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ABSTRACT
The Cry toxins produced gacillus thuringiensis are an alternative for biological control
of insects. In the case of CrylA toxins, it hasrbpsposed that after proteolytic activation
of the CrylA protoxin by midgut proteases, the nmeac form of the toxin binds to a
transmembrane cadherine protein. This interactrompte the formation of an oligomeric
form of the toxin that binds with high affinity ta glicosyl-phosphatidyl-inositol (GPI)
anchored aminopeptidase N (APN) that facilitatess tiembrane insertion of the toxin. In
Manduca sexta a second GPIl-anchored protein (alkaline phospbeatsasP) binds CrylAb
toxin, however, the role of this protein in toxicittmains to be determined. In this work
we analyzed the interaction of oligomeric and moaomstructures of CrylAb and of
CrylAb mutants in domain Il and domain 1l bindirggions, with the midgut purifiell.
sexta ALP and APN to determine if these interactionsiarportant for toxicity. Detection
of CrylAb binding proteins by ligand blot assay ealed that ALP is preferentially
expressed in earlier larval instars, whereas APNréderentially expressed at later larval
instars. This result suggests that ALP has an itapbrole on CrylAb toxicity since Cry
toxins are more effective when assayed with lafvamn the first instars. The binding of
oligomeric CrylAb to APN and ALP showed that thisusture toxin interacts with both
receptors with high affinity (apparent Kd= 0.6 nkMdaKd= 0.5 nM, respectively) whereas
the monomeric toxin showed lower affinity interacis (apparent Kd= 101.6 nM and 267.3
nM, respectively). Several CrylAb non-toxic mutafdeated in the exposed loop 2 of
domain Il orp16 domain Ill were affected in binding to APN and depending on their
oligomeric state of the toxin. In particular, theomemeric non-toxic domain Il mutant
L511A did not bind to ALP, but retained APN bindjnguggesting that initial monomer

11



M. en C. Ivan Arenas Sosa Doctorado en Ciencias

interaction with ALP is critical for toxicity. Oligmers of the non-toxic domain 1l loop 2
mutants RR368-369AA and F371A were affected initieraction with both receptors in
contrast with toxin monomers that showed similauding to both GPI anchored proteins as
CrylAb wt toxin. These results suggest that the Add ALP fulfill two roles in the
mechanism of action of these toxins. First, the omo@ric toxin binds to both GPI
anchored proteins localized in the midgut microvikéfore the toxin binds to cadherin.
After cadherin interaction, the toxin forms the gwee oligomer and then binds with high
affinity to APN and ALP mediating the oligomer imgen into the membrane. However,
the expression pattern of these GPI-anchored rexsepahd the phenotype of L511A mutant

suggest that ALP may have a predominant role indkieity than APN.
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RESUMEN

Las toxinas Cry producidas p@&acillus thuringiensis son una eleccion importante en el
control bioldgico de insectos. En el caso del misrtan de accion de las toxinas CrylA se
ha demostrado que la toxina presenta dos intera&gisucesivas con aminopeptidasa. La
primera interaccion se da como mondémero y la seguebpués de que oligomeriza.
Adicionalmente, erfM. sexta se ha reportado una segunda proteina ancladaRlocd&no
proteina de union a la toxina CrylAb identificadano fosfatasa alcalina; sin embargo, su
papel en la toxicidad no ha sido determinado. Em tegbajo se analizé la interaccion de la
toxina CrylAb tanto en su conformacion de mononeerno de oligobmero cuando se une a
la aminopeptidasa y a la fosfatasa alcalina, pa&tarchinar si estas interacciones son
importantes para la toxicidad y poder establecepaglel como receptor de la fosfatasa
alcalina. El andlisis de la expresion de los remest en los diferentes estadios del
desarrollo muestra que la fosfatasa alcalina seesappreferencialmente en los primeros
estadios y la aminopeptidasa se expresa despuiesabzlestadio de desarrollo. Esto indica
gue la fosfatasa alcalina es mas abundante errilogrps estadios cuando las larvas son
mas susceptibles a la toxina. La union del oligomde la toxina CrylAb a fosfatasa
alcalina y aminopeptidasa purificadas muestran gudoxina interactta con ambas
proteinas con alta afinidad (0.5 nM y 0.6 nM, respamente), mientras que la afinidad
del monémero es de 2 6 3 drdenes de magnitud mE&er.3 nM y 101.6 nM,
respectivamente). Algunas mutaciones que se errandotalizadas en regiones expuestas
del asa 2 del domino Il y 116 del dominio Ill afectan la capacidad de unidlosados
receptores dependiendo de la conformacion de ladofRarticularmente el monémero de
la toxina L511A que no es toxica, esta afectadiemion a fosfatasa alcalina pero sigue

uniendo a aminopeptidasa. Lo que sugiere que éaaiction inicial con fosfatasa alcalina

13
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es critica para la toxicidad. Las mutantes no B8IRR368-9AA y F371A se encuentran
afectadas en la interaccion con ambos receptorasdoula toxina se encuentra como
oligbmero, pero nho como mondémero. Estos datos mrgique la aminopeptidasa y la
fosfatasa alcalina juegan un papel doble en el niew® de accion. Primero, en las
microvellosidades del intestino, el mondmero dieina se une a la aminopeptidasa y a la
fosfatasa alcalina y posteriormente, se da la antgdn con el receptor caderina. El
contacto con caderina induce la oligomerizacionladéoxina y permite nuevamente la
union aminopeptidasa y fosfatasa con alta afinittadue media la insercion de la toxina
en la membrana. El fenotipo de la mutante L511A estd drasticamente afectada en la
union con fosfatasa alcalina y la toxicidad, aderdés patron de expresion de los
receptores, sugiere que la fosfatasa alcalina tiengapel predominante en el mecanismo

de las toxinas Cry.
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INTRODUCCION.

CARACTERISTICAS GENERALES.

Bacillus thuringiensis es miembro del grupo dBacillus cereus que ademas incluye a
Bacillus anthracis y a Bacillus mycoides (1). Las caracteristicas que distinguerBa
thuringiensis de los demas miembros son sus propiedades enttdgepas. B.
thuringiensis es una bacteria ubicua gram positiva, formadoraggp®ras que durante la
fase estacionaria de su crecimiento sintetiza abteist que estan constituidos
predominantemente de una o mas proteinas llamadas Cyt. Estas proteinas son
selectivamente toxicas para diferentes insectamyireocuas para humanos, invertebrados
y plantas, ademas son completamente biodegrad@@bglo a estas caracteristicas, el uso
de B. thuringiensis es una alternativa viable para el control de itse@laga en la

agricultura y para insectos vectores de enfermediagi@rtantes en la salud publica.

A la fecha se han aislado numerosas cepaB. dburingiensis a partir del suelo, hojas
secas, insectos muertos, etc., que muestran axdivikica contra insectos lepidépteros,
dipteros o coledpterog)( Adicionalmente, en afios recientes se han repmrtapas con
actividad contra insectos himendpteros, homéptevopteros y maldfagos, asi como

contra acaros y protozoarids4).

DIVERSIDAD DE LA TOXINAS.

La gran variedad de toxinas @&e thuringiensis conocidas a la fecha es el resultado del
interés y esfuerzos constantes internacionalesgislax y caracterizar nuevas cepaBde
thuringiensis, productoras de toxinas con nuevas propiedadepepumitan su uso para el

control agroquimico de insectos. Miles de cepasdidm seleccionadas y de éstas se han
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aislado algunos cientos de toxinas de B. thuringiensis

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

las toxinas Cry se debe al alto nivel de plastidigenética dB. thuringiensis. Algunos de

los genes de las toxinas estan asociados a elesngattvansposicion que al promover la
amplificacion de los genes, da como resultado lalueidon de nuevas toxinas)(
Adicionalmente, la mayoria de los genes de las&asxCry son funcionales en plasmidos y
la transferencia horizontal puede resultar enda@on de nuevas cepas con combinatorias

nuevas de genes Cr§-7).

El gran namero de proteinas Cry conocidas a laaféehpermitido el analisis comparativo
de secuencias, lo que ha ayudado a elucidar elemé@nportantes tanto en la funcién
basica de la toxina, como en su especificidad. 880 1Hofte y Whiteley realizaron el
primer analisis detallado de la secuencia de latefpras Cry e identificaron 5 bloques
conservados de aminoacidos en la mayoria de laersegas §). El descubrimiento de
nuevas proteinas Cry dio lugar a dos analisis eigsjmero por Bravo y colaboradorés (

y el segundo por de Maag en el 206} En el analisis mas reciente fueron analizadas la
secuencias de Cryl a Cry3l. La mayoria de las dexmesentan todos o algunos de los
bloques conservados identificados en el trabajbl@fée y Whiteley, sugiriendo que estas
regiones pueden ser importantes en algunos aspetiasestabilidad de la toxina o de la
funcion. Ademas, fue evidente que las toxinas maestiferentes tamafios, desde 70 kDa
hasta 130-140 kD&B). Los bloques conservados fueron observados amielo terminal a

lo largo de la toxina. Utilizando la informaciontebida de la estructura cristalogréfica de
algunas toxinas activas (CrylAa, Cry2Aa, y Cry3Aedron alineados cada uno de los tres

dominios y se realizaron arboles filogenéticos paraluar la contribucion individual de
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cada dominio a la especificida).( Los diferentes arboles mostraron que en geeaisie
una correlacion especifica entre la identidadadeetuencia y el orden al que pertenece el
insecto, pero que varios grupos no relacionadoslgguéener algunas veces, la misma

especificidad.

CLASIFICACION DE LAS TOXINAS Cry.

El mayor determinante de las propiedades insea8cide B. thuringiensis son lasé-
endotoxinas 4). Estas endotoxinas forman dos familias multiggmidenominadas Cry o
Cyt. Las proteinas Cry son toxicas contra diferedtelenes de insectos como lepidopteros,
coleopteros, himendpteros y dipteros. En contrdesetoxinas Cyt son especificas contra
dipteros aunque se han documentado algunas cepasogtienen proteinas Cyt que son
especificas para coledpterd®). Ademas de estas proteinas cristalinas, algyrasageB.
thuringiensis y B. cereus producen un tercer grupo de proteinas insectici@asminadas
Vip (11). A diferencia de las proteinas Cry, estas prageson sintetizadas durante la fase
vegetativa del desarrollo de la bacteria y secestad medio de cultivo sin la formacion de

cristales.

Las toxinas Cry comprenden 40 subgrupos con m&&0B@emiembros. La definicion de
toxina Cry es la siguiente: Cualquier proteinasgsporal dd. thuringiensis que exhibe
actividad toxica contra un organismo blanco, veaifle mediante bioensayo o cualquier
otra proteina que tiene identidad en su secuereiaminoacidos con alguna de las
proteinas CryJ). Las proteinas Cyt denotan a cualquier prote@B.dhuringiensis con
actividad hemolitica o que tenga similitud a last@inas Cyt. La nomenclatura de las
proteinas Cry y Cyt esta4 basada en la identidaé decuencia primaria de las proteinas.

Las proteinas reciben el mnemaénico Cyt o Cry yrouangos jerarquicos que consisten en
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nameros, letras mayusculas, letras mindsculas yerasn(por ejemplo CrylAbl). Los
rangos estan dados dependiendo de la identidad deduencia de aminoacidos que
comparta con otras proteinas Cry o Cyt. Un nUmédeayeshte (primer rango), esta dado a
una proteina que presenta menos del 45% de iddntiola los demas miembros de las
toxinas Cry (por ejemplo, Cryl, Cry2, etc.). Lademayuscula (segundo rango), esta dada
si la proteina presenta menos del 78%, pero magisél de identidad con un grupo
particular de toxinas Cry (por ejemplo, CrylA, (Byletc.). Un tercer rango esta dado
mediante letras minusculas para distinguir proteinse tienen mas del 78%, pero menos
del 95% de identidad con otras proteinas Cry (jnglo, la toxina CrylAa, CrylAb etc.).
Finalmente se les da un nimero a las toxinas qugpaden mas del 95% de identidad,
pero que no son idénticas o pueden ser variantel deisma proteina3]. En esta
nomenclatura no se toma en cuenta la especifiai@aths toxinas y algunos subgrupos
muestran toxicidad contra algunos otros érdenemsbrtos. De esta manera, las toxinas
Cryl muestran toxicidad contra insectos lepidoptgrtas toxinas Cry3 son toxicas contra
coledpteros. Para el caso de toxinas especifigasacdipteros, resulta interesante el alto
namero de proteinas con baja identidad en su seleudle aminoacidos (por ejemplo,

CrylC, Cry2Aa, Cry4, Cryl1l, etc.).

ESTRUCTURA DE LAS TOXINAS Cry.

La mayoria de las proteinas Cry se sintetizan copnotoxinas inactivas, que
posteriormente son transformadas en toxinas activasliferentes proteasas del intestino
de diferentes insecto8)( Este proceso involucra una serie de cortes glititms tanto en

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

a proteasaslp). La estructura tridimensional de algunas toxi@ag activadas ha sido
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determinada mediante cristalografia de rayos Xesal caso de las toxinas Cry3A8&)(y
Cry3Bbl (4) especificas para coledpteros, la toxina CrylAzeceifica para lepidépteros
(15), la toxina Cry2Aa con actividad dual para lepiddps y dipteroslf) y las toxinas
CrydBa (7) y Cry4Aa con actividad contra diptero$8). Estas toxinas muestran
diferencias importantes en cuanto a su secuenciamdeoacidos y especificidad hacia
diferentes insectos; sin embargo, todas ellas pi@seuna topologia muy similar

compuesta por 3 dominios (Figura 1).

/
CrylAa (PDBID:1CIY) Cry2Aa (PDB ID:1I5P) Cry3Aa (PDB ID:1DLC)
Lepiddpteros Lepidépteros/dipteros Coledpteros

Cry3Bb1 (PDB ID:1i6) CrydAa (PDB ID: 2C9K) Cry4Ba (PDB ID:1W99) Cry8Eal (PDB ID: 3EB7)
Coleépteros Dipteros Dipteros Coledpteros

Figura 1. Estructura tridimensional de toxinas (3g.muestra la estructura tridimensional
determinada por cristalografia de rayos X. El démihse muestra en color azul, el

dominio Il se muestra en color verde y en coloradorse muestra el dominio Ill. Ademas
se indica la especificidad y la clave corresportéi@h PDB de cada una de las estructuras.
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Dominio I.

El dominio | fue primero descrito en la toxina CAgY consiste de 7 hélices 6 de las
cuales rodean a una hélice central (Figura 2). Cedade las hélices es de naturaleza
anfipatica, en donde los residuos polares y caggaftan generalmente expuestos al
solvente y los residuos hidrofdbicos, tipicamergendturaleza aromatica, se encuentran
proyectados hacia la hélice central. Los grupoarpelse encuentran presentes entre los
espacios de las hélices y estan involucrados entgmiele hidrogeno y puentes salinos. La
mayoria de las hélices presentan una longitud dexipadamente 30 A y por su
naturaleza, podrian atravesar una membrana hidcafolEstas propiedades y la alta
identidad en la estructura que presentan con turasas formadoras de poro, como son la
colicina la y la toxina de difteria, permiten supomue el dominio | es el mayor
determinante de la formacién de poro en las tox@rys(15, 19). Ademas de esto, se han
realizado experimentos con péptidos sintéticosadbélicea5 de la toxina Cry3A, que
demuestran que esta regidn de es capaz de formaw @o capas lipidicas en ausencia del
receptor 20). Recientemente, se ha reportado otro papel éedestinio, en particular esta
involucrado en la oligomerizacion de la toxina. Etibnes en la héliag3 del dominio | de

la toxina CrylAb, resultan en toxinas que puedeanalmeceptor caderina, sin embargo, no
son capaces de formar oligdmero y pierden su detivicontra larvas dil. sexta, estos
resultados sugieren que este dominio es importpat@a la oligomerizacion de la
toxina@l). Mediante mutantes en la hélicd de la toxina CrylAb, se logré obtener
toxinas con dominancia negativa, es decir, al haoezrclas con la toxina silvestre se
observé que tienen la propiedad de proteger adatehl. sexta y de evitar la formacion de
poro en membranas artificiales, demostrando quereteso de oligomerizacion es

determinante para la toxicidad de estas prote22s (
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Figura 2. Estructura tridimensional del dominio @ th toxina CrylAa. El asa5 de
naturaleza hidrofébica esta rodeada por las des#gscue integran al dominio .

Dominio Il.

El dominio Il esta formado por tres laminBsantiparalelas empacadas en forma de un
prismaP como se muestra en la Figural3)( Dos de estas tres laminagstan compuestas
de cuatro hojas empacadas en forma de llave gyiegaencuentran expuestas al solvente.
La tercera laming se encuentra empaquetada hacia el dominio | ycesistituida por 3
hojas y una pequefia héliae Estructuralmente el dominio Il es el mas variabitre las
diferentes toxinas y esto se debe a las asas qeauastas lamings(asa 1, asa 2 asa3 y
asaa8), que difieren considerablemente en cuanto aitlashgconformacion y secuencia
(17). La similitud de las asas de este dominio, com fegiones determinantes de
complementariedad de las inmunoglobulinas sugiaeeegte dominio es importante en la
interaccion con los receptorek3), estudios exhaustivos de mutagénesis en estasesg
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han aportado evidencia para comprobar esta higd@3i La primera de estas asas es la
a8. Un alelo de la toxina Cry1Ab, con soélo 2 caml@ndos aminoacidos correspondientes
a esta regién, muestra un aumento en la afinidad9 deeces a vesiculas de la
microvellosidad media apical (VMMA’s) deymantria dispar y presenta un aumento de
diez veces en la toxicidad. Sin embargo, estdssat® difieren en cuanto a su toxicidad o
union aM. sexta y Spodoptera exigua (24). Para el caso de la toxina CrylAb, se ha
demostrado mediante competencias con péptidogisagéque el asa8 participa en la
interaccion con el receptor caderinaMesexta (25). El asa siguiente es el asa 1 que no
esta especificamente implicada en la interaccida jaa toxinas CrylA, sin embargo, una
triple mutante en esta asa (R345A, Y350A y Y351A)altoxina Cry3A, resulta en union
y toxicidad reducida en larvas del escarabBgoebrio molitor, lo que sugiere que esta
region es importante en la interaccion con el rexgpara el caso de insectos coledpteros
(26). Resulta interesante que cambios en estas posgi@R354A, Y350F y Y351F), dan
como resultado un aumento en la toxicidad de 1@s/eon respecto a la toxina silvestre,
en larvas dd. molitor (27). En el caso del asa 2, mutaciones en esta relgida toxina
CrylAb afectan draméticamente la union a VMMA saytdxicidad erBombix mori (28).

De la misma manera, en la toxina CrylAb, mutaciaresos residuod®RRP"° resultan

en la pérdida de union a VMMA’'s dé. sexta y Heliothis virescens. La doble mutante
368RR369 por alanina en la toxinas CrylAb y Crylresulta en una toxina con defectos
en la unién a VMMA’'s d@. sexta y L. dispar (29). Una mutacion con propiedades Unicas
es la F371A en la toxina CrylAb que muestra tomidideducida, pero no presenta
diferencias en la union a VMMA's con respecto eolana silvestre30). Sin embargo, esta
mutacién en la toxina CrylAc no altera la toxicidiedesta toxina en larvas dedispar, 1o

gue sugiere gque esta propiedad puede no estarrcadaesntre toxinas relacionadas con
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diferentes insectos3]). Mediante el uso de la tecnologia de desplieguéago, se logré
aislar un anticuerpo que reconoce el asa 2 delrdortlide la toxina CrylAb, que ademas
mimetiza al receptor caderina y tiene la capacakauhhibir el efecto toxico de la toxina en
bioensayos, la caracterizacion de este anticuegsmippd determinar que el asa 2 es
importante para la interaccion con el receptor tadeen M. sexta (25). Finalmente,
mutaciones en el asa 3 de las toxinas CrylAa §Abyyesultan en toxinas con defectos en
la union a VMMA’s deM. sexta y H. virescens (32). Este resultado sugiere que esta region
es importante en la interaccion con los receptoksdiante la caracterizacion de un
anticuerpo que reconoce el asa 3 de la toxina Grytide tiene la propiedad de evitar el
efecto de la toxina en bioensayos con larvadldeexta, se demostré que esta region es
importante en la interaccion con el receptor cadede este insect®3). Si bien, este
dominio ha sido el mejor caracterizado mediante agiahes puntuales, aun falta
determinar su relevancia en la interaccion conréagptores anclados por GPI cuando la

toxina se oligomeriza.
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A-terminal ;- ,

rminal

Asa a8

Asa 2

Figura 3. Estructura tridimensional del dominidd la toxina CrylAa. Se muestran las
asas¢8, 2 y 3) involucradas en la interaccion del mon@en los receptores.

Dominio Il

El dominio 1ll estd constituido por dos laminds antiparalelas y muestra menor
variabilidad estructural que el dominio I, laset#ncias mas importantes se encuentran en
la longitud, orientacién y secuencia de las asasupen estas laminas (Figura 47)( La
importancia de estas diferencias resalta en lagasxCrylAa y CrylAc, donde la
extensién de una de estas asas en la toxina Crgtia un sitio Unico de unién al azucar
N-acetilgalactosamina (GalNAc) que se encuentralereceptor aminopeptidasa dé&
sexta (34-36). Mediante el intercambio de este dominio entsetéxinas CrylAb y CrylC,

se obtuvieron toxinas con actividad incrementaddradarvas dé&. exigua con respecto a
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la toxina CrylAb silvestre, lo que sugiere que estminio juega un papel en la toxicidad
(37). En el caso de la toxina CrylAa, se ha demostpdo este dominio interacciona
directamente con la aminopeptidasaBdenori (38). Mas recientemente, la caracterizacion
de un fago-anticuerpo seleccionado especificameotéra el dominio Il de la toxina
CrylAb, que tiene la capacidad de inhibir la interdn de la toxina con el receptor
aminopeptidasa e inhibe la toxicidad en bioensagodsarvas dé/l. sexta, demostré que la
16 del dominio Il esta involucrada en la interéccdel receptor aminopeptidasz8
Todos estos experimentos demuestran que el domhistd involucrado en la interaccion
con los receptores, sin embargo, hay que tomamuent& que todos los experimentos se
han realizado con el monémero de la toxina y laradcion del oligdmero no ha sido

explorada a la fecha.

C-terminal

N-terminal

Figura 4. Estructura tridimensional del dominiodd la toxina CrylAa. Se muestran las
laminasp que conforman al dominio Ill.
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EVOLUCION DE LAS TOXINAS Cry.

