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ABREVIATURAS 

NTX 	= 	Noxiustoxina, 

CTX 	= 	Caribdotoxina. 

IBX 	= 	Iberotoxina. 

KCa 	= 	Canales de potasio activados por calcio. 

V 	= 	Voltaje. 

1 	 = 	Corriente. 

mM 	= 	Mili Molar. 

ItM 	= 	Micro Molar. 

pS 	= 	Pico Siemen. 

pA 	= 	Pico Amperio. 

mV 	= 	Mili Voltio. 

ms 	= 	Milisegundos. 

pH 	= 	Potencial de hidrdgeno. 

IC50 	= 	Constante de inhibición media. 

Ca
2+ 

= 	Calcio. 

K
I. 

= 	Potasio. 

PM 	= 	Peso molecular. 

Po 	= 	Probabilidad de apertura. 

To 	= 	Tiempo de apertura. 

Tc 	= 	Tiempo de cerrado. 
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SUMMARY 

Using the outside-out configuration of the patch clamp method we have studied the effect 
of severa! synthetic peptides corresponding to various segments from the N-terminal region of 
Noxiustoxin (NTX) on single Ca'-activated K4  (KCa) channels of small conductance obtained 
from cultured bovine aortic endothelial cells, These peptides induced diverse degrees of fast 
blockade in the endothelial KCa  channel. The most effective blockers were the peptides NTX1.39  
(IC50  = 0.5 .tM) and NTX1 .20  comprising the first 20 amino acids from the native toxin (1050  x 5 pt 
M), while the less effective was the hexapeptide NTX,,, from the first 6 amino acid residues of 
NTX (IC50  = 500 IrtM). This was the minimum sequence required to block the channel. 

By testing overlapping sequences from the entire molecule, specially those corresponding 
to the N-terminal region of NTX, we have been able to determine their different apparent affinities 
for the KCa  channel. Synthetic peptides from the C-terminal region produced no effect on the 
KCa  channel at the concentrations tested (up to 1 mM). These results confirm that in the N-
terminal region of the NTX is located part of the sequence that may recognize K+ channels, as we 
have suggested previously, from in vivo experiments. The blockade induced by native NTX was 
poorly affected by changes in membrane potential, however the blockage induced by synthetic 
peptides lacking the C-terminal region was partially released by depolarization. 
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RESUMEN 

Por medio de la configuracioñ de afuera hacia afuera del método de fijación de voltaje, 
hemos estudiado el efecto de varios péptidos sintéticos correspondientes a la secuencia amino 
terminal de la Noxiustoxina (NTX) en el canal de potasio activado por calcio de endotelio de 
aorta de vaca. Estos péptidos produjeron diversos grados de bloqueo *ido en dicho canal. Los 
pe‘ptidos mas efectivos fueron el péptido 1-39 (1Cso  0.5 p.M) y el péptido 1-20 (IC50  5 µM). El 
péptido menos potente fué el hexap‘ptido 1-6 (IC50  500 µM). Esta ful la secuencia mínima capaz 
de bloquear al canal de potasio. 

Probando secuencias sobrelapadas de la molécula entera hemos encontrado que solamente 
secuencias correspondientes al amino terminal son capaces de bloquear al canal con distintas 
afinidades. Péptidos sintéticos de la región carboxilo terminal no produjeron ningún efecto sobre 
el canal a concentraciones tan altas como 1 mM. 

Estos resultados confirman nuestras observaciones iniciales con estudios en vivo, los 
cuales indican que en la región amino terminal se encuentra el sitio de pegado al canal de potasio. 
El bloqueo producido por NTX nativa es insensible a cambios en el voltaje, sin embargo, el 
bloqueo producido por peptidos en los cuales se ha eliminado la región 10-20 es atenuado por 
medio de voltajes depolarizantes. 
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INTRODUCCION 

El endotelio es una monocapa de células la cual se localiza recubriendo la parte mas Intima 
de los vasos sanguineos en el sistema cardiovascular. Los elegantes estudios realizados por 
Moncada y colaboradores dejaron al descubierto el papel del endotelio en la regulación del tono 
vascular [25]. Actualmente se sabe que el endotelio juega un papel dinámico en la regulación de 
varias funciones cardiovasculares incluyendo coagulación, arterogénesis e inflamación. 

El endotelio realiza estas funciones secretando varias substancias vasoactivas tales como 
óxido nitroso, un poderoso vasodilatador, endotelina, un péptido vasoconstrictor y una serie de 
prostaglandinas [11,25]. El estímulo que regula la sIntesis y secreción de estas substancias 
proviene de varios agonistas, entre los que se cuentan a la bradicinina, el ATP, la histamina y 
otros [11]. 

Uno de los primeros eventos ocurridos en respuesta a la estimulación por agonista 
consiste en la activación de un canal de potasio activado por calcio (KCa). 

El papel que juega dicho canal en la respuesta del endotelio a agonistas no esta definido 
hasta el momento, sin embargo, el uso de bloqueadores específicos puede ayudar a determinarlo. 

Toxinas extraidas del veneno de varios animales ponzoñosos han sido utilizadas como 
herramientas en la separación, aislamiento y caracterización de canales iónicos [17,30]. Se han 
descubierto toxinas que bloquean específicamente a canales de sodio, calcio y potasio 
[9,17,24,30]. 

Dentro de la familia de toxinas bloqueadoras de canales de potasio, existe un grupo de 
toxinas las cuales bloquean canales KCa. Dichas toxinas son la iberotoxina (IBX) obtenida del 
veneno del alacrán Buthus talamus [4], la caribdotoxina (CTX) obtenida del veneno del alacrán 
Leiurus quinquestriatus quinquestriaius [23] y la noxiustoxina (NTX) obtenida del alacran 
mexicano Centruroides ~iris Hoffmann [31]. Esta última fue la primer toxina reportada en la 
literatura como un potente bloqueador de canales de potasio [6]. Estas toxinas comparten 
aproximadamente entre 50 y 70 % de similitud en su secuencia de aminoácidos. 

El uso de estas toxinas ha permitido además la obtencidn de importante informacidn 
acerca de la estructura y funcionamiento de canales de potasio. Estudios realizados durante los 
ultimos años han demostrado la presencia de receptores especificos para diversas toxinas [17]. 

El presente trabajo tiene por objetivo el estudio de la interacción entre varios péptidos 
sintéticos correspondientes a la estructura primaria de la NTX y el canal KCa  de endotelio. La 
finalidad de dicho objetivo consiste en la identificación de la secuencia de aminoácidos en la NTX 
responsable por el pegado al sitio receptor del canal. 

El fin del presente trabajo es el de utilizar regiones sintéticas de la NTX como sensores 
estructurales para 	obtener informacidn de como dicha toxina interactua con el canal KCa  para 
bloquearlo. Dicha información puede ser utilizada para tratar de entender los mecanismos 
moleculares de apertura, cierre y bloqueo de canales jónicos, así como para determinar si todas las 
toxinas interactuan de la misma forma con canales ijnicos al inducir el bloqueo de los mismos. 

Esta informacidn se puede utilizar, además, en el diseño de nuevos fármacos los cuales 
pueden bloquear selectivamente a tipos especificas de canales de potasio. Al entender con más 
claridad como las diversas toxinas interactuan con canales ionicos, podremos identificar 
mecanismos de bloqueo y determinar que secuencias de aminoácidos son importantes en la 
modulacio/n de la afinidad de dichas toxinas por sus respectivos receptores. 
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ANTECEDENTES 

1. Que es un canal cónico ?. 
Un canal jónico es una proteína la cual se encuentra formando un poro en la membrana 

celular. Dicho poro posee en su interior un filtro de selectividad, lo que le permite discriminar 
entre diversos iones en solución y permitir el paso solo a cierto tipo de iones. En base a su 
selectividad los canales jónicos se dividen en varias familias: canales de potasio, calcio, sodio y 
cloro [17]. La figura 1 ilustra la topografía de canales jónicos basada en predicciones de indices 
de hidrofobicidad. Dicha figura muestra la posible estructura que varios canales jónicos pueden 
adoptar al insertarse en la membrana plasmática [17]. 

Canal de Sodio 	 Canal de Potasio 
I 11 	II 	DI n 	IV " 	" 	A r. 	n, 11 Exterior 

IntetiorOOLOOMJ0091101  

COOH 

Canal de Calcio 

WCOOH 

Fig. 1. Topoindia do canales anicos. Esta figura muestra la estructura de canales fónicos de acuerdo a predicciones en base a indices hidropalicos. 
Los cilindros sombreados representan las regiones transmembranales. Nótese las indicaciones exterior e interior, mostrando la parte intracelular y 
extracelulu de los canales. El canal de potasio se forma de cuatro motivos repetidos, mientras que en los canales de sodio y calcio dichos motivos se 
encuentran unidos covalentemente (I ,II, III, IV). Cada motivo se forma de seis segmentos los cuales atraviesan la membrana celular de lado a lado. 
Este diagrama fue obtenido de 1171 

Desde el descubrimiento de los canales jónicos, muchos investigadores han pasado años 
de su vida tratando de entender preguntas muy simples tales como las siguientes: ¿cdmo funcionan 
los canales jónicos ?,¿qué mecanismos permiten que un canal se abra y se cierre ? [17]. Dichas 
preguntas aunque simples de formular, requieren de una explicación extraordinariamente compleja 
la cual no ha podido obtenerse enteramente por los medios experimentales utilizados hasta la 
fecha. 

El descubrimiento de bloqueadores selectivos contra canales jónicos abrió una nueva era 
de posibilidades experimentales. Utilizando dichos bloqueadores no solo nos permite echar un 
vistazo de cerca a los mecanismos de apertura, cierre y bloqueo de canales, sino que además nos 
brinda la oportunidad de modificar dichos agentes bloqueadores y utilizarlos con fines 
terapeliticos [7,9,24]. 
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Existen un numero enorme de bloqueadores de canales jónicos los cuales se utilizan en 

la actualidad con fines curativos. Las sulfonilureas, como la tolbutamida, se usan como 
hipoglucemiantes en el tratamiento de pacientes diabéticos. Estas substancias bloquean 
selectivamente al canal dependiente de adenosina trifosfato (ATP) en células beta del páncreas 
[36]. Nicorandil es un fuerte vasodilatador utilizado en pacientes con angina de pecho para relajar 
arterias coronarias y restablecer la circulación cardiaca. Esta substancia bloquea canales de gran 
conductancia dependientes de calcio en músculo liso. Por arios se han utilizado bloqueadores de 
canales de sodio, como la lidocaina, como anestésicos y antiarrítmicos. Verapamil, un bloqueador 
de canales de calcio, se utiliza exitosamente en el tratamiento de hipertensión [24]. 

La familia de canales de potasio a su vez se divide en 6 clases de acuerdo al criterio de 
varios grupos trabajando con estos canales [7,9,24]. Debido a que la presente tesis se dirige hacia 
el estudio de toxinas bloqueadoras de canales de potasio, a continuación se presenta una breve 
descripción de estas clases de canales de potasio: 

Canales de potasio rectificadores externos: Dentro de este grupo de canales se encuentra el 
rectificador tardio. Este canal fue'originalmente descrito en los estudios, ya clásicos, de Hodgkin 
& Huxley en 1952 [18]. Este canal juega un papel importante en la fase de repolarización durante 
los potenciales rápidos de acción en neuronas y músculo esquelético. Se han descrito 
conductancias unitarias que varian de 2-200 pS en varias preparaciones [5,8,32]. El canal es 
bloqueado por tetraetilamonio (TEA), aunque este agente no es muy especifico para esta clase de 
canal. 

Canales de potasio rectificadores internos: Este tipo de canal se activa durante pulsos 
hiperpolarizantes mayores de -70 mV. Este canal se encuentra en practicamente todos los tejidos 
estudiados hasta la fecha. En el endotelio este tipo de canal es la única corriente que se observa en 
células no estimuladas por agonistas [41]. Se ha postulado que dicho canal sirve para mantener el 
potencial de membrana a -70 mV [41]. Se hán reportado conductancias unitarias de alrededor de 
5-27 pS, dependiendo del tipo de preparación [10,21,27,34]. Este canal es bloqueado por 
concentraciones micromolares de bario [24]. Recientemente se ha descubierto que dicho canal es 
bloqueado por 2,5-di(tert-butil)-1,4-benzohidroxiquinona (BHQ), un agente que bloquea a la 
ATPasa de calcio de retículo endoplásmico [16]. El canal inhibido por ATP es otro ejemplo de 
canales rectificadores internos [36]. Este canal es sensible a sulfonilureas. 

Canales de potasio de corriente transitoria: Estos canales se describieron originalmente en 
neuronas de molusco [15]. Actualmente se sabe que dichos canales se encuentran en diferentes 
tipos de tejidos. Esta clase de canales se caracteriza porque se inactiva a potenciales de reposo. 
Este canal se activa rápidamente con potenciales hiperpolarizantes, sin embargo, su activación es 
transitoria. El agente bloqueador más utilizado con este canal es 4-aminopiridina, aunque este 
canal es también sensible a TEA. Se cree que el papel de este canal es el de ayudar a una 
despolarización gradual en neuronas, lo cual permite descargas graduales de potenciales de acción 
[24]. Este canal gano'gran popularidad en los últimos años al descubrirse que el gen que codifica 
dicho canal estaba afectado en la mosca de la fruta (Drosophila), lo cual conferia un fenotipo muy 
peculiar a la mosca. Dicho fenotipo se caracteriza por movimientos rápidos e involuntarios en las 
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extremidades del insecto. Lo anterior contribuyo a que dicho gene se denominara Maker, que 
traducido del inglés significa "temblar" o "agitar". 

Canal de potasio S: Este tipo de canal se describió en neuronas de Aplysia y se caracteriza por 
ser regulado por serotonina (de ahí el nombre de canal S) [38]. Se han reportado conductancias 
unitarias de alrededor de 55 pS. Este canal es bloqueado por bario y TEA [26,33], 

Canales de potasio M: Estos canales se describieron originalmente en neuronas de vertebrados 
[20]. Su nombre proviene de receptores muscarinicos los cuales activan al canal. El canal es 
bloqueado por bario y TEA. 

Canales de potasio activados por calcio: Esta clase de canales tienen una distribución 
generalizada (al igual que el rectificador interno) [3,29,27]. Su característica principal es que se 
activan con concentraciones micromolares de calcio intracellular. Por el contrario, 
concentraciones bajas de calcio intracelular inactivan al canal. Esta clase de canales a su véz, se 
subdividen en tres categorías: canales de gran conductancia (denominados tambien Maxi canales), 
de mediana y de pequeña conductancia. 

Además se distinguen por su condutancia unitaria, estos tres grupos se diferencian además 
en su dependencia a voltaje, su sensibilidad a calcio intracelular y su sensibilidad a bloqueadores 
de canales de potasio. 

2. Diversidad en canales de potasio activados por calcio (KCa). 
Como se mencionó con anterioridad, los canales KCa  se subdividen a su vez en tres 

grupos: los de pequeña conductancia, mediana y gran conductancia (Maxi canales). Estos tres 
tipos de canales KCa  se encuentran distribuidos en diferentes tejidos de mamíferos. En algunas 
ocasiones es posible encontrar más de un tipo en el mismo tejido, pero generalemente sólo se 
encuentra un tipo de canal por tejido. La función de este tipo de canales apenas empieza a 
explorarse. Por ejemplo, en neuronas canales KCa  parecen jugar un papel importante en la fase de 
repolanzacion después de un potencial de acción [7,24]. En células secretoras (como glándulas 
salivales y sudoríparas) estos canales sirven como conductos para la secreción de potasio [24]. 
Gracias a que toxinas de diversos animales bloquean selectivamente a canales de pequeña, 
mediana y gran condutancia, ha sido posible estudiar algunas de las funciones de estos canales. 

El canal de pequeña conductancia es bloqueado por apamina, una toxina obtenida del 
veneno de abeja Apis mellifera [3]. Este canal en general no es dependiente de voltaje y posee una 
sensibilidad a calcio mayor que el Maxi canal. Este canal no es sensible a NTX , IBX o CTX. El 
canal de mediana conductancia es insensible a apamina, sensible a NTX y CTX y voltaje 
independiente. Este canal es muy poco sensible a TEA, pero es bloqueado por concentraciones 
rnicromolares de tetrabutilamonio (TBA). Recientemente se ha reportado que la sensibilidad a 
calcio en este canal puede ser regulada por proteínas G [41]. Finalmente el canal de gran 
conductancia es sensible a NTX, CTX e IBX y a concentraciones micromolares de TEA. El 
estudio de este canal ha cobrado gran ímpetu desde que se descubrid que el gen de Drosophila 
denominado Slo codifica varios tipos de canales Maxi 
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3. Como se estudia un canal jónico ?. 
Existen varias técnicas las cuales han sido utilizadas a lo largo de los últimos años para el 

estudio de canales idnicos. Dentro de estas técnicas una de las más poderosas es sin duda la de 
fijación de voltaje (Patch Clamp) [141 Dicha técnica en su configuración de canal único permite la 
medición de corrientes microscópicas generadas por el paso de iones a través del poro de un canal 
único. 

Esta técnica y la de incorporación de canales en bicapas lipidicas son las únicas que 
permiten medir la actividad de una sola proteína. La actividad eléctrica obtenida de esta forma 
representa la actividad de una sola molécula de canal (un canal único), a diferencia de otras 
técnicas las cuales miden la actividad de una población de canales [17]. 

Ya que la técnica de fijación de voltaje se va a utilizar intensamente a lo largo del 
desarrollo de la presente tesis, a continuación se incluye una breve descripción de la misma con el 
fin de permitir una mejor comprensión de los resultados presentados más adelante. 

