pre-pore structure [5,6]. The
oligomeric toxin then binds to secondary receptors, which are glycosyl
phosphatidylinositol (GPI)-anchored proteins, such as aminopepti-
dase N (APN) or alkaline phosphatase [6–8]. Compared with toxin
monomers, the Cry toxin oligomers have increased binding affinity to
the secondary receptors [6]. After binding to the secondary receptor,
the Cry toxin oligomer localizes into membrane-microdomains or
lipid rafts, where it inserts into the membrane forming pores that
cause ion leakage, cell lysis and insect death [6]. The toxin oligomer
produces stable channels in black lipid bilayers with high open
probability, in contrast to the monomeric toxin structure [9]. Point
mutations affecting oligomerization of Cry1Ab toxin were unaffected
in their binding interaction with cadherin receptor but were severely

mailto:bravo@ibt.unam.mx
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impaired in its pore formation activity and in its toxicity against
susceptible insect larvae [4,10], suggesting that the oligomeric toxin
pore plays a major role in the mode of action of Cry toxins in
lepidopteran larvae.

Different Cry toxins active against different insect orders showed a
similar mechanism of action, since they also form oligomeric
structures after interaction with their protein receptors [5,11–16]. In
the case of other pore-forming toxins produced by other bacteria, an
oligomeric pre-pore structure is also produced after receptor binding.
This oligomeric structure represents a toxin intermediate before
insertion into the membrane [17].

The primary threat to the long-term efficacy of Bt-toxins is the
evolution of resistance by pests. Previously we showed that engineered
variants of Cry1A toxins modified to lack amino terminal end, including
helixα-1 (Cry1AbModandCry1AcMod) are able to formoligomers after
proteolysis in the absence of cadherin receptor [18]. These Cry1AMod
toxins kill resistant insects affected in cadherin gene such as Pectino-
phora gossypiella. Cry1AMod toxins also killM. sexta larvaewith reduced
cadherin expression after RNA interferenceusinga cadherin-dsRNA [18].
However, the mechanism of action of Cry1AMod toxins was not
previously analyzed. In order to propose the use of Cry1AMod toxins
in thefield as an alternative to control insect resistance to Cry toxins, it is
important to demonstrate that they work with a similar mechanism as
the approved unmodified Cry1A toxins. In this regard it is important to
characterize the different steps in Cry toxin action that take place after
cadherin interaction such as binding to GPI-anchored receptors,
structural organization of oligomers and pore formation activity.

In this work we took advantage that Cry1AMod toxins oligomerize
in the absence of primary receptor interaction to study the limiting
factors affecting oligomer formation.We characterized the oligomer of
Cry1AbMod by analyzing binding to aminopeptidase N receptor and
its pore formation activity and determined some structural aspect of
the membrane-associated oligomer by tryptophan fluorescence
spectroscopy and by negative staining of 2D crystals showing that
they form a complex with a trimeric organization.

2. Experimental procedures

2.1. Preparation of liposomes

Egg-yolk phosphatidylcholine (PC) at 2.6 μmol final concentration
from a chloroform stock (Avanti Polar Lipids, Alabaster, AL), was dried
by argon flow evaporation followed by overnight storage under
vacuum to remove residual chloroform. The lipids were hydrated in
2.6 ml of 150 mM KCl, and 10 mM CHES at pH 9, for 5 min followed by
vortex. To prepare small unilamellar vesicles (SUV) the lipid
suspension was subjected to sonication three times for 3 min in a
Branson-1200 bath sonicator (Danbury, CT). Liposomes were used
within 48 h upon their preparation, where they remained stable and
showed similar capacitance values. Liposomes were prepared by
keeping the total lipid concentration at 1 mM and diluted to the
required concentration just before use. Calcein containing vesicles
were prepared by sonication of the SUV liposomes in 80 mM calcein
(Molecular Probes, Eugene Oregon), three times for 3 min, dissolved
in 150 mM KCl, and 10 mM CHES at pH 9. In order to remove the non-
entrapped calcein, 650 μl of the calcein-vesicle suspension were
loaded to a gel filtration Sephadex G-50 column (1×15 cm) and
eluted with the same buffer.

2.2. Purification of Cry1AbMod and wild type Cry1Ab toxins

Bt transformants containing cry1AbMod or cry1Ab genes were
grown for 3 days at 30 °C in HCT sporulation medium supplemented
with 10 μg/ml erythromycin. The HCTmedium contained (g l−1): Bacto
Tryptone (Difco), 5; Casamino acids (Difco), 2; KH2PO4, 3.4; MgSO4.7-
H2O, 0.012; MnSO4.4H2O, 0.0003; ZnSO4.7H2O, 0.0028; the pH was
adjusted to 7.2. After sterilization Fe(SO4).7H2O, 0.02; CaCl2.2H2O 0.147
and glucose 3;were added (g l−1). The Bt strain expressing Cry1AbMod
toxin produced bipyramidal crystals similar to the wild type Cry1Ab
toxin. After sporulation, Cry1AbMod and Cry1Ab crystals were purified
by sucrose gradients [19] and protoxins were solubilized in different
pH conditions, as follows: 100 mM Tris–HCl, 0.2% β-mercaptoethanol
pH 8.5; or 100 mM CHES, 0.2% β-mercaptoethanol pH 9.0; 80 mM
NaHCO3, 20 mM Na2CO3, 0.2% β-mercaptoethanol pH 10 or pH 10.5;
100 mM piperidine 0.2% β-mercaptoethanol pH 11, 100 mM NaH2PO4,
0.2% β-mercaptoethanol pH 12 or 100 mM NaOH pH 12. Protoxin
activation was performed by 1 h incubation with trypsin at 37 °C at
different pHs as indicated in the results section, either in the presence
or in the absence of PC-SUV (5000:1 lipid:protein ratio). Proteolysis
was stopped by adding 1 mM phenylmethylsulfonyl fluoride (PMSF).
For the production of wild type Cry1Ab oligomer, Cry1Ab protoxin was
activated with 0.5% M. sexta midgut juice in the presence of scFv73
antibody (1:4 protein:antibody ratio) as reported previously [5]. For
pore formation assays in black lipid bilayers the Cry1Ab or Cry1AbMod
oligomeric structures were produced in the presence of PC-SUV to
recover membrane-inserted oligomer as previously described [10]. For
ELISA binding assays or tryptophan fluorescence determinations,
oligomer was prepared in the absence of PC-SUV to recover soluble
oligomer. The oligomeric structure was further purified by size-
exclusion chromatography with a Superdex 200 HR 10/30 (Amersham
Pharmacia Biotech, Uppsala, Sweden) FPLC size-exclusion column as
described [5]. The purified Cry1Ab and Cry1AbMod oligomeric
structure eluted in fractions 9–11 of the column, while monomeric
structure eluted in fractions 16–18 as previously reported [5,10].
Protein concentration was determined by the Bradford assay using
bovine serum albumin as standard and the extinction coefficient
method where Em

280=5700 M−1/cm−1 for Cry1Ab toxin.

2.3. Western blot

Protein samples were boiled for 5 min in Laemmli sample loading
buffer, separated in SDS-PAGE and electrotransferred onto PVDF mem-
brane (Millipore, Bedford, MA). The Cry1Ab and Cry1AbMod proteins
were detected using polyclonal anti-Cry1Ab antibody (1/15,000, for
1 h) followed by a secondary antibody coupled with horseradish
peroxidase (HRP) (Sigma, St Louis, MO) (1/5000, 1 h). This polyclonal
anti-Cry1Ab antibody was obtained as reported [20] from a New
Zealand white rabbit immunized with a Cry1Ab sample containing a
mixture of Cry1Ab monomeric and oligomeric structures obtained after
proteolytical activation in the presence of scFv73 antibody. This
antiserum readily recognized the 250-kDa oligomer and the 60 kDa
monomeric toxin, in contrast to other polyclonal antibodies obtained by
immunizing with trypsin activated Cry1Ab toxin. Blots were revealed
with luminol (ECL; Amersham Pharmacia Biotech) as described by the
manufacturers. Molecular weight markers used in all SDS-PAGE were
precision pre-stained plus standards all blue (BioRad, Hercules CA).

2.4. Tryptophan fluorescence emission assays

Analysis of the Trp fluorescence emission of Cry1Ab or Cry1AbMod
oligomer inserted in SUV membranes was done by adding SUV to the
protein suspension of pure soluble-oligomer in the cuvette to get a
ratio of 5000 (lipid:protein). After liposome addition,1 h of incubation
at room temperature was allowed before liposome vesicles were
recovered by ultracentrifugation at 100,000 ×g and suspended in the
same volume. The Trp emission spectra were performed as previously
described [9], three to four scans were recorded and corrected for
background and dilution. The membrane suspension was subject to
spectrum acquisition. Controls of oligomeric Cry1AbMod incubated in
the absence of membrane was performed, showing that protein
remain in solution under these experimental conditions. Control
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spectra from SUV alone were performed under the same conditions
and subtracted from the respective protein spectra.

2.5. Purification of aminopeptidase N (APN)

The brush border membrane APNwas purified fromM. sexta BBMV
[21] isolated from 5th instar larvae. The BBMV were solubilized 2 h at
4 °C in 20 mM Tris–HCl at pH 8.5 containing 100 mM NaCl, 5 mM
EDTA, 1 mM PMSF, and 1% CHAPS. After detergent solubilization of
BBMV the APN protein was purified using a mono-Q column as
previously reported [22]. Briefly, the samples were centrifuged 1 h at
90,000 ×g and the supernatants containing the CHAPS-solubilized
proteins were concentrated by Amicon YM-50 ultrafiltration. A 2 ml
aliquot was applied to a HR 5/10 mono-Q column equilibrated with
20 mM Tris–HCl at pH 8.5 buffer containing 2 mM MgCl2, 2 mM KCl.
The columnwas eluted with a NaCl gradient (0.5–1 M) with a flow rate
of 1 ml per min for 40 min. APN activity was assayed using L-leucine-p-
nitroanilide (LpNA) as substrate [23]. Fractions containing APN activity
were pooled and concentrated by Amicon YM-50 ultrafiltration. Quality
of APN purification was observed in SDS-PAGE.

2.6. Toxin overlay assays

Protein blot analysis was done as described previously [20]. The
pure APN protein sample (1.3 μg) was separated by 10% SDS-PAGE and
electrotransferred to nitrocellulose membranes PVDF (Millipore,
Bedford MA). After renaturation and blocking, blots were incubated
for 2 h with 10 nM of biotinylated Cry1A toxins in washing buffer (1%
Tween 20 in PBS) at room temperature. Unbound toxin was removed
bywashing three times for 10min inwashing buffer (1ml) and bound
toxin was identified by streptavidin-peroxidase conjugate (1:5000)
for 1 h and visualized using luminol (ECL, Amersham) as described by
manufacturers.

2.7. ELISA binding assays

ELISA plates, 96-wells, were coated with 10 ng of the purified APN
in PBS buffer. After 12 h incubation at 4 °C, 200 μl PBS containing 2%
non-fat drymilk was added to eachwell and incubated for 2 h at 37 °C.
The ELISA plate was washed three times with PBS buffer, followed by
1 h incubationwith different concentrations (0.6–5 nM) of oligomeric
Cry1Ab or Cry1AbMod toxins at 37 °C. The unbound toxin was
removed by three times washing and the ELISA plate was incubated
1 h with anti-Cry1Ab antibody (1:20,000) at 37 °C. After three times
washing, the secondary antibody coupled to HRP-peroxidase
(1:10,000) was added for 1 h at 37 °C. ELISA plates were finally
washed three times. The HRP enzymatic activity was revealed with a
freshly prepared substrate (40 mg of o-phenylenediamine, 18 ml of
H2O2 in 100 ml of 100 mM NaH2PO4, at pH 5.0). The enzymatic
reactionwas stopped with 6 N HCl and the absorbance read at 490 nm
with a Pharmacia LKB Ultraspec II. Binding of monomeric Cry1Ab was
used as control in these experiments showing no binding under this
concentration range (data not shown).

2.8. Pore formation activity with calcein release assay

Calcein leakage experiments were performed as described [9].
Briefly, 10 μl of calcein-loaded liposomes were added to 900 μl of
150 mM KCl, CHES 10 mM, and 2.5 mM CaCl2, at pH 9. Calcein
fluorescence was excited at 490 nm and monitored at 520 nm (4 nm
slit) with an Aminco Bowman Luminescence Spectrometer (Urbana IL).
The soluble oligomeric toxin samples were added and the release of
calcein was analyzed. The released calcein induced an increase in
fluorescence due to the dequenching of the dye after release into the
external medium. Maximal leakage at the end of each experiment was
assessed by adding 0.1% Triton-X-100 that clarify the SUV solution. All
fluorescence experiments were performed in quadruplicate at 20 °C.