El incremento de toxinas Cry y la gran variedadodgmnismos blanco que estas proteinas
matan, permite plantearse la pregunta de ¢commlacon de esta familia de proteinas ha
creado un amplio arsenal de toxinas? Se ha prapgest las toxinas han coevolucionado
con los insectos blancd)( sin embargo, no hay estudios que correlacioadtistribucion
geogréfica de las proteinas Cry que contienenilessas cepas d& thuringiensis, con la
distribucion de las diferentes especies de insetasco en la naturaleza. Un estudio
realizado con una coleccién de cepas Blethuringiensis provenientes de diferentes
regiones climéaticas de México, reveld que genevariee toxinas Cry son encontrados
mas frecuentemente en cepas aisladas en regiampmsates, en donde la diversidad de
insectos es mayoB9). Adicionalmente, genes especificos para dipteposo Cryll y Cyt,
fueron encontrados mas frecuentemente en regiongsales que en regiones semiaridas,
lo que correlaciona con la distribucion de diptef@®). En otro estudio realizado por
Bernhard en 1997 se mostré que un alto nUmeromBsadeB. thuringiensis activas contra
H. virescens fueron colectadas en norte América, en donde asexto es la mayor plaga
en la agricultura. Estos resultados sugieren gsetdainas Cry y los insectos blanco

parecen estar presentes en el mismo lutfir (

Andlisis filogenéticos de toxinas o protoxinas, siten una amplia correlacion con la
toxicidad @), sin embargo, andlisis filogenéticos de los damsire las toxinas, muestran
caracteristicas interesantes en lo que se refitaeeaolucion de esta familia de proteinas
(5, 9). El andlisis de los arboles filogenético de lasugncias de los dominio | y Il por
separado, revelé que estos dominios han coevold®d®@). En el caso del dominio I, el

analisis de los arboles filogenéticos muestra topologia que correlaciona con la
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especificidad de estas proteinas. Este resultadonmpoende pues se sabe que el dominio Il
esta involucrado en la union al receptor y es dargenante de selectividad de los insectos
(5, 9). Sorprendentemente, el andlisis de los arbdlegeinéticos del dominio |, que es el
responsable de la formacion de poro, mostré unaldgfa que correlaciona con la
selectividad de estas proteinas g). Esto sugiere que diferentes tipos de dominiwah
sido seleccionados para actuar en condicionexplamnes de la membrana de sus insectos
blanco. El andlisis filogenético del dominio lllevela una topologia diferente de los
arboles filogenéticos de los dominios | y I, debi@ intercambios del dominio Ill que se
han dado en la naturaleza. Algunas toxinas con cégpedad dual (coledpteros,
lepiddpteros), son claros ejemplos de intercamtd@siominio 1l entre toxinas especificas
contra lepidopteros y coledpteros. La toxina CrgbkBun claro ejemplo del intercambio del
dominio Ill, en donde se han descrito 5 diferemtadnas, que presentan el dominio | y I
idénticos, sin embargo, el dominios Ill de estagnts muestra un proceso activo de
intercambio de este dominio con el correspondidrtetras toxinas. Esta caracteristica ha
permitido el cambio de especificidad, por ejempdofoxina CrylBa es activa contra el
coledptero Leptinotarsa decemlineata, pero la toxina CrylBb, es activa contra el
lepidopteroPlutella xylostella. Un analisis méas profundo de las toxicidades dddainas
CrylB podria demostrar la relevancia del intercand#l dominio Ill en la toxicidadn
vitro se han realizado intercambios de dominios Ill Idaraas toxinas Cryl, resultando en
cambios en la especificidad. Un ejemplo es la coosibn de una quimera que tiene el
dominio | y Il de la toxina CrylAb que no es toxjgaraS. exigua, y el dominio Ill de la
toxina CrylC. La quimera muestra toxicidad conBaexigua (5, 41). El analisis
filogenético de la familia de las toxinas Cry, mugsque la gran variabilidad en la

actividad insecticida de estas proteinas se debeafoentalmente a dos procesos
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evolutivos: La evolucion independiente de los tteminios estructurales y al intercambio
horizontal del dominio Il entre diferentes toxindsstos dos procesos han permitido la
generacion de proteinas con mecanismos de acciilargis, pero con diferentes

especificidadesy( 9).

MECANISMO DE ACCION DE LAS TOXINAS Cry.

La primera accion de las toxinas Cry es la de lssucélulas epiteliales del intestino medio
de insectosZ, 5, 42). Para obtener este efecto toxico, las protox@igsson modificadas
para formar oligobmeros que le permiten la inser@nra membrana y para causar la lisis
de las células. Los cristales producidos Bothuringiensis son ingeridas por el insecto
blanco y se disuelven en el ambiente del intestasoprotoxinas inactivas son cortadas por
proteasas propias del intestino, liberando unantoxie 60 kDal@). La activacion de la
toxina involucra el corte proteolitico en la regifirterminal, de aproximadamente 25-30
aminoacidos para las toxinas Cryl y aproximadamianteitad del carboxilo terminal en
protoxinas de 130 kDa. La toxina activa se unecep®res especificos localizados en la
microvellosidad apical de las células columnarésndestino medio del insecto susceptible
y posteriormente se inserta en la membr&hal@ insercion en la membrana da lugar a la
formacion de poros, la lisis celular y el rompimemel epitelio intestinal, liberando el
contenido celular que provee a las esporas de diomieo, necesario para su germinacion,

causando una severa septicemia al insecto, quménte le causa la muert2 b).

Solubilizacion y activacion proteolitica.
La solubilizaciéon de los cristales para liberar pastoxinas (130 kDa) depende del pH
alcalino presente en el intestino los insectosdigptieros y dipteros, a diferencia de los

insectos coledpteros, que presentan un pH neuligemmente acido4@). El carboxilo
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terminal de las protoxinas Cry contiene muchasoregs ricas en cisteinas, que forman
puentes disulfuro cuando estas se encuentran emafae cristales, por lo tanto, la
reduccion de estos puentes disulfuro es una pasesa@o para su solubilizaciod4y.
Adicionalmente, el procesamiento proteolitico ddagstoxinas es un paso critico
involucrado en la activacion de la toxina. El pH oestino de insectos lepidopteros y
coleopteros define la poblacion de proteasas gpeesan. Se ha reportado que las serin-
proteasas son abundantes en lepidopteros y diptarasontraste con los coledpteros que
presentan cistein o aspartil-proteaséds).(Se ha reportado que la baja toxicidad de la
toxina CrylAb &S frugiperda, puede ser explicada en parte por la rapida degi&d de la
toxina, debido a que las proteasas propias deresteto, a diferencia de la activacion de la
toxina enM. sexta cuyas proteasas intestinales son diferentes. Esdakados sugieren que
las proteasas de cada insecto son importantedgpacdivacion correcta de la toxindgy.
Para algunas toxinas la inactivacion involucra wac@samiento intramolecular de la
proteina {2, 46); sin embargo, en otras toxinas este proceso t@orekcionado con la
pérdida de toxicidad y en algunos casos, favor@eetivacion de la toxinaT). Con estos
antecedes, se propone que el proceso proteoligiatiferentes insectos puede ser un paso

limitante en la toxicidad de las proteinas Ci§)(

Unidn al receptor, oligomerizacion y formacion de pro.

La union de las toxinas Cry a receptores en eékpiintestinal del insecto es determinante
en la toxicidad y en la especificidad. La corredacéntre union y toxicidad fue demostrada
usando VMMA’s purificadas del intestino de algurinsectos, mediante una técnica

desarrollada por Wolfersberge48]. Algunos estudios muestran que la toxina CrylBa

toxica paraPieris brassicae une especificamente a VMMA's del insecto, peroano
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VMMA's de rata. Posteriormente, se demostré quadsisias CrylAb y CrylBa se unen
especificamente a VMMA's de. brassicae, pero ademas, la toxina CrylAb une a
VMMA's purificadas deM. sexta. Como ambas proteinas son toxicas prarbrassicae,
pero solo la toxina CrylAb es tdxica pdfasexta, esto demostré una correlacion entre la
union y la toxicidad 49). Para las toxinas Cry se han descrito a la fé&peoteinas de
union en insectos lepidopteros, una proteina deUfger familia de las caderinas, una
aminopeptidasa y una fosfatasa alcalina, ambasadas| por GPI (glicosil-fosfatidil-
inositol) y un glicoconjugado de 270 kD&0{53). El papel de la interaccion toxina-
receptor ha sido examinado con mayor detall®esexta, el modelo propuesto por Bravo
y colaboradores, propone que una vez que la toxsasolubilizada y activada
proteoliticamente, ésta se une como monomero @bteccaderina, la union a esta proteina
promueve cambios conformacionales en la toxinalgueacen susceptible a un segundo
corte proteolitico, perdiendo la hélia& (25, 46, 54-55). Este corte permite la exposicidon
de residuos hidrofébicos y promueve la oligomerizaae la toxina. La formacion de
oligdbmeros se ha reportado para diferentes tox@rgs entre ellas la CrylAa, CrylAb,
CrylCa, CrylDa, CrylEa y CrylFa, que son toxindivas contraVl. sexta y que forman
oligbmeros después de la activacion con VMMA&§1). Una vez formado el oligdmero,
se propone que éste se une a la aminopeptidasaegeacuentra localizada en balsas
lipidicas, donde se lleva a cabo la formacion de goie causa un desbalance osmotico en
la célula, llevando finalmente a la muerte del ittse(62-63). Recientemente, la
caracterizacion de mutantes en el asa 3 del doniirde la toxina CrylAb, dio como
resultado la adicion de méas pasos en este mecardseccion §4). Con base en el
mecanismo de accion de la aerolisina, con la queasgemostrado que se une primero a

moléculas de baja afinidad pero muy abundantes eh Elulas blanco, para
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posteriormente, unirse a moléculas poco abundamees,de alta afinidadb), se propone
gue una vez que los cristales son solubilizadostiyaalos, el monémero de la toxina une
primero a la aminopeptidasa con una baja afinidkt=(100 nM) y posteriormente a la
caderina con alta afinidad (kd= 1 nM); cabe mermiogue la aminopeptidasa es mas
abundante que la caderina en el intestindldeexta. Una vez que el mondmero se une a
caderina, éste sufre el corte de la hétite lo que permite la formacion del oligomero.
Posteriormente, el oligdbmero se une nuevamenteamiaopeptidasa para insertarse en la
membrana y formar el poro, que provocard la mudeleinsecto (Figura 5)64). La
formacion de poro es un paso determinante en etoetéxico de estas proteinas y con la
evidencia que se tiene con otras toxinas bacteyjas® han propuesto dos modelos de
insercion en la membrana, denominados como abascartparaguas. EI modelo de
abrecartas, propone que las héliaBsy 6 del dominio | se insertan en membrana como
consecuencia de un cambio conformacional dispgpad@| receptor, sin participacion de
los dominio restantes. El modelo de paraguas @amie una vez que la toxina se une al
receptor, se insertan la region de la hétiden5, mientras que el resto de la hélices se
aplanan sobre la superficie de la bicapa lipidég@oniendo hacia ella su cara hidrofébica,
de tal forma que la molécula queda en forma degpasa66). A la fecha los trabajos
reportados respaldan el segundo modelo. Se ha tahmsnediante cambios por cisteinas
en las hélices del dominio |, para evitar el moemd de la hélice’5 mediante puentes
disulfuro, que a diferencia de la toxina silvestas, toxinas mutantes solo fueron capaces
de formar poro en bicapas lipidicas cuando se ls® mn agente reductor, comofel
mercaptoetanol que rompe los puentes disulfurguk dejé ver la necesidad de que las
hélicesa4 y o5 conserven su flexibilidad para llevar a cabonseicion y formacion

eficiente de porogy).
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A Aminopeptodasa

OLIGOMERO
Aminopeptidasa R J Aminopeptidasa

Insercion y formacion de poro

Caderina Caderina Caderina

Figura 5. Mecanismo de accion propuesto de lanasxCry erM. sexta. Una vez que los
cristales son solubilizado y activados, el mondmeéeo la toxina se une al receptor
aminopeptidasa con una afinidad de 100 nM (1).dPiastmente, el monémero se une a la
caderina con alta afinidad (1 nM) mediante las dshslominio Il (2). Se corta el asd y

se exponen regiones hidrofébicas que permiten iforokerizacion de la toxina (3). El
oligbmero ahora se une al receptor aminopeptidédsa e lleva a cabo la insercion y
formacion de poro que lleva a la muerte del insecto
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ANTECEDENTES

RECEPTORES Y PROTEINAS DE UNION DE LAS TOXINAS Cry.

Como ya se menciong, las toxinas Cry son altamssgieetivas y matan diferentes especies
de insectos. Esta selectividad esta mediada potdeaccion de las toxinas con proteinas
localizadas en epitelio de las células del intestiBe han realizado esfuerzos para
identificar estas proteinas y en la actualidad ae kescrito dos tipos: proteinas

transmembranales como las caderinas, y proteirdadais a la membrana de las células

por GPI.

La caderina fue la primera proteina descrita conatea de union de las toxinas CrylA
enM. sexta (50, 68). Posteriormente, se demostrd que no sélo estduicrada en la union

a la toxina, sino que también es importante paealguoxina tenga su efecto toxico en
algunas especies de lepidépteros, c@nmori (69), H. virescens (70), H. armiguera (71),
Pectinophora gossypi€ella (72), Ostrinia nubilalis (73) y en el diptercAnopheles gambiae
(74). Las caderinas de insectos son proteinas mogdutampuestas por tres dominios, el
ectodominio que estd compuesto por 11 6 12 repetielodominio transmembranal y el
dominio intracelular. A diferencia de las caderid@svertebrados que estan involucradas
en las uniones entre célula y célula, las caderd®asnsectos estan localizadas en la
membrana basolateral del las células intestin&8lesl caso dél. sexta y A. gambiae, se

ha demostrado que la caderina se encuentra lodaliea las microvellosidades de las
células epiteliales del intestino medi@{75). La caderina d&/l. sexta se ha expresado de
manera heter6loga en lineas celulares de mamif€87Cy HEK193, donde se ha

demostrado que su presencia da susceptibilidadaa eélulas cuando se exponen a la
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toxina CrylAb {6). Adicionalmente, la expresion de esta caderinka ¢éimeas celulares de
Drosophila melanogaster (S2) y deTrichoplusa ni (H5), resulta en células susceptibles a la
toxina CrylAb en ambos casos, lo que sugiere gtz psteinas esta involucrada en la
toxicidad {77). En el caso de la caderinaldevirescens, ésta fue expresada en células S2 vy,
de la misma manera que sucede con la caderindMdeexta, también confiere
susceptibilidad a las toxinas CrylZ&8]. Interesantemente, se ha reportado que pequefias
regiones del receptor caderinaMesexta (R12), al ser expresadas en lineas celulares S2
dan como resultado a células susceptibles a ladao®rylAb, este resultado sugiere que
esta pequefa region es importante para mediaidexi€/9). La caderina d&. mori se ha
expresado en lineas celulares de insecto SF9 yaddafaros HEK193, en ambos casos las
lineas celulares fueron susceptibles a la toxind &a @0-81). Es importante mencionar
gue estos trabajos se han realizado en lineas@dwy se requieren altas concentraciones
de toxina para observar el efecto toxico, a difeieerde las dosis que se utilizan en
bioensayos con larvas de insectos. Sin embargos esttos dejan ver que las caderinas
juegan un papel importante en la toxicidad de detdsas en diferentes insectos. También
se han empleado otras metodologias para analipapel funcional de estas proteinas. En
nuestro laboratorio se han aislado fago-anticueigpos reconocen las asas 2 y 3 del
dominio Il y tienen la capacidad de inhibir la matecion de la toxina CrylAb con la
caderina déM. sexta, en experimentos de unién a ligando, asi mismando se alimentan
larvas neonatas dBl. sexta con la toxina preincubada con estos fago-antiasgrge
observa que tienen la capacidad de proteger ateasl del efecto de la toxina CrylAb.
Esto demuestra por un lado, que las regiones gqamaeen los anticuerpos en esta toxina
(asa 2 y 3) estan involucradas en la interacciéncenlerina y por otro, que esta interaccion

es importante para la toxicida2b( 33, 55). Experimentos similares empleando un péptido
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sintético correspondiente con la secuencia deb@sandicaron el mismo efect@g). La
interaccion de la toxina con caderina es un procestlejo, a la fecha se ha demostrado
gue existen 3 regiones en el receptor que estatuieradas en la interaccion con las asas
del dominio Il de la toxina CrylAb. El asa 2 detdxina interacciona con los residuos
BNITIHITDTNN 87 localizado en el repetido 7, mientras que las asas8 interaccionan
con los residuos™*IPLPASILTVTV*** |ocalizados en el repetido 1125( 54).
Posteriormente, fue reportada una tercera regiomnieaccion en el receptor que se
localiza en el repetido 18%). A todos estos resultados, se suma la caraatéirale
diferentes poblaciones de insectos resistehtegiescens, P. gossypiellay H. armiguera),
cuya resistencia se encuentra asociada con eltoe@guerina{0). Finalmente, en el caso
de M. sexta, el silenciamiento del transcrito de caderina et RNA de doble cadena
resulta en larvas con resistencia a la toxina Cby{88). Este receptor ademas juega un
papel adicional en la oligomerizacion de la toxilmajncubacion de la protoxina con un
fragmento de caderina y jugo gastrid®M. sexta promueve el corte de la héliogd del
domino | de la toxina CrylAb, lo que permite la nfacion de un oligdmero de
aproximadamente 250 kDa que es competente paraairsee en las membranas del
intestino 66). Resultados semejantes se han obtenido cuanthzidea la protoxina con
jugo gastrico y VMMA's, en donde la caderina seuentra completa2b). Estos
resultados indican que la presencia de caderire ietestino del insecto es necesaria para

gue las toxinas Cry tengan su efecto toxico.

En el caso de las proteinas ancladas por GPljriem reportada como proteina de unién
de las toxina Cry fue la aminopeptidasa Me sexta (51). La aminopeptidasa es una

proteina glicosilada que se encuentra ancladanaetabrana de las células mediante un
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enlace GPI. A la fecha se han reportado difereatemopeptidasa en diversos insectos
comoH. virescens (84), S litura (85), H. armiguera (86), B. mori (87), L. dispar (88) y P.
xylostella (89). Analisis filogenéticos han demostrado que eerdtas lepiddpteros existen
al menos 5 familias de aminopeptidasas y que des,ést menos 3 unen a las toxinas Cry
en diferentes especies de insec®d).(Diversos estudios han explorado el papel de esta
proteina como receptor de las toxinas Cry, entee doe incluyen el bloqueo de la
interaccion de la toxina con esta proteina.MErsexta se logro aislar un fago-anticuerpo
(M22), que une a la regiopl6-$22 del domino Il de la toxina CrylAb, que tiene la
capacidad de inhibir la interaccidon de la toxina ebreceptor aminopeptidasa, pero no con
caderina. En bioensayos con larvasvleexta. Este fago-anticuerpo inhibe el efecto toxico
de esta toxina3@). Con la toxina CrylAc, se ha demostrado que ulzeaminopeptidasa
de M. sexta a través de una cavidad presente en el domingpdlie esta interaccion, esta
mediada por el azicar N-aceltilgalactosamina (Ga)Njule se encuentra en el receptor; sin
embargo, esta interaccion no se ha reportado pagama otra proteina Cr91-92). La
caracterizacion de una poblacion Sleexigua resistente a la toxina Cry1Ca, indico que la
resistencia estaba ligada a la falta del trans@dwespondiente a la aminopeptidasa,
sugiriendo su papel en la toxicidad de esta tox@®. Adicionalmente, en @doptera
litura se logro el silenciamiento de la aminopeptidasdiame la inyeccion de RNA de
doble cadena, lo que resulté en una baja susdegdiba la toxina CrylCa, lo que da a esta
proteina un papel en la toxicidad de esta tox3a (Mediante la expresion heterdloga de la
aminopeptidasa dél. sexta en el intestino déb. melanogaster, se demostré que la
presencia de esta proteina en el intestino de $¢anda como resultado susceptibilidad a la
toxina CrylAc, mientras que las moscas silvestressan susceptibles9g). Estos

resultados sugieren que la aminopeptidasa juegmp@l importante en la toxicidad de las
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toxinas Cry, adicionalmente, la aminopeptidasa tdmba sido implicada en la insercién
de la toxina, pues el tratamiento de VMMA"s Mesexta con fosfolipasa C, que corta el
enlace GPI, disminuye substancialmente la incogi@nade la toxina en balsas lipidicas de
membrana6). En Trichoplusa ni, se analizo la formacién de poro en VMMA's tratsd
con fosfolipasa C y se observo una drastica redocde la formacién de poro en
comparacion con las VMMA’s no tratadas, lo que exgggue la aminopeptidasa también
esta involucrada en la insercion de la toxi®&).( Todos estos antecedentes aportan

informacién que apoyan el papel de la aminopepdidasno receptor de las toxinas Cry.

Recientemente se han reportado otras proteinas posibles receptores o proteinas de
unién a las toxinas Cry, sin embargo, en algunsssao hay suficiente informacion para
determinar si son receptores funcionales. La faséatlcalina es una glicoproteina anclada
por GPI y erH. virescens es una proteina de 68 kDa que une a la toxinbACr{98). Esta
unién fue demostrada en ensayos de union a liggreta interaccién es dependiente del
azucar GalNAc. Los niveles de expresion de fosfatdsalina en una poblacion de
virescens resistente a la toxina CrylAc se encuentran digitlds, |0 que sugiere que esta
proteina puede estar involucrada en el mecanismoxiedad 62). La presencia de un
anclaje GPI en la fosfatasa alcalina y la impoitantel azGcar GalNac para esta
interaccion, sugieren una interaccion similar adéa la aminopeptidasa con la toxina
CrylAc. EnM. sexta, mediante un analisis proted6mico y experimentosrdén a ligando
de VMMA's con la toxina CrylAc, se identific6 uneofeina de 65 kDa como fosfatasa
alcalina; sin embargo, no se tienen mas datos gagea su papel como receptor de las
toxinas Cry 99). Mediante experimentos de inmunolocalizacion agbdido demostrar

gue la fosfatasa alcalina se encuentra distribeidi microvellosidad del intestino medio
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y que colocaliza con las regiones donde se unexma, lo que sugiere su posible
participacion en la toxicidad de CrylAg5). De la misma manera que ®h sexta, enH.
armiguera también se report6 una fosfatasa alcalina coméeim@ de union y como
posible receptor de la toxina CrylAt0Q). En algunos insectos dipteros, también se han
reportado algunas fosfatasas alcalinas con proggsdsimilares a las de lepidopteros. En
A. aegypti se ha reportado una fosfatasa alcalina de aprdeimente 65 kDa que se
encuentra anclada por GPI, estudios de inmunoffgerecia han demostrado que esta
proteina se localiza en la ceca y en la regionepiostdel intestino medio, de la misma
manera que ocurre con la fosfatasa alcalinddeexta, la localizacion de esta fosfatasa
coincide con las regiones en las que se une laad@iyl1Aa {01). Bioensayos realizados
con toxina CryllAa en presencia de un fago-pémigoreconoce a la fosfatasa alcalina y
que inhibe la unién con la toxina, mostraron quie éago-péptido puede disminuir la
toxicidad de CryllAa, lo que sugiere que la fosttalcalina juega un papel funcional en
la toxicidad de esta toxind@1). En A. aegypti también se report6 a la fosfatasa alcalina
como proteina de union de la toxina Cry4B@2j. En Anopheles gambiae se reporté una
fosfatasa alcalina de 63 kDa que une a la toxilyd1Ba, esta proteina al expresarséeen
coli mantiene su capacidad de unir a la toxina Crylé&a alta afinidad (23.9 nM),
bioensayos realizados con ésta toxina, en preselecia fosfatasa alcalina purificada,
muestran que la toxicidad disminuye, lo que sugiere la fosfatasa alcalina es un receptor
de la toxina Cryl1lBa eA. gambiae (103). Aunque estos antecedentes muestran que la
fosfatasa alcalina es receptor de las toxinas gy gleterminante de toxicidad en algunos

insectos, en el caso tk sexta falta explorar mas al respecto.
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También se ha reportado otra proteina de unidoagikinas Cry ehymantria dispar, una
glicoproteina de aproximadamente 270 kDa que ulas toxinas CrylAa y CrylAb con
alta afinidad, aunque une muy poco a la toxina 8cy@04). A la fecha este es el Unico

insecto donde se ha reportado y no se ha caraaterinas sobre él.