La técnica de fijación de voltaje. 	Por medio de capilares de vidrio los cuales se afilan y pulen 
en uno de sus extremos es posible obtener sellos de altísima resistencia en membranas biológicas. 
En el interior de este capilar de vidrio se coloca un electrodo el cual va conectado a un 
amplificador de corriente. Dicho electrodo se utiliza, a su vez, para inyectar voltaje a la célula en 
estudio. El electrodo mide el paso de corriente a través de la membrana biológica (membrana 
celular). Dicha corriente es generada por el paso de iones a través del poro de un canal jónico (el 
cual se encuentra en el pedazo de membrana celular aislado por el capilar de vidrio). De este 
modo, las transiciones de un canal entre los estados de cerrado y abierto se miden como saltos de 
corriente. La Figura 2 muestra como se realiza una de estas mediciones. 

Fig 2. La trenka de fijaran dr voltaje: Panel A, ejemplo del paso de corriente a través de un canal ii;nico. El registro indica los saltos de corriente 
producidos por el paso de iones tal y como lo registra el amplificador. Panel 11, representación esquemática del canal en la membrana. Nótese como 
el paso de iones (señalado por las flechas verticales) se interrumpe cuando el canal se cierra. 

4. Que es una toxina ?. 
El veneno de varios animales ponzoñosos contiene péptidos de diversos tamaños los 

cuales bloquean selectivamente canales iónicos. Los péptidos de bajo peso molecular (alrededor 
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de 40 aminoácidos) bloquean canales de potasio mientras que los peptidos de mayor peso 
molecular (alrededor de 70 aminoácidos) bloquean canales de sodio [30]. 

Las toxinas además poseen especificidad en especie animal, es decir, algunas toxinas 
bloquean canales en mamíferos mientras que otras sólo bloquean canales de crustaceos o insectos 
[24,30]. 

Las toxinas se purifican por medio de varios pasos cromatográficos entre los que se 
cuentan filtración en gel (separación por peso molecular) y cromatograá de intercambio iónico 
(separackin por carga) culminando con cromatografia líquida de alta resolución (HPLC) la cual 
separa por características hidrofébicas. Al final se obtiene una proteína pura la cual se verifica por 
medio de análisis de aminoácidos [30]. 

5. La familia de toxinas bloqueadoras de canales de potasio. 
Dentro de las toxinas obtenidas de venenos de alacranes, las toxinas bloqueadoras de 

canales de potasio comparten diversos grados de similitud en su secuencia de aminoácidos. Por 
ejemplo, la secuencia de la NTX es alrededor de 50% similar a la secuencia de la CTX. A su vez, 
la CTX comparte alrededor de 70% de similitud con la recientemente aislada iberotoxina (IBX). 
La figura 3 muestra el alineamiento de las tres toxinas mencionadas con anterioridad (NTX, CTX 
e IBX). En esta figura se puede apreciar las regiones de similitud entre las tres toxinas. Nótese 
además que todas las toxinas conservan sus tres puentes disulfuro. Siendo estructuras 
relativamente pequeñas (PM < 4000) es notable la presencia de tres puentes disulfuro, lo cual 
sugiere una estructura compacta. 

COMPARACION DE SECUENCIAS 

ENTRE TRES TOXINAS DE 

ALACRANES 
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Fig. 3 Secuencias de tres toxinas de canales de potasio.. Alineamiento de tres toxinas por su extremo antino terminal. Las cajas indican aminoácidos 
homólogos en la secuencia de las toxinas. Los espacios introducidos en la CTX y la IDX se indican con una linea (.), Dichos espacios permiten alinear 
las tres cisteínas en el extremo carboxilo terminal en las tres toxinas. 

6. Especificidad de toxinas contra canales Kca. 
Apamina, un péptido obtenido del veneno de abeja, bloquea exclusivamente canales KCa 

de baja conductancia [3,24]. Originalmente se pensaba que CTX bloqueaba únicamente a canales 
de gran conductancia [12]. Experimentos recientes indican que CTX bloquea también a algunos 
canales Kca  de mediana conductancia, lo cual ha hecho dificil el uso de CTX como una 
herramienta para determinar el papel funcional de canales de gran conductancia en varios tejidos. 
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Finalmente, NTX bloquea canales de mediana y gran conductancia, pero ademas bloquea 
canales no dependientes de calcio [6,31,40,42]. 

Si bien ésta relativamente baja selectividad de las toxinas por varios canales a desanimado 
a algunos investigadores, para otros brinda la oportunidad de explorar más de cerca aspectos 
estructurales en dichos canales, es decir, los receptores a dichas toxinas deben de compartir cierta 
similitud en su secuencia de aminoácidos [24]. Si estas toxinas bloquean a canales de potasio de 
diferentes conductancias y dependencias a voltaje, esto sugiere la presencia de motivos 
estructurales repetidos en dichos canales. De esta forma, utilizando estas toxinas o modificaciones 
de ellas nos puede permitir explorar similitudes estructurales en canales que de otra forma serian 
muy difíciles de evaluar. Esto permitirá eventualmente, la identificación de la secuencia de 
aminoácidos que forma al receptor para cada toxina en los diferentes canales de potasio. Estudios 
de este tipo permitirán definir si estas toxinas se unen a un sitio receptor común en los diferentes 
canales de potasio. 

7. Estudios sobre la estructura y función de canales iiteicos. 
Lamentablemente conocemos muy poco acerca de la estructura tridimensional de canales . / • 

iónicos. Los intentos por cristalizar canales lomos con el fin de determinar su estructura por 
medio de cristalografra de rayos X han sido infructuosos. Al utilizar toxinas como sensores 
estruturales de canales jónicos podemos obtener información importante acerca de como 
funcionan dichos canales. Además se puede obtener información de la estructura que adoptan los 
canales al insertarse en la membrana plasmática [17]. Esta idea ha sido utilizada por algunos 
investigadores [12,28,41,43]. Conociendo la estructura primaria del canal y de la toxina se pueden 
hacer modificaciones en las secuencias de aminoácidos de ambos para determinar qué 
aminoácidos son importantes en el pegado al canal y qué aminoácidos forman parte del receptor a 
la toxina. Estudios de este tipo han permitido determinar qué secuencias del canal Shaker se 
projectan extracelularmente y qué secuencias se localizan en el interior de la célula [43]. 
Combinando estudios hidropáticos con la información de sitios receptores a bloqueadores internos 
y externos en el canal ha sido posible delinear estructuras internas y externas en el canal. La figura 
4 muestra los aminoácidos importantes en el receptor interno y externo a TEA, así como los 
aminoácidos relevantes en el receptor a CTX para Shaker. Estudios de este tipo han permitido 
delimitar las secuencias que se encuentran formando parte del poro en este canal [43]. Si bien 
estos resultados no han podido confirmarse por medios cristalográficos, esta información 
concuerda perfectamente con otros experimentos de mutaciones puntuales en el canal en los 
cuales ha podido cambiarse la selectividad del mismo al modificar uno o dos aminoácidos en esta 
región [43]. 
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Fig. 4. El puro del canal d4 poiasia: Este diagrama representa la región de aminoácidos la cual se cree, forma el poro de conducción de iones en el 

canal de potasio Sls*&tr. Nótese los aminoácidos involucrados en el pegado a TEA intracelular (TEA;) y extracelular (TEA.), asi corno la región 

involucrada en el pegado de CTX. S5 y S6 representan los segmentos transmembranales 5 y 6 de acuerdo a la figura 1. 

Por otro lado, conociendo que aminoácidos forman parte del receptor a la toxina, 
permitirá en el futuro determinar que cambios estructurales sufre el canal al entrar en contacto 
con la toxina resultando en el bloqueo del mismo. 

Con esta información a la mano, es posible diseñar modelos que nos permitan entender 
que cambios estructurales surgen en el canal para moverlo del estado abierto al estado bloqueado. 
Otro objetivo importante es determinar, por ejemplo, si las diferentes toxinas que bloquean 
canales de potasio lo hacen por medio de mecanismos similares, o si cada toxina bloquea al canal 
usando un mecanismo diferente. Esto resulta interesante si consideramos que el estado 
conformacional del canal el cual denominamos "bloqueado" quizá represente en realidad varios 
estados diferentes (inducidos por cada una de las toxinas). Si este es el caso, hay varias 
especulaciones que resultan interesantes e informativas. Por ejemplo, sabemos que los tiempos de 
disociación de la NTX y la CTX son diferentes, es decir, la CTX pasa más tiempo asociada al 
receptor en el canal. Este resultado tiene (cuando menos) dos posibles interpretaciones, una es 
que el pegado de la CTX al receptor es más estable. La otra interpretación es que la CTX induce 
un cambio conformacional en el canal el cual estabiliza la unión toxina-canal. La primera 
interpretación implica que el reconocimiento de los aminoácidos del receptor y la toxina forman 
un enlace de alta afinidad, mientras que la segunda interpretación asume que la toxina puede 
inducir cambios conformacionales en el canal resultando en un pegado más fuerte entre ambas 
proteínas (toxina-canal). Si asumimos que la primera interpretación es la correcta, es decir, que la 
toxina y el canal forman un enlace de alta afinidad (1050  = 5 nM), resulta dificil entender porque 
cuando la toxina se disocia (CTX) tarda tanto tiempo en reasociarse al canal. Por otro lado, el 
bloqueo inducido por NTX es de baja afinidad (1050 = 300 nM), sin embargo cuando la NTX se 
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disocia del canal tiende a reasociarse rápidamente. Estos resultados sugieren que la relación 
toxina-canal es mucho mas compleja que el simple pegado a un receptor de alta o baja afinidad. 

8. Por que las toxinas bloquean canales fónicos ?. 
Los investigadores en el área de canales iónicos han ocupado buena parte de su tiempo en 

estudiar el efecto de varias toxinas bloqueadoras de canales [3,4,22,23,24]. La idea es obtener 
información de los cambios en el canal inducidos por la toxina. Existen varios modelos que 
pretenden explicar los resultados experimentales y predecir cambios estructurales en el canal 
inducidos por las toxinas [4,23,28,40]. Dichos modelos, aunque preliminares, sugieren que la 
interacción entre canal-toxina es una interacción compleja y no en todos los casos del mismo tipo. 
Por ejemplo, CTX e IBX, las cuales comparten alrededor de 70 % de similitud en su secuencia de 
aminoácidos, producen un tipo de bloqueo similar en el canal KCa  de gran conductancia [4,12], 
Ambas toxinas producen segmentos de bloqueo en el canal con varios minutos de duración. Sin 
embargo la NTX, la cual comparte alrededor de 50 % de similitud con las dos toxinas 
mencionadas anteriormente, induce un tipo de bloqueo diferente en el mismo canal. La NTX 
produce estados de bloqueo de unos milisegundos en duración [40,42]. El mismo resultado se 
observa en el canal KCa  de mediana conductancia [40]. Como se muestra en la figura a 
continuación la NTX y la CTX, a pesar de compartir 50 % de similitud en su secuencia de 
aminoácidos (ver Fig. 3), producen un tipo de bloqueo diferente en el canal de mediana 
conductancia de células endoteliales (Fig. 5). 

CONTROL 
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NTX 300 nM 

1110111111111111101# 
CTX 5 nM 
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NTX + CTX 	_1 1  lo s 
rmismovior— 

Fig. 5 flaqueo producida por CTX y NTX Ejemplos del bloqueo producido por N'EX y CTX en el canal de mediana conductancia de endotelio. La 
soluci& utilizada es 150 mM de aspartato de potasio similtrico. El potencial de membrana fué fijado a -60 mV. Los experimentos representan 
membranas en la configuración de antera hacia afuera. Las toxinas se agregaron a la solución extracelular en las concentraciones indicadas en la 
figura. Las concentraciones utilizadas representan la concentración de inhibición media (IC50). Las flechas horizontales indican el nivel de cero 
corriente (linea de base). 

Como se observa en la figura anterior, el tipo de bloqueo producido por la NTX y CTX en 
el canal de mediana conductancia de endotelio se asemeja al reportado para el canal de gran 
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conductancia de músculo [42]. Lo anterior sugiere que si bien ambos canales tienen 
propiedades distintas en cuanto a conductancia,sensibilidad a calcio intracelular y dependencia a 
voltaje, ambos canales deben de poseer estructuras similares las cuales son reconocidas por estas 
toxinas (receptores). Lo anterior también sugiere que el sitio de dependencia a voltaje y el sitio 
receptor a calcio se encuentran separados al sitio receptor para las toxinas (NTX y CTX), ya que 
dicho sitio debe presentar secuencias similares entre ambos canales. 

Las concentraciones utilizadas en los experimentos ilustrados en la figura anterior 
corresponden a la concentración de bloqueo medio (IC50) para la NTX (300 nM) y la CTX (5 
nM). Como se aprecia en estos experimentos, la CTX tiene una afinidad 60 veces mayor por este 
canal que la NTX. Esta diferencia en afinidad también se observa en el canal de gran conductancia 
[42]. 

c; Cómo exactamente es que las toxinas inducen el estado de bloqueo en el canal ?. Al 
inspeccionar la figura 5 nos percatamos que la NTX debe de estar pegándose y despegándose de 
su sitio receptor a una velocidad altísima (milisegundos). Como resultado de esto el canal se 
encuentra cambiando rapidamente del estado bloqueado al estado abierto. El caso de la CTX es 
muy distinto, esta toxina se pega a su sitio receptor y se mantiene en el por varios segundos, 
llegando en algunos casos a 1 minuto. El caso de la IBX es aún más acentuado, dicha toxina 
produce estados de bloqueo de hasta 15 minutos en duración [4]. Los resultados anteriores 
indican que el tiempo de residencia (pegado) de las toxinas a sus respectivos receptores es 
diferente para cada una, La NTX pasa poco tiempo asociada a su receptor, sin embargo, una véz 
disociada tiende a reasociarse más rápidamente que las otras dos toxinas. De esta forma, el tiempo 
de asociación y disociación de la NTX a su receptor es mas rápido que el de las otras dos toxinas 
(CTX e IBX). Esto se manifiesta como una fibrilación rápida entre el estado abierto y el estado 
bloqueado del canal (Fig. 5). Por otro lado, el tiempo de pegado de la CTX e IBX a su receptor 
es más largo (de segundos y minutos en duración), sin embargo, una vez que estas toxinas se 
disocian de sus receptores, el tiempo de reasociación es también mucho mas largo que el de la 
NTX. Lo anterior se manifiesta como periodos de actividad en el canal en los cuales pareciera que 
no hay toxina presente en la solución, es decir, el canal se abre y cierra en forma similar al control 
(sin toxina presente) [4,12,22]. Como se explicó en las secciones anteriores, el mecanismo de 
bloqueo del canal por estas toxinas parece ser mucho más complejo que en el caso de pegado a 
receptores de alta y baja afinidad. 

Estudios recientes con CTX e IBX indican que efectos electrostáticos entre el complejo 
toxina-canal juegan un papel importante en el bloqueo al canal KCa  de gran conductancia [4]. Las 
cargas negativas localizadas en la parte exterior del canal cerca del poro tienden a aumentar la 
concentración local de toxina [4]. Esto es más evidente en el caso de la CTX ya que esta toxina 
posee una carga positiva mayor que la IBX. Por esta razón la afinidad de estas toxinas es 
dependiente de la fuerza jónica [2]. La constante de asociación para CTX disminuye mil veces 
cuando la fuerza jónica cambia de 20 mM a 800 mM [22]. 

El hecho de que TEA alivia el bloqueo por IBX y CTX sugiere que estos fármacos 
compiten por un mismo receptor o que los receptores se localizan en proximidad uno de otro 
[4,22]. 

Finalmente se ha demostrado que aumentando la concentración intracelular de potasio se 
reduce la afinidad de las toxinas por el canal [4,22]. Lo anterior sugiere que el mecanismo de 
bloqueo por CTX e IBX es similar, primero las toxinas se unen a su receptor en una reacción de 
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tipo bimolecular, en seguida las toxinas bloquean el paso de iones a través del poro del canal. 
Este tipo de bloqueo se denomina taponamiento. 

9. Nariustavina. 
La Noxiustoxina es un péptido de 39 aminoácidos obtenido del veneno del alacrán 

mexicano Centruroides Noxius Hoffmann [31]. Este péptido fué la primer toxina descrita como 
un bloqueador especifico de canales de potasio [6]. El hecho de que la NTX ponse tres puentes 
disulfuro sugiere una estrcutura compacta.. 

La Noxiustoxina se purifica del veneno total de alacrán por medio de varios pasos 
cromatográficos los cuales incluyen una filtración en sephallex G-50 seguida por intercámbio 
jónico en una _columna de carboximetilcelulosa con 20 mM de acetato de amonio pH 4.7 y 
posteriormente recromatografía en la misma columna con 50 mM de amortiguador de fosfatos pH 
6.0 [31]. El paso final consiste en cromatografia líquida de alta presión con lo cual se obtiene un 
componente único. Posteriormente la NTX es identificada por medio del análisis de aminoácidos y 
secuenciacion. 

10. La Noxiustoxina bloquea varios canales de potasio. 
Estudios electrofisiológicos han demostrado que la NTX puede bloquear varios canales de 

potasio con distintas afinidades. Originalmente se había demostrado que la NTX bloqueaba 
reversiblemente al canal de potasio de rectificación tardía con una afinidad de 290 nM [6]. 
Posteriormente se demostró que la NTX bloquea canales KCa  con una afinidad de 450 nM [42]. 
Finalmente la NTX puede bloquear canales dependientes de voltage en limfocitos con una afinidad 
de 0.2 nM [35]. En el caso del canal KCa  de endotelio, nosotros encontramos que la NTX lo 
bloquea con una afinidad de 300 nM [40]. 