2.9. Pore forming activity in black lipid bilayers

Black lipid bilayers were made as previously reported [9,24] with
egg derived PC. Bilayer capacitance values were between 250 and
300 pF. Buffers 300 mMKCl, and 10 mM CHES, at pH 9 and 10 mMKCl,
and 10 mM CHES, at pH 9 were added to the cis and trans
compartments, respectively. Once a bilayer was formed, the activated
Cry1AbMod or Cry1Ab toxins in SUV were added to the cis
compartment; the trans compartment was held as reference ground.
All experiments were performed at room temperature. Single-channel
currents were recorded with a Dagan 3900A patch-clamp amplifier
(Dagan Corp.; Minneapolis, MN). Currents were filtered at 200 or
500 Hz, digitalized on-line at 1 or 2 kHz, and analyzed using a Digidata
1200 interface and Axotape and pClamp software (Axon Instruments,
Foster City, CA).

2.10. 2D crystallization of Cry1AbMod oligomers

Purified Cry1AbMod protoxin was diluted to a final concentration
of 1.5 mg/ml in 80 mM NaHCO3, and 20 mM Na2CO3, at pH 10.5
containing trypsin at a final dilution of 1:20 (trypsin:protoxin) and a
PC-SUV to protein mass ratio of 0.5 in a total volume of 100 μl. The
reaction was incubated 2 h at 37 °C with slow agitation. Reaction was
stopped with PMSF 0.1 mM (final concentration) and centrifuged 1 h
at 100,000 ×g, 4 °C. The membrane pellet was suspended in 80 mM
NaHCO3, 20mMNa2CO3, and 50mMoctyl-β-D-1-thioglucopyranoside
(OTG) at pH 10.5. Finally detergent was removed by adding 0.015 g
biobeads SM2 (25–50 mesh from BioRad Hercules CA) every 4 h
during 24 h (6 additions) at 16 °C with slow agitation.

2.11. Electron microscopy

Five microliters of the protein samples was placed onto carbon-
formvar-coated copper grids G400/Cu 400 mesh square, excess liquid
was drained off with filter paper upon which the specimen was
stained with 20 μl of 2% (w/v) uranyl acetate (pH 4.25) for a few
seconds and blotted dry. Specimens were observed in a Jeol 1200 EX
transmission electronmicroscope operated at 100 kV. Electron micro-
graphs were recorded at a calibrated magnification of 37,800×.
Selected micrographs were digitized at increments so that one pixel
corresponded to 5.29 Å at the specimen level. Images were analyzed
and projectionmaps calculated using the software package CRISP [25].

2.12. Bioassays

Insect toxicity of Cry1Ab and Cry1AbMod toxins was assayed with
first instar M. sexta larvae by the diet-surface contamination
procedure. The protoxins Cry1Ab and Cry1AbMod were solubilized
at pH 10.5. A constant volume of the sample dilutions in water (35 μl)
was applied onto the diet surface contained in 24-well polystyrene
plates (Cell Wells, Corning Glass Works, Corning NY). One first instar
larva was added per well and one 24-well plate was used per toxin
concentration. The plates were incubated at 28 °C, 65±5% of relative
humidity, and a light:dark photoperiod of 16:8 h. Mortality ofM. sexta
larvae was recorded after seven days. Aedes aegypti and Anopheles
albimanusmosquitoes were reared at 28 °C, 87% RH and 12:12 h light:
dark photoperiod. Twenty early fourth-instar larvae were placed in
100 ml of dechlorinated water. Spore–crystal complex of Cry1Ab or
Cry1AbMod were used in the mosquito-bioassays (three repetitions).
A negative control of dechlorinated water was included. A. aegypti and
A. albimanus larvae were incubated at 28 °C and mortality was
examined after 24 h. A positive control of Bt subsp. israelensis was
included in the bioassay. The mean lethal concentration (LC50) was



Fig. 2. Analysis of APN purification from Manduca sexta BBMV. Lane 1, SDS-PAGE 10%
polyacrylamide electrophoresis of purified APN sample stained with coomasie blue
staining. Lane 2, binding of biotinylated Cry1Ab to APN sample in toxin overlay assay
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estimated by Probit analysis using statistical parameters [26] after
four independent assays (Polo-PC LeOra Software).

3. Results

3.1. Effect of pH on the oligomerization of Cry1AbMod toxin

We have previously shown that Cry1AbMod protoxin forms
oligomers when activated with trypsin in the absence of cadherin
receptor in contrast with Cry1Ab toxin [18]. Since pH is an important
determinant of protein flexibility, we analyzed the effect of pH in toxin
oligomerization. In the case of the wild type Cry1Ab toxin, it was
previously shown that alkaline pH increased the flexibility of
monomeric toxin [9]. The pH of the midgut lumen of lepidopteran
insectM. sextawas measured and shown to be alkaline pH 10. In order
to analyze the effect of pH on the formation of oligomeric structure,
the Cry1AbMod toxin was proteolytically activated with trypsin at
different pH. Oligomerization was analyzed as the formation of SDS-
resistant aggregates of 250 kDa in SDS-PAGE as previously reported
for different Cry toxins [5,11–16]. Several bacterial pore-forming
toxins such as PA-anthrax toxin, aerolysin and α-toxin also formed
oligomeric structures that could be observed in SDS-PAGE [17]. Fig. 1
Fig. 1. Activation of Cry1AbMod and Cry1Ab with trypsin at different pH. The presence
of 250 kDa oligomeric structurewas evaluated by western blot assay using specific anti-
Cry1Ab polyclonal antibody. Activation pH is indicated on the top of each lane. Five
micrograms of protein was loaded in each lane (SDS-PAGE 8% poyacrylamide gels).
Panel A activation in solution. Panel B activation in the presence of PC-SUV liposomes at
a 5000:1 lipid:protein ratio. Numbers within the images represent the percentage of
signal of oligomeric vs. monomeric bands determined by scanning optical density of
bands in the blots.

revealed after incubation with streptavidin-peroxidase conjugate and visualized with
luminol as described in Experimental procedures.
shows that Cry1AbMod toxin could form oligomeric structures after
trypsin activation in the absence cadherin receptors. This figure also
shows that the oligomerization of this protein increased when
incubation was done at high pH in contrast with incubations at pH
8.5. As expected, the wild type Cry1Ab toxin did not form oligomeric
structures after activationwith trypsin (Fig. 1A). In addition, we found
that the presence of PC-SUV during toxin activation provide a
membrane substrate in which the toxin could bind and form pores,
facilitating the production of the oligomeric structure (Fig. 1B). The
relative proportion the oligomeric and the monomeric structures of
Cry1AbMod after activation in the presence or absence of PC-SUV was
determined by scanning optical density of the bands in the blots,
showing that in the presence of PC-SUV the ratio of oligomeric/
monomeric structure was enhanced.
3.2. Fluorescence Trp emission of Cry1AbMod oligomer

In order to analyze if the Cry1AbMod oligomer is structurally
similar to the oligomeric structure of the wild type Cry1Ab, the Trp
fluorescence emission of this protein was analyzed in the soluble pre-
pore and in the membrane-associated state. The emission maximum
of the oligomeric structure of Cry1AbMod in solution was at 333 nm,
which corresponds exactly with the previously reported emission
maximum for the oligomer of Cry1Ab toxin [9].

The emission spectrum of Cry1AbMod membrane-associated
oligomer, was performed after incubation of the oligomeric structure
with PC-SUV using a lipid:protein ratio of 5000 since it was pre-
viously reported that the threshold limit for partition of Cry1Ab
oligomer into the SUV was a lipid:protein ratio of 3000 [9]. The
membrane fraction was separated by ultracentrifugation and
fluorescence spectra were recorded in the pellet fraction. The
oligomeric Cry1AbMod has a blue shift of 5 nm in the emission
spectrum λmax from 333 nm in solution to 328 nm when inserted
into SUV liposomes, indicating a more hydrophobic environment for
some of the Trp residues. A similar shift in the maximal emission
spectrum of the wild type Cry1Ab membrane-inserted oligomer was
also observed. These data indicate that structure of the oligomer
formed by the Cry1AbMod toxin is similar to that of the wild type
Cry1Ab toxin.



Fig. 3. ELISA binding of Cry1Ab and Cry1AbMod oligomers to purified APN from Man-
duca sexta midgut microvilli. ELISA plates were coated with purified APN and then
incubated with different concentrations of Cry1Ab or Cry1AbMod oligomers (0.6–
5 nM). Bound Cry1Ab oligomer (black squares ■) or Cry1AbMod oligomer (white
squares □) were detected with anti-Cry1Ab antibody followed by a secondary goat-
anti-rabbit-HRP antibody.

Fig. 5. Ionic currents induced by oligomeric structure of Cry1AbMod in planar lipid
bilayers. Panel A, Representative ionic channel records of most common transitions
induced by Cry1AbMod toxins in lipid bilayers. The observed responses showed stable
channels with high open probability. Records were obtained in 300:10 mM KCl (cis:
trans), 10 mM CHES pH 9. Panel B, Current/voltage (I/V) relationship of currents
induced by the Cry1AbMod toxin.

2233C. Muñóz-Garay et al. / Biochimica et Biophysica Acta 1788 (2009) 2229–2237
3.3. Binding of Cry1AbMod and Cry1Ab oligomeric structures to
APN receptor

We have previously reported that Cry1Ab oligomer binds a protein
extract enriched in M. sexta APN activity with 0.7 nM apparent
binding affinity (KD). In contrast, the monomeric toxin binds this
protein extract with 160 nM KD [6]. We purified APN protein from 5th
instar larvae as described in experimental procedures and the
fractions with APN activity were analyzed by SDS-PAGE 10%
polyacrylamide revealing a single band of 120 kDa (Fig. 2, lane 1).
This sample lacks alkaline phosphatase activity (data not shown). The
quality of the purified APN sample was also tested by analyzing the
binding of biotinylated Cry1Ab toxin, in toxin overlay assays, showing
that Cry1Ab only binds to the 120-kDa band indicating that no other
Cry1Ab-binding proteins were present in the APN sample (Fig. 2, lane
2). To study the interaction of Cry1Ab and Cry1AbMod oligomeric
structures with the purified APN sample, the binding of different
concentrations of these proteins was analyzed by ELISA assays. Fig. 3
Fig. 4. Pore formation activity of Cry1Ab or Cry1AbMod analyzed by calcein release assays. Pa
at pH 10.5. 50 nM of Cry1Ab or Cry1AbMod protoxins (dotted bars) or trypsin activated pro
experiment was assessed with 0.1% Triton-X-100. Panel B, Pore formation activity of the Cry1
the integrity of lipid membrane vesicles was determined by the calcein release assay perform
figure. Control is same amount of buffer. Arrow indicates toxin addition. Panel C, Dose–respo
calcein release assay at pH 9.0.
shows that both, Cry1Ab or Cry1AbMod oligomeric structures bound
to theM. sexta APN with a similar high affinity indicating also that the
Cry1AbMod oligomer is structurally similar to that of Cry1Ab.
nel A, analysis of calcein released by trypsin activated samples of Cry1Ab or Cry1AbMod
teins (black bars) were used in these experiments. Maximal leakage at the end of each
AbMod as a function of the pH used during toxin activation. The effect of Cry1AbMod on
ed at pH 9.0 using toxin samples activated at different pH with trypsin as stated in the
nse curve of Cry1AbMod toxin activated at pH 10.5 with trypsin and analyzed using the
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3.4. Pore formation activity of activated Cry1AbMod

To further analyze the functionality of Cry1AbMod oligomer, we
analyzed its pore formation activity using two different procedures,
the calcein release assay and measurement of ionic-conductance in
planar lipid bilayers.We first analyzed the release of entrapped calcein
from liposomes due to the formation of pores by toxin oligomers. The
dequenching of the calcein fluorescence was monitored continuously
as an increase in the fluorescence intensity. Data are expressed as
percentage of the maximal fluorescence release, obtained with the
positive control 1% Triton-X-100. The analysis of calcein release
induced by trypsin activated-Cry1AbMod is shown in Fig. 4.
Cry1AbMod trypsin activated toxin induced a significant release of
calcein from loaded liposomes. In contrast the Cry1AbMod protoxin,
Cry1Ab protoxin and the Cry1Ab trypsin activated protein showed a
minor response (Fig. 4A). We then assayed the pore formation activity
of the Cry1AbMod samples activated with trypsin at different pH, in
order to analyze if oligomer formation correlated with pore formation
activity. Fig. 4B shows that Cry1AbMod toxin showed a more efficient
response after activation at pH 12 in contrast to pH 8.5, correlating
with the increased production of oligomeric structure in this
condition. Finally, the dose–response curve of Cry1AbMod toxin that
Fig. 6. Analysis of the structure of the lipid associated Cry1AbMod oligomer. Panel A, Electro
areamarked by a dashed circlewas used for calculating the Fourier projectionmap shown in p
cell.
was activated at pH 10.5 is presented in Fig. 4C. A direct correlation of
calcein released from the SUV with the concentration of Cry1AbMod
toxin showed that the half maximal effective concentration at which
50% of calcein has been released (EC50) was 54.2 nM.