Todos los reportes anteriores dejan ver que ladotén de la toxina con sus receptores es
un paso determinante en la toxicidad de las tox@rgs a la fecha las interacciones mas
estudiadas son las de los monomeros de las toxinasalgunas de las proteinas
mencionadas anteriormente. En el caso de la ta@ma&Ab, se ha reportado que puede
interaccionar tanto con caderina, mediante las ad@s dominio Il como con
aminopeptidasa, mediante el asa 3 del dominiddIpi6 del dominio Ill. Sin embargo, en
el mecanismo de accion de las toxinas Cry en Igpéids se propone que el oligobmero de
la toxina tiene interacciones con los receptoretados por GPI, las cuales son importantes
para la actividad insecticida de estas proteinada Aecha, el conocimiento sobre la
interaccion del oligdbmero con los receptores es g8oaso. EM. sexta se han realizado
experimentos de inmunoprecipitacion, donde se il@lbmondmero y al oligdmero de la
toxina CrylAb de manera independiente con VMMA’dulsiizadas, posteriormente,
fueron analizadas las proteinas que coprecipatemancada una de las entidades de la
toxina mediante anticuerpos especificos. Los rado#t que se obtuvieron muestran que la
caderina se une preferencialmente al monémero tiexiaa y la aminopeptidasa se une
preferencialmente al oligobmer86). Adicionalmente, se determiné la constante daddi
aparente mediante ensayo de ELISA utilizando umaetd enriquecido en proteinas
ancladas por GPI y se determind que el oligdmerairse con mayor afinidad a estas

proteinas (kd= 0.75 nM), mientras que el monémerare con menor afinidad (kd= 165
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nM), sin embargo, este andlisis se realizé utitiranna mezcla de proteinas obtenidas al
tratar con fosfolipasa C las VMMA's, lo que sigodfi que esta compuesto por una
poblacion de proteinas ancladas por GPI, por ltofaro se tiene la certeza de que esta
interaccion se deba exclusivamente a la aminopegaiod si también existen interacciones
con la fosfatasa alcalina, la cual también es uoteima anclada por GPI. En este sentido,
nos interesa estudiar la interaccion del oligonagda toxina CrylAb con las proteinas
ancladas por GPI, particularmente con la aminogagé y la fosfatasa alcalina. En el caso
de la aminopeptidasa, ya se ha demostrado que&stoe de estas toxinas; sin embargo,
los estudios reportados a la fecha se han realizade@l mondémero de diferentes toxinas
Cry, queda por estudiar esta misma interacciomeanitio el oligomero de la toxina. Por
otro lado, falta describir el papel de la fosfatakalina, que a pesar de estar propuesta
como proteina de union para la toxina CrylAc eardiftes insectos y que Envirescens

se ha demostrado que esta ligada a la resistencie tienen datos para la toxina Cry1Ab.
Para el caso dd. sexta, s6lo se ha reportado que una fosfatasa alcadirébkDa une a la
proteina CrylAc en condiciones desnaturalizantesesbargo, se requiere explorar el
papel de esta proteina en el mecanismo de toxidedas proteinas Cry. Se tienen algunos
datos que apoyan a la fosfatasa alcalina como cepter de las toxinas Cry. se ha
reportado que una mezcla de aminopeptidasa y #&ssfadlcalina devl. sexta, al ser
incorporadas en vesiculas de lipidos, aumentamidnude la toxina en un 35% vy la
formacion de poro 100 veces, sin embargo, en eptte no se determind si el efecto es
causado exclusivamente por una de las dos protgidis También se sabe que la mutante
R511A de la toxina CrylAc a pesar de ya no unimapeptidasa, sigue siendo toxica en
bioensayos con larvas dd. sexta, este resultado sugiere que probablemente hay otra

proteina que participa en el mecanismo de toxicigaobablemente esta proteina sea la
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fosfatasa alcalina. Por esta razon, es importagtierminar si la fosfatasa alcalina es solo
una proteina de union o si tiene un papel funcicoaio receptor de la toxina CrylAc en
M. sexta. Ademas, también se requiere determinar que regiahe la toxina son

importantes para la interaccion, lo que aportafarmmacion que pueda utilizarse en el
disefio de toxinas mas potentes o con caractedsfiga puedan abatir la resistencia de

algunos insectos.
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HIPOTESIS
La aminopeptidasa y la fosfatasa alcalina son coempes del epitelio intestinal dé.
sexta que funcionan como receptores importantes pargeelnismo de accion de la toxina

CrylAb.

OBJETIVO GENERAL
Caracterizar la union de la toxina CrylAb con lsfétasa alcalina y la aminopeptidasa de

M. sexta.

OBJETIVOS PARTICULARES

» Purificar las proteinas aminopeptidasa y fosfatdsaina a partir el intestino dé.
sexta.

» Caracterizar la uniom vitro del monomero y oligdmero de la toxina CrylAb con
aminopeptidasa y fosfatasa alcalina purificadas.

 Determinar regiones en la toxina que participan lan interaccion con
aminopeptidasa y fosfatasa alcalina.

» Describir el papel de la aminopeptidasa y fosfatdsalina como receptores de la

toxina CrylAb erM. sexta.
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MATERIALES Y METODOS

Purificacién y solubilizacion de VMMA's.

Se disectan los intestinos de cada uno de losafliestde desarrollo larvario que presenta
M. sexta y se les agrega la solucion 1 (manitol 300 mM,-H@ 17 mM, EGTA 5 mM,
DTT 2 mM, HEPES 10 mM, EDTA 1 mM, PMSF 0.5 mM, legtna 100ug/ml,
pepstatina 100ug/ml y neomicina 100ug/ml, pH 7.4) en una proporcion de 1:10
(intestino:solucidn 1). La mezcla se coloca en omdgenizador y se aplican 9 golpes con
el émbolo a 2,250 rpm. Posteriormente, se agregeesiente un volumen equivalente de
solucion de MgGl24 mM, se mezcla suavemente y se incuba durameritios en hielo.
Esta solucion se centrifuga a 4,500 rpm. a 4°Crerotor de angulo fijo (Beckman JA-20)
y el sobrenadante se transfiere a un tubo lim@e gentrifuga a 16,000 rpm. por 30 min a
4°C. Descartar el sobrenadante y la pastilla seesute en %2 volumen de la solucion 1y %2
volumen de MgGl24 mM. Se repiten los dos pasos de centrifugadé&aritos y la pastilla

finalmente se resuspende en la solucion 1 diluseaH$0 en una proporcion 1:1.

Para solubilizar las VMMA'’s, primero se centrifugan 70,000 rpm. y la pastilla se
resuspende a una concentracion final de 5 mg/miselicion amortiguadora de
solubilizacién (20 mM de Tris-HCI, pH. 8.5 con Nafd0 mM, EDTA 5 mM EDTA,
PMSF 1 mM y CHAPS 1%). La mezcla se incuba 2 hard8C con agitacion suave y se
centrifuga a 70,000 rpm. por 40 minutos. La coneendn de proteina en el sobrenadante

se determina mediante Lowry (DC protein-dye, Bid)ra
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Purificacién de aminopeptidasa.

La aminopeptidasa se purifica a partir de VMMA'slaiwvas de 4° estadio de desarrollo.
Las VMMA'’s solubilizadas con CHAP’s se dializanwra solucion compuesta de: Tris-
HCI 20 mM pH. 8.5, MgGl 2 mM y KCI 2 mM por 12 horas a 4°C. Posteriormetae
muestra se concentra por centrifugacion en filkoscon YM-50 y se filtra en membranas
millipore de 0.22um. Una alicuota de 2 ml se purifica mediante crografia de
intercambio i6nico en una columna mono-Q HR 5/1& (Bealthcare) equilibrada con
Tris-HCI 20 mM pH. 8.5, MgGI2 mM y KCI 2 mM (L06). La muestra es eluida con una
gradiente de NaCl (0.5-1 M) con un flujo de 1 mhaoib por 40 minutos. Las fracciones
gue contienen la aminopeptidasa se unen y conceriteamuestra final es analizada en
geles de acrilamida al 10% seguida por la tincdm @ata utilizando el sistema SilverSnap

Stain Kit Il (Pierce) siguiendo las instrucciones fhbricante.

Purificacion de fosfatasa alcalina.

La fosfatasa alcalina es purificada a partir de VMBpurificadas a partir de larvas he
sexta de 3" estadio de desarrollo, mediante una cromatogdafiafinidad en una columna
de fosfatos (L-histidyl-diazo-benzyphosphonic a@ifirosa). Las proteinas obtenidas de la
solubilizacion con CHAP's se dializan en solucioiiTAis-HCI 20 mM pH 8.5 y MgGl1
mM) por 12 horas a 4°C. Posteriormente, la muestraoncentra por centrifugacion con
filtros Amicon YM-30 y se filtra en membranas npliire de 0.221m. Una muestra de 1 ml
se purifica en la columna equilibrada con solucdy se realizan varios lavados con la
misma solucion. Finalmente, la muestra es eluidasotucion A conteniendo KIRO, 0.5

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

plata como se mencion6 anteriormente.
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Determinacion de concentracién de proteina por el étodo de Bradford.

La determinacion de proteina se realiza midiendab&orbancia a una longitud de onda de
595 nm. Se toman 1@ de las muestras y se llevan a un volumen fiea@Opl con HO.
Posteriormente, se afiaden 200del reactivo de Bradford (bio-rad), se incuba por
minutos y se mide la absorbancia. Al mismo tiempopeepara una curva estandar de

referencia utilizando BSA.

Cuantificacion de proteinas por el método de Lowry.

Se prepara una mezcla de la solucion A y la satuSidel sistema DC protein-dye (1 ml de
solucion A y 20ul de solucion S). Se toman 0 de muestra y se le agregan 12%e la
mezcla preparada anteriormente, se incuba por bbitas a temperatura ambiente, se
agrega 1 ml de la solucion B y se incuba por 15utom La absorbancia de las muestras se
mide a 750 nm y los datos obtenidos fueron reféadons empleado una curva estandar de

BSA.
Determinacion de actividad enziméatica especifica.

Actividad de aminopeptidasa.

Se prepara el sustrato L-leucina-p-nitroanilida NBp 100 mM (2.88 mg de LpNA
(Sigma) en 1 ml de $). En un tubo eppendorf se mezclan los siguiert&snenes: 650
pl de HO, 50ul de NaCl 5 M, 20Qul de Tris-HCI pH 8 y 1Qul de la muestra. A la mezcla
se le agregan 100 del sustrato, se mezcla y se registran las absoiks a 405 nm cada
15 segundos de una cinética por 1 minuto parardetar laAAb. Para calcular la actividad

especifica, se consideré que el coeficiente deraidsode la p-nitroanilida es de 9.9 x 30
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mol 1* (107). Una unidad de actividad especifica de aminogapéi se define como la

cantidad de enzima que cataliza la hidrélisis genbl de LpNA min' mg de proteina

Actividad de fosfatasa alcalina.

Se prepara el sustrato p-nitrofenol fosfato 1 mg@muna solucién de Mgg0.5 mM, Tris-
HCI 100 mM pH 9.5. Se toman 5Q0 de esta solucion en un tubo eppendorf y se le
agregan ul de muestra, la mezcla se agita por inversion jneeba por 15 minutos a
temperatura ambiente. La reaccion se detiene adicdn 50Qul de una solucién de EDTA
250 nM pH 8 y se toma la absorbancia de la mues#f@5 nm. Los valores se refieren a
una curva estandar de p-nitrofenol (Merck). Lavéddd enzimética especifica se calcula
considerando la cantidad de proteina necesariatparaformar 1 nmol de p-nitrofenol

fosfato en un minuto.

Experimento de union a ligando.

5 nug de VMMA'’s purificadas de cada uno de los estadésesarrollo, se separan en un
gel de acrilamida al 9%, las proteinas se eleetnsfreren a una membrana PVDF. La
membrana se lava con PBST (PBS 1x + Tween-20 Oyl8é)bloquea durante 1 hora con
BSA 0.2% en PBST. La membrana se lava con PBST wa@éa por 2 horas con el

monomero de la toxina CrylAb marcada con biotindBST con BSA 0.1%. Pasado el
tiempo de incubacion la membrana se lava nuevamerste incuba con estreptavidina
acoplada a peroxidasa por una 1 hora. Finalmeatejnion de la toxina se verifica

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

En una placa de ELISA se fija 1 ng por pozo de apeptidasa o fosfatasa alcalina en 100
pl de PBS durante 12 horas a 4°C. La placa se law@BS 3 veces y se agregan p0@e
leche descremada al 2% en PBS y se incuba pora® o37°C. La placa se lava 4 veces
con PBST y se incuba 1 hora a 37°C con diferentesentraciones de mondémero u
oligbmero segun sea el caso, en {0@e PBST. El exceso de toxina es removido con 4
lavados con PBST y se agrega a la placa la dilucidmespondiente de anticuerpo
policlonal anti-CrylAb en una diluciéon 1:10,000. #wa y se agrega el anticuerpo
secundario (1:10,000) acoplado a peroxidasa, sebincl hora. La union se revela
agregando 100l de sustrato (6 mg de o-fenilendiamina (Sigma)l2ml de amortiguador
de fosfatos 0.1 M y 1Ql de H,0,), la reaccién se detiene agregandplse HCI 6M. Se

registra la absorbancia a 490 nm.

Competencias homologas y heterdlogas.

Las competencias se realizaron mediante ensayoEL#eA preincubando la toxina
(oligbmero o mondémero) con diferentes concentrasatel mismo receptor que se fijé en
la placa (Competencia homdloga). Para el casosdedimpetencias heterélogas se fijé a la
aminopeptidasa (lg/pozo) y posteriormente se agrego la toxina (otiggd 6 mondmero)

preincubada con varias concentraciones de fosfategkna y viceversa.
Mutagénesis dirigida de la toxina Cry1Ab.

Cepas y plasmidos.

E. coli DH50 Genotipo: FP80lacZAM15 A (lacZYA-argF)U169 deoR recAl endAl

hsdR17(k’, m¢") phoA supE44thi-1 gyrA96 relA1 A (Invitrogen).
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E. coli SCS110, deficiente en dos sistemas de metilasas () Dcm); GenotiporpsL
(Strr) thr leu endA thi-1 lacY galK galT ara tonA tsx dam dem supE44 A(lac-proAB) [F

traD36 proAB laclgZAM15 (Stratagene).

B. thuringiensis 407 Cry acristalifera que carece de capacidad para atetoxinas

debido a la pérdida de los plasmidos Cry (Agaiskergclus, 1995).

El pldsmido pHT315 con el gen de la protoxina CrylNo de Acceso M13898) fue
utilizado como templado para realizar la mutagéngsi partir del mismo se disefaron los
oligonucleédtidos (Tabla 1) para introducir los camsbdeseados. Para introducir las
mutaciones puntuales se utiliz6 el sistaPuickChange™ Site-Directed Mutagenesis kit de

Stratagene siguiendo las instrucciones del fabecan

Tabla 1. Oligonucledtidos disefiados para la generén de mutaciones.

Mutacion Secuencia del oligonucleétido.

5 CAT TAT CGT CCA CTT TAT ATG CAG CAC CTT TTA ATA
RR368-9AA
TAG GGA TAAATAATC 3

5 CCA CTT TAT ATA GAA GAC CTG CTA ATATAG GGA TAA
F371A
ATAATC 3

L511A 5 GGC CAG ATT TCA ACC GCG AGA GTA AAT ATT ACT GCA".
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Fosforilacion de oligonucledtidos para la mutagénées

La fosforilacion es requerida para la ligacion erica de acidos nucleicos pues las
ligasas requieren de un grupo fosfato en la pasibié Los oligonucleétidos liofilizados
(Invitrogene) se resuspenden en }00de agua Mili-Q Yy se toma un volumen deull
(=300 pico mol de oligonucleétido) para una mezbta reaccibn que contiene: (8
amortiguador de cinasa (mas ATP) 10Xyl PNK (Cinasa de polinucledétidos), iBAgua
MiliQ para un volumen final de 50l. La reaccién se incuba a 37°C durante 30 minyt@s
68°C durante 35 minutos para inactivar a la enzlraanezcla de polimerasas que contiene
el sistema de mutagénesis de Stratagene permigragean nuevo plasmido de doble
cadena que contiene la mutacion deseada. El pragmen PCR utilizado en estos

experimentos se muestra en la Tabla 2.

Para eliminar el ADN parental se digiere el produt¢ PCR obtenido con la enzima de
restriccionDpn | (Stratagene), endonucleasa especifica de ADNadety hemimetilado,
por una hora a 37°C. Asi se consigue seleccionabD&l mutado que se transforma en la

cepa dée. coli DH50 mediante electroporacion.
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Tabla 2. Programa de PCR para la introduccion de mtaciones.

No de Ciclos| Temperatura (°C) | Tiempo (minutos)
1 94 3
94 1
35 55 1
65 15
1 65 10

Transformacion por electroporacion.

Se toman @l de ADN y se mezclan cuidadosamente con una dHcde las células
electrocompetentes Did5Las células mas el ADN se transfirieren a cett&a®.1cm (Bio-
Rad) pre-enfriadas y se les da un choque de 2.5258& y 20@ de resistencia.
Inmediatamente después se agrega 1ml de medioyS€kCtrasfirieren a tubos falcon
estériles de 15 ml. Las células se incuban a 3tiCagitacion durante 1 hora para su
recuperacion. Transcurrido el tiempo se sembra@iul2de las células recuperadas en
medio selectivo (LB-agar-ampicilina 206/ml) y se incuba a 37°C durante 12 horas. Para
verificar las construcciones se toman coloniasadad y se crecieron a 37°C durante 12
horas en 5 ml de medio LB-ampicilina (3J@@ml) liquido. Se purificaron los plasmidos
correspondiente y la presencia de las mutacioae®isfirmdé mediante secuenciacion de

ADN. La composicion de los medio y soluciones sesinan el la Tabla 3.

51



M. en C. Ivan Arenas Sosa Doctorado en Ciencias

Preparacion de células competentes.

Se inoculan 5 ml de medio LB liquido con una cadomé la cepa SCS110 y se deja crecer
durante 12 horas a 37° C. Posteriormente se inod@@ ml de LB liquido con un volumen
de 2 ml del pre-cultivo. Este cultivo se incuba72@ con agitacion hasta alcanzar una
D.O40o de 0.60. El matraz se coloca en hielo duranteriutos. Se recuperan las células
centrifugando en tubos estériles a 3,000 rpm derd® minutos, el sobrenadante se
desecha. Las células se resuspenden en 10 ml de ID&ANM frio y se incubaron durante
30 minutos en hielo. Posteriormente las célulagesdrifugan a 3,000 rpm durante 10
minutos, se desecha el sobrenadante y la pastiltasuspende en un volumen final de 2
ml de CaC} 100 mM mas 18@l de DMSO. Se preparan alicuotas de @D9 se colocan

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

hasta su uso a -70°C.

Transformacion por choque térmico.

Las células competentes se descongelan en hietolgssafiade un volumen dgal Slel
ADN, se incuban durante 30 minutos en hielo y seleun choque de calor (42°C) durante
dos minutos. Posteriormente, se incuban en hialantiel 5 minutos y se les agrega 800
de LB liquido sin antibiotico. Las células se dejaouperar a 37°C con agitacion durante
una hora. 200 de las células se esparcen en medio selectivadaB-suplementado con
ampicilina (20@ug/ml) y se incuban a 37°C durante 12 horas. Unant@lindependiente se
uso para inocular un volumen de 10 ml de medio bipiailina (10 pg/ml) y el cultivo se

incubd durante 12 horas a 37°C con agitacion, pareeder a la purificacion del ADN.
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Secuenciacion de ADN.
Las secuencias se realizaron en la Unidad de Seiea&m del Instituto de Biotecnologia-

UNAM.

Preparacion y transformacion de células vegetativade Bacillus thuringiensis (407

Cry").

Se estria una caja petri con medio LB-agar sirbenito y se incuba 12 horas a 30°C, a
partir de se toman colonias para extenderlas sobaecaja de LB-agar sin antibidtico
fresca y se incuba a 30°C, hasta que se obsenl@matransparentes (aproximadamente
3 horas). En este punto, las células se cosechan @alidad y se resuspenden en DO
de medio BHI y se homogenizan completamente cayuda de una pipeta. Se inocula un
volumen de 100 ml de medio BHI y se incuba a 3066 agitacion hasta alcanzar una
D.Os0o de 0.6. Posteriormente el cultivo se centrifugz0@0 rpm durante 5 minutos. Se
elimina el medio de cultivo y el paquete celularesispende en 50 ml de solucién EB fria.
Las células se centrifugan a 5000 rpm duranterbutms y se resuspenden en un volumen
final de 3 ml de solucion EB fria para preparacwadtas de 30 en tubos eppendorf de
1.5 ml que se utilizan inmediatamente. Para lastoamacion se agregan |il0de ADN,
recuperados a partir de los cultivos de las musaatela cepa SCS1100 &e coli. Se
incuba durante 5 minutos en hielo, las células eh#&DN fueron transferidos a celdas de
0.4 cm pre-enfriadas y se les aplicé un choque®¥ @ 23uF y 100 de resistencia. Las
células electroporadas se incubaron en hielo defantinutos y se les agregaron 70@e
medio BHI. Estas alicuotas se transfieren a tubltoii estériles de 15ml y se incuban a

30°C con agitacion durante una hora para su reaciger. Se tomo un volumen de 2300
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de las células recuperadas y se esparcieron ero reeltictivo LB-agar-eritromicina (10

pg/ml).

Purificacion de los cristales de la toxina Cry1Ab yas mutantes.

La cepa que expresa la toxina silvestre CrylAbsynlaitantes construidas se crecieron en
cajas petri con medio LB-agar suplementado coroermitina (10 pg/ml) durante 12 horas
a 30°C. Posteriormente, se inoculd el medio derakgmon HCT liquido (50 ml) que
contiene 10ug/ml del antibiotico de seleccion (eritromicinap el cual se sintetizan los
cristales de las toxinas. El crecimiento se readiz80°C con agitacion hasta observar al

microscopio los cristales correspondientes (72hapaoximadamente).

Para recuperar los cristales de las toxinas prinseraecupera la pastilla celular que
contiene la mezcla de esporas-cristales por cegadfion a 10,000 rpm durante 15
minutos. Posteriormente se lava tres veces cogiéalde lavado (NaCl 5 M, EDTA0.5 M
pH 8). Se centrifuga a 10,000 rpm durante 15 meettre cada lavado. El sobrenadante
se elimina y la pastilla se lava 3 veces mas cansofucion de PMSF 1 mM centrifugando
a 10,000 rpm durante 15 minutos. Los cristales wéfigan mediante un gradiente
discontinuo de sacarosa de 84%, 79%, 72% y 67%leonentado con amortiguador TTN
(NaCl 10 mM, Tris-HCI 50 mM y Tritdn X-100 0.01% pH2). Las soluciones de mayor
concentracion se colocan en el fondo del tubo yattono la muestra de espora cristales es
sonicada dando dos pulsos de 1 minuto con un mageittescanso a 4°C. Los gradientes se
centrifugan a 23000 rpm durante 30 minutos a 153Quma ultracentrifuga Beckman.
Las fracciones que contienen los cristales se ifdmmt mediante observacion al
microscopio, se colectan por separado y se lavanagoa mili-Q mas PMSF 1mM 3

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

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

Bioensayos con larvas dbl. sexta.

Los bioensayos se realizan con larvas neonathk dexta por el método de contaminacién
de superficie. En placas de 24 pozos se coloca dréficial hasta llenar la mitad de cada
pozo. Una vez que la dieta se seca, se agregatiféasntes dosis de la toxina en un
volumen final de 351 con HO, las cajas se dejan secar y se coloca una lancada
pozo. Después de 7 dias se monitorea la mortalidasl.concentracion requerida para
matar el 50% de la las larvas (#JCfue estimada mediante un analisis probit con el

software Polo-PC Leotra.

Inmunoblot.

Las fracciones purificadas de los oligdmeros dexana silvestre y las toxinas mutantes, se
separan mediante SDS-PAGE y se transfieren a unambraga de nitrocelulosa.

Posteriormente, después de bloquear la membranalpbora con PBST y leche

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

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

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

toxina con un sistema de luminiscencia (Super $sigmamiluminiscence, pierce).
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Tabla 3. Composicién de medios y soluciones

Nombre

Composicion

Comentarios

Cloruro de
Calcio

CaCb2H,0

100 mM

Se esteriliza en autoclave.

Amortiguador
EB

Sacarosa

MgC|2

0.625 M

1mM

Se esteriliza en autoclave.

Solucion |
(para
complementa
el medio
HCT)

KH2PO4

68 g/

Se esteriliza en autoclave.

Solucion li
(para
complementa
el medio
HCT)

MgSQu7H,0
MNnSQuH,0

ZnSQI7H,0O

12.3 g/l
0.169 g/l

1.4 g/l

Se esteriliza en autoclave.

Solucion Il
(para
complementa
el medio
HCT)

FeSQIH,O

H,SO,

2 g/l

100 ml/l

Se esteriliza en autoclave.