11. El sitio tóxico de la NTX se encuentra en la región amino terminal. 
Estudios previos realizados con péptidos sintéticos de la NTX indicaban que el péptido 1-

9 inducia liberación de neurotransmisores mediado por bloqueo de canales de potasio en 
sinaptosomas de ratón. Dichos estudios demostraban además que el péptido 1-9 era toixico en 
bioensayos con roedores, sin embargo, péptidos de la región carboxilo terminal de la NTX no 
producían ninguna sintomatologla en los bioensayos ni liberaban neurotransmisores [13]. Lo 
anterior sugeria que en la región amino terminal se encuentra parte de la secuencia que se pega y 
bloquea canales de potasio. Sin embargo, mediciones directas por medios electrofisiológicos del 
efecto de dichos péptidos sintéticos sobre canales de potasio no han sido explorados hasta la 
fecha. En el presente trabajo se muestran por primera vez los efectos de varios péptidos sintéticos 
correspondientes a varios segmentos de la secuencia primaría de la NTX sobre el canal KCa  de 
endotelio. Los resultados presentados a continuación concuerdan perfectamente con los 
experimentos de liberación de neurotransmisores y de toxicidad en bioensayos mencionados con 
anterioridad. Todos estos resultados sugieren fuertemente que en la región amino terminal de la 
NTX se encuentra la secuencia que se pega al receptor de esta toxina en el canal KCa. 
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1 

Abstract. Using the outside-out configuration of the 
patch-clamp method, we studied the effect of several 
synthetic peptides corresponding to various seg-
ments from the N-terminal region of noxiustoxin 
(NTX) on single Caz*-activated K4  (Kca) channels 
of small conductance obtained from cultured bovine 
aortic endothelial ce.11s. These peptides induced di-
verse degrees of fast blockade in the endothelial 
Kca  channel. The most effective blockers were the 
peptides NTX1_39  (IC50  = 0.5 ¿ni) and NTX1 _20  com-
prising the first 20 amino acids from the native toxin 
(IC,. 5 gm), while fess effective was the hexapep-
tide NTX1.6  , from the first six amino acid residues 
of NTX (ICso  = 500 /hm). This was the minimum 
sequence required to block the channel. 

By testing overlapping sequences from the en-
tire molecule, specially those corresponding to the 
N-terminal region of NTX, we have been able to 
determine their different apparent affinities for the 
Kc. channel. Synthetic peptides from the C-terminal 
region produced no effect on the Kc„ channel at the 
concentrations tested (up to 1 mm). These results 
confirm that in the N-terminal region of the NTX is 
located part of the sequence that may recognize 
channels, as we have suggested previously from in 
vivo experimenta. The blockade induced by native 
NTX was pooriy affected by changes in membrane 
potential; however, the biockage induced by syn-
thetic peptides lacking the C-terminal region was 
partially released by depolarization. 

Correspondence lo: L. Vaca 

Key words: Noxiustoxin 	Synthetic peptides — 
Patch clamp — 	channels 

Introduction 

Noxiustoxin (NTX) is a 39 amino acid peptide 
purified from the venom of the Mexican scorpion 
Centruroldes noxius Hoffmann [14]. This was the 
first animal toxin described as a specific K4  channel 
blocker [3]. NTX can reversibly block 'several 
types of K+ channels, including the delayed recti-
fier [3], voltage-gated K+ channels from human T 
lymphocytes [15], Cae*-activated K4  (Ka) chan-
nels from skeletal muscle [18] and whole-cell 
currents from bovine aortic endothelial cells [4]. 
However, NTX has no effect on the inward rectifier 
K+ channel [4]. 

In previous studies we showed that the syn-
thetic peptides corresponding to the amino acid 
sequence 1-9 (NTX1..9) 1-20 (NTX1 _20) and 1-39 
(NTX1 _39) of NTX are toxic to mice, inducing 
symptomatology similar te that produced by native 
NTX [9]. We have shown also that these synthetic 
peptides can induce neurotransmitter release medi- 
ated through 	channels, suggesting that the 
peptides are capable of blocking K+ channels [9]. 
However, a direct measurement of the effect of 
these synthetic peptides on a K+ channel has not 
been provided, thus far. 

We show that severa! synthetic peptides corre-
sponding to the N-terminal region of NTX can in- 
duce diverse degrees of blockade on a Kca  channel 
from b9vine aortic endothelial cells (BAECs), con-
firming an earlier suggestion [9] that part of the se-
quence that may recognize K+ channels is located 
in this region. 
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SINGLE CHANNEL RECORDING 

All experiments were performed at room temperature. The out-
side-out configuration of the patch clamp [10] was used to study 
single channels obtained from excised patches from single endo-
thelial cells. Pipettes were fabricated from Chick-walled glass 
(8161, Garner) using a two-stage pipette puller (Narishige), and 
fire-polished with a microforge (Narishige). Pipette resistances 
ranged from 5-12 Mfl when Med with the HiK saludan. The 
reference electrode used was a Ag-AgCl plug connected lo the 
bath solution via a 150 mm KCI agar bridge. The extracellular 
Pace of the patch was used to report voltages. The amplifier 
was the Axopatch IC from Axon Instruments. Single channel 
fluctuations were initialiy stored on FM tape (Racal) and digitized 
later for computer analysis using an analog-to-digital interface 
(Axon Instruments) connected to an IBM 386 done. The signa' 
was filtered with a low-pass 8-pote Bessel Alter (Frequency De-
vices) at 5 KHz and digitized at 10 KHz (100 msechample). All 
the records with single channel activity were filtered at 1 kHz 
for illustrative purposes. 
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Materials and Methods 

REAGENTS 

Ali satis, solvents and chemicals used were analytical grade, 
obtained as previously described (9). Reagents used for peptide 
synthesis were HPLC grade. Protected amino acids (t-130C-
amino acids) and resina containing the first amino acid bound 
were purchased from Peninsula Laboratories. Solvents used for 
peptide synthesis were obtained from Aldrich and Pierce 
Chemical. 

NOX1USTOXIN 

Purificaban of NTX from whole C. noxius venom was achieved 
as previously described [14], using a Sephadex 0.50 gel filtration, 
followed by ion exchange chromatography in carboxymethyl-
cellulose resins with 20 mm ammonium acetato pH 4.7, and re-
chromatography with the same resin in 50 mM phosphate buffer, 
pH 6.0. 

PEPT1DE SYNTHES1S AND CHARACTERIZATION 

A11 synthetic peptides were synthesized using the salid phase 
method (111 as previously described [9]. The yield of each newly 
incorporated amino acid in the growing polypeptidic chain was 
ascertained by the ninhidrin reaction [16). At the end of the 
synthesis, the peptides were liberated from the resin by cleavage 
with fluorhydric acid [111. All peptides were purified by high 
performance liquid chromatography (HPLC) using a C18 reverse 
phase column eluted with a linear gradient of acetonitrile from 
O to 60% in presence of 0.1% trifluoroacetic acid. The resuiting 
peptides were hydrolyzed by HCI 6 N, 110°C, and their composi-
dans were determined by amino acid analysis [9]. When needed, 
an additional separation using an isocratic gradient was applied 
to the peptides. Some peptides were confirmed by direct amino 
acid sequence using an automatic Beckman 890M micro-
sequencer. Only highly purified peptides were used for the experi-
ments described here. 

SOLUT1ONS 

The HiK solution contained in mM: 150 K aspartate, 10 HEPES, 
2 CaCl2 , 2.2 EGTA. pH adjusted to 7.2 with H2SO4 . The free 
Cal' concentration was 1 kest [7]. All peptides were applied to 
the membrana patch with a perfusion system modified from Car-
bone and Lux [1] driven by gravity. 

CELL CULTURE 

BAECs were obtained as previously described [6]. Cells were 
kept in culture and used from passages 10 to 20 [4]. Confluent 
monolayers were mechanically dispersed with a plastic pipette 
and replated on a petri dish allowing cell reattachment for 10-20 
mili. With this procedure single cells were obtained and used for 
patch-clamp experiments. 

SINGLE CHANNEL ANALYSIS 

Fetchan and Pstat (Axon Instruments) were used for data analy-
sis. The half-amplitude criterion was used to distinguish betwccn 
the open and the closed states of the channel [5]. Po  was calculated 
from 30-60 sec records using the equation Po  (open time/total 
time). Time distributions have been binned logarithmically to 
improve the resolution of multiple exponential components 
The routine used to fit the data consisted of a generalized nonlin-
ear least-squares procedure based on the Levenberg-Marquadt 
algorithm, which fit up to Tour exponentials to raw. data. For 
previously binned data (distributions), the method used for fitting 
was the maximum likelihood. Fitting iterations proceeded unta 
convergente was reached, as defined when successive improve-
menta in parameters produce a change in the chi-square value 
less than 2.5 x 10'4. 

Results 

SYNTHES1S OF PEPTIDES 

Figure 1 shows the amino acid sequence of noxius-
toxin with the peptides synthesized for this work 
underlined. Eight overlapping hexapeptides, corre-
sponding to the full amino acid sequence of NTX 
were synthesized. A nonapeptide and an eicosapep-
tide from the N-terminal region and a pentapeptide 
and decapeptide from the C-terminal were also syn-
thesized. Figure 2 represents an example of HPLC 
separation of a synthetic peptide. The main peak 
from the chromatogram was identified as the hexa-
peptide NTX1 _6  by amino acid sequence. A similar 
procedure was followed to identify all the synthetic 
peptides used in this work. 
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F1g. 2. HPLC separation of synthetic peptide 

60 NTX14. The peptide (228 mg) was injected at 
time zero in a Beckman chromatographic 
system. An Altex C11  reverse phase column 
was used to separate the peptides. An 
isochratic gradient from solvent A (0.12% 
trifluoroacetic acid in distilled water) lo 
solvent B (03% trifluoroacetic acid in 
acetronitrile) was used to separate the 
componente. Absorbance was measured at 
225 nm. The Iargest peak in the 
chromatogram (indicated by the arrow) 
corresponds to NTX1,4, according lo amino 
acid analysis and sequence. Chromatographic 
separations like this one were used to purify 
the synthetic peptides in this study. 
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Fig. I. Peptides synthesized for this work. 
Panel A: Small peptides (hexapeptides). Panel 
B: larger peptides. Ali peptides are aligned by 
their N-terminal reglan with NTX sequence. 
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NTX BLOCKS SINGLE Kcit  CHANNELS 

The effect of various concentrations of NTX on Ke. 
channel activity is shown in Fig. 3. NTX induced a 
concentration-dependent reduction of channel open 
probability (Po) with an apparent IC50  of 1115  3 1 O nm 
(n = 4). NTX blocked this channel only when used 
in the extracellular solution. When 1µM NTX was 
applied to the intracellular face of the channel, no 
effect on channel Po  was observed (n = 3, data 
not shown). 

BLOCKAGE INDUCED BY SYNTHETIC PEPTIDES 

Synthetic peptides corresponding to overlapping re-
gions from the primary structure of NTX (Fig. 1) 
were used at different concentrations to identify the 
region in the NTX sequence responsible for binding 
and blocking this Kca  channel. Only sequences cor-
responding to the N-terminal region of NTX were 
capable of inducing a concentration-dependent re-
duction of channel Po . Figure 4 shows the concentra-
tion-response curve for those peptides that affected  

channel Po . In general, we found that larger peptides 
were more effective in reducing channel P0 . The 
most effective channel blockers were the peptides 
NTX1 _39  (IC50  = 0.5 pm) and NTX1 _20  (IC50  5 I.cm) 
which comprise the first 20 amino acids from NTX. 
Less effective were the nonapeptide NTX1 _9  (IC50  
40 1./m) and the hexapeptide NTX1 _6  (IC50  500µM). 
The pentapeptide NTX35_39  and the decapeptide 
NTX30_39  corresponding to the C-terminal region of 
NTX had no effect on channel Po  at the concentra-
tions tested (up to 1 mm, n = 3, data not shown). 
The hexapeptides NTX6.. ii  and NTX11.46  which are 
contained in the peptide NTX1 _20 , produced no ef-
fect on channel Po  at the concentrations tested (up 
to 1 mM, n = 4, data not shown). The hexapeptides 
NTX16_21  and NTX21_26  were also unable to modify 
channel Po  (1 mM, n 3, data not shown), just like 
the other peptides from the C-terminal region of 
NTX. These results indicate that the first 1-20 amino 
acids of NTX are essential for recognizing this 
chann.eX but only the peptides containing the region 
1-6 can block the channel. This was the minimum 
region required to block the channel. 
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Fig. 3. Noxiustoxin blocks single Kc, channels in BAECs. (A) 
Concentration-response curve for NTX obtained at —40 mV. 
Unbroken line was used to connect data points. The hal( inhibí- 
tory concentration (1Cio) a  310 nM 	4). (8) ExamPies with 
channel activity at —40 mV from an outside-out patch containing 
one Kcs  channel. Solutions used symmetrical HiK. The dotted 
fine indicates the tem current level (baseline). Arrows point lo the 
closed level (C). Channel activity was monitored under control 
conditions and after addition of severa) concentrations of NTX 
(only 700 nM shown). Fut! recovery was achieved after replacing 
the bath solution with toxin-free buffer. 

MODULATION OF OPEN AND CLOSED TIMES 

Figure 5 illustrates the effect of NTX on channel 
open and closed time distributions. Under control 
conditions the channel displayed two mean open and 
two mean closed times when measured at -40 mV. 
The time constants for the open time distributions 
were ~150 and ~6 msec. The time constants for the 
closed state were ~0.6 and 548 msec. At the IC50  of 
the NTX the long-lived open time was reduced from 
147 :f.:, 6 msec (control) to 5.1 14: 2 msec (300 nM 
NTX). The short-lived open time was also affected 
by NTX. At the 1050  this time constant was reduced 
from 6.15 msec (control) to 0.38 msec (300 nM NTX). 

Fig. 4. Concentration-response curves for synthetic peptides. 
Concentration-response curve for the peptides that affected chan- 
nel P.. Hall inhibitory concentrations for nativo NTX 	n = 
4), NTX1.39  (0, n = 3), NTX1 _20  (II, n = 5), NTX1.9  (A, n = 4) 
and NTX1.4  (4›, n = 6). Unbroken fines were used to connect 
data points. The holding potencial is —40 mV. Solutions used 
symmetrical HiK. 

Figure 6 shows the effect of the N-terminal synthetic 
peptides on the time distributions. NTX and the 
synthetic peptides affected in a similar way the time 
distributions of the channel. AH the effective pep-
tides reduced the long-lived open time of the channel 
~25-30 times and the short open time ~7-13 times 
with little effect on the closed time distributions. 

EFFECT OF VOLTAGE ON Kca  CHANNEL BLOCK 

Previous studies reporting the effect of NTX on volt-
age-gated K+ currents from squid axon indicated 
that at low concentrations the blockade induced by 
NTX was voltage insensitive but at larger concentra-
tions (a 1.5 Atm) the blockade was voltage sensitive 
[2]. Contrary to this report, we found that in this 
channel the blockade induced by NTX was poorly 
affected by changes in the membrane potential; how-
ever, voltages outside the range ±60 mV were not 
explored. Figure 7 illustrates the effect of two differ-
ent voltages (+60 and -60 mV) on the 1050  for NTX 
and the synthetic peptides. Positive voltages re-
leased more effectively the blockade produced by 
the peptides NTX1..6  and NTX1 _9  with little or no 
effect on the blockade produced by NTX, NTXt _39  
or NTXI _20  . This result indicates that the blockage 
by small peptides lacking the region NTXt0_20  can 
be slightly attenuated by membrane depolarization. 
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Discussion 

BLOCKADE BY NTX AND SYNTHETIC PEPTIDES 

The parallel shift in the concentration-response 
curves of NTX and the synthetic peptides suggests 
that the difference between the native toxin and the 
peptide fragments resides in their apparent affinities 
for the channel. We found that larger peptides were 
more effective channel blockers. However, large 
peptides lacking the sequence NTX1 .4  produced no 
effect on channel Po  (e.g., peptide NTX30_39). The 
minimum sequence capable of blocking the channel 
was the hexapeptide NTX1 ...6  however, the rnost 
effective channel blockers were the peptides 
NTX1 _39 , NTX1 _20  and NTX1 ..9  (in that order). When 
measuring in previous studies the ability of these 
peptides to induce neurotransmitter release in 
mouse synaptosomes mediated through voltage-
gated K+ channels, we found the same potency se-
quence [9]. This result suggests that the binding site 
recognized by NTX and the synthetic peptides is 
conserved among various types of 	channels. 
However, the affinity of NTX for different types of 
K+channels is variable. In this study we found an 
apparent affinity of ~300 nM for native NTX. Val-
divia et al. [18] reported that NTX blocks Kca  chan-
nels of large conductance with an apparent affinity 
of 450 nM. Carbone et al. [2] reported an apparent 
affinity of 290 nM for the delayed rectifier while 
Sands et al. [15] found that NTX blocks voltage 
gated K+ channels from T lymphocytes with an ap-
parent affinity of 0.20 nM. The apparent affinity re-
ported here is within the range of previously pub-. 
lished values obtained in whole-cell experiments 
with BAECs [4]. 

MODULATION OF OPEN TIME BY THE TOXINS 

The major effect of NTX and synthetic peptides was 
the reduction of the open time constants with little 
or no effect on the closed time distributions. The 
affinity of the toxins (NTX and synthetic peptides) 
for the channel is proportional to the ability of the 
toxins to reduce the association constant. At the 
IC50  of the toxins the long mean open time was re-
duced ~30 times while the short-lived open time 
was reduced ~7-13 from the control values. Inter-
estingly, a third nonconducting state (presumably 
the blocked state) could not be identified. This sug-
gests that the mean lifetime of the blocked state is 
similar to that of the nonconducting (closed) states. 
The relative occurrence of the blocked state is diffi-
cult to calculate since the blocked and the closed 
states are nonconducting (they have the same ampli- 
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Fig. 5. Effect of NTX on channel open and closed time distribu-
tions. Dwell-time distributions obtained from one outside-out 
patch under control conditions and alter addition of 100 nM, 300 
nM and 5µM NTX lo the bath (extracellular) solution. Open 
and closed time distributions were binned logarithmically from 
records containing 50-60 sec of continuous channel activity for 
each experimental condition. The binwidth used was 0.1 msec. 
Time constant (t) in milliseconds and amplitude (A) for each 
exponential component are shown in the inset. The P. obtained 
for each experimental condition was 0.95 (control), 0.68 (100 
mm), 0.32 (300 nM) and 0.14 (5 MM). The dotted line indicates 
the individual exponential and the unbroken line represents the 
fit to a double exponential function. Holding potential for all 
measurements was -40 mV. Symmetrical HiK solution. 

tudes) and no significant difference was observed 
on either closed time constants at any of the toxin 
concentrations tested. 
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Fig. 6. Effect of synthetic peptides un 
channel open and closed time distributions. 
Mean open and closed times obtained al 
different concentrations of the synthetic 
peptides. These mean times were obtained 
after fitting with a double exponential function 
experiments like the one described in Fig. 5. 
Open symbols represent long-lived events 
while close symbols indicate short-lived 
events for NTX$.39  (O*, n 3), NTXI.20  (VY, 
n = 4), NTX!., (411,, n = 3) and NTX1.4, (CE, 
n = 2). The unbroken Unes through the data 
represent a linear least-squares fit. Holding 
potential for all measurements was —40 mV. 
Channel activity was obtained from at least 
one minule of continuous recording in 
symmetrical HiK solution. 
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Fig. 7. Effect of valiese on channel blockade. The effect of two 
different volases (-60 and +60 mV) on the IC, of NTX 
n w 3) and the synthetic peptides NTX1_39  (O, n = 3), NTX1 _20  
(V, n = 4), NTX1.9  (0, n = 4) and NTX1.4  (A, n = 3) explored 
in outside-out patches. The 1C,0  used here were obtained from 
concentration-response curves as those illustrated in Fig. 4. Solu-
tions used symmetrical HiK. 

