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SUMMARY

Using the outside-out configuration of the patch clamp method we have studied the effect
of several synthetic peptides corresponding to various segments from the N-terminal region of
Noxiustoxin (NTX) on single Ca®-activated K' (Kca) channels of small conductance obtained
from cultured bovine aortic endothelial cells. These peptides induced diverse degrees of fast
blockade in the endothelial g, channel. The most effective blockers were the peptides NTX,
(ICy = 0.5 uM) and NTX, ,, comprising the first 20 amino acids from the native toxin (IC,, = 5 p
M), while the less effective was the hexapeptide NTX, ,, from the first 6 amino acid residues of
NTX (IC,, = 500 uM). 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 K¢, channel. Synthetic peptides from the C-terminal region produced no effect on the
K(ca 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.




RESUMEN

Por medio de la conﬁguracio'ﬁ de afuera hacia afuera del método de fijacion 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 rdpido en dicho canal. Los
peptidos mas efectivos fueron el peptido 1-39 (ICy, 0.5 uM) y el péptido 1-20 (IC,, 5 uM). El
péptido menos potente fué el hexapéptido 1-6 (IC,, 500 uM). Esta fu€ la secuencia minima capaz
de bloquear al canal de potasno

Probando secuencias sobrelapadas de la molecula entera hemos encontrado que solamente
secuencias correspondlentes al amino temunal son capaces de bloquear al canal con distintas
afinidades. Péptidos sintéticos de la region carboxilo terminal no produjeron ningun 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 region 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
blogueo producido por peptidos en los cuales se ha eliminado la region 10-20 es atenuado por

medio de voltajes depolarizantes.




INTRODUCCION

El endotelio es una monocapa de células la cual se localiza recubriendo la parte mas fntima
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 regulacion del tono
vascular {25]. Actualmente se sabe que el endotelio | juega un papel dindmico en la regulacnon de
varias funciones cardiovasculares incluyendo coagulacion, arterogenems e inflamacion.

El endotelio realiza estas funciones secretando variag substancias vasoactivas tales como
dxido nitroso, un poderoso vasodilatador, endotelina, un pepttdo vasoconstnctor y una serie de
prostaglandmas [11,25]. El estimulo que regula la sintesis y secrecion 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 pnmeros eventos ocurridos en respuesta a la estimulacion por agonista
consiste en la activacion de un canal de potasio activado por calcio (Kca).

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

Toxinas extraidas del veneno de varios animales ponzofiosos han sido utilizadas como
herramientas en la separacion, aislamiento y caracterizacidn de canales idnicos [17,30]. Se han
descubierto toxinas que bloquean especificamente 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 K. Dichas toxinas son la iberotoxina (IBX) obtenida del
veneno del alacran Buthus talamus [4], la caribdotoxina (CTX) obtenida del veneno del alacran
Leiurus quinquestriatus quinquestriatus {23] y la noxiustoxina (NTX) obtenida del alacran
mexicano Centruroides noxius Hoffmann [31]. Esta tltima fue la primer toxina reportada en la
literatura como un potente bloqueador de canales de potasxo [6]. Estas toxinas comparten
aproximadamente entre 50 y 70 % de similitud en su secuencia de aminoacidos.

El uso de estas toxinas ha permitido ademds la obtencion de importante informacion
acerca de la estructura y funcionamiento de canales de potasio. Estudios realizados durante los
ultimos afos han demostrado la presencia de receptores especificos para diversas toxinas [17]

E! presente trabajo tiene por objetivo el estudio de la interaccidn entre varios peptidos
sintéticos correspondientes a la estructura primaria de la NTX y el canal Kc, de endotelio. La
finalidad de dicho objetivo consiste en la identificacion de la secuencia de aminoacidos 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 informacioh de como dicha toxina interactua con el canal KCa para
bloquearlo. Dicha informacion puede ser utilizada para tratar de entender los mecanismos
moleculares de apertura, cierre y bloqueo de canales idnicos, asi como para determinar si todas las
toxinas interactuan de la misma forma con canales ionicos al inducir el bloqueo de los mismos.

Esta informacion se puede utilizar, ademds, en el disefio de nuevos firmacos los cuales
pueden bloquear selectivamente a tipos especificos de canales de potasio. Al entender con mds
claridad como las diversas toxinas interactuan con canales ionicos, podremos identificar

mecanlsmos de bloqueo y determinar que secuencias de aminodcidos son importantes en la
modulacion de la afinidad de dichas toxinas por sus respectivos receptores.
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ANTECEDENTES

1. Que es un canal i ionico ?.

Un canal iohico es una proteina 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 solucnon y permitir el paso solo a cierto tipo de iones. En base a su
selectividad los canales ionicos se dividen en varias famllnas canales de potasio, calcio, sodio y
cloro [17]. La figura 1 ilustra la topografia de canales i idnicos basada en predlccmnes de indices
de hidrofobicidad. Dicha figura muestra la p051ble estructura que varios canales idnicos pueden
adoptar al insertarse en la membrana plasmatica [17).

Canal de Sodio Canal de Potasio
E A~
uuUuuUuuuuu muuL
oA COOH
Canal de Calcio

verior gall con Al AV
\Suuuuﬂuuuuuu o

Fig. 1. Topografia de canales idnicos. Esta figura muestra la estructura de canales ionicos de acuerdo a predicciones en base a indices hidropaticos.
Los cilindros sombreados representan las regiones transmembranales. Nétese las indicaciones exterior ¢ interior, mostrando la parte intracelular y
extracelular 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 (1,11, 11, IV). Cada motivo se forma de seis segmentos los cuales atraviesan 1a membrana celular de lado a lado,
Este diagrama fue obtenido de {17).

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

El descubrimiento de bloqueadores selectivos contra canales idnicos abric 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 ademas nos
brinda la oportunidad de modificar dichos agentes bloqueadores y utilizarlos con fines
terapeuticos [7,9,24].
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Existen un numero enorme de bloqueadores de canales ionicos 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 pancreas
[36]. Nicorandil es un fuerte vasodilatador utilizado en pacientes con angina de pecho para relajar
arterias coronarias y restablecer la circulacion cardiaca. Esta substancia bloquea canales de gran
conductancia dependientes de calcio en mdsculo liso. Por anos se han utilizado bloqueadores de
canales de sodio, como la lidocaina, como anestésicos y antiarritmicos. Verapamil, un bloqueador
de canales de calcio, se utiliza exitosamente en el tratamiento de hipertension [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 continuacion se presenta una breve
descripcion 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 fu¢ originalmente descrito en los estudios, ya clasicos, de Hodgkin
& Huxley en 1952 [18]. Este canal juega un papel importante en la fase de repolarizacion durante
los potenciales rdpidos de accion en neuronas y mdsculo esquelético Se han descrito
conductancias unitarias que varian de 2-200 pS en varias preparacmnes [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 practlcamente todos los tejidos
estudiados hasta la fecha. En el endotelio este tipo de canal es la Unica 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 han reportado conductancias unitarias de alrededor de
5-27 pS, dependiendo del tipo de preparacion [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- dl(tert butil)-1,4- benzohldroxlqumona (BHQ), un agente que bloquea a la
ATPasa de calcio de reticulo endoplasmico [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 rapidamente con potenciales hiperpolarizantes, sin embargo, su activacion es
transitoria. El agente bloqueador mds 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
despolarizacion gradual en neuronas, lo cual permlte descargas graduales de potenciales de accion
[24]. Este canal gano gran popularidad en los ultimos afios 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 rapidos e involuntarios en las
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extremidades del insecto. Lo anterior contnbuyo a que dicho gene se denominara Shaker, que
traducido del inglés significa “temblar” o “agitar”.

Canal de potasio S: Este tipo de canal se describio en neuronas de Aplysia y se caracteriza por
ser regulado por serotonina (de ahi 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 taenen una distribucion
generalizada (al igual que el rectificador interno) [3,29,27]. Su caracteristica 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 vez, se
subdividen en tres categorias: canales de gran conductancia (denominados tambien Maxi canales),
de mediana y de pequefia conductancia.

Ademas se distingues por su condutancia unitaria, estos tres grupos se diferencian ademas

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 (K¢g).

Como se menciond con anterioridad, los canales K¢y se subdividen a su vez en tres
grupos: los de pequefia conductancia, mediana y gran conductancia (Maxi canales). Estos tres
tipos de canales KC, se encuentran distribuidos en diferentes tejidos de mamiferos. En algunas
ocasiones es posible encontrar mds de un tipo en el mismo tejido, pero generalemente sdlo se
encuentra un tipo de canal por tejido. La funcion de este tipo de canales apenas empieza a
explorarse. Por ejemplo en neuronas canales KCa parecen Jugar un papel importante en la fase de
repolarizacion despues de un potencial de accidn [7,24]. En celulas secretoras (como glandulas
salivales y sudoriparas) estos canales sirven como conductos para la secrecion de potasio [24].
Gracias a que toxinas de diversos animales bloquean selectivamente a canales de pequena,
mediana y gran condutancia, ha sido posible estudiar algunas de las funciones de estos canales.

El canal de pequeia 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
micromolares de tetrabutilamonio (TBA). Recientemente se ha reportado que la sensibilidad a
calcio en este canal puede ser regulada por proteinas 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 fmpetu desde que se descubrié que el gen de Drosophila
denominado Slo codifica varios tipos de canales Maxi [1].

e R 10
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3. Como se estudia un canal ionico ?.

Existen varias técnicas las cuales han sido utilizadas a lo largo de los ultimos afos para el
estudio de canales ionicos. Dentro de estas técnicas una de las mis poderosas es sin duda la de
fijacion de voltaje (Patch Clamp) [14]. Dicha técnica en su configuracion de canal Unico permite la
medicidn de corrientes microscdpicas generadas por el paso de iones a traves del poro de un canal
tinico.

Esta técnica y la de incorporacidn de canales en bicapas lipidicas son las tnicas que
permiten medir la actividad de una sola proteina. La actividad electrica obtenida de esta forma
representa la actividad de una sola molécula de canal (un canal Wnico), a diferencia de otras
técnicas las cuales miden la actividad de una poblacidn de canales [17].

Ya que la técnica de fijacion de voltaje se va a utilizar intensamente a lo largo del
desarrollo de la presente tesis, a continuacidn se incluye una breve descripcion de la misma con el
fin de permitir una mejor comprension de los resultados presentados mds adelante.

La tecnica de fijacion de voltaje.  Por medio de capilares de vidrio los cuales se afilan y pulen
en uno de sus extremos es posible obtener sellos de altisima resistencia en membranas bioldgicas.
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 biologica (membrana
celular). Dicha corriente es generada por el paso de iones a traves del poro de un canal ionico (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.

A B
ablerto

!

P EEEEIELS

T abierto cerrado
cerrado

Fig 2. La tecnica de fijacion de voltaje: Pancl A, ¢jemplo del paso de corriente a través de un canal ionico. Ef registro indica los saltos de corviente

. - - . R4 . !
producidos por ¢l paso de iones tal y como lo registra ol amplificador. Panel B, representacion esquematica  del canal en la menibrana. Nétese como
el paso de iones (sedalado por las flechas verticales) se interrumpe cuando el canal se cierra.

4. Que es una toxina ?.

El veneno de varios animales ponzoiiosos contiene peptidos de diversos tamainos los
cuales bloquean selectivamente canales idnicos. Los peptidos de bajo peso molecular (alrededor

e e e
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de 40 aminodcidos) bloquean canales de potasio mientras que los peptidos de mayor peso
molecular (alrededor de 70 aminoacidos) bloquean canales de sodio [30].

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

Las toxinas se purifican por medio de varios pasos cromatograficos entre los que se
cuentan ﬁltracmn en gel (separacion por peso molecular) y cromatografia de intercambio ionico
(separacion por carga) culminando con cromatografia liquida de alta resolucion (HPLC) la cual
separa por caracteristicas hidrofdbicas. Al final se obtiene una proteina pura la cual se verifica por
medio de analisis de aminoacidos [30].

3. 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 aminodcidos. Por
ejemplo, 1a secuencia de la NTX es alrededor de 50% similar a la secuencia de la CTX. A su véz,
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. Notese
ademas que todas las toxinas conservan sus tres puentes disulfuro. Siendo estructuras
relativamente pequenas (PM < 4000) es notable la presencia de tres puentes disulfuro, lo cual
sugiere una estructura compacta.

COMPARACION DE SECUENCIAS
ENTRE TRES TOXINAS DE
ALACRANES

NTX THNVK’CTSPlKIQlCISKPC Glalk c M Nlc[K Clk[C YN N -coo
CX[ZFTNVISICTTSKECWSVC HNT - KCMNKKCRCY|S -cooH
IBX zmnvucsvsxﬂcwsvcx D I-IKCMCIKKCRCYIQ —coow

Fig. 3 Secuencias de tres toxinas de canales de potasio; Alincamiento de tres toxinas por su extremo amino terminal. Las cajas indican aminoacidos
homdlogos en 1a secuencia de las toxinas, Los espacios introducidos en 1a CTX y la IBX s¢ indican con una Iinea (). Dichos espacios penmiten alinear
las tres cistefnas en ¢l extremo carboxilo terminal en las tres toxinas.