In addition, the induced ionic channel activity Cry1AbMod was
also examined in synthetic planar lipid bilayers. We recorded the
current amplitude using protein samples that were activated with
trypsin at pH 10.5 in the presence of SUV liposomes. Control sample
containing only SUV gave a no-response. These experiments were
performed in a KCl gradient 300/10 mM in the cis/trans compart-
ments to facilitate liposome fusion in the bilayer. The conductance of
Cry1AbMod was 6.0 pS similar to the wild type toxin that showed a
value of 7.5 pS [9]. The ionic currents in these experiments revealed
that oligomeric structure of Cry1AbMod produced stable channels
with high open probability (Fig. 5) that are similar to the previously
described pores induced by Cry1Ab wild type oligomer [9].

3.5. Lipid associated structure of Cry1AbMod oligomer

Since the results reported so far indicated that the oligomeric
structure of Cry1AbMod analyzed by Trp emission, pore formation and
receptor interaction resembles that of the wild type Cry1Ab oligomer,
n micrograph of negatively stained 2D crystals. The scale corresponds to 50 nm and the
anel B (half tone) and panel C (contour lines). There is one trimer per a=b=107 Å unit



Table 1
Toxicity of wild type Cry1Ab and modified Cry1AbMod toxins against Manduca sexta,
Anopheles albimanus and Aedes aegypti larvae.

δ-endotoxin Manduca sexta ng/cm2

(95% confidence limits)
Anopheles albimanus
μg/ml

Aedes aegypti
μg/ml

Cry1Ab 1.9 (0.99–2.47) N10 N10
Cry1AbMod 3.2 (1.4–5.4) N10 N10
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we decide to use the Cry1AbMod toxin to analyze the membrane-
associated structure of the oligomer by electron crystallography. We
took advantage that Cry1AbMod toxin forms oligomeric structure in
the absence of any other protein as cadherin receptor that could
potentially interfere with the formation of ordered arrays. We induced
the formation of two-dimensional (2D) crystal of Cry1AbMod that
allow us to determine the structural organization of the membrane-
inserted pore. The 2D crystals were obtained after toxin insertion into
PC membrane as reported in experimental procedures section. This
method involves removing the detergent from the micellar solution
containing the protein and the lipids. We used hydrophobic adsorp-
tion of detergent onto polystyrene Bio-beads SM2 as previously
described [27]. Ordered arrays of the membrane-associated toxin
were observed with a=b=107 Å and γ=120° calculated in p3, and
the calculated projection map displayed an organization resembling a
trimeric propeller (Fig. 6).

3.6. Toxicity of Cry1AbMod toxin

The Cry1AbMod toxin was tested in bioassays against the
lepidopteran larvae, M. sexta. We also analyzed toxicity against two
different dipteran larvae, A. aegypti and A. albimanus. The specificity of
Cry1AbMod did not change since no toxicity was observed against A.
aegypti or A. albimanus mosquito larvae and similar toxicity of the
Cry1Ab was observed against M. sexta larvae (Table 1).

4. Discussion

The Cry1AbMod is essentially identical to its parental Cry1Ab
protoxin with the exception that 56 amino acids from the amino
terminal end were removed by genetic engineering [18]. The most
important characteristic of these Cry1AMod toxins is that they are
able to kill resistant insects that are affected in cadherin gene,
representing a viable alternative in the control of insects that become
resistant towild type Cry1A toxins. Although it was demonstrated that
Cry1AMod toxins formed oligomeric structures in the absence of
cadherin receptor, the other steps in the toxin mode of action such as
binding interaction with the APN receptor and its pore formation
activity were not analyzed before. In this work we analyzed these
parameters and also analyzed the structural conformation of the
membrane-inserted oligomer.

4.1. Analysis of oligomerization of Cry1AbMod toxin

Our results show that the oligomerization process is facilitated by
alkaline pH and in the presence of membrane lipids. These data are
interesting since the in vivo pH of the midgut lumen of Lepidopteran
insects is also highly alkaline (up to pH 11) [3], suggesting that pH
may play an important role during toxin activation and oligomeriza-
tion in vivo.

It was previously demonstrated that alkaline pH increase the
flexibility of the monomeric and oligomeric form of Cry1Ab toxin
[28,29], by showing that Cry1Ab toxin was highly susceptible to
denaturationwith low urea concentrations only at alkaline pH [28,29].
These data suggest that alkaline pH in themidgut lumen of susceptible
larvae may facilitate a looser conformation of the Cry1Ab toxin that is
important to trigger oligomerization and therefore for active channel
formation. Interestingly, in the case of colepteran specific Cry3A toxin,
the acidic pH that induced unfolding of this toxin correlated with the
acidic pH that is present in the midgut lumen of susceptible
Coleopteran larvae [30]. Similarly, in the case of other pore-forming
toxins active against mammalian cells, it was shown that they must
partially unfold to facilitate pre-pore formation [17,31–33]. These
toxins unfold under acidic pH conditions, correlating with the acidic
pH that these toxins encounter upon cell internalization in acidic
membrane compartments [17,31–33].

Other Cry toxins besides Cry1A toxins form oligomeric structures
when they were activated in the presence of their natural receptor.
This is the case of Cry1Aa, Cry1Ab, Cry1Ca, Cry1 Da, Cry1Ea and Cry1Fa
toxins active against M. sexta, that form oligomers after activation in
the presence of M. sexta BBMV [4,5,7,11–13]. An oligomeric structure
of Cry1C was observed when it was activated in the presence of Spo-
doptera exigua BBMV [13] and oligomers of Cry1Aa were observed
when activated in the presence of Bombyx mori BBMV [34]. The
colepteran specific Cry3 toxins, formed oligomeric structures after
activation in the presence of the susceptible insect Leptinotarsa
decemlineata BBMV [14]. Finally, in the case of the dipteran specific
toxins, the Cry11Aa form oligomers of 250 kDa after activation in the
presence of the mosquito A. aegypti BBMV [15]. The Cry4Ba also
formed oligomeric structures after activation [16]. In all cases the
presence of oligomers correlated with higher K+ permeability, in
contrast with monomeric toxins [5,9,11,14,15]. These data support the
hypothesis that the formation of a pre-pore oligomer is a conserved
mechanism on different members of the Cry family and that is an
intermediate responsible for pore formation.

4.2. Characterization of oligomeric structure of Cry1AbMod

In this work we show that the Cry1AbMod oligomer has a similar
conformation as the wild type Cry1Ab oligomer structure both in
solution and in the membrane-inserted state as judged by
tryptophan fluorescence emission analysis. We are also reporting
that Cry1AbMod oligomer binds APN with high affinity as the wild
type Cry1Ab oligomer and that they show similar pore formation
activity. The Cry1AbMod toxin produces stable channels in black
lipid bilayers with high open probability and similar conductance to
the previously reported pores of Cry1Ab toxin [9]. These data
confirm that Cry1AbMod toxin shares a similar mode of action as
Cry1Ab toxin.

We took advantage that Cry1AMod toxins are more efficient to
form oligomeric structure in vitro in absence of receptor protein to
improve oligomer formation and to study its conformation by electron
crystallography. The composition of the Cry1Ab oligomer was
previously suggested to be comprised of four monomers based on
molecular weight of the oligomeric structure as determined by SDS-
PAGE [5]. However, 2D crystallographic analysis performed here, show
a trimeric organization of the membrane-associated structure of the
Cry1AbMod. These results are in agreement with the previously
described organization of the membrane-associated Cry4Ba [35],
where calculated projection structures from 2D crystal patches
analyzed by electron crystallography at 17 Å resolution showed also
a trimeric organization [35]. The projection map presented herein
highlights propeller-like densities similar to the ones reported by
Ounjai et al. [35] albeit with distal domains that are somewhat
narrower. This overall architecture and assembly pattern is in contrast
to the structure of Cry1Aa trypsin activated-toxin analyzed by Atomic
Force Microscopy (AFM), for which a structure composed of four
subunits surrounding a 1.5 nm diameter central depression was
reported [36]. However, it is important to mention that the AFM
studies were performed with Cry1Aa inserted into monolayer
membranes, which may cause some artifacts.

Recently, based on sensitivity of membrane-inserted toxin to
protease and determination of fluorescence quenchingmeasurements
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of fluorescent-labeled cysteine mutants in different regions of Cry1Ab
toxin, it was suggested that the three domains of this protein insert
into the membrane [37]. However, other studies suggest that only
domain I may be inserted into the membrane and that domain III is
exposed to the solvent [28,38]. Specifically, quenching studies of Trp
fluorescence of Cry1Ac with the soluble quencher KI clearly
demonstrate that at least Trp545 located in domain III is exposed to
the solvent when the oligomeric Cry1Ac toxin is inserted into the
membrane [38]. Evidently more studies are necessary and the
description of the structure of the membrane-inserted pore of Cry1A
toxins is necessary to determine the exact architecture of the pore and
define the regions of the toxin that participate in membrane insertion.

4.3. Insecticidal activity of Cry1AbMod

The Cry1AbMod toxin was shown to kill a P. gossypiella resistant
population whose resistance was linked to deletions in the cadherin
gene [18,39]. We show here that Cry1AbMod is not toxic to mosquito
larvae and retain similar toxicity against the susceptible M. sexta
larvae, indicating that the spectrum of action of Cry1AbMod toxins
was not drastically modified. The toxicity of Cry1AbMod against M.
sexta was slightly lower but since 95% confidential limits are
overlapping, we may conclude that both proteins showed similar
insecticidal activity. These results suggest that although the modified
Cry1AbMod do not require interaction with the primary cadherin
receptor, they did not become unspecific. It is possible that their
specific interaction with the secondary GPI-anchored receptors such
as APN play an important role in Cry1A toxins toxicity (Table 1).

4.4. Concluding remarks

The Cry1AMod toxins are toxic against insect pests that developed
resistance to natural Cry1A toxins. In order to develop transgenic
crops producing Cry1AMod toxins to counter insect resistance, it is
important to show that the mechanism of action of Cry1AMod toxins
is similar to the approved unmodified Cry1A toxins, that are currently
used in different transgenic crops. Here we show that secondary steps
in mode of action of Cry1Ab toxin, that take place after interaction
with cadherin receptor, such as binding to aminopeptidase, oligomer-
ization and pore formation of both proteins, Cry1A and Cry1AMod,
are similar in Cry1AbMod toxin. This knowledge will be important for
the future application of Cry1AMod toxins to counteract resistance to
Bt-crops that may assure a long-term use of this environmental
friendly technology, avoiding the use of harmful chemical pesticides
in agriculture.
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a b s t r a c t

Phage display is an in vitro method for selecting polypeptides with desired properties from a

large collection of variants. The insecticidal Cry toxins produced by Bacillus thuringiensis are

highly specific to different insects. Various proteins such as cadherin, aminopeptidase-N

(APN) and alkaline phosphatase (ALP) have been characterized as potential Cry-receptors.

We used phage display to characterize the Cry toxin–receptor interaction(s). By employing

phage-libraries that display single-chain antibodies (scFv) from humans or from immunized

rabbits with Cry1Ab toxin or random 12-residues peptides, we have identified the epitopes

that mediate binding of lepidopteran Cry1Ab toxin with cadherin and APN receptors from

Manduca sexta and the interaction of dipteran Cry11Aa toxin with the ALP receptor from

Aedes aegypti. Finally we displayed in phages the Cry1Ac toxin and discuss the potential for

selecting Cry variants with improved toxicity or different specificity.
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1. Introduction

Bacillus thuringiensis (Bt) is an aerobic, spore-forming bacterium

from the Bacillus cereus group that is distinguished due to its

capacity to produce d-endotoxins that have insecticidal

activity. d-Endotoxins are produced as crystalline inclusions

during the sporulation phase [4]. The d-endotoxins, or Cry

proteins, are specifically toxic to the following insect Orders:

Lepidoptera, Coleoptera, Hymenoptera and Diptera [4,31]. One

feature that distinguishes Cry toxins is their remarkable

specificity, and therefore they are harmless to non-target

insects or vertebrates. Cry toxins are being used worldwide for

the control of vectors of human diseases or insect agricultural

pests as insecticidal sprays or in transgenic plants [4].
2. Bt Cry toxins

Cry toxins belong to the group of pore-forming toxins (PFT)

and it is widely accepted that their toxic effect is due to the

formation of ionic pores in the membrane of insect epithelial

midgut cells, which leads to cell swelling and death. To exert

its toxic effect, crystals are ingested by susceptible larvae and

solubilized by the alkaline pH and reducing conditions of the

midgut. Midgut proteases act on the protoxin giving rise to a

protease-resistant 55–60 kDa toxin fragment. The toxin frag-

ment binds to specific midgut membrane-associated proteins

resulting in the oligomerization and membrane insertion of

the toxin [4]. Toxin–receptor interaction is a key step that

determines insect specificity [4,31]. Even more, the principal

mechanism of resistance to Cry toxins are mutations that

affect toxin–receptor interaction [8]. Different proteins such as

cadherins, aminopeptidase-N (APN), and alkaline phospha-

tase (ALP) have been characterized as Cry-receptors in

different insect species [17,18,21,33]. Thus, understanding

the molecular basis of the interaction of Cry toxins with their

receptor molecules would be useful not only for engineering

Cry proteins with different specificities or with enhanced

insecticidal activity but also for coping with the problem of

insect resistance in the field.