If we assume a simple bimolecular binding 
model to approach the mechanism of block by the 
toxins, we can express it as follows: 

TOXIN + CHANNEL TOXIN-CHANNEL 
xon  

Where K0  = association constant and Kat- = dissoci-
ation constant. The equilibrium dissociation con- 

stant should be Kd= Koff /Kon . For this model to be 
valid the following criteria need to be met. (i) The 
time constants of the blocked state (1/K0tr ) should 
be independent of the toxin concentration, (ii) the 
time constant of the unblocked state (11Kon) should 
decrease proportionally with increasing toxin con-
centrations. Our results are consistente with this 
model. 

EFFECT OF VOLTAGE ON CHANNEL BLOCKADE 

The blockade induced by native NTX is insensitive 
lo changes in membrane potential in the range -±60 
mV with symmetrical K. However, the blockade 
produced by synthetic peptides lacking the 
C-terminal region of NTX can be partially released 
by depolarization. This result suggests that in the 
region 10-20 of the primary structure of NTX there 
is a specific sequence which prevents the release 
of blockade by depolarization. This sequence may 
stabilize the binding of the toxin to its receptor in 
the channel or prevent the toxin from sensing the 
transmembrane potential (or both). 

STRUCTURE-FUNCT1ON RELATIONSHIPS 

NTX belongs to a family of small peptides targeting 
channels. This family of toxins is composed of 

NTX, charybdotoxin (CTX) a toxin isolated from a 
European scorpion [12) and the recently isolated 
iberiotoxin (IBX) [81. CTX and IBX share 68% se-
quence homology between Chem and about 50% ho- 
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mology with NTX. CTX and IBX block Kc, chan-
nels in a similar way-both toxins induce long-
lasting nonconducting periods of minutes in dura-
tion. The effect of NTX on the Kc, channel is clearly 
different. NTX induces a fast flickering block in Kc, 
channels 071 and this study). We have shown here 
that the amino acid sequence that recognizes Kc, 
channels is located in the N-terminal region of NTX. 
A recent report indicates that the C-terminal region 
of CTX appears to be involved in recognizing the 
Kc, channel [131. Point mutations of CTX at Arg25, 
Lys27 and Arg34 decreased the toxin affinity for 
the channel. In that study the affinity change was 
produced by an increased dissociation rate. In our 
study, changes in the toxin affinity for the Kc,chan-
nel were related to a decrease in the association rate. 
Interestingly, the higher homology among these tox-
ins (CTX, IBX and NTX) occurs at the C-terminal 
region. Amino acids 25, 27 and 34 are identical be-
tween CTX and IBX; however, in NTX the only 
amino acid conserved is Lys27, the other two amino 
acids are replaced by an Ala at position 25 and a 
Lys at position 34. 
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SCORP1ON TOX1NS: A MODEL FOR PEPT1DE SYNTIIESIS 

OF NEW DRUCS 

POSSANI; G.13. G U IMOLA; '1:0. PORTUGAL; E/.. 'LA/AUDIO; 
L.D. VACA; n.s.A. cAT.Dilitou and G.11. KIRSC11.  

Department of Iliochemist ry, Centro de Investigación %obre Ingeniería (km!' ica y Bici ernoloja. 
Univerlidad Nacional Autónoma de MUiro, Apart udoal 510.3, Cuernavaca, 62270 N1lxico, 
Department ot Physiology and MOICCUlarllioph)lás, Ilaylnr College of Medicine, 1 lousi on,TeNii% 
77030, USA. 

Seorpion laxins are basic polypclidcs nf rclativeiy tuw moleeular weight (1), that 
rceognize Na *  and K+  ion ehan nets of excii tibie membranes (2). "livo families oí scorpion 
toxins have becn describa! (rcvicw 3): long-chain peptides with 60 lo 66 amino acid 
rcsidues lightly bound by finar disulfide bridges (4,5), which are spccific blockers uf Na*  
channel% (6, reviews 7 and 8) and shon•chain peptides ‘vith 38-39 amino ackl residucs 
bound by three disulfide bridge, (9,10), that block K*  channels (11, 12, reviews 13 and 
14) uf several excitable t issucs. 	most throughly studied are the Na * channel hlockers, 
for which iwo sub•types uf ioxins have becn named: a mins, iniiiallv round in the Old 
World (Asia and Africa) senrpions, which affect the inactiva! ion medianism oí the Na' 
channel% and fi toxins, round originally in the New World (America) seorpions, %%hitt 
modify the activation mechanism of the Na * channels. The complete amino acid scqucncc 
for ni least 20 such toxins have becn reponed. The tridimensional structure, by x-itny 
diftraction, is presently known for twa distinct Na*  channel ioxins (5). Studies un the 
strueture-function relationship nf tuse ¡mins started with chemical nuxlifications nf 
spccific residues in ihe naiive m'irles (15). Recendy, cntirely synihelie pcpikles cor-
rcsponding lo the amino asid sequences nf nfflive «mins have peen prcparcd (16, 17). A 
final ohjcctivc is to obtain information un siructural feai tires uf the toxins, that cause a 
spccific funelion un excitable iissues. An itliernat bre goal is lo modify the toxicity nf 'hese 
pepiklcswit how a ffeeting too much iheirriniigcnicdcicrminants, for possihle application% 
of such compnunds in serme rally or in direet immunizai ion schemes, as syni he t ie vareines. 
The purpose oí Chis manuscript is lo addres.s various aspects uf !hese experimental 
strategies. first, wc describe the syntliesis of several frtigittettis from toxie pepikies 
extracta, purified and characierized from the Mexican scorpion Centruroides novios. 
Second, wc analyze the direel effect of the chemically obiained peptides un different 
biological preparations, and we verify !heir inumnological properties in marine immune 
system. Pinally, based on iheoretical considerations of the structural similarities of Na./  
channel blocking toxins obtainect throtigh the mole analysis methtx1 (18), wc repon the 
dcsign and synthesil of a chimcrie Insta, and WC stutly jis biological properlics, showing 
that scorpion toxins are good mode) s for test 	po.s.sible ncw pharmacetoical drugs. 
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MATERIAS.. ANI) MET1101)S 

Isterifiesitioss and Clotracterimstion 

Venom from Coururnides nnvinvsc•orpions collccicd in Nayarii State (México) asaz 
obtained by els:oriol stimulat ion of the gond, (telsons), dissolvcd in waier, eentrifuged 
and the supernatant coas freeze-dryeti and stored at .20°C, until used. Usually 10,000 
scorpions tire required so obtain 1 gran of venom. 

Purirseation uf toxins mas carric(' out by the proccdurc pre%iously describrd (3, 19). 
13rielly, soluble, room is separata' hy g,elfilsration in Sephades 0-50 column (0.9 x 200 
cm), in 20 suisl ammonium hes:tale buffer, p11 4.7. 'liude fraesioas are 'briller separuied 
by ion exchange ehromatography in two stops: first, a earixtsymethyl•rellulosc miumn (0.9 
x 30 cm) equilibrase(' misil 20 mtvl amsnoniusn :les:tate buffer, pl 1 4.7 and ~e() with a 
sodium ehloride gradient from 0.0 to 0.5 M; and secundo  a similar ehromatographic 
1:dont, bol at 50 mAt sotlium phosphate buffer pl 1 6.0, doled with NaCI graban from 
0.0 lo 0.38M (3). lissie vont ponent s are monis orcd hy inImperitoneal inject ion into albino 
mire (main CD1), of i00 to !00p! of fracs ions containing from S lo 50 pg pro tein caets. 
Les haiiiy symptoms are ssilival ion, las:dm:ilion, dispnca, sporadie convulsions, paralysis or 
reir 	clyarrhea, respiratory or urdiste artes' (20). I lomogeneity of moldes arc 
followed hy gel eleetrophoresis using the hei<balanine-urea system, deseribed by Iteisfeld 
ei a/. (21). Eventual, a foursh porilleation step is rcquircd fox certain toxic fratetions, 
consisting of high performance liquid ehromalovraphy (111'1.C), through a reverse phasc 
column with an oetaclecylsilane resin (18). rurther ehemical eharacterizat ion of pudría' 
componcnts are t.ondoeted by asnino acid analysisor hydrolizat es prcparcd by the me thod 
of Moorc and lisein (22) in a 1)urrtn 1)-500 amino arid analyzer (20). The primary 
struelure detrrminatioit follows the procedures oder describa (18), hy mons of au 
matie Edman degradation (23), using a Ileekman 890111 mierosequeneer, or an Applied 
13iosystem Sequeneer (18). 

(.3sessileal Systilsesis (Ir l'oficies 

l'eptides corresponding so the asnino mit! sequence of severa' tosins, purified and 
sequeneed from the venom or the scorpion es. Hachís (3, 18.19, 23), was performed hy the 
salid pitase meshotl of Merrifield (24). A detailed deseliption uf the technique used is 
found in our previous publiesitions (17, 23). liriefly, This method consist of sequential 
contlensation or proteeted asnino atids, front which the first, so the C-terminad rcginn, is 
coyote su 	tu a sutil,' so pport (24), and subsequent nfargemeni of the polypept idc 
chalo is obtained poSymerization with ea rbtxli immide in presence of mei hylene chloride, 
uscd as solvent. Sideprodoets arc musite(' in cach step or the vele: deprotect ion, 
nculralization, condensation uf esseh new asnino mit' added 10 the growing polymer. At 
Ibc cnd of the synihesis, the resulting peptitle is liberase(' from the salid stspport hy 
Illsorhydrie aeid eleavage, whieh :siso deproteets the reactive siete-chulos of some amino 
acids (24), depending can the speeilie sequenees. For smalt peps 'des, containing onty two 
or three asnino acids the liquid pitase meilux1 was uscd (25). Muss pCIMideS wcre syn-
thesized manually; however, for very large peptides, tikc the ehimcric suelo cusnaining 57 
asnino acid residuo, an out °mas ie Applied Bios»! em machine WILS used, aes..ortling tu t hr 
pmedure implemente(' 1w, the company. Al the end oí* the synthesis oil pepiides were 
purilied, either by ¿hin layer ehromatography (dipeplides and tripeptitles) or by 111'1.C: 
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(larger peptides), as described (17, 25). Verifica' ion of the synthesis atter parilleat 	WaS 

carde(' out mainly 	amino 	analysis or 	mino zicid scquence determination, as 
describe(' befos: for the native 

lustuuttological Studien 

Scveral immunization sehemeswere followed lo produce polivalent or monoclonat 
antibodies in mice (strains 1101b/e or C1)1), (24, 26). Usual pro-immune serum was 
obtained from cach animal before starting lin immunization scheme. Nevera' groups of 
unimals, containing 6 to 10 mice, wcrc use(' for each inmuniza( ion seheme. Peptide ;done 
(3 u) 50 	or peptide covalently attached lo a eitrrier molecule, sud) as mouse scrum 
albumin (24), tyroglolyuline (2(t), or nitre rcettatosepaper (U. Caldeni, unpublished)was 
use(' to immunize mice. liumunizat ion proceeded either in presence of Freund adjuv;mt 
(24), ¡ilumina (26) or :done. 

A typical immunization procedure Will consist of 6 indepentlent applications of 
antigens, sellarme(' un time by 15 clays cae!), in every single animal. After une weck t vf eat.1) 
injection, the animal were bled for tesiing the anti-sera. Doble immuno-difusion %vas 
conducted in azar Os as describe(' (24). Monoclonal antilxxlies %ere obtained, selected 
and eloned, atter fusion of splecn cells of immunized mice with a myeloma cell line 
(81'2/0Ag-14), as describe() by E Zamullio (23), and 1'. llerion, G. Garrota, 11 Saavedra, 
E Zamudio, 1t. Sanehez, and 1..1). Possani (in preparation). Itadity-immune assay (121A) 
or enzymat le-kimono assay (111.14A) wcrc carried out, as describe(' (2.1-26). 

Ilinas.suytuld Physitdoilleal Chanteterizat huí II rept ídem 

Mdtres for medium 'cibal (lose (1.1)50) of native toxinswere obiained as describa! 
(20), using sis or len mice for each (lose and injeciing groups of six or ten mice for every 
1.1)50 determination (tx)th for C1)1 and llalb e strains of dee). lethality tests wcrc 
performcd in albino mice (si rain C1)1) using the time mutes of adminisiration, A sttx:k 
solution of synthetie peptides, correspontling to the mino acid sequence of Noxiustoxin 
from positions 1 to 9 (NIX1-9) and 30 lo 39 (NTX30.39), 1(1 mg/tul in water, was used. 
Synthelic peptitle NTX1-20 (datas atm) temed, hui the solubility in water was pot)r; stock 
so lutions wcrc prepared in presence of organie solve ni s, sutil as dimethyl-formamide, and 
subsequently dilate( in appropriated buffers. Anisol, organic solvents and dithiotreitol in 
water :ti the same equimolar coneentrations as the peptides were also injerte(' in control 
animals to rale out the possibility uf artifact tia! eftects of ihese possible contaminants. 
Thrce animats WCre injeetect int raperitoncally, subeutaneously and int ravent rieularly. The 
cerebro-ventricular locídizzition of the intra-vranial injection was controlled using 
Blue as a markcr. Synthetie long-chain chimerie toxin was awyed 	intraperiloncal 
injcctions in mire (strain CD1), 50 to 400,1120 g ~use Iveight. 

'(he cxperiments with synaptie termivats (synapiosomes) mere performed with 
brains removed from adult albino mice (strain CI)1). ltrains withoui ecrebellum of tour 
rake wcrc usualty ()sed to °Main mirilla, $yllapiosomal fraction, following the met hod uf 
iltips (27), with slight modifications as described (28). Preloading oí synaptosomes with 
12,3.311-GA13Af, perfusion with the various experimental (l'albinas and ratlioactivity 
mensurements arre performed as describe(' (17). 	 fi 
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Neutralization experimenta with monoelonal or polivaient antibodies wcrc per. 
formed as indlcate d in the legends of the figu res. Por monoclonal antibody a 10 fold cxccss 
antibotly over toxin was mix logcthcr and incubated for 1 hr, at room temperature, prior 
injection lo the min. 7 ac amount of toxin uscd wAS-Cilher the equivalent of onc or ten 
LUSO valucs. For polyvalent anti-peptide or anti-toxin scrum an amount of onc LD50 
valueof toxin was preineubated 1 hr with 80 or 160plof scrum prior injection toa group 
of 6 animals. 

Cell culi ure (Neuroblastoma N18 cells) and clectrophysiological recordings wcrc 
perfume(' as prcviously described (29, 31). 

KESUI:fii AND 1)1SCUSSION 

Peptides corresponding to the mino Reid scqucncc of toxina from the scorpion C. 
/savias, that block both sodium and potassium channcls of excitable mcmbrancs, mere 
synthcsized (Figure 1). From Noxiustoxin (9), the following Erguido were prepara: 
hompeptide (NTXI-6), nonapeptide (N'I'X'1.9) and cieosapeptide (141X1.20) from the 
N-icrminal region; poni apeptide (NTX35.39), decapeptide (NTX30-39), nonadecaptide 
(NTX21.39) from the C-terminal part uf the moteo le; the rail Icnghl !agilite (NTX1.39) 
and a diseontinuous hesapeptide conlaining the mino acid sequen= of the tripcptide 
from the C-terminal para, covalcntly linked tu the n'impide from the N•terrninal (NTX. 
1110) rcgion of the toxin. From the Mi+  channel blocker toxin 11.9.22 (19,23), two peptides 
wcrc synthesized: tetradecapepik/e from midan% 1 to 14 and a pentapeptide from 
positions 61 40 65. Final, a decapeptide from the N-terminal rcgion of toxin 11.10 (19, 
and unpublished) uta salsa synthesized. Alt peptides wcrc perilla by high performance 
liqukl chromatography, their aminu mit/ compositions %yerre determina, and when necea. 
sary the ;mino acid seque= was confirma by direct Miman dcgradutíon in a mierose. 
quencer Ileckman 890M (17, 23, 2(i), The long-ehain peptide (chimeric-toxin) of 57 arnino 
field residuo meas aiso synthesized and and for toxicity, immunological and 
electrophysiological experimente (Figure 2.) 'ibis chimcric ioxin was dcsign foltowing 
general reatares ora comparulivestutly, by the mei rie analysis me ihml (18), uf the primar). 
almiares of known sodium channel blocking toxins isolated from the venom ofscorpion 
from salí over the world. Figure 2 shows :some uf ¡hese characteristies. On the upper pan, 
thc a Iselix (a) and t he p sheet (1) forming regione of variant 3 Mein, from C'. sculpluralust  
are shewa, based un the X-ray data or tisis model ¡oxin (5). On the Minn part,tdleommon 
mino acida, highly conserved, are Uso indicated. 'lineen priman,  s fixtures ofseorpions 
toxins are cumpared. In arder tu enhance ximilaaritics atmong thcses sequcnecs, gaps have 
lo be introduccd un the primary sin:lores of the taxin.s from both North Art14:fin and 
Man scorpions, at the N-terminal para of the molecule, approximately nt positions 17 lo 
20, which corresixmds lo the loop .1 uf the tridimensional structure of the toxin. 'nese 
peptides belong lo the group uf the a-seorpion toxins (32), whilc the toxins from American 
seorpionso  represented hy model toxin 11 uf C. suffusus 	helung lo the p se o r pi o n 
toxins (32). The lasa ramily of toxins liare gaps in the region uf the kx)p 13, corresponding 
to mino acids at p4mitions 43 ¡o 50. a-ioNins aftect the inactivinion mcchanism of Na+  
channel, and fi-toxins aleo ¡he activation rnechanism (32). In dcsigning Chill1Crie toxin 
fi, shown at the luwer botion par' of Figure 2, similar :mino field, lo ¡he American seorpinn 
toxins %vete choscn, sperially at ¡he a hclix and f sheet furming ;mino acide scgmcnls of 
the peptidc. Ali cysicines %vete conserva and gaps mere intro(luced in the loop J rcgion. 
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The idea was t o preserve general features, typical of I hefi-scorpion toxins. *Km additional 
amino neitis at pasitions corresmnding to the .1 loop wcrc inlroduced with the hopo lo 
rnodify a flinity for the channel. Vi expeet lo obiain ít novel syni he i le P-seorpion toxin. The 
rcsults prcsenled here werc obtained with the P-ehimeric peptide, as produced hy the 
automatie synt hesizer, wit how furiher purification. 
Figure 1. Amino Acid Sequen« of Synihclic Pcpi 

Pcplidcs 	 Arrimo Acid Sclucnccs 
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1 	 5 	 10 
'thr•Ite-11c•Asn•Val-l •Cyb ilt r -Sc r•Pro. 
11 	 15 	 20 

21 	 25 	 30 
Tyr-Gly.tic r.tie 
31 	 35 	39 
Asn-Cily-1.ys.C:».1.).N.C5N.Tyr•Akn.Asn. 