Solucion IV
(para
complementa
el medio
HCT)

CaCb2H,0

14.7 g/l

Se esteriliza en autoclave.
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Tris-HCI 1.5 M pH 6.8 5 mi/20 ml
Glicerol 4 ml/10 ml
Amortiguador )
_ SDS 0.4 g/10 ml | Disolver y mantener a 4°C.
de Laemli 4X
Azul de bromofenol 0.1%
B-mercaptoetanol 1ml/10 mi
. Tris 144 g/l
Amortiguador )
Filtrar en membranas
de corrida Glicina 30 g/l o
millipore de 0.22um.
TGS
SDS 109/
Medios para Bacterias
Nombre Composicién Comentarios
Bacto Triptona 10 g/l
Ajustar el pH a 7 con NaOH
LB Extracto de levadura 5 g/l -
y esterilizar en autoclave.
NaCl 10 g/l
Se esteriliza en autoclave y|se
dejar enfriar hasta ~50°C|ly
Medio LB pH 7.0 1 afiadir, si procede, I
LBagar antibiotico de  seleccior.
Agar 159 Distribuir en cajas petri
dejar solidificar. Conservar
4°C
_ Se ajusta el pH a 7.0 cgn
Bacto Triptona 20 g/l .
sSOC NaOH y se esteriliza €n
Extracto de levadura 5 g/l autoclave. Antes de usgr

agregar 10 ml/l de ur]fa
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14

EN

NacCl 0.5 g/l solucion de MgGl 2M y 10
ml de Glucosa 1M ambeé
KCI 0.186 g/l _ N
previamente esterilizadas
autoclave.
Infusion cerebro- -
BHI . 37 g/l Se esteriliza en autoclave.
corazon
Ajustar el pH a 7.25 cop
KOH vy se esteriliza e
autoclave. Antes de us
ot Bacto Triptona 549/l complementar con 50 ml
Casa-amino-acidos 2 g/l la Sol I, 1 ml de la Sol Il, 1

—4

ar

ml de la Sol Ill, 10 ml de |
Sol IV y 30 ml de Glucosa
10% por cada litro.
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RESULTADOS.
PURIFICACION DE AMINOPEPTIDASA Y FOSFATASA ALCALINA

Actividad enzimética en las VMMA’s de cada uno destadios larvarios deM. sexta.

Para obtener las proteinas necesarias para dstgot@imero se determiné el estadio de
desarrollo mas adecuado para purificar las prateiSa sabe que las larvas son menos
susceptibles a las toxinas Cry conforme van creoiepor lo que se decididé recuperar
intestinos deM. sexta de los diferentes estadios de desarrollo, a pietiuna colonia del
laboratorio que se mantiene con dieta artificidiciElo larvario de este insecto comprende
5 estados larvarios que van de 3 a 5 dias depeldigel estadio de desarrollo y de las
condiciones ambientales. A partir de larvas de aaua de los estadios se disectaron
intestinos, para purificar VMMA’s mediante precgitn diferencial con Mg(48). En las
VMMA's, se determinaron las actividades enzimatesgecificas de la fosfatasa alcalina y
de la aminopeptidasa utilizando como sustrapesitrofenol-fosfato y L-leucing-
nitroanilida, respectivamente. Una grafica con fesultados de actividad obtenidos para

estas dos enzimas se presenta en la Figura 6.
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Estadios de desarollo

Actividad especifica (umol min-1 g proteina -1)

Figura 1. Actividad especifica de aminopeptidastosfatasa alcalina en los diferentes
estadios de desarrollo de larvadviesexta.

Brevemente se observa, que existen diferenciasi@ma a los niveles de la actividad de
cada una de las enzimas en cada uno de los estilidesarrollo. Ambas actividades
aumentan conforme avanza el desarrollo de lasdarsia embargo la actividad de la

fosfatasa alcalina es mayor a la de la aminopeggtidbambién se puede notar que el nivel
maximo de actividad para la aminopeptidasa se zdcan el cuarto estadio de desarrollo y
posteriormente, disminuye en el Ultimo estadio dsadollo. En el caso de la fosfatasa
alcalina, es en el tercer estadio en donde se minaula mayor actividad enzimatica,

disminuyendo en el cuarto y quinto estadio. Hay tquear en cuenta que se analizé la

actividad total de las enzimas y no se puede conalianta corresponde a la proteina que
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puede unir a la toxina CrylAb. Es claro que en soltis estadios de desarrollo hay

actividad enzimatica de ambas proteinas, peroferedies niveles.

Ensayo de union de la toxina CrylAb a VMMA’s de lo$ estadios de desarrollo.

Para determinar si las actividades enzimaticascégmes de cada una de la enzimas
coinciden con la unién de la toxina CrylAb a la VMM se realiz6 un ensayo de union a
ligando. 2.5ug de proteina total de VMMA's se separaron en undgeacrilamida y se
transfirieron a una membrana de PVDF. La membraeairicubada con 2.5 nM de la
toxina CrylAb marcada con biotina y la union sefigr mediante estreptavidina acoplada
a peroxidasa. En la Figura 7 se muestra el resuksddonde se aprecia que la toxina
CrylAb se une a una proteina de aproximadamentekB& en las muestras
correspondientes a los primeros estadios de dédsasi@ndo en el primer estadio, donde
notamos la mayor union de la toxina. En contraste)os estadios cuarto y quinto, se
observa que la toxina se une preferencialmenteaapusteina de aproximadamente 120
kDa que corresponde al peso molecular de la amptigiasa. En estos ultimos estadios no
se observa la unién a la proteina de 65 kDa. Cae baestos resultados se determind
purificar la aminopeptidasa de larvas de cuartadéstde desarrollo y la fosfatasa alcalina a
partir de larvas de tercer estadio de desarrallda eecision también influyo el tamafio de

las larvas y la cantidad de material que se pustieerar.
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Estadioslarvariosde M. sexta
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Figura 2 Union de la toxina CrylAb a VMMA's de Idiferentes estaos de desarrollo de
M. sexta.

CARACTERIZACION DE LA AMINOPEPTIDASA Y FOSFATASA AL CALINA
PURIFICADAS.

Para poder analizar la interaccion de la toxinal&byen su conformacion de mondémer
oligbmero con la aminopeptidasa y fosfatasa alcalse procediéo a purificar amt
proteinas a partir d& MMA’s solubilizadas con detergel. La aminopeptidasa y
fosfatasa alcalina fueron purificadas por cromatbgrde intercambio ionico y de afinic,
respectivamente.Las fracciones recuperadas se caracterizaron ntediantividac
enzimatica especificéps rendimientos de cada proceso de purificacioresemen en le
Tablas 4 y 5. Parda aminopeptidasa se observd un enriquecimientdaeactividad

enzimatica de 4.3 a 78.2 U/mentre las VMMA’'s yla fraccion purificad, con un
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rendimiento de recuperacion del 19 % aproximadaenéhtibla 4). Para la fosfatasa
alcalina se observo un enriquecimiento en la atdviespecifica de 3.5 a 11.3 U/mg entre

las VMMA’s y la fraccion purificada, con un rendanto del 3.8 % (Tabla 5).

Tabla 1. Purificacion de aminopeptidasa a partir deVMMA's de larvas de M. sexta

de cuarto estadio de desarrollo.

Actividad Proteina
Actividad Rendimiento
Fracciéon total total
especifica (%)
V) (mg)
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
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Tabla 2. Purificacion de la fosfatasa alcalina a géir del VMMA's de larvas de M.

sexta de tercer estadio de desarrollo.

Fraccion Actividad Proteina Actividad Rendimiento
total (U) total (mg) especifica (%)
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

Evaluacion de la eficiencia de purificacion.

La pureza de las muestras recuperadas se evalgél de poliacrilamida (SDS-PAGE) y
se realizd una tincidon con plata como se describ@aeriales y métodos. En los carriles 1
y 2 de la Figura 8 se muestran las fraccionegespandientes a aminopeptidasa (120 kDa)
y fosfatasa alcalina (65 kDa), respectivamenten@a que para la aminopeptidasa se logro
un mayor grado de purificacion ya que en el casdadigaccion que corresponde a la
fosfatasa alcalina, se observan algunas bandasraalies de aproximadamente 60 kDa que

se han reportado como producto de degradaciondie6a kDa.
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Figura 3. Tincion con plata de las proteinas paidas. La aminopeptidasa se muestra en el
carril 1 y la fosfatasa alcalina en el carril 2.

Ensayo de union de la toxina CrylAb con las fraccies purificadas.

Para determinar si en el proceso de purificacioafset6 las propiedades de las proteinas
para unir a la toxina CrylAb, se realiz6 un ensdgounién a ligando, incubando una
membrana PVDF conteniendo las fracciones purifea@da la toxina CrylAb marcada con
biotina. La unién se verificO con estreptavidina@ada a peroxidasa. Los resultados
obtenidos se muestran en la Figura 9, donde sevabgee las fracciones correspondientes
a aminopeptidasa (carril 1) y fosfatasa alcalirar{c2) unen a la toxina CrylAb. Esto
resultados confirman que ambas proteinas purifscattienen su capacidad de unién a la

toxina.
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Figura 4 Union de la toxina CrylAb a los receptores poaidios. En el carril 1 se mues
la unién a aminopeptidasa y en el carril 2 la urdadosfatasa alcalir

LA FOSFATASA ALCALINA'Y LA AMINOPEPTIDASA SON RECEP TORES DE

LA TOXINA CrylAb.

Caracterizacion de la union del monémero de la tora Cry1Ab a la aminopeptidasa y
fosfatasa alcalina.

La cinética de interaccion del mondémero de la toxdmglAb con la aminopeptidasa
fosfatasa alcalingourificada, se realizé mediante ensaye@ dELISA, fijando amba
proteinagourificadas de manera independit, en cajas de 96 pozos de ELISA, fueron
incubadas con diferentes concentraciones de mowddeela toxin, obtenidi mediante la
activacion de la protoxina con tripsina. Con losodaobtenidos se realiz6 un andlisis
Scatchard para determinar la constante de disooiaparentde lasinteracciones. En la
Figura10 se presentan las cinéticas de unidon del mondéoun la aminopeptidasa y
fosfatasa alcalina. Ambas interacciones son depeteli de la concentrac y saturables,

lo que indica que ambas proteinas pueden unitaxiaa CrylAl en forma de mondme.
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Mediante el andlisis de Scatchard se determindl@guwmnstante de disociacién para la
interaccion del mondémero de la toxina con la amepbidasa es de 101.6 nM, que coincide
con la afinidad reportada por otros grupos para iséraccion en experimentos de SPR
(68). Para la interaccion del monomero de la toxingl8b con la fosfatasa alcalina se
determiné una constante de disociacion de 267.3sivido este dato el primer reporte de

este tipo de interaccion.

304 * APN (Kd =101.6 uM)
e ALP(Kd =267.3 uM) 3

Absorbancia a 490 nm

00 = T T T T T
0 200 400 600 800 1000

Monomero de CrylAb [nM]

Figura 5. Union del monomero de la toxina CrylAbaaaminopeptidasa y fosfatasa
alcalina. La constante de disociacion aparentdtezo mediante analisis de Scatchard.
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Caracterizacion de la unién del oligdmero de la tara a la aminopeptidasa y a la
fosfatasa alcalina.

En el mecanismo de accién propuesto para las ®xXimg se indica que el oligbmero es
importante en la interaccion con las proteinasaalad por GPI, de tal manera, que las
propiedades de union de ambas proteinas con ebnudigp de la toxina CrylAb se
determin6é mediante ensayos de ELISA de manerassimitomo se hizo con el monémero.
La unidn se verifico de la misma manera que erxpémento con el mondémero y los
datos se analizaron mediante Scatchard, como @mseldel monémero. Como se muestra
en la Figura 10, la unién del oligbmero con aminpdigasa y la fosfatasa alcalina también
es saturable y dependiente de concentracion, sbamgo, las constantes de disociacion
para esta interaccion son de 0.6 y 0.5 nM, resgeugnte. Indicando claras diferencias en
cuanto a la interaccion del monémero y el oligbnueda toxina CrylAb. El oligobmero se
une con mayor afinidad a las proteinas anclada&pérlo que coincide con el mecanismo
de accioén reportado, donde la toxina se une prirmemm mondmero a aminopeptidasa con
baja afinidad y posteriormente, existe una segumdén con alta afinidad, pero ya en
forma de oligdbmero. Estos datos concluyen que agel®da aminopeptidasa, la fosfatasa
alcalina también es un receptor de las toxinasyGmyede participar tanto en la interaccién

con el mondémero (con baja afinidad) asi como catigbmero de la toxina (alta afinidad).
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Figura 6.Unidn del oligomero de la toxina CrylAlmaaminopeptidasa y fosfatasa alcalina.
La constante de disociacion aparente se obtuvoamiedanalisis de Scatchard.

Competencias homologas de la union del oligdbmeranyonémero.

Para determinar si la unién de la toxina en sus cdwdormaciones (mondémero u
oligdbmero) es especifica, se realizaron competsnictandlogas en ensayos de ELISA.
Para estos experimentos, se fijo a la aminopeptidas la fosfatasa alcalina a las cajas de
ELISA a las que posteriormente, se agregd el mormroeel oligdmero de la toxina
preincubado con diferentes concentraciones deokzipia que fue fijada en la placa. Como
se muestra en la Figura 12 la union del monémardpta la aminopeptidasa como a la
fosfatasa alcalina, se abate al competirla conisanen proteina. En el caso del oligdbmero
también se observé competencia (Figura 13). Estesltados confirman que ambas

interacciones descritas son especificas.
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Figura 7. Competencias homdlogas de la union deldmero de la toxina CrylAb con
aminopeptidasa y fosfatasa alcalina purificadasotynon aminopeptidasa (A) y fosfatasa
alcalina (B) compitiéndose con el mismo receptor.
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Figura 8. Competencia homéloga de la interaccidroliigomero de la toxina CrylAb con
la aminopeptidasa y fosfatasa alcalina purificadasion con aminopeptidasa (A) y
fosfatasa alcalina (B) compitiéndose con el miseueptor.
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LA AMINOPEPTIDASA'Y LA FOSFATASA ALCALINA COMPARTEN  SITIOS

DE INTERACCION CON EL OLIGOMERO DE LA TOXINA.

Competencia heterdloga del oligdmero de la toxinabo aminopeptidasa y fosfatasa
alcalina.

De acuerdo a los resultados presentados, surgidrdgunta sobre si estas proteinas
comparten sitios de interaccion con la toxina. Raraestarla se realizaron competencias
heterdlogas similares a las descritas, pero ret@slplacas con el oligobmero de la toxina
preincubada con diferentes concentraciones deolgipas que no se fijo en la placa. Los
resultados obtenidos muestran que la aminopeptitasala capacidad de inhibir la union
del oligbmero con fosfatasa alcalina y la fosfatalealina tiene la capacidad de inhibir la
interaccion del oligdmero con aminopeptidasa (Figtd). Sin embargo, la fosfatasa
alcalina es menos eficiente para competir la uedm aminopeptidasa, que por su parte
compite muy bien la unién de la toxina con fosfatakalina. Posiblemente esto se debe a
gue en la interaccion del oligobmero con aminopegidpudiese estar mediada por 2 sitios
de interaccion y uno de estos se comparta corsfatésa alcalina. Para determinar cuales

son estas regiones en el receptor se deberararaalis experimentos.
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Figura 9. Competencias heterdlogas de la uniémldgmero de la toxina CrylAb. Unién
del oligdmero a aminopeptidasa compitiendo conatasta alcalina (A) y la unién del
oligbmero de la toxina con fosfatasa alcalina caiepido con aminopeptidasa (B).

IDENTIFICACION DE REGIONES EN LA TOXINA CrylAb IMPO RTANTES
PARA LA INTERACCION CON LA AMINOPEPTIDASA Y FOSFATA SA
ALCALINA.

La interaccion toxina-receptor es un paso detemténpara el efecto toxico de las toxinas
Cry, se ha reportado que la mayoria de los mecasisia resistencia a estas proteinas se
dan por defectos en la union con el receptor. Potahto, es importante obtener
informacién acerca de la naturaleza de estas otiersees que nos pueda ser util para
disefar toxinas que puedan abatir la resistendaigir su toxicidad. Con esta idea, se
analizé la interaccién de la toxina con la amindjpiysa y la fosfatasa alcalina, con
versiones mutantes de la toxina CrylAb que se em@re afectadas en toxicidad contra

larvas de M. sexta. Para analizar la interaccion del oligdmero de tdaina con
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aminopeptidasa y fosfatasa alcalina, se generamuat2ntes en el dominio Il (RR368-9AA

y F371A) y una mutante en fd6 del dominio Ill (L511A) de la toxina CrylAb.
Caracterizacion de mutantes en el dominio 1l y llide la toxina Cry1Ab.

Activacion de las toxinas mutantes vy tipo silvestre

Lo primero que se analizé fue que las mutacioneshubiesen provocado cambios
importantes en la estructura tridimensional quetafan su activacion. Los cristales de
cada mutante fueron solubilizados en amortiguadocatbonatos y activados con tripsina
comercial por 1 hora a 37°C, la reaccion se pard BBISF y la mezcla resultante se
analizé mediante SDS-PAGE. Como se muestra erglad&il5 la activacion de las toxinas
mutantes es similar a la de la toxina tipo silestn todos los casos se obtuvo una proteina
de 65 kDa que corresponde con el peso molecullr teina tipo silvestre, indicando que

las mutaciones no afectan su activacion, ni tampobacen su degradacion.
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Figura 10. Activacion con tripsina de la toxina T y las mutantes del dominio Il y
dominio 1.
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Toxicidad de las mutantes de los dominios 1l y lIde la toxina Cry1Ab.

La toxicidad de las mutantes contra larvas Me sexta, se determin6 mediante un
bioensayo, en el que se probaron diferentes dasssgeterminar los valores de dosis letal
media para cada una de las toxinas mutantes gitigstre. Como se observa en la Tabla 6
ninguna de las mutantes fue téxica para las larpas, lo que resultan Utiles para
determinar si la pérdida de toxicidad puede aseeiarla unién de estas mutantes, con la

aminopeptidasa y fosfatasa alcalina.

Tabla 3. Toxicidad de la toxina CrylAb y las toxina mutantes a larvas dé. sexta de

primer estadio de desarrollo.

Toxina LC 5o (ng/cnf)® Toxicidad relativa®
Cry1Ab 3.9 (2.2-6.6) 1
RR368-9AA >1000 >260
F371A >1000 >260
L511A >1000 >260

a. Concentracion que mata el 50% de las larvas. Lasernds entre paréntesis
muestran el 95% del limite de confianza de 1g,LC
b. LCsode la toxina silvestre/Lfg de la toxina mutante.
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Obtencién de oligémero.

Para analizar la unién del oligdmero de las toxiBaglAb mutantes y tipo silvestre, se
realizaron activaciones en presencia de un fragmeatcaderina (fragmento 7-12) que
promueve la formacion de los oligdbmeros. Para cobgr la presencia de oligdmeros,
después de la activacion se realizé un inmunolaliotias oligomeros purificados mediante

cromatografia de exclusion molecular, los resubatomuestran en la Figura 16.
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Figura 11. Oligdmeros purificados de la toxina @yly las mutantes de los dominios Il 'y
[.

Como se puede ver en la Figura 16 aunque la pramude oligdmero de las mutantes fue
menor, tanto en la toxina silvestre como en lasantes, se lograron purificar los
oligbmeros correspondientes, mismos que fueronerdreddos y cuantificados para su uso

en los experimentos posteriores.
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EL DOMINIO II ES IMPORTANTE PARA LA INTERACCION DEL

OLIGOMERO CON LOS RECEPTORES.

Union del oligomero de las mutantes en el dominid ¥ IlI.

La determinacion de la participacion del dominig Hominio Il de la toxina CrylAb en la
interaccion del oligdmero de la toxina con los ptoses aminopeptidasa y fosfatasa
alcalina, se realiz6 mediante ensayo de ELISA angsl en donde ambas proteinas fueron
fijadas de manera independiente e incubadas cooligameros de las toxinas mutantes y
tipo silvestre purificados. Los resultados de lgerisiccion se muestran en la Figura 17,
donde se ve que los oligdbmeros de las mutantes RBAA y F371A, estan afectadas en
la unién en mas del 50%, con respecto a la uni@nguestra el oligbmero de la toxina tipo
silvestre, mientras que la mutante L511A, so6lo rraesna pequefia disminucion en su
capacidad de union. Estos resultados indican queekiduos del asa 2 del dominio Il estan
involucrados en la interaccién del oligdmero detdaina CrylAb con los receptores
aminopeptidasa y fosfatasa alcalina, mientras gdermainio Il no parece ser determinante

para esta interaccion.
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Figura 12. Unién del oligobmero de la toxina CrylAibde las toxinas mutantes a la
aminopeptidasa y fosfatasa alcalina.

EL DOMINIO Il ES IMPORTANTE PARA LA INTERACCION DE L

MONOMERO CON LOS RECEPTORES.

Union del mondmero de las mutantes en el dominio # 111
Para comparar si los sitios de interaccion delootigro de la toxina son los mismos sitios
de interaccion que los del mondmero, se realizéexperimento de ELISA con los

monomeros purificados de las mutantes y la toxpadilvestre (Figura 18).
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Figura 13. Union del mondémero de la toxina CrylAblas toxinas mutantes a
aminopeptidasa y fosfatasa alcalina.

Los resultados muestran que los monomeros de uéganies RR368-9AA y la F371A no
se encuentran afectados en la union a aminopeptidéssfatasa alcalina, sin embargo, la
mutante L511A si se encuentra severamente afeetada union a fosfatasa alcalina (mas
del 80%) y también se encuentra afectada, aunquenamor grado en la unién a
aminopeptidasa (cerca del 50%). Estos resultadgersm que el dominio Ill es importante
para la interaccion del monémero con los receptang@sopeptidasa y fosfatasa alcalina, a
diferencia de cuando la toxina se encuentra endate oligbmero que interacciona con
esos receptores mediante el dominio Il. Estos tadns son evidencia de que ademas de la

aminopeptidasa la fosfatasa alcalina es un recdpttas toxinas CrylAb ev. sexta.

78



M. en C. Ivan Arenas Sosa Doctorado en Ciencias

DISCUSION.