The three-dimensional structures of six Cry toxins with

different insect specificities have been solved [2,3,9,15,22,26].

These toxins are composed of three domains—domain I, a

seven a-helix bundle involved in membrane insertion,

oligomer formation and pore formation [4]; domain II, a three

anti-parallel b-sheets packed around a hydrophobic core in a

‘‘b-prism’’ involved in receptor interaction [4]; and domain III,

a b-sandwich of two antiparallel b-sheets also involved in

receptor interaction [4].
3. Phage display

For the past few years we characterized Cry toxin–receptor

interaction in lepidopteran and dipteran insects to understand

the molecular basis of insect specificity of these toxins. For

this purpose we have employed a molecular technique known

as phage display. Phage display, first developed in 1985 [32],

displays recombinant peptides or proteins on the surface of

phage particles, that can be screened by enabling the phage to
interact with ligands that are immobilized in tubes (panning).

This is a very powerful technique since the selected phages

maintain a physical link between the displayed protein

(phenotype) and the encoding gene (genotype). Filamentous

phages, like M13, have been extensively used to develop

different types of phage display libraries that display millions

of variants of peptides or antibodies. Phage display involves

the fusion of foreign DNA sequences to a coat protein gene

enabling the fusion protein to be displayed on the surface of

the phage. Most commonly, phage display libraries are

constructed using vectors called phagemids, which are

hybrids of phage and plasmid vectors. These phagemids

contain the origins of replication from the M13 phage and E.

coli; the gene coat protein III or gene coat IV for protein fusion,

and an antibiotic resistance gene [1,25]. To display the fusion

protein, E. coli cells harboring the phagemids are infected with

a helper phage that provides all the necessary components for

phage assembly.

In this review we will summarize the types of libraries and

the panning procedures used to characterize the Cry toxin–

receptor interaction. Our experimental approach has been to

select, by panning, ligands of the toxin or the receptor that

compete the toxin–receptor interaction. This approach has

enabled us to map the binding epitopes in the Cry toxins and in

the receptors, identify novel receptor molecules, study

receptor localization in the insect gut and most importantly,

to determine how receptors promote toxicity. Finally, we will

discuss the potential of displaying Cry toxins on the surface of

phages as a way to select toxins with different specificities or

that overcome insect resistance to Cry toxins.
4. A synthetic human scFv library—selection
of an scFv molecule that mimics a cadherin
receptor

Our first attempt to characterize the amino acid epitopes

involved in the interaction of Cry toxins with their receptor

molecules was with the lepidopteran insect Manduca sexta and

the Cry1Ab toxin [10]. At that time, two M. sexta proteins that

bind Cry1A toxins had been cloned and characterized, a

210 kDa cadherin protein known as Bt-R1 and a 120 kDa

glycosylphosphatidyl-inositol (GPI)-anchored aminopepti-

dase-N [21,33]. As a way to determine which was the

functional receptor and the amino acid epitopes involved in

the toxin–receptor interaction, we decided to select by phage

display peptides that bind Cry1Ab toxin and identify those that

competed toxin interaction with both receptor molecules,

then we used these phages as tools to determine the role of

both M. sexta proteins in toxicity. Also, we expected that some

of the peptides that competed the interaction of Cry toxins

with their receptor could share sequence similarity with

discrete receptor amino acid sequences that were involved in

toxin binding as has been shown for several examples of

interacting proteins [20]. For the first panning procedure we

used the Nissim synthetic phage-antibody library. This library,

with a diversity of 1 � 108, contains a diverse repertoire of in

vitro rearranged human variable heavy (VH) genes containing

a random VH-CDR3 of 4–12 amino acids residues in length [27].

Antigen-recognition by antibodies is determined mainly by
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CDR regions in the variable light (VL) and VH fragments. To

facilitate the display of antibody molecules in phages, the VL

and VH fragments are assembled as single-chain molecules

with a (Gly4Ser)3 linker peptide resulting in the construction of

scFv genes fused to the pIII gene in phagemids [1,27]. scFv

antibodies are likely to retain the binding properties of the

whole antibody molecule [1,27]. For the panning procedure, we

immobilized Cry1Ab toxin in immunotubes and after several

panning rounds of selection we identified three scFv phages

that bound specifically to Cry1Ab toxin. Using ligand blots

assays and by competing the binding of Cry1Ab toxin with M.

sexta brush border membrane vesicles (BBMV) blotted pro-

teins, we identified one scFv (scFv73) that competed the

binding of Cry1Ab with the 210 kDa Bt-R1 molecule but not

with the 120 kDa APN [10]. Antibody scFv73 inhibited the

toxicity of Cry1Ab toxin in bioassays. Sequence analysis of the

CDR3 region of scFv73 led to the identification of a eight amino

acid region (869HITDTNNK876) in cadherin repeat 7 of Bt-R1 [10].

Synthetic peptides corresponding to the Bt-R1 amino acid

region or to scFv73 CDR3 competed the binding of Cry1Ab with

Bt-R1 [10].

Use of the scFv73 antibody was also very important to map

the cognate-binding region in the Cry1Ab toxin [11]. Previous

work of other groups demonstrated by site directed muta-

genesis that domain II loops located in the apex of the b-prism

were important for receptor recognition [4,31]. We deter-

mined if these loop regions were involved in the interaction

of Cry1Ab toxin with scFv73. To do this, we performed

binding competition of scFv73 binding with Cry1Ab toxin in

Western blots using synthetic peptides corresponding to each

of the Cry1Ab loop regions (loop 1–loop 3) [11]. Only loop 2

peptide competed the binding of scFv73 with Cry1Ab toxin

[11]. Interestingly a mutant loop 2 synthetic peptide that

contained two-amino acid residue changes that in the

context of the whole toxin affected binding and toxicity did

not compete the binding of scFv73 with Cry1Ab [11]. These

results indicate that the Cry1Ab domain II loop 2 region

interacts with the Bt-R1 869HITDTNNK876 amino acid region

[11] (Fig. 1).
Fig. 1 – Cry1Ab toxin binds Manduca sexta cadherin repeat 7

by means of domain II loop 2.
Antibody scFv73 was also very useful to determine the role

of the cadherin receptor in promoting toxicity. For several

other pore-forming toxins, binding to a receptor facilitates a

proteolytic cleavage that finally induces the formation of

oligomeric structures that are capable of inserting into

membranes [29]. Using scFv73 as a surrogate of Bt-R1, we

demonstrated that Cry1Ab toxin forms a soluble 250 kDa

oligomer when activated in vitro by M. sexta midgut-proteases

in the presence of scFv73 [12]. Subsequently, we demonstrated

that the 250 kDa oligomer is membrane insertion competent

and forms stable pores with high conductances and open

probability, in contrast to the 60 kDa monomeric structure

that barely inserts into membranes and induces unstable low-

conductance pores in black lipid bilayers [30]. Also, we

demonstrated that the 250 kDa oligomer is formed in the

presence of cadherin fragments containing the toxin binding

regions [13]. These results led us to propose that binding to

cadherin facilitates the formation of a pre-pore oligomer that

is membrane insertion competent (Fig. 2).
5. An immune rabbit scFv library—mapping
the binding epitopes of oligomeric toxin and APN
receptor

In order to determine the role of other Cry1Ab toxin regions in

binding to the receptor molecules, we attempted to isolate

other scFv antibodies that recognize other domain II loop

regions or domain III, previously shown to be involved in

receptor interaction [4,31]. Nevertheless, different attempts of

panning using the Nissim library were unsuccessful. There-

fore we decided to construct a new scFv phage display library

that would be enriched in scFv molecules that recognize

Cry1Ab toxin. For this purpose, phage display libraries

constructed from a host immunized with the target antigen

favors selection of high-affinity, specific antibodies generated

during immunization process [14]. A Cry1Ab-immune M13

phage-repertoire was constructed using antibody gene tran-

scripts of bone marrow and spleen from a rabbit immunized

with Cry1Ab toxin [14]. These were the first immune-libraries

described against Cry toxins.

We also used novel panning protocols to identify anti-

bodies that recognize exposed regions of domain II and III.

scFv-antibodies to domain II loop 3 were selected by panning

against a domain II loop 3 synthetic peptide. Anti-domain III-

scFv molecules were identified by selecting scFv phages that

bound Cry1Ab toxin in the presence of soluble Cry1Ac toxin,

which has similar domains I and II to Cry1Ab, but a non-

related domain III. Then, toxin overlay binding competition

assays in the presence of synthetic peptides were used to

show that domain II loop 3 of Cry1Ab is an important epitope

for interaction with the Bt-R1 receptor. This interaction

between the toxin and the anti-domain II loop 3 scFv antibody

also promoted the formation of the pre-pore oligomer as a

previously observed with an anti-domain II loop 2 scFv73

antibody [14]. The selected anti-loop 3 antibody (scFvL3-3)

molecule lowered the toxicity of Cry1Ab to M. sexta larvae in

bioassays.

The Cry1Ab epitopes involved in the interaction of the

oligomeric structure with APN were also mapped by ELISA and



Fig. 2 – Binding of Cry1Ab toxin to the Manduca sexta cadherin receptor promotes cleavage of helix a-1 in domain I and the

subsequent formation of a pre-pore oligomeric structure that is membrane insertion competent.
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toxin overlay binding competition assays. The b16 and b22

from domain III play an important role in this interaction since

a scFv-antibody that recognizes these regions (scFvM22)

inhibited the interaction of the pre-pore oligomeric structure

with APN and lowered the toxicity of Cry1Ab to M. sexta larvae

in bioassays [14]. scFvM22 did not promote the in vitro

formation of a pre-pore oligomeric structure. Our results

show that interaction with both receptors is important for in

vivo toxicity.

Finally, we found that scFvL3-3 and scFv73 antibodies

preferentially recognized the monomeric toxin rather than the

pre-pore structure, suggesting a conformational change in the

domain II loop regions is recognized by these antibodies [14].

Overall, these results indicated that the first interaction of

Cry1Ab with Bt-R1 through domain II loop regions, promotes

the formation of the pre-pore oligomeric structure with a

subtle change in the structure of these exposed domain II

loops; then the pre-pore interacts with APN through a

different domain III region (b16) (Fig. 3).
6. Random peptide library—identification of
an ALP receptor and its interaction with Cry toxins
in mosquitoes

In the case of mosquitocidal toxins we decided to work with a

Cry11Aa toxin that is particularly toxic to Aedes aegypti that is
Fig. 3 – The Cry1Ab pre-pore oligomer binds

aminopeptidase-N (APN) from Manduca sexta by means of

b-16 in domain III.
the vector of dengue in humans. Bacillus thuringiensis subs

israelensis (Bti) produces a crystal inclusion composed of six

toxins: Cry4Aa, Cry4Ba, Cry10Aa, Cry11Aa, Cyt1Aa and Cyt2Ba

that are highly active against dipteran insects, vectors of

human diseases [23]. In contrast to M. sexta and Cry1Ab, no

receptor molecules had been identified in Ae. aegypti nor the

binding regions in the toxin. We decided to perform panning

against Cry11Aa to select molecules that competed for the

binding of the toxin with Ae. aegypti BBMV and also panning

against the BBMV to select molecules that bind the receptor.