'111r-I1e.111:-Asn-1'al.1 o. 

Thr.11c-11e.Asn-Val.10.(ys.Thr-Ser.Ilro-
10.G1n.C.V$Ser.10.11ru.C)N.10.6111.1.eu. 

1.pi.Cyx:lyr.Asn.Asn. 

Met•Asn.fily.10.4)%.10.1yr.Asn.Asn. 

'1'yr.G1y.Ser.Scr.Ala.Coly•Ala.10.eys•Nlet • 
Asn•Gly.10•CVN.I.ys.Cys:I'yr.Asn.Asn. 

NrX1.39 

NEX1.6 

NTX1.9 

1brfX1-7.0 

htlX15-39 

KEX30.39 

l<1,(21.39 

N'EN% 110 	 r-Asn•Mn.'111r.114:.11c. 

11.9.2.2(1 -14) 
5 

1 .y.4.Glu.Gly: lyr.1 .0 .Val•Asp.10.Asn- 
10 	14 
T1tr.Gly.Cys.1o.'lyr. 

61 	 65 
Pro-Asn-I o-A rg•Sc r. 

1 	 5 	 10 
11.10(1.10) 	1.ys.(3111.61y.Tyr.1.cti.Val-Asn•Scnyr.'llsr. 
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44144~14414 lohishb 	bibbido 
Ri 	30 	"14 	So 	1AI 	ro 
COMICMC TXLX CUCTCOSASPYCXACICTXLPOWVAIXO rca Cl 
CAXATCX1M4 XX XCCE3C1CDWAIPICKACWCTILLID111131XXX C4 CX 
CAXATCODEC IX C4234ZMACQVCMACICTXLIPDVIPIXIXVICIC11 
CSMICXTICTIDGALICYCOLGXTCXACWCIFIPDXYPILIPCXCX 
VP r CDCLC 13310113C3SCIP UPOWLACWCOMPDXVP101144 CT 

OACTIM1 4CCKL3CtIR 'ser:careo:e X OSSCICAM t 
MUNDO tOCXY301.1 PACYCOCTCXTILX ASSCOUMI P 
MUTUO* CATIC1411 DOIATCDUCCII a ADSGICTWI 

ILICTIVIIISICCETICIELCDICDTCLUCEPTCLISCCTOA Y 
ricnrusircericetuaxacczumantoccuctora r 
XDCILVIITocsammcantotatcomccsmcic r 
KOCILVDA WACXXXCTOICXXDYCMCXXXXICC4TCTCIC 
XICTLVVISISCILIWYXLCDODICLIA~TCKCACCTMA t 

C 
	

0.1 I ..~.~•~Ne e 	 01.111.1~e e 
	

c 
loep J 	 teop 

xtotaxasocc C 	1IDICIALCILQ9CTUACCIC AC P ACCTC LIADO YAC TX C 
OCIA 

I-rep 

AAX 	11 
Lq4 V 
1111 	1110 
Lag 	tyl 
MS 1 

Te 	&mame 
Te 	111-4 
Ti 	1V-4 

Ces 	11 
Cell 	*3 
Ce4 I 
Ca 	1/-14 
Clt 	1 

Ceras 

4 411amtle 

bibb 
1* 

VXDCTIVODVX CITIC 
LXOCTIVDM CITIC 
VXDCILADOW CATtC 

CVIDATIADDEX CVTTC 
LADCTIVIPX10 CVTIOC 

ACTGICIMIVYMIDIAT1111C 
ACICT070... 

ILCUTCLP44•.. 

ACWCTILTUIAVVVPLPMXTCO 
ACIOCICLPUTVITPLPIZIC 
GCTUCLPDSTQTWPLPIC CT 
CCICECLUSTITWPLIXICTC 
SCIOCTUTE4AVWYUlani 

Figure 2. Cornparison of Primary Siruclure of Severa' Toxina by the Methed of bielde Analysit. 
The folloviing sequences wcrc contpared (ste rtvicw3) Aali II is toxin 11 from Androc-
tosan australis; Lqq, from uorpion Leittrus q. quinquestriatus; Be, from Buthus eupeug 
Ti, from Tityus sernalatus; Css, from Ce ntru rolde: suffusus; CaE, from C. sruipturatua 
Ewing Cn, from C. noxius and at from C. limpidus tecomanus. The chimcric toxin, type 
13, was &sign atter Chis analysis Qast sequence). Tbe upper pan shows the X-ray 
diffraction results, whcre the a andp sheet forming entino asid sequenee are labeled (3). 
In the botton part of the sequenres are alio indicated the cometan amino arida and the 
loop J and El region of the motcculca. 

AH the aboye rnentioned synthetlepeptides were tested for toxieity in mice. Table 1 
shows that the most rcicvant information obtained is the presence of toxicity In pcptidcs 
corresponding to the N-terminal amino acid seque= of Noxiustoxin (17), and toxin 11-10 
of C. noxiiu. The P-chimeric peptide was toxic at high conccniration. However, pcptidcs 
corresponding,to the C-terminal part of Noxiustoxin wcrc not toxic at vcry high dose (400 
irg/20 g mousc weight). Lethality tests have shown that the etfects were dose dependent, 
but wcrc independent of the route of administration of the peptides (intraperitoneally, 
subcutancously or intra-cranially). Synthctic pcpiidcs corresponding to the C-terminal 
region of wrx wcrc not toxic. The "in vivo" tests wcre con firmcd by *in vitro" experiments 
using two systems, the ncurotransmittcr release assay with radiolabled GALIA preloaded 
to mousc brain synaptosomcs (28), and an electrophysiological prcparations by means of 
voltage-clampedmeasurements on excitable membrana (29). Figure 3 shows the results 
of some synthetie pcptidcs on 311-GABA release from synaptic terminals. lt is citar from 
(hese experiments that the N-terminal fragments: NTX1-9 and NTXI-20 are active on 
neurotramsmitter release, similaryl to the cffcct of native Noxiustoxin, whilc the Cta. 
minal pcptidc NTX30-39 is not (17), givcn additional support lo the lethality tests veritied 
in mime Furthcr evidente showing that the N-terminal nonapcptidc and eicosapeptide of 
Noxiustoxin affect K+  ion channels was obtained by experiments done with voltage-
clamped dorsal root ganglion neurons (33). NTX1-19 blocks the 10" currcnts, in a similar 
manner, as the native toxin; the effect is reversible by washing the preparation with buffer 
(E. Carbone and L.D. Possani, unpublishcd). 
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Tablc 1. Lethality Tests of Synthetic Peptides. 

Peptide (dote Administration mute . 

 

Intraperitoneally 
	

Suheutaneously 
	

Intraventriculady 

37 

NTX1.9 (200) 
	

Intatication 	Intoskation 
	

Intoxicatioa 
symptonas within. 	symptons within 	syrnpions convulsiona 
20 min. 	 20 min. 	 within 12 min. 
Death atter 4 hr 	hyperexcitability 

	
Death befar* 20 min. 

lacrimination, 
survived 

rzrxhi (100) 
	

Douhtful symptoms 	No symptoms 
	

Toxie, death 
within 20 hr 

NTX14 (20) 
	

No rimptonts 	No symptoms 
	

Symptoms slightly 
different from NTX 

NTX1.20 (200 
	

Deadly 
	

Not tested 
	

Not temed 
NTX30.39 (400) 
	

No symptoms 
	

No 'imploro: 
	

No symptoms 
Nativa NTX (40) 
	

Deadly 
	

Deadiy 
	

Deadly 
n-10(1.10)•MSA 
	

Deadly 
	

Not temed 
	

Not tested 
P-ch ric147 (400) 
	

Deadly 
	

Not tested 
	

Not temed 

Note: MSA is mouse serum sibumin towhich peptide 11.10(1.10) from C. t'arios was couptcd. 

Figure 3. Efftel of Native NTX and Synthellc PeptIdes on TransmItter Release. Synaptosomes 
obtained from mico werc loaded with laheled CARA and perfused with standard Ringer's 
perfusion mediura. Left (a) represents the effectof 0.2 ftM native NTX (closed circles) 
and control (opencircles). Right (0) the effect of 100/114 bt1 x1.9 (opon triangles), 100 
/t M htl'X30•39 (closed triangles), and 100/1M NTX1.20 (opon sgi►ares). 
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Figure 4 shows the «red offi-chimcric peptide on a N18 ncuroblastoma cell line, 
mantained in voltage-clamped experimenta (29). Panela A and 11 show superimpo.sed Nas  
current record% obtained bcfore and cight minutos atter adding 9.2 pM 13-chimcric 
peptide to the bathing saluden. In the presence of toxin, currcnts wcre largor at more 
negative test potcntials (A) but smallcr at more positive potentials (13). The waveform of 
the currcnts in panel 13 wats not altercd by synthetic peptide; in particular, the fact that the 
inactiyation phasc was unchangcd indicates that the chimcric main does net behave like 
an a toxin. Panel C shows the complete current-yo:coge (1-V) rclationships More (opon 
circics) and atter (Red circles) chimcric toxin application. 'loxin treatment resulted in both 
a Shift of the IV curve to more ncgativc potentials and a 2O' block of maximum 
conductancc. The block could be rclicvcd by washing with toxin -free solution (net shown) 
hut the Shift could not. A similar dcgrcc of shit"( was deteetcd in yoltage dependence of 
su:My-suite inactiva tion (1)). The chimcric texin thereibre shows the characteristic fea-
tures ofP-scorplen toxina, as prcdictcd by the metrie analysis studies and by the dcsignin 
feulures eiscus.sed ahoye (Figure 2).1 loweyer, the rxnency scems rcduecd compartid with 
nativo toxin, as also cxpcctcd, although othcr raison could cxplain the low toxicity Icvels 
of the P-chimeric pcptidc. For example, the pos.sibility of the presence of undcsirables 
synihelle mildo (crudc preparation of synthetic fl-chimcric toxin) and/or the presence 
of wrong formation of the appropriatc disulfide bridgcs. Wc should runa that ibis mildo 
has eight cysteineso  with thc possibility of forming 4 diffcrent disul fide bridgcs. 

A. -30 mV 	 13. +10 rnV 

glj z:pplimamemogoss r•L tri~a~1-11-1"-Al."*A-swalg—"..«.  
0.5 nA 

I Mil 

Figure 4. Effeets of Chlmerle Peptidel-57 on Na currenLs of N t 8 Neurohlastonto Cell. Holding 
potential was -90 mV. The records were Meted at 5 kl Iz (-3 dB). Paneis A.B show 
supe rimposed Na current monis obtainedbefore and eigh i minuto atter adding 9.41M 
toxin to bath ing sol ution. Panel C shows the complete cu rrent -vol agc (1-1) rclationship 
before (open circles) iºnd alter (filled circles) taran aplicat ion. A similar degree of shift 
was de tected in the voliage depende nr.e ofsteady-state inact iva t ion (D).Thc experiments 
viere performed at room temperature (25'C). Similar results were obtained in 4 additional 
experi me nts. 
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In conclusion, thcsc data shows that it Lo possiblc to obtain synthetie poptidesi  with 
imano acid sequence corresponding to native toxina, which mimic the function of naturally 
occuring peptide4; hencce  opcning the polsibility of designing ncw pharmacological drup 
to study or to interfer with the normal function of excitable tissues. 

The sccond important set al experimento conducid with the synthetie peptides of 
Figure 1 and 2 come rn the immunological properiies of these peptides. As shown in figures 
5 to 7, 111 pepaidca are capable of oliciting an immunological response in mico. Figuro 5 
shows the resubs of immunodifusion in agarosc 

Figs/115. Imroanodltuslan with Sera Antbsyn.. 
dude PeptIdes. The central well containa 
synthethie NTX1.39 coupkd to mouse 
5CRII5 albumln. Peripheral wells contain 
anthaers obtained apinst synthetic pep• 
fide* WM1.39 (lower well), 14/11(21-39 
(right well),NTX3039 (upper well), and 
control with buffer4aline (lett 

   

   

  

   

   

    

E 
	

1 
51-55 1-14 	111-45*  1-14 

Figuro 6. Elisa Mantes with &ruin froto !dice Intmunlud with Synthetic Peptides, Elisa piales 
wcrc coated with, ebbe r syntbetic peptides covalently linked to albumin (len set of bars), 
or peptides alone* (right set of bars). Anti-sera wcrc obtaincd with synthetic peptides 
11.9.2.2(1.14) ad 11-9.2.2.(61.65). 13ars (white) represent immune sera, while shadowcd 
bars are from pre-immune micc. 
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The central contains well contaba Culi leaght synthetic Noxiustoxin (NTX1-39) 
cOupled to mouse alguna albumin, and in the peripberal weLLs severa' anti-sera obtained 
agalla« synthetic peptidea NTX1.39 (lower 	NTX21-39 (wright well), NTX30-39 
(u pper well) and control with buffer-satine (lett we11).M1 anta-sera recognize the ÑU lenght 

peptide NTX1-39. Cate must be tiken, boom =use serum albumin treated 
with carbodurnide adule la alio a load aptibody termina agent (data not shown). Pre-ad-
aorption of antibodies to albumin must be performed, Ubre assaying the hyper-immune 
serum, in order to avoid artefactual positivo resulto. Rirthermore, mice immunizcd with 
aynthelie peptide (NTX1-39) are protected when challenged with a lechal done of nativo 
NTX (24). Figure 6 shows the profile of ELISA susayea conducted with serum obtained 
from mice immunizcd against synthetic tetradecapeptide toxin11-9.2.2 (at position.s 1-14), 
and pentapeptide (pmilano 61 to 65), conesponding to the C-terminal ambo acid 
sequence of the same toxin from C. nexims. The readinp at 492 nm in the ELISA platea 
were highcr for the sera of immunizcd mice (right bars), cornpared to pre-irnmune sera 
(lett 	Adsorption of pcptides linked toa carner motecule (lett set of bars), givcs better 
resulta than peptide &ene (right set of bars). Note that the carrier =tenle used for the 
ELISA assay was al bu rdn, while the carrier uscd for immunization was tyroglobulin. 

This stnitegia diminishes the probability of falso positive multo. Another hand the 
apparent lower leveis of antibodies obtained with peptide aloca could be due to a lisa 
cdent of binding of the synthetic peptides to the ELISA piales. Regardeless of the actual 
level of antibodies, it seems clear from these experimento, that both peptides (1-14 and 
61.65) are immunogenic in mice. The next set of experimento (Figure 7) showi that mice 
(strain Balb C) immunizcd with native toxin 11-9.2.2 or with p-chimeric peptidel-57 
(Figure 2) produces antibodies capable of reoagnizing the native toxin. In Figure 7 A we 
show the resulta of a LD75, that is, the native toxin concentration capable of killing 75% 
of a mouse population (control mice). Figure 7 B Mous the resulta of direct challenging 
immunIzed mire with a LD7S of nativo toxin. The idee assayed in B were previously 
immunizcd with nativo toxin (six injections of a sub-lethal dosc); 100% survival was 
obtained. Therefore, nativo toxin 11-9.22 immunizcs mice by producing prolccting an-
tibodies. Figure 7 C shows the resulto of a group of mice uscd for the determination of the 
LD50 value of native toxin 11-9.2.24 and D shows the challenge of mice (six) with a LD50 
concentration (always corrected to 20 g of mousc body wcight) of native toxin to mice 
prcviously immunizcd with fi-chimeric pcptidc. No apparcnt protection was found in this 
experimente However, in Figure 7, E and F a dcfinitive result was obtaincd, showing that 
animals immunizcd with the synthctic p.chimcric pcptidel-57 produce scrum capablc of 
protecting third animas in "in vivo " chalienge, atter pro-mixing anti-sera against chimcric 
toxin with nativc toxin 11-9.2.2, in amounts of an equivalent LD50 value. In Figure 7 E, 
160 ml of scrum from mice immunizcd with 13-chimeric toxin wcre mixed with buffer 
containing nativc toxin I1-9.2.2. (onc LD50 value), incubatcd for 1 hr at room temperature 
and challengcd a third group of mice (non immunizcd); 100% survival was obscrvcd. In 
Figure 7 F. the same experiment was conducted, but decreasing the amount ofanti-serum 
to 80 p1; a parcial protcction was obtaincd, 25% of mice dicd. The last two experimento 
show that the scrum produced by mice immunizcd against the synthetic 8-chimcric toxin, 
when mixed with native toxin (onc LA50 value) and injcctcd in control mice protcct them 
in a dosc dependent manner. An amount equivalcnt to 160 mi of anti-serum is requircd 
to ncutralizc onc LD50 value of nativc toxin. Ihking together the experimental results of 
Figure 7 C to F wc concludc that beta-chimcric toxin is poicntiatly promising to serve as a 
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mode! for production of a synthetic vaccine against scorpion toxina. The unconclusive 
resulta of Figure 7 D can be explained, among othcr things, by the appearance of 
immunological sensitization, duo to the use of impuro antigcns (synthetic /3-chimeric 
toxin), which is not an unusual phenomcnon. 