]El:x:

6. Especificidad de toxinas contra canales K¢y

Apamina, un péptido obtenido del veneno de abeja, bloquea exclusivamente canales K¢y
de baja conductancia [3,24]. Originalmente se pensaba que CTX bloqueaba tnicamente a canales
de gran conductancia [12]. Experimentos recientes indican que CTX bloquea también a algunos
canales Kcp 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.

St
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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 mas de cerca aspectos
estructurales en dichos canales, es decir, los receptores a dichas toxinas deben de compartir cierta
similitud en su secuencia de aminodcidos [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 dificiles de evaluar. Esto permitira eventualmente, la identificacion de la secuencia de
aminoacidos que forma al receptor para cada toxina en los diferentes canales de potasio. Estudios
de este tipo permitiran definir si estas toxinas se unen a un sitio receptor comun en los diferentes
canales de potasio.

7. Estudios sobre la estructura y funcion de canales ionicos.

Lamentablemente conocemos muy poco acerca de la estructura tridimensional de canales
ionicos. Los intentos por cristalizar canales idnicos con el fin de determinar su estructura por
medio de cristalografia de rayos X han sido infructuosos. Al utilizar toxinas como sensores
estruturales de canales ionicos podemos obtener informacion importante acerca de como
funcionan dichos canales. Ademas se puede obtener informacidn de la estructura que adoptan los
canales al insertarse en la membrana plasmatica [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 amino4cidos de ambos para determinar que
aminodcidos son importantes en el pegado al canal y qué aminodcidos 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 hidropaticos con la informacion 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 aminoacidos importantes en el receptor interno y externo a TEA, asi como los
aminodcidos 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 cristalograficos, esta informacidn
concuerda perfectamente con otros experimentos de mutaciones puntuales en el canal en los
cualgs ha podido cambiarse la selectividad del mismo al modificar uno o dos aminodcidos en esta
region [43].
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EXTERIOR

INTERIOR

Fig. 4. El poro del canal de potasio: Este diagrama representa la region de aminoacidos 1a cual se cree, forma ¢! poro de conduccion de jones en el
canal de potasio Shaker. Notese los aminoacidos involucrados en ¢l pegado a TEA intracelular (TEA;) y extracelular (TEA.), asi como la region
involucrada en e] pegado de CTX. S35 y 86 representan los segmentos transmembranales 5 y 6 de acuerdo a Ja figura 1.

Por otro lado, conociendo que aminodcidos forman parte del receptor a la toxina,
permitira 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 informacion a la mano, es posible disefiar 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” quiza 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
disociacién de la NTX y la CTX son diferentes, es decir, la CTX pasa mds 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 mas estable. La otra interpretacidn es que la CTX induce
un cambio conformacional en el canal el cual estabiliza la union toxina-canal. La primera
interpretacion implica que el reconocimiento de los aminodcidos del receptor y la toxina forman
un enlace de alta afinidad, mientras que la segunda interpretacion asume que la toxina puede
inducir cambios conformacionales en el canal resultando en un pegado mds fuerte entre ambas
proteinas (toxina-canal). Si asumimos que la primera interpretacion es la correcta, es decir, que la
toxina y el canal forman un enlace de alta afinidad (ICso = 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 (ICso = 300 nM), sin embargo cuando la NTX se
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disocia del canal tiende a reasociarse rapidamente. Estos resultados sugieren que la relacion
toxina-canal es mucho mas compleja que el simple pegado a un receptor de alta o baja afinidad.

4 hd , Ld
8. Por que las toxinas bloquean canales ionicos ?.
Los investigadores en el drea de canales ionicos han ocupado buena parte de su tiempo en

estudiar e! efecto de varias toxinas bloqueadoras de canales [3,4,22,23,24]. La idea es obtener
informacion 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
interaccion entre canal-toxina es una interaccion 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
aminoacidos, producen un tipo de bloqueo similar en el canal K¢ de gran conductancia [4,12].
Ambas toxinas producen segmentos de bloqueo en el canal con varios minutos de duracion. 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 duracién [40,42]. El mismo resultado se
observa en el canal K¢y de mediana conductancia [40]. Como se muestra en la figura a
continuacion la NTX y la CTX, a pesar de compartir 50 % de similitud en su secuencia de
aminodcidos (ver Fig. 3), producen un tipo de bloqueo diferente en el canal de mediana

conductancia de celulas endoteliales (Fig. 5).
CONTROL
[—<3 n
= M
NTX 300 nM CTX 5 nM
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Fig. 3 Bloqueo producido por CTX y NTX. Ejemplos det blogueo producide por NTX y CTX en ¢l canal de mediana conductancia de endotelio. La
solucion utilizada es 150 mM de aspartato de potasio simétrico. El potencial de membrana fué fijado a -60 mV. Los experimentos representan
membranas en la configuracion de afiiera hacia afuera. Las toxinas se agregaron a la solucidn extracelular en las concentraciones indicadas en la
figura. Las concentraciones utilizadas representan la concentracion de inhibicidn media (ICsq). Las flechas horizontales indican ¢l nivel de cero

corriente (lfnca de base).

Como se observa en la figura anterior, el tipo de bloqueo producido por la NTXy CTX en
el canal de mediana conductancia de endotelio se asemeja al reportado para el canal de gran

e
e e,
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conductancia de musculo [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 tambien 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 concentracion de bloqueo medio (ICso) 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].

¢ Como exactamente es que las toxinas inducen el estado de bloqueo en el canal 7. Al
inspeccionar la figura S nos percatamos que la NTX debe de estar pegandose y despegandose de
su sitio receptor a una velocidad altisima (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 aun mas acentuado, dicha toxina
produce estados de bloqueo de hasta 15 minutos en duracion [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 vez
disociada tiende a reasociarse mas rapidamente que las otras dos toxinas. De esta forma, el tiempo
de asociacion y disociacion de la NTX a su receptor es mas rdpido que el de las otras dos toxinas
(CTX e IBX). Esto se manifiesta como una fibrilacion rapida 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 mds largo (de segundos y minutos en duracion), sin embargo, una vez que estas toxinas se
disocian de sus receptores, el tiempo de reasociacion es tambien 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 solucion, es decir, el canal se abre y cierra en forma similar al control
(sin toxina presente) [4,12,22]. Como se explico en las secciones anteriores, el mecanismo de
bloqueo del canal por estas toxinas parece ser mucho mas complejo que en el caso de pegado a
receptores de alta y baja afinidad.

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

El hecho de que TEA alivia el bloqueo por IBX y CTX sugiere que estos farmacos
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 concentracion intracelular de potasio se
reduce la afinidad de las toxinas por el canal [4,22]. Lo antertor sugiere que el mecanismo de
bloqueo por CTX e IBX es similar, primero las toxinas se unen a su receptor en una reaccion de




tipo bimolecular, en seguida las toxinas bloquean el paso de iones a traves del poro del canal.
Este tipo de bloqueo se denomina taponamiento.

9. Noxiustoxina.

La Noxiustoxina es un péptido de 39 aminodcidos obtenido del veneno del alacran
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 posse tres puentes
disulfuro sugiere una estrcutura compacta..

La Noxiustoxina se purifica del veneno total de alacran por medio de varios pasos
cromatograﬁcos los cuales incluyen una filtracidn en sephadex G-50 seguida por intercdmbio
ionico en una columna de carboximetilcelulosa con 20 mM de acetato de amonio pH 4.7 y
posteriormente recromatografia en la misma columna con 50 mM de amortiguador de fosfatos pH
6.0 [31]. El paso final consiste en cromatografia liquida de alta presion con lo cual se obtiene un
componente tnico. Posteriormente la NTX es identificada por medio del analisis de aminoacidos y
secuenciacion.

10. La Noxiustoxina bloquea varios canales de potasio,

Estudios electrofisioldgicos han demostrado que la NTX puede bloquear varios canales de
potasio con distintas afinidades. Originalmente se habia demostrado que la NTX bloqueaba
reversiblemente al canal de potasio de rectificacidn tardia con una afinidad de 290 nM [6].
Posteriormente se demostro que la NTX bloquea canales K¢, 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 Ky de endotelio, nosotros encontramos que la NTX lo
bloquea con una afinidad de 300 nM [40].

11. El sitio toxico de la NTX se encuentra en la region amino terminal.

Estudios previos realizados con peptidos sintéticos de la NTX indicaban que el peptido 1-
9 inducia liberacion de neurotransmisores mediado por bloqueo de canales de potasio en
sinaptosomas de raton. Dichos estudios demostraban ademas que el peptido 1-9 era toxico en
btoensayos con roedores, sin embargo peptidos de la regaon carboxilo terminal de la NTX no
producian nmguna smtomatologla en los bioensayos ni liberaban neurotransmisores [13]. Lo
anterior sugeria que en la region amino terminal se encuentra parte de la secuencia que se pega y
bloquea canales de potasio. Sin embargo, mediciones directas por medios electrofisiologicos del
efecto de dichos peéptidos 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 peptidos sintéticos
correspondientes a varios segmentos de la secuencia primaria de la NTX sobre el canal K¢y de
endotelio. Los resultados presentados a continuacion concuerdan perfectamente con los
experimentos de liberacion de neurotransmisores y de toxicidad en bioensayos mencionados con
anterioridad. Todos estos resultados sugieren fuertemente que en la region amino terminal de la
NTX se encuentra la secuencia que se pega al receptor de esta toxina en el canal K¢g.
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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 Ca?*-activated K* (Kc,) channels
of small conductance obtained from cultured bovine
aortic endothelial cells. These peptides induced di-
verse degrees of fast blockade in the endothelial
K¢, channel. The most effective blockers were the
peptides NTX|_39 (lCm = 0.5 ﬂM) and NTX|_20 com-
prising the first 20 amino acids from the native toxin
(ICs = S um), while less effective was the hexapep-
tide NTX,.s, from the first six amino acid residues
of NTX (I1Cs; = 500 uM). 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
K¢, channel. Synthetic peptides from the C-terminal
region produced no effect on the K, 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 syn-
thetic peptides lacking the C-terminal region was
partially released by depolarization.

Correspondence to: L. Vaca

Key words: Noxiustoxin — Synthetic peptides —
Patch clamp — K* channels

Introduction

Noxiustoxin (NTX) is a 39 amino acid peptide
purified from the venom of the Mexican scorpion
Centruroides noxius Hoffmann [14]). This was the
first animal toxin described as a specific K* 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], Ca**-activated K* (K.,) chan-
nels from skeletal muscle [18] and whole-cell K,
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 (NTX, g 1-20 (NTX, ;) and 1-39
(NTX,_;o) of NTX are toxic to mice, inducing
symptomatology similar to that produced by native
NTX [9]. We have shown also that these synthetic
peptides can induce neurotransmitter release medi-
ated through K* 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 several synthetic peptides corre-
sponding to the N-terminal region of NTX can in-
duce diverse degrees of blockade on a K, channel
from bovine 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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Materials and Methods

REAGENTS

All salts, solvents and chemicals used were analytical grade,
obtained as previously described [9). Reagents used for peptide
synthesis were HPLC grade. Protected amino acids (1-BOC-
amino acids) and resins containing the first amino acid bound
were purchased from Peninsula Laboratories. Solvents used for
peptide synthesis were obtained from Aldrich and Pierce
Chemical.

NOXIUSTOXIN

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

PEPTIDE SYNTHESIS AND CHARACTERIZATION

All synthetic peptides were synthesized using the solid phase
method (1] 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 {11]. All peptides were purified by high
performance liquid chromatography (HPLC) using a C18 reverse
phase column eluted with a linear gradient of acetonitrile from
0 to 60% in presence of 0.1% trifluoroacetic acid, The resulting
peptides were hydrolyzed by HCI 6 N, 110°C, and their composi-
tions 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 8%0M micro-
sequencer. Only highly purified peptides were used for the experi-
ments described here,

SOLUTIONS

The HiK solution contained in mM: 150 K aspartate, 10 HEPES,
2 CaCly, 2.2 EGTA. pH adjusted to 7.2 with H,S0,. The free
Cal®* concentration was 1 um [7]. All peptides were applied to
the membrane patch with a perfusion system modified from Car-
bone and Lux [1] driven by gravity.

CeLL CULTURE

BAECs were obtained as previously described {6]. Celis 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
min. With this procedure single cells were obtained and used for
patch-clamp experiments.

L. Vaca et al.: K¢, Channel Blockade

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 thick-walled glass
(8161, Garner) using a two-stage pipette puller (Narishige), and
fire-polished with a microforge (Narishige). Pipette resistances
ranged from 5-12 M() when filled with the HiK solution, The
reference electrode used was a Ag-AgCl plug connected to the
bath solution via a 150 mm KC! agar bridge. The extracellular
face of the patch was used to report voltages. The amplifier
was the Axopatch IC from Axon Instruments. Single channel
fluctuations were initially stored on FM tape (Racal) and digitized
later for computer analysis using an analog-to-digital interface
(Axon Instruments) connected to an IBM 386 clone. The signal
was filtered with 2 low-pass 8-pole Bessel filter (Frequency De-
vices) at 5 KHz and digitized at {0 KHz (100 usec/sampie). All
the records with single channel activily were filtered at 1 kHz
for illustrative purposes.