Las toxinas Cry son una alternativa viable paraagitrol biolégico de insectos plaga
importantes en la agricultura o de insectos vestdeeenfermedades en humanos, debido a
su alta toxicidad y especificidad contra diferenbedenes de insectos. Sin embargo, la
mayor limitante sobre el uso de estas toxinas e&esjo a la aparicion de poblaciones
resistentes, tal y como ha sucedido con los irgdas quimicos que se utilizan a la fecha
en el campo. En la actualidad se han reportadomatguasos de insectos resistentes a las
toxinas Cry y se ha demostrado que en la mayoriasdeasos la resistencia esta ligada a
defectos en la interaccién con los receptorH38)( Para combatir esta resistencia es
necesario conocer a fondo el mecanismo de acci@stds toxinas y mapear las regiones
importantes para su interaccion con sus recepttregple permitira el disefio de toxinas
mejoradas que puedan abatir la resistencia. El msna de accion propuesto a la fecha
paraM. sexta, involucra varios pasos secuenciales comenzandolacangestion de los
cristales, solubilizacion y activacion proteoliticawe dan como resultado el mondémero de
la toxina, que se une a aminopeptidasa con bajalaél para localizarse en la membrana y
posteriormente se une al receptor caderina, lopgo@ueve un segundo corte proteolitico
gue conlleva a la oligomerizacién de la toxina. Wea que se forma el oligbmero, se
propone que este se une a proteinas ancladas pordétonalmente se lleva a cabo la
insercion de la toxina y la formacion de poro, §jnalmente lleva a la muerte del insecto.
El papel que juega el oligbmero en la toxicidad hee demostrado en diferentes
experimentos. Se ha reportado que mutantes enlite € del dominio | de la toxina
CrylAb, que mantienen su capacidad de unién a icegleson incapaces de formar
oligbmeros y no son téxicas para larvasMiesexta (21). Por otro lado, se ha demostrado
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que el oligbmero de la toxina es mas eficienteadiorimacion de poro que el monémero en
membranas artificiale$). Adicionalmente, mutantes endd del dominio | de la toxina
CrylAb resultan en toxinas dominantes negativas,ajdformar hetero-oligobmeros con la
toxina tipo silvestre inhiben el efecto toxico deaeproteinad?). Estos datos sugieren que
el oligdbmero es una identidad importante en lacidaid, sin embargo, hasta este trabajo no
se habia explorado la manera en que interacciondosoreceptores anclados por GPI,
como se propone aqui el mecanismo de accion. Ersestido, se analizd la interaccion del
oligbmero de la toxina CrylAb con dos proteinadadas por GPI, la aminopeptidasa de
120 kDa y la fosfatasa alcalina de 65 kDa, del dttsdepidopteroM. sexta. La
aminopeptidasa es la proteina mas caracterizadasydb reportada como receptor de las
toxinas Cry. Se han realizado experimentos corrdéefma pura para determinar su papel
en la toxicidad y para determinar su afinidad potokina; sin embargo, todos los trabajos
reportados estan realizados con el monémero aeilgat A la fecha, el Unico reporte de la
interaccion de esta proteina con el oligdmero dexXma se realiz6 mediante experimentos
de inmunoprecipitacion determinandose que el olg@npresenta una union preferencial
con aminopeptidasa, mientras que el mondémero peesema union preferencial por
caderina, sin embargo, en este estudio no se @nalimion con la fosfatasa alcalirGs8)

A pesar de que existen reportes que le dan un papebnal a la aminopeptidasa en el
mecanismo de accion de estas toxinas, tambiéndtag que sugieren que esta proteina no
es importante para la toxicidad. Se han reportadtames en el dominio Il de la toxina
CrylAc afectadas en la union a aminopeptidasa, geeosiguen siendo toxicas para las
larvas deM. sexta (109). Estos datos dan la pauta para pensar que exsteptores
alternativos que podrian jugar el mismo papel quarhinopeptidasa. Por su parte, la

fosfatasa alcalina se ha reportado como proteinanigh® de la toxina CrylAc eMl. sexta
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y H. armiguera, sin embargo, exclusivamente HEnvierescens se le ha dado el papel de
receptor, pues se ha demostrado que su baja eéxpresiulta en la resistencia del insecto.
En el caso d&l. sexta, no se sabe si esta proteina funciona como racegimplemente es
una proteina de unidnZ, 99-100). En este trabajo se analiz6 la union del oligamedel
monomero de la toxina CrylAb con aminopeptidasasyatasa alcalina purificadas. Los
resultados muestran que el monémero de la toxinmedanto a aminopeptidasa como a
fosfatasa alcalina, con afinidades aparentes dé6 1M y 267.3 nM, respectivamente. La
afinidad que se determind en este trabajo es migcida a la reportada para la union del
mondmero de la toxina con aminopeptidasa purifi¢d@@ nM) en andlisis con resonancia
de plasmonesl(Q9) y a la calculada mediante competencia en ensayBLdSA para la
union del mondmero con extractos ricos con progeimacladas por GPE3).Para la
fosfatasa alcalina no se ha reportado ningunadafihipor o que éste es el primer reporte
de la afinidad del mon6mero por esta proteina. GQuase analizé la interaccion del
oligdmero con aminopeptidasa y fosfatasa alcakndeterminé un aumento en la afinidad
de mas de 200 veces, con respecto a las obterodasl enonémero de la toxina. Para el
caso de la unién del oligdmero con aminopeptidssaletermind una afinidad aparente de
0.6 nM y para el caso de la fosfatasa alcalina.8enM. Estos resultados sugieren que
deben existir cambios conformacionales en la toxjna permiten que, una vez que el
oligdbmero se forme, se aumente su afinidad poptateinas ancladas por GPIl. En este
sentido, ya se ha reportado que existen cambioactsiales entre el oligobmero y el
monémero de la toxina. Experimentos con ANS, queusscolorante que emite
fluorescencia cuando se une a regiones hidrofébimastraron que el oligdbmero de la
toxina muestra una mayor hidrofobicidad con respatimonomero56). También se sabe

gue la conformacion del monémero es diferente delaoligdbmero, porque un anticuerpo
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monoclonal, aislado mediante la metodologia de =g en Fagos, que reconoce
especificamente al asa 2 de la toxina en su coaftiém de mondémero, no une a la toxina
en su conformacion de oligdbmero. Todos estos enst sugieren que tanto la
aminopeptidasa, como la fosfatasa alcalina, pusdemeceptores de la toxina CrylAb en
M. sexta. La union del oligdbmero con la fosfatasa alcaljeede ser competida por la
aminopeptidasa y viceversa, aunque con menor eficie Este dato sugiere que ambas
proteinas comparten al menos un sitio de interaccidn el oligdbmero de la toxina.
Adicionalmente, en este trabajo se caracterizoni®nude dos mutantes de la toxina
CrylAb localizadas en el asa 2 (RR368-9AA y F3714)) los receptores aminopeptidasa
y fosfatasa alcalina. Las dos toxinas mutantesne® de la misma manera que la toxina
tipo silvestre a aminopeptidasa y fosfatasa alaalirando se encuentran como monomeros.
Sin embargo, se encuentran severamente afectadasuemdn en forma de oligdmeros.
Estos resultados sugieren que el asa 2 del doride la toxina CrylAb, es un epitope
importante en la interaccién del oligbmero de Ikirta con estos dos receptores. En un
trabajo previo se reportdé que la mutante F371Aeercuentra afectada en la interaccién
con aminopeptidasa, pero si estaba afectada eroxiaidad. Este resultado causoé
controversia, pues como la union no correlacioraala toxicidad, se sugeria que algun
otro receptor podria estar involucrado, si biendsitsidios se realizaron exclusivamente con
el mondmero de la toxind@). En este trabajo se demuestra, que efectivanpreda
union del monémero no esta afectada como se hapdatado, sin embargo, la union de la
mutante como oligdmero se encuentra severamentéadée |0 que correlaciona con la
pérdida de toxicidad. Interesantemente la mutamtensuentra afectada de manera similar
en la union tanto a aminopeptidasa como a fosfatiasdina y aparentemente, los defectos

en la union no permiten la insercion de la toxindsemembrana para la formacién de poro,
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por lo que no es toxica para la larvas. Recientéenem reportd un mecanismo de accién
gue involucra a la aminopeptidasa en dos pasoggsrifEero se da cuando el monémero de
la toxina se une a este receptor, via el asa @8aieinio 1l para localizarse en el intestino,
se propone que esta union es de baja afinidad,coerabundantes sitios de interaccion, ya
gue esta proteina es muy abundante en el intedtinosecto. El segundo se da cuando se
forma el oligdbmero de la toxina (después de coatech caderina) y se propone que es de
alta afinidad §4). En nuestro trabajo, se demostré por un lado, lgdesfatasa alcalina
también se puede unir de manera similar al monomatmligdmero de la toxina, como lo
hace la aminopeptidasa y por otro, que la intedacdel oligdmero de la toxina con ambos
receptores, se da mediante el asa 2 del dominiatékesantemente, mutantes en el asa 3 se
encuentran afectadas en la interaccibn con amitidpep cuando se encuentran como
mondmeros, sin embargo, no se encuentran afectad#s unidn cuando se encuentran
como oligbmeros@&4). Estos resultados sugieren un papel secuenciabdesas, cuando la
toxina se encuentra como mondémero, se une medihaga 3 y cuando se encuentra como
oligébmero, se une por el asa 2. Adicionalmente, dambios en las afinidades de la
interaccion del mondmero con respecto al oligbntenwelacionan con el mecanismo de
accion propuesto, en donde el monémero se une agn dfinidad, mientras que el
oligbmero se une con alta afinidad a las protearadadas por GPIl. En el caso de la
interaccion del dominio 1l con los receptores, Ba demostrado mediante la
caracterizacion de un anticuerpo que reconocenregtan de la toxina, que Rl6 esta
involucrada en la interaccidn con el receptor apémbidasa, sin embargo, no se determino
si esta region también es importante en la intéyacdel oligbmero o si esta region es
importante en la interaccion con la fosfatasa elaalAqui se caracterizé la unién de la

mutante L511A, localizada en .6 con los receptores anclados por GPI. Los remsta
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obtenidos muestran que cuando se probd la unidolidgimero de esta mutante con los
receptores purificados, no se observaron defeatok ainién, sin embargo, cuando se
probé la union del mondémero, si se observaron tiefeen la unidn, pero estos defectos
son particulares para cada receptor. En el casa d@i®ion con aminopeptidasa, se observo
una ligera disminucion en la union, mientras queii&n con la fosfatasa alcalina esta
severamente afectada. Estos datos corroboran quenidn del mondmero con
aminopeptidasa se da mediant@1& del dominio Ill, epitope que parece no ser irtgrae

en la interaccion cuando la toxina se oligomerazzano sucede con el asa 2. La falta de
toxicidad de esta mutante no puede justificarse ks defectos en la union con
aminopeptidasa, sin embargo, si se justifica candefectos en la union con fosfatasa
alcalina. Estos resultados sugieren que la fosfaalrslina juega un papel mas importante
gue la aminopeptidasa en la toxicidad. Otra obs#&xaque soporta la importancia de la
fosfatasa es la union de la toxina a las VMMA dagfediferentes estadios, donde la union
de la toxina en los primeros estadios esta o pestde mediada por la fosfatasa alcalina y
no por la aminopeptidasa. El papel exacto de estagproteinas, en cada uno de los pasos
en el mecanismo de accién de las toxinas, podrads&rminado mediante otras
metodologias como el silenciamiento genético corARIé doble cadena o mediante la
caracterizacion de lineas celulares de insecto eypgesen los receptores de manera
independiente. Los datos obtenidos en este trapadan mas informacion al mecanismo
de accion denominado como “ping-por@f. En primer lugar, una vez que la toxina es
activada después de la solubilizacion de los ¢estael mondémero se une a
aminopeptidasa, como se habia reportado, pero éansblia fosfatasa alcalina, mediante el
asa 3 del dominio 1l y 1816 del dominio Ill. Las afinidades de union pardrapeptidasa

y para fosfatasa alcalina son de 101.6 nM y 26 3raspectivamente. Posteriormente, la

84



M. en C. Ivan Arenas Sosa Doctorado en Ciencias

toxina se une a la caderina mediante el domin{(odh una afinidad de 1 nM), para sufrir
una segunda activacion que permite la oligomerdraden este paso de oligomerizacion
aparentemente existen cambios conformacionales! eforainio Il de la toxina que

incrementan la afinidad de la toxina por los recegst anclados por GPI. En el caso de
aminopeptidasa, de 101.6 nM como mondémero a 0.&cudhdo se oligomeriza, para la
fosfatasa alcalina, de 267.3 nM como monomero all.suando se oligomeriza. Una vez
formado el oligdmero, éste se une a aminopeptigas&osfatasa alcalina, que se localiza

en balsas lipidicas, donde se lleva a cabo laditsede la toxina (Figura 19).
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CONCLUSIONES.

0 La union del mondmero de la toxina cambia a lodatg los estadios de desarrollo,
en los primeros estadios se une a fosfatasa aoakm los estadios tardios se une a
la aminopeptidasa.

o La toxina CrylAb se une a aminopeptidasa y fosfat@salina con diferentes
afinidades dependiendo de su conformacion. El mendree une con una afinidad
de 101.6 nM a aminopeptidasa y con una afinida@léde3 nM a fosfatasa alcalina.
Cuando la toxina se oligomeriza aumenta su afinieladnas de 200 veces por
ambos receptores, 0.6 nM para aminopeptidasa N para fosfatasa alcalina.

o Dos mutantes en el asa 2 RR368-9AA y F371A, estactamlas en la toxicidad
contra larvas d&l. sexta debido a defectos en su interaccidn con aminopesaigt
fosfatasa alcalina cuando la toxina se encuentraadigémero. Dado que cuando
esta como mondmero la unién no se ve afectadajgiere que la interaccion del
oligbmero con los receptores es importante enXeittad y que esta interaccion
esta dada mediante el asa 2 de la toxina.

0 La mutacion L511A en 1816 del dominio Il afecta drasticamente la toxicida
aparentemente debido a la pérdida de union del merwa fosfatasa alcalina. El
papel de la fosfatasa alcalina es mas importanta twxicidad de las toxinas Cry,
pues esta proteina es abundante en los estadipsatess y la mutante L511A al
perder la union con esta proteina, pierde la tdati

0 Los resultados contribuyen y soportan el mecanidmaccion denominado ping-

pong.
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Figura 1. Mecanismo de accion para las toxinas Orfpespués de que los cristales de la
toxina son solubilizados y activados proteoliticateese libera al monémero de la toxina
gue se une con los receptores anclados por GRitéssf alcalina y aminopeptidasa a través
de el asa 3 del Dominio Il de la regionBte6 del Dominio Il con afinidades de 267.3 nM
y 101.6 n M, respectivamente; 2) La toxina se ume alta afinidad (1 nM) al receptor
caderina a través de las asas 2, @8y3) La toxina sufre nuevamente un procesamiento
proteolitico perdiendo la héliedl, lo que permite la formacién del oligdmero deok&ina,;

4) La formacion del oligbmero conlleva cambios confacionales que permiten un
aumento de afinidad (0.6 nM para aminopeptidasébyn® para fosfatasa alcalina) y la
unién con los receptores anclados por GPI; 5) Hosteente se lleva a cabo la insercién de
la toxina, la formacién de poro que causa el desigal osmotico que lleva a la muerte del
insecto.
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PERSPECTIVAS.
» Determinar los pardmetros cinéticos de las intéwaes entre la toxina en sus dos
conformaciones estructurales, con los receptorel@ws por GPI en tiempo real

utilizando la técnica de SPR (Resonancia de plasg)on

* Demostrar la funcionalidath vivo de la aminopeptidasa y fosfatasa alcalina en

larvas deVl. sexta, mediante interferencia con RNA de doble cadena.

» Disectar el papel de la aminopeptidasa 6 fosfaltsdina en la toxicidad mediada
por mondémero u oligbmero de la toxina, a travésladeonstruccion de lineas

celulares de insecto que expresen a los receteremnera independiente.

» Determinar regiones de interaccion en cada uncosl@dceptores, analizando la

union de la toxina con fragmentos de aminopeptidpséosfatasa alcalina

expresados heter6logamente.
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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
CrylA toxins, a prepore oligomeric intermediate is formed after
interaction with cadherin receptor. The CrylA 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 bind Cry1Ab, although their role
in toxicity remains to be determined. Detection of Cryl1Ab bind-
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 CrylAb olig-
omer to pure preparations of APN and ALP showed that this
toxin structure interacts with both receptors with high affinity
(apparent K; = 0.6 nm), whereas the monomer showed weaker
binding (apparent K; = 101.6 and 267.3 nm for APN and ALP,
respectively). Several CrylAb nontoxic mutants located in the
exposed loop 2 of domain II or in 3-16 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 L511A mutant 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 and ALP are initial receptors promoting the localization of
toxin monomers in the midgut microvilli before interaction
with cadherin. Then APN and ALP function as secondary recep-
tors mediating oligomer insertion into the membrane. However,
the expression pattern of these receptors and the phenotype of
L511A mutant suggest that ALP may 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
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results from crystalline inclusions produced during sporulation
that are formed by 8-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 a-helices
(domain I), a three-B-sheet prism (domain II), and a B-sand-
wich (domain III) (3, 4). The N-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).

The mode of action of Cry toxins has been extensively studied in
lepidopteran insects and to some extent in coleopteran, dipteran,
and nematodes. In the case of lepidopteran insects, a sequential
binding of CrylA 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 CrylA 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 composed of the three-domain structure described
above. Cryl A monomers then bind to the primary receptor that
has been identified in several species as a cadherin protein that is
located in the microvilli of columnar midgut cells. This interaction
provokes a conformational change of the toxin that facilitates fur-
ther proteolytic cleavage of the domain I N-terminal helix a-1,
resulting in toxin oligomerization (14, 15). In favor of this model,
engineered modified CrylAb and CrylAc toxins lacking helix a-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 the mem-
brane by GPI* 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 the membrane and formation
of pores, resulting in osmotic shock and cell death (13, 18).

Although APN was the first Cryl Ac-binding molecule iden-
tified in Manduca sexta (19, 20), its role as functional receptor is

2The abbreviations used are: GPI, glycosylphosphatidylinositol; APN, amino-
peptidase-N; ALP, alkaline phosphatase; BBMV, brush border membrane
vesicles; CHAPS, 3-[(3-cholamidopropyl)dimethylammonio]-1-propane-
sulfonate; ELISA, enzyme-linked immunosorbent assay; BBMV, brush bor-
der membrane vesicle(s); PBS, phosphate-buffered saline; CR, cadherin
repeat(s).
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M. sexta Alkaline Phosphatase, a Receptor of Cry1Ab Toxin

still controversial. Incorporation of M. sexta APN-1 in black
lipid bilayers enhanced the CrylAa pore formation activity
(21). Also, the transgenic expression of M. sexta APN-1 in Dro-
sophila melanogaster resulted in sensitivity to CrylAc toxin
(22). Nevertheless, CrylAc mutants in domain III that are
affected in binding to APN-1 had a marginal effect on toxicity
against M. sexta larvae (23). Also, in the case of Bombyx mori, it
was shown that anti-cadherin antibodies protected detached
midgut cells from the toxic effects of CrylAa, in contrast to
anti-APN antibodies that had no effect on the toxicity of
CrylAa (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
CrylAc toxin in M. sexta, although its role as a CrylA receptor
has not been analyzed until now (25, 26).

To determine whether the GPI-anchored ALP could act as a
functional receptor of CrylAb toxin in M. sexta, we compared
the binding interaction of monomeric and oligomeric forms of
CrylAb toxin to pure preparations of both APN and ALP
enzymes. Also, we analyzed the binding of CrylAb 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 CrylAb toxin with high affin-
ity, facilitating membrane insertion and pore formation, and we
also found that ALP may a have a predominant and more
important role in CrylAb toxicity at earlier stages of larval
development.

EXPERIMENTAL PROCEDURES

M. sexta Midgut BBMV Purification and Solubilization—
Larvae of M. sexta were from a laboratory colony maintained on
an artificial diet. BBMV were prepared from midgut tissue from
each of the different larval instar by the magnesium precipita-
tion method (29). The BBMV were centrifuged at 70,000 rpm
for 40 min at 4 °C and suspended at 5 mg/ml in 20 mm Tris-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-HCI pH 8.5 buffer containing 2 mm
MgCl,, 2 mm KCI (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 40 min.
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-
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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 MgCl,. After a washing step with the
same buffer, ALP was eluted using 0.5 m KH,PO,. The final
sample was analyzed by SDS-PAGE and silver staining as men-
tioned above.

Enzyme Assays—APN activity 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 X
1073 mol 17". One unit of specific APN activity was defined as
the amount of enzyme catalyzing the hydrolysis of 1 wmol of
L-leucine-p-nitroanilide min~" mg of protein™'" at 25 °C. One
unit of specific ALP activity was defined as the amount of
enzyme producing 1 pumol of nitrophenol min™"'' mg of pro-
tein™'" at 25 °C. Nitrophenol concentration was calculated by
using a standard curve of 4-nitrophenol in 0.5 mm MgCl,, 100
mM Tris, pH 9.5.

Construction of CrylAb Mutants—Substitutions R368A/
R369A, F371A, and L511A were produced by site-directed
mutagenesis (QuikChange; Stratagene) using the pHT315Ab
plasmid harboring the crylAb 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
GAA GACCTGCTAATATAG GGATAAATA ATC-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 Biotecnologia-Universidad Nacional
Auténoma de México verified the single-point mutations.
Acrystalliferous B. thuringiensis strain 407 was transformed
with the recombinant plasmids containing the mutated
crylAb genes as reported (34) and selected in Luria broth at
30 °C supplemented with 10 ug ml~" of erythromycin.

CrylAb Toxin Purification—Crystal inclusions of CrylAb
toxin and their mutants were produced in B. thuringiensis
strains described above. The cells were grown for 3 days at 30 °C
in nutrient broth sporulation medium supplemented with
erythromycin at 10 pug ml~'. After complete sporulation, the
crystal inclusions were purified using discontinuous sucrose
gradients, and the protein concentration was determined by the
protein dye method of Bradford (35).

The monomeric toxins were obtained by trypsin activation in
amass ratio of 1:50 (1 hat 37 °C). Phenylmethylsulfonyl fluoride
(final concentration, 1 mm) was added to stop proteolysis. The
oligomeric CrylAb structure was produced by incubation of
the crystals for 1 h with cadherin fragment CR7-CR12 (residues
Met®'°—Ala'*®°) in a mass ratio 1:1 and digestion with midgut
juice (5%) for 1 hat 37 °C in extraction buffer (50 mm Na,CO; 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 CrylAb toxin was
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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-CrylAb antibody
(1/10,000) for 1 h at 37 °C. After
washing, peroxidase-conjugated
rabbit antibody was added and incu-
bated again at 37 °C for 1 h. After

washing, substrate solution was

H added, and absorbance at 490 nm

Specific activity (umol min 1 mg protein 1)
[
g

Ist 2nd
Larval instar

was measured. The data were ana-

3rd  4th  5th lyzed using SigmaPlot version 10.

RESULTS

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.

achieved by size exclusion chromatography using a Superdex
200 HR 10/30 column on an AKTA Explorer (GE Healthcare) as
reported previously (15).

Western Blots of CrylAb Toxin—Fractions of the purified
toxin oligomers were separated in SDS-PAGE and transferred
onto nitrocellulose membrane. The proteins were detected
with polyclonal anti-CrylAb (1/80,000; 1 h) and a goat anti-
rabbit secondary antibody coupled with horseradish peroxidase
(Amersham Biosciences) (1/10,000; 1 h), followed by Super Sig-
nal chemiluminescence substrate (Pierce) as indicated by the
manufacturer.

Ligand Blot—CrylAb toxin was biotinylated using bioti-
namidocaproate N-hydroxysuccinamide ester (Amersham Bio-
sciences) according to the manufacturer’s instructions. Sam-
ples of 5 ug 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 nMm of biotin-
ylated Cryl1Ab toxin in washing 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 contamination method. Toxin solu-
tion was 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 (LC,,) 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 ul of PBS contain-
ing 2% skim milk 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 CrylAb toxin dilutions

APRIL 23, 2010+VOLUME 285-NUMBER 17

Expression of Aminopeptidase
and Alkaline Phosphatase Proteins
in M. 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 CrylAb toxin. The BBMV were iso-
lated from midgut tissue of insects at different larval instar. Fig.
1A shows that CrylAb bound preferentially to a 65-kDa pro-
tein, previously identified as ALP (25) in BBMYV 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
BBMYV 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 CrylAb Oligomer and Monomer to
APN and ALP—To determine the role of M. sexta ALP in
CrylAb toxicity, we decided to analyze the binding of CrylAb
oligomer to pure ALP preparations and compare it with the
binding to pure APN samples. APN was purified from fourth
instar larvae to avoid ALP contamination, and ALP was 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 I 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 CrylAb toxin ligand blot showing that both the
120-kDa APN and the 65-kDa ALP bound CrylAb (Fig. 2, lanes
3and 4). Tables 1 and 2 show the results of representative puri-
fication experiments of APN and ALP, respectively. These data
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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 /eft of the figure.

TABLE 1

Purification of aminopeptidase-N from midgut brush border
membrane vesicles of fourth instar M. sexta larvae

Total Total

Specific

Fraction activity protein activity Recovery
units mg units/mg %
BBMV 87.3 20 4.3 100
BBMV/CHAPS 49.3 5.4 9.1 56.4
Mono Q“ 16.6 0.212 78.2 19.01

“Fig. 2 (lane I) shows the protein profile of purified APN.

also indicate that the 65- and 120-kDa bands previously identi-
fied by CrylAb binding in BBMV samples (Fig. 14) correspond
to ALP and APN proteins, respectively. The identity of the
65-kDa band as ALP protein was confirmed by mass spectrom-
etry analysis (data not shown).

We then analyzed the interaction of the two CrylAb struc-
tures, corresponding to the oligomeric or monomeric CrylAb
structures, with both receptors, APN or ALP. The CrylAb olig-
omers were purified by size exclusion chromatography from
CrylAb protoxin samples activated with M. sexta midgut juice
in the presence of a cadherin fragment that contains cadherin
repeats (CR) 7-12, whereas monomeric CrylAb was prepared
by activating CrylAb protoxin with trypsin as described under
“Experimental Procedures.” Fig. 3 shows the CrylAb trypsin-
activated 60-kDa monomer and the 250-kDa oligomer after
purification (Fig. 3, A and B, respectively, lanes 1).