A 

Figure 7. In vivo' Challenge of Contri): and intrnunized Mita with Nativa Tonin. Letters A and 
C represe« respectivelys  the LD75 and LDSO of nativo toxin 11.9.12 injected in control 
animalz 13 is 100% survival of Met pre.immunized with nativo 11.9.2.2. and challenged 
with one LD7S of the same toxin. 1) representa mice pre•immunlzed with /3-chimerie 
peptide and challenged with one LDSO value of toxin 114.2.2. E and F are experimenta 
using control animal* injected with a mixture of nativo toxin (one LDSO value) and trino 
diffcrent volumen (E la 160141, and FIs80/41) of sera obtained from mire preimmunixed 
with /3-chimerie peptide147. 

Finaily, another approach has been folimved to study relevant antigenic deter- 
minants in the structure of scorpion toxina, by mcans of the use of monoclonal antibodies. 

Figure 8 shows displaccment curves of a monoclonal antibody (13NTX-145, 
produccd by R Hérion, G. Gurrola, R. Saavedra, R. Sánchez, E Zamudio and L Possani, 
unpublishcd) performcd through ELISA assays, using nativo Noxiustoxin and several 
synthetic peptides containing amino acid sequen= of NTX. The pentapeptide (NTX35-
39) is not eapable of dispiacing the binding of nativo NTX, while synthetic hexapcptide 
NTX 14 and the discontinuous peptide NTX 10 are capable of displacing nimost entirelly 
the binding of nativo toxin to the monoctonal antibody. The discontinuous peptidc is more 
efficient *han the linearly continuous peptides. This type of experimenta is uscful for 
determination of possible epitopes in the antigcnic motecules, special if complemented 
with neutralization experimenta, as shown in Thhie 2. This labio reporta the resulta of 
mixing toxin II-9.2.2 with various distinct monoclonal antibodies (23) and injecting into 
mice. Tbxin alone injected to 5 mico at a doce of 10 LDSO kifis al! mice within 20 min. The 
same happcns when 10 LDSO doses of toxin are premixed with a non relaled monoctonal 
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antibody (137X-I6). Howcvcr, ose of the monoclonal antibodiea against toxin 11-9.2.2 
(Hal) was capabiebf proionging the üfe of 3 animals for appradmately three days (60hr) 
and actual 2 out «5 animal: survived acvcral weeks (thcy did not dicd by scorpion main 
action). If an 11)50 dale is used, the 5 animak survi9e the injection. Other monoclonal 
antibodica (BCFI, BCF3, BC.T7 to 9) prolonscd the aurvival from 15 to 20 hr (data not 
shows), but sil mace eventual dial when injected with an excesa of 10 LDSO vallas of 
toxin preincubsted with purified antibodies (10 foil fuma antibody over the molar ratio 
of todo), lbeae data were interpreted as follara only one of the tia distinct monocional 
andbodies obtaincd (23) was abie to produce neutralizing antibodies apinst toxin11-9.2.2. 

Figure i. Diapiscemant Curves of Meneclimal Mallbedy 1NTX té with Synthalk Perlita. 
Nativa Noxiustoxia attached to the ELISA piale la cambie of binding monoeloual 
antibody BXTX16. The binding of 131411'XI6 is diaplaced by addition oí ceceas free N'a, 
ag indica te d by opea ebria, but la not displaced by synthetk NI X35.39 (copen trienales). 
Zvo synthetie 'nades: 	(clased ciclo) and a discontinua peptide 1110 (open 
¡guares) are capabk of compiting with native toxin for the binding to the monoclonal 
antibody. Rabbit anti-mousc immunoglobuliees attached with peroxidase wcrc uscd to 
develop the ELISA color on the platel. 

Tubk 2. `In vivo` Ne mi rulizstion May with Monoclonal Antibodies Anti•toxin C. nonius 114.2.2. 

Mixture injected 	 Micc Survival 	 Time of Survival 
(toxin + antibody) 	 (a live/total) 	 (man value hours) 

Toxin alonc 	 0/5 	 1/3 
Toxin + DNTX16 	 0/5 	 1/3 
Toxin + BCF1,8,9 	 0/5 	 60 
Toxin + DC15 	 0/5 	 15 
Toxin + DCV2 	 21.54 	 60 
Toxin + DCI'2 	 5/5" 	 Indefinite 

Quantitlea of toxin equivalent to ten LDSO val ues viere mlxcd with anlibodies st molar ratio 1:10 
(toxin:anthbody), inrubasted at room temperature for 1 hr, bcforc intraperitoneal injeOion in 3 
mico cach experiment: 'No mire sunived more iban 3 weeks, in good hes»; In ibis 
experiment toxin equivaient to one LDSO value was rnixed with the monoclonal BCF2. 
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This antibody (13CF2) is now bccn cxamined against a varicty orsynthetic pcptidcs 
to determine a plausible epitope, culpable of displacing the binding of the monoclonal 
anlibody to the parcnt toxin. ft is expeacd that a similar resultas the onc obtained in Figure 
8 might be round. In thisevent, a newzynthet le peptide will be designed with the expectancy 
o( obtaining a possible antigen to be used as a vaccine apinst toxin 11.9.2.2 from C. narius. 
This lada to another problem, sine scorpion vcnoms are composed by familia of relatad 
Ude peptida and it la important to syntheuize a peptide that could Notita apio« all the 
tadna. Figure 9 shows displacer:wat experimenta we re a monocional antibody (BCFB) visa 
aimilarly cliapiseed by a variety ofdifferent toxina from C. &EU venom and by a todo from 
another scorpion &pecina C. limpichas ircomanut. Analysia of the prirnary structure oí thae 
»dna has prcwided evidence for conservative reglons of the primarystructure of the toxina 
aiiityed (23). This, Ming ibis approach rekvant information can be obtained, that may 
furo out to be Important In designing new drup (synthetic vaccina). 

0.03 0.3 3 30 

Toxin Coneentration (nig/L.) 

Figure 9. Displarement Experiments volth MonacIonat Antihody BCF8. Toxin 11-9.2.2 attached 
lo ELISA pistes are recognized by the mottocional antibody 13CF8. The binding of this 
monoclonal ls displaced by addijian of free nativa toxin (opon circles) at the concentra-
liana indicated. Toxin I1-14 Mangles pointing upwsrd) from the same scorpion C. noxius 
la u potent u toxin 11-9.2.2 la displacing the binding of monoclonal BCF8 to the pistes. 
Similarly two other toxina 11-10 from C. noxius (closed circies) and toxin 1 from C. 
limpidus te coman us (I ria nglespoin ting dovmward) are ve ey e ffect ive competitors. Rabbit 
anti-mouse immunoglobulines labeled with pe roxidase wcrc usad as sccond antibodica. 
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SUMMARY 

'Ibis com u n ieution re ports ex pe rime n is u t i living u series o f sy nthetic pc pi idcs, whic h 
corrcsponds to the ;mino acid scquences uf rragmcnts of the priman. st ructu re of sodium 
una pottimium channel 'locking peptides, purified from scnrpion venorns. Anwng 'hese 
synthctically obi a incd fragment s, some are toxie "per suem and eventually could bc uscd ns 
ncw drugs for stutbing ion channel uf excitable mcmbranes, such as the nonapcptide 
NTX 1.9. Othcrs are nol toxic, but are immunogcnic. Larger syntheiie 	like 
NTX  1-39 and tient-chimerie peptidel-57 are probably heti« candidates lo bc uscd in 
immunization protocols. In summary, our work documents a number uf potentially 
yaluable experimental approaches for the de‘ielopment of new pharmaccutical drugs, 
namcly: the use of monoclonal antibodics obtaincd 	native toxins, 0:T'acolen' 
experimenis with syntheiie pepiides containing amino acid sequenecs identical nr similar 
to that of natural 'mins, neo tralkation experimcnis foil"! by In vivo" challenges, and 
linally, direct leihality tests in conjunction with electropohysiological rccordings. 
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DISCUSION Y CONCLUSIONES 

Síntesis de "(mido& Mediante la técnica de síntesis de peptidos se han obtenido una serie de 
peptidos sintéticos de diversos tamaños los cuales bloquean al canal de potasio activado por 
calcio con distintas afinidades. La estructura mínima capaz de bloquear al canal es un hexapéptido 
constituido por los primeros seis aminoacidos de la región amino terminal de la NTX. Peptidos de 
mayor tamal) mostraron una afinidad mayor por el canal, sin embargo, péptidos de mediana 
longitud correspondientes a la regio'n carboxilo terminal no produjeron ningún efecto en el canal. 
Lo anterior sugiere fuertemente que en esta región (amino terminal) se localiza el receptor a la 
NTX, Este resultado concuerda con estudios previos de toxicidad y de liberación de 
neurotransmisores en sinaptosomas realizados con los mismos peptidos [13]. Este es el primer 
reporte en la literatura demostrando que peptidos pequeños correspondientes a la secuencia de 
una toxina son capaces de inducir bloqueo en el canal en forma similar a la toxina nativa [40]. 

Tipo de bloqueo inducido por la NTX y pe'plidos sintético& La forma en la que estos péptidos 
afectan al canal es la misma, tanto la toxina nativa como los péptidos sintéticos reducen el tiempo 
de apertura (To) de larga duración sin afectar el tiempo de apertura de corta duración o los 
tiempos de cerrado (Tc) del canal. 

Los resultados presentados aqui suguieren que la interacción entre los péptidos sintéticos 
(o la toxina nativa) y el canal es de tipo bimolecular. Dicha interacción queda expresada en la 
siguiente equación. 

TOXINA + CANAL 
Kon

TOX1NA—CANAL 
"off 

En esta equacidn Kon  = constante de asociación; Koff = constante de disociación. La 
constante de afinidad se define como (Kd = Kat' / Kon). Para que este modelo sea válido dos 
premisas deben de cumplirse 1) el tiempo de bloqueo (1 / Koff) debe de ser independiente de la 
concentración de toxina y 2) el tiempo de apertura (1 / Kon) debe decrecer proporcionalmente 
con concentraciones crecientes de toxina. Ambas premisas se cumplen en los resultados 
presentados aqui. 

Estudios realizados en el canal KCa  de gran conductancia de musculo sugieren que tanto la 
CTX como la IBX bloquean al canal en forma similar, ambas toxinas se unen a su receptor en 
forma bimolecular y posteriormente "taponan" al canal impidiendo el paso de iones de potasio 
[4,22]. Este tipo de bloqueo por "taponamiento" parece ser similar al bloqueo inducido por la 
NTX en el canal KCa  de mediana conductancia [40]. 

Efecto de voltaje en el bloqueo. El bloqueo inducido por peiptidos en los que la secuencia 
NTX10_20 es omitida es parcialmente liberado por medio de la aplicación de voltaje. Esto 
suguiere que dicha secuencia (aminoacidos 10-20) estabiliza el pegado de la toxina a su receptor, 
de tal forma que no puede ser liberado por la aplicacion de voltajes depolarizantes. Una 
explicación alternativa es que péptidos de pequeño tamaño entran mas profundamente en el poro 
del canal que péptidos de mayor longitud. De esta forma. cambios en el voltaje de la membrana no 
son sentidos por los p4tidos cuando entran en la profundidad del poro. La concluso`n anterior es 
compatible con el hecho de que unicamente el tiempo de apertura largo del canal es reducido por 
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la toxina y los péptidos sintéticos. Esto indica que la toxina necesita que el canal este abierto 
cuando menos 100 ms para ser bloqueado. Este tiempo critico sugiere que tanto la toxina nativa 
como los péptidos sintéticos requieren que el canal este abierto por ese lapso de tiempo para que 
dichos péptidos puedan penetrar en el poro abierto y bloquear al canal. Cuando el canal se abre 
por menos de 100 ms las toxinas (péptidos sintéticos y toxina nativa) no pueden bloquearlo. Lo 
anterior explica el porque el tiempo de apertura corto del canal no es afectado por las toxinas 
[40]. La duración media de dicho tiempo es de tan solo unos cuantos milisegundos, lo cual no es 
suficiente para que los péptidos se adentren en el poro del canal.. 

Los tiempos de cerrado del canal tampoco son afectados por las toxinas. De esta forma, 
los resultados obtenidos indican que las toxinas solo pueden bloquear al canal cuando este se 
encuentra abierto. Cuando el canal se cierra es inaccesible a las toxinas tal y como se muestra en 
la figura 6 del trabajo original [40]. 

Dinamica ~leudar, de la relación toxina-canal. El tipo de bloqueo producido por CTX es 
claramente diferente al producido por NTX (o los péptidos sintéticos de la NTX). Dicha toxina 
(CTX) si afecta el tiempo de cerrado del canal (figura 5, antecedentes). El tiempo de apertura del 
canal no es afectado por la CTX. Cuando el canal se abre su comportamiento es como el del 
control (sin anadir CTX) tal y como se aprecia en la figura 5. Este efecto habla sido previamente 
reportado para el canal de alta conductancia de músculo liso [42]. La IBX afecta de forma similar 
al canal KCa  de gran conductancia. 

Los resultados anteriores demuestran que si bien NTX, CTX e IBX comparten regiones 
similares en su secuencia de aminoacidos, dichas toxinas interactuan con el canal de forma 
diferente. Como se mencionó con anterioridad (antecedentes), la NTX se asocia y disocia de su 
receptor mas rapidamente que las otras dos toxinas (CTX e IBX). Esto produce cambios rápidos 
en el canal el cual fibrila entre el estado abierto y el bloqueado en milisegundos. La CTX, a su 
vez, se asocia y disocia de su receptor mas lentamente que la NTX. De esta forma, cuando la 
CTX se asocia a su receptor el canal permanece bloqueado por varios segundos. Igualmente, 
cuando la CTX se disocia de su receptor, el canal se cierra y abre como si no hubiera toxina 
presente. El caso de la IBX es aun mas acentuado. Los tiempos de asociación y disociacidí de 
dicha toxina son de varios minutos de duracion [4]. Lo anterior sugiere que los cambios 
conformacionales que el canal debe de sufrir para que la IBX se una a su receptor son, 
termodinamicamente hablando, poco favorables (muy lentos) en comparación con la NTX y la 
CTX. Esto resulta interesante ya que como se reportó recientemente el sitio tóxico de la CTX 
parece localizarse hacia su región carboxilo terminal [28]. Lo anterior contrasta con los resultados 
presentados aqui-  para la NTX, ya que como se demostró en la presente tesis, en la NTX el sitio 
de pegado se localiza en su región amino terminal [40]. 

Otro resultado importante es que los tiempos de asociacidn y disociación de la NTX y los 
péptidos sintéticos pequeños no son muy diferentes. Esto indica que el tamaño de la toxina no es 
lo que determina el tiempo de pegado al canal, sino la presencia de ciertos aminoacidos que 
interactuan con el receptor. 
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PLANES FUTUROS 

Los planes futuros incluyen 3 objetivos principales, tal y como se describe a continuación: 
1) Determinar is 1BX bloquea al canal Kca  de endotelio. 
2) Sintetizar piptidos de regiones homologas a la NTX en las otras dos toxinas bloqueadoras de 
canales de potasio (CTX y IBX). 

La finalidad de este objetivo es la de determinar que región de la CTX e IBX es 
responsable por el bloqueo al canal. 
3) Comparar los efectos de dichos peptidos sintéticos sobre los tiempos de apertura y cierre del 
canal con los efectos producidos por peiptidos sintéticos de la NTX. Esto permitirí determinar si 
las constantes de asociación y disociación entre CTX, IBX y NTX son diferentes. 
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ANEXOS 

1. Trabajo de primer autor describiendo la caracterización y regulatión del canal KCa  en 
endotelio. 

Vaca L, Schilling WP and Kunze DL (1992) G-protein-mediated regulation of a Ca24--dependent 
K+  channel in cultured vascular endothelial cells. Pflügers Archiv. 422:66-74. 