SINGLE CHANNEL ANALYSIS

Fetchan and Pstat (Axon Instruments) were used for data analy-
sis. The half-amplitude criterion was used to distinguish between
theopenand the closed states of the channel [5]. P, was calculated
from 30-60 sec records using the equation P, = (open time/total
time). Time distributions have been binned logarithmically to
improve the resolution of muliple exponential components [17].
The routine used to fit the data consisted of a generalized nonlin-
car least-squares procedure based on the Levenberg-Marquadt
algorithm, which fit up to four exponentials to raw: data. For
previously binned data {distributions), the method used for fitting
was the maximum likelihood. Fitting iterations proceeded until
convergence was reached, as defined when successive improve-
ments in parameters produce a change in the chi-square value
less than 2.5 x 1077,

Results

SYNTHESIS 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 NTX,_¢ by amino acid sequence. A similar
procedure was followed to identify all the synthetic
peptides used in this work.
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TIINYKCTSPKQCSKPCKELYGSSAGAKCMNGKCKCY N N-cooy

1-6  6-11

B

TIINYVKCTSPKQUSKPCKELYGSSAGAKCMNGKCKCYN N-CO0H

1_9 - [-20 30-39

11-16 16-21 21-26 26-31 31-36 35-39

Fig. 1. Peptides synthesized for this work.
Panel A: Small peptides (hexapeptides). Panel
B: larger peptides. All peptides are aligned by

their N-terminal region with NTX sequence.
NTXI-G Fig. 2. HPLC separation of synthetic peptide
03— y " 760 NTX 5. The peptide (228 ug) was injected at

N -

time zero in a Beckman chromatographic
system. An Altex Cjq reverse phase column
was used Lo separate the peptides. An
isochratic gradient from solvent A (0.12%
trifiuoroacetic acid in distiiled water) to
solvent B (0.1% trifluoroacetic acid in
acetronitrile) was used to separate the
components. Absorbance was measured at
225 am. The largest peak in the
chromatogram (indicated by the arrow)
corresponds to NTX, , according to amino
acid analysis and sequence. Chromatographic
separations like this one were used to purify
~—10  the synthetic peptides in this study.
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NTX BLockS SINGLE K., CHANNELS

The effect of various concentrations of NTX on K,
channel activity is shown in Fig. 3. NTX induced a
concentration-dependent reduction of channel open
probability (P,) with an apparent ICs, of =310 nm
(n = 4). NTX blocked this channel only when used
in the extracellular solution. When ! uM NTX was
applied to the intracellular face of the channel, no
effect on channel P, 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 K., channel. Only sequences cor-
responding to the N-terminal region of NTX were
capable of inducing a concentration-dependent re-
duction of channel P,. Figure 4 shows the concentra-
tion-response curve for those peptides that affected

channel P,. In general, we found that larger peptides
were more effective in reducing channel P,. The
most effective channel blockers were the peptides
NTX;_” ([Cso = (.5 uM) and NTX,,M (ICSO = 5 uM)
which comprise the first 20 amino acids from NTX.
Less effective were the nonapeptide NTX, _; (ICy; =~
40 uM) and the hexapeptide NTX,_¢ (1Csq = 500 uM).
The pentapeptide NTX,s_;; and the decapeptide
NTX ;5.3 corresponding to the C-terminal region of
NTX had no effect on channel P, at the concentra-
tions tested (up to | mM, n = 3, data not shown).
The hexapeptides NTX,_,,; and NTX|,_;s,» which are
contained in the peptide NTX,_;5, produced no ef-
fect on channel P, at the concentrations tested (up
to 1 mM, n = 4, data not shown). The hexapeptides

NTX .71 and NTX,,_,, were also unable to modify

channel P, (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 K,

channe] 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 K, channels in BAECs. (A)
Concentration-response curve for NTX obtained at —40 mV,
Unbroken line was used 1o connect data points. The half inhibi-
tory concentration (ICy) = 310 nM (n = 4), (B) Examples with
channel activity at ~40 mV from an outside-out patch containing
one K¢, channel, Solutions used symmetrical HiK. The dotted
line indicates the zero current level (baseline). Arrows point to the
closed level (C). Channel activity was monitored under control
conditions and after addition of several concentrations of NTX
(only 700 nmM shown). Full recovery was achieved after replacing
the bath solution with toxin-free buffer.

MopULATION 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 ~8 msec. At the IC;, of
the NTX the long-lived open time was reduced from
147 + 6 msec (control) to 5.1 = 2 msec (300 nMm
NTX). The short-lived open time was also affected
by NTX. At the IC,, this time constant was reduced
from 6.15 msec (control) to 0.38 msec (300 nM NTX).
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Fig. 4. Concentration-response curves for synthetic peptides.
Concentration-response curve for the peptides that affected chan-
nel P,. Half inhibitory concentrations for native NTX (@, n =
4), NTX; .5 (O, n = 3), NTX ;. (B, n = 5), NTX, (A, n = 4)
and NTX,; (®, n = 6). Unbroken lines were used to connect
data points. The holding potential 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. All 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 K, 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 (=1.5 uM) the blockade was voltage sensitive
{2]. Contrary to this report, we found that in this K¢,
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 cCiffer-
ent voltages (+60 and —60 mV) on the IC,, for NTX
and the synthetic peptides. Positive voltages re-
leased more effectively the blockade produced by
the peptides NTX,_ ¢ and NTX,_y with little or no
effect-on the blockade produced by NTX, NTX,_ s
or NTX,.,e. This result indicates that the blockage
by small peptides lacking the region NTX,,.5 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 NTX,_, produced no
effect on channel P, (e.g., peptide NTX;.5). The
minimum sequence capable of blocking the channel
was the hexapeptide NTX,_4; however, the most
effective channel blockers were the peptides
NTX, 35, NTX,_ypand NTX o (inthat 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 K* 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 K, 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
ICy, 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 channe! open and closed time distribu-
tions. Dwell-time distribulions obtained from one outside-out
patch under control conditions and after addition of 100 nM, 300
nM and 5 uM NTX to the bath (extracellular) solution. Open
and closed time distributions were binned logarithmically from
records containing 50-60 sec of continuous channe! activity for
each experimental condition. The binwidth used was 0.1 msec,
Time constant (1) 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), 0.52 (300 nM) and 0.14 (5 uM). The dotted line indicates
the individual exponential and the unbroken line represents the
fit to a double exponenlial function, Holding potential for alt
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 on
channel open and closed time distributions.
Mean open and closed times obtained at
different concentrations of the synthetic
peptides. These mean limes were obtained

| afler fitting with a double exponential function
experiments Jike the one described in Fig. §.

Open symbols represent long-lived events
while close symbols indicate short-lived
eveats for NTX;.p (O@, n= 3), NTX,.5 (VY,
n =4), NTX,(AA, n = 3) and NTX,., (OB,
n = 2), The unbroken lines 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.

stant should be K,= K ;/K,,. For this model to be
valid the following criteria nced to be met, (i) The
time constants of the blocked state (1/K,y) should
be independent of the toxin concentration, (ii) the
time constant of the unblocked state (1/K,,) should
decrease proportionally with increasing toxin con-
centrations. Our results are consistent with this

EFFECT OF VOLTAGE ON CHANNEL BLOCKADE

The blockade induced by native NTX is insensitive

L
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Fig. 7. Effect of voltage on channel blockade. The effect of two
different voliages (=60 and +60 mV) on the ICyq of NTX (@,
n = 3) and the synthetic peptides NTX,_3 (O, n = 3), NTX .5
(V,n=4), NTX, 3 (O, n = 4) and NTX,., (A, n = 3) explored
in outside-out patches. The 1Cy used here were oblained 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:

KM
TOXIN + CHANNEL «— TOXIN-CHANNEL

Ko

Where K, = association constant and K 5 = dissoci-
ation constant. The equilibrium dissociation con-

to 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-FUNCTION RELATIONSHIPS

NTX belongs to a family of small peptides targeting
K* 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) [8]. CTX and IBX share 68% se-
quence homology between them and about 50% ho-
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mology with NTX. CTX and IBX block K¢, chan-
nels in a similar way—both toxins induce long-
lasting nonconducting periods of minutes in dura-
tion. The effect of NTX on the K¢, channel is clearly
different. NTX induces a fast flickering block in K,
channels ([17] and this study). We have shown here
that the amino acid sequence that recognizes K,
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 [13]. 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 K,chan-
nel were related to adecrease 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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SCORPION TOXINS: A MODEL FOR PEPTIDE SYNTIESIS
OF NEVY DRUGS

L.D. POSSANT; G.I. GURROLA; 0. PORTUGAL; EZ. ZAMUDIO;
1.D. VACA; ES.A. CALDERON and G I3, KIRSCI

Department of Biochemistry, Centro de Investigacion sobre Ingenicrin Gendlica y Dioteenologia,
Universidad Niwional Autdnoma de Méxica, Apartado Postal 510.3, Coernavaca, 62270 Néxico,
Department of 'hysiology and Molccular Biophysics, Baylor College of Medicine, Louston, Texas
7030, USA.

Scorplon Imms are basic polypetides of reladively Tow molecwkar weight (1), that
recognize Na* and K* jon channcls of excitable membrines (2). "livo l'.mnlucsur s:.urplun
loxins have been described (review 3): long-chain peptides with 60 10 66 aimino .lcud
residucs tightly bound by four disulfide bridges (4,5), which are specific blockers of Na*
channcls (6, reviews 7 and 8) and short-chain pcplulcs with 38-39 amino acid residues
bound by three disulfice bridges (9,10), that block K* channels (11, 12 reviews 13 and
14)of several excitable tissues. ‘The mast throughly studied are the Na* channet blockers,
for which two sub-types of taxing have been named: @ toxins, initiilly found in the Old
World (Asia and Alrica) scorpions, which affect the inactivition mechanism of the Nat
channcls and /3 toxins, found originally m the New World (America) scorpions, which
modify the activation mechanism of the Na* channels, ‘The complete aminoacid sequence
for at icast 20 such toxins have been reported, lhc tridimensional structure, by N-Ray
diffriction, is presently known for two distinet Na* channel 1oxins (5). Studics on the
structurc-function relationship of these 1oxins started with chemical muolifications of
specific residucs in 1he maive peprides (15). Recenily, entircly synthelic peplides cor-
responding Lo the imino acid sequences of maive toxing have been prepared (16, 17), A
final objective is (0 obtain information on steuctural features of the toxins, that cause &
specific function on excitable tissucs. An altermitive goat is 1o nuxlify the toxicity of these
peplideswithout ffecting too much their antigenic deicrminants, for possible applications
ol such compounds in scroterapy or indircet immunization schemes, is synthelic vaccines.
The purpose of this munuscript is 10 address various aspects of these experimental
strategies. First, we deseribe the synthesis of several fragments from toxic peplides
extricted, purificd and characterized from the Mexican scorpion Centroroides navius,
Second, we analyze the direet elfect of the chemically obiaincd pcplidc\' on dillerent
bivlogica! preparations, and we verify their immunological propertics in murine tmmum.
system, Finally, bascd on theoretical considerations of the structural similaritics of Nat
chinncel blocking toxins obtained throtigh the metric analysis method (18), wereport the
design anc synthesis of a chimerie toxin, and we study ils biological properiics, showing
that scorpion toxins arc good models for testing possible new pharmacewtivil drugs,




S —

CONBRAP 9

-
'
-t

MANTERIAT AND METHODS

Purification und Clharacterization of Toxins

Venam from Cenrurnides navins scorpions collected in Nayarit State (Mexico) was
ablitined by electrict stimubition of the glands (1elsons), dissolved in willer, cenirifuged
and the supermitiant was frecze-dryed and stored at <20°C, until uscd, Usually 10,000
scorpions e required 10 ablain 1 gram of venom,

Puriticition ol'toxins wis carricd out by the proccdure previously described (3, 19).
Brictly, soluble venom is separated by gel filtration in Scphidex G-50 column (0.9 x 200
em), in 20 MM ammonium aectite buffer, pll 4.7, ‘Toxic fractions are further scparaicd
by ion exchange chromitography in two steps: first, & carboxymicthyl-cellulose columin (0.9
x 30 em) equitibrated with 20 mM ammonium acetate buffer, pH 4.7 and cluted with a
sklium ehtoriche gradient from 0.0 to 0.5 M; and second, @ simikir chromatographic
column, but at S0 mM sodium phasphaie buifer ptl 6.0, cluted with NaCl gradient from
0.0 10 0.38M (3). “liwic components arc monitored by intraperitoncil injeetion into albing
mice (strain CD1), of 100 10 200 41 of fractions containing from 510 50 21 protcin cach.
Lethality symptoms aire salivintion, lacrimation, dispnea, sporadic convulsions, paralysis of
rear limps, dyarehed, respiratory or cardine arrest (20). Homogenceily of peptides are
followed by gel electrophoresis using the bet-akinine-urea systemy, described by Reisfeld
¢l al. (21). Bventwally, a fourth purificition siep is required foe certain taxie fractions,
consisting of high perforimee liquid chromistography (1IP1.C), through a reverse phase
column with an ociiktecytsilane resin (18). Further chemical characterization of purificd
cumpanents arc conducted by sumina acid analysis of hydrolizines prepared by the method
of Moare and Stein (22) in a Durrum 1-500 amino acid analyzer (20). ‘the primary
structure determination follows the procedures carlier deseribed (18), by mcins of auio-

matic Bdman degracinion (23), using a Beekman 890M microsequencer, or in Applicd
Biosystem Scequencer (I8),