This is an example that shows that molecules that bind to a

receptor molecule can be selected without the need of having a

pure preparation of this receptor [7]. We used a commercial

phage-peptides library obtained from New England BioLabs

Inc. (Ph.D.-12 Phage Display Peptide Library Kit). This library

has a complexity of 2.7 � 109 transformants, and is based on a

combinatorial library of random 12-mers fused to the coat

protein pIII of the M13 phage. We demonstrated that the

putative exposed loop a-8 of Cry11Aa toxin, located in domain

II, is an important epitope involved in receptor interaction and

toxicity. Four exposed loops and three putative exposed

regions in domain II of Cry11A were predicted by modeling

the three-dimensional structure of the mosquitocidal Cry11Aa

toxin [6]. Synthetic peptides corresponding to these regions

were used in heterologous binding competition assays of

Cry11Aa to Ae. aegypti BBMV. We identified three regions of

Cry11A toxin, corresponding to loop a-8, b4 and loop 3 that are

involved in binding of this toxin to the BBMV [6]. We isolated

peptide-displaying phages that bind to Cry11Aa toxin (P5.tox)

or to Ae. aegypti BBMV (P1.BBMV) [6,7]. These phages interfered

with the interaction of the toxin with the BBMV and

attenuated the toxicity of Cry11Aa in bioassays [6,7]. The

binding of both phages was competed by loop a-8 synthetic

peptide, suggesting that phage P5.tox binds the toxin by

interacting with loop a-8 while P1.BBMV interacts with the

receptor by using an epitope similar to this region [6,7].

A 65 kDa GPI-anchored ALP was identified as a binding

Cry11Aa protein in Ae. aegypti BBMV. P1.BBMV bound

specifically to ALP demonstrating that ALP is a functional

receptor of Cry11Aa [7]. On the other hand, immunocyto-

chemical localization of the binding of phage P1.BBMV and

Cry11Aa toxin to midgut tissue sections from the mosquito



Fig. 4 – The Cry11Aa toxin binds Aedes aegypti alkaline

phosphatase (ALP) by means of the a-8 loop in domain II.
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revealed that Cry11Aa and P1.BBMV strongly recognized the

same regions in the midgut tissue. These regions corre-

sponded to the microvilli membrane from the caeca and from

the posterior part of the midgut indicating that ALP colocalizes

with the binding sites of Cry11Aa [7]. Our results identify

domain II loop a-8 as a key determinant for the binding of

Cry11Aa toxin to GPI-anchored ALP [6,7] (Fig. 4).
7. Displaying Cry toxins in phages and
selection of novel variants

One of the most important features of phage display is that it

allows a rapid selection of variants with improved binding

characteristics [1,25]. Even more, further mutagenesis and

selection by panning allows in vitro molecular evolution of

proteins [5]. This seems particularly interesting for Cry toxins

since for many insect pests there are no Cry toxins available

for their control. Also, a major threat for the use of Bt toxins in

transgenic plants is the appearance of insect resistance. It has

been demonstrated that a single nucleotide change in the

Heliothis virescens cadherin receptor gene produces an amino

acid change that abolishes Cry1A toxin binding [35]. Therefore

the need of developing an efficient method that allows genetic

evolution of Cry toxins to kill novel targets or to recover

toxicity to resistant insects, in the case of the appearance of

resistance in the field, will be greatly desirable.

Cry1A toxins have been displayed in three different phages.

The first attempts to display Cry1A toxins were using M13

phages [19,24]. In the case of the filamentous M13 experi-

ments, the Cry1Aa toxin was not properly displayed resulting

in deletions of the fused protein [24]. A complete Cry1Ac was

efficiently displayed in M13 showing toxicity to M. sexta larvae,

however, the displayed Cry1Ac protein did not bind to

functional receptors in vitro suggesting structural constraints

of the displayed toxin [19]. M13 phage display systems have an

intrinsic problem in displaying big proteins since fusion

proteins have to be transported into the E. coli periplasm

where phage assembly occurs.

To circumvent this problem, l and T7 phages have been

used to display Cry1Ac toxin since the assembling of phage

particles in both systems occur in the cytoplasm of bacterial

cells, thus allowing the display of bigger proteins [28,34]. In the

case of l, the Cry1Ac protein was fused with the capsid protein
D and displayed on the surface of phage particles. The

displayed Cry1Ac toxin retained toxicity and the capacity to

interact with the M. sexta APN receptor [34]. More recently we

described the use of T7 phage display system to display Cry1Ac

toxin [28]. The cry1Ac gene was fused to the 30 end of the T7 10B

capsid protein gene and the chimeric protein was displayed on

the surface of T7 phage. The T7-Cry1Ac bind receptors

recognized by Cry1Ac toxin and retained toxicity against M.

sexta larvae. Also, we showed that T7-Cry1Ac phage particles

bind specifically to M. sexta BBMV that contain the native

receptor molecules [28]. Nevertheless, a problem with both l

and T7 displaying systems is that for displaying the fusion

protein both systems rely on in vitro packaging systems that

under the best scenario allow for the production of up to 107 to

108 recombinant phage particles/mg of DNA, making the

construction of libraries with large number of variants

inefficient. Recently the T7 system was used successfully to

select Cry1Aa toxin variants with higher toxicity by selecting

phages by panning domain II loop 2 variants that bound the B.

mori cadherin protein (Bt-R175) with higher affinity [16]. This

result shows that it is possible to select novel Cry toxins with

desirable binding properties from a pool of variants.
8. Concluding remarks

To exert their toxic effect, Cry toxins interact with several

receptor proteins and undergo drastic structural changes

allowing a soluble protoxin molecule to insert as oligomers in

the membranes of their target cells, thus forming ionic pores.

Several receptor molecules in different insect species have

been shown to be involved in this complex process. We have

exploited the potential of phage display methodology to

determine the identity and localization of one receptor

molecule in mosquitoes and to determine the sequential

participation of two receptor molecules leading to pore

formation in lepidopteran insects. We believe that phage

display will also be useful for the in vitro evolution of Cry

toxins for selecting toxins with novel specificities and for

selecting toxin mutants that kill resistant insects. Such a

system will be of great value to assure long-term use of Bt

toxins for insect management; this is highly desirable since

the use of these toxins is recognized as an environmentally

friendly technology.

Acknowledgments

The research work of our groups was supported in part by

CONACyT U48631-Q and 46176-Q, USDA 2007-35607-17780 and

NIH 1R01 AI066014.
r e f e r e n c e s

[1] Azzazy HME, Highsmith JWE. Phage display technology:
clinical applications and recent innovations. Clin Biochem
2002;35:425–45.

[2] Boonserm P, Mo M, Angsuthanasombat Ch, Lescar J.
Structure of the functional form of the mosquito larvicidal



p e p t i d e s 2 9 ( 2 0 0 8 ) 3 2 4 – 3 2 9 329
Cry4Aa toxin from Bacillus thuringiensis at a 2 8-angstrom
resolution. J Bacteriol 2006;188:3391–401.

[3] Boonserm P, Davis P, Ellar DJ, Li J. Crystal structure of the
mosquito-larvicidal toxin Cry4Ba and its biological
implications. J Mol Biol 2005;348:363–82.

[4] Bravo A, Gill SS, Soberón M. Bacillus thuringiensis
mechanisms and use. In: Gilbert LI, Iatrou K, Gill SS,
editors. Comprehensive molecular insect science. Elsevier
B.V.; 2005. p. 175–206.

[5] Droge MJ, Ruggeberg CJ, van der Sloot AM, Schimmel J,
Dijkstra DW, Verhaert RMD, et al. Binding of phage display
Bacillus subtilis lipase A to a phosphonate suicide inhibitor. J
Biotechnol 2003;101:19–28.
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Isabel Gómez‡, Iván Arenas‡, Itzel Benitez‡, Juan Miranda-Rı́os‡, Baltazar Becerril§, Ricardo Grande¶,
Juan Carlos Almagro§, Alejandra Bravo‡, and Mario Soberón‡1

From the Instituto de Biotecnologı́a, UNAM, Departamento de ‡Microbiologı́a Molecular, §Medicina Molecular y Bioprocesos,
and ¶Ingenierı́a Celular y Biocatálisis, Apdo. Postal 510-3, Cuernavaca, Morelos 62250, México

The Bacillus thuringiensis Cry toxins are specific to differ-
ent insects. In Manduca sexta cadherin (Bt-R1) and amin-
opeptidase-N (APN) proteins are recognized as Cry1A recep-
tors. Previous work showed that Cry1Ab binds to Bt-R1

promoting the formation of a pre-pore oligomer that binds to
APN leading to membrane insertion. In this work we charac-
terized the binding epitopes involved in the sequential inter-
action of Cry1Ab with Bt-R1 and APN. A Cry1Ab immune
M13 phage repertoire was constructed using antibody gene
transcripts of bone marrow or spleen from a rabbit immu-
nized with Cry1Ab. We identified antibodies that recognize
domain II loop 3 (scFvL3-3) or �16–�22 (scFvM22) in
domain III. Enzyme-linked immunosorbent assay and toxin
overlay binding competition assays in the presence of
scFvL3-3, scFvM22, or synthetic peptides showed that
domain II loop 3 is an important epitope for interaction with
Bt-R1 receptor, whereas domain III �16 is involved in the
interaction with APN. Both scFvL3-3 and scFvM22 lowered
the toxicity of Cry1Ab toM. sexta larvae indicating that inter-
action with both receptors is important for in vivo toxicity.
scFvL3-3 and anti-loop2 scFv (scFv73) promoted the forma-
tion of the pre-pore oligomer in contrast to scFvM22. In addi-
tion, scFvL3-3 and scFv73 preferentially recognized the
monomeric toxin rather than the pre-pore suggesting a con-
formational change in domain II loops upon oligomerization.
These results indicate for the first time that both receptor
molecules participate in Cry1Ab toxin action in vivo: first the
monomeric toxin binds to Bt-R1 through loops 2 and 3 of
domain II promoting the formation of the pre-pore inducing
some structural changes, then the pre-pore interacts with
APN through �-16 of domain III promotingmembrane inser-
tion and cell death.

Crystal proteins (Cry)2 arewidely used as insecticides in agri-
culture, forestry, and vector transmission due to their high
specificity and their safety for the environment. Cry proteins
are produced as protoxins of 70–130 kDa that are toxic to lar-
val forms of several insects of different orders as well as to other
invertebrates (1). Proteolytic activation of protoxin by midgut
proteases produces Cry toxin fragments of 60–65 kDa. Cry
toxins then bind to the cell surface where they undergo large-
scale irreversible conformational changes to convert them into
an oligomeric form capable of inserting into the membrane,
causing osmotic lysis ofmidgut cells and ultimately insect death
(1). Receptor binding has been studied extensively as a key step
determining insect specificity, toxicity, and resistance of Cry
toxins (1, 2). In the case of the lepidopteran insect Manduca
sexta, at least two Cry1A-binding proteins, a cadherin-like pro-
tein (Bt-R1) and a glycosylphosphatidylinositol (GPI)-anchored
aminopeptidase-N (APN), have been described as receptors of
Cry1A toxins (3, 4). Previously, we provided evidence showing
that binding of monomeric Cry1Ab toxin to Bt-R1 promotes an
additional proteolytic cleavage in the N-terminal end of the
toxin (helix �1) facilitating the formation of a pre-pore oligo-
meric structure that is competent in membrane insertion and
that oligomer formation is important for toxicity (5, 6). The
pre-pore oligomer has a higher affinity to APN (7, 8). The oli-
gomeric Cry1A structure then binds to the APN receptor lead-
ing to its insertion into membrane lipid rafts (7, 8) implying a
sequential binding mechanism of Cry1A toxins with Bt-R1 and
APN receptor molecules (8). However, a different mechanism
of action of Cry toxins based on the study of the effect of
Cry1Ab toxin to culturedTrichoplusi niH5 insect cells express-
ing M. sexta Bt-R1 (9, 10) was recently proposed. It was
proposed that the toxicity of Cry1Ab is mainly due to the inter-
action of monomeric Cy1Ab toxin with Bt-R1 by activating a
Mg�2-dependent adenylyl cyclase/protein kinase A signaling
pathway that leads to apoptosis and not to pore formation
induced by insertion of oligomeric Cry1Ab into the membrane
(9, 10). Therefore, additional experimental evidence is needed
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to discriminate between the two models of mode of action of
Cry toxins, in particular evidence that determines the role of
the APN receptor in toxicity of Cry1A toxins will be valuable.
To date, the tertiary structures of six different Cry proteins,

Cry1Aa, Cry2Aa, Cry3Aa, Cry3Bb, Cry4Aa, and Cry4Ba,
have been determined by x-ray crystallography (11–16). All
these structures display a high degree of similarity with a
three-domain organization, suggesting a similar mode of
action of the Cry three-domain protein family. The N-termi-
nal domain (domain I) is a bundle of seven �-helices in which
the central helix-�5 is hydrophobic and is encircled by six
other amphipathic helices, this helical domain is responsible
for membrane insertion and pore formation (11–15).
Domain II consists of three anti-parallel �-sheets with
exposed loop regions, and domain III is a �-sandwich (11–
15). Exposed regions in domains II and III are involved in
receptor binding (1).
The Cry1Aa, Cry1Ab, and Cry1Ac proteins share more than