Pflügcrs Arch (1992) 422:66-74 
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Abstract. The purpose of the present study was to deter-
mine the mechanism by which bradykinin activares the 
small conductance, inwardly rectifying, Ca"-activated 
K +  channel (Kc.) found in cultured bovino aortic endo-
thelial cells. Channel activity was studied using the patch-
clamp technique in whole-cell, cell-attached, incide-out 
and outside-out configurations. Channel conductance at 
potentials positivo to O snV was 10 ± 2 pS and at poten-
tials negative to O mV 30 ± 3 pS (n =7) when examined 
in symmetrical le (150 mmo1/1) solutions. The channel 
open probability (P.) was only weakly voltage dependent 
changing approximately 0.2 units over 160 mV. In con-
trast, raising the intracellular Ca" concentration from 
100 nmoi/1 to 10 itmo1/1 at — 60 mV produced a graded 
increase in channel P. from 0.15 to 0.96; the concen-
tration required for half-maximum response (apparent 
K0,5) was 719 nmo1/1. Ata constant Ca2  + concentration, 
application of guanosine triphosphate (GTP) to the cyto-
plasmic surface of the patch increased channel P., This 
effect was dependent upan the simultaneous presence of 
both GTP and Mg", and was reversed by the subsequent 
application of the guanosine diphosphate (GDP) ana-
logue, guanosine-5'-0-(2-thiodiphosphate) (GDP/3S). The 
hydrolysis-resistant GTP analogue, guanosine-5'.0-(3-
thiotriphosphate) (GTPyS), induced a long-lasting in-
crease in channel P.. In the presence of Mg2+-GTP, the 
apparent K03  for Ca2+  decreased from a control value 
of 722 nmo1/1 to 231 nmo1/1. Addition of bradykinin to 
outside-out patches previously exposed to intracellular 
Mg"-GTP further enhanced Kc4  activity, shifting the 
apparent K0,3  for Ca" from 228 nmo1/I to 107 nmo1/1. 
This activation by bradykinin was not observed in 
patches foliowing prior exposure to GDPfiS. These re-
sults suggest that bradykinin can actívate the IQ, channel 
of vascular endothelial cells via a G-protein-mediated 
chango in the sensitivity of the channel for Ca". We 
postulate that vasoactive agonists may use Ibis mecha-
nism to maintain an elevated K permeability as the 

Correspondence lo: L. Yuca 

intracellular Ca2  + concentration returns towards normal 
resting levels. 

Key words: Ca2 +-activated K+  channel — G-proteins 
Guanosine-triphosphate 	Endothelial cells 
Bradykinin 

Introduction 

The endothelium is a specialized monolayer that fines the 
lumen of al! vessels of the cardiovascular system. The role 
of the endothelium in regulating vascular smooth muscle 
tone has been well recognized [151. Endothelial cells 
secrete a variety of vasoactive substances in response to 
specific agonists including bradykinin (I3K), adenosine 
triphosphate (ATP), histamine, and acetylcholine (ACh). 
The receptora for some of these agonists are coupled to 
a family of membrane bound proteins capable of binding 
guanine nucleotides (G-proteins) with subsequent acti-
vation or inhibition of effector enzymes or ion channels 
[21. 

One of the earliest steps in the endothelial cell response 
to agonist stimulation is a rase in intracellular free Ca' 
concentration [Ca2+11  [91. The rise in [Ca2+1§  reflects 
stimulation of phosphoinositide turnover via G-protein-
mediated activation of phospholipase C [29] with sub-
sequent release of Ca2+  from interna' stores and influx 
of Ca" from the extracellular space. Concomitant with 
this event is the development of a K+  current, produced 
by Ca'-activated K channels (Kca) [4, 9, 10, 251. Re-
cent experimental findings indicate that although Kat 
channel activity in cell-attached patches is observed fol-
lowing agonist stimulation, simultaneous measurements 
of whole-cell recordings and intracellular Ca2 + with 
the fluorescent indicator [1-(245-Carboxyoxazol-2-y11-
6-aminobenzofuran - 5 - oxy) - 2 - (2' - amino - 5' - methyl-
phenoxy) ethane - N-N-N'-N'-tetraacetic acidl Fura-2, 
suggests that BK-stimulated 	currents remain after 
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52 [Ca 2 +]1  has returned to basal levels. These findings 
suggest that agonist stiMUlation may activate the K. 
channel in endothelium via a mechanism that does not 
require the continued elevation of [Ca2 +]1 . 

A recen( study of the smooth muscle maxi-Ko, channel 
in planar lipid bilayers suggests that channel activity may 
be regulated via a G-protein-mediated mechanism [28]. 
Thus, the purpose of the present study was to determine 
the role of G-protcins in BK-stimulatcd aclivation of the 
K. channel in endothelial cells, The results suggest that 
BK, via a G-protein, activates the K,, by changing the 
sensitivity of the channel for Cal*. 

Materials and methods 

Culiure and preparaban of vascular endothelial cells. Bovino aortic 
endothelial cells (BAECs) were isolated and maintained in Culture 
as prcviously described [131. Cells (passages 5 to 20), werc prcparcd 
for patch-clamp experiments in onc of two ways. Eicher the nourish-
ing media from confluent monolaycrs was replaced with bath solu-
tion (seo bctow) and the cells uscd directly, or the monolaycrs werc 
treatcd for 2 man with Hank's solution containing 0.02% trypsin, 
followed by washing (lwice) with the bath solution. No diffcrcnces 
in the results were observed between the two methods, however the 
permití:1p of successful giga-seal formations from trypsin-treated 
monolaycrs was 3-fold highcr (han with untreated monolaycrs. In 
the pment study 65% of the patches wcre obtained from trypsin-
treated cells. 

Sulutions and reagents. Experiments werc performed using two 
solutions: 

1. A high K' solution (HiK) containing in mmo1/1: 150 K-
Asparlate, 5 NaC1, 10 4-(2-hydroxyethyl)-1-piperazineethanesul-
phonie acid(HEPES), t MgCli  (where indicated) and various rethyl-
enebis(oxonitriol)]tetraucetic acid (EGTA) and Cal' concentrations 
to oblain specific calculatcd free Ce' concentrations (14]. 

2. A low K' solution (LoK) containing in mmo1/1: 145 NaCI, 
5 K C1, 10 HEPES, 1 MgCli  (where indicated) and free Cu 2 4.  conccn-
trations as indicated in the test. The solutions were adjusted to 
p1-1 7.2 with N-methyl-o-glueamine (NMDG) hydroxidc, Ali salís 
uscd wcre analytical grade (Sigma). Guanosinetriphosphate (GTP), 
guanosine-5'-0-(3-thiotriphosphate) (GTPyS), guanosine-51-0-(2-
thiodiphosphate)(GDPPS) and 13K were obtained from Sigma. The 
high affinity BK anlagonist IN-adamaniane-acetyl-o-Are, Hyp3, 
This', D-Phel-bradykinin was obtained from Calbiochem. All re-
agcnts were applied to the membrane patches using a multibarrel 
perfusion system. Perfusion was driven by gravity. 

Patch-dr:1m prulocul. Thc patch-clamp tcchnique was uscd in the 
whole-cell, coal-attached, inside-out and outside-out configurations 
to study patches obtaincd from confluent endothclial monolaycrs. 
For whole-cell experiments isolated cells wcrc selected lo avoid 
electricel coupling lo the monolayer. All experiments were 
performcd al room temperature. Pipotes wcrc obtaincd from 8161 
or 7052 glass (Garner Glass) with resistan= of 5 to 12 Mil when 
Red with HiK. Seal resistance ranged from 40-100 GQ. Thc refer-
ence eleetrode used was an Ag-AgCI plus connected to the bath 
solution via a 150 mmo1/1KCI agur bridge. All voitagcs are reponed 
with the extracellular face of the patch as reference. For cell-attached 
patchcs membrana potentials refer to the inner surtan (V ,- IMIJU- 
Youl lide), according to the convention for intact ceils. For 'hese 
calcutations we have assumcd a cell resting potencial (Vh,dj.) of 
—65 mV [10]. Thc ampliller employed was the Axopatch I C (Axon 
Instruments). Single channel fluctuations wcrc initially stored on 
FM tupe (Racal) and subsequently digitized for computer analysis. 
The signal was filtered with a low-pass 8-pote Bessel Bit« (Frc-
qucncy Dcviccs) al 5 kHz and digitized al 10 kHz. CUMUlatiVC open  

Flg. 1 A, B. Simultancous measurements of intracellular calcium 
concentration [Cal 11  and whole-cell currents. A [Ce' 	obtaincd 
from a single cell. The pipette solution contained HiK with 
50 nmol/i Caz * buffered by addition of lethylenebis(oxonitrilo)l-
tetraacetic acid (EGTA, see Methods) and 50 amol/1 Fura-2 K'. 
Thc bath solution contained LoK with 2 mmo1/1 Ca2 *. At the time 
indicated by the broad arrow 50 nmol/l bradykinin (BK) was added. 
13 Examples of the whole-ceil currents obtained from the sume cell 
at the times indicated by the corresponding numbers in A. Rcsling 
conditions (1), after addition of BK (2) and alter [Ca2+ ]1 returns to 
the control valuc (3). The holding potencial was —ó0 mV. The 
voltage protocol consislcd of 20 mV steps with a duration of 400 ms 
with 1 s holding al 60 mV between pulses. Thc dotted line in panel 
13 indícales the zcro current level 

probabilities wcre obtained afler integrating open probabilities 
every 50 s, with the probability of being open defined by the equa- 
don, 	open lime/total time. Selected cumples with single chan- 
nel events were obtained from the binary data lile, filtered to 1 kHz 
and transfonned to HPGL fila (Hewlett Packard Graphics 
Language) for illustrative purposes. Histograms and cumulative 
plots wcrc crcatcd with Sigmaplot 4.1 (°andel). 

Sintultaneous measurements of (Coa" 91  and whole-cell recordings. 
[Cal +]1  was measurcd in single cella using the fluoresccnt Ce" 
indicator, Fura-2. Cells were gently removed from the dish with a 
pastear pipote and placed on glass coverslips allowing 1 h for cell 
re-attachment. The pipote solution contained 50 umo1/1 of the im-
permeable analogue Fura-2 (K san). Thc pipette solution used was 
HiK with 50 nmo1/1 free Ca" buffered with EGTA and the bath 
solution was LoK with 2 mmo1/1 Cría  +. The coverslip was mounted 
in a perfusion chamber and placed on the stagc of un inverted 
microscope (Nikon) which was optically connected toa SLM-8000C 
spectrophotolluorometer (Urbana II.). [Ce' 	was dctcrmined as 
previously described [20]. 

Resutts 

BK activates a Ko, current in whok-cell recordings 
from BAECs 

Simultaneous measurements of [Ca211  using the fluor-
escent dye Fura-2 and whole-cell currents indicate that 
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Flg. 2. BK actívales Kcr  channels in cell-attached patches from 
BAECs. An example ora mil-attached patch maintained at the cell 
resting potential (O mV applied) with HiK in the pipette and LoK 
in the bath solution (2 mmo1/1 Ca"). In control conditions no 
channel activity was observed (in this experiment there was no 
inward rectifier K * channel). Atter addition of 50 nmolfi bradykinin 
(BK) inward current was developed representing multiple channel, 
(n ei 3). Channel activity could be recorded throughout the exper-
iment in the continuous presence of BK. Perfusing the cell with 
LoK containing 10-9  mal/1 Cal* buffered with EGTA reduced 
substantially channel activity (indicated as O Ca 2  ). After returning 
to the original bath solution (2 mmol/l Ca2 1 channel activity was 
restored showing multiple discrete current stops. The inset shows a 
fragment of the record with the time scale expanded. Notice the 
dotted line: indicating base line and three active channels of similar 
amplitude labeted as 1, 2 and 3. The amplitude scale indicates 3 pA 
and the time scales are, for the upper recording 30 s and for the 
inset 600 ms. The arrows indicate the zero current levet (channel 
closed) 

L17. 

the BK-activated IQ, current does not follow the time 
course of the [Ca3+]1. Largo 	currents were recorded 
at the peak of [Ca211  response (Fig. 1 B, 2), however a 
substantial amount of the K + current remains for severa! 
minutes despite the return of [Cal 	toward basal levels 
(n 	4). The remaining current has identical pharmaco- 
logical characteristics to the Ka, current that we pre-
viously described [10]. At low [Ca211  prior to addition 
of BK only the inwardly rectifying K'' current is present 
(Fig. 1 B, 1). As previously reported addition of BK pro-
duces a net K outward current at — 80 mV and more 
positive potentials [9, 101. 

Fig. 3A, 8. Current/voltage relationships for the /Ccr  channel of 
BAECs. A The single channel amplitude (mean ± SEM) at various 
mcmbranc potentials was obtained from insidc-out patch recordings 
in symmetrical HiK solutions 	n .7) and afier replacing the 
bath solution (intracellular surface) for LoK buffer (O, n 5). 
Where not shown, the SEM was smallcr than the size of the symbol. 

Examples of channel activity are shown with symmetrical HiK 
taken at the volcases indicated lo the ten of each trace. The intra. 
celular Ca:* concentration was 10 Itmo1/1. The arrows indicate the 
closed channel current levet 

activated channels reversed current direction at — 3 mV 
(data not shown). 

BK activases single channels in cell-attached recordings 

in the absence of added agonist only the inward rectifier 
K + channel is observed in cell-attached patches as we 
and other have previously reported [10, 251. Within the 
first 10 s after addition of 50 nmo1/1 BK multiple discreto 
inward current steps were observed in each of the (bree 
cells explored in this configuration (Fig. 2). After about 
1 mis of perfusing the cell with a solution containing 
10-9  mol/1 free Ca2+, channel activity was substantially 
reduced. Returning to the original bath solution contain-
ing 2 mmol/iCa2+  increased channel activity to previous 
levels. Multiple channels were observed in the continuous 
presence of BK for the duration of the experiment (3 — 
4 mis). With HM as the pipette solution all the BK- 

Measurement of single Ku  channels 1n excised parches 

Channel activity was observed in approximately 30% 
of excised patches when the Ca2+  concentration at the 
cytoplasmic surface was equal to or greater than 
100 nmo1/1 (n = 36). The remaining 70% of the patches 
did not show K+  channel activity with any of the pro-
cedures to be described. The effect of changos in the 
K # gradient on single-channel conductance and reversal 
potential was obtained from Inside-out patches (Fig. 3). 
Under symmetrical K+  conditions, the reversal potential 
obtained was 0 ± 3 mV (n = 7). After replacing the bath 
solution for LoK the single channel currents reversed 
at 85 + 3 mV. Under this condition, the calculated K+ 
equilibrium potential was 85.6 mV indicating that the 
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Fig. 4A —C. Effect of varyingiCa11 on single K. channel activity. 
A The effect of (COI on channel open probability (P.) was mea-
sured in inside-out patch conliguration. Channels were morded in 
symmetrical HiK buffer. Following giga-seal formation, the patch 
was cxciscd finto a bath solution containing 100 nmo1/1 Ca" and 
the currents viere rccordcd for at least 1 min al the indiada voltagcs 
(A). (Cu' was subsequently increascd to 1 (0 ) and 10 gmol/1(10). 
Cumulativo P. mis determined as described in Methods section. The 
values represent the mean t SEM from flvc patches. Whcre no' 
shown, the SEM was smaller than the size of the symbol. B The 
average P. at —40 mV from A is plotted as a funclion of [COI. 
The salid line represen ts the best fit lo a single binding site model 
with an apparent K0,3  for Ca" of 720 nmol/l. C Examples of 
channel activity are shown al a holding potential of —40 mV and 
the [Cal l, indicated in B. A rrowsindicute the closed channel current 
lcvcl 

primary current-carrying species was K+ . The channel 
exhibited inward rectification in symmetrical 	solu- 
tions. The conductance at potentials positivo to O mV 
was 10 ± 2 pS (n = 7) and at potentials negative to O mV 
30 ± 3 pS (n = 7) as determined from the s[ope of the 
linear regression analysis for outward and inward cur-
rents respectively. 

Vokage and Ca2 + sensitivity of the Kc. channel 

To determine the role of [Cal +1 in regulating the K+  
channel, single channel activity was monitored while the 

1 s 

Fig. 5A — C. Effect of guanosine triphosphate (GTP) and Mg1* on 
Kc. channel activity. A The effect of GTP and Mg" on channel P. 
was determined in Inside-out patch configuration. Channels were 
recorded in symmetrical HiK buffer. Following giga-seal formation, 
the patch was cxciscd finto a bath solution containing 100 nmo1/1 
Ca2 * and the cimento were recorded at —40 mV for 150 s (control, 
• ). The bath solution was scquentially changed to HiK solution 
containing 1 mmo1/1 MgCl2  (á), 100 urno1/1 GTP in the presence 
of Mg" (i) followcd by removal of Mg" from the solution in the 
continuing presence of GTP (0). Values represent the mean ± SEM 
cumulative P. from live patches. Wherc not shown, the SEM was 
smaller Iban the size of the symbol. B The average channel P. was 
measured at the indicated [Ca=*], under control conditions (S), 
and alter addition of Mg2  *-GTP (N) as in A. The Unes through the 
data represent the best lit to a single binding site mode!. C An entire 
experiment is illustnited beginning with the application of Mg2  * to 
the exciscd patch. Mudan changos aro indicated by the vertical 
arrows and time gaps are designated by the vertical doued Unes 
with the time indicated in brackets (in seconds). Horizontal arrows 
indicare the closed channel current level (C) 

Cal+  concentration of the bath (intracellular) solution 
was changed (Fig. 4). With low Cal+  (100 nmol/I) at the 
cytoplasmic face of the patch, P. varied from O at 80 mV 
to 0.2 at —80 mV. Increasing 	increased P, at al[ 
voltages explored (± 80 mV) without altering the voltage 
dependence of the channel (slope of the curves in 
Fig. 4A). The concentration/response curve (Fig. 4B) 
eould be fitted to a single binding sito model with a 
concentration for half-maximal response (apparent K0.5) 
for Cal  + of 720 nmo1/1. 