Chemideal Synthesis of Peplides

Peptides carresponding 1o 1he amino acid sequence of several toxing, purificd and
sequenced from the venom of the seorpion € naviis (3, I8, 19, 23), was performed by the
solid phase method of Merriticld (24). A detailed deseription of the technique used is
found in our previous publicitions (17, 23). Bricfly, this method consist of sequential
condensation of protecied aming acids, from which the first, ot the C-terminal region, is
covalently attiched tosolid support (24), and subsequent entirgement of the polypept ide
chainis ablained by potymerization with carbodiimmide in presence of mcthylenc chloride,
used as solvent, Side-prxlucis are washed in cach step of the cyele: deprotection,
neutritlization, condensation of cach new amino acid added 10 the growing polymer. At
the end of the synthesis, the resulting peptide is liberated from the solid support by
Nuarhydric acid eleaviige, which also deprotects the reactive side-chains of some amino
dcids (24), depending on the specitic scquences, For small peptides, containing only two
or three amino wids the liguid phase methad wis used (25). Most pepiides were syn.
thesized minuakty; hawever, foe very lirge peptides, tike the chimeric toxin containing 57
aminoacid residues, an automatic Applicd Biosystem machine wats used, according to the
procedure implemented by the compimy, Al the end of the synthesis all peplides were
purificd, cither by thin kiyer chromistography (dipeptides and tripeptides) oe by 11°1.C
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(krger peptides), us deseribed (17, 25). Verification of the synthesis after purification wis
carricd oul mainly by amino acid analysis Or by amino acid sequence determination, Qs
described before Tor the native toxins,

Iwmunoelogical Studies

Scveril immunization schemes were foltowed to produce polivitlent or monoclonal
untibodies in mice (strtins Balb/e or CDI), (24, 26). Usually pre-immunc serumy wis
ubtiined from cacly aninl before starting an immunization scheme. Severat groups of
aniniats, containing 6 to 10mice, were used for cach immunizition scheme, Peptice atone
(3 10 50 grg) or peptide covitently atiached 1o i cirrler molecute, such is mouse serum
afbumin (24), wyraglohuline (26), or nitroeeliutose paper (K. Calderon, unpublished) wits
used 1 immuenize mice, fmpumization proceeded cither in presence of Freund adjuvint
(24), aluming (26) or ilone.

A ypical immunization procedure will consist of 6 independent applicitions of
antigens, separated on time by 15 days cach, inevery single aminuil. Alier nne week of eieh
injection, the animal were bied Tor testing the antissera. Doble ainmuno-difusion wis
conducted in agar gets as deseribed (24). Monaclonal antibodies were obtained, selected
and cloned, afier fusion of spleen eells of immunized mice with a myelomi cell line
(SP20AgE-14), as deseribed by 2 Zamudio (23), and 12 Herion, G, Gurroly, R, Saovedn,
K Zamudio, R. Sanchez, and 1.1, Possini (in preporition). Radio-immune assiy (RIA)
OF ey nuiic-immuno assity (HLISA) were carried out, as deseribed (23-26),

Moassay and Physlologicul Chinrncterbzation of Peptides

Vitlues for medivum tethal dose (1.130) of native toxins swere obtained as deseribed
(20), using six or ten mice for cach dose and injecting groups of six or ten mice for every
LD30 determinition (both for CDI and Balb ¢ straips of mice). Lethality tests were
perfurmed in albino mice (striin C1)1) using the three routes of administeation, A stock
solution of syathetie peptides, correspomnding to the amino acid sequence of Nosiustoxin
from positions 1t 9 (NTN1-9) and 30 10 39 (NTX30-39), 10 mgdnltin water, was used,
Synthcetic peptide NEX 120 was ulso tested, but the solubility in water wits poor; stoek
solutions were preparcd in presence of organie solvents, suchas dimethyl-formamide, and
subsequently dituted in appropriated buffers, Anisol, organic sotvents sund dithiotreitol in
water at the sime equimolar concentrations as the peptides were also injected in control
aninnis 10 rule out the possibility of agtifactaat effeas of these possible contiuminants,
"Three animals were injected intraperitoneatly, subcutancously smd intriwventriculiely, “he
cercbro-ventricular focitization of the intra-cramial injeetion was contralied using Fivins.
Blue as a marker. Synthetic fong-chain chimerie toxin wis assaved by intraperitoneal
injections in mice (strain CD1), 5010 400 10220 g mouse weight.

‘he experiments with syniptic terminats (synaptosames) were performed with
brains remaoved from adutt atbing mice (striin CI1). Brains without cerebellum of four
mice were usually used 1o obtain purificd synaptosonnl fraction, fotlowing the method of
Hajds (27), with stight modifications as deseribed (28), Preloading of synaptosomces with
[2,3-3H-GABA}, perfusion with the vitrious experimental conditions and radioactivity
measurements were performed as described (17).
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Neutralization experiments with monocional or polivalent antibodics were per-
formed as indicatedin the legends of the figures. 1'or monoclonal antibody a 10 fold cxcess
antibouy over toxin was mix together and incubated for 1 he, at room temperature, prior
injection {0 the mice. The amount of toxin uscd was-cither the cquivalent of onc or tcn
1.D50 valucs. For polyvalent anti-peptide or anti-toxin scrum an amount of onc LDSO

valuc of toxin was preincubaled 1 hr with 80 or 160 1 of serum prioe injection o a group
of 6 animals,

Cell culiure (Neurablastoma N8 ccils) and clectrophysiological recordings were
performed as previously described (29, 31),

RESULTS AN DISCUSSION

Peptides corresponding to the amino ucid sequence of toxins from the scorpion C.,
navius, that block both sodium and potassium channcls of cxcitable membrancs, were
synthesized (Figure 1). From Naxiustoxin (9), the following peptides were prepared:
hexipeplide (N I'X1-6), nonapeptide (N'I'X 1-9) and cicosapeptide (N'1X1-20) from the
N-terminal region; peatapeptide (N'T'X35-3Y9), deeapeptide (N'1°X30-39), nonadeeaptide
(N'1X21-39) from the C-terminal part of the moleculc; the full lenght peptide (NTX1.39)
and a discontinuous hexapeptide containing the amino acid scquence of the tripeptide
from the C-terminal part, covalently Imkcd tothe |npcp|:dc from the N-tcrminal (N'1X-
1110 region of the toxin, Fromthe Na¥ chinnel blocker toxin 11:9.22(19,23), iwo peptides
were synihesized: tetradecapeptide from positions | 1o 14 and a pentapeplide from
positions 61 40 65, Finally, o decapepiide from the N-tcrminal region of taxin 11-10 (19,
and unpublishcd) was also synthesized, All peptides were purificd by high performance
liquid chromatography, their amino acid compositions were determined, and when ncces.
sary the amino acid sequence was confirmed by dircct Edman degradation in a microsc.
quencer Beckman S20M (17, 23, 26). ‘The long-chain peptide (chimeric-toxin) of 57 amino
acid residues was also synthesized and uscd for toxicily, immunological and
clectrophysiological experiments (Figure 2.) “Ihis chimeric toxin was design following
generitfeatures of o compirintive stucdly, by the metricanalysis method (18), of the primary
structures of known sodium ¢channel blocking toxins isolated from the venom of scorpion
from all over the world, Figure 2 shows some of these characteristics. On the upper pani,
the a helis () and the 8 sheet (Iy) forming regions of variant 3 10xin, from C. sculpturaius,
are shown, based on the Xeray data of this madel toxin (5). On the botion part, all common
amino acids, highly conserved, are also indicated, “Thirteen primary structures of scorpions
tosins ire compisred. In order to enhance similarities amony Lheses sequenccs, gaps have
to be introduced on the primary structares of the toxins from bath North Alrican and
Asian scorpions, it the N-terminal pan of the molecule, approsimaiely at positions 17 10
20, which corresponds to the loop J of the tridimensional structure of the toxin. These
peptides betong to the group of the a-scorpion toxins (32), while the toxins fronm Amcricin
scarpions, represented by model toxin VLol C suffusus suffusies, belong 1o the B-scorpion
toxins (32). "The kst Bunily of toxins have gaps in the region aof the loop 13, corrcxpondmz,
to amino acids at positions 43 10 50, a-1oxins affect the inactivation mechanism of Na*
channet, and S-1oxins affeet the activinion mechanism (32), In designing chimeric toxin
A, shown i the lower batton part of Figure 2, similir amino acids to the American scorpion
toxins were chosen, specially at the ¢ helix and £ sheet forming amino acids scgments of
the peptide. All eysteines were conserved and gaps were inteaduccd in the toop J region.
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"The ideat was 1o preserve general features, typicat of the B-scorpion toxins. v additional
amino acids at positions corresponding to the § loop were introduced with the hope 1
modify aflinity for the channcl. We expeet o obliaina novel synthetie ff-scorpion toxin. “Ihe

results presented here were obtained with the fS-chimeric peptide, as produced by the
automatic synthesizer, without further purification,

ligure 1. Amino Acid Scquence of Synthctic Peplides.

Peplides Amimo Acid Sequences
! 5 . 10
NI'X1.39 "Thedte-lle.Asn-Val-Lys-Cys ' The-Ser-'ro-
1 I3 20
1ys-GIn-Cys-Ser-1ys-Pro-Cys-1.ys-Glu-Leu-
2 3 30
Vyr-Gly-Ser-Scr-Ala-Gly-Ala-Lys-Cys-Met-
3 5 39
Asn-Gly-ys-Cys-bys-Cys-TyrAsn-Asa,
NIXI6 Thilke-le-Asn-Val- ys.
NINXIY "Phrele-He-Asn-Val-Lys-Cys<The-Ser,
NIX120 Thedledle-Asa-Vul-l ys-CystheSer-Iro-
Lys-Gin-Cys-Ser-Lys-Pro-Cys.Lys-Glu-Lew,
NTIX3S-39 1ys-Cys-Tyr-Asn-Asn,
N1IX30:39 Mot-Asa-Gly-Lys-Oys-Lys-Tyr-AsnAsn.
N1'X21.39 "By e-Gly-Ser-Ser-Ala-Gly-Aki-Lys-Cys-Met.
Asa-Gly-1ys-Cys-Lys-Cys-Tye-Asn-Asi,
NINHI0 Tyr-Asn-AsnThelle-lle,
1 5
H9.2.2(1-14) 1ys-Glu-Gly-lyr-LeuVal-Asped ys-Asn.
10 H

‘The-Gly-Cys-Lys-Tyr.

l 63
1.9.2.2(61-65) 'ro-Asn-l ys-Arg-Ser.
| S 10
11-10(1-10) Las-Glu-Gly Tyr b an-Val-Asn-Ser-Tyr The.
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Aall it VEDGYIVDOVN CTYFC  CRRAYCHNEIEC TRLK GESCYCQUASPFYQUACTCYXLPDUVRTRG PCR CM
tgq Vv LXDCYIVODEM CTYTC  GRMAYCNGIC KX XCGCESCYCQWASTYGMACUCTKLIDRAVSIKEX CR CM
1 BI0  VEDGYLADDED CAYFPC  GRMAYCDEEC KX GAESGECWYACQYGHACVWCYELIDWVP

1IXQKVICEON
Lqg v GVRDAYIADDEM CVYTC  GSNSYCNTEC TX DCAESCYCQULGKYGMACWCIKLPDKVPIAL PCK CR
Aal I KRADGYIVIPMN CYYNC VP P CDGLC KENGESSCSSCY LYPSGLACWCEDLPONVPIXKDTSAR CT

Ts gsama  KECYLMDM ECCELSCPIR PSCYCGRECCIK X GESLYCAM P ACYCYGLPNWYRVWDRATMEC
Te 111-8 XKIGYAMDE RGCKFSCYIA PACFCDCYCKTELE ASSCYCAM P ACYCYCVERE...
Ts 1v-3 KDCYPVEYDE CAYICUNY DMAYCOKLCKDK K ADSCYCYWE B ILCYCYCLPXX...

Cas 34 EECYLVSESTCCXYECLKLOONDTCLAECKQUICKSSCOXCTA 7 ACWCTRLYEQAVVWPLIUKTCH
Caok v LEAGCYLVEXSDCCKYCCLELCENEGCUTECEARNQGCEYCICYA 7 ACWCERCLPESTPIVPLINKSC

Call 1 KDCYLVIK TCCEXTCYKLCENDFCHRICXWEBICCSYCYCYC ¥ GCYCEGLPDSTQIWPLPEK CT
€a Il=14 KDGYLVDA EGCKKNCYVLCINDYCHRECEMKHRCGSTIGYCYG F  CCYCECLSDSTPIVPLIWKIC
Clt i KEGYLVIMISTCCEYICFRLCDMDY CLRECRQQYCUGACCYCTA # GOWCTELYEQAVVWILPNETCS
Comman : 4 € GCoee—yg ¢ CrmmsemeG © c
loap J locp B
$ ~Chimric KICYLOXSDGE C© WOYCLARCKQOCYRCALCYC AC P ACCYC KICDG VAG TR C
GAGEG

Figure 2. Comparison of Primary Structure of Several Toxing by the Method of Metric Analysis.
‘The following sequences were conpared (see review 3% AaH I1is toxin I from Androc.
tonus australis; Lqq, from scorpion Leiurus q. quinquestriatus; Be, from Buthus cupeus;
Ts, from Tityus serrulatus; Css, from Centruroides . suffusus; CsE, from C. sculpturatus
Ewing; Cn, from C. noxius and Clt {rom C. limpidus tccomanus. The chimeric toxin, type
B, was design after this snalysis (Jast scquence). The upper part shows the X-ray
diffraction results, where the & and  sheet forming amino acid sequence arc labeled ().
In the botton pant of the scquences are also indicated the common amino acids and the
loop J and B region of the molecules.