Specific binding of Cryl1 Ab oligomer to both receptors, APN
and ALP, proved to be concentration-dependent and saturable.
Oligomer binding to APN was saturated at 1 nm (Fig. 44),
whereas saturable binding of CrylAb 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 (K,) in the range of 0.5— 0.6 nMm, whereas the monomer
bound APN or ALP molecules with an apparent binding affinity

12500 JOURNAL OF BIOLOGICAL CHEMISTRY

TABLE 2

Purification of alkaline phosphatase from midgut brush border
membrane vesicles of third instar M. sexta larvae

Fraction Total Total Specific Recove
activity protein activity Ty
units mg units/mg %
BBMV 35.6 10 3.56 100
BBMV/CHAPS 21.6 4.5 4.8 60.6
Affinity column® 1.135 0.1 11.35 3.18
“Fig. 2 (lane 2) shows the protein profile of purified ALP.
< <
A < B -«
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FIGURE 3. Cry1Ab domain Il loop 2 and domain Ill 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 /eft of the
figure.

of 100 and 260 nw, respectively. These results suggest that the
CrylAb oligomeric structure gains at least 200-fold higher
affinity to both APN and ALP proteins in comparison with the
CrylAb monomeric structure.

CrylAb-binding Regions Involved in APN and ALP
Interaction—Domain IIloop 2 and 3 mutants were previously
shown to be affected in APN binding (27, 37, 38). Also, a scFv
antibody that bound the domain III 316-322 region com-
peted the binding of Cryl1Ab to APN (10). However, the role
of these binding regions in the interaction of CrylAb 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 CrylAb epitopes in the binding
interaction of CrylAb oligomer with both APN and ALP, we
characterized the binding of monomeric and oligomeric
structures of three CrylAb mutants to APN and ALP. Two
mutants were located in loop 2 of domain I (R368A/R369A
and F371A), and the third mutant was located in the 3-16 of
domain III (L511A). Toxicity assays showed that the three
mutants were not toxic to M. sexta (Table 3). The protoxins
of the three CrylAb mutants characterized produced a
60-kDa protein after trypsin activation, indicating no major
structural constraints for these mutants (Fig. 34). Although
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tions in helix «@-3, which were
affected in oligomerization and
were severally affected in toxicity.
Also, it was reported that CrylAb
mutants in helix a-4 were affected
in pore formation activity and were
inactive. The mutants in helix a-4
are dominant-negative inhibitors of
CrylAb toxin (5, 40).

We previously reported that the
CrylAb oligomeric structure bound
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CrylAb Monomer [nM|

a protein extract enriched in M.
sexta APN activity with an apparent
binding affinity of 1 nm, in contrast
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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). K, values obtained by Scatchard analysis are indicated inside the graphs.

TABLE 3
Toxicity of Cry1Ab and mutant toxins to M. sexta larvae
Toxin LC,,* Relative toxicity”
ng/em?®

CrylAb 3.9 (2.2-6.6) 1
R368A/R369A >1000 >260
F371A >1000 >260
L511A >1000 >260

“LCs, indicates the concentration required to kill 50% of the tested larvae. The
numbers in parentheses are 95% confidence limits.
b LC5o mutant/LCy, wild type.

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 CrylAb 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. 5A4). In contrast, it is clear in this figure that this
mutant retained significant binding to APN (Fig. 5A). Fig. 54
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 Cryl Ab 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
CrylAb 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 CrylA
toxicity was demonstrated by isolation of single-point muta-
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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
CrylAb 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 CrylAb oligomeric or monomeric structures
was analyzed. We found that CrylAb oligomer bound to APN
and ALP from M. sexta with similar high affinities, suggesting
that both proteins could act as receptors for CrylAb toxin.
These results suggest that both APN and ALP could have a
similar role in the binding of CrylAb 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 CrylAb binding protein in the fourth and fifth
instar (Fig. 1A4). 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 of M. sexta larvae
to CrylAb 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. 14).

We characterized two CrylAb mutants, 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-
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FIGURE 5. Binding analysis of Cry1Ab and loop 2 and domain Il mutants to APN or ALP. A, ELISA binding assays of 25 nm of monomeric structures of Cry 1Ab
and mutant toxins to APN (black bars) or ALP (gray bars). B, ELISA binding assays of 0.1 nm of oligomeric structures of Cry1Ab and mutant toxins to APN (black
bars) or ALP (gray bars). Standard deviations from three replica plates were obtained.

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 CrylAb 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 in membrane 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 F371A mutation greatly affects binding
of the oligomeric structure to both APN and ALP. Because it
was shown that binding of the CrylA 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 the mode
of action of CrylAb: 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
CrylAb structure into the membrane, suggesting a ping-pong
binding mechanism (38). Interestingly, characterization of
nontoxic domain II loop 3 mutants revealed an opposite phe-
notype when compared with the loop 2 mutations regarding the
binding of monomeric or oligomeric CrylAb to APN. Domain
ITloop 3 mutants affected monomer binding to APN in contrast
to the binding of the oligomeric structure that was not affected
(38). Here we show that the monomeric structures of domain II
loop 2 mutations 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 CrylAb 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 IIT 3-16 of CrylAb as an

12502 JOURNAL OF BIOLOGICAL CHEMISTRY

important binding determinant to M. sexta APN (10). The non-
toxic L511A mutant is located in this 816, and this mutant was
specially affected in its interaction with ALP retaining signifi-
cant binding to APN (Fig. 5A4). The severe effect on toxicity
shown by L511A mutant indicates an important role for ALP
binding in vivo and suggests that ALP has a predominant
role, in comparison with APN, on CrylAb toxicity. Never-
theless, the precise role of both GPI-anchored proteins on
CrylAb 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.?
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Bacillus thuringiensis Cry toxins are used worldwide as insec-
ticides in agriculture, in forestry, and in the control of disease
transmission vectors. In the lepidopteran Manduca sexta, cad-
herin (Bt-R,) and aminopeptidase-N (APN) function as CrylA
toxin receptors. The interaction with Bt-R; promotes cleavage
of the amino-terminal end, including helix a-1 and formation of
prepore oligomer that binds to APN, leading to membrane
insertion and pore formation. Loops of domain II of CrylAb
toxin are involved in receptor interaction. Here we show that
CrylAb mutantslocated in domain ITloop 3 are affected in bind-
ing to both receptors and toxicity against Manduca sexta larvae.
Interaction with both receptors depends on the oligomeric state
of the toxin. Monomers of loop 3 mutants 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-R; fragments but not to APN.
Toxicity assays showed that either monomeric or oligomeric
structures of CrylAb loop 3 mutations 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 in midgut lumen
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Grant 1R01 Al066014. This work was also supported by Consejo Nacional
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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-R,” 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
by glycosylphosphatidylinositol, such as aminopeptidase-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 the osmotic equilibrium and 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-R, that is normally not
located in lipid rafts changes its location to lipid rafts after treat-
ment of M. sexta microvilli membranes with CrylAb 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 CrylAa,
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 B-sheets, and its structure is the most variable of three
domains and is implicated in receptor recognition; and domain
111 is composed of two antiparallel B-sheets and is also involved
in receptor binding (1).

CrylA toxins bind to cadherin proteins of at least six lepi-
dopteran species, M. sexta, Bombyx mori, H. virescens, Helicov-
erpa armigera, Pectinophora gossypiella, and Ostrinia nubilalis
(8-13). Insect cadherins are composed of an ectodomain

2The abbreviations used are: Bt-R,, cadherin receptor; APN, aminopepti-
dase-N; CR, cadherin repeat; BBMV, brush border membrane vesicle(s);
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
CrylA domain II have been directly involved in binding with
cadherin in M. sexta, H. virescens, and B. mori (15—18). Three
CrylAb binding sites were mapped in CR7, CR11, and CR12 of
the M. sexta Bt-R, (15, 19). The interaction between CrylAb/
CrylAc toxins and H. virescens cadherin was analyzed, showing
that loop 3 of domain II binds to CR12 of this receptor (17).
Accordingly, loop 3 of CrylAa binds the corresponding site of
B. mori cadherin (Bt-R,,5) (18). CrylAb loop @-8 and loop 2
bind with M. sexta Bt-R; CR7 and CR11 epitopes (15).

Regarding interaction of CrylA toxins with the second
receptor, CrylAc toxin binds to APN by means of domain III,
which recognizes N-acetylgaloctosamine moieties in the recep-
tor (20). Also, recent reports indicate that the region 81622
located in domain III of CrylAa and CrylAb toxins is involved
in the interaction with B. mori and M. sexta APNs, respectively
(16,21). In addition, domain Il is involved in CrylA toxin inter-
action with APN because mutations in domain II loop regions
that affected toxicity were shown to affect binding of CrylAc or
CrylAb to M. sexta and Lymantria dispar APNs (22, 23). It is
important to mention that these binding studies were per-
formed with monomeric toxins, and these mutations could also
affect binding to the cadherin receptor. In another study, scFv
antibodies that bind specifically to CrylAb domain I loop 2 or
loop 3 or to domain III (816 —B22 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 CrylAb toxin with cadherin and
APN receptors (16).

To determine the role of domain II loop 3 residues in the
sequential interaction of CrylAb toxin with cadherin and APN
receptors, we characterized CrylAb domain II loop 3 mutants.
We analyzed the ability of either monomers or oligomers of
these mutants to bind Bt-R; 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” binding mechanism with both receptors is involved
in toxin action.

MATERIALS AND METHODS

Site-directed Mutagenesis—pHT315-CrylAb was used as a
template for site-directed loop 3 mutagenesis using QuikChange®
Multi following the manufacturer’s instructions (Stratagene).

Purification and Activation of CrylAb Toxins—The acrystal-
liferous B. thuringiensis strain 407~ was transformed with
pHT315-CrylAb or the same plasmid containing loop 3 substi-
tutions. B. thuringiensis transformant strains were grown for 3
daysat 30 °C in LB medium supplemented with 10 pg/ml eryth-
romycin. After sporulation, crystals were purified by sucrose
gradients. For monomer production, CrylAb 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-
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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 E33° =
82,280 M~ '/cm ! for CrylAb 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-B-galactopyranoside. Proteins expressed as in-
clusion bodies were solubilized with 8 m urea solution. Bt-R;
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 JASCO model
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 spectra were 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
MgCl, (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 (Amersham Biosciences). Single gel blots were incu-
bated with different CrylAb 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 CrylAb toxins. Unbound
toxins were removed by washing the membrane with PBS-T
(PBS, 0.1% Tween 20). The membrane was then incubated with
rabbit anti-CrylAb antibody followed by secondary anti-rabbit
antibody conjugated with horseradish peroxidase (Amersham
Biosciences). Blots were visualized using luminol (ECL™,
Amersham Biosciences).

Binding Assay of CrylAb Toxins with BBMV—For binding
assays of wild type and mutant CrylAb toxins to BBMV, 10 ug
of BBMV protein were incubated in binding buffer (PBS, 0.1%
bovine serum albumin, 0.1% Tween 20) with 5 nm CrylAb or
loop 3 mutants. The unbound toxin was removed by centrifu-
gation (10 min at 14,000 rpm). BBMV were washed three times
with binding buffer and suspended in 10 ul of PBS, 3 ul of
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Laemmli sample buffer 4X (0.125 m Tris/HCI, 4% SDS, 20%
glycerol, 10% B-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-CrylAb (1:5000) and
secondary anti-rabbit (1:5000) conjugated with horseradish
peroxidase antibodies.

For competition binding assays, CrylAb 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 nMm biotinylated CrylAb toxin in the
presence or absence of a severalfold molar excess of unla-
beled wild type or CrylAb-activated mutants. The unbound
toxin was removed by centrifugation (10 min at 14,000 rpm).
BBMYV were washed three times with binding buffer and sus-
pended in 10 ul of PBS, 3 ul of Laemmli sample buffer 4X.
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
BBMYV of fifth instar M. sexta larvae as reported (31). BBMV
were incubated in solubilization buffer (1% CHAPS, 5 mm
EDTA, 0.1 m NaCl, 1 mm phenylmethylsulfonyl fluoride, 20 mm
Tris/HCI, pH 8.5) for 2 h at 4 °C. After centrifugation, superna-
tant was recovered and dialyzed in buffer A (2 mm MgCl,, 2 mm
KCl, 20 mm Tris/HCI, 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 usinga 0—1 m
NaCl gradient, and finally the eluted APN was visualized by
SDS-PAGE and Western blot. The activity of purified APN was
determined using L-leucine-p-nitroanilide as substrate as
reported previously (32).

ELISA Binding Assay of CrylAb Toxins—ELISA plates were
coated with 1 ug of either cadherin protein fragment (CR7-
CR12 or CR12), APN from M. 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 ul/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 CrylAb 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-CrylAb and anti-rabbit
conjugated with horseradish peroxidase antibodies. Finally,
ortho-phenylenediamine (Sigma) plus H,O, was used as sub-
strate for detection. The reaction was stopped adding 50 wl of 1
M H,SO, 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 (K,).

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/cm?) were applied onto the diet surface contained in 24-well
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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 °C with 65 = 5% relative
humidity and a light/dark photoperiod of 16/8 h. Mortality was
recorded after 7 days, and the 50% lethal concentration (LC,)
was analyzed with Probit software. For single dose assays, 2
ng/cm? of pure oligomer or 25 ng/cm” of monomer samples
were used with 24 larvae per concentration, and mortality was
recorded after 5 days.

RESULTS

Construction of CrylAb Loop 3 Mutants—Previously, we
reported that loop 3 of CrylAb toxin showed a hydropathic
complementary pattern with the binding epitope of H. virescens
cadherin, suggesting a putative interaction through a comple-
mentary hydropathic profile (17). Here we introduce amino
acid substitutions in loop 3 of Cryl1Ab toxin designed to disrupt
the hydropathic profile of this region. Three mutants 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 CrylAb 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 CrylAb toxin. To
determine whether these mutations affect oligomer formation
we activated mutant protoxins with M. sexta midgutjuice 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 CrylAb protoxin
was proteolytically activated in the presence of this molecule (2,
24). Fig. 1B shows the CrylAb oligomers revealed by Western
blot using a CrylAb antibody that recognizes both the mono-
meric and the oligomeric structures. The MS and MD mutants
produced 40% lower yields of oligomer than the CrylAb 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 CrylAb or MS and
MD proteins (Fig. 1B).

To determine if loop 3 mutations 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 I loop 2 orloop 3, respectively, and compete with bind-
ing of CrylAb with Bt-R, in toxin overlay assays (16, 24, 33).
Anti-loop 2 scFv73 antibody bound to the trypsin-activated
mutants and to CrylAb toxin, indicating the same toxin con-
formation in this binding epitope (Fig. 1C). In contrast, the
anti-loop 3 scFv3L3 antibody only recognized the CrylAb toxin,
indicating that loop 3 mutations specifically affected the binding
capacities of the loop 3 amino acid region (Fig. 1D).

Binding Assays of CrylAb Loop 3 Mutants with M. sexta
BBMYV Proteins—To determine the effect of loop 3 mutations 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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FIGURE 1.Cry1Ab domain Il 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. Cand 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).

difluoride membranes. BBMV proteins that bind monomeric
CrylAb toxin were identified after incubation with CrylAb
proteins and revealed with a polyclonal anti-CrylAb antibody.
Fig. 2A shows that the CrylAb monomeric toxin bound with
210- and 120-kDa BBMYV proteins that were previously identi-
fied as Bt-R; and APN, respectively (8, 24, 31). In contrast, loop
3 mutants were affected in binding both 210- and 120-kDa
BBMYV proteins (Fig. 24). The MT mutant was the most
affected because it barely bound to Bt-R; or APN (Fig. 24, lane
4). These results indicate the loop 3 mutations affect the bind-
ing of CrylAb to both Bt-R; and APN receptor molecules.

To determine the effect of CrylAb loop 3 mutations on the
binding to M. sexta BBMV, CrylAb and loop 3 mutant proteins
were incubated with BBMV, and bound labeled proteins were
observed using an anti-CrylAb polyclonal antibody. Fig. 2B
shows that the three loop 3 mutants were affected in binding to
BBMV. Binding competition experiments of biotinylated
CrylAb to BBMV using CrylAb or loop 3 mutants as unlabeled
competitors show that the three mutants did not compete with
the binding of CrylAb, suggesting that they bound BBMV with
lower affinity than CrylAb and that the MT mutant was the
most affected in binding (Fig. 2C).

Binding Assays of CrylAb Loop 3 Mutants with Bt-R, 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-R; and
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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-R,, 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 (H), MD (A), and MT (X) proteins.

APN in native conformation, we performed ELISA binding sat-
uration assays of the activated CrylAb, 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 CrylAb monomeric toxin with Bt-R; was in the range
of 1 nm (8). Also, it was shown that binding with APN was in the
range of 100 nm (20). We previously cloned and produced in
E. coli two cadherin fragments corresponding to CR7-CR12
(residues Met®°~Ala'*®*®) and to CR12 (residues Gly"*"°—
Ala'®%) of M. sexta Bt-R1 (7, 25, 26). It was reported that
CrylAb 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 a-helices and B-strand structures,
with the B-fold structure the most abundant secondary struc-
ture. Fig. 4 shows that the CrylAb 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
CrylAb and the three loop 3 mutants bound CR7—CR12 with
very high binding affinity (K, = 0.2 nm). In the case of CR12, the
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FIGURE 3. Analysis of secondary structure composition of cadherin frag-
ments by CD spectra. A, CD spectra of cadherin fragments CR12 (4) and
CR7-CR12 (@). MRE, mean residue ellipticity. B, prediction of content in per-
centage of different secondary structures.

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 CrylAb (K, = 9.5 nm). Finally, the
MS, MD, and MT mutants were severely affected upon binding
with APN, showing a 28-, 14-, and 23-fold reduction in binding
affinity to APN, respectively, in comparison with CrylAb (K, =
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 and APN (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-R, (8). In any case, the data clearly show
that Cryl1Ab loop 3 mutations affected binding with CR12 and
APN but not with CR7-CR12.

Interaction of CrylAb Loop 3 Mutant Oligomers with M.
sexta Bt-R,—In the proposed model of the mode of action of
CrylAb, binding of CrylAb to Bt-R, 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 CrylAb, MS, MD, and MT 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. 5A4) to perform binding assays with both Bt-R;
and APN.

We performed ELISA binding assays of both oligomeric and
monomeric structures of CrylAb 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 3 mutants as judged by saturation binding assays
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of CrylAb oligomer with both cadherin fragments and APN.?
The binding of 0.1 nm CrylAb and loop 3 mutant oligomers
with the cadherin fragments revealed that the loop 3 mutations
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 CrylAb Loop 3 Mutant Oligomers with M.
sexta APN—To determine the effect of the loop 3 mutations on
the binding of CrylAb oligomer with APN, we performed
ELISA binding assays with APN purified from M. sexta BBMV,
using either oligomeric or monomeric structures of each
mutant and of CrylAb. As above, non-saturated concentra-
tions were used in the ELISA binding assays. Fig. 64 shows that
0.1 nm CrylAb, MD, MS, and MT 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 CrylAb monomer (Fig. 6B).

Toxicity Effects of CrylAb Loop 3 Mutations—We deter-
mined the effect of the CrylAb loop 3 mutations on toxicity
against M. sexta larvae. Table 1 shows that the activated MS and
MD mutants had a 9-fold reduction in mortality, whereas MT
had a 70-fold reduction in mortality when the LC, lethal values
were compared with activated CrylAb 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 CrylAb monomer (25 ng/cm?) or Cry1Ab oli-
gomer (2 ng/cm®) 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 CrylA toxins, membrane insertion is
the result of the sequential interaction with at least two recep-
tor molecules in the lepidopteran M. sexta, Bt-R, and APN (3).
Binding of CrylAb toxin with Bt-R, facilitates removal of helix
a-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 CrylAb toxin with the two receptors involves structural
changes of binding epitopes upon oligomerization (16). By use

3. Arenas and I. Gémez, unpublished data.
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FIGURE 4. ELISA saturation binding assays of Cry1Ab, MS, MD, and MT toxins to cadherin fragments CR7-CR12, CR12, and APN.
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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.
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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.

of scFv antibodies that bind with two different domain II loop
regions, loop 2 and loop 3, or with the domain III B16-8322
region, we showed that antibodies to domain ITloop 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

NOVEMBER 20, 2009+VOLUME 284+NUMBER 47

TABLE 1
Toxicity of Cry1Ab toxin to M. sexta larvae

LCyp(mutant)/ Monomer sample Oligomer sample

LCsy" h 25 ng/cm? 2 ng/cm?

* Leswildtype)  GRnein) - Cogl)
ng/cm’ % %
CrylAb 103 (8.9-11.9) ND” 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

“50% lethal concentration of trypsin-activated CrylAb proteins.
“ND, not determined.

upon oligomerization of the toxin (16). Here we show that
the loop 3 mutations have a differential effect on binding to
both Bt-R; and APN, depending on the oligomeric state of
the toxin (monomer versus oligomer structures). Thus,
structural changes that occur upon oligomerization also
affect CrylAb toxin binding capacities.

In this study, we mutagenized domain II loop 3 to determine
its role in the in vivo binding to both Bt-R; 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 3 mutant oligomers with the two recep-
tor molecules was not previously analyzed. Mutagenesis studies
of CrylAb and CrylAc 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 CrylAb and CrylAc 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-
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ing region of CR12 in H. virescens cadherin and in Bt-R; recep-
tors (17) (Fig. 4), suggesting that this toxin region may be
involved in the interaction with both Bt-R, 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-R; 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-R, fragment or APN
revealed unexpected results that indicate that the mode of
action of CrylAb 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). APN has been
shown to be an abundant molecule in M. sexta midgut, in con-
trast with Bt-R; that is present in much lower concentrations
(42). We therefore speculate that monomeric CrylAb binds
first with the high abundance low affinity APN site before the
high affinity interaction with Bt-R;.

Regarding the interaction of CrylAb monomer with Bt-R,
receptor, previous work showed that domain II, loop a-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 (***HITDTNNK®7®) (33); loop a8 and loop 2
interact with the CR11 region (***'IPLPASILTVTV'**?) (15),
whereas loop 3 binds to the CR12 region of the cadherin recep-
tors in H. virescens and B. mori (17, 18). Monomeric structures
of the three loop 3 mutants characterized here were only
affected in the binding with the CR12 fragment of Bt-R, and not
with a Bt-R, fragment corresponding to CR7-CR12 (Fig. 4),
confirming that CrylAb loop 3 binds CR12 and that binding
with the CR7-CR12 fragment also involves loops «-8 and 2.

Loop 3 mutations had no effect on the binding interaction of
the CrylAb oligomeric structure with APN but had a signifi-
cant effect on oligomer binding with Bt-R; (Figs. 5and 6). These
results suggest that when oligomer is formed after interaction
with Bt-R;, it remains bound with Bt-R; through loop 3 and that
oligomer interaction with APN involves other regions as previ-
ously reported, corresponding to the domain III 816-3-22
region (16, 21). Furthermore, the formation of such a protein
complex (Bt-R,-CrylAb-APN complex) was previously sug-
gested because Bt-R; was mobilized into lipid rafts after toxin
interaction (5). What could be the role of such a protein com-
plex (Bt-R,-oligomer-APN) in CrylAb toxicity? Loop 3 muta-
tions severely affected the toxicity of CrylAb oligomer, sug-
gesting that this protein complex may be important for toxicity.
However, engineered CrylAb- and CrylAc-modified toxins
(CrylAbMod and CrylAcMod) lacking helix a-1 formed olig-
omers in the absence of cadherin interaction and killed M. sexta
larvae that were silenced for the cadherin gene, showing that
cadherin interaction is not important for toxicity mediated by
CrylAb oligomer (25). Therefore, the effect of loop 3 mutations
on oligomer toxicity should be due to postbinding APN events.
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Loop 3
FIGURE 7. Ping pong binding model of Cry1Ab toxin interaction with APN
and Bt-R, receptors. 7, binding of 65-kDa Cry1Ab monomer to APN through
domain Il loop 3. 2, the monomer binds Bt-R, through domain Il loops -8, 2,
and 3. 3, formation of a 250-kDa oligomer that binds Bt-R, through loop 3 and
to APN through domain Ill. 4, membrane insertion of the 250-kDa oligomer
and pore formation after APN interaction.