95% amino acid sequence identity as protoxins and are selec-
tively toxic to some lepidopteran insect pests. These Cry1A
toxins bind to the same receptor molecules in M. sexta (Bt-R1
andAPN) (17, 18).Domain I in the three toxins sharemore than
98% amino acid sequence identity. However, there are impor-
tant differences in domains II and III of these toxins. Cry1Ab
and Cry1Ac toxins share the same domain II in contrast to
Cry1Aa that has a different domain II sharing only 69% identity.
In particular, the loop regions involved in receptor interaction
are different in Cry1Aa. In contrast, Cry1Aa and Cry1Ab share
a very similar domain III, whereas domain III of Cry1Ac shares
only 38% identity with both toxins. Because different lepidopt-
eran insects show different sensitivity to these Cry1A toxins, it
is likely that the differences in domains II and III influence the
receptor binding affinities and the activity of these toxins.
The characterization of the epitopes involved in interaction

ofCry toxinswith their receptors could give clues on themolec-
ular basis of insect specificity and resistance. In previous work,
using a synthetic phage-antibody library, we isolated an scFv
antibody (scFv73) that binds to domain II loop 2 (�6–�7 loop)
of Cry1A toxins and inhibited binding of Cry1A toxins to Bt-R1
but did not affect binding to APN (19, 20). Sequence analysis of
the CDR3H region of scFv73 led to the identification of an
8-amino acid epitope in Bt-R1 cadherin repeat 7 (CADR7,
869HITDTNNK876) involved in the binding to domain II loop 2
of Cry1A toxins (19, 20). A second binding epitope in Bt-R1
CADR11 (1331IPLPASILTVTV1342) that interacts with domain
II loop �8 (�8a–�8b loop) and loop 2 of Cry1Ab toxin (21) was
recently described. Finally, a third region in CADR12 of Bt-R1
(amino acids 1363–1464) involved in Cry1Ab interaction and
toxicity was identified (22). In the case of theHeliothis virescens
cadherin, this binding region was narrowed to residues 1422–
1440 bymutagenesis and shown to bindCry1Ac domain II loop
3 (�10–�11 loop) (23). Regarding interaction of Cry1A toxins
with APN, Cry1Ac toxin binds to APN receptor by means of
domain III that specifically recognizes N-acetylgalactosamine
(GalNAc) moieties in contrast to Cry1Aa and Cry1Ab toxins
that show no GalNAc binding capacities (18). Based on the use
of monoclonal antibodies that competed binding of Cry1Aa
with Bombix mori APN, the Cry1Aa-APN interacting epitopes

were recently mapped in domain III �16 (508STLRVN513) and
�22 (582VFTLSAHV589) residues, which are exposed and in
close proximity in the three-dimensional structure (24, 25).
Binding of Cry1Ab toxin to anti-loop 2 scFv73 antibody or to

Bt-R1 CADR7 or CADR11 peptides facilitates the formation of
the pre-pore oligomeric structure in vitro, showing that domain
II interaction with Bt-R1 is an important step in the formation
of the pre-pore oligomer before toxin inserts into the mem-
brane (6, 21).
Although some binding epitopes in the toxin have been char-

acterized, little is known about the mechanism by which the
Cry1A toxins undergo a sequential interaction with the two
receptors molecules. The characterization of the binding
epitopes in the pre-pore oligomer and the role of these binding
sites in the interaction with both Bt-R1 and APN is still miss-
ing. Furthermore, the characterization of possible structural
changes in the toxin epitopes involved in receptor interaction
could give clues on themechanism of differential interaction of
monomeric and pre-pore oligomeric structures with Bt-R1 and
APN. Also, the study of the role of the interaction of the pre-
pore with APN in Cry1Ab toxicity will be important to deter-
mine the role of pre-pore formation in toxicity. In this study, we
constructed immune libraries for Cry1Ab toxin and selected
specific monoclonal scFv fragments that recognize Cry1Ab
domain II loop 3 or domain III �16–�22 epitopes and demon-
strated that both scFv molecules can inhibit the toxicity to M.
sexta larvae. An anti-loop 3 antibody inhibited binding of
Cry1Ab to Bt-R1, whereas an anti-�16–�22 antibody inhibited
interaction with APN. In vitro oligomer formation assays with
the selected scFv antibodies showed that only binding of
Cry1Ab domain II with Bt-R1 is involved in oligomer formation
in contrast to binding of domain III with APN that did not
facilitate the formation of the pre-pore. Overall, these results
suggest that interaction of Cry1Ab with both receptor mole-
cules is important for toxicity. Also these data contribute to our
understanding of the mechanism involved in the sequential
interaction of Cry1Ab toxin with both receptor molecules.

MATERIALS AND METHODS

Purification of Monomeric Cry Toxins—The acrystallifer-
ous Bt strain 407cry� (26) transformed with pHT409 plas-
mid harboring the cry1Aa gene (27) or pHT315-cry1Ab (19)
were used for Cry1Aa and Cry1Ab production, respectively.
Cry1Ac was produced from wild-type Bt strain HD73. Bt
strains were grown for 3 days at 29 °C in nutrient broth spor-
ulation medium (28) supplemented with 10 �g/ml erythro-
mycin for Cry1Aa and Cry1Ab. After sporulation, crystals
were purified by sucrose gradients as reported (19). The
Cry1A protoxins were solubilized and proteolytically acti-
vated as reported (19).
Oligomer Formation Assay—For activation, 1–2 �g of

Cry1Ab protoxin was incubated with scFv molecules in the
presence of M. sexta midgut juice as previously reported (6).
Purification of the activated toxins was done by size exclusion
chromatographywith Superdex 200HR10/30 (AmershamBio-
sciences) FPLC size exclusion as described (29). The oligomeric
structure was detected by Western blot assays using Cry1Ab-
polyclonal antibodies as reported (6).
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Solubilization of GPI-anchored Proteins—M. sexta brush
bordermembrane vesicles (BBMV)were treatedwith phospho-
lipase C from Bacillus cereus (Sigma) as previously reported in
Ref. 30. Membranes were recovered by ultracentrifugation
(90,000 x g for 20 min), and the supernatant was analyzed for
aminopeptidase activity. APN enzymatic activity wasmeasured
using 1 mg/ml leucine-p-nitroanilide (Sigma) as substrate.
BBMVproteins (5�g) weremixedwith APNbuffer (0.2 MTris-
HCl, pH 8, 0.25 M NaCl) containing 1 mM leucine-p-nitroani-
lide. APN enzymatic activity was monitored as change in the
absorbance at 405 nm for 10 min at room temperature.
Rabbit Immunization—A New Zealand White rabbit was

immunized subcutaneously with a mixture of oligomeric and
monomeric Cry1Ab toxin structures obtained after proteolyti-
cal activation of Cry1Ab in the presence of scFv73. The rabbit
was boosted three times with 1 mg of Cry1Ab toxin structure
mixture, mixed with incomplete adjuvant, at 15-day intervals.
The bone marrow and spleen were dissected 40 days after the
primary immunization.
Phage Display Library Construction—Total RNA was pre-

pared from spleen tissue and bone marrow as described (31).
Total RNA and random primer were used for first strand
cDNA synthesis using a kit (Roche Applied Sciences),
according to the manufacturer’s instructions. From cDNA,
heavy and light chain DNA fragments were amplified sepa-
rately and recombined by three subsequent PCR, essentially
as described (31), except that PCR1 and PCR2 were done
with Vent DNA polymerase (New England BioLabs, Beverly,
MA). Primer sequences for amplification of VL and VH anti-
body regions have been described before (31). However,
primers HH13, HH14, and HH15 sequences were corrected;
HH13, 5�-GGCGGATCAGGAGGCGGAGGTTCTGGAG-
GTGGGAGTGMCCTCGATMTGACCCAGACTCCAGC-
3�; HH14, 5�-GGCGGATCAGGAGGCGGAGGTTCTGG-
AGGTGGGAGTGMCCTCGTGMTGACCCAGACTCCA-
GC-3�; HH15, 5�-GGCGGATCAGGAGGCGGAGGTTCT-
GGAGGAGGTGGGAGTGMCCTCGTGMTGACCCAGA-
CTCCATC-3�, where M � A/C.

To construct the scFv libraries, scFv PCR products and pha-
gemid vectors pCANTAB 5E and pSyn2 were digested with
restriction enzymes SfiI and NotI (New England BioLabs, Bev-
erly, MA), gel purified, and ligated. The ligation products were
purified by extraction with phenol/chloroform and ethanol
precipitation. The purified DNA was electroporated into TG1
Escherichia coli cells. Each library was grown on TYE agar
plates, supplemented with ampicillin (100 �g/ml) and glucose
(1% w/w). After overnight incubation at 37 °C, grown colonies
were scraped off the agar plates, mixed with glycerol (20%),
and stored at �70 °C. Libraries of 2.0 � 106 members were
obtained.
Selection and Characterization of Phage Displayed Anti-

bodies—Preparation of phage particles for panning was done
as described (19). Briefly, Maxisorp immunotubes (Nunc, Den-
mark) were coated with Cry1Ab and blocked (19). The tubes
were incubated with phage antibodies (1011 phage particles in
MPBS skim milk 2% in PBS) and washed 10 times to remove
unbound phage Abs (19). The binders were eluted with trieth-
ylamine, and the eluant neutralized and mixed with 8.5 ml of

exponentially growing TG1 cells to allow infection as described
(19). Cells were resuspended in 1 ml of medium, and plated on
three TYE agar plates (145-mm diameter) as described (19).
After overnight growth at 37 °C, bacteria were harvested and
phage were rescued to produce phagemids for the next selec-
tion cycle. This panning cycle was done three times, after which
polyclonal phage Abs from each round of selection were tested
for binding activity in a phage ELISA. In the case of the panning
of anti-domain III Cry1Ab antibodies, the last panning round
was performed in the presence of 25 �g/ml soluble Cry1Ac
toxin.
Panning Selection Using Biotinylated Antigens—Streptavidin

microtiter plates (Pierce)were coatedwith biotinylatedCry1Ab
(10 nM) or biotin-loop 3 synthetic peptide (1 �M). Cry1Ab
was biotinylated using biotinyl-N-hydroxysuccinimide ester
(Amersham Biosciences) according to the manufacturer’s
instructions. Panning was carried out essentially as described
above, except that volumes were adapted for microtiter plates.
Synthetic peptides (Table 1) were purchased from Invitrogen.
Phage or scFv ELISA—For phage ELISA, themicrotiter plates

were coated with 2.5 �g of Cry1Ab toxin in 100 �l of carbonate
buffer (50 mM, pH 9.6) per well overnight at 4 °C. For scFv
ELISA themicrotiter plates were coated with 100 ng of Cry1Ab
monomer or 100 ng of oligomer in 100 �l of carbonate buffer
per well overnight at 4 °C. The plates were washed 3 times with
PBS and blockedwith 200�l/well ofMPBS skimmilk 2% in PBS
for 2 h at 37 °C. For phage ELISA, 100 �l of phage Abs (1 � 108
plaque-forming units) were added and incubated for 90 min at
25 °C. After washing, 100 �l of horseradish peroxidase-con-
jugated sheep anti-M13 antibody (1:1000 inMPBS skimmilk
2% in PBS) was added and incubated as before. For scFv
ELISA, 200 nM pure scFv molecules were added to the
Cry1Ab monomeric- or oligomeric-coated wells and incu-
bated for 90 min at 25 °C. scFv antibodies were detected with
horseradish peroxidase-conjugated anti-His antibody (Qia-
gen) (1:5000 dilution). After washing 3 times with TPBS and 3
times with PBS, ortho-phenylenediamine (Sigma) (0.5 mg/ml,
30% H2O2) was used as substrate for detection. Reaction was
stopped with 100 �l of 1 M H2SO4 and measured at 490 nm
using a microplate reader. For competition assays, 1 �g of syn-
thetic peptides were added during the incubation with the
selected scFv phages.
Nucleotide SequenceDetermination and Fingerprint Analysis—

To determine the diversity of the original libraries and clones
after panning selection, we randomly picked infected TG1 col-
onies and amplified their scFv inserts with the PCR 5� primer
PSYN1 (ATACCTATTGCCTACGGC) and 3� primer PSYN2
(TTACAACAGTCTATGCGG), or primers JK2 andAW1 (31).
To obtain DNA fingerprint of the insert sequences, the PCR
products were digested with AluI (New England Biosciences)
and resolved on 8% acrylamide gels.
Expression and Purification of Soluble scFv Antibodies—The

positive phage clones were subcloned into expression vector
pET22b (Novagen). Recombinants were transformed into
E. coli BL21(DE3) and induced with 1 mM isopropyl 1-thio-�-
D-galactopyranoside. After incubation at 30 °C overnight, the
proteins in the periplasmwere collected using solution I (30mM

Tris-HCl, pH 8.0, 1 mM EDTA, 20% sucrose) and solution II (5
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mM MgSO4), respectively. The scFv antibodies were purified
using nickel-agarose columns as reported (19). The purified
proteins were then detected by SDS-PAGE and Western blot.
Preparation of BBMV—M. sexta were reared on an artificial

diet. BBMV from third instarM. sexta larvae were prepared as
reported (32).
Toxin Binding Assays—Toxin overlay assays to BBMV were

performed as described (19–21). To determine the ability of
selected scFv to compete with the Cry1Ab toxin, different con-
centrations of scFv were incubated with biotinylated Cry1Ab
toxin in washing buffer before adding the mixture to nitrocel-
lulose membranes. Single gel blots were incubated with differ-
ent competitors using the PR 150 mini deca-probe (Amersham
Biosciences) that was designed to incubate each lane of the blot
in different conditions avoiding the need of cutting lanes for
different conditions.
For analysis of oligomer binding to GPI-anchored protein

extract, microtiter plates were coated with 20 �g of GPI pro-
teins as above. The plates were washed 3 times with PBS and
blockedwith 200�l/well of skimmilk 2% in PBS for 2 h at 37 °C.
10 nM pure Cry1Ab oligomer was added to the coated wells as
above. Cry1Ab oligomer was detected using Cry1Ab polyclonal
antibody (1:20,000 dilution) and then a secondary goat anti-
rabbit antibody conjugated with horseradish peroxidase
(Sigma) (1:5,000 dilution). Washing and reading of ELISA was
done as described above. For competition assays, 1012 plaque
forming units of scFv phages were added during incubation
with the Cry1Ab oligomer.
Insect Bioassay—Bioassays were performed with M. sexta

neonate larvae by the surface contamination method as previ-
ously described (19).