All the above mentioaed synthetic peptides werc tested for toxicity in mice. Table 1
shows that the most relevant information obtained is the presence of toxicity in peptides
corresponding to the N-terminal amino acid sequence of Naxiustoxin (17), and toxin I11-10
of C. naxius. The f-chimeric peptide was toxic at high concentration. However, peptides
corresponding to the C-terminal part of Noxiustoxin were not toxic at very high dosc (400
£8/20 g mousc weight). Lethality tests have shown that the cffects were dose dependent,
but were independent of the route of administration of the peptides (intraperitoncally,
subcutancously or intra-cranially). Synthctic peptides corresponding to the C-terminal
region of NTX were not taxic, The "in vivo® tests were confirmed by *in vitro® experiments
using two systems, the ncurotransmitter relcase assay with radiolabled GABA preloaded
to mousc brain synaptosomes (28), and an clectrophysiological preparations by means of
voltage-clamped measurements on excitable membranes (29). Figurce 3 shows the resulls
of some synthctic peptides on 3T-GABA release from synaptic terminals. It is clcar from
these experiments that the N-terminal fragments: NTX1-9 and NTX1-20 arc active on
ncurotramsmiticr relcase, similaryl to the effect of native Noxiustoxin, while the Cter-
minal peptide N'TX30-39 is not (17), given additional support o the lethality tests verified
in mice, Further cwdcncc showing that the N-tcrminal nonapeptide and cicosapeptide of
Noxiustoxin affect K* ion channels was obtained by cxpcnmcms done with voltage.
clamped dorsal root ganglion ncurons (33). NTX 1-19 blocks the K™ currents, in a similar
manner, as the native taxin; the effcct is reversible by washing the preparation with buffer
(E. Carbone and L.D. Possani, unpublished).
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Tablel. Lethality Tests of Synthetic Pepiides.

Peptide (dose ;ig) Administration route
Inteaperitoneally Subcutancously Intraventricularly
NTX1.9 (200) Intoxication Intoxication Intoxication
symptoms within, symptons within symptons convulsions
20 min. 20 min, within 12 min.
Death alter 4 hr hyperexcitability Death before 20 min.
lacrimination,
survived
NTX1-9 (100) Doubtful symptoms  No symptoms Toxic, death
within 20 he
NTX1.9 (20) No symptoms No symptoms Symptoms slightly
different from NTX
NTX1-20 (200) Deadly Not tested Not tested
NTX30-39 (400) No symptoms No symploms No symptoms
Native NTX (40) Deadly Deadly Deadly
11-10(1-10)-MSA Desdly Not tested Not tested
P-chimericl57(400)  Deadly Not tested Not tesied

Note: MSA is mouse serum albumin to which peptide 11-10(1-10) from C. noxius was coupled.

(%) >H-GABA RELEASE
(7}
1

] |

b

L

|

6 10

2

Time (minutes)

10

Figure 3.

Effect of Native NTX and Synthetic Peptides on Transmitier Relense. Synaptosomes
obtained from mice were loaded with laheled GABA and perfuscd with standard Ringer's
perfusion medium. Left (2) represents the effectof 0.2 24 M native NTX (closed circles)
and control (open circles). Right () the effect of 100 44M NTX1.9 (open triangles), 100
JM NTX30-39 (closed triangles), and 100 2tM N'TX1-20 (open squares).
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Figure 4 shows the cffcet of A-chimeric peptide on a N18 ncuroblastoma cell line,
mantained in voltage-clamped experiments (29). Pancls A and 1} show superimposed Na*
current rccords obtained before and cight minutes afier adding 9.2 4uM  S-chimeric
peptide to the bathing solution. In the presence of taxin, currents were Jarger at more
ncgative test potentials (A) but smaller at more positive potentials (13). ‘The waveform of
the currents in pancl I3 was not alicred by synthclic peptide; in particular, the fact that the
inactivation phasc was unchanged indicates thit the chimeric toxin docs not behave like
an a toxin. Panc! C shows the complete current-voltage (1-V) relationships before (open
circles) and after (filled circles) chimeric toxin application. 1oxin treatment resulted in both
a shift of the IV curve to more ncgative potentials and a 20% block of maximum
conductance. The block could be relicved by washing with taxin-Iree solution (not shown)
but the shift could not, A similar degree of shilt was detected in voltage dependence of
steady-state inactivation (D). ‘The chimerie toxin thereiore shows the characieristic fea-
turcs of A-scorpion taxins, as predicted by the metric analysis studics and by the designin
features discussed above (Figure 2). However, the potency seems reduced camparcd with
nalive toxin, as also expected, although other reason could explain the low toxicity levels
of the B-chimeric peptide, For example, the possibility of the presence of undesirables
synthetic peptides (crude preparation of synthetic S-chimeric toxin) and/or the presence
ofwrong formation of the appropriatc disulfide bridges. We should recall that this peptide
has eight cyslcincs, with the possibility of forming 4 diffcrent disulfide bridges.

C Em, mvV
<100 -850 0 50 100 0D
- ) 1.0}
i 0 "’
d tox~
| tox g 0.%%
Yy | ) . $ ‘
0-9130 -100 -350 0

Em, mVY

Iigure 4. Effecls of Chimeric Pepitldel-57 on Na currents of N18 Neurohluxtoma Cell. lHolding
potential was -%0 mV. The records were filtcred at 5 kilz (-3 dR). Panels A-D show
supcnmposcd Na current records obtained before and cight minutes alteradding 9.21¢M
toxin to bathing solution. Pane! C shows the complete current-valtage (£-V) relationship
before (open circles) and after (filled circles) 1oxin aplication. A similar degree of shift
was detected in the voliage dependence of sicady-statc inactivation (D). The experiments
were performed at room temperature (25°C). Similar resulls were obtainedin 4 additional
experiments.
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In conclusion, these data shows that it is possible 10 obtain synthetic peptides, with
amino acid sequence corresponding Lo native Loxins, which mimic the function of naturally
occuring peptides; hence, opening the possibility of designing new pharmacological drugs
10 study or to interfer with the normat function of excitablc tissucs.

The sccond important sct of experiments conducted with the synthctic peplides of
Figure 1and 2 concern the immunological properties of these peptides. As shown in figures
5 1o 7, sll pcpilides arc capabic of cliciting an immunological response in mice. Figure §
shows the results of immunodifusion in agarosc gels.

Figere 5. Immunodifusion with Sera Antlsyn-
thetlc Peplides. The centrsl well containg (>
synthethic NTX1-39 coupled to mouse
scrum albumin. Peripheral wells contain /g ®)
anti-sers obtained against synthetic pep- _
tides NTX1-39 (lower well), NTX21-39 .
O

(right well), NTX30-39 (upper well), snd
control with buller-saline (left well).

1.0 B
€
o i
E —
o
0.0 z.L% W

=63 1-14 -03™ 1-14"

Figurc 6. Ellsa Assayes with Serum from Mice Immunized with Synthetic Peptides. Elisa plates
were coated with, cither synthetic peptides covalently linked to albumin (left set of bars),
or peplides alone® (right sct of bars). Anti-scra were obtaincd with synihelic peplides
11.9.2.2(1-14) and 11-9.2.2.(61-65). Bars (white) represent immunc scra, while shadowed
bars are from pre-immune mice.
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The ceatral comain.s well coatains full lenght synthetic Noxiustoxin (NTXI-39)
coupled to mouse scrum albumin, and in the periphecal wells several anti-sera obtained
againet synthetic peplides NTX1-39 (lower well), NTX21-39 (wright well), NTX30-39
(upper well) and control with buffer-saline (left well), All anti-sera recognize the full lenght
synthetic peptide NTX1-39. Care must be taken, because mouse serum albumin treated
with carbodiimide alone is also a good antibody forming agent (data not shown). Pre-ad-
sorplion of antibodies to albumin must be performed, before assaying the hyper-immune
serum, in order to avoid artefactual positive results, Furthermore, mice immunized with
syathetic peptide (NTX1-39) are protected when challenged with a lethal dose of native
NTX (24). Figure 6 shows the profile of ELISA assayes conducted with serum obtalned
from mice immunized against synthetic tetradecapeptide toxin 11.9.2.2 (at positions 1-14),
and pentapeplide (positions 61 to 65), correspoading to the C-terminal amino acid
scquence of the same taxin from C. naxius. The readings at 492 nm in the ELISA plates
were higher for the sera of immunized mice (right bars), compared to pre-immunc sera
(left bars). Adsorption of peptides linked to a carrier molecule (le ft set of bars), gives better
results than peptide alone (right set of bars). Note that the carrier molecule used for the
ELISA assay was albumin, while the carrier used for immunization was tyroglobulin.

This stratcgies diminishes the probability of false positive results. Another hand the
apparent lower levels of antibodies obtained with peptide alone could be due to a lesser
extent of binding of the synthetic peptides to the ELISA piates, Regardeless of the actual
level of antibodies, it seems clear from these experiments, that both peptides (1-14 and
61-65) are immunogenic in mice. The next sct of experiments (Figure 7) shows that mice
(strain Balb C) immunized with native taxin I1-9.2.2 or with S-chimeric peptidel-57
(Figure 2) produces antibodies capable of recognizing the native toxin, In Figure 7 A we
show the results of a LD75, that is, the native toxin concentration capable of killing 75%
of a mouse population (control mice). Figurc 7 B shows the results of direct challenging
immunlzed mice with a LD75 of native toxin. The micc assayed in B were previously
immunized with native taxin (six injections of a sub-lethal dosc); 100% survival was
obtained. Therefore, native taxin I11.9.22 immunizes mice by producing protecting an-
tibodies. Figure 7 Cshowsthe results of a group of mice used for the determination of the
LD50 value of native toxin 11-9.2.2.; and D shows the challenge of mice (six) with a LDS0
concentration (always corrccted to 20 g of mouse body weight) of native toxin to mice
previously immunized with S-chimeric peptide. No apparcnt protection was found in this
experiment. However, in Figure 7, E and F a definitive result was obltained, showing that
animals immunizcd with the synthctic A-chimeric peptide1-57 produce scrum capable of
protccting third animals in “in vivo * challenge, after pre-mixing anti-sera against chimeric
toxin with native toxin 11-9.2.2, in amounts of an equivalent LD50 value. In Figure 7 E,
160 ml of serum from micc immunized with S-chimeric toxin were mixed with buffer
containing native toxin 11-9.2.2. (onc LD50 value), incubated for 1 hratroom temperature
and challenged a third group of mice (non immunized); 100% survival was observed. In
Figure 7 F, the same experiment was conducted, but decrcasing the amount of anti-serum
to 80 ui; a partial protcction was obtained, 25% of mice dicd, The last two experiments
show that the serum produccd by mice immunized against the synthetic S-chimeric toxin,
whcn mixed with native taxin (onic LD50 valuc) and injected in control mice protect them
in a dosc dependent manner. An amount equivalent to 160 ml of anti-serum is requircd
to ncutralize one LDSO0 value of native toxin, Taking together the experimental resuits of
Figure 7 C to F we conclude that beta-chimeric taxin is potentially promising toscrvc as a
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model! for production of a synthetic vaccine against scorpion toxins. The unconclusive
results of Figure 7 D can be cxplained, among other things, by the appearance of

immunological sensitization, due to the use of impure antigens (synthetic S-chimeric
toxin), which is not an unusual phenomenon.

100 o

5

30 -

% Mortollty

Figure 7. "In vive" Challenge of Conirel and Immunized Mice with Native Toxin, Letters A and
C represent respectively, the LD7S and 1.D50 of native toxin 11-9.2.2 injected in control
animals. B is 100% survival of mice pre-immunized with native 11.9.2.2. and challenged
with one LD7S of the same toxin. D represents mice pre-immunized with B-chimeric
peptide and challenged with one LDS0 value of toxin 11-2.2.2, E and Fare experiments
using control animals injected with & mixture of native toxin (one LD50 value) and two

different volumes (E is 160121, and Fis 80 1) of sers obtained from mice preimmunized
with f-chimeric peptide1.57,

Finally, another approach has been [ollowed to study relevant antigenic deter-
minants in the structure of scorpion toxins, by means of the use of monoclonal antibodies.