Previously, it was shown that the APN binding through
N-acetylgaloctosamine moieties enhances membrane insertion
of CrylAc 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 CrylAb oligomer. In
this regard, it has been shown that mutations in domain II loop
2 Phe®”* retain binding with M. sexta BBMV but are affected in
membrane insertion (44, 45).

The results shown here indicate that Cry1Ab 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-R, 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-R; triggers cleavage of helix a-1 and oligomer formation.
The oligomeric structure gains binding affinity with APN
through other regions of the toxin, such as the domain III 316 —
22 region, but remains bound with Bt-R; 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 a-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

Keywords: . X . ; y ; |
Bacillus thuringiensis toxins, devoid of helix a-1, could be used for the control of resistance in lepidopterans by bypassing the
Cry toxin altered cadherin receptor, killing resistant insects affected in this receptor. Here we analyzed the mechanism

Insect resistance
Mode of action
Oligomerization
Pore formation
Aminopeptidase

of action of CrylAbMod. We found that alkaline pH and the presence of membrane lipids facilitates the
oligomerization of Cryl1AbMod. 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 Cry1AD. 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 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 o-
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 a-1 of domain [ [5]. This cleavage induces the
assembly of the toxin into an oligomeric pre-pore structure [5,6]. The

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

Abbreviations: Bt, Bacillus thuringiensis; Cry, crystal proteins; SUV, small unilamellar
vesicles; PC, phosphatidylcholine; AFU, arbitrary fluorescence units; PMSF, Phenyl-
methanesulphonyl fluoride; PVDF, polyvinylidene difluoride; HRP, horseradish perox-
idase; ELISA, enzyme linked immunosorbent assay; 2D, two-dimensional; OTG, octyl-3-
p-1-thioglucopyranoside
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0005-2736/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbamem.2009.06.014

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
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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
helix a-1 (Cry1AbMod and Cry1AcMod) are able to form oligomers 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 kill M. sexta larvae with reduced
cadherin expression after RNA interference using a cadherin-dsRNA [18].
However, the mechanism of action of CrylAMod toxins was not
previously analyzed. In order to propose the use of CrylAMod toxins
in the field 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 umol 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 pl of the calcein-vesicle suspension were
loaded to a gel filtration Sephadex G-50 column (1x15 cm) and
eluted with the same buffer.

2.2. Purification of Cry1AbMod and wild type Cry1Ab toxins

Bt transformants containing crylAbMod or crylAb genes were
grown for 3 days at 30 °C in HCT sporulation medium supplemented
with 10 ug/ml erythromycin. The HCT medium contained (g1~ !): Bacto
Tryptone (Difco), 5; Casamino acids (Difco), 2; KH,PO,, 3.4; MgS04.7-
H,0, 0.012; MnS04.4H,0, 0.0003; ZnS0,4.7H,0, 0.0028; the pH was

adjusted to 7.2. After sterilization Fe(S0,4).7H,0, 0.02; CaCl,.2H,0 0.147
and glucose 3; were added (g1~ !). The Bt strain expressing Cry1AbMod
toxin produced bipyramidal crystals similar to the wild type Cry1Ab
toxin. After sporulation, Cry1AbMod and Cry1ADb crystals were purified
by sucrose gradients [19] and protoxins were solubilized in different
pH conditions, as follows: 100 mM Tris-HCl, 0.2% 3-mercaptoethanol
pH 8.5; or 100 mM CHES, 0.2% [3-mercaptoethanol pH 9.0; 80 mM
NaHCOs, 20 mM Na,COs, 0.2% B-mercaptoethanol pH 10 or pH 10.5;
100 mM piperidine 0.2% 3-mercaptoethanol pH 11, 100 mM NaH,PO,,
0.2% p-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 CrylAb and CrylAbMod 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 E28°=5700 M~ '/cm ™! 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 xg 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 APN was purified from M. sexta BBMV
[21] isolated from 5th instar larvae. The BBMV were solubilized 2 h at
4 °C in 20 mM Tris-HCI 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 xg 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 MgCl,, 2 mM KCl.
The column was 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 pg) 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
by washing three times for 10 min in washing buffer (1 ml) 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 bulffer. After 12 h incubation at 4 °C, 200 pl PBS containing 2%
non-fat dry milk was added to each well and incubated for 2 h at 37 °C.
The ELISA plate was washed three times with PBS buffer, followed by
1 h incubation with different concentrations (0.6-5 nM) of oligomeric
CrylAb or CrylAbMod 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
H,0, in 100 ml of 100 mM NaH,PQO,4, at pH 5.0). The enzymatic
reaction was 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 pl of calcein-loaded liposomes were added to 900 pl of
150 mM KCI, CHES 10 mM, and 2.5 mM CaCl,, 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 mM KCl, and 10 mM CHES, at pH 9 and 10 mM KCl,
and 10 mM CHES, at pH 9 were added to the cis and trans
compartments, respectively. Once a bilayer was formed, the activated
CrylAbMod or CrylAb 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 NaHCOs, and 20 mM Na,COs, 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 pl. 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 xg, 4 °C. The membrane pellet was suspended in 80 mM
NaHCOs3, 20 mM Na,COs3, and 50 mM octyl-3-b-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 pl 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 37,800x.
Selected micrographs were digitized at increments so that one pixel
corresponded to 5.29 A at the specimen level. Images were analyzed
and projection maps 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 pl)
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 4 5% of relative
humidity, and a light:dark photoperiod of 16:8 h. Mortality of M. sexta
larvae was recorded after seven days. Aedes aegypti and Anopheles
albimanus mosquitoes 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 (LCsq) was



2232 C. Muiiéz-Garay et al. / Biochimica et Biophysica Acta 1788 (2009) 2229-2237

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 CrylAbMod 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
insect M. sexta was measured and shown to be alkaline pH 10. In order
to analyze the effect of pH on the formation of oligomeric structure,
the CrylAbMod 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 o-toxin also formed
oligomeric structures that could be observed in SDS-PAGE [17]. Fig. 1
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Fig. 1. Activation of Cry1AbMod and Cry1Ab with trypsin at different pH. The presence
of 250 kDa oligomeric structure was 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.
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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
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 activation with 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 CrylAbMod 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 CrylAbMod 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 CrylAbMod has a blue shift of 5 nm in the emission
spectrum Amax 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.
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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 CrylAbMod oligomers (0.6-
5 nM). Bound Cry1Ab oligomer (black squares W) or CrylAbMod oligomer (white
squares [1) were detected with anti-Cry1Ab antibody followed by a secondary goat-
anti-rabbit-HRP antibody.

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 (Kp). In contrast, the monomeric toxin binds this
protein extract with 160 nM Kp, [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
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Fig. 5. lonic currents induced by oligomeric structure of CrylAbMod 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 KCI (cis:
trans), 10 mM CHES pH 9. Panel B, Current/voltage (I/V) relationship of currents
induced by the Cry1AbMod toxin.

shows that both, Cry1Ab or Cry1AbMod oligomeric structures bound
to the M. sexta APN with a similar high affinity indicating also that the
Cry1AbMod oligomer is structurally similar to that of Cry1Ab.
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Fig. 4. Pore formation activity of Cry1Ab or Cry1AbMod analyzed by calcein release assays. Panel A, analysis of calcein released by trypsin activated samples of Cry1Ab or Cry1AbMod
at pH 10.5. 50 nM of Cry1Ab or Cry1AbMod protoxins (dotted bars) or trypsin activated proteins (black bars) were used in these experiments. Maximal leakage at the end of each
experiment was assessed with 0.1% Triton-X-100. Panel B, Pore formation activity of the Cry1AbMod as a function of the pH used during toxin activation. The effect of Cry1AbMod on
the integrity of lipid membrane vesicles was determined by the calcein release assay performed at pH 9.0 using toxin samples activated at different pH with trypsin as stated in the
figure. Control is same amount of buffer. Arrow indicates toxin addition. Panel C, Dose-response curve of Cry1AbMod toxin activated at pH 10.5 with trypsin and analyzed using the

calcein release assay at pH 9.0.
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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-CrylAbMod 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

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 (ECso) was 54.2 nM.

In addition, the induced ionic channel activity CrylAbMod 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 KClI 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 CrylAbMod 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,

Fig. 6. Analysis of the structure of the lipid associated Cry1AbMod oligomer. Panel A, Electron micrograph of negatively stained 2D crystals. The scale corresponds to 50 nm and the
area marked by a dashed circle was used for calculating the Fourier projection map shown in panel B (half tone) and panel C (contour lines). There is one trimer per a = b =107 A unit

cell.
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Table 1
Toxicity of wild type Cry1Ab and modified Cry1AbMod toxins against Manduca sexta,
Anopheles albimanus and Aedes aegypti larvae.

5-endotoxin Manduca sexta ng/cm? Anopheles albimanus Aedes aegypti
(95% confidence limits) pg/ml pg/ml

Cry1Ab 1.9 (0.99-2.47) >10 >10

Cry1AbMod 3.2 (14-54) >10 >10

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 CrylAbMod 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 A and y= 120° calculated in p3, and
the calculated projection map displayed an organization resembling a
trimeric propeller (Fig. 6).

3.6. Toxicity of Cryl1AbMod toxin

The CrylAbMod 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 CrylAb
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 CrylAMod 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 to wild type Cry1A toxins. Although it was demonstrated that
CrylAMod 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 CrylAb toxin was highly susceptible to
denaturation with low urea concentrations only at alkaline pH [28,29].
These data suggest that alkaline pH in the midgut 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 CrylAa 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 CrylAb toxin [9]. These data
confirm that CrylAbMod toxin shares a similar mode of action as
Cry1Ab toxin.

We took advantage that CrylAMod 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 CrylAb 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 A 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 CrylAa inserted into monolayer
membranes, which may cause some artifacts.

Recently, based on sensitivity of membrane-inserted toxin to
protease and determination of fluorescence quenching measurements
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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 CrylAc 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 Cryl1AbMod toxins
was not drastically modified. The toxicity of CrylAbMod 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 CrylA toxins. In order to develop transgenic
crops producing CrylAMod 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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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 3-endotoxins that have insecticidal
activity. 3-Endotoxins are produced as crystalline inclusions
during the sporulation phase [4]. The 3-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 «-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 CrylAb toxin [10]. At that time, two M. sexta proteins that
bind CrylA toxins had been cloned and characterized, a
210kDa cadherin protein known as Bt-R; 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 thatbind 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 x 10%, contains a diverse repertoire of in
vitro rearranged human variable heavy (VH) genes containing
arandom 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 (GlyaSer); linker peptide resulting in the construction of
scFv genes fused to the pllI 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 CrylAb 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 CrylAb with the 210 kDa Bt-R; molecule but not
with the 120kDa APN [10]. Antibody scFv73 inhibited the
toxicity of CrylAb toxin in bioassays. Sequence analysis of the
CDR3 region of scFv73 led to the identification of a eight amino
acid region (ggoHITDTNNKg6) in cadherin repeat 7 of Bt-R4 [10].
Synthetic peptides corresponding to the Bt-R; amino acid
region or to scFv73 CDR3 competed the binding of Cry1Ab with
Bt-R, [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 IIloopslocatedin 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 CrylAb toxin with scFv73. To do this, we performed
binding competition of scFv73 binding with Cry1Ab toxin in
Western blots using synthetic peptides correspondingto each
of the CrylAb loop regions (loop 1-loop 3) [11]. Only loop 2
peptide competed the binding of scFv73 with CrylAb 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 CrylAb [11]. These
results indicate that the CrylAb domain II loop 2 region
interacts with the Bt-R; ggoHITDTNNKjg76 amino acid region
[11] (Fig. 1).

CrylAb monomer
_ pm

869HITDTNNKS76

368RRPFNIGI375

Fig. 1 - Cry1AD 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-R;, we
demonstrated that CrylAb 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 250kDa 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
CrylAb 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 CrylAb-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 IIIL.
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 CrylAb toxin in the presence of soluble CrylAc toxin,
which has similar domains I and II to CrylAb, 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 CrylAb is an important epitope
for interaction with the Bt-R; 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 CrylAb epitopes involved in the interaction of the
oligomeric structure with APN were also mapped by ELISA and
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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.

toxin overlay binding competition assays. The 16 and p22
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
CrylAb with Bt-R; 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 (316) (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

S06GQISTLRVNITAS?

CrylAb oligomer viu

B-16

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, CryllAa, CytlAa and Cyt2Ba
that are highly active against dipteran insects, vectors of
human diseases [23]. In contrast to M. sexta and CrylAb, no
receptor molecules had been identified in Ae. aegypti nor the
binding regions in the toxin. We decided to perform panning
against CryllAa 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 havinga
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 x 10° transformants, and is based on a
combinatorial library of random 12-mers fused to the coat
protein pllI 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 Cryl1A 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
Cryl1lAa to Ae. aegypti BBMV. We identified three regions of
Cry11A toxin, corresponding to loop «-8, 34 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 CryllAa in bioassays [6,7]. The
binding of both phages was competed by loop «-8 synthetic
peptide, suggesting that phage P5.tox binds the toxin by
interacting with loop «-8 while P1.BBMV interacts with the
receptor by using an epitope similar to this region [6,7].

A 65kDa GPI-anchored ALP was identified as a binding
CryllAa protein in Ae. aegypti BBMV. P1.BBMV bound
specifically to ALP demonstrating that ALP is a functional
receptor of CryllAa [7]. On the other hand, immunocyto-
chemical localization of the binding of phage P1.BBMV and
CryllAa toxin to midgut tissue sections from the mosquito
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Fig. 4 - The Cry11Aa toxin binds Aedes aegypti alkaline
phosphatase (ALP) by means of the «-8 loop in domain II.

revealed that Cryl1lAa 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 CryllAa [7]. Our results identify
domain II loop «-8 as a key determinant for the binding of
Cryl1Aa 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 CrylA toxins were using M13
phages [19,24]. In the case of the filamentous M13 experi-
ments, the CrylAa toxin was not properly displayed resulting
in deletions of the fused protein [24]. A complete CrylAc was
efficiently displayed in M13 showing toxicity to M. sexta larvae,
however, the displayed CrylAc 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, A and T7 phages have been
used to display CrylAc 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 \, the Cry1lAc protein was fused with the capsid protein

D and displayed on the surface of phage particles. The
displayed CrylAc 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 Cry1lAc
toxin [28]. The crylAc gene was fused to the 3’ end of the T7 10B
capsid protein gene and the chimeric protein was displayed on
the surface of T7 phage. The T7-CrylAc bind receptors
recognized by CrylAc toxin and retained toxicity against M.
sexta larvae. Also, we showed that T7-CrylAc phage particles
bind specifically to M. sexta BBMV that contain the native
receptor molecules [28]. Nevertheless, a problem with both A
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
10® recombinant phage particles/pg of DNA, making the
construction of libraries with large number of variants
inefficient. Recently the T7 system was used successfully to
select Cry1lAa toxin variants with higher toxicity by selecting
phages by panning domain II loop 2 variants that bound the B.
mori cadherin protein (Bt-R;75) 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 formingionic 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.
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The Bacillus thuringiensis Cry toxins are specific to differ-
ent insects. In Manduca sexta cadherin (Bt-R;) and amin-
opeptidase-N (APN) proteins are recognized as CrylA recep-
tors. Previous work showed that CrylAb binds to Bt-R;
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 CrylAb with Bt-R, and APN. A CrylAb immune
M13 phage repertoire was constructed using antibody gene
transcripts of bone marrow or spleen from a rabbit immu-
nized with CrylAb. We identified antibodies that recognize
domain II loop 3 (scFvL3-3) or 316-322 (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-R,; receptor, whereas domain III 816 is involved in the
interaction with APN. Both scFvL3-3 and scFvM22 lowered
the toxicity of CrylAb to M. 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 Il loops upon oligomerization.
These results indicate for the first time that both receptor
molecules participate in CrylAb toxin action in vivo: first the
monomeric toxin binds to Bt-R; 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 $3-16 of domain III promoting membrane inser-
tion and cell death.
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Crystal proteins (Cry)? are widely 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 of midgut 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 CrylA-binding proteins, a cadherin-like pro-
tein (Bt-R,) and a glycosylphosphatidylinositol (GPI)-anchored
aminopeptidase-N (APN), have been described as receptors of
CrylA toxins (3, 4). Previously, we provided evidence showing
that binding of monomeric CrylAb toxin to Bt-R; 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 CrylA structure then binds to the APN receptor lead-
ing to its insertion into membrane lipid rafts (7, 8) implying a
sequential binding mechanism of CrylA toxins with Bt-R; and
APN receptor molecules (8). However, a different mechanism
of action of Cry toxins based on the study of the effect of
CrylAb toxin to cultured Trichoplusi ni H5 insect cells express-
ing M. sexta Bt-R; (9, 10) was recently proposed. It was
proposed that the toxicity of CrylAb is mainly due to the inter-
action of monomeric CylAb toxin with Bt-R, by activating a
Mg ?-dependent adenylyl cyclase/protein kinase A signaling
pathway that leads to apoptosis and not to pore formation
induced by insertion of oligomeric CrylAb into the membrane
(9, 10). Therefore, additional experimental evidence is needed

2 The abbreviations used are: Cry, crystal protein; BBMV, brush border mem-
brane vesicles; Bt, Bacillus thuringiensis; ELISA, enzyme-liked immunosor-
bent assay; scFv, single-chain Fv antibody fragments; APN, aminopepti-
dase-N; Bt-R,, cadherin; GPI, glycosylphosphatidylinositol; Ab, antibody;
PBS, phosphate-buffered saline; VL, variable light chain; HL, heavy chain.
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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 CrylA toxins will be valuable.

To date, the tertiary structures of six different Cry proteins,
CrylAa, 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 a-helices in which
the central helix-a5 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 B-sheets with
exposed loop regions, and domain III is a B-sandwich (11—
15). Exposed regions in domains II and III are involved in
receptor binding (1).

The CrylAa, CrylAb, and CrylAc proteins share more than
95% amino acid sequence identity as protoxins and are selec-
tively toxic to some lepidopteran insect pests. These CrylA
toxins bind to the same receptor molecules in M. sexta (Bt-R,
and APN) (17, 18). Domain I in the three toxins share more than
98% amino acid sequence identity. However, there are impor-
tant differences in domains II and III of these toxins. CrylAb
and CrylAc toxins share the same domain II in contrast to
CrylAa that has a different domain II sharing only 69% identity.
In particular, the loop regions involved in receptor interaction
are different in CrylAa. In contrast, CrylAa and CrylAb share
a very similar domain III, whereas domain III of CrylAc shares
only 38% identity with both toxins. Because different lepidopt-
eran insects show different sensitivity to these CrylA 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
of Cry toxins with their receptors could give clues on the molec-
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 (86 —37 loop)
of CrylA toxins and inhibited binding of Cry1A toxins to Bt-R;
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-R; cadherin repeat 7 (CADR7,
89HITDTNNK®”®) involved in the binding to domain II loop 2
of CrylA toxins (19, 20). A second binding epitope in Bt-R;
CADRI11 (**3'[PLPASILTVTV'3%?) that interacts with domain
I loop a8 (a«8a—a8b loop) and loop 2 of CrylAb toxin (21) was
recently described. Finally, a third region in CADR12 of Bt-R;
(amino acids 1363-1464) involved in CrylAb interaction and
toxicity was identified (22). In the case of the Heliothis virescens
cadherin, this binding region was narrowed to residues 1422—
1440 by mutagenesis and shown to bind CrylAc domain II loop
3 (B10—-B11 loop) (23). Regarding interaction of CrylA toxins
with APN, CrylAc toxin binds to APN receptor by means of
domain III that specifically recognizes N-acetylgalactosamine
(GalNAc) moieties in contrast to CrylAa and CrylAb toxins
that show no GalNAc binding capacities (18). Based on the use
of monoclonal antibodies that competed binding of CrylAa
with Bombix mori APN, the CrylAa-APN interacting epitopes
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were recently mapped in domain III 816 (***STLRVN®'®) and
B22 (°®*VFTLSAHV>*°) residues, which are exposed and in
close proximity in the three-dimensional structure (24, 25).

Binding of CrylAb toxin to anti-loop 2 scFv73 antibody or to
Bt-R; CADR7 or CADR11 peptides facilitates the formation of
the pre-pore oligomeric structure in vitro, showing that domain
IT interaction with Bt-R, 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
CrylA 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-R; 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 the mechanism of differential interaction of
monomeric and pre-pore oligomeric structures with Bt-R; and
APN. Also, the study of the role of the interaction of the pre-
pore with APN in CrylAb toxicity will be important to deter-
mine the role of pre-pore formation in toxicity. In this study, we
constructed immune libraries for CrylAb toxin and selected
specific monoclonal scFv fragments that recognize CrylAb
domain II loop 3 or domain III 816 —[322 epitopes and demon-
strated that both scFv molecules can inhibit the toxicity to M.
sexta larvae. An anti-loop 3 antibody inhibited binding of
CrylAb to Bt-R,, whereas an anti- 316 —322 antibody inhibited
interaction with APN. i vitro oligomer formation assays with
the selected scFv antibodies showed that only binding of
CrylAb domain II with Bt-R, 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 CrylAb 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 CrylAb 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 crylAa gene (27) or pHT315-crylAb (19)
were used for CrylAa and CrylAb production, respectively.
CrylAc 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 pg/ml erythro-
mycin for CrylAa and CrylAb. After sporulation, crystals
were purified by sucrose gradients as reported (19). The
CrylA protoxins were solubilized and proteolytically acti-
vated as reported (19).

Oligomer Formation Assay—For activation, 1-2 ug of
CrylAb 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
chromatography with Superdex 200 HR 10/30 (Amersham Bio-
sciences) FPLC size exclusion as described (29). The oligomeric
structure was detected by Western blot assays using CrylAb-
polyclonal antibodies as reported (6).
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Solubilization of GPI-anchored Proteins—M. sexta brush
border membrane vesicles (BBMV) were treated with 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 was measured
using 1 mg/ml leucine-p-nitroanilide (Sigma) as substrate.
BBMYV proteins (5 ug) were mixed with APN buffer (0.2 m Tris-
HCI, 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 CrylAb toxin structures obtained after proteolyti-
cal activation of CrylAb in the presence of scFv73. The rabbit
was boosted three times with 1 mg of CrylAb 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 Sfil and Notl (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 pg/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 X 10° 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 CrylAb and blocked (19). The tubes
were incubated with phage antibodies (10! 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
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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 CrylAb antibodies, the last panning round
was performed in the presence of 25 ug/ml soluble CrylAc
toxin.

Panning Selection Using Biotinylated Antigens—Streptavidin
microtiter plates (Pierce) were coated with biotinylated Cryl1Ab
(10 nm) or biotin-loop 3 synthetic peptide (1 um). CrylAb
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, the microtiter plates
were coated with 2.5 g of Cryl1Ab toxin in 100 ul of carbonate
buffer (50 mm, pH 9.6) per well overnight at 4 °C. For scFv
ELISA the microtiter plates were coated with 100 ng of Cryl1Ab
monomer or 100 ng of oligomer in 100 ul of carbonate buffer
per well overnight at 4 °C. The plates were washed 3 times with
PBS and blocked with 200 ul/well of MPBS skim milk 2% in PBS
for 2 h at 37 °C. For phage ELISA, 100 ul of phage Abs (1 X 10®
plaque-forming units) were added and incubated for 90 min at
25 °C. After washing, 100 ul of horseradish peroxidase-con-
jugated sheep anti-M13 antibody (1:1000 in MPBS skim milk
2% in PBS) was added and incubated as before. For scFv
ELISA, 200 nm pure scFv molecules were added to the
CrylAb 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% H,0,) was used as substrate for detection. Reaction was
stopped with 100 ul of 1 M H,SO, and measured at 490 nm
using a microplate reader. For competition assays, 1 ug of syn-
thetic peptides were added during the incubation with the
selected scFv phages.