• ....111. 
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Fig. 6A, B. Effcct of guanosine-Y-0-(2-thiodiphosphate) (O DPfiS) 
on Ke, channel activity. A The eifect of GTP and Mg2 * on channel 
P. was determined in inside-out patch configuration. Cha nnels were 
recorded in symmetrical HiK buffer. Following giga-seal formation. 
the patch was excised into a bath solution containing 100 nmo1/1 
Cal* and the currents were recorded at —40 mV for 250 s (control. 
• ). The bath solution was sequentially changed to HiK solution 
containing 1 mmo1/1 Mgai  and 100 pmo1/1 GTP (0), and 
300 pmo1/1GDPfiS (A) in the continuing presence of Mg3 *-GTP. 
Values represent the mean ± SEM cumulative P. from live patches. 
Where not shown, the SEM was smaller than the size of the symbol. 
13 Time course of the experiment beginning with the control con-
ditions. Solution changes are indicated by the vertical arrows and 
time gaps are designated by the vertical dotted fines with the time 
indicated in brackets (in seconds). Horizontal arrows indicate the 
closed channel current levet (C) 
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Modulation of the K. channel by Mg' -GTP 

To test for involvcmcnt of a G-protein in activation of 
the IQ, channel, cumulativo Pd  was determined following 
the sequential perfusion of the cytoplasmie membrane 
sudan of an inside-our patch with HiK solution contain-
ing 100 nmol/lCa" and (1) Mg2  alone, (2) Mg2+ plus 
GTP, or (3) GTP alone (Fig. 5). Application of Mg2  
alone had no effect on channel Po. In contrast, addition 
of GTP in the presence of Mg" produced a dramatic 
increase in channel P„ as indicatcd by the change in slope 
of the relationship between cumulative P. and time 
(Fig. 5A). Subsequent removal of Mg" in the continu-
ous presence of GTP caused P, to return to control levels. 
No further activation was seen when the GTP concen-
tration was increased lo 1 mmo1/1(data not shown). Thus, 
GTP produced channel activation only in the presence of 
Mg". To determine the mechanism by which Mg"-
GTP increased channel P., this experiment was repeated 
at various Ca" concentrations. The presence of 
Mg2 +-GTP shifted the apparent K05  for Ca" from 
722 nmolil (control) to 231 nmo1/1 (Fig. 5B). 

If a G-protein is involved in the activation seen with 
Mg"-GTP, channel activity should be attenuated by 
addition of the GDP analogue, GDPPS, to the intracellu-
lar solution following activation of the channel with GTP. 
Furthermore, addition of the hydrolysis-resistant GTP 
analogue, GTPyS, should cause a long-lasting activation 
of the channel. As seen in Fig. 6, channel activity was 
increased by addition of Mg 2+-GTP and returned to 
control levels within 1 —2 min of exposing the patch 
to GDPps in the continuous presence of Mg"-GTP. 
Application of GTPyS also increased channel Pe  (Fig, 7), 
however, the channel remained activated for the remain-
der of the recording period (3 —4 min) following removal 
of GTPyS from the perfusion buffer. These results clearly 
suggest that G-proteins can participate in regulation of 
Kc, channel activity in BAECs. The K0.5 for Ca2+  
obtained atter GTPyS stimulation was 110 nmo1/1 
(Fig. 7 B). 

Effect of BK on Kc. channel activity in BAECs 

To test the hypothesis that BK-induced activation of the 
Kc. channel is, in part, mediated via G-protein(s), the 
effect of Mg2+-GTP at the cytoplasmic membrane sur-
face was examined using outside-out patch configuration 
in the presence and absence of BK in the extracellular 
buffer (Fig. 8). Mg2+-GTP was added to the pipette solu-
tion and un outside-out patch was formed. As shown aboye 
(see Figs. 5, 6), channel activity was elevated over control 
levels with Mg2  +-GTP. Addition of 50 nmo1/1 BK to the 
bath produced a 2-fold increased in channel P. (Fig. 8 A). 
This result is achieved by shifting the apparent K05 
for Ca" from 228 nmo1/1 with Mg2+-GTP alone (o 
107 nmo1/1  with BK receptor stimulation (Fig. 8 B). 
Application of the antagonist following activation by 
BK produced a rightward shift in .K0.5  to 698 nmo1/1  
(Fig. 88), a value similar to control (Le. in the absence 
of Mg"-GTP, see Figs. 4, 5). In addition to this we 

round that 50 nmo1/1 BK had no effect on channel P. in 
outsidc-out patches containing 300 µmo1/1  GDPPS in the 
pipette (intracellular) solution (n 4, data not shown). 

Discusslon 

The present studies describe several mechanisms of 
regulation of the Ca2 +-activated K channel in BAECs. 

Voltage sensitivity 

The Ko, channel in BAECs is weakly influenced by the 
membrane voltage. A change of P. of only 0.2 is observed 
over a 160 mV range (± 80 mV) with P. increasing with 
hyperpolarization. The voltage sensitivity is not affected 
by cytosolic Ca" as illustrated by the parallel upward 
shift in the P./ V relationship as [Ca211 is increased from 
10' to 10-5  mo1/1. The weak voltage sensitivity of this 
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Fig. 7A —C. 	Effect 	of guanosine-5`.0-(3-(hiotriphosphate) 
(GTPyS) on Kci, channel in BAECs. A The effect of GTPYS and 
Mg2 + on channel n was determinad in insidc-out patch configur-
ation. Channeis wcrc recorded in symmetrical HiK buffer. Follow-
ing giga-scal formation, the patch was excised lulo a bath solution 
containing 100 nmo1/1 Ca" and the currents were morded at 
—40 mV for 300 s (control. •). The bath solution was changed to 
HiK solution containing 1 mmo1/1 MgC12  and 100 pmol/I GTPYS 
(0) and subsequently changed to HIK solution with Mg" but 
without GTPyS (0). Values represent man ± SEM cumulative 
from live patches. Where not shown, the SEM was smaller (han the 
size of the symbol. B Channel P. at threc different [Ca'11, the salid 

indicatcs the fil to a single binding site model with a K0,5  of 
110 nmol/l. C Channel activity illustrating the experimental con-
ditions described aboye. Solution changes are indicated by the veril-
cal arrows and time gaps are designaled by the vertical dotted !lees 
with the time indicated in brackets (in seconds). Horizontal arrows 
indicate the closed channel current leve' (C) 

channel in BAECs is in marked contrast to the strong 
voltage dependence generaily observed in the largo con- 
ductance maxi-Kca  channel [19], but is consistent with 
severa' smaller conductance Kc. channels for which little 
voltage sensitivity has been reporte(' HoLa cells [23], 
mammary cells [12], GH3 cells [8] and red blood cells [17]. 
In particular, the K. channel in red blood cells shows a 
similar voltage sensitivity to that reported here. 
changes only by 0.35 over 170 mV, also increasing as the 
membrane potential becomes more negative. An earlicr 
investigation [24] also examined the voltage dependence 
of Pn  of the IQ. channel from BAECs. The authors con- 
cluded that P. was insensitive to voltage over the range 
of 40 to — 100 mV. At positive membrane potentials PO  
rose, in contrast to our studies. 

Mg'—CTP 1,[22 s] 	BK 	[102 s] 

[60 s] 	BK + 8K—ANT 

11110110001WOrtimliototf 
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Fig. 8A--C. Effcct of BK on Kc. channel activity. A The effcct of 
BK on single Kc.channel activity was examine(' in outside-out patch 
configuration. Foltowing patch excision, channeis were recorded 
for 200 s at —40 mV in symmetrical HiK solution containing 
100 nmol/l Ca", 1 mmol/1 MgC12, and 100 pmo1/1  GTP in the 

• pipette solution (•). BK (final concentration, 50 nmol/1) was added 
to the bath (extracellular) solution (0) followed by addition of the 
0K antagonist, (I pmol/I, A) in the continuing presence of BK. 
Values represen( the mean ± SEM cumulativa 1),, from seven 
patches. Where not shown, the SEM was smaller than the size of 
the symbol. El The average channel P. was measured al the [COI 
under control conditions (•), and after addition of BK (0) and 
the BK antagonist (A) as in A. The linos through the data represcnt 
the best fit toa single binding site mode!. C Channel activity ¡lustral-
ing the different experimental conditions described aboye. Solution 
chango are indicated by the vertical arrows and time gaps are 
designated by the vertical doled Unes with the time indicated in 
brackets (in seconds). Horizontal arrows indicate the closed channel 
current leve' (C) 

Calcium sensitivity 

The P. is dramatically affected by [Ca211. The 
Poi[Ca2li  relationship obtaincd at —40 mV was filted 
by a single binding site mode! with an apparent K0.5 of 
720 nmol/1, suggesting that the binding of a single Ca2+  
ion is sufficient for channel activation. In another study 
on the BAECs Kc. channel a Ca2  + sensitivity less than we 
report was described [24]. Although a fui! concentration/ 
response curve was not presented, these data predict a 
K0.5  greater than 1 Imo1/1. The discrepancy between this 
data and the present findings may result from the fact 
that two different open periods with sufficiently long 
dwell times are reported so that the recording period of 
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30 60 s may not have been sufficient to captured the 
actual Po. One state was characterized by freq ucnt brief 
openings from the closed state while the other showed 
brief closures from the open state. As the authors point 
out, the recording period may bias the results by comen-
trating on one of the two Opening modes. In our studies 
we did not observe switching between two long-lasting 
modes at constant [Ca2.1. On the other hand, the chan-
nel activity found in cell-attached patches in that study 
is higher than should be expected from the Ca" sensi-
tivity of the channel the authors found in excised patches. 
For instance, in order to obtain the channel activity pre-
sented in their Figs. 7 and 8 [24] the [Ca 2 11  would have 
to rise to 7---10 pimo1/1 according to the results shown in 
excised patches in their Fig. 5A. In experiments in which 
[Ca"]i  was monitored in BAECs using Fura-2, we have 
never found such high values for [Ca 2l1  [9, 26, 27]. The 
results presented in that study [24] suggest indirectly that 
the Ca 2 + sensitivity of the K. channel may be different 
in intact cells. More reccntly, a report by the same group 
[25] evaluated the effect of BK in cell-attached patches 
from BAECs. They suggest that Kc. channel activity may 
reflect changes in [Cía' 11, however simultaneous, direct 
measurements of K. channel activity and [Ca2  11  were 
not presentad. As we have shown here (Fig. 1) the devel-
opment of a BK-activated K+  current coincides with the 
initial peak in [Ca2+]/, however a substantial amount of 
the BK-induced K+  current remains after [Ca2 li returns 
to basal levels. We have also shown that in cell-attached 
patches KG, channel activity is observad in the continuous 
presence of BK, even after the extracelluair 	concen- 
tration has been reduced to 10-9  moin (Fig. 2). As pre-
viously shown [27], reducing extracellular Ca 2 + by ad-
dition of EGTA results in a reduction of [Ca2+]1 to below 
50 nmo1/1 . At this low [Ca211  Kc. channel P. would 
be expected to be very iow (<0.05), however we have 
observed a substantial channel P. in whole-cell and cell-
attached patch experiments (Figs. 1, 2). These results sup-
port our conclusion that the Ca2  + sensitivity of the Kc. 
channel may be modulated in intact cells. 

Cakium sensitivity is modulated by Mg' -GTP 

Mg2  +-GTP increases the ea' sensitivity of the ando-
thelial channel as indicated by parallel shift in the P./ 
[Ca2 11  relationship, leading toa decrease in the apparent 
K0. 5  of the Kc, channel for [Ca"]i  from approximately 
720 nmolflto 228 nmo1/1 . Using analogues of the guanine 
nucleotides we demonstrated that this effect is mediated 
via a G-protein since, in the presence of Mg' +-GTP, the 
channel activity can be returned to control values by the 
GDP analogue GDPPS, and is irreversibly enhanced by 
the hydrolysis-resistant GTP analogue, GTPyS. In a 
previous report [28] data is provided to suggest that 
G-protcins influence the gating of another Kc., the 
myometrial maxi-Kc. channel, possibly by increasing the 
aftinity of the channel for Ca". 

57 
Mechanism of GTP activation 

Most G-protein-mediated actions are thought to be 
ligand initiated [2]. The G-protein cycles between active 
and inactive forms. In this cycle G.p7-GDP is the inactive 
form of the heterotrinieric G-protein, Ligand catalyses 
activity by promoting the rale of GDP dissociation and 
subscquent GTP association. Following GTP binding the 
py subunits of the G-protein dissociates allowing the G.-
GTP to couple to the effector (ion channel or enzyme). 
The G. subunit hydrolyses the GTP (2-10 min -1) and 
the resulting Q-GDP reassociates with the 137 subunit 
[21]. In the absence of ligand the guanosine triphos-
phatase (GTPase) activity of G-protein is timited by the 
rate at which GDP dissociates from the protein, which 
normally is extremely slow (0.01 —0.1 min 	[2, 5]). 
Thus, in our studies performed in the absence of BK, we 
would expect initial activation by GTP to be slow in 
onset as it depends first on GDP dissociation. Subsequent 
activity would Chen be cyclic with periods of reduced 
activity representing the slow GDP dissociation. One ex-
planation for the unexpected rapidity of the GTP effects 
in our studies is that in the absence of ligand the unoccu-
piad receptor promotes the GTPase activity. Severa! re-
cent reports provide support for G-protein-mediated ion 
channel activation in the absence of ligand. It has been 
reportad that, in the absence of agonist, Mg"-GTP 
modifies the activity of a K. channel from myometrial 
membranas incorporated Info lipid bilayers [28]. Similar 
results have bcen ohtaincd by others [22]. These authors 
examined the dependance of the rate of activation of the 
cardiac KAch channel on the concentration of Mg2 +-GTP 
in the presence and absence of the agonist (ACh). At 
100 Itmo1/1 GTP the ratas of activation were similar 
whether agonist was present or not. However, at caneen-
trations of GTP of between 1 and 100 gmo1/1 the acti-
vation was more rapid with ACh. Further support for 
the role of unoccupied receptors comes from the studies 
showing that the GTPase activity of G-proteins reconsti-
tuted with P-adrenergic [6] or a2-adrenergic receptors [7] 
is higher than if G-proteins alone are studied. 

An alternative explanation for the effects of GTP in 
the absence ofadded ligand is that an endogenous agonist 
is present in the cultures of endothelial cells and maintains 
a low levet of G-protein activation. We cannot rule out 
the presence of an unidentified substance released by the 
endothelial cells and coupling through its receptor via a 
0-protein to the Ke. channel. Even if such a ligand were 
present it is unlikely that it would remain in sufticient 
concentration in the isolated patches to modulate activity 
for the duration of the experiment. Furthermore, it seems 
unlikely that the activity induced by such a ligand would 
be affected by a specific BK receptor antagonist as ob-
served in our results. 

Effects of bradykinin on Kco  channel activity 

BK in the presence of 100 inno1/1 Mg"-GTP enhances 
the activity of the K. channel. This results in a shift of 
the Poj[Ca"]1  relationship from a K0,5 of 228 nmolil to 
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107 nmol/l and is consistent with evidence that an 
agonist-occupied receptor increases the GTPase cycle-
promoting effector activity [2, 16]. That BK is acting on 
the Kc. channel via a G-protein is supported by two 
results. First, in the experiments described in Fig. 7, the 
B2 receptor antagonist, when added in the presence of 
Mg"-GTP, shifted the K0, 5  to the control value ob-
served before the addition of Mg"-GTP (compare 
Fig. 5, control). Second, the K0,5 obtained with GTPyS 
(110 nmo1/1, Fig, 7) is essentially the same as that 
obtained with Mg"-GTP + BK (107 nmo1/1, Fig. 8), 
This is further supported by the lack of effect of BK 
in patches preincubated with 300 µmo1/1 GDPPS. We 
suggest that the antagonist binding to the receptor pre-
venís the receptor-G-protein interaction necessary for 
modulution of the Kc, channel. Consistent with this result 
is a study reporting that specific antagonists of a G-
protein coupled opiate receptor in NG108-15 cells reduce 
the basal rate of GTP hydrolysis in the absence of agonist 

Functional implications of the Caz * 
and G-protein regulation 

We have found resting values of [Caz *]i  of 60 — 
100 nmol/1 in BAECs [9]. The PJ[Ca"]i  rclationship 
obtained in the presence of 100 Itmolil GTP would pre-
dict a P. at resting Cal 01'02-0.3. However, recordings 
from cell-attached patches in the absence of agonist 
generally yield values of P. that are less than 0.1 (Fig. 2 
and [10]). Furthermore, there is a lack of effect of 
tetrabutylamrnonium or noxiustoxin, both inhibitors of 

movement through the BAEC Kc. channel, on basal 
8611.13 +  efflux [10]. This suggests that othcr factors within 
the cell, such as the cellular GTP/GDP ratio, the presence 
of free Py subunits, or the free Me+  concentration, may 
modulate the influence of the G-proteins on channel ac-
tivity [18]. 

As we have previously shown, BK increases [Ca2+11 in 
BAECs to values between 300--700 nmol/i [9, 27] which, 
based on the present results, would raise Po  to values 
greater than 0.5. The dual effect of BK, e., an increase 
in [Ca2li accompanied by a G-protein-mediated shift in 
the sensitivity of the channel to Ca", may explain our 
earlier results in which whole-cell Kc. currents were 
eticited and maintained by BK although the Ca" in the 
pipette solution was buffered to 10-8  mo1/1[9]. This result 
may reflect a BK-induced increase in the sensitivity of the 
channel for Ca2 -f . This would also imply that sufficient 
GTP remains associated with the membrane in spite of 
the dilution of the cytoplasm with the pipette solution in 
the whole-cell experiment. Furthermore, in experiments 
which employed BK-stimulated '16 1lb efflux as an índex 
for activation of the Kc, channel, flux remained elevated 
for at least 5 min despite a drop in [Call over the same 
time to approximately 125 nmol/l [27], Finally, we have 
shown in simultaneous measurements of Kc„ activity and 
[Ca2+]1  by means of whole-cell recordings and Fura-2 
that, after BK stimulation, a substantial amount of the  

BK-induced 	conductance remains for several 
minu tes, after [Ca2li returns to controls values (Fig, 1). 

Cell hyperpolarization is closely related to KG  channel 
activation in this endothelium [25]. Cell hyperpolariza-
tion may provide a favorable electrochemical gradient 
for Ca" influx from the extracellular solution [25, 26]. 
Thus the G-protein-mediated regulation of Kc. channel 
activity may provide a mechanism to modulate mem-
brane potential, and therefore Ca" influx, at a constant 
intracellular Ca2  + concentration. 

We have previously postulated that the Kc. channel 
in BAECs plays a role in maintaining membrane potential 
in the presence of the depolarizing influence of BK which 
opens a Ca" influx pathway [10], We now propose that 
Chis effect may be enhanced by a BK-G-protein-induced 
shift of the sensitivity of the channel to Cal+. Variations 
in cytosolic GTP (or the ratios of the guanine nucleotides) 
may also play a role in modulating channel activity in the 
absence of BK. 
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