Figure 8 shows displacement curves of a monoclonal antibody (BNTX-16,
produced by P. Hérion, G. Gurrola, R, Saavedra, R. Sdnchez, R Zamudio and L. Possani,
unpublishcd) performed through ELISA assays, using native Noxiustoxin and scveral
synthetic peptides containing amino acid sequences of NTX. The pentapeptide (NTX33-
39) is not capable of displacing the binding of native NTX, while synthetic hexapeptide
NTX1-6 and the discontinuous peptide NTX10 arc capable of displacing almost entirelly
the binding of native toxin to the monoclonal antibody. The discontinuous peptide is more
efficient than the lincarly continuous peptides. This type of experiments is useful for
determination of possible epitopes in the antigenic molecules, speciatly if complemented
with neutralization experiments, as shown in Table 2. This table reports the results of
mixing toxin 11.9.2.2 with various distinct monoclonal antibodics (23) and injecting into
mice, Toxin alone injected to 5 mice at a dose of 10 LDS0 kills all mice within 20 min. The
same happens when 10 LD50 doses of toxin arc premixed with a non related monoclonal
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antibody (BTX-16). However, onc of the monocional antibodies against toxin 11-9.?.2
(BCF2)was capabie of prolonging the life of 3 animals for approximately three days (60br)
and actually 2 out of 5 animals survived scveral weeks (they did not dicd by scorpion toxin
action). If an LD50 dose is used, the 5 animals survive the injection. Other monocional
antibodics (BCF1, BCF3, BCF7 to 9) prolonged the survival from 15 (o 20 hr (data not
shown), but all mice eventually died, when injected with an excess of 10 LDSO values of
toxin preincubated with purificd antibodies (10 fold cxcess antibody over the molar ratio
of toxin), These data were interpreted as follows: only one of the six distinct monocional
antibodies obtained (23) was abie to produce neulrslizing antibodies against taxinlI1-9.2.2.

% Displocement

|

tog [Peptides]

Figure 8. Displacement Curves of Menoclonal Antibedy BNTX 16 with Syntheilc Pcplliu.
Native Noxiustoxin sitached to the ELISA plate is capable of binding monocionsl
antibody BXTX16. The binding of BNTX16 is displaced by addition of excess free NTX,
as indicatcd by opea circics, but is not displaced by synthetic NTX35-39 (open iriangles).
Two synthctic peplides: NTX1-5 (closed cicles) and a discantinuos peptide H10 (open
squares) are capable of compiling with native toxin for the binding to the monoclonal
antibody. Rabbil anti-mousc immunoglobulines attached with peroxidase were used (0
develop the ELISA color on the plates.

Tuble 2, *Invivo® Neutralization Assay with Monoclonal Antibodics Anti-toxin C. noxius 11-9.2.2,

Mixture injected Mice Survival Time of Susvival
(toxin + antibody) (alive/total) (mcan value hours)
Toxin alone 0/5 13

Toxin + DNTX16 0/5 13

Toxin + BCF1,8,9 0/5 60

Toxin + BCFS 0/5 15

Toxin + BCF2 %S’ 60

Taxin + BCF2 sis” Indcfinite

Quantitics of Loxin equivalcat to ten LDSO valucs were mixed with antibodies at molar ratio 1:10
(lmn anti-body), incubalcd at room temperature for I hr, before mtrapcmoncal injection in S
mice each experimenl; ‘Two mice sutvived more than 3 weeks, in good health;  In this
experiment toxin cquivalent to one LD50 valuc was mixed with the monoclonal BCF2.
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This antibody (BCIF2) is now been cxamined against a varicty ol synthetic peptides
to determine a plausible cpitope, capable of displacing the binding of the monoclonal
antibody to the parent toxin. It is expeeted that a similar result as the onc obtained in Figure
8 might be found. Inthisevent,a ncw:ynumicpcpudewill be designed with the cxpectancy
of obtaining a possible antigen Lo be used as a vaccine against toxin 11-9.2.2 from C. naxius.
This leads to another problem, since scorpion venoms arc composcd by families of related
toxic peptides and it is Important to synthesize a peptide that could protect against all the
toxins. Figure 9 shows displacement experiments were a monoclonal antibody (BCF8) was
similarly displaced by a variety of different toxins from C. naxius venom and by a toxin from
another scorpion species C. limpidus tecomanus. Analysis of the primary structure of these
toxins has provided cvidence for conservative regions of the primary structure of the toxins
sssayed (23). Thus, using Lhis approsch relevant information can be oblained, that may
turn out to be important in designing new drugs (synthetic vaccines).

[ L L J
0.03 0.3 3 30

Toxin Concentration (mg/L)

Figure 9. Displacement Experiments with Monoclonal Antibody BCF8, Toxin 11-9.2.2 attached
to ELISA plates are recognized by the moaaclonal antibody BCFS. The binding of this
monoclonal is displaced by addition of free native toxin (open circles) at the concentra-
tions indicated. Toxin 11-14 (triangles pointing upward) from the same scorpion C. noxius
is as potent as toxin 11-9.2.2 ia displacing the binding of monoclonal BCT8 to the plates.
Similarly two ather toxins: 11-10 from C. noxius (closed circles) and toxin 1 from C.
limpidus tecomanus (triangles pointing downward) are very effective competitors. Rabbit
anti-mouse immunoglobulines labeled with peroxidase were used as sccond antibodics.
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SUMMARY .

"Ihis comunicition reports experiments utilizing b series of synthetic peplides, which
corrcspoids (0 the amino sicid sequences of fragments of the primary structure of sodium
und potassium chimnet blocking peptides, purificd from scorpion venoms, Anwng these
synthetically obtaincd fragments, somie ire loxic *per suc™ ind cventually could be used as
new drugs for studying ion chaanel of excitable pembrincs, such as the ponapeplide
NTX 19, Others aire not toxic, bul are immunogenic. Larger synthelic pepiides, like
N'IN1-39 and beta-chimeric pepride!-57 are prohably betier candidates (o be used in
immunization protocols. In sumniary, our wark documents o number of potentially
viluitble experimental approsciees for the developmient of new phirmaccutical drugs,
namicly: the use of monoclonal antiboadics oblained agiinst nitive toxing, displicenient
expe riments with synthetic peptides containing amino acid sequencees identicul or similivr
1o that of nituriil toxins, neulrlizition experiments follosed by "in vivo" challenges, and
finailly, direct lethality tests in conjunction with clectropohysiological recordings,
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DISCUSION Y CONCLUSIONES

Sintesis de Pé})tidos. Mediante la técnica de sintesis de peptidos se han obtenido una serie de
peptidos sintéticos de diversos tamanos los cuales bloquean al canal de potasio activado por
calcio con distintas afinidades. La estructura minima capaz de bloquear al canal es un hexapeptldo
constituido por los primeros seis aminoacidos de la region amino terminal de Ia NTX. Peptidos de
mayor tamano mostraron una aﬁmdad mayor por el canal, sin embargo peptldos de mediana
longitud correspondientes a la region carboxilo terminal no produjeron ningun efecto en el canal,
Lo anterior sugiere fuertemente que en esta regién (amino terminal) se localiza el receptor a la
NTX. Este resultado concuerda con estudios previos de toxicidad y de liberacidn de
neurotransmisores en sinaptosomas realizados con los mismos peptidos [13]. Este es el primer
reporte en la literatura demostrando que peptidos pequefios 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 peptidos sintéticos. 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 durac16n sin afectar el tiempo de apertura de corta duracion o los
tiempos de cerrado (Tc) del canal.

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

K
TOXINA + CANAL _‘__?(_L,.__ TOXINA—-CANAL
off

En esta equacidn Ko = constante de asociacidn, Ko = constante de disociacion. La
constante de afinidad se define como (K4 = Kofr/ Kop). Para que este modelo sea valido dos
premisas deben de cumplirse ; 1) el tiempo de bloqueo (1 / Koff) debe de ser independiente de la
concentracién de toxina y 2) el tiempo de apertura (1 / Kgp) debe decrecer proporcionalmente
con concentraciones crecientes de toxina. Ambas premisas se cumplen en los resultados
presentados aqui.

Estudios realizados en el canal K¢, 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 K¢, de mediana conductancia [40].

Efecto de voltaje en el blogqueo. El bloqueo inducido por péptidos en los que la secuencia
NTX10-20 es omitida es parcialmente liberado por medio de la aplicacion 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
explicacidn alternativa es que péptidos de pequefio tamafio 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 péptidos cuando entran en la profundidad del poro. La concluson anterior es
compatible con el hecho de que unicamente el tiempo de apertura largo del canal es reducido por




48

la toxina y los péptidos sinteticos. Esto indica que la toxma necesita que el canal este abierto
cuando menos 100 ms para ser bloqueado Este tiempo critico sugiere que tanto la toxina nativa
como los peptxdos sintéticos requieren que el canal este abierto por ese lapso de tiempo para que
dichos péptidos puedan penetrar en el poro ablerto 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 exphca el porque el tiempo de apertura corto del canal no es afectado por las toxinas
[40). La duracion 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 fas 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 molecular de la relacion toxina-canal. El tipo de bloqueo producido por CTX es
claramente diferente al producido por NTX (o los péptidos sinteticos 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 habia sido previamente
reportado para el canal de alta conductancia de misculo liso [42]. La IBX afecta de forma similar
al canal K¢, 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 menciono 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 rdpidos
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 asociacidn y disociacich 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 comparacion con la NTX y la
CTX. Esto resulta interesante ya que como se reportd recientemente el sitio téxico de la CTX
parece locahzarse hacia su region carboxilo terminal [28). Lo anterior contrasta con los resultados
presentados aqui para la NTX, ya que como se demostro en la presente tesis, en la NTX el sitio
de pegado se localiza en su regnén amino terminal [40].

Otro resultado 1mponante es que los tiempos de asociacidh y disociacion de la NTX y los
péptidos sintéticos pequenos no son muy diferentes. Esto indica que el tamano 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 continuacion:
1) Determinar is IBX bloquea al canal K¢, de endotelio.
2) Sintetizar péptidos 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 region 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 peptidos sintéticos de la NTX. Esto permitira determinar si
las constantes de asociacidn y disociacion entre CTX, IBX y NTX son diferentes.
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ANEXOS

1. Trabajo de primer autor describiendo la caracterizacion y regulation del canal Ky en
endotelio.

Vaca L, Schilling WP and Kunze DL (1992) G-protein-mediated regulation of a C32+-dependent
K™ channel in cultured vascular endothelial cells. Pfligers Archiv. 422.66-74.
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Abstract, The purpose of the present study was to deter-
mine the mechanism by which bradykinin activates the
small conductance, inwardly rectifying, Ca?*-activated
K* channel (K¢,) found in cultured bovine aortic endo-
thelial cells, Channel activity was studied using the patch-
clamp technique in whole-cell, cell-attached, inside-out
and outside-out configurations. Channel conductance at
polentials positive to 0 mV was 10 £ 2 pS and at poten-
tials negative to 0 mV 30 £ 3 pS (n = 7) when examined
in symmetrical K+ (150 mmol/t) 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 nmol/l to 10 pmol/l at —60 mV produced a graded
increase in channel P, from 0.15 to 0.96; the concen-
tration vequired for half-maximum response (apparent
Ko.s) was 719 nmol/l. At a constant Ca?* concentration,
application of guanosine triphosphate (GTP) to the cyto-
plasmic surface of the patch increased channel P,. This
effect was dependent upon the simultancous presence of
both GTPand Mg?*, and was reversed by the subsequent
application of the guanosine diphosphate (GDP) ana-
logue, guanosine-5-O-(2-thiodiphosphate) (GDPSS). The
hydrolysis-resistant GTP analogue, guanosine-5’-O-(3-
thiotriphosphate) (GTPyS), induced a long-lasting in-
crease in channel P,. In the presence of Mg?*-GTP, the
apparent Ko.¢ for Ca?* decreased from a control value
of 722 nmol/l to 231 nmol/l. Addition of bradykinin to
outside-out patches previously exposed to intracellular
Mg?*-GTP further enhanced K, activity, shifting the
apparent Ko 5 for Ca2* from 228 nmol/! to 107 nmol/l.
This activation by bradykinin was not observed in
patches following prior exposure to GDPfS. These re-
sults suggest that bradykinin can activate the K, channel
of vascular endothelial cells via a G-protein-mediated
change in the sensitivity of the channel for Ca®**. We
postulate that vasoactive agonists may use this mecha-
nism to maintain an elevated K+ permeability as the

Correspondence to: L. Yuca

intracellular Ca2* concentration returns towards normal
resting levels.

Key words: Ca?*-activated K* channel — G-proteins ~
Guanosine-triphosphate ~  Endothelial cells -~
Bradykinin

Introduction

- The endothelium is a specialized monolayer that lines the

tumen of all vessels of the cardiovascular system. Therole
of the endothelium in regulating vascular smooth muscle
tone has been well recognized [15]. Endothelial cells
secrete a variety of vasoactive substances in response to
specific agonists including bradykinin (BK), adenosine
triphosphate (ATP), histamine, and acetylcholine (ACh).
The receptors 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
[2].

One of the earliest steps in the endothelial cell response
to agonist stimulation is a rise in intracellular free Ca?*
concentration [Ca?*), [9). The rise in [Ca?*); reflects
stimulation of phosphoinositide turnover via G-protein-
mediated activation of phospholipase C [29] with sub-
sequent release of Ca?* from internal stores and influx
of Ca?* {rom the extraceilular space. Concomitant with
this event is the development of a K* current, produced
by Ca?*-activated K* channels (K¢,) [4, 9, 10, 25]. Re-
cent experimental findings indicate that although K,
channel activity in cell-attached patches is observed fol-
lowing agonist stimulation, simultanecous measurements
of whole-cell recordings and intracellular Ca?* with
the fluorescent indicator [1-(2-[5-Carboxyoxazol-2-yl]-
6-aminobenzofuran- §-oxy)-2 - (2’ -amino - §' - methyl-
phenoxy) - ethane - N-N-N'-N’-tetraacetic acid] Fura-2,
suggests that BK-stimulated K* currents remain after



(Ca?*]; 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 [Ca?*),.

A recent study of the smooth muscle maxi-K¢, 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-protceins in BK-stimulated activation of the
Kea channel in endothelial cells. The results suggest that
BK, via a G-prolein, activates the K¢, by changing the
sensitivity of the channel for Ca3*.

Materials and methods

Culture and preparation of vascular endothelial cells. Bovine aortic
endothelial cells (BAECs) were isolated and maintained in culture
as previously described [13]. Cells (passages 5 to 20), were prepared
for patch-clamp experiments in one of two ways. Either the nourish-
ing media from confluent monolayers was replaced with bath solu-
tion (sce below) und the cells used directly, or the monolayers were
trcated for 2 min with Hank’s solution containing 0.02% trypsin,
followed by washing (lwice) with the bath solution, No diffcrcaces
in the results were observed between the two methods, however the
percentage of successful giga-seul formations from trypsin-treated
monolayers was 3-fold higher than with untreated monolayers. In
the present study 65% of the putches were oblained from trypsin-
treated cells,

Solutions amd reagents. Experiments were performed using two
solulions:

1. A high K* solution (HiK) containing in mmoljl: 150 K-
Asparlate, 5 NaCl, 10 4-(2-hydroxycthyl)-1-piperazincethancsul-
phonicacid (HEPES), | MgCl, (where indicated) and various [ethyl-
encbis{oxonitriol)]tetraucetic acid (EGTA)and Cu?* concentrations
to obtain specific calculated frec Ca?* concentrations [14).

2. Alow K* solution (LoK) containing in mmol/l: 145 NaC),
5 KCl, 10 HEPES, 1 MgCl,; (where indicated) und frec Ca?* concen-
trations us indicated in the tex(. The solulions were adjusted to
pH 7.2 with N-mcthyl-p-glucamine (NMDG) hydroxide. All sults
used were analytical grade (Sigma). Guanosinctriphosphale (GTP),
guanosine-5'-0-(3-thiotriphosphate) (GTPyS), guanosine-5'-0-(2-
thiodiphosphite) (GDPSS) and BK were oblained from Sigma. The
high aflinity BK antagonist [N-adamantane-acetyl-p-Arg?, Hyp?,
Thi¥®, p-Phe’)-bradykinin was obtained from Calbiochem. All re-
agents were applied to the membrane patches using a multibarrel
perfusion system. Perfusion was driven by gravity.

Patch-clamp protocol. The patch-clamp technique was used in the
whole-cell, cell-atlached, inside-out and outside-out configurations
to study palches obtained from confluent endothelial menolayers.
For whole-ccll experiments isolated cells were selecled o avoid
electrical coupling to the monolayer. All experiments were
performed al room temperature. Pipeiles were obtained from 8161
or 7052 glass (Gurner Glass) wilh resistances of 5 to 12 M2 when
filled with HiK, Seal resistance ranged from 40 — 100 G2 The refer-
ence electrode used was an Ag-AgCl plug connected o the bath
solution via a 150 mmol/t KClagar bridge. All voltages arc reported
with theextracellular face of the patch as reference, For cell-attached
patches membrane polentials refer to the inner surfuce (Vipuge
Vounnide), according to the convention for intact cells. For these
calculitions we have assumed & cell resting potential (Vinsiue) of
—65 mV [10]. The amplificr cmployed was Lhe Axopalch {C (Axon
Instruincnts). Single channcl ftuclbations were initiatly stored on
FM wpe (Racul) und subscquently digitized for compuler analysis,
The signal was filtered with o low-pass 8-pole Bessel filter (Fre-
quency Devices) at 5 kI and digitized at 10 k2. Cumulative open
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Fig. 1A, B. Simullancous measurements of intracellular calcium
concentration [Ca?*}, and whole-cell currents. A [Ca?*), obtained
from a single cell. The pipette solution contained HiK with
50 nmol/l Ca®* bullered by addition of [ethylenebis(oxonitrilo)}-
tetraacetic acid (EGTA, sce Methods) and 50 pmol/l Fura-:2 K*,
The bath solution contained LoK with 2 mmo)/l Ca?*. At the time
indicated by the broad arrow 50 nmol/l bradykinin (BK) was added.
B Examples of the whole-ceil currents obtained from the sume ccll
al the times indicated by the corresponding numbers in A. Resting
conditions (/), after addition of BK (2) und afer [Ca?*), rcturns to
the contro} value (3). The holding polential was —60 mV, The
voltuge protocol consisted of 20 mV steps with a duration of 400 ms
with 1 s holding at — 60 mV between pulses. The dotted line in panet

B indicales the zero current level

probabilitics were oblained after inlegrating open probabilitics
every 50 s, with the probability of being open defined by the equa-
tion, P, = open time/ftotal time, Selecled examples with single chan-
nel events were obtained from the binary data file, filtered to 1 kHz
und transformed to HPGL files (Hewlett Puackard Graphics
Language) for illustrative purposcs. Histograms and cumulalive
plots were created with Sigmaplot 4.1 (Jandcl).

Simultancous measurements of [Cua** ), and whole-cell recordings.
(Cu?*), wus mcasured in single cells using the fluorescent Cu?*
indicator, Fura-2. Cells were gently removed (rom the dish with a
pasteur pipctte and pluced on glass coverslips atlowing 1 h for celt
re-altachment. The pipette solution contained 50 pmol/l of the im-
permeable nnaloguc Fura-2 (K * salt). The pipetic solution used was
HiK with 50 nmol/! free Ca?* buffered with EGTA and the bath
solution was LoK with 2 mmol/l Ca?*. The coverslip was mounted
in o perfusion chumber und placed on the stage of un inverted
microscope (Nikon) which was optically connecled to a SLM-8000C
spectropholofluorometer (Urbana IL.). [Ca?*), was determined as
previously described [20).

Results

BK activates a K¢, current in whole-cell recordings
Jrom BAECs

Simultancous measurements of [Ca?*), using the fluor-
escent dye Fura-2 and whole-cell currents indicate that
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Fig. 2. BK aclivates K¢, channels in cell-atlached patches from
BAECs. An example of a cell-attached patch maintained at the ceit
resling potential (0 mV applied) with HiK in the pipetie and LoK
in the bath solution (2 mmol/l Ca??). In control conditions no
channel activity was observed (in this experiment there was no
inward rectifier K * channel). After addition of 50 nmol/l bradykinin
(BK) inward current was developed representing multiple channels
(n = 3). Channel activity could be recorded throughout the exper-
iment in the continuous presence of BK. Perfusing the cell with
LoK containing 10~° mol/l Ca?* buffered with EGTA reduced
substantially channel activity (indicated as 0 Ca?*), After returning
to the original bath solution (2 mmol/l Ca2*) channel activity was
restored showing multiple discrete current steps. The inser shows a
fragment of the record with the time scale expanded. Notice the
dotted lines indicating base line and three active channels of similar
amplitude labeled as /, 2 and 3. The amplitude scale indicates 3 pA
and the time scales are, for the upper recording 30 s and for the
insetdﬁoo ms. The arrows indicate the zero current level (channel
closed)

the BK-activated K, current does not follow the time
course of the [Ca*],. Large K* currents were recorded
at the peak of [Ca?*), response (Fig. 1 B, 2), however a
substantial amount of the K* current remains for several
minutes despite the return of {Ca2*}, toward basal levels
(n = 4). The remaining current has identical pharmaco-
logical characteristics to the K¢, current that we pre.
viously described [10]. At low [Ca%*), 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, 10].

BK activates 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, 25]. Within the
first 10 s alter addition of 50 nmol/t BK multiple discrete
inward current steps were observed in each of the three
cells explored in this configuration (Fig. 2). After about
1 min of perfusing the cell with a solution containing
10”2 mol/l free Ca?*, channel activity was substantially
reduced. Returning to the original bath solution contain-
ing 2 mmol/l Ca** increased channel activity to previous
levels. Multiple channels were observed in the continuous
presence of BK for the duration of the experiment (3 -
4 min). With HiK as the pipette solution all the BK-
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" Fig. 3A, B. Current/voltage relationships for the K¢, channel of

BAECs. A The single channel amplitude (mean £ SEM) at various
membrane polentinls was obtained from inside-out patch recordings
in symmetrical HiK solutions (l, #n=7) and afler replacing the
bath solution (intracellular surfuce) for LoK buffer (O, n = 5).
Where not shown, the SEM was smalier than the size of the symbol.
B Examples of channel activity are shown with symmetrical HiK
taken at the voltages indicated to the left of each trace. The intra-
cellular Ca?* concentration was 10 pmolfl. The arrows indicate the
closed channel current level

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

Measurement of single K¢, channels in excised patches

Channel activity was observed in approximately 30%
of excised patches when the Ca?* concentration at the
cytoplasmic surface was equal to or greater than
100 nmol/l (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 changes 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 4 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, Effcct of varying [Ca? *), on single K¢, channel activity.
A The effect of {Ca®*); on channel open probability (£,) was mea-
surcd in insidc-oul patch configuration. Channcls were recorded in
symmetrical HiK bufTer. Following giga-scal formation, the patch
was excised into a bath solution containing 100 nmol/l Ca®* and
the currents were recorded forat least 1 minat the indicated voltages
(4).[Ca?* ), was subsequenlly increased to | (O)and 10 pmol/1 (@).
Cumulalive P, wasdetermined as described in Methods section. The
vilues represent the mean + SEM from five putches. Where not
shown, the SEM was smaller than the sizc of the symbol. B The
average P, at —40 mV [rom A is plotted as a function of [Ca?*),
The solid line represents the best fit Lo a single binding sitc mode!
with an apparent Ko.5 for Ca?* of 720 nmol/l. C Examples of
channel activity are shown at a holding polential of —40 mV and
the[Ca?*}indicated in B. Arrowsindicale the closed channel current
level

1.5 pA

primary current-carrying species was K*. The channel
exhibited inward rectification in symmetrical K* solu-
tions. The conductance at potentials positive to 0 mV
was 10 £ 2 pS (1 = 7) and at potentials negative to 0 mV
3043 pS (n=17) as determined from the slope of the
lincar regression analysis for outward and inward cur-
rents respectively.

Voltage and Ca®* sensitivity of the K¢, channel

To determine the role of [Ca?*), in regulating the K*
channel, single channel activity was monitored while the
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Fig. 5A—C. Effect of guanosine triphosphate (GTP) and Mg?* on
K¢, channel activity. A The cfTect of GTP and Mg?* on channel 2,

- was determined in inside-out patch configuration, Channels were

recorded in symmetrical HiK bulfer. Following giga-scal formation,
the patch was excised into a bath solution containing 100 nmol/i
Ca?* and the currents were recorded at —40 mV for 150 s (control,
@®). The bath solution was sequentially changed to HiK solution
containing 1 mmoi/l MgCl; (A), 100 pmol/l GTP in the presence
of Mg?* (M) followed by removal of Mg?* from the solution in the
conlinuing presence of GTP (O). Values represent the mean + SEM
cumulative P, from five patches, Where not shown, the SEM was
smaller than the size of the symbol. B The average channel P, was
measurcd at the indicated [Ca?*), under conlrol conditions (@),
and after addition of Mg?*~-GTP (W) as in A. The /ines through the
data represcnt the best fit to a single binding site model. C An entire
cxperiment is illustruted beginning with the application of Mg?* to
the excised palch. Solution changes arc indiculed by the verticul
arrows und lime gups arc designaled by the vertical dotted lines
wilh the timc indicated in brackets (in seconds). Horizontal arrows
indicale the closed channel current level (C)

Ca?* concentration of the bath (intracellular) solution
was changed (Fig. 4). With low Ca?* (100 nmol/l) at the
cytoplasmic face of the patch, P, varied from 0 at 80 mV
to 0.2 at —80 mV. Increasing [Ca?"*), increased P, at all
voltages explored (4 80 mV) without altering the voltage
dependence of the channel (slope of the curves in
Fig. 4A). The concentration/response curve (Fig. 4B)
could be fitted to a single binding site model with a
concentration for half-maximal response (apparent Ko.s)
for Ca** of 720 nmol/l.
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Modulation of the Keq channel by Mg**-GTP

To test for involvement ol 4 G-protein in activation of
the K ¢, channel, cumulative P, was determined following
the sequential perfusion of the cyltoplasmic membranc
surface of an inside-our patch with HiK solution contain-
ing 100 nmol/l Ca?* and (1) Mg?* alone, (2) Mg?* plus
GTP, or (3) GTP alone (Fig. 5). Application of Mg?*
alone had no effect on channel P,. In contrast, addition
of GTP in the presence of Mg?* produced a dramatic
increase in channel P, as indicated 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 wasincreased to 1 mmol/l (data notshown). 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
Mg?*.GTP shifted the apparent Ko g for Ca?* from
722 nmol/l (control) to 231 nmol/l (Fig. 5B).