Nucleotide Sequence Determination 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 and AW1 (31).
To obtain DNA fingerprint of the insert sequences, the PCR
products were digested with Alul (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-B-
D-galactopyranoside. After incubation at 30 °C overnight, the
proteins in the periplasm were collected using solution I (30 mm
Tris-HCIL, pH 8.0, 1 mM EDTA, 20% sucrose) and solution II (5
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TABLE 1
Synthetic peptide sequences
Name Sequence Description
Biotin-loop 3 Biotin-SGSSG-FRSGFSNSSVS CrylAb residues 436-379 fused to biotin-SGSSG peptide
Loop2 LYRRPFNIGINNQQ CrylAb residues 366-379
Loop3 FRSGFSNSSVSIIR CrylAb residues 436-449
DIII-1 GQISTLRVNITA CrylAb residues 506-517
DIII-2 VFTLSAHVFN CrylAb residues 583-592

mM MgSO,), 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 instar M. 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 CrylAb toxin, different con-
centrations of scFv were incubated with biotinylated CrylAb
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 ug of GPI pro-
teins as above. The plates were washed 3 times with PBS and
blocked with 200 pl/well of skim milk 2% in PBS for 2 h at 37 °C.
10 nm pure CrylAb oligomer was added to the coated wells as
above. CrylAb oligomer was detected using CrylAb 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, 10'* plaque
forming units of scFv phages were added during incubation
with the CrylAb 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 CrylAb-immune rabbit libraries in
scFv format that could be used for selection of high-affinity and
highly specific antibodies against CrylAb 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 CrylAb toxin struc-
tures. After cDNA synthesis by reverse transcription, VH and
VL DNA fragment repertoires were amplified separately by
PCR using 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 (Gly,Ser); peptide linker sequence was
added using modified 3'-heavy and 5'-light chain primers (31).
However, reported primers HH13, HH14, and HH15 were
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modified because the reported primer sequence contained a
misplaced glycine codon (31) (see “Materials and Methods” for
primer sequence). Finally, a third PCR was performed to fuse
the amplified VH and VL genes DNA fragments by overlapping
extension. In the final PCR Sfil 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 Sfil 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 X 10° members 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 Alul 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 Cryl Ab-domain II
loop 3 or domain III because these regions have been shown to
be involved in interaction with Bt-R; or APN (23, 25). Previ-
ously we characterized an scFv antibody (scFv73) that binds
domain II loop 2 and inhibits CrylAb toxin binding with Bt-R;
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 CrylAb toxin and a third pan-
ning round against a biotinylated synthetic peptide with an
amino acid sequence corresponding to CrylAb loop 3 (bio-
tin-loop3, Table 1). Simultaneously, a third panning round
was performed against biotinylated CrylAb toxin. After the
third round of panning, scFv antibodies were preferentially
retained by CrylAb as shown by the higher number of exit
colony forming units obtained for biotinylated CrylAb (107
colony forming units/ml) in comparison to biotin-loop3
peptide (10* 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 CrylAa or CrylAb toxins. Fig. 24 shows that all five
clones bound to CrylAb toxin but not to CrylAa, which has
a different loop 3 amino acid sequence. The scFv phage
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scFv3-L3 was selected and Fig. 2B shows that binding of
scFv3-L3 to CrylAb was competed by a loop 3 synthetic
peptide but not by loop 2, B16 or B22 synthetic peptides
(Fig. 2B).

To select scFv antibodies that recognize CrylAb domain III,
we performed a panning procedure that counter-selected scFv-
M13 phages that recognize CrylAc toxin that has a different
domain IIT and very similar domains I and II. After two rounds
of panning against CrylAb, a third round against CrylAc was
performed. The non-binding CrylAc phages were recovered,
amplified, and subjected to a final panning round against
CrylAb in the presence of soluble CrylAc to ensure binding to
CrylAb of phages that do not recognize CrylAc. 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 CrylA proteins
revealed that four of these scFv phages bind to CrylAb but not
to CrylAc, suggesting that these scFv antibodies bind domain
III of CrylAb (Fig. 2C). Previously it was demonstrated that
CrylAa domain III ***STLRVN®*? and ***VFTLSAHV>* resi-
dues, corresponding to 316 and 322, were involved in binding
with B. mori APN (25). These amino acid regions are in close
proximity in the CrylAa structure (25). To determine whether

8 9 10 11

M 2 3 4 5 6 7

FIGURE 1. Fingerprint analysis of scFv clones. Alul 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).

any of the selected anti-domain III scFv-M13 phages recognize
these binding epitopes, binding of these five scFv-M13 phages
to CrylAb was performed in the presence of synthetic peptides
corresponding to the 816 or B22 regions of CrylAb. Fig. 2B
shows that binding of phage scFvM22 to CrylAb was inhibited
by the two domain III synthetic peptides corresponding to
CrylAb B16 or 822 and not by the synthetic peptides of domain
ITloops, indicating that scFvM22 binds to this domain IIIamino
acid epitope.

Effect of Anti-loop 3 and Anti-B-16—-22 scFv Molecules on
CrylAb-Receptor Interaction—To determine whether the
selected scFv protein fragments inhibit the CrylAb-receptor
interaction, we performed toxin overlay assays using M. sexta
BBMV. Fig. 34 shows that the anti-loop 3 scFvL3-3 phage par-
ticles inhibited binding of biotinylated CrylAb to Bt-R; (210
kDa) in contrast to the anti-B16 —822 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. 34).
To determine whether binding competition of scFv molecules
was not due to steric hindrance due to the size of the scFv
molecule, binding of Cry1 Ab toxin with blotted BBMYV proteins
was performed in the presence of synthetic peptides corre-
sponding to CrylAb binding epitopes. Fig. 3B shows that loop 3
synthetic peptide competed the binding of Cryl1Ab to Bt-R,; but
not to APN. In contrast, synthetic peptide DIII-1 (corre-
sponding to the 816) competed the binding of CrylAb to
APN but had no effect on Bt-R; binding (Fig. 3B). Synthetic
peptide DIII-2 (corresponding to 822) did not compete the
binding of CrylAb to Bt-R; nor to APN. These results show
that domain II loop 3 is involved in Bt-R; binding, whereas
domain III 816 from CrylAb is important for the interaction
with M. sexta-APN.

Oligomer Formation of CrylAD in the Presence of Anti-loop 3
or Anti-domain III scFv Antibodies—Previous work demon-
strated that binding of CrylAb protoxin to Bt-R; peptides
CADR7 or CADRI11 or to scFv73 antibody, which mimics these
cadherin epitopes (6, 19, 21), facilitated the proteolytic cleavage
of domain I helix a1 resulting in the formation of a pre-pore
oligomeric structure that is capable of membrane insertion (6,
21). To determine whether the scFvL3-3 or scFvM22 antibodies

3L1 3L2 3L3 3Le 3L9 313

scFv-phage

scFv-phage

1.0+ mm CrylAb
— CrylAc

0°0-B2 B12 M2 MI15 M21 M22

scFv-phage

M22

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 ug of synthetic peptides corresponding to loop 2, loop 3, 316 (DIII-1), or 322
(DI1I-2) amino acid sequences; C, binding of different anti-domain Ill 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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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 10'° 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.
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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 X 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 lll scFvM22 antibody.

facilitate the formation of the pre-pore structure, CrylAb pro-
toxin was proteolytically activated in the presence of each one
of these pure scFvL3-3 or scFvM22 molecules. Fig. 4 shows that
when CrylAb protoxin was activated in the presence of
scFvL3-3, a 250-kDa oligomer was produced. In contrast, when
CrylAb protoxin was activated in the presence of the scFvM22
molecule only monomeric 60-kDa Cryl Ab toxin was produced
(Fig. 4).

Binding of scFv to CrylAb Monomeric and Oligomeric
Structures—The pre-pore oligomeric CrylAb structure gains
200-fold affinity to APN receptor suggesting some structural
changes in the receptor-binding epitopes of the CrylAb toxin
upon oligomerization (8). To determine whether domain II
loops 2 and 3 or the domain III 316 — 322 epitopes have a similar
structure in the monomeric and oligomeric structures, binding
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FIGURE 5. Domain Ill 316-322 epitope involved in Cry1Ab pre-pore
interaction with APN. A, binding of anti-loop 2 scFv73, anti-loop 3 scFv3L-3,
or anti-domain lll scFvM22 to pure Cry1Ab monomeric or oligomeric struc-
tures. B, binding of pure oligomer to GPl-anchored proteins from M. sexta
BBMV without competitor (C) or in the presence of 10'2 scFvM22 or scFvL3-3
phage particles. Bars are S.D. of three repetitions. Statistical significance: A,
p <0.01;B,p < 0.05.

of anti-domain II-loop 2 scFv73, anti-loop 3 scFvL3-3, or anti-
domain III-scFvM22 molecules to pure monomeric or oligo-
meric CrylAb toxin structures was analyzed by ELISA. Fig. 54
shows that anti-loop 2 scFv73 or anti-loop 3 scFvL3-3 antibod-
ies bound preferentially the monomeric toxin in contrast to the
oligomeric structure. In contrast, the anti-316—322 scFvM22
recognized both CrylAb structures. These results suggest that
domain II loops 2 and 3 of CrylAb might suffer a conforma-
tional change upon oligomerization or are buried in the oligo-
meric structure, in contrast to 816 —322 that has a similar con-
formation in both monomeric and oligomeric structures.

Domain III 16 Is Involved in the Interaction of CrylAb Pre-
pore Oligomer with M. sexta GPIl-anchored Proteins—The
results shown so far demonstrated that the Cryl Ab monomer
interacts with APN by domain III 816 and that this binding
epitope has a similar structure in both monomeric and oli-
gomeric structures. To determine whether domain III 816
was involved in the interaction of the CrylAb pre-pore to
APN, binding of pure oligomeric CrylAb 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 CrylAb 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 CrylAb Toxin in M. sexta
Larvae—To test the effects of selected scFv phages on the tox-
icity of CrylAb toxin to M. sexta larvae, bioassays were per-
formed using the different scFv phages in combination with
CrylAb toxin. First instar M. sexta larvae were fed CrylAb
toxin either alone or with the CrylAb toxin preincubated with
10° phage particles of the different monoclonal scFv antibodies.
As control we included an scFv phage particle (scFvS1) that was
selected by biopanning against CrylAb toxin and that showed
similar binding to CrylAa, CrylAb, or CrylAc in ELISA (data
not shown). None of the phages were toxic to M. sexta larvae

JOURNAL OF BIOLOGICAL CHEMISTRY 34037

0T0¢Z ‘2 Arenuer uo 'SINOIDIYOSNS 3A OLNINV.LHVHIA "'SYOILOITdId A TVHINTD NOIDDIHIA "IWVYNN ¥e Bio ogl mmm woly pspeojumoq


http://www.jbc.org/

ASBMB

The Journal of Biological Chemistry

Differential Interaction of Cry1Ab Domains Il and Il with Cadherin and Aminopeptidase-N

TABLE 2

Toxicity of Cry1Ab toxin to M. sexta larvae in the presence of
scFv-phages competitors

Treatment Mortality”
%
CrylAb 95+ 0.8
CrylAb + scFv3L-3 17 * 1.6
CrylAb + scFvM22 30£55
CrylAb + scFvS1 96 + 1

H,O 0
“ Expressed as mean = S.D. (n = 3) using 24 larvae. For each treatment 10 ng/cm? of
CrylAb toxin plus 10° colony forming units of scFv-displaying phage were used.

(data not shown). Table 2 shows that both scFvL3-3-M13 and
scFvM22-M13 phages inhibited 70-80% toxicity of the
CrylAb toxin. In contrast, scFvS1 phage particles had no effect
on CrylAb toxicity.

DISCUSSION

We have previously proposed a model involving the sequen-
tial interaction of CrylA toxins with cadherin-like protein (Bt-
R,) and GPI-anchored APN receptor molecules. First, the
interaction of monomeric CrylA toxins with Bt-R, facilitates
the formation of a pre-pore oligomeric structure that gains
binding affinity to APN, after APN binding the Cryl1A 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 CrylAb structures to their corresponding receptor
(cadherin Bt-R, for the monomeric structure and APN for the
oligomeric structure) and determined for the first time the
important role of both receptors in the CrylAb toxicity in vivo.

In the case of Bt-R;, domain II loops a8, 2, and 3 have been
shown to have an important role in Bt-R, 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-R; (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 CrylAb 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
CDRI1-L competed the binding indicating that anti-loop 3 binds
CrylAb loop 3 using the CDR1-L region. The CDR1-L amino
acid sequence (***QASQSIVS'®?) showed a similar hydropathic
profile to the Bt-R, sequence (**"*NAQTGVLT**?) located in
CADRI12. This amino acid region corresponds to the loop
3-binding epitope of H. virescens cadherin “*'QTGVLTL-
NFQ! 3! (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 that CrylA domain IIT has an important role in APN
recognition (25, 33). CrylAc toxin binds M. sexta APN recep-
tors through domain III binding to GalNAc residues (18, 33),
whereas it was proposed that CrylAa binds B. mori APN
through domain III 16 (*°*STLRVN®'®) and B22 (***VFTL-
SAHV>®*°) residues (25). In this work we show that CrylAb
binds M. sexta APN principally by the domain III 16 epitope
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because scFvM22 antibody that binds 816 and 322 amino acid
regions competed the binding of CrylAb with APN. Neverthe-
less, CrylAb binding competitions with synthetic peptides
DIII-1 (corresponding to B16 residues) or DIII-2 (correspond-
ing to 22) revealed that only the B16 region is involved in
interaction with APN in contrast to the 822 region. Mutagen-
esis of B16 residues will be helpful to further narrow this APN
binding epitope. Interestingly, the 316 —322 epitope has a sim-
ilar structure in both the monomeric and oligomeric structures
because scFvM?22 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 CrylAb 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
CrylAb 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 CrylAc with APN (35). CrylAc
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
IT loop regions.

The scFv molecules characterized in this work were useful in
determining the role of CrylAb 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-R, binding and not
APN recognition, these data are in agreement with a model
where binding of monomeric CrylAb toxin to Bt-R, through
domain ITloop 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 CrylAb with APN has no consequence in pre-pore
formation.

Previous work demonstrated that CrylAb pre-pore oligomer
bound APN with a 200-fold increased apparent binding affinity
in comparison to monomeric CrylAb, 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
CrylAb 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-
cific monoclonal antibodies, it could be possible that changes in
domain ITloops 2 and 3 may be involved in the sequential inter-
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action with Bt-R; and APN. This structural change could lead
to loose binding of oligomer to Bt-R; 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-R, binding sites. Determination of binding affinities of pure
pre-pore oligomeric structures of several point mutants in
domain II loop regions of CrylAb to APN and Bt-R; will be
helpful in understanding the role of these regions on CrylAb
pre-pore binding to APN. Overall these results show that the
constructed immune scFv libraries against CrylAb 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 CrylAb is
mainly due to the interaction of monomeric toxin with Bt-R; by
apparently activating a Mg>" -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). This was proposed based on the study of the effect
of CrylAb toxin to cultured Trichoplusi ni H5 insect cells express-
ing M. sexta Bt-R, (9, 10). Although not recognized by the authors,
the data presented by Zhang et al. (9) showed that toxicity of
CrylAb toxin to H5 cells expressing Ms-Bt-R; correlated with
increased oligomer formation. In addition, these authors found
that activation of adenylyl cyclase using a direct activator (forsko-
lin) of membrane adenylyl cyclase does not 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
CrylAb toxicity (10). In any case, it should be pointed out that the
situation iz vivo on intact larvae midgut cells could be very differ-
ent from cultured insect cells. Our data show that scFvM22, which
specifically blocks binding of Cryl1Ab to APN without affecting the
interaction of CrylAb with Bt-R,, severely attenuated the toxicity
of CrylAb toxin in vivo, indicating that the interaction of CrylAb
toxin with Bt-R, is not enough to kill the larvae and that interac-
tion with both receptor molecules is necessary for complete toxic-
ity in M. sexta larvae. These data are in agreement with the model
of the sequential participation of Bt-R; and APN in toxin mem-
brane insertion, pore formation, and toxicity of CrylA toxins.
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Identification of scFv Molecules that Recognize Loop 3 of Domain Il and
Domain Il of Cryl Ab Toxin from Bacillus thuringiensis
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A phage repertoire was constructed using antibody genes from the bone marrow and the spleen of a rabbit immunized with Cry1Ab toxin. Biopanning
against either the Cry1Ab toxin or o domain Il loop 3 synthetic peptide resulted in the identification of monoclonal antibodies in scFv format. They
inhibited binding and toxicity of Cry1Ab toxin against Manduca sexta. Toxin overlay assays, using the scFv antibodies as competitors, revealed that the
anti-loop 3 molecule competed with Cry1Ab toxin binding fo the cadherin receptor (Br-R ) of M. sexta, while anti-domain 11l antibodies interfered with

the binding of Cry1Ab toxin to the aminopeptidase N (APN) receptor of this inseq.

Introduction

Insecticidal Cry1 proteins from Baciflus thuringiensis
(Bt) are used in biopesticides and transgenic crops
(2). In susceptible insects, proteinases in the alkaline
midgut activate the Cry protein to a toxin that binds
with high affinity to receptors of the brush border
epithelium membrane. In the case of the cadherin
receptor Bt-R,, toxin binding initiates a conformational
change that results in the assembly of a pre-pore toxin
oligomer (5). Aminopeptidases also bind Cry1 toxins
and facilitate toxin-induced pore formiation (8). An
emerging model suggests that after binding cadherins,
toxins bind aminopeptidases and insert into membrane
microdomains called lipid rafts (3). Domain I determines
specificity, because it represents the most divergent
part of the toxin sequence, and exchanging domain
Il, or domains Il and I, between closely related toxins
resulted in active hybrids showing altered specificity (4,6).

Materials and methods

Phage display libraries construction. Total RNA
from spleen tissue and bone marrow of an immunized
rabbit was used for first strand cDNA synthesis. Heavy-
and light-chain genes were amplified separately and
recombined by three subsequent PCR, essentially as
described (7). In order to construct the scFv libraries,
scFv DNA and phagemid vector were digested with Sfil
and Nofl (New England BioLabs, Beverly, MA, USA),
and ligated. The purified DNA was electroporated into
TG1 electrocompetent cells. Each library was grown

on large TYE AMP GLU agar plates. For panning,
phage preparations were purified and concentrated by
polyethylene giycol precipitation.

Selection and characterization of phage-displayed
antibodies. Panning was carried out essentially as
described previously (7) using 50 ug of Cry1Ab. 10"
phage were used in each round of selection. Binders
were eluted with 1 ml of triethylamine (100 mM) and
the eluant was neutralized and mixed with 8.5 ml
of exponentially growing TG-1 cells. An aliquot was
removed for titration, measured as colony forming units
on agar plates. Infected bacteria were plated on TYE
AMP GLU agar plates and bacteria were harvested
after ON growth at 37°C. Phages were rescued for the
next selection cycle.

Insect bioassay. Bioassays were performed on M. sexta
neonate larvae by the surface contamination method.
The toxin solution was preincubated with selected phages
for 1 h then poured on the diet surface and allowed to
dry. Neonate M. sexta larvae were placed on the dried
surface and mortality was monitored after 7 days.

Resvulis

Phage antibody library construction and charac-
terization. After cDNA synthesis by reverse transcription
from spleen and bone marrow RNA samples, the VH and
VL region gene repertoires were amplified separately by
PCR. In the second PCR reaction, a DNA linker coding
a (Gly,Ser), peptide linker sequence was added using

* Corresponding auhtor. Mailing address: Instituto de Biotecnologia, Universidad Nacional Auténoma de México, 2001 Av. Universidad, Col.
Chamilpa, Apdo. postal 510-3, Cuernavaca, Morelos, Mexico, 62250, Tel: 52 73 11-4900. Fax: 52 73 17-2388. Email; mario@ibt.unam.mx.
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modified 3’-heavy and 5'-light chains primers. Finally,
a third PCR reaction was performed to fuse heavy
and light chain genes by overlapping extension. PCR
products from the third PCR reaction were digested
with Sfil and Nofl, and cloned into phagemid vectors
pSyn2 or pCANTAB that allow the display of the cloned
fragment on M13 phage. After transformation, libraries
sizes of 2.0 x 10° members were obtained.

To examine the integrity of the libraries, 20 clones of
each library were picked at random and 95% of the
clones were found by PCR to contain scFv genes
having the expected size. To determine the diversity
of the gene content of the libraries, cloned scFv genes
were amplified from the same colonies and digested
with the Alul restriction enzyme. PCR fingerprinting
analysis of bone marrow and spleen libraries showed
that the libraries were diverse since all restriction
patterns analyzed were different.

Identification of anti-loop 3 and anti-domain i
phage antibodies. For the identification of anti-loop
3 scFv antibodies, the libraries were panned against
a synthetic biotinylated peptide with a sequence
corresponding to the Cry1Ab loop 3. The panning
procedure consisted in two selection rounds against the
whole Cry1Ab toxin and a third panning round against
the biotinylated loop 3 synthetic peptide. Fingerprinting
analysis revealed five different restriction patterns. In

ELISA, all clones bound to Cry1Ab and Cry1Ac, but did’

not bind to Cry1Aa which has a different loop 3 amino
acid sequence, suggesting that these scFv bind loop 3
of Cry1Ab. After two rounds of panning against Cry1Ab,
a final panning round was conducted against Cry1Ab
in the presence of soluble Cry1Ac to ensure binding to
Cry1Ab toxin of phages that do not recognize Cry1Ac.
Fifty colonies from the fourth round were amplified by
PCR and characterized by fingerprinting analysis. Five
different restriction patterns were identified. Analysis
of binding to the three Cry1A proteins revealed that
three scFv phages bound to Cry1Ab, but not to Cry1Ac
which has a different domain lli sequence, suggesting
that these scFv antibodies bind Cry1Ab toxin through
domain Il1.

Effect of phage antibodies on toxicity of Cry1Ab
toxin to M. sexta larvae. First instar larvae were fed
Cry1Ab toxin either alone or Cry1Ab pre-incubated
with 108 phage preparation of the different monocional
scFv antibodies selected after four rounds of selection.
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None of the phages were toxic to M. sexta larvae.
All of the anti-loop 3 phages reduced the toxicity
of Cry1Ab to 30-80% while the two anti-domain Il
phages reduced it to 10-20%.

Discussion

The striking dissimilarity between domain il and
domain 1l amino acid sequences of different Cry toxins
motivated us to investigate the role of these regions
in insect specificity, toxicity and binding using phage
display antibodies against these regions. We generated
immune fibraries in the scFv format that could be used
for efficient selection of high-affinity and specific scFv
antibodies against Cry1Ab toxin. We identified scFv
phages that recognized domain Il loop 3 or domain II,
since these regions are likely to be involved in receptor
interaction (1, 6).

Rabbit immune repertoires from spleen or bone
marrow yielded a great diversity. Using phage display
technology, after three or four rounds of panning using
Cry1Ab toxin, we isolated specific scFv antibodies from
the pool of the two libraries, that inhibited toxicity. Among
these, antibody M22 was particularly interesting. M22,
in contrast to the other anti-Cry1Ab scFv molecules
analyzed, recognized Cry1Ab but did not bind to
Cry1Ac. Therefore, scFv M22 most likely recognized a
certain domain Ilf region involved in toxicity, since this
antibody reduced the toxicity of Cry1Ab toxin. In the
case of Cry1Ac toxin, domain il is important on APN
binding (4). We were able also to obtain five specific
scFv antibodies against loop 3 of domain Il. All anti-loop
3 scFv molecules analyzed recognized Cry1Ab but did
not bind to Cry1Aa, consistent with the fact that these
toxins do not share sequence similarity in the loop 3
region. Our results show the efficacy of our libraries
for the generation of highly specific reagents against
specific regions of Cry toxins to study toxin-receptor
interaction. Our set of recombinant scFv antibodies
against Cry1Ab toxin represents the first demonstration
of the recombinant-antibody approach to the study of
toxin-receptor and structure-function relations. With
these tools it should be possible now to characterize
more thoroughly the toxin-receptor interactions of Cry
proteins and to ascertain the role of these interactions
in the mode of action of these important toxins.
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