RESULTS

Phage Antibody Libraries, Construction, and Character-
ization—We constructed Cry1Ab-immune rabbit libraries in
scFv format that could be used for selection of high-affinity and
highly specific antibodies against Cry1Ab toxin. The scFv
libraries were constructed as reported previously in three PCR
steps using reported primers that allow the amplification of
rabbit variable heavy and light chain cDNAs (31). Total RNA
was extracted from the spleen and bone marrow of a New Zea-
land White rabbit previously immunized with a mixture con-
taining both monomeric and oligomeric Cry1Ab toxin struc-
tures. After cDNA synthesis by reverse transcription, VH and
VL DNA fragment repertoires were amplified separately by
PCRusing four pairs of primers for heavy chains and three pairs
of primers for light chains as reported (31). In the second PCR,
a DNA linker coding a (Gly4Ser)3 peptide linker sequence was
added using modified 3�-heavy and 5�-light chain primers (31).
However, reported primers HH13, HH14, and HH15 were

modified because the reported primer sequence contained a
misplaced glycine codon (31) (see “Materials andMethods” for
primer sequence). Finally, a third PCR was performed to fuse
the amplified VH andVL genes DNA fragments by overlapping
extension. In the final PCR SfiI and NotI restriction sites were
added to the 3� and 5� ends, respectively, using primers harbor-
ing these restriction sites as reported (31). PCR products of 800
bp from the final PCR were digested with SfiI and NotI restric-
tion enzymes and cloned into the previously digested phagemid
vectors pSyn2 or pCANtab that allows the display of the cloned
fragment on the surface of M13 phage (19). After E. coli cell
transformations, libraries of 2.0� 106members were obtained.

To examine the integrity and variability of the libraries, 20
clones of each library were picked at random and analyzed by
PCR, 95% of the clones were found to contain scFv DNA frag-
ments of the expected size (data not shown). The diversity of
the libraries was determined by digestion of the amplified scFv
fragment with the AluI restriction enzyme. The PCR finger-
printing analysis of bone marrow and spleen libraries showed
that the libraries contain high variability because all restriction
patterns analyzed were different (data not shown).
Identification of Anti-loop 3 and Anti-domain III Phage

Antibodies—To study the role of domain II and III regions in
the binding interaction with receptor molecules, we selected
scFv-M13 phages by panning that recognize Cry1Ab-domain II
loop 3 or domain III because these regions have been shown to
be involved in interaction with Bt-R1 or APN (23, 25). Previ-
ously we characterized an scFv antibody (scFv73) that binds
domain II loop 2 and inhibits Cry1Ab toxin binding with Bt-R1
but not with APN (19, 20).
Novel panning procedures were performed to select the

desired specific scFv antibodies. For the identification of anti-
loop 3 scFv antibodies, the panning procedure consisted in two
panning rounds against whole Cry1Ab toxin and a third pan-
ning round against a biotinylated synthetic peptide with an
amino acid sequence corresponding to Cry1Ab loop 3 (bio-
tin-loop3, Table 1). Simultaneously, a third panning round
was performed against biotinylated Cry1Ab toxin. After the
third round of panning, scFv antibodies were preferentially
retained by Cry1Ab as shown by the higher number of exit
colony forming units obtained for biotinylated Cry1Ab (107

colony forming units/ml) in comparison to biotin-loop3
peptide (104 colony forming units/ml). Fingerprinting anal-
ysis of 20 clones selected against the biotin-loop 3 peptide
revealed five different restriction patterns (Fig. 1). The five
different scFv-M13 phages were tested in ELISA for binding
to Cry1Aa or Cry1Ab toxins. Fig. 2A shows that all five
clones bound to Cry1Ab toxin but not to Cry1Aa, which has
a different loop 3 amino acid sequence. The scFv phage

TABLE 1
Synthetic peptide sequences

Name Sequence Description

Biotin-loop 3 Biotin-SGSSG-FRSGFSNSSVS Cry1Ab residues 436-379 fused to biotin-SGSSG peptide
Loop2 LYRRPFNIGINNQQ Cry1Ab residues 366-379
Loop3 FRSGFSNSSVSIIR Cry1Ab residues 436-449
DIII-1 GQISTLRVNITA Cry1Ab residues 506-517
DIII-2 VFTLSAHVFN Cry1Ab residues 583-592
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scFv3-L3 was selected and Fig. 2B shows that binding of
scFv3-L3 to Cry1Ab was competed by a loop 3 synthetic
peptide but not by loop 2, �16 or �22 synthetic peptides
(Fig. 2B).
To select scFv antibodies that recognize Cry1Ab domain III,

we performed a panning procedure that counter-selected scFv-
M13 phages that recognize Cry1Ac toxin that has a different
domain III and very similar domains I and II. After two rounds
of panning against Cry1Ab, a third round against Cry1Ac was
performed. The non-binding Cry1Ac phages were recovered,
amplified, and subjected to a final panning round against
Cry1Ab in the presence of soluble Cry1Ac to ensure binding to
Cry1Ab of phages that do not recognize Cry1Ac. Fifty colonies
from the fourth round were amplified by PCR and character-
ized by fingerprinting. Five different restriction patterns were
identified (Fig. 1). Analysis of binding to Cry1A proteins
revealed that four of these scFv phages bind to Cry1Ab but not
to Cry1Ac, suggesting that these scFv antibodies bind domain
III of Cry1Ab (Fig. 2C). Previously it was demonstrated that
Cry1Aa domain III 508STLRVN513 and 582VFTLSAHV589 resi-
dues, corresponding to �16 and �22, were involved in binding
with B. mori APN (25). These amino acid regions are in close
proximity in the Cry1Aa structure (25). To determine whether

any of the selected anti-domain III scFv-M13 phages recognize
these binding epitopes, binding of these five scFv-M13 phages
to Cry1Ab was performed in the presence of synthetic peptides
corresponding to the �16 or �22 regions of Cry1Ab. Fig. 2B
shows that binding of phage scFvM22 to Cry1Ab was inhibited
by the two domain III synthetic peptides corresponding to
Cry1Ab�16 or�22 and not by the synthetic peptides of domain
II loops, indicating that scFvM22binds to this domain III amino
acid epitope.
Effect of Anti-loop 3 and Anti-�-16–�-22 scFv Molecules on

Cry1Ab-Receptor Interaction—To determine whether the
selected scFv protein fragments inhibit the Cry1Ab-receptor
interaction, we performed toxin overlay assays using M. sexta
BBMV. Fig. 3A shows that the anti-loop 3 scFvL3-3 phage par-
ticles inhibited binding of biotinylated Cry1Ab to Bt-R1 (210
kDa) in contrast to the anti-�16–�22 scFvM22 phage particles
that did not affect this interaction. Interestingly, APN (120 kDa)
binding was competed by scFvM22 phage in contrast to
scFvL3-3 phage that did not compete this interaction (Fig. 3A).
To determine whether binding competition of scFv molecules
was not due to steric hindrance due to the size of the scFv
molecule, binding ofCry1Ab toxinwith blottedBBMVproteins
was performed in the presence of synthetic peptides corre-
sponding to Cry1Ab binding epitopes. Fig. 3B shows that loop 3
synthetic peptide competed the binding of Cry1Ab to Bt-R1 but
not to APN. In contrast, synthetic peptide DIII-1 (corre-
sponding to the �16) competed the binding of Cry1Ab to
APN but had no effect on Bt-R1 binding (Fig. 3B). Synthetic
peptide DIII-2 (corresponding to �22) did not compete the
binding of Cry1Ab to Bt-R1 nor to APN. These results show
that domain II loop 3 is involved in Bt-R1 binding, whereas
domain III �16 from Cry1Ab is important for the interaction
with M. sexta-APN.
Oligomer Formation of Cry1Ab in the Presence of Anti-loop 3

or Anti-domain III scFv Antibodies—Previous work demon-
strated that binding of Cry1Ab protoxin to Bt-R1 peptides
CADR7 or CADR11 or to scFv73 antibody, whichmimics these
cadherin epitopes (6, 19, 21), facilitated the proteolytic cleavage
of domain I helix �1 resulting in the formation of a pre-pore
oligomeric structure that is capable of membrane insertion (6,
21). To determinewhether the scFvL3-3 or scFvM22 antibodies

FIGURE 1. Fingerprint analysis of scFv clones. AluI restriction patterns of
selected scFv DNA fragments after panning against loop 3 peptide (-3L1, 3L2,
3L3, 3L6 3L9, lanes 2– 6) and against Cry1Ab in the presence of soluble Cry1Ac
(-B2, B12, M2, M21, M22, lanes 7–11). Lane 1 (M) is the molecular size marker
(50-bp DNA ladder, Invitrogen).

FIGURE 2. ELISA binding analysis of scFv-M13 phages with Cry1A toxins. A, binding of five different anti-loop 3 scFv phages to Cry1Ab or Cry1Aa toxins;
B, binding of scFv3L-3 or scFvM22 phage particles to Cry1Ab in the presence of 1 �g of synthetic peptides corresponding to loop 2, loop 3, �16 (DIII-1), or �22
(DIII-2) amino acid sequences; C, binding of different anti-domain III scFv phages with Cry1Ab or Cry1Ac toxins. Bars are S.D. of three repetitions. Statistical
significance: A, p � 0.01; B, p � 0.05; C, p � 0.01.
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facilitate the formation of the pre-pore structure, Cry1Ab pro-
toxin was proteolytically activated in the presence of each one
of these pure scFvL3-3 or scFvM22molecules. Fig. 4 shows that
when Cry1Ab protoxin was activated in the presence of
scFvL3-3, a 250-kDa oligomer was produced. In contrast, when
Cry1Ab protoxin was activated in the presence of the scFvM22
molecule only monomeric 60-kDa Cry1Ab toxin was produced
(Fig. 4).
Binding of scFv to Cry1Ab Monomeric and Oligomeric

Structures—The pre-pore oligomeric Cry1Ab structure gains
200-fold affinity to APN receptor suggesting some structural
changes in the receptor-binding epitopes of the Cry1Ab toxin
upon oligomerization (8). To determine whether domain II
loops 2 and 3 or the domain III�16–�22 epitopes have a similar
structure in the monomeric and oligomeric structures, binding

of anti-domain II-loop 2 scFv73, anti-loop 3 scFvL3-3, or anti-
domain III-scFvM22 molecules to pure monomeric or oligo-
meric Cry1Ab toxin structures was analyzed by ELISA. Fig. 5A
shows that anti-loop 2 scFv73 or anti-loop 3 scFvL3-3 antibod-
ies bound preferentially themonomeric toxin in contrast to the
oligomeric structure. In contrast, the anti-�16–�22 scFvM22
recognized both Cry1Ab structures. These results suggest that
domain II loops 2 and 3 of Cry1Ab might suffer a conforma-
tional change upon oligomerization or are buried in the oligo-
meric structure, in contrast to �16–�22 that has a similar con-
formation in both monomeric and oligomeric structures.
Domain III �16 Is Involved in the Interaction of Cry1Ab Pre-

pore Oligomer with M. sexta GPI-anchored Proteins—The
results shown so far demonstrated that the Cry1Abmonomer
interacts with APN by domain III �16 and that this binding
epitope has a similar structure in both monomeric and oli-
gomeric structures. To determine whether domain III �16
was involved in the interaction of the Cry1Ab pre-pore to
APN, binding of pure oligomeric Cry1Ab pre-pore to pro-
teins obtained after phosphatidylinositol-phospholipase C
treatment of BBMV was performed in the presence of
scFvM22 or scFvL3-3 phages as competitors. APN is GPI-
anchored and phosphatidylinositol-phospholipase C cleaves
out GPI anchored proteins (4, 30). Fig. 5B shows that
scFvM22-phage competed the binding of Cry1Ab oligomer
to GPI-anchored proteins in contrast to scFvL3-3 phage that
had no effect in this interaction.
Effect of scFv Phage on Toxicity of Cry1Ab Toxin in M. sexta

Larvae—To test the effects of selected scFv phages on the tox-
icity of Cry1Ab toxin to M. sexta larvae, bioassays were per-
formed using the different scFv phages in combination with
Cry1Ab toxin. First instar M. sexta larvae were fed Cry1Ab
toxin either alone or with the Cry1Ab toxin preincubated with
109 phage particles of the differentmonoclonal scFv antibodies.
As control we included an scFv phage particle (scFvS1) that was
selected by biopanning against Cry1Ab toxin and that showed
similar binding to Cry1Aa, Cry1Ab, or Cry1Ac in ELISA (data
not shown). None of the phages were toxic to M. sexta larvae

FIGURE 3. Binding of Cry1Ab toxin to M. sexta BBMV proteins by toxin
overlay assay. A, toxin overlay assay in the presence of scFv phage particles
as competitors (108 or 1010 plaque-forming units as competitors); B, toxin
overlay assay in the presence of synthetic peptides as competitors. Numbers
indicate the molar excess of each synthetic peptide; lanes C, control without
competitor. Representative results of at least four repetitions.