Il a G-protein is involved in the activation seen with
Mg?*-GTP, channel activity should be attenuated by
addition of the GDP analogue, GDPSS, 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 Fi§. 6, channel activity was
increased by addition of Mg**-GTP and returned to
control levels within 1—2 min of exposing the patch
to GDPfS in the continuous presence of Mg?*-GTP.
Application of GTPyS also increased channel P, (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 resuits clearly
suggest that G-proteins can participate in regulation of
Kce channel activity in BAECs. The K3 for Ca?*
obtained after GTPyS stimulation was 110 nmol/l
(Fig. 7B).

Effect of BK on K¢, channel activity in BAECs

To test the hypothesis that BK-induced activation of the
Kce 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). Mg?*-GTP was added to the pipette solu-
tion and un outsidec-out patch was formed. As shown above
(see Figs. 5, 6), channe! activity was elevated over control
levels with Mg2 *-GTP. Addition of 50 nmol/l BK to the
bath produced a 2-fold increased in channel P, (Fig. 8 A).
This result is achieved by shifting the apparent Ko s
for Ca®* from 228 nmol/l with Mg?*-GTP alone to
107 nmol/l with BK receptor stimulation (Fig. 8B).
Application of the antagonist following activation by
BK produced a rightward shift in Ko s to 698 nmol/l
(Fig. 8 B), a value similar to control (i.e. in the ab§ence
of Mg?*-GTP, see Figs. 4, 5). In addition to this we
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Fig. 6 A, B, Effect of guanosine-5'-0-(2-thiodiphosphate) (GDPSS)
on K¢, channel activity. A The effect of GTP and Mg?* on channel
P, was delermined in inside-out patch configuration. Chunnels were
recorded in symmetrical HiK buffer. Following giga-seal formation,
the patch was excised into a bath solution containing 100 nmol/i
Ca?* and the currents were recorded at ~40 mV for 250 s (control,
@®). The bath solution was sequentinlly changed to HiK solution

. containing 1 mmol/l MgCl; and 100 pmol/t GTP (0O), and

300 pmol/l GDPSS (A) in the continuing presence of Mg?*-GTP,
Values represent the mean & SEM cumulative P, from five patches,
Where not shown, the SEM was smaller than the size of the symbol,
B 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 lines with the time
indicated in brackets (in seconds). Horizontal arrows indicate the
closed channel current level (C)

found that 50 nmol/t BK had no effect on channel P, in
outside-out patches containing 300 pmol/l GDPSS in the
pipette (intracellular) solution (n = 4, data not shown).

Discussion

The present studies describe several mechanisms of
regulation of the Ca?*-activated K* channel in BAECs,

Voliage sensitivity

The K¢, 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 afTected
by cytosolic Ca®* as illustrated by the paraliel upward
shift in the P,/ ¥ relationship as [Ca? *), is increased from
10~7 to 10~ % mol/l. The weak voltage sensitivity of this
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Flg. TA-C. Effect of guanosine-5'-0-(3-thiotriphosphale)
(GTPyS) on K¢, channct in BAECs. A The effect of GTPyS and
Mg?* on channel P, was delermined in inside-out patch configur-
ation. Channels were recorded in symmetrical HiK bufTer. Follow-
ing giga-scul formation, the patch wus excised inlo a bath solution
containing 100 nmol/l Ca?* und the currents were recorded at
—40 mV for 300 s (control, @), The bath solution was changed to
HiK solution containing 1| mmol/l MgCl; and 100 pmol/l GTPyS
(0) and subscquently chunged to HiK solution with Mg?* but
without GTPyS (O). Values represent mean + SEM cumulative P,
from five patches. Where not shown, the SEM was smaller than the
size of the symbol. B Channcl P, at three different [Ca®*), the solid
line indicates the fil to a single binding site model with a Kq s of
110 nmol/l. C Channel activity illustrating the experimental con-
ditions described ubove. Solution changes are indicated by the vert/-
cal urrows and lime gaps are designaled by the vertical dotted lines
with the time indicated in drackets (in seconds). Horizontal arrows
indicate the closed chunncl current level (C)

channel in BAEGCs is in marked contrast to the strong
voltage dependence generally observed in the large con-
ductance maxi-K¢, channel [19], but is consistent with
several smailer conductance K¢, channels for which little
voltage sensitivily has been reported: HeLa 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. P,
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 P, of the K, channel [rom BAECs. The authors con-
cluded that P, was insensitive to voltage over the range
of 40 to — 100 mV. At positive membrane potentials P,
rose, in contrast to our studies.
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Fig. 8A—C, Effcct of BK on K¢, chunnel activity. A The eflect of
BK onsingle K¢, channel activity was examincd in outside-out patch
conliguration. Following patch excision, chunncls were recorded
for 2005 at —40 mV in symmetrical HiK solution containing
100 nmo)/) Cu?*, 1 mmol/) MgCly, and 100 pmol/l GTP in the

- pipetie solulion (@). BK (final concentration, 50 nmol/l) wus added

to the bath (extracellular) solution (O) followed by addition of the
BK antagonist, (1 umol/l, A) in the continuing presence of BK.
Values represent the mean + SEM cumulative P, from seven
palches. Where not shown, the SEM was smaller than the size of
the symbol. B The average channel P, was measured ut the [Ca?*),
under control conditions (@), and afler addition of BK () and
the BK antagonist (A) as in A, The lines through the data represent
the best fit Lo a single binding site model. C Channel aclivity illustrat-
ing the difTerent experimental conditions described above. Solution
changes are indicaled by the vertical arrows and lime gaps are
designaled by the vertical dotted lines with the time indicated in
brackets (in secconds). Horizontal arrows indicate the closed channel
current level (C)

Calcium sensitivity

The P, is dramatically affected by [Ca?*). The
P,/[Ca?*); relationship obtained al —40 mV was [itted
by a single binding site model with an apparent Ko.5 of
720 nmol/l, suggesting that the binding of a single Ca?*
ion is sufficient for channel activation, In another study
on the BAECs K, channel a Ca?* sensitivity less than we
report was described [24]. Although a full concentration/
response curve was not presented, these data predict a
Ko.s greater than 1 pmol/l. 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 P,. One state was characterized by frequent 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 concen-
trating on onc of the two opening modes. In our studies
we did not observe switching between two long-lasting
modes at constant [Ca2*);. 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?*), would have
to rise to 7— 10 pmol/l according to the results shown in
excised patches in their Fig. SA. In experiments in which
[Ca?* ], was monitored in BAECs using Fura-2, we have
never found such high values for [Ca?*], [9, 26, 27]. The
results presented in that study [24] suggest indirectly that
the Ca?* sensitivity of the K, channel may be different
in intact cells. More recently, a report by the same group
[25] evaluated the effect of BK in cell-attached patches
from BAECs, They suggest that K¢, channel activity may
reflect changes in {Ca?*), however simultaneous, direct
measurements of K, channel activity and {Ca?*), were
not presented. As we have shown here (Fig. 1) the devel-
opment of a BK-activated K* current coincides with the
initial peak in {Ca?*);, however a substantial amount of
the BK-induced K * current remains after [Ca?*), returns
to basal levels. We have also shown that in cell-attached
patches K¢, channel activily is observed in the continuous
presence of BK, even after the extracellualr Ca?* concen-
tration has been reduced to 10™% mol/l (Fig. 2). As pre-
viously shown {27), reducing extracellular Ca?* by ad-
dition of EGTA results in a reduction of [Ca?*], to below
50 nmol/l. At this low [Ca?*), K¢, channel P, would
be expected to be very low (< 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 Ca?* sensitivity of the K¢,
channel may be modulated in intact cells.

Calcium sensitivity is modulated by Mg**-GTP

Mg?*-GTP increases the Ca?* sensitivity of the endo-
thelial channel as indicated by parallel shift in the P,/
[Ca?*), relationship, leading to a decrease in the apparent
Ko.s of the K¢, channel for [Ca?*), from approximately
720 nmol/l to 228 nmol/l. 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 GDPSS, and is irreversibly enhanced by
the hydrolysis-resistant GTP analogue, GTPyS. In a
previous report [28]) data is provided to suggest that
G-proteins influence the gating of another K, the
myometrial maxi-K¢, channel, possibly by increasing the
affinity of the channel for Ca?*,

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,;5,-GDP is the inactive
form of the heterotrimeric G-protein, Ligand catalyses
activity by promoting the rate of GDP dissociation and
subsequent 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~!) and
the resulting G,-GDP reassociates with the Sy subunit
[21]. In the absence of ligand the guanosine triphos-
phatase (GTPasc) activity of G-protein is limited by the
rate at which GDP dissociates from the protein, which
normally is extremely stow (0.01 —0.1f 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 then 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-
pied receptor promotes the GTPase activity. Several re-
cent reports provide support for G-protein-mediated ion
channel activation in the absence of ligand. It has been
reported that, in the absence of agonist, Mg?*-GTP
modifies the activity of a K¢, channel from myometrial
membranes incorporated into lipid bilayers [28). Similar
rcsults have been obtained by others [22]. Thesc authors
examined the dependence of the rate of activation of the

‘cardinc K sc, channel on the concentration of Mg?*-GTP

in the presence and absence of the agonist (ACh). At
100 pmol/l GTP the rates of activation were similar
whether agonist was present or not. However, at concen-
trations of GTP of between 1 and 100 umol/! 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 f-adrenergic [6] or a,-adrenergic receptors {7]
is higher than if G-proteins alone are studied.

An alternative explanation for the effects of GTP in
the absence of added ligand is that an endogenous agonist
is present in the cultures of endothelial cells and maintains
a low level of G-prolein activation. We cannot rule out
the presence of an unidentified substance released by the
endothelial cells and coupling through its receptor via a
G-protein to the K¢, channel. Even if such a ligand were
present it is unlikely that it would remain in sufficient
concentration in the isolated patches to modulate activity
for the duration of the experiment. Furthermore, it scems
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 K¢, channel activity

BK in the presence of 100 pmol/l Mg?*-GTP enhances
the activity of the K¢, channel. This results in a shift of
the P,/[Ca®*), relationship from a Ko, s of 228 nmol/l 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 K, channel via a G-protein is supported by two
results. First, in the experiments described in Fig. 7, the
B, receptor antagonist, when added in the presence of
Mg?*-GTP, shifted the Ko s to the control value ob-
served before the addition of Mg?**.GTP (compare
Fig. 5, control). Second, the K4 5 obtained with GTPyS
(110 nmol/l, Fig. 7) is essentially the same as that
obtained with Mg?*-GTP + BK (107 nmol/l, Fig. 8).
This is further supported by the lack of effect of BK
in patches preincubated with 300 pmol/l GDPSS. We
suggest that the antagonist binding to the receptor pre-
vents the receptor-G-protein interaction necessary for
modulation of the K¢, channel. Consistent with this resuit
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

[11].

Functional implications of the Ca**
and G-protein regulation

We have found resting values of [Ca?*), of 60—
100 nmol/l in BAECs [9). The P,/[Ca?*], relationship
obtained in the presence of 100 umol/l GTP would pre-
dicta P, at resting Ca?* of 0.2~ 0.3. Howcver, 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
tetrabutylammonium or noxiustoxin, both inhibitors of
K* movement through the BAEC K, channel, on basal
86Rb* efflux [10). This suggests that other factors within
the cell, such as the cellular GTP/GDP ratio, the presence
of free By subunils, or the free Mg?* concentration, may
modulate the influence of the G-proteins on channel ac-
tivity [18].

As we have previously shown, BK increases[Ca?*];in
BAEC: to values between 300~ 700 nmol/i {9, 27] which,
based on the present results, would raise P, to values
greater than 0.5, The dual effect of BK, i.e., an increase
in [Ca2*), accompanied by a G-protein-mediated shift in
the sensitivity of the channel to Ca?*, may explain our
earlier results in which whole-cell K¢, currents were
elicited and maintained by BK although the Ca2?* in the
pipette solution was buffered to 10~# mol/l {9). This result
may reflect a BK-induced increase in the sensitivity of the
channel for Ca?*, 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 ®SRb efflux as an index
for activation of the K¢, channel, flux remained elevated
for at least S min despite a drop in [Ca?*); over the same
time to approximately 125 nmol/l [27]. Finally, we have
shown in simultaneous measurements of K¢, activity and
[Ca?*), by means of whole-cell recordings und Fura-2
that, after BK stimulation, a substantial amount of the

[k

BK-induced K* conductance remains for several
minules, after [Ca?*), returns to controls values (Fig. 1).

Cell hyperpolarization is closely related to K¢, 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 K¢, channel
activity may provide a mechanism to modulate mem-
brane potential, and therefore Ca?* influx, at a constant
intracellular Ca?* concentration.

We have previously postulated that the K¢, 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
this effect may be enhanced by a BK-G-protein-induced
shift of the sensitivity of the channel to Ca?*. 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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