FIGURE 4. Pre-pore oligomer formation induced by binding of Cry1Ab
with selected scFv molecules. Western blot of Cry1Ab toxin after incubation
with scFv molecules (1/4 ratio) and activated with M. sexta midgut juice. Reac-
tion was stopped with 1 mM phenylmethylsulfonyl fluoride and centrifuged
20 min at 12,000 � g. Supernatants were loaded into SDS-PAGE and Cry1Ab
structures were detected with polyclonal anti-Cry1Ab antibody. Lane 1, pro-
teolytic activation in the presence of anti-loop 2 scFv73 antibody; lane 2, acti-
vation in the presence of anti-loop 3 scFv3L-3 antibody; lane 3, activation in
the presence of anti-domain III scFvM22 antibody.

FIGURE 5. Domain III �16 –�22 epitope involved in Cry1Ab pre-pore
interaction with APN. A, binding of anti-loop 2 scFv73, anti-loop 3 scFv3L-3,
or anti-domain III scFvM22 to pure Cry1Ab monomeric or oligomeric struc-
tures. B, binding of pure oligomer to GPI-anchored proteins from M. sexta
BBMV without competitor (C) or in the presence of 1012 scFvM22 or scFvL3-3
phage particles. Bars are S.D. of three repetitions. Statistical significance: A,
p � 0.01; B, p � 0.05.
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(data not shown). Table 2 shows that both scFvL3-3-M13 and
scFvM22-M13 phages inhibited 70–80% toxicity of the
Cry1Ab toxin. In contrast, scFvS1 phage particles had no effect
on Cry1Ab toxicity.

DISCUSSION

We have previously proposed a model involving the sequen-
tial interaction of Cry1A toxins with cadherin-like protein (Bt-
R1) and GPI-anchored APN receptor molecules. First, the
interaction of monomeric Cry1A toxins with Bt-R1 facilitates
the formation of a pre-pore oligomeric structure that gains
binding affinity to APN, after APN binding the Cry1A pre-pore
inserts into lipid rafts inducing osmotic unbalance and cell
swelling (8). However, the molecular mechanism that deter-
mines the sequential interaction of monomeric and pre-pore
oligomeric structures with both receptors is not understood. In
this work we identify the binding epitopes of monomeric and
oligomeric Cry1Ab structures to their corresponding receptor
(cadherin Bt-R1 for the monomeric structure and APN for the
oligomeric structure) and determined for the first time the
important role of both receptors in the Cry1Ab toxicity in vivo.

In the case of Bt-R1, domain II loops �8, 2, and 3 have been
shown to have an important role in Bt-R1 recognition (19–21,
23). In agreement with this, anti-loop 3 scFvL3-3 antibody, or
the previously reported anti-loop 2 scFv73, inhibited the inter-
action with Bt-R1 (19, 20). Sequence analysis of the five anti-
loop 3 antibodies revealed that all of them shared a similar
CDR1 of the variable light chain. Binding competition analysis
of anti-loop 3 antibodies to Cry1Ab toxin using synthetic pep-
tides corresponding to the amino acid sequences of the six pre-
dicted CDR regions in scFvL3-3 revealed that only peptide
CDR1-L competed the binding indicating that anti-loop 3 binds
Cry1Ab loop 3 using the CDR1-L region. The CDR1-L amino
acid sequence (162QASQSIVS169) showed a similar hydropathic
profile to the Bt-R1 sequence (1412NAQTGVLT1419) located in
CADR12. This amino acid region corresponds to the loop
3-binding epitope of H. virescens cadherin 1421QTGVLTL-
NFQ1431 (23), suggesting that both M. sexta and H. virescens
cadherins recognize loop 3 by similar binding epitopes.
Data from several laboratories, including this report, have

recognized thatCry1Adomain III has an important role inAPN
recognition (25, 33). Cry1Ac toxin binds M. sexta APN recep-
tors through domain III binding to GalNAc residues (18, 33),
whereas it was proposed that Cry1Aa binds B. mori APN
through domain III �16 (508STLRVN513) and �22 (582VFTL-
SAHV589) residues (25). In this work we show that Cry1Ab
binds M. sexta APN principally by the domain III �16 epitope

because scFvM22 antibody that binds �16 and �22 amino acid
regions competed the binding of Cry1Ab with APN. Neverthe-
less, Cry1Ab binding competitions with synthetic peptides
DIII-1 (corresponding to �16 residues) or DIII-2 (correspond-
ing to �22) revealed that only the �16 region is involved in
interaction with APN in contrast to the �22 region. Mutagen-
esis of �16 residues will be helpful to further narrow this APN
binding epitope. Interestingly, the �16–�22 epitope has a sim-
ilar structure in both themonomeric and oligomeric structures
because scFvM22 recognized both toxin structures with similar
efficiencies and scFvM22 inhibited the interaction of the pre-
pore oligomer with GPI-anchored protein extracts. These
results indicate that this domain III epitope is involved in the
interaction of the oligomer with APN.
SPR binding studies of Cry1Ab mutants with pure M. sexta

APN showed that domain II loops 2 and 3 are also involved in
APN recognition (34). These data seem to be in disagreement
with the finding that an anti-loop 2 scFv73 or anti-loop 3
scFvL3-3 phages did not inhibit the interaction of monomeric
Cry1Ab with APN and the oligomeric pre-pore with soluble
GPI-anchored proteins. In the case of the lepidopteran insect
Lymantria dispar, a sequential binding mechanism was pro-
posed in the interaction of Cry1Ac with APN (35). Cry1Ac
domain III first interacts with APN GalNAc sugar moieties
facilitating the subsequent interaction of domain II loop
regions with another region in this receptor (35). This binding
mechanism could explain the binding competition of anti-do-
main III scFvM22 phage particles to APN in contrast to anti-
domain II loop antibodies scFv73 and scFvL3-3, because com-
peting the first binding event will inhibit the binding of domain
II loop regions.
The scFvmolecules characterized in this work were useful in

determining the role of Cry1Ab binding to both receptor mol-
ecules in the formation of the pre-pore oligomeric structure.
Anti-domain II loop scFv molecules, scFv73 or scFvL3-3, facil-
itated the formation of the pre-pore oligomeric structure.
Because these scFv molecules inhibited Bt-R1 binding and not
APN recognition, these data are in agreement with a model
where binding of monomeric Cry1Ab toxin to Bt-R1 through
domain II loop regions induces a conformational change result-
ing in the formation of the pre-pore structure. In contrast, anti-
domain III antibody scFvM22 did not facilitate the formation of
the oligomeric structure, suggesting that the interaction of
monomeric Cry1Ab with APN has no consequence in pre-pore
formation.
Previouswork demonstrated that Cry1Ab pre-pore oligomer

bound APNwith a 200-fold increased apparent binding affinity
in comparison to monomeric Cry1Ab, suggesting that struc-
tural changes of certain binding epitopes in the toxin occur
upon oligomerization (8). Interestingly, the anti-loop 2 scFv73
and anti-loop 3 scFvL3-3 antibodies bound preferentially the
Cry1Ab monomeric structure in comparison to the oligomeric
structure, suggesting a possible conformational change upon
oligomerization in the domain II loop 2 and 3 regions. Because
domain II loops 2 and 3 seems to suffer a conformational
change upon oligomerization that affects recognition by spe-
cificmonoclonal antibodies, it could be possible that changes in
domain II loops 2 and 3may be involved in the sequential inter-

TABLE 2
Toxicity of Cry1Ab toxin to M. sexta larvae in the presence of
scFv-phages competitors

Treatment Mortalitya

%
Cry1Ab 95 � 0.8
Cry1Ab � scFv3L-3 17 � 1.6
Cry1Ab � scFvM22 30 � 5.5
Cry1Ab � scFvS1 96 � 1
H2O 0

a Expressed asmean� S.D. (n� 3) using 24 larvae. For each treatment 10 ng/cm2 of
Cry1Ab toxin plus 109 colony forming units of scFv-displaying phage were used.
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action with Bt-R1 and APN. This structural change could lead
to loose binding of oligomer to Bt-R1 and enhance binding of
oligomer to APN. The nature of the structural change of the
domain II loop region in the oligomer remains to be character-
ized, we cannot rule out that domain II loop regions may be
buried into the pre-pore oligomer affecting the interaction of
monoclonal antibodies (scFv73 and scFvL3-3) that mimic the
Bt-R1 binding sites. Determination of binding affinities of pure
pre-pore oligomeric structures of several point mutants in
domain II loop regions of Cry1Ab to APN and Bt-R1 will be
helpful in understanding the role of these regions on Cry1Ab
pre-pore binding to APN. Overall these results show that the
constructed immune scFv libraries against Cry1Ab toxin are a
valuable resource for identifying regions in the toxin involved in
different steps of the toxin mode of action.
Finally, it was recently proposed that the toxicity of Cry1Ab is

mainly due to the interaction of monomeric toxin with Bt-R1 by
apparently activating aMg2�-dependent adenylyl cyclase/protein
kinase A signaling pathway in midgut cells that leads to apoptosis
and not to lytic pore formation induced by oligomer membrane
insertion (9, 10).Thiswasproposedbasedon the studyof theeffect
ofCry1Ab toxin to culturedTrichoplusi niH5 insect cells express-
ingM. sextaBt-R1 (9, 10).Althoughnot recognizedby the authors,
the data presented by Zhang et al. (9) showed that toxicity of
Cry1Ab toxin to H5 cells expressing Ms-Bt-R1 correlated with
increased oligomer formation. In addition, these authors found
that activation of adenylyl cyclase using a direct activator (forsko-
lin) ofmembrane adenylyl cyclasedoesnot affect cell viability even
thought it was expected that the increased levels of cAMP would
activate protein kinase A under treatment with forskolin. The
authors concluded that other effectors could be involved in
Cry1Ab toxicity (10). In any case, it should be pointed out that the
situation in vivo on intact larvae midgut cells could be very differ-
ent fromcultured insect cells.Ourdata show that scFvM22,which
specificallyblocksbindingofCry1AbtoAPNwithoutaffecting the
interaction of Cry1Abwith Bt-R1, severely attenuated the toxicity
of Cry1Ab toxin in vivo, indicating that the interaction of Cry1Ab
toxin with Bt-R1 is not enough to kill the larvae and that interac-
tionwith both receptormolecules is necessary for complete toxic-
ity inM. sexta larvae. These data are in agreement with themodel
of the sequential participation of Bt-R1 and APN in toxin mem-
brane insertion, pore formation, and toxicity of Cry1A toxins.
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29. Rausell, C.,Muñoz-Garay, C.,Miranda-CassoLuengo, R., Gómez, I., Rudiño-
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ANEXO III 
 

Colaboración del estudiante en capítulos de libros. 

Identification of scFv molecules that recognize loop 3 of domain II and domain III of 
Bacillus thuringiensis. 

Gómez, I., Miranda-Ríos, J., Arenas, I., Grande, R., Becerril, B., Bravo A. and Soberón, 
M. 

6th Pacific Rim Conference on the biotechnology of Bacillus thuringiensis and its 
environmental impact.